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Mechanisms of brain-immune interactions 
became a cutting-edge topic in systemic neu-
rosciences over the past years. Acute lesions of 
the brain parenchyma, particularly, induce a 
profound and highly complex neuroinflamma-
tory reaction with similar mechanistic proper-
ties between differing disease paradigms like 
ischemic stroke, intracerebral hemorrhage 
(ICH) and traumatic brain injury (TBI). 
Resident microglial cells sense tissue damage 
and initiate inflammation, activation of the 
endothelial brain-immune interface promotes 
recruitment of systemic immune cells to the 
brain and systemic humoral immune media-
tors (e.g. complements and cytokines) enter 
the brain through the damaged blood-brain 
barrier. These cellular and humoral constitu-

ents of the neuroinflammatory reaction to brain injury contribute substantially to secondary 
brain damage and neurodegeneration. Diverse inflammatory cascades such as pro-inflammatory 
cytokine secretion of invading leukocytes and direct cell-cell-contact cytotoxicity between lym-
phocytes and neurons have been demonstrated to mediate the inflammatory ‘collateral damage’ 
in models of acute brain injury. Besides mediating neuronal cell loss and degeneration, second-
ary inflammatory mechanisms also contribute to functional modulation of neurons and the 
impact of post-lesional neuroinflammation can even be detected on the behavioral level. The 
contribution of several specific immune cell subpopulations to the complex orchestration of 
secondary neuroinflammation has been revealed just recently. 

However, the differential vulnerability of specific neuronal cell types and the molecular mech-
anisms of inflammatory neurodegeneration are still elusive. Furthermore, we are only on the 
verge of characterizing the control of long-term recovery and neuronal plasticity after brain 
damage by inflammatory pathways. 

Yet, a more detailed but also comprehensive understanding of the multifaceted interaction 
of these two supersystems is of direct translational relevance. Immunotherapeutic strategies 
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INFLAMMATORY NEURODEGENERATION IN 
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Schematic overview of inflammatory 
mechanisms triggered by the release of damage-
associated molecular (DAMPs) after acute brain 
injury. Adopted from Shichita et al. in this ebook.
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currently shift to the center of translational research in acute CNS lesion since all clinical trials 
investigating direct neuroprotective therapies failed. To advance our knowledge on brain-im-
mune communications after brain damage an interdisciplinary approach covered by cellular 
neuroscience as well as neuroimmunology, brain imaging and behavioral sciences is crucial to 
thoroughly depict the intricate mechanisms.
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The current research topic and eBook “Mechanisms of neuroinflammation and inflammatory
neurodegeneration in acute brain injury” was initiated as a reaction to the rapidly expanding
literature on inflammatory mechanisms in the pathophysiology of acute brain injuries. The scope
of this compilation of reviews, opinion, and original research articles was to give a broad overview
of the diverse cellular compartments and mechanisms involved in the inflammatory response to
brain tissue injury.

Although a specific aspect of the pathophysiology of acute brain injuries, the immune system
interacts in highly complex as well as diverse mechanisms with the damaged brain.

On one side acute brain lesions, such as brain ischemia, hemorrhage or traumatic injury,
induce a local neuroinflammatory reaction, wherein microglial cells represent the local immune
cells (Benakis et al., 2015; Lourbopoulos et al., 2015). This local inflammatory response has
a major impact on outcome with differential effects during the phases of post-stroke lesion
evolution and recovery (Shichita et al., 2014). Intriguingly, besides abundant evidence on post-
stroke neuroinflammation immunological mechanisms similar mechanisms are also observed in
traumatic brain injuries (Schwarzmaier and Plesnila, 2014), intracerebral hemorrhage (Mracsko
and Veltkamp, 2014) and even ethanol-induced neurotoxicity (Alfonso-Loeches et al., 2014;
Sokolowski et al., 2014) or direct application of exogenous pathogens (Gullo et al., 2014)
with functional consequences for neuronal outcome. Moreover, Gauberti et al. (2014) present
an overview on state-of-the-art molecular magnetic resonance imaging of neuroinflammatory
markers. In recent years also the molecular pathways and effector molecules of inflammation-
induced neurotoxicity after acute injuries have been investigated in great detail: Murray et al.
(2015) describe in their review the prominent role of the pro-inflammatory cytokine IL-1, Orsini
et al. (2014) give an overview on the complement system in neuroinflammation, while Albert-
Weissenberger et al. (2014a) focus on the contribution of the kallikrein-kinin system in traumatic
brain injury and Zhao et al. (2014) review the current knowledge on programed death-1/programed
death ligand signaling. In addition to the activation of local inflammatory pathways in the
injured brain, invasion of peripheral immune cells to the brain is a critical step in secondary
neuroinflammation. Gelderblom et al. (2014) review the role of gdT cells as a pro-inflammatory
invariant T cell subpopulation recruited to the injured brain. In contrast, Urra et al. (2014) discuss
potential mechanisms of antigen-specific autoimmunity after acute brain injury. In addition, the
original research article by Kim et al. (2014) underlines that the cellular immune response to
ischemic brain injury might differ substantially between commonly used mouse strains.
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In addition to an overview and discussion of basic
mechanisms and involved pathways in secondary
neuroinflammation after acute brain injury, our research
topic also contains several reviews and original articles on novel
therapeutic approaches to modulate the immune response.
Rissiek et al. (2014) introduce nanobodies as a novel tool
for targeting neuroinflammation. Brunkhorst et al. (2014)
provide an overview on the promising approach of blocking
cellular neuroinflammation with Fingolimod. Bodhankar et al.
(2014) review the current literature on targeting the PD-
L1 and PD-L2 pathways. The original article by Mouihate
(2014) reports a novel role for hormonal replacement
therapy in neuroinflammation and the original article by

Albert-Weissenberger et al. (2014b) the use of C1-inhibitors in
a cortical cryolesion model. Dotson et al. (2014) have tested
the use of recombinant TCR ligand with differential effects in
young and old mice (see also commentary by Pennypacker,
2014).

In summary this research topic gathered contributions from
the leading laboratories working in the field of secondary
neuroinflammation after brain injury with nearly 100 authors
from 4 continents. We are confident that this compilation
covers most established and emerging research questions in
this specific research field and presents an up-to-date overview
on inflammatory mechanisms and drug targets in acute brain
injuries.
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The immune response to acute cerebral ischemia is a major contributor to stroke
pathobiology. The inflammatory response is characterized by the participation of brain
resident cells and peripheral leukocytes. Microglia in the brain and monocytes/neutrophils
in the periphery have a prominent role in initiating, sustaining and resolving post-ischemic
inflammation. In this review we aim to summarize recent literature concerning the origins,
fate and role of microglia, monocytes and neutrophils in models of cerebral ischemia and
to discuss their relevance for human stroke.

Keywords: cerebral ischemia, monocytes, microglia, neutrophils, myeloid cells, tissue macrophages

INTRODUCTION
Cerebral ischemia triggers a robust activation of brain resident
and peripheral immune cells, which play an active role in the
acute and chronic phases of injury, as well as in subsequent
reorganization and repair processes (Iadecola and Anrather,
2011; Macrez et al., 2011; Shichita et al., 2012). Numerous
experimental studies have depicted the pivotal response of
resident microglia, infiltrating monocyte-derived macrophages
and neutrophils to either the development of the brain injury
or its resolution leading to conflicting interpretation of their
protective or deleterious contribution in stroke (Emerich et al.,
2002; Chiba and Umegaki, 2013), and ultimately to treat-
ment failure (O’Collins et al., 2006; Smith et al., 2013). Fur-
thermore, discrepancies exist towards the provenance of brain
macrophages, that is to say whether they are blood-borne
monocytes or resident microglia that further differentiate into
macrophages (London et al., 2013). A better understanding
of the origin and function of myeloid immune cells pop-
ulating the ischemic brain may provide the opportunity to
manipulate specific subsets for therapeutic benefit. The aims
of this review are (a) to summarize the origin and develop-
ment of leukocytes and resident microglia, (b) to delineate
their contribution to ischemic injury based on recent litera-
ture, and (c) to assess their therapeutic relevance to human
stroke.

ORIGIN AND DEVELOPMENT OF NEUTROPHILS,
MONOCYTES AND MICROGLIA
Cerebral ischemia induces a time-dependent recruitment and
activation of leukocytes including neutrophils, monocytes and
lymphocytes (Iadecola and Anrather, 2011). At the site of injury,
macrophage populations consist mainly of activated parenchymal

microglia and infiltrating peripheral monocytes that have distinct
ontogenesis (London et al., 2013; Prinz and Priller, 2014). Once in
the injured tissue, both cell types differentiate into macrophages
and may be indistinguishable by classical histological methods
since they share similar antigens and morphologies (Prinz and
Mildner, 2011). In the next sections, we will summarize recent
findings on the origin, fate and function of myeloid immune
cells and microglia particularly in the context of acute cerebral
ischemia.

ORIGIN AND FATE OF NEUTROPHILS
Neutrophils are innate immune cells and are the first line of
defense against microbial infectious agents. They are involved in
the phagocytosis, killing and degrading of microorganisms, partly
through the generation of reactive oxygen and nitrogen species
(ROS/RNS). Neutrophils are generated in the bone marrow (BM)
and share with monocytes the common progenitor granulocyte
macrophage precursor (GMP; Figure 1). Only mature neutrophils
are normally released from the BM into circulation, where they
exist as circulating and marginated neutrophil pools, primarily
in the lung, which can be acutely mobilized for example by
adrenergic agonists (Bierman et al., 1951, 1952). After termi-
nal differentiation, under homeostatic conditions, neutrophils
remain in the BM for additional 4–6 days before being released
into circulation, constituting a BM neutrophil reserve (Craddock
et al., 1960). Egress is controlled by the antagonistic activities of C-
X-C chemokine receptor type 2 (CXCR2) and CXCR4 receptors.
Activation of CXCR2, which binds C-X-C ligand 1 (CXCL1)
and CXCL2 chemokines, stimulates BM egress, whereas stromal
cell derived CXCL12 (SDF-1) acting on CXCR4 favors reten-
tion (Strydom and Rankin, 2013). During neutrophil maturation
CXCR2 expression increases, while CXCR4 is downregulated,
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FIGURE 1 | Origin and trafficking of resident microglia and immune cells
of myeloid origin. Fetal liver and spleen/bone marrow panel: Monocytes are
generated from hematopoietic stem cells (HSCs) in the fetal liver and during
adult life in the bone marrow (BM). The granulocyte macrophage precursors
(GMP) give rise to immature neutrophils and the macrophage dendritic cell
precursors (MDPs). Monocytes develop from hematopoietic stem cells (HSC)
after myeloid lineage commitment through a series of increasingly restricted
progenitors (GMP, granulocyte/monocyte progenitor; MDP,
monocyte/dendritic cell progenitors). The common monocyte progenitor
(CMP) is the direct precursors of mature Ly6Chigh and Ly6Clow monocytes.
Ly6Chigh inflammatory monocytes might give rise to circulating Ly6Clow

monocytes directly, or via a Ly6Chigh monocyte intermediate. Yolk sac panel:
Resident brain microglia have been shown recently to have a different origin
than circulating monocytes. During embryonic life, erythroblasts (not shown)
and macrophage progenitors are generated in the yolk sac from the common
erythro-myeloid progenitor. When the blood circulation is established,
macrophage precursors exit the yolk sac and migrate into the developing
brain. Embryonic microglia proliferate and are able to renew themselves
during gestation and post-natal development as well as in adulthood. Blood
vessel and Ischemic brain panels: Few hours after cerebral ischemia onset,
mature neutrophils enter the bloodstream upon activation of the CXCR2
receptor and infiltrate the brain in response to chemokines CKLF1 as well as
CXCL1 and CXCL2 released by astrocytes. Astrocytic production of these
chemokines is dependent upon IL-17 released from brain infiltrating γδT cells.
Neutrophils firmly adhere to the endothelium and might either invade the

ischemic region or cluster into the perivascular space. During injury, CCL2 is
produced by astrocytes, macrophages/microglia and neurons. CCL2 binds its
receptor CCR2 expressed by Ly6Chigh inflammatory monocytes, which
promotes their egress from the BM into the blood, and then their recruitment
from the blood into the injured tissue. Here, these cells give rise to
monocyte-derived DC (not shown) and monocyte-derived macrophage
populations, which can further polarize into M1 and M2 macrophages. As the
ischemic infarct develops, M1 and M2 macrophages contribute to the
exacerbation of the damage or wound healing, respectively. Ly6Clow

monocytes patrol the blood vessel lumen by associating with the vascular
endothelium. Ly6Clow monocytes expressing the CX3CR1 receptor are also
recruited to sites of inflammation and possibly contribute to wound healing by
differentiating into alternatively activated M2 macrophages. Cerebral
ischemia/reperfusion leads to the release of damage-associated molecular
pattern (DAMP) molecules from dying neurons. These molecules trigger the
activation of resident microglia and astrocytes. Activated microglia promote
tissue repair by producing trophic factors and by scavenging necrotic cells.
Regulatory T lymphocytes (Treg) secreting IL-10 have shown a protective role
in cerebral ischemia and might promote macrophage M2 polarization. Spleen
panel: An interesting twist to the origin of recruited monocytes during injury
has been added by the recent identification of a major monocyte reservoir in
the spleen of mice. Following ischemic myocardial injury, splenic monocytes
are mobilized to the site of inflammation and participate in tissue injury
(Swirski et al., 2009). Dashed arrows represent findings that are not clearly
defined yet and need further investigations in context of cerebral ischemia.

which eventually leads to neutrophils egress from the BM. Once
in the circulation, neutrophils are thought to be one of the
most short-lived cells in the body with circulating half-life of
roughly 8 h in humans and 13 h in mice (von Vietinghoff and
Ley, 2008; Bugl et al., 2012). As the neutrophil age, CXCR4
receptors become upregulated favoring homing to spleen, liver

and BM, wherein neutrophils die by apoptosis and are cleared by
resident macrophages. In inflammation, extravasated neutrophils
show increased life span of several days and might die as a
result of their own cytotoxic molecules by necrosis and by releas-
ing cytotoxic neutrophil extracellular traps (NETs; Yipp et al.,
2012).

Frontiers in Cellular Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 461 | 9

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Benakis et al. Myeloid cells in ischemic stroke

MONOCYTES, THE BLOOD-BORNE PRECURSORS OF INDUCED TISSUE
MACROPHAGES
Similar to neutrophils, monocytes are generated from definitive
hematopoietic stem cells (HSC) in the liver and spleen during
embryonic development and primarily in the BM after birth
(Auffray et al., 2009; Ginhoux and Jung, 2014; Figure 1). After
lineage commitment they proceed through increasingly more
restricted progenitor stages to give rise to mature monocytes
that are released into circulation after engagement of the C-C
chemokine receptor type 2 (CCR2; Tsou et al., 2007; Hettinger
et al., 2013). In the circulation, they can be distinguished
from other leukocytes by their myeloid nature, as indicated by
(a) high-level expression of CD11b/Mac-1 (a member of the
α-integrin family of proteins) and CD115 (colony simulating
factor 1 receptor, CSF1R), (b) their phagocytic capacity and
(c) their ability to develop into macrophages upon stimulation
with CSF-1 in vitro (Chitu and Stanley, 2006). There is sub-
stantial heterogeneity in circulating monocytes and they can
be further divided into functionally distinct subsets according
to their surface expression of lymphocyte antigen 6 complex,
locus C1 (Ly6C; Swirski et al., 2007; Geissmann et al., 2008),
the CCR2 receptor (Geissmann et al., 2003; Prinz and Priller,
2010) and CX3CR1—the high-affinity functional chemokine
receptor for fractalkine (Imai et al., 1997). CD115+/Ly6Chigh

monocytes that express CCR2 are termed “inflammatory” mono-
cytes because they are highly mobile and selectively recruited
to inflamed tissues (Auffray et al., 2007; Swirski et al., 2010;
Terry et al., 2012). In contrast, CD115+/Ly6Clow monocytes
that express CX3CR1 and are negative for CCR2 were initially
termed “resident” monocytes because of their longer half-life
in circulation and their accumulation in tissues under homeo-
static conditions (Geissmann et al., 2003). This subset has been
later termed “patrolling” monocytes because of their crawling
behavior along the vascular endothelium, and has been shown
to orchestrate the disposal of dying or infected endothelial
cells (Auffray et al., 2007; Carlin et al., 2013). Their accumu-
lation in the tissue is facilitated by the expression of CX3CR1
that mediates their adhesion and migration (Geissmann et al.,
2003). Several reports have proposed that “patrolling” mono-
cytes originate from CD115+/Ly6Chigh monocytes in the cir-
culation (Sunderkötter et al., 2004; Lin et al., 2009). However,
recent data suggest that Ly6Clow monocytes are generated from
a myeloid progenitor by the activity of the transcription factor
NR4A1 (Nur77) in the BM (Hanna et al., 2011). Additionally,
depletion of CD115+/Ly6Chigh monocytes in the blood does
not affect the numbers of circulating CD115+/Ly6Clow mono-
cytes making it unlikely that CD115+/Ly6Chigh cells are the only
precursors of “patrolling” monocytes (Geissmann et al., 2008;
Figure 1).

Under physiological conditions, most CD115+/Ly6Clow crawl-
ing monocytes are found within the blood vessels and extrava-
sation rarely occurs. However, in response to tissue damage or
infection, these cells extravasate faster than CD115+/Ly6Chigh

monocytes and are the main TNF producers in the early phase
of the inflammatory response (Auffray et al., 2007). In contrast,
in a model of myocardial infarction Ly6Chigh monocytes are the
first population to be present in the injured myocardium and

display proteolytic and inflammatory functions consistent with a
role in tissue damage. Ly6Clow monocytes are the predominant
population during the resolution phase of the inflammatory
response and express repair-promoting proteins such as vascular
endothelial growth factor (VEGF; Nahrendorf et al., 2007). The
accumulation of Ly6Chigh and Ly6Clow monocytes in inflamed
tissues occurs in two phases, although the sequence of infiltra-
tion by specific monocyte subsets differs between models, e.g.,
bacterial infection vs. sterile inflammation (Auffray et al., 2007;
Nahrendorf et al., 2007). Thus, Ly6Chigh and Ly6Clow monocytes
can have pro- or anti-inflammatory functions depending on the
nature of the inflammatory stimulus, the tissue microenviron-
ment and their molecular profile (transcription factors, gene
expression, etc.).

MICROGLIA, THE RESIDENT BRAIN MACROPHAGES
In contrast to monocytes, microglia originate exclusively from
the yolk sac and colonize the central nervous system (CNS)
early during embryonic development before E9 (Ginhoux et al.,
2010, 2013; Schulz et al., 2012; Frame et al., 2013). There,
yolk sac-derived macrophages proliferate and give rise to mature
microglia (Figure 1). It seems that microglia are long-lived under
physiological conditions and are not normally replaced by BM-
derived cells (Alliot et al., 1999; Ajami et al., 2007; Kierdorf
et al., 2013a). Recent evidence indicates that microglia home-
ostasis in adult mice is highly dependent on continuous pro-
survival signals provided by the CSF-1 receptor CD115 (Elmore
et al., 2014). Blockage of the receptor by selective inhibitors
for as little as 7 days resulted in nearly complete depletion of
brain microglia. Fast recovery of the microglia population was
observed after withdraw of the blocker due to proliferation of
brain resident progenitors. These progenitors expressed the neu-
roectodermal marker Nestin, the hematopoietic marker CD45,
the stem cell marker CD34 and stained positive for isolectin B4
(IB4) while being negative for myeloid markers such as ionized
calcium binding adapter molecule (Iba1; Elmore et al., 2014).
While this is the first study to identify brain-resident microglial
progenitors, microglia expansion has been previously described
in several disease models. In a model of amyotrophic lateral
sclerosis, Solomon et al. characterized the temporal and spatial
infiltration of green fluorescent protein (GFP)-BM cells trans-
planted into lethally irradiated mice. The increased number of
spinal cord macrophages following disease onset was attributed
to the expansion of resident microglia rather than infiltrated BM-
derived precursors (Solomon et al., 2006). Similarly, in experi-
mental autoimmune encephalitis (EAE), Ajami et al. found that
blood-borne monocytes transiently infiltrate the spinal cord but
do not contribute to the long-term pool of resident microglia
(Ajami et al., 2011). Techniques such as parabiosis (Ajami et al.,
2007; Ransohoff, 2011), whole body irradiation, head-shielded
BM chimeras (Mildner et al., 2011), transgenic mice (Saederup
et al., 2010) and fate mapping analysis (Ginhoux et al., 2010)
have been instrumental to better discriminate between infiltrat-
ing myeloid immune cells and resident microglia. Furthermore,
recent data indicate that microglia express a distinctive genetic
signature that makes them distinguishable from neurons, astro-
cytes, oligodendrocytes, and peripheral immune cells including
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other tissue macrophages. Using transcriptomic and proteomic
analysis Butovsky et al. identified several genes that were specif-
ically expressed in CD11b+/CD45low microglia when compared
to blood monocytes (Butovsky et al., 2014). Among them, the
purinergic receptor P2ry12, the proto-oncogene tyrosine kinase
Mertk, and the Fc receptor-like S scavenger receptor Fcrls were
exclusively expressed in microglia in brain and spinal cord, and
not in peripheral tissue macrophages, e.g., Kupfer cells, alveolar
macrophages, etc. P2ry12, Mertk and Fcrls are surface expressed
proteins enabling easy antibody-mediated detection in flow cyto-
metric and histological assays. Given that this genetic signature
is similar between mice and human microglia, a better differ-
entiation of infiltrating myeloid cells and microglia in human
stroke should also be possible. In a model of EAE, expression
of these genes was restricted to microglia and was not found in
infiltrated monocytes (Butovsky et al., 2014). However, because
the analysis was conducted at disease onset, it is not clear whether
the signature is retained as the pathology progresses. It remains
to be determined whether expression of these marker genes is
preserved during all stages of microglial activation, as observed
in cerebral ischemia, or whether a similar molecular signature
can be acquired by infiltrating monocytes that develop into
tissue macrophages. For example, monocytes entering the brain
parenchyma could be exposed to a brain-specific environment
favoring expression of a microglia-like phenotype. Therefore, a
better knowledge of unique genetic signatures and reliable cellular
markers would greatly facilitate studies of the origin, function and
fate of inflammatory cells in ischemic brain injury.

POLARIZATION OF MONOCYTES- AND MICROGLIA-DERIVED
MACROPHAGES
Once in the damaged tissue, CD115+ peripheral-blood mono-
cytes have the ability to differentiate into macrophages and further
polarize into several subtypes with specific functions including
production of inflammatory molecules and phagocytic activity.
Macrophage polarization depends on the type of injury, the
nature of the pathogen, the organs involved and interactions
with other immune cells. The distinct phenotypes and physio-
logical activities associated with tissue macrophages were mostly
described in vitro and in non-neuronal tissue, and have only
recently been examined in the context of cerebral ischemia.
“Classically activated macrophages” or “M1 macrophages” have
anti-microbial activity and secrete pro-inflammatory cytokines
and reactive oxygen species upon stimulation with interferon-γ
(IFNγ) and lipopolysaccharide (LPS; Mills et al., 2000; Gordon
and Taylor, 2005; Mosser and Edwards, 2008). On the other
hand, “alternative” or M2 macrophages, induced by interleukin-4
(IL-4), IL-10 or transforming growth factor-β (TGF-β), promote
anti-inflammatory and reparative processes (Mantovani et al.,
2004; Hao et al., 2012; Yang et al., 2014). Several differentially
regulated genes have been associated with each polarization state
and are used to distinguish between these two populations in
mice, including the IgG Fc receptors CD16/32 and inducible
nitric oxide synthase (iNOS) for the M1 phenotype, and mannose
receptor (CD206), arginase 1 (Arg1), chitinase-like 3 (Chil3 or
Ym1), and IL-10 for the M2 phenotype (Table 1; Hu et al., 2012;
Liu et al., 2013; Murray et al., 2014; Tang et al., 2014).

It must be noted that M1 and M2 are the extreme phenotypes
of the broad and heterogeneous activation states of macrophages,
and caution is needed in interpreting their multivalent function
under pathological conditions (Murray et al., 2014). Recently,
the M1/M2 terminology was also applied to activated microglia
(Michelucci et al., 2009; David and Kroner, 2011). Exposure of
cultured primary microglia to LPS or IFNγ induces a M1-like
phenotype with reduced phagocytic activity and expression of
iNOS, TNF, IL-1β and IL-6 among others, while IL-4 drives
microglia towards a M2-like phenotype with increased Arg1,
Ym1 and resistin like α (RELMα, FIZZ1) expression (Michelucci
et al., 2009). Others have compared capacity of microglia and
blood- or BM-derived macrophages to assume M1 or M2 phe-
notypes using in vitro polarization protocols (Durafourt et al.,
2012; Girard et al., 2013). These authors assessed morphol-
ogy, surface markers, cytokine profile and phagocytic capac-
ity of both polarized blood-borne macrophages and microglia
(Durafourt et al., 2012) or compared expression levels of M1/M2
marker genes (Girard et al., 2013). Girard et al. found that both
mouse BM-derived macrophages and BV2 microglial cell line
displayed a M1 or M2 phenotypes after LPS or IL-4 stimulation,
respectively. In contrast, Durafourt et al. found that human
microglia was able to respond to both M1 and M2-inducing
stimuli, but their M2 gene expression signature was restricted
to CD209 and the expression of CD23, CD163, and CD206
was not increased, as observed in M2 polarized macrophages
(Durafourt et al., 2012). Although the functional implications
remain to be established, these observations highlight important
differences between human and mouse microglia. Interestingly,
adult human microglia showed higher phagocytic activity and
IL-10 expression than macrophages under M1 and M2 condi-
tions, indicating that even in a pro-inflammatory environment
microglia can retain anti-inflammatory function, which might
be essential for their neuroprotective activity (Durafourt et al.,
2012).

CONTRIBUTION OF IMMUNE CELLS OF MYELOID ORIGIN
AND MICROGLIA TO CEREBRAL ISCHEMIC INJURY
Acute cerebral ischemia leads to rapid neuronal cell death and
activation of resident microglia as well as the infiltration of
blood-borne immune cells (Gelderblom et al., 2009; Dénes et al.,
2010; Figure 2). Activated microglia become phagocytic aiming
to clear the damage and promote repair (Faustino et al., 2011).
If blood flow is not rapidly restored and ischemic damage devel-
ops, injured neurons release damage-associated molecular pattern
proteins leading to the secretion of pro-inflammatory media-
tors and formation of ROS from parenchymal cells (del Zoppo
et al., 2000; Shichita et al., 2012; Jackman and Iadecola, 2014).
Cytokines and ROS, produced both in the vascular and parenchy-
mal compartments, induce the disruption of the blood brain bar-
rier (BBB) facilitating the infiltration of circulating monocytes,
neutrophils and lymphocytes, thereby promoting post-ischemic
inflammation (Iadecola and Anrather, 2011; Kleinschnitz et al.,
2013; García-Bonilla et al., 2014b). However, neutrophils, as well
as monocytes, some T- and B-cells and microglia may also exhibit
anti-inflammatory properties that are important for limiting neu-
ronal injury, resolving the inflammation and promoting tissue
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Table 1 | Different activation states of neutrophils, circulating monocytes and tissue macrophages in mice.

Neutrophils Circulating monocytes Monocyte-derived macrophages Resident microglia

Subsets N1/N2 “Inflammatory” “Patrolling” M1 M2 Surveying Microglia-derived
monocytes monocytes (M2a,b,c) microglia macrophages

Marker iNOS iNOS Arg1, CD206, DAP12
genes Chil3 (Ym1)

Receptor CD45high CD45high CD45high CD45high CD45high CD45int CD45high

expression CD11b+ Ly6Chigh Ly6Clow CD115+ CD115+ CD11b+ CD11b+

Ly6G+ CD115+ CD115+ CD11b+ CD11b+ CX3CR1 CD115+

CCR2+ CCR2− F4/80+ F4/80+ Ibal+ F4/80+

CX3CR1int CX3CR1+ CD68 (ED-1) CD68 (ED-1) IB4 CD68 (ED-1)
Ly6G- Ly6G- CCR2+ CX3CR1+ CX3CR1+

Iba1+ IB4

Activated Platelets, Neutrophils, Th1, NK Th2 Neurons Dying
by [cells] Endothelial cells Dying neurons neurons

Activated by IL-1α CCL2 LPS, IFNγ, IL- 4 and IL-13 (M2a), DAMPs,
[molecules] TNF IL-10, Glucocorticoid, CX3CL1

TGFβ (M2c),
CCL2 (MCP1)

Function Neurotoxic Recruited at sites Endothelium Cytotoxic Phagocytic Synaptic pruning Phagocytosis,
(N1), of inflammation, integrity effect capacity, and remodeling Neurotoxicity
Neuroprotection Precursors of Promote during
(N2) peripheral neurite development,

mononuclear outgrowth Homeostatic
phagocytes functions

Cell ROS, NO, TNF, ROS, IL-10, IL-12, IL-23, TGFβ, Arg1 TGFβ IL-1β,
products RNS, NO, IL-1β, VEGF TNF, IL-1β, and scavenger TNF, IL-6,

MMP-9, Little IL-10 IL-6, ROS receptors (M2a), Chemokines,
NE IL-10 (M2c). IFNγ

The dichotomy in the function of each cell type shown here is an oversimplified view of their activation state. They rather undergo multiple activation phenotypes at

a given time making the interpretation of their neuroprotective or/and deleterious effect in cerebral ischemia complex. Whether N1/N2 and M1/M2 phenotypes may

apply to neutrophils and microglia, respectively, would need further investigation.

Abbreviations: Arginase 1 (Arg1), Chemokine (C-C motif) ligand 2 (CCL2), C-C chemokine receptor type 2 (CCR2), Chitinase-like 3 (Chil3 or Ym1), CX3C chemokine

receptor 1 (CX3CR1), Damage-associated molecular pattern molecules (DAMPs), DNAX activation protein of 12 kDa (DAP12), inducible nitric oxide synthase

(iNOS), Interferon gamma (IFNγ), Interleukin-1,4,6,10,12,23 (IL-1, IL-4, IL-6, IL-10, IL-12, IL-23), Ionized calcium binding adaptor molecule 1 (Iba1), Isolectin B4

(IB4), Lipopolysaccharide (LPS), Lymphocyte antigen 6G (Ly6G), Matrix metallopeptidase 9 (MMP-9), monocyte chemotactic protein 1 (MCP1), Natural Killer (NK),

Neutrophil elastase (NE), Nitric oxide (NO), Reactive nitrogen species (RNS), Reactive oxygen species (ROS), Transforming growth factor beta (TGF-β), Tumor necrosis

factor (TNF), Type 1 T helper (Th1), Type 2 T helper (Th2), Vascular Endothelial Growth Factor (VEGF).

repair (Liesz et al., 2009; Yilmaz and Granger, 2010; Bodhankar
et al., 2014). Characterizing the dynamics of leukocyte infiltration
after cerebral ischemia is important to understand their func-
tional role and therapeutic potential. Notably, the magnitude and
temporal profile of peripheral immune cell infiltration depends
upon models of focal cerebral ischemia. For example, permanent
ischemia leads to immune cell infiltration as early as 3 h and
a more pronounced accumulation of neutrophils compared to
transient ischemia (Zhou et al., 2013; Chu et al., 2014b), wherein
blood-borne immune cells do not appear in large numbers until
48 h after reperfusion (Stevens et al., 2002; Gelderblom et al.,
2009; García-Bonilla et al., 2014b). These differences in the timing
of cellular infiltration relative to the development of tissue injury
hint at different roles of blood-borne immune cells in these two
stroke models. These considerations need to be taken into account
when extrapolating findings obtained in animal models to human
stroke for therapeutic purposes.

NEUTROPHILS IN BRAIN ISCHEMIA
Neutrophils respond to sterile inflammation, such that induced
by brain ischemia, by interacting with endothelial adhesion
molecules, mainly selectin family members and intracellular
adhesion molecule-1 (ICAM-1), to slow their intravascular move-
ment and induce polarization, which results in firm adhesion
to the pro-inflammatory endothelium (Panés et al., 1995, 1999).
Rolling and adhesion of leukocytes can be observed in vivo as
early as 1 h after transient middle cerebral artery (MCA) occlusion
and is characterized by neutrophil attachment to the endothe-
lium and increased platelet-neutrophil interactions which is P-
selectin and integrin αIIbβ3 dependent (Ishikawa et al., 2004).
Due to the proximity of platelets and neutrophils, IL-1α released
from activated platelets, might be an early activator of neutrophils
(Thornton et al., 2010).

After initial adherence, neutrophils will follow a chemokine
and activator gradient produced by the injured tissue. Neutrophils
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FIGURE 2 | Spatiotemporal profile of myeloid immune cell
activation in acute cerebral ischemia. Schematic representation of
rodent brain coronal sections through the anterior commissure
(bregma = 0) after transient MCA occlusion in C57BL/6 mice. The core
of the infarct is represented in red and the peri-infarct area is shown in
light red. The evolution of the infarct is based on observations of ours
and others and depicted as follow: infarct size becomes detectable
1 day after transient MCA occlusion, is maximal at 3–5 days after
ischemia onset and decreases afterwards together with shrinkage of
the injured hemisphere and enlargement of the ventricles. Before injury,
resident microglia display ramified thin processes and are highly motile.
They scan their microenvironment to detect any disturbances. Cerebral
ischemia triggers microglia to become activated and to display distinct
shapes and expression patterns upon the course of reperfusion. Based
on findings depicted here, microglia become activated at the onset of
cerebral ischemia—as early as 1 day after injury—and further develop
into macrophages. In the core of the infarct, microglia are round-shaped,
expressed ED-1 and display a M2 phenotype aimed at phagocytize the

cellular debris and clear the damaged tissue. In the peri-infarct region
microglia have ramified processes but are negative for the phagocytic
marker ED-1. They are present early after injury, peak between 5–7 days
and decrease thereafter. Neutrophils are the first myeloid immune cells
to invade the brain and might display a N1 or N2 phenotypes. They can
be detected in the ischemic region from 1 to 5–7 days after injury.
Monocytes infiltrate the ischemic parenchyma after microglia activation
and transform into macrophages. Between 3–5 days M2 macrophages
are more abundant in the striatum—the core of the infarct—and decline
by 2 weeks. In contrast, pro-inflammatory M1 cells are first observed in
the peri-infarct of the lesion and increase in number in the core over
time and outnumber the M2 macrophages later on. From 3–5 days
onwards it is not clear yet whether the so called M1 and M2
macrophages found in the ischemic region are derived preferentially
from microglia or infiltrated monocytes and if they have similar
functions. Preliminary data suggest that microglia-derived macrophages
can proliferate and have greater phagocytic properties than
monocytes-derived macrophages.

are the first blood-borne cells found in the ischemic area,
reach peak numbers at days 2–4 after transient ischemia
and decline thereafter (Gelderblom et al., 2009; García-
Bonilla et al., 2014b). The CXCR2 ligands CXCL1 (KC)
and CXCL2 (MIP-2α) are the main chemokines responsible
for neutrophil extravasation. In the ischemic brain CXCL1
is produced by activated astrocytes in an IL-17 dependent
manner (Figure 1; Gelderblom et al., 2012). Chemokine-like
factor 1 (CKLF1), a recently discovered chemokine, partici-
pates in neutrophil recruitment after transient focal ischemia
in rats and anti-CKLF1 antibodies diminished neuronal cell
death in this model (Kong et al., 2014). The sequence of
molecular events regulating neutrophil extravasation remains
incompletely understood. CD47, a immunoglobulin superfamily
transmembrane glycoprotein expressed on the cell surface of
neutrophils, is essential for neutrophil transmigration in vivo

and in vitro (Liu et al., 2001; Su et al., 2008). Accordingly,
CD47 deficient mice exhibit reduced brain injury and neu-
trophil infiltration after transient focal ischemia (Jin et al.,
2009).

Endothelial transmigration seems to be essential for the
cytotoxic activation of neutrophils (Allen et al., 2012), which
is accomplished by induction of ROS production by NADPH
oxidase and myeloperoxidase, iNOS dependent nitric oxide gen-
eration and concomitant release of RNS, particularly peroxyni-
trite (Yilmaz and Granger, 2010). Work from our group has
shown that iNOS expression in endothelial cells and neutrophils
contributes to ischemic brain injury after transient MCA occlu-
sion, but was dispensable for neutrophil recruitment (Iadecola
et al., 1997; García-Bonilla et al., 2014a). On the other hand,
adoptive transfer of iNOS+/+ neutrophils into an iNOS−/− host
24 h after MCA occlusion was sufficient to revert the protection

Frontiers in Cellular Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 461 | 13

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Benakis et al. Myeloid cells in ischemic stroke

exerted by iNOS deletion (García-Bonilla et al., 2014a). Other
potentially neurotoxic molecules released by neutrophils are
extracellular proteases. Among them, matrix metalloproteinase
9 (MMP-9), a protease released during neutrophil degranula-
tion, has been shown to contribute to ischemic injury (Romanic
et al., 1998). Neutrophil elastase (NE), has also been impli-
cated in brain injury after transient but not permanent focal
ischemia (Shimakura et al., 2000; Stowe et al., 2009). There
is still debate to what extent neutrophils contribute to post-
ischemic inflammation and neuronal cell death. While neu-
trophil depletion by delivery of anti-neutrophil antibodies was
neuroprotective in focal ischemia models (Matsuo et al., 1994),
several approaches to limit neutrophil infiltration by cytotoxic
drugs or adhesion molecule and chemokine receptor block-
ade have been unsuccessful (Soriano et al., 1999; Beray-Berthat
et al., 2003b; Brait et al., 2011), or have suggested that the
contribution of neutrophils to ischemic injury might be brain
region specific (Beray-Berthat et al., 2003a). It has also been
suggested that neutrophils do not penetrate the ischemic brain
tissue but accumulate in the perivascular space after extrava-
sation (Enzmann et al., 2013). However, this finding does not
exclude their participation in ischemic injury since neutrophils
would be still able release soluble cytotoxic molecules such as
ROS, RNS, and proteases, which could induce vascular damage
aggravating the ischemia or diffuse into the brain parenchyma
causing tissue injury. Indeed, our iNOS BM chimera and adop-
tive transfer experiments (García-Bonilla et al., 2014b), collec-
tively, support a deleterious role of neutrophils in ischemic brain
injury.

FUNCTIONAL POLARIZATION OF NEUTROPHILS IN CEREBRAL
ISCHEMIA
In addition to their deleterious effect, neutrophils may also
exert neuroprotective functions as recently suggested (Cuartero
et al., 2013). In this study it was shown that in a mouse
model of permanent focal ischemia the neuroprotective effect
of the PPARγ agonist rosiglitazone was abolished in neutrophil
depleted animals. Rosiglitazone treatment induced an increase
of total number of neutrophils 24 h after ischemia and a shift
in the ratio of pro-inflammatory N1 neutrophils to N2 neu-
trophils shown by increased expression of the M2-marker pro-
tein Ym1 (Chil3). N2 neutrophils were recently defined as a
population of polarized cells with anti-inflammatory pheno-
type, in accordance to the M1/M2 classification of macrophages,
and have been found in tumors where they facilitate tumor
growth by inhibiting anti-tumor T cell responses (Fridlender
et al., 2009; Mantovani, 2009). Their role in brain ischemia,
including the mechanism of neuroprotection, remains to be
firmly established, but, analogous to the double-edged role
of monocytes/macrophages, neutrophils could also have ben-
eficial effects, perhaps in the repair phase of the injury.
For example, neutrophils that undergo apoptosis are ingested
by microglia and macrophages, which induce these phago-
cytic cells to become anti-inflammatory or promote tissue
repair (Serhan and Savill, 2005). Therefore, manipulating the
polarization state of neutrophils could also have therapeutic
relevance.

MONOCYTES AND MICROGLIA IN CEREBRAL ISCHEMIA
Under normal conditions, resident microglia are ramified,
have long processes and can be morphologically discerned
from macrophages (Nimmerjahn et al., 2005; Boche et al.,
2013). Resident microglia can be distinguished from BM-
derived monocytes according to their level of CD45 expres-
sion: microglia are CD11b+ and express intermediate level of
CD45 (CD11b+/CD45int), whereas monocytes are also positive
for CD11b but express high level of CD45 (CD11b+/CD45high)
(Ford et al., 1995). Monocytes can be further classified as Ly6Chigh

pro-inflammatory monocytes or Ly6Clow anti-inflammatory
monocytes (David and Kroner, 2011). Upon injury, microglia
adopt ameboid morphology and become phagocytic. Activated
microglia are commonly identified by the cellular markers: IB4,
Iba1, F4/80 or ED-1 (CD68). After cerebral ischemia, microglia
display different markers and morphology depending on their
localization in the ischemic territory and the course of reper-
fusion. In the ischemic core microglia have an ameboid shape,
are Iba1 positive and ED1 positive and have increased CD11b
expression, whereas in the peri-infarct area these cells have
shorter processes than in the resting state, are Iba1+, but are
negative for ED1 (Ito et al., 2001; Morrison and Filosa, 2013).
Once microglia differentiate into macrophages they share sev-
eral antigens and morphological features with hematogenous
macrophages (Patel et al., 2013), confounding the interpre-
tation of their origin and ultimately their function in acute
cerebral ischemia (Hanisch and Kettenmann, 2007; Hellwig et al.,
2013).

Several recent studies have attempted to distinguish microglia
from blood-derived macrophages and to define their role in
ischemic injury and repair, potentially opening novel therapeutic
avenues for the treatment of stroke. To this end, several strate-
gies have been used (Prinz and Priller, 2014). A widely used
approach has been to perform BM transplants with fluorescent
BM (Tanaka et al., 2003). One drawback to this approach is
that whole body irradiation may affect the integrity of the BBB
and induce brain cytokine production, creating a permissive
environment for brain engraftment of BM-derived immune cells
normally not found in the CNS (Mildner et al., 2007). Although
head shielding during irradiation or parabiosis may avoid such
disturbances, the resulting degree of chimerism (40–50%) is
not as high as with whole body irradiation (>90%) (Ginhoux
et al., 2013; Prinz and Priller, 2014). The reduced chimerism
obtained with these models may not be problematic for cell
tracking and fate determination experiments, but it will con-
found the interpretation of mechanistic studies on the relative
contribution of resident and blood-borne immune cells to tissue
damage and repair. Recently, it has been shown that chemi-
cal BM ablation with busulfan leads to a better rate of blood
chimerism with reduced inflammation and myeloid immune
cell recruitment in the mouse CNS compared to irradiation
(Kierdorf et al., 2013b). However, in our own experience, doses
of busulfan that produce a chimerism comparable to irradiation
lead to a myeloid immune cell recruitment in brain greater
than that seen with irradiation (Sugiyama et al., 2014). There-
fore, chemical BM ablation-based approaches require further
scrutiny.
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Another approach to track blood-borne myeloid cell infil-
tration into the ischemic area, has been to use ultrasmall
superparamagnetic iron oxide particles (USPIO), which labels
peripheral phagocytic cells after intravenous injection. USPIO
were delivered in one case 5.5 h after permanent MCA occlusion
(Rausch et al., 2001) and in an other study 24 h before inducing
photothrombotic strokes (Kleinschnitz et al., 2003). Brains were
analyzed at different time points after ischemia by magnetic
resonance imaging (MRI) and histology. While the temporal
profile was slightly different between the two studies, iron par-
ticles were detected late in the post-ischemic period, after most
of the damage had occurred (Rausch et al., 2001; Kleinschnitz
et al., 2003). In a model of neonatal ischemia, microglia—
identified as CD11b+/CD45low/int by flow cytometry—were the
predominant cell population in the infarct area compared to
CD11b+/CD45high monocytes (Denker et al., 2007). A simi-
lar pattern was described using GFP-BM chimeric mice. Thus,
Schilling et al. found that microglia were the first cells to be acti-
vated in the infarcted area, exhibited a more pronounced phago-
cytic activity and out-numbered GFP-BM monocytes (Schilling
et al., 2003, 2005). Collectively, these observations suggest that
microglia are likely to be the first cells activated after brain
injury, aiming at clearing the cell debris by phagocytosis and
contributing to the resolution of inflammation (Neumann et al.,
2009). On the other hand, phagocytosis could also contribute
to neuronal cell loss after ischemia. For example, it has been
suggested that microglia could engulf viable neurons in the
ischemic penumbra (Neher et al., 2013). Salvageable neurons
would send “eat me” signals to nearby microglia and induce
their phagocytosis that further increases brain damage (Neher
et al., 2012). In support of this hypothesis, deficiency of the
phagocytosis-related receptors Mertk and milk fat globule-EGF
factor 8 protein (Mfge8) on microglia promotes functional
recovery and reduces brain atrophy in focal infarcts (Neher
et al., 2013). On the other hand, deletion of triggering receptor
expressed on myeloid cells 2 (TREM2), a receptor expressed on
phagocytic microglia and macrophages, did not affect infarct
size in a focal ischemia model in mice (Sieber et al., 2013),
although TREM2 is essential for their phagocytosis capacity
(Takahashi et al., 2007). The molecular mechanisms regulating
these microglial behaviors need to be established and may provide
new insights into endogenous brain processes regulating injury
and repair.

CCR2+ MONOCYTES IN CEREBRAL ISCHEMIA
Recruitment of circulating monocytes to the ischemic brain
is orchestrated by inflammatory cytokines, de novo-expressed
adhesion molecules and chemokines. The monocyte chemoat-
tractant protein (MCP-1, CCL2) and its receptor CCR2 are
known to be involved in the inflammatory response of the
injured brain after cerebral ischemia (Che et al., 2001; Chu
et al., 2014a). After permanent and transient focal ischemia,
Gliem et al. found an increase in Ly6Chigh monocytes at 3 days,
whereas the number of Ly6Clow monocytes was greatest at 6 days,
paralleled by sequential peaks of CCR2 and CX3CR1 mRNA
as well as gene expression of the pro- and anti-inflammatory
cytokines IL-1β and TGF-β, respectively (Gliem et al., 2012).

Furthermore, they demonstrated that selective deletion of
CCR2 in BM-derived cells induced a delayed clinical deterio-
ration and hemorrhagic conversion of ischemic infarcts, sug-
gesting a beneficial role of CCR2+ monocytes in maintaining
the structure of the neurovascular unit (Gliem et al., 2012).
Because CCR2+/Ly6Chigh monocytes can transform into anti-
inflammatory Ly6ClowF4/80high macrophages, it was suggested
that lack of infiltrating CCR2+ monocytes results in reduction
of anti-inflammatory macrophages at later time points com-
promising repair mechanisms. However, several other studies
demonstrated reduced phagocytic macrophage accumulation in
the brain of CCL2 or CCR2 knock-out mice together with
smaller infarcts after cerebral artery occlusion (Hughes et al.,
2002; Dimitrijevic et al., 2007; Schilling et al., 2009), suggesting
a deleterious role of CCR2 monocytes. These discrepancies may
reflect the multifunctional roles of CCR2+ monocytes, which,
while contributing to early brain injury may also enable delayed
repair processes.

CX3CR1+ MONOCYTES AND MICROGLIA IN CEREBRAL ISCHEMIA
The chemokine CX3CL1 is found on neurons while its recep-
tor CX3CR1 is expressed on microglia and Ly6Clow mono-
cytes (Geissmann et al., 2003; Sunnemark et al., 2005; Limatola
and Ransohoff, 2014). CX3CR1−/− or CX3CL1−/− mice show
reduced brain damage in transient focal ischemia models com-
pared to wild type mice (Soriano et al., 2002; Dénes et al.,
2008; Fumagalli et al., 2013), although the effect might not be
sustained in time (Gliem et al., 2012). Neuroprotection found
in CX3CR1−/− mice following focal cerebral ischemia was cor-
related with an increase of the M2 macrophage marker genes
CD206 and Ym1 and a decrease of M1-iNOS gene expres-
sion compared to wild type mice (Fumagalli et al., 2013; Tang
et al., 2014). These findings indicate that CX3CR1 deficient mice
induce a different pattern of M1/M2 marker expression in the
ischemic region. The authors suggest that the lack of CX3CR1 in
microglia and infiltrated monocytes favors an anti-inflammatory
milieu that protects the brain from infarct development. How-
ever, intracerebroventricular delivery of CX3CL1 at the time of
MCA occlusion decreased infarct volumes (Cipriani et al., 2011),
suggesting that CX3CL1 acts on microglia to reduce their acti-
vation state and inhibit the release of inflammatory cytokines
(Zujovic et al., 2000; Cardona et al., 2006; Biber et al., 2007).
Michaud et al. has recently shown that selective ablation of
Ly6Clow/CX3CR1+ monocytes, thought to preferentially develop
into M2 macrophages, does not influence stroke outcome in a
hypoxic-ischemic injury model (Michaud et al., 2014). Using
NR4A1−/− BM chimeras that lack circulating Ly6Clow/CX3CR1+

monocytes (Carlin et al., 2013), it was found that structural
and functional outcome were not affected. However, brain infil-
trating monocytes have not been assessed in this study, and it
remains an open question whether Ly6Chigh/CCR2+ monocytes
in the brain parenchyma could give rise to Ly6Clow/CX3CR1+

monocytes/macrophages, even in the absence of the NR4A1
transcription factor.

Using parabiosis of CX3CR1GFP/+ mice and wild type part-
ners, Li et al. found that microglia increased gradually dur-
ing the first week after photothrombotic stroke (Li et al.,

Frontiers in Cellular Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 461 | 15

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Benakis et al. Myeloid cells in ischemic stroke

2013). Hypertrophic ameboid microglia were more abundant
in the periphery compared to the core of the lesion and many
GFP-positive microglia were labeled with the mitotic marker
bromodeoxyuridine (Li et al., 2013). In the wild type para-
biotic partner, CX3CR1GFP/+ infiltrating cells started to popu-
late the brain 5 days after ischemia onset, were less numerous
than activated microglia and did not proliferate, suggesting that
microglia and monocyte-derived CX3CR1 macrophages are two
distinct populations with presumably different roles in cerebral
ischemia.

M1 AND M2 PHENOTYPES IN CEREBRAL ISCHEMIA
Recent studies have begun to investigate microglia and
macrophage polarization in vivo. In a model of permanent
focal ischemia, different cell markers were used to characterize
the prevalence of phagocytic cells and M2-like phenotype at
different time after ischemia (Perego et al., 2011). Soon after
injury, ED-1 positive phagocytic cells were present at the border—
possibly limiting the expansion of the infarct—whereas Ym1-
and CD206-expressing cells were found in the ischemic core. At
7 days, more phagocytic cells invaded the ischemic core where
they engulfed neurons. In transient focal ischemia, M2-type gene
expression (CD206, Arg1, CCL22, Ym1/2, IL-10, and TGF-β) was
first apparent from 1 to 3 days after ischemia, peaked at 3–5 days,
was reduced at 7 days and returned to pre-injury levels by day
14. M1-type genes (iNOS, CD11b, CD16, CD32, and CD86) were
gradually increased from day 3 and remained elevated for 14 days
after ischemia (Hu et al., 2012). The M1/M2 phenotype was also
assessed in in vitro models of ischemic injury using microglia
and neuronal co-culture. M1-polarized microglia/macrophages
exacerbate neuronal death compared with M2 cells (Hu et al.,
2012; Girard et al., 2013). Hu et al. suggested that early expression
of M2 genes may contribute to neuroprotection by enhancing the
phagocytosis of dead cells, removal of tissue debris and promote
recovery. At later stages, cells displaying a M1 phenotype may
induce pro-inflammatory mediators and exacerbate neuronal
death. Therefore, limiting such M2 to M1 shift and promoting M2
polarization could be a potential therapeutic strategy (Hu et al.,
2012). In vitro experiments have to be interpreted with caution
because microglia are commonly derived from neonatal tissue
and develop in a culture environment that cannot recapitulate
the maturation process that occurs in vivo (Hellwig et al., 2013).
Importantly, the gene expression signature characteristic for adult
brain microglia is lost in primary neonatal microglia cultures
as well as in microglial cell lines including BV2 and N9 cells
(Butovsky et al., 2014). Thus, in vivo translation of findings
obtained with in vitro polarization models might not be easily
achieved. Desestret et al. administered differentiated BM-derived
M2 macrophages 4 days after cerebral ischemia by intravenous
injection. M2 macrophages failed to induce protection or
improve behavioral outcome (Desestret et al., 2013). On the
other hand, Girard et al. have proposed that M1 and M2
BM-derived macrophages promote cell death in vitro, whereas
M2 microglia is neuroprotective. However, microglia does not
display a classic M1 and M2 phenotypes after MCA occlusion
(Girard et al., 2013). The ability of microglia to differentiate into
multiple macrophage-related phenotypes depending on their

microenvironment highlights the complexity of their response to
cerebral ischemia (Taylor and Sansing, 2013).

A ROLE FOR SPLENIC MONOCYTES IN BRAIN ISCHEMIA?
The discovery of a splenic monocyte reservoir in adult mice, that
is mobilized following ischemic myocardial injury (Swirski et al.,
2009), has sparked renewed interest in the role of the spleen
in brain ischemia. Previous studies have shown that splenocytes
respond to cerebral ischemia by producing large amounts of
inflammatory mediators early after injury (Offner et al., 2006b),
followed later by an increase of blood monocytes and splenic
regulatory T cells, that are thought to dampen the inflammatory
response (Offner et al., 2006a). In accordance with these findings,
chronic splenectomy (Ajmo et al., 2008) or acute spleen irradia-
tion (Ostrowski et al., 2012) have been performed in rats to inhibit
systemic inflammatory responses after stroke. Although the stud-
ies differed in the ischemic model, i.e., permanent vs. tran-
sient ischemia, both studies observed neuroprotection together
with a decrease of immune cell counts in the ischemic region.
In addition, post-stroke treatment with the antibacterial agent
moxifloxacin (MFX) reduced peripheral infection and infarct
size in animal models of stroke (Meisel et al., 2004; Bao et al.,
2010). In MFX-treated mice the percentage of the splenic pro-
inflammatory Ly6Chigh monocytes was reduced compared to
vehicle animals 7 days after stroke, together with reduced expres-
sion of CCR2 in the spleen and the brain (Bao et al., 2010). These
studies suggest that interventions aiming at reducing systemic
inflammation, specifically by targeting splenocytes, could lead to a
reduction of brain immune cell infiltration and neuroprotection.
However, these reports did not assess whether leukocytes, specifi-
cally monocytes, found in the brain originate from the spleen and
contribute directly to stroke outcome. For instance, Ajmo et al.
did not find alteration of immune cell counts in peripheral blood
following MCA occlusion in sham or splenectomized animals,
while spleen irradiation after MCA occlusion resulted in a drop
of circulating lymphocytes, but failed to lower blood monocytes
and neutrophils (Ajmo et al., 2008; Ostrowski et al., 2012). Thus
it is not clear whether peripheral immune cells are mobilized
from the spleen into the brain and contribute directly to stroke
outcome. Recently, Kim et al. analyzed the temporal profile of
brain infiltrating Ly6Chigh and Ly6Clow monocytes after focal
ischemic injury in acutely splenectomized mice (Kim et al., 2014).
In sham mice, they found that brain ischemia induced a reduction
of both monocytes subsets in the spleen that temporally correlated
with their increase in the ischemic brain. In splenectomized
mice, brain Ly6Chigh and Ly6Clow monocytes were reduced at
1 and 3 days after stroke compared to sham surgery. However
no difference in infarct size was observed between groups (Kim
et al., 2014). While this study did not directly track splenic
monocytes and the findings remain correlative, it suggests that the
spleen might contribute both Ly6Chigh and Ly6Clow monocytes
after brain ischemia. The failure to observe neuroprotection in
this model might be related to simultaneous reduction of both
monocyte subsets, thus balancing the loss of deleterious Ly6Chigh

monocytes with the loss of beneficial Ly6Clow monocytes, which
might be involved in resolution of the inflammation and tissue
repair (Shechter et al., 2013).
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MYELOID IMMUNE CELLS IN HUMAN STROKE
TEMPORAL PROFILE OF MYELOID IMMUNE CELL ACTIVATION AND
INFILTRATION
Histological analysis of autopsy material from patients allowed
to draw a temporal profile of cellular events from 1 day after
stroke onset to several years (Chuaqui and Tapia, 1993; Mena
et al., 2004). Astrogliosis was observed within the first day of
cerebral infarct development together with neutrophils, which
were observed in 81% of cases between 3–37 days after stroke
onset (Mena et al., 2004). This active inflammatory phase was
accompanied by tissue necrosis and infiltration of inflammatory
cells such as mononuclear cells and macrophages, which were not
observed during the first 2 days after stroke onset. Interestingly,
inflammatory mononuclear cells and macrophages persisted up
to 53 years and were found in the majority of late stage specimens
while neutrophils were absent (Mena et al., 2004). Although the
temporal sequence and type of cells in the infarct are similar in
rodents and humans (Gelderblom et al., 2009), the chronology of
events seems to be more delayed and more spread out in time in
humans.

Advanced imaging techniques to visualize post-ischemic
inflammation and leukocyte infiltration are increasingly being
employed in the clinical setting. Visualization of infiltrated
macrophages in stroke patients was performed by USPIO-MRI
(Saleh et al., 2004, 2007; Cho et al., 2007). In all patients tested,
an increase signal of USPIO was observed by MRI in the brain
parenchyma (Saleh et al., 2004). Only a minority of patients that
received USPIO between 24 h and 96 h after symptom onset
showed a positive signal in the brain (Cho et al., 2007; Saleh et al.,
2007). However, iron-positive cells detected in the brain cannot
represent only monocytes since activated microglia can engulf
iron particles as well (Oude Engberink et al., 2008; Desestret et al.,
2009). Injection of iron oxide monocytes labeled ex vivo allowed
to follow their brain infiltration in experimental models of stroke
(see previous section) (Stroh et al., 2006; Oude Engberink et al.,
2008). Similarly, the use of ex vivo monocyte labeling in humans
may increase our understanding of the temporal pattern of blood-
borne cell infiltration after stroke. Positron emission tomography
(PET) has been used to label inflammatory cells in stroke patients
using the radioligands 11C(R)-PK11195 for the translocator pro-
tein 18kDa (TSPO), commonly used as a microglial marker
(Stephenson et al., 1995; Cagnin et al., 2007). Analysis in patients
showed an increase of the marker between 3 and 150 days after
stroke (Gerhard et al., 2005). Positive labeling was observed early
after ischemia, initially at the periphery of the lesion, then in the
infarct core and eventually in peri-infarct regions (Gerhard et al.,
2005; Thiel and Heiss, 2011). Altogether, the time of magnetic
particles or radiolabelled agents infusion might be critical to
discriminate resident microglia from immune cells of myeloid
origin (Deddens et al., 2012). However, a limitation is that these
techniques of brain macrophage visualization do not permit to
differentiate between their different subtypes and activation states
(Weissleder et al., 2014).

MONOCYTE SUBSETS IN PATIENTS WITH CEREBRAL ISCHEMIA
In human three distinct blood monocytes can be distinguished
relative to the expression of the receptor CD14 (LPS co-receptor)

and CD16 (Fcγ receptor III). The majority of human “clas-
sical” monocytes express high level of CD14 and are nega-
tive for CD16 (CD14++/CD16−), whereas the minor subtypes
express CD16 and can be either CD14high (CD14++/CD16+)
or CD14low (CD14dim/CD16+), also known as intermediate
and non-classical monocytes, respectively (Ziegler-Heitbrock,
1996; Ziegler-Heitbrock et al., 2010). The classical monocytes
CD14+/CD16− share some features with the murine Ly6Chigh

monocytes such as the high expression of the chemokine receptor
CCR2 (Weber et al., 2000), whereas CD16+ cells express CX3CR1
similar to mouse Ly6Clow monocytes (Merino et al., 2011). How-
ever, the pro- or anti-inflammatory functions of these different
monocyte subsets depend on the inflammatory context and, as
in the mouse, a strict association of phenotype and function can
not be established (Gordon and Taylor, 2005; Ziegler-Heitbrock,
2007; Merino et al., 2011). For example, blood monocyte subsets
from healthy donors showed different pattern of response when
stimulated with LPS (Frankenberger et al., 1996; Skrzeczyńska-
Moncznik et al., 2008). CD14dim/CD16+ monocytes were found
to produce more TNF compared to CD14high/CD16+ and
CD14high/CD16− monocytes, whereas CD14high/CD16+ were the
main source for IL-10, (Belge et al., 2002; Skrzeczyńska-Moncznik
et al., 2008).

Similar to the mouse (Offner et al., 2006b), stroke has a signifi-
cant impact on the peripheral immune system in humans (Kamel
and Iadecola, 2012). Although there is significant immunosup-
pression in acute stroke (Meisel et al., 2005; Chamorro et al.,
2006), a significant increase of circulating monocytes has also
been reported (Losy and Zaremba, 2001). The different sub-
types of blood monocytes were investigated in patients following
stroke and were correlated with outcome severity (Urra et al.,
2009). The CD14high/CD16+ subset was increased 48 h after
admission, while a parallel decrease in the CD14dim/CD16+

subtype was observed. An increase in classical CD14high/CD16−

monocytes was associated with poor outcome, whereas increased
CD16+ monocytes were linked to a better prognosis (Urra et al.,
2009). CD14 expressing cells were observed in brain tissue from
patients with focal infarction as early as 1 day and persisted for
months after ischemia (Beschorner et al., 2002), suggesting a
long-term involvement in inflammatory processes at the site of
injury.

There is still a large knowledge gap about human microglia
and immune cells of myeloid origin regarding their activation
state, spatiotemporal distribution in the brain and, ultimately,
about their role in acute cerebral ischemia. Advanced brain imag-
ing modalities in humans and new cerebral ischemic models
more representative of human stroke would help enhance our
understanding of the inflammatory processes occurring in acute
cerebral ischemia and to test therapeutic strategies directed at
manipulating their beneficial or deleterious effects.

TARGETING INFLAMMATION AS THERAPEUTIC STRATEGIES
The only successful treatment for ischemic stroke is thrombol-
ysis with tissue plasminogen activator (tPA), which, due to the
narrow therapeutic window (<4.5 h) (Hacke et al., 2008) and
safety concerns, is administered to less than 5% of patients
(Fonarow et al., 2011). Different strategies aimed at preventing

Frontiers in Cellular Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 461 | 17

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Benakis et al. Myeloid cells in ischemic stroke

the inflammatory response after cerebral ischemia have been
successful in rodent models. Ischemic damage was shown to be
attenuated, among others, by inhibition of microglial activation
using the immunomodulatory antibiotic minocycline, systemic T
lymphocytes depletion using sphingosine 1-phosphate receptor
agonist (FTY720), diminishing free radical generating and pro-
inflammatory enzymes, such as iNOS or cyclooxygenase-2, inhi-
bition of cytokines secretion, or targeting adhesion molecules (for
reviews, Dirnagl et al., 1999; Iadecola and Alexander, 2001; Wang,
2005; Jordán et al., 2008).

Unfortunately attempts to translate anti-inflammatory thera-
peutic interventions into the clinics have been more disappointing
than promising (O’Collins et al., 2006; Moskowitz et al., 2010).
The selective IL-1 receptor antagonist, IL1-ra, which limits the
pro-inflammatory action of IL-1, has been tested in random-
ized patients with acute stroke (Emsley et al., 2005). Despite a
conclusive phase II study no recent publications have reported
the recombinant human IL1-ra as a therapeutic agent for acute
stroke. Strategies to inhibit neutrophil infiltration have been
tested in clinical trials. Treatment with the murine mono-clonal
anti-ICAM-1 in the Enlimomab trial (Enlimomab Acute Stroke
Trial Investigators, 2001) or UK-279,276 (neutrophil inhibitory
factor) have failed to improve recovery in acute ischemic stroke
patients (Krams et al., 2003). Likewise, NXY-059, a nitrone-based
free radical trapping agent, has not demonstrated any benefits in
stroke clinical trials (Shuaib et al., 2007). The granulocyte colony-
stimulating factor (G-CSF), that stimulates proliferation, survival,
and maturation of BM-derived cells, has shown neuroprotective
effect in models of transient focal ischemia by inducing mobi-
lization of haemopoietic stem cells, by having anti-apoptotic and
anti-inflammatory properties, as well as by promoting neuronal
differentiation and angiogenesis (Komine-Kobayashi et al., 2006;
England et al., 2009). However, recent results from a large phase
IIb trial (AXIS-2) was not able to detect clinical efficacy in acute
ischemic stroke patients (Ringelstein et al., 2013).

Reasons for failure have been discussed extensively in the
literature and might include ambivalent roles of post-stroke
inflammation as well as functional differences between rodent
and human immune systems, patient inclusion criteria, timing of
intervention, evaluation of efficacy, pharmacokinetic issues and
side effects such as promoting infections and fever (for review,
Dirnagl, 2006; Endres et al., 2008). Before translating experimen-
tal findings into therapies that target the immune system in stroke
patients, there is a need to better understand the spatiotemporal
profile and functional states of immune cells involved in ischemic
brain injury in humans. A better insight in these aspects is
crucial for planning future clinical trials targeting post-ischemic
inflammation.

CONCLUDING REMARKS
The surprising plasticity of myeloid immune cells and microglia
in their response to tissue injury highlights the need for further
research to define spatiotemporal profiles of their distinct subsets
in ischemic brain injury. Given the neuroprotective potential
of some of these subsets, it has become clear that inhibiting
inflammation in general or indiscriminately blocking leukocyte
access to the brain might not be a viable therapeutic approach.

The failure of clinical trials that targeted post-ischemic leukocyte
recruitment might be in part explained by the indiscriminate
nature of these approaches and a lack of a nuanced understanding
of the impact of inflammation on damage and repair processes
in the post-ischemic brain. Our understanding of the behavior
of myeloid immune cells and microglia in ischemic stroke is still
limited. Key questions to be addressed in future research include
the transcriptomic and proteomic characterization of myeloid
immune cell subsets at different stages of brain ischemia, the
mechanism of monocytes, neutrophils and microglia polariza-
tion in the ischemic environment, and the neural and humoral
signals generated by the ischemic brain to modulate periph-
eral immune cell activation and mobilization. Answering some
of these questions would provide the knowledge base needed
to design more specific immunotherapies for the treatment of
ischemic stroke.
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Neuroinflammation, the inflammatory response in the central nervous system (CNS), is a
major determinant of neuronal function and survival during aging and disease progression.
Microglia, as the resident tissue-macrophages of the brain, provide constant support to
surrounding neurons in healthy brain. Upon any stress signal (such as trauma, ischemia,
inflammation) they are one of the first cells to react. Local and/or peripheral signals
determine microglia stress response, which can vary within a continuum of states from
beneficial to detrimental for neuronal survival, and can be shaped by aging and previous
insults. In this review, we discuss the roles of microglia upon an ischemic or traumatic
injury, and give our perspective how aging may contribute to microglia behavior in the
injured brain. We speculate that a deeper understanding of specific microglia identities
will pave the way to develop more potent therapeutics to treat the diseases of aging
brain.

Keywords: microglia, stroke, traumatic brain injury, inflammation, aging

INTRODUCTION
Microglia are considered the tissue-resident macrophages that
derive from the primitive macrophages produced in the yolk
sack. These primitive cells migrate and reach the central nervous
system (CNS) at early embryonic stage, prior to development of
the bone marrow hematopoietic system (Ginhoux et al., 2010;
Schulz et al., 2012; Yona et al., 2013), where they expand and
colonize the entire CNS. Depending on the species, microglia
account for 5–20% of the total glial cells present in the adult
brain (Lawson et al., 1992). Secluded by the blood brain barrier
(BBB) and evenly distributed through the brain parenchyma, they
form an autonomous population distinct from the peripheral
circulating monocytes or macrophages (Ginhoux et al., 2010;
Schulz et al., 2012). Microglia play important roles in chronic
neurodegeneration as well as in acute lesions in the brain
including trauma and stroke, when the BBB is compromised.
They express a wide range of receptors allowing them to
respond to large number of cytokine signals from other cells
circulating in blood and tissue. Therefore, until recently, microglia
were mainly seen as the immune-competent cells of the CNS
forming the first line of defense against invading pathogens
or in case of injury or disease (Nimmerjahn et al., 2005).
Recent literature, however, has demonstrated more sophisticated
functions of these cells going beyond immune surveillance. Of
particular importance, microglia actively participate in plasticity
and maintenance of the adult CNS by secreting cytokines
and neurotrophic factors including BDNF (Parkhurst et al.,
2013) and refining the neuronal circuit by pruning synapses

and axonal terminals (Tremblay and Majewska, 2011; Parkhurst
et al., 2013; Salter and Beggs, 2014). Hence, in addition to
immune surveillance and response, microglia have a number
of additional distinct functions compared to immune cells in
the blood. Moreover, while monocytes readily replenish from
the bone-marrow hematopoietic stem cells, microglia have
∼20–30 folds slower self-renewing capacity compared to them
under homeostatic conditions (Elmore et al., 2014). Because
life span of CNS microglia is longer, they are more prone
to accumulating aging-related changes (Gehrmann and Banati,
1995). In addition, it has been proposed that a subtype of
monocytes (Ly-6ChiCCR2) could replace microglia by being
recruited from the blood circulation and sub-sequentially
differentiated into microglia (Mildner et al., 2007; Varvel
et al., 2012). However, to which extend these cells could
take over different microglia functions is still not yet fully
understood.

Hence, the view that microglia act as simple CNS scavengers,
cleaning debris and dead cells, is out of date. The microglia
are dynamic cells with the capacity of broad spectra of
supportive as well as destructive functions in health and disease.
The balance between these two opposing roles—undermined
by infections, trauma or stroke challenges—are critical for
the course of neurodegenerative diseases. Microglia have a
high level of plasticity allowing them to change their shape
and function in response to environmental cues (Saijo and
Glass, 2011). After injury or over time with the aging, their
morphology is progressively altered. For example, abnormal
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microglia morphology and dysfunction have been linked to many
neurodegenerative diseases and psychiatric disorders including
Alzheimer’s disease (AD), Parkinson’s disease (PD) and Rett
syndrome (Prinz and Priller, 2014). While microglia morphology
in general is a good indication of their functions, it is important
to assess their cytokine profiles and interactions with the
surrounding cells to determine their exact roles in a given
situation.

Here we would like to argue that microglia’s function and
morphology considerably change with the aging. Thus, their
response to acute CNS lesions (stroke or trauma) depends on the
age of the insult. On the other hand, any acute lesion could confer
additional imprints to microglia function, thereby weaken their
protective response to future insults and accelerate the aging of
the brain.

MICROGLIA IN THE YOUNG HEALTHY BRAIN
While microglia have mainly been studied in the context
of disease, recent studies yielded important insights on their
significance also in the healthy brain specifically on their
contribution to the maintenance of brain’s homeostasis (for
review, see Schafer et al., 2012, 2013; Wu et al., 2013; Salter and
Beggs, 2014). Microglia monitor changes in their environment
with their long and motile processes, an activity that is facilitated
by their positioning in a grid like fashion within the brain
parenchyma. Because of their motility and positioning, they
could scan the entire brain tissue every few hours (Davalos
et al., 2005; Nimmerjahn et al., 2005). Such microglia dynamics
are age-dependent and seem to slow down with the aging
(Hefendehl et al., 2014). The homeostatic role of microglia has
been linked at least in part to their phagocytic activity to sculpt
the developing and young adult brain. Microglia contribute to
elimination of sub-numeral Purkinje neurons in the developing
cerebellum, a process potentially triggered by free radical release
from the microglia (Marín-Teva et al., 2004). However, the
molecular mechanisms triggering the engulfment of neurons
by microglia are poorly uncovered. One idea is that microglia
may recognize the apoptotic targets cells via a “receptor-ligand”
interaction as it has been reported during the neurogenesis in
the adult hippocampus. The subgranular zone (SGZ) of the
dentate gyrus gives rise to numerous new cells. Only a small
subset of these cells can reach to the maturity of a neuron
and integrate into the hippocampal circuitry while most of
them die. During these events, microglia rapidly dispose the
dead cells and clear the neurogenic compartment long before
migration of the remaining cells to the granular layer (Sierra et al.,
2010).

Microglial might also be monitoring neuronal activity via
transient contacts with dendritic spines and synapses (Wake
et al., 2009; Tremblay et al., 2010). When needed, microglia
may prune these dendritic spines and synapses via phagocytic
mechanisms (Davalos et al., 2005; Nimmerjahn et al., 2005).
For example, physical elimination of the contacted synapse by
microglia occurs after an episode of light deprivation in the visual
cortex or in the penumbra upon cerebral ischemia (Wake et al.,
2009; Tremblay et al., 2010). Proposed microglial phagocytosis of
neurons, dendritic spines and axonal shafts depends on the “eat

me” and “don’t eat me” signals exposed at the neuronal surface
(Brown and Neher, 2014). Local flipping of the plasma membrane
phospholipids exposing phosphatidylserines to the external layer
and synapse tagging with the complement C3 or C1q proteins
are part of the signals mediating phagocytosis (Stevens et al.,
2007; Berg et al., 2012). Conversely, neurons expressing CD47
and sialylated glycoproteins inhibit this process by binding to
the microglial receptors signal regulatory protein 1α (SIRP1α)
and sialic acid-binding immunoglobulin-like lectins (SIGLECs),
respectively (Brown and Neher, 2014).

MICROGLIA IN AGING BRAIN
Microglia morphology, number and dynamics are altered
throughout the aging (Harry, 2013). Studies in young vs.
aged retina (Damani et al., 2011) or brain (Hefendehl et al.,
2014) have revealed that microglia exhibit age-related soma
volume increase, shortening of their processes and loss of
homogeneous tissue distribution. In addition, microglia exhibit
slower acute and sustained chronic post-injury response,
reminiscent of a prolonged inflammatory response (Damani
et al., 2011; Hefendehl et al., 2014). Microglia can display
swellings, varicosities and retraction of the ramifications, which
are indication of unhealthy microglia (Mrak and Griffin, 2005;
Miller and Streit, 2007; Norden and Godbout, 2013). Aging per
se can reduce microglia phagocytic capacities for endogenous
proteins such as Abeta peptides (Floden and Combs, 2011;
Harry, 2013) and reduce their expression of phagocytosis and/or
endocytosis genes (Orre et al., 2014). In addition, in vitro data
indicate that microglia in the aged brain express more MHC-
II molecules and become less sensitive to regulatory signals,
such as transforming growth factor beta 1 (TGF beta-1) or
colony stimulating factor 1 (CSF1; Rozovsky et al., 1998). During
their life span, episodes of systemic inflammation and cytokine
stimulation can instruct microglia and increase their reactivity.
This mechanism of exposure to multiple noxious stimuli is called
priming (Perry and Holmes, 2014). Along with the priming,
accumulation of mutations and DNA damage with the aging
(Mrak and Griffin, 2005), can lead microglia to gradually acquire
resistance to regulation (Norden and Godbout, 2013; Perry and
Holmes, 2014).

Upon activation, microglia density is increased several folds
(Erturk et al., 2012), which eventually drops back to normal
levels during the recovery phase (Streit, 2006). This reduction
of microglia numbers in a pathological context is reestablished
by apoptosis through activation-induced cell death (AICD), a
mechanism triggered by interferon gamma (Takeuchi et al.,
2006). Moreover, accumulation of functional and morphological
alterations over time also implies that microglia could die
independently of AICD, as shown in human brain (Streit, 2004;
Streit and Xue, 2009). Potentially these mechanisms could lead
to a substantial decrease in the number of microglia, because
the proliferation rate is quite low in physiological conditions.
While the number of mitotic divisions achieved before death is
not known (Saijo and Glass, 2011), telomere shortening along
with a significant decrease of telomerase activity—a marker of
aging and senescence—in microglia have been reported during
normal aging (Flanary et al., 2007). Taken together, this suggests
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that aged microglia decline in homeostatic functions and become
susceptible to deterioration.

Parabiosis experiments have revealed that the source of
microglia replenishment depends on the BBB integrity (Wright
et al., 2001; Ajami et al., 2007). When the BBB is compromised,
Ly-6ChiCCR2+ monocytes are recruited from the blood
circulation (Mildner et al., 2007). Alternatively, when the BBB
is intact, global depletion of microglia by blockage of CSF1
mobilizes a pool of latent progenitors, which, probably originate
from the neuroectoderm—a different source than original
microglia pool—as they express the specific marker Nestin
(Elmore et al., 2014). Whether these substituting cells are really
able to recapitulate the very different functions of microglia is
unclear. It is possible that reactive microglia during aging could
be deriving from the neuroectoderm lineage. Hence, future
studies need to characterize different subtypes of microglia in the
aging brain and their origins to determine which types support
neuronal survival and which are detrimental to neuronal health.

MICROGLIA IN BRAIN LESIONS (STROKE AND TRAUMA)
After a brain lesion, e.g., induced by TBI or ischemic stroke,
neuroinflammatory responses are prominent (Liesz et al., 2011).
The acute stage begins with the local death of damaged
neurons via necrosis and apoptosis (Raghupathi, 2004). It is
associated with a rapid inflammatory response involving both
resident microglia and infiltrating blood-borne immune cells
(neutrophils, monocytes, leukocytes; for a detailed review please
refer to Famakin, 2014). This initial neuroinflammation can
be both destructive and beneficial depending on the subtype
and spatiotemporal distribution of the inflammatory cells and
the environmental cues surrounding them (Kreutzberg, 1996;
Ramlackhansingh et al., 2011; Aguzzi et al., 2013; Jeong
et al., 2013). Neurodegeneration progresses long after acute
lesion, perhaps throughout the remaining lifetime, which may
result in chronic neurological complications such as dementia
(Smith et al., 1997; Pierce et al., 1998; Bramlett and Dietrich,
2002). However, how the initial injury spreads to the rest
of the brain and how microglia is involved in this chronic
neurodegeneration process are currently unknown (Masel and
DeWitt, 2010). Human MRI and PET studies indicate that
white matter track pathology after stroke contributes to a
secondary degenerative process in the corresponding cortex
(Duering et al., 2012) that seems to be associated with
microglia/macrophage activation (Radlinska et al., 2009). Could
a possible chronic neuroinflammation be a major contributor
to long-term degeneration of the brain? In support of this
hypothesis, GWAS studies demonstrate that inflammation-
related TREM2 (Guerreiro et al., 2013; Jonsson et al., 2013) and
CD33 (Hollingworth et al., 2011; Naj et al., 2011) genes are
risk factors for AD. In addition, increased microglial response
is associated with enhanced pathology and behavioral decline
in an experimental model of dementia (Boimel et al., 2010).
To our view, detrimental inflammatory response is exacerbated
even by aging alone. Additional insults in the brain (e.g., acute
injury) might catalyze this inflammatory response and further
accelerate aging of the brain (Smith et al., 2013; Jacquin et al.,
2014; Figure 1).

FIGURE 1 | Diagram illustrates putative activities of microglia in aging
and lesioned brain. Aging constitutes the continuous factor that
transforms some of the microglia to the destructive mode, which may
contribute to development of diseases. When there is a lesion, e.g., TBI or
stroke (1st hit), some microglia become M1 type, which causes further
neurodegeneration while a larger population is still M2 type, which helps
healing the lesion environment. In addition, infiltration of the blood-derived
immune cells (monocytes/macrophages, lymphocytes) forms the second
wing of the inflammatory response and may contribute to neuronal
protection and disease development.

Determination of the exact role of microglia in the lesioned
CNS is complicated due to the fact that resident microglia cannot
easily be distinguished from the blood-borne infiltrating immune
cells (e.g., macrophages/monocytes), which come through the
leaky BBB. Hence, majority of studies in the context of injuries
provided limited information on the specific role of microglia
(Hellwig et al., 2013; Perego et al., 2013; Yamasaki et al., 2014).
Yet, recent studies demonstrated that indeed microglia and blood-
derived immune cells differ in their gene expression signatures,
hence, possibly in their functions (Butovsky et al., 2014; Prinz
and Priller, 2014). In line with these findings, studies from
the traumatic spinal cord injury indicate that blood-derived
infiltrating macrophages, but not the resident microglia, are
responsible for the secondary axonal dieback (few weeks after the
initial insult) (Evans et al., 2014). Similarly, there is supporting
data that blood-derived macrophages initiate demyelination in
the EAE model, while microglia cleanup the debris and provide
trophic support to maintain the tissue homeostasis during the
early phases of the disease (Yamasaki et al., 2014). Hence, it
is reasonable to consider that the short-lived blood-derived
macrophages/monocytes and the long-lived (Elmore et al., 2014)
resident microglia are different cell populations with only
partially overlapping functions. In the future, accumulation of
knowledge on the specificity of each immune cell type (e.g.,
via the recently generated CCR2-RFP/CX3CR1-GFP transgenic
mouse (Saederup et al., 2010)) will be critical to tackle CNS
diseases by targeting only the destructive immune cells while
preserving the beneficial ones.

Microglia express a repertoire of various receptors such
as TREM2, FcγRs, MHC-II, CD200R, RAGE, CX3CR1
(fractalkaline), CXCR3 and 4, purinergic receptors, Toll-like
receptors 2 and 4, galectins 1 and 3, scavenger receptors (e.g.,
CD36), CD47, integrins and SIRPα (Hu et al., 2014). Thereby,
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they provide both pro-inflammatory and anti-inflammatory
response, in a varying range depending on the signals dictated by
their environment (Hu et al., 2014, 2015; Peferoen et al., 2015).
In the normal brain, it is now understood that microglia activity
is repressed by their repeated contacts with normal neurons
via inhibitory inputs such as CD200, CX3CL1, CD47, CD22,
CD172 or TREM2 (Hellwig et al., 2013). Under acute neuronal
injury, inhibitory signals are reduced and danger stimuli
(danger-associated molecular patterns, DAMPs) are released
(Weinstein et al., 2010). These modifications trigger changes in
the microglial response to the environment, collectively resulting
in microglia activation, proliferation, migration and response
(Patel et al., 2013). The type of microglia response can also vary
depending on the mechanisms triggering the lesion (Cherry
et al., 2014) (e.g., non-autoimmune, pathogen-associated
triggered inflammation vs. adaptive immunity) (Zindler and
Zipp, 2010).

Thus, on one hand, microglia can encapsulate dangerous
foci and remove the cellular debris via phagocytosis in order to
protect the surrounding CNS tissue; on the other hand, they can
harm the injured CNS via propagation of inflammation, pro-
inflammatory cytokine secretion, antigen-presentation (MHC-
II positive) and further immune cell recruitment. Eventually
microglia get “deactivated” or cleaned-up by adjacent cells via
poorly understood processes that are guided by local and systemic
homeostatic signals (Hristova et al., 2010; Saijo and Glass, 2011;
Starossom et al., 2012; Patel et al., 2013).

Stroke and TBI initiates a cascade of events (Iadecola and
Anrather, 2011) that includes all cellular components of the
brain as well as a systemic response from the periphery (Lee
et al., 2014). We know that in both ischemic stroke and TBI
(Nimmerjahn et al., 2005), microglia respond quickly within the
first minutes-hours after the insult (Gelderblom et al., 2009)
and the overall neuroinflammatory milieu seems to a peak at
around day 5 post-lesion (Turtzo et al., 2014). Interestingly,
the initial microglial response in stroke seems to be primarily
helping the tissue repair (Hu et al., 2012; Figure 2). These
microglia secrete and balance anti-inflammatory cytokines and
growth factors (IGF1, TGFb1, neurotrophic factors) to promote
tissue repair (Wang et al., 2013), indicating that their primary
effect after sub-acute ischemia or TBI is to protect the brain and
not to kill it (Patel et al., 2013). As mentioned in the review
by Hellwig et al. (2013), it is unlikely that the real reason for
the presence of numerous inflammatory cells in the vulnerable
brain is just to cause harm. In line with this assumption, it has
been shown that the enhancement of the microglial population
by transplantation of microglia can ameliorate the ischemia-
induced injuries via multiple mechanisms, such as upregulation
of neurotrophic factors or an active interaction and engulfment
of the few neutrophils that might migrate perivascularly after
stroke (Neumann et al., 2006, 2008, 2015; Narantuya et al.,
2010; Perez-de-Puig et al., 2015). However, microglia dynamically
change their phenotypes and they react to the ongoing neuronal
death in the peri-infarct regions (Hu et al., 2012) as the
lesion extends from core to penumbra over time (Lee et al.,
2014; Figure 2). Such a change is dictated by the dynamic
local ischemic cues (cytokines, chemokines, cells, complement

molecules, DAMPs) (Hu et al., 2014). In the lesioned brain,
debris are removed via phagocytosis largely by microglia and
a lesser extent by infiltrating macrophages (Fu et al., 2014).
Removal of debris is beneficial for the tissue and its regeneration
(Neumann et al., 2009) but large amounts of debris can overload
the microglia and render them dysfunctional over time (Li,
2013). Such a dysfunction can lead to tissue aging as we discuss
below.

It is now more evident that neuroinflammation can affect
neuronal degeneration and recovery depending on the age of
the organism at the time of insult. In other words, we should
consider microglia as the brain’s guardian of the innate immune
compartment that responds to danger and shape a reaction
(beneficial or not) (Kigerl et al., 2014) based on their history. Aged
microglia are more sensitive to inflammatory stimuli and become
resistant to regulation by exposure to multiple noxious stimuli
during the life-span of the organism (Norden and Godbout,
2013; Perry and Holmes, 2014). Aging per se, can imbalance the
repertoire of receptors docked at the membrane and thereby alter
the microglial response to environmental cues. Aging decreases
some silencing receptors on microglia, e.g., CX3CR1 (Wynne
et al., 2010) and CD200 (Lyons et al., 2007), while increases
some of the activating ones, thereby priming microglia to become
more readily activated upon any trigger (Wong, 2013; Raj et al.,
2014). Aged microglia seems to have higher proliferative capacity
in response to injury compared to younger adult animals, for
example, as observed in facial nerve crush injury (Miller and
Streit, 2007) or in mild ischemic injuries (Yan et al., 2014).
Moreover, in an aged organism, where a chronic and subtle
infection could reside, the intrinsic state of microglia is also
per se different (increased proinflammatory response) (Püntener
et al., 2012) and such microglia may have maladjusted protective
response in case of an acute insult. Increased pro-inflammatory or
reduced cyto-protective responses related to aging of the organism
are indeed a common feature of long-lived resident macrophages
reported in various organs including liver (Okaya et al., 2005;
Bouchlaka et al., 2013). Conversely, repeated acute lesions can
exhaust microglia and reduce their phagocytic function, resulting
in chronic, unresolved, sterile inflammation that may propagate
over months/years (Li, 2013). The most striking examples for the
necessity of a healthy phagocytosis by microglia come from AD
(Njie et al., 2012) and multiple sclerosis (Napoli and Neumann,
2010) studies, in which microglial phagocytosis—that is necessary
for the clearance of aggregates (e.g., Abeta) or debris—is reduced
(Floden and Combs, 2011). In addition to being exhausted
by workload, autophagy dysfunction and mitochondrial DNA
damage seen in microglia could further contribute to the brain
aging and development of neurodegenerative diseases (Nakanishi
and Wu, 2009). Eventually, since microglia continuously shape
neuronal circuitry and their functions are altered in the post-
lesioned brain (Wake et al., 2009), they could also participate in
defective circuit remodeling removing not only the degenerating
non-functional synapses but also eliminating healthy synapses.
Overall, we speculate that multiple acute lesions over the lifespan
accelerate aging of the CNS by priming microglia bit-by-bit
until they lose their homeostatic and/or repairing capacity
(Figure 2).
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FIGURE 2 | Acute lesions trigger morphological and functional changes
from resident microglia. The diagram summarizes the main microglia’s
temporal (hours to months) and spatial (infarct core, peri-infarct area and
unlesioned tissue) kinetics after an ischemic lesion (Ito et al., 2007; Perego
et al., 2011, 2013; Hu et al., 2012; Morrison and Filosa, 2013; Patel et al., 2013;
Taylor and Sansing, 2013). Infarct core (pink, upper panel) is surrounded by
penumbra (orange, middle panel) in the acute phase, a peri-infarct region in
the intermediate phases and turns into a scar (gray, with or without cavitation
depending on the species) in the chronic phase. During acute phase (first
24 h), microglia are the first to respond to the lesion: unless they die
immediately by the ischemic processes of the core, they are activated gaining
an M2 functional polarization. In the peri-infarct region, microglia are activated
but are initially not polarized (M0). In the following days, microglia are further
activated in the peri-infarct area, proliferate, migrate to the core to repopulate
the corresponding cells and some of them die. Depending on the ischemic
severity and neuronal damage in the peri-infarct regions, microglia gradually
acquire different, region-dependent, polarization states and eventually shift
from M2 to M1 microglia as core expands to penumbra and neurons die. At

this period, blood-borne monocytes (blue cells) and lymphocytes and
neutrophils (not shown here) infiltrate mainly the peri-infarct regions. During
the subchronic phase (weeks), the core is further cleared from debris
(amoeboid microglia turn into foam cells or die) and microglia in the
peri-infarct area possibly follow regionally different paths (resting, activation or
death), under processes not well studied so far. Foam cells are present
(coming from both resident and blood-macrophages), while the numbers of
blood-borne cells gradually decline. In the chronic phase (months), there are
indications of long-term microglial activation and presence of residual foam
cells in the peri-infarct tissue, with unknown significance so far. Importantly
enough, the unlesioned tissue is not well studied so far but probably holds
populations of activated microglia that respond or facilitate local degenerative
processes. For the simplicity of the figure, we have not included the secreted
cytokines produced by the microglia, their changes in their receptors and the
contribution of other immune cells. M0: non-polarized microglia, M1:
pro-inflammatory or classically activated microglia, M2: anti-inflammatory or
alternatively activated microglia (Patel et al., 2013), “?” indicate lack of
detailed information.

CONCLUSION
Microglia identity is progressively altered in the aging brain
leading to both immunological and homeostasis dysfunctions. In

addition to age related decline, microglia accumulate alterations
rendering them weaker against protection of the brain after an
ischemic or traumatic insult. On the other hand, lesions can
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prime microglia to age faster, which in return can certainly
contribute to escalation of neurodegenerative diseases (Figure 1).
In fact, resident microglia, which can be imprinted by multiple
exposures to insults in the aging brain, should be regarded as
“veteran” cells. Therefore, investigating the molecular and cellular
mechanisms underlying long-term changes in microglia’s identity
in response to acute injuries at different times would provide
valuable insight for better understanding the aging progression.
We believe that novel strategies aiming to reverse the microglia
aging could carry high therapeutic potentials for both acute
injuries and neurodegenerative diseases.
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Inflammation is the key host-defense response to infection and injury, yet also a
major contributor to a diverse range of diseases, both peripheral and central in origin.
Brain injury as a result of stroke or trauma is a leading cause of death and disability
worldwide, yet there are no effective treatments, resulting in enormous social and
economic costs. Increasing evidence, both preclinical and clinical, highlights inflammation
as an important factor in stroke, both in determining outcome and as a contributor
to risk. A number of inflammatory mediators have been proposed as key targets
for intervention to reduce the burden of stroke, several reaching clinical trial, but as
yet yielding no success. Many factors could explain these failures, including the lack
of robust preclinical evidence and poorly designed clinical trials, in addition to the
complex nature of the clinical condition. Lack of consideration in preclinical studies of
associated co-morbidities prevalent in the clinical stroke population is now seen as an
important omission in previous work. These co-morbidities (atherosclerosis, hypertension,
diabetes, infection) have a strong inflammatory component, supporting the need for
greater understanding of how inflammation contributes to acute brain injury. Interleukin
(IL)-1 is the prototypical pro-inflammatory cytokine, first identified many years ago as the
endogenous pyrogen. Research over the last 20 years or so reveals that IL-1 is an important
mediator of neuronal injury and blocking the actions of IL-1 is beneficial in a number
of experimental models of brain damage. Mechanisms underlying the actions of IL-1 in
brain injury remain unclear, though increasing evidence indicates the cerebrovasculature
as a key target. Recent literature supporting this and other aspects of how IL-1 and
systemic inflammation in general contribute to acute brain injury are discussed in this
review.

Keywords: interleukin-1, inflammation, acute brain injury, cerebrovasculature

INTRODUCTION
Approximately 15 million people worldwide have a stroke every
year, from which one third die and another third are permanently
disabled (Corbyn, 2014). Ischemic stroke accounts for 80%
of all strokes with the remaining 20% being composed of
intracerebral hemorrhage (ICH) and subarachnoid hemorrhage
(SAH). Traumatic brain injury (TBI) also falls under the category
of acute central nervous system (CNS) injury and its pattern
of injury evolves in a similar way to ischemic and hemorrhagic
stroke. Currently there is only one drug option available to
ischemic stroke patients, the thrombolytic agent recombinant
tissue plasminogen activator (tPA), which disperses the clot
in the occluded vessel. The primary limitation of tPA is that
only 5–13% of the stroke population are eligible for treatment
as intravenous (i.v) administration must occur within a 4.5 h
time frame of stroke onset for the benefits of the drug to
outweigh the risks of hemorrhage (Hacke and Lichy, 2008).
Therefore, research over the last two decades has focused on
neuroprotective strategies with approximately 1000 compounds
being tested preclinically and almost 200 progressing to clinical
trials (O’Collins et al., 2006; Minnerup et al., 2012), with no
success. Despite these attempts to identify successful stroke

treatments, the only pharmacological therapies currently in use
are anti-platelet treatments for the general population (Chen
et al., 2000) and thrombolysis for the select few (Wardlaw et al.,
2012). Similarly, SAH and ICH treatment options are limited
to a narrow therapeutic window (Xu et al., 2014; Zhou et al.,
2014) thus necessitating an urgent need for new treatment options
applicable to a wider spectrum of patients and at extended time
points.

In response to these translational failures guidelines were
introduced in an attempt to ensure that complete and
comprehensive neuroprotection studies were performed before
any agent made it to clinical trial i.e., The STAIR criteria
(Stroke Therapy Academic Industry Roundtable (STAIR), 1999;
Fisher et al., 2009; Albers et al., 2011). Alongside suggestions
for improvements to experimental design and conduct, it was
also recognized by the STAIR committee that advanced age
and prevalent co-morbidities must also be considered and
incorporated when modeling ischemic stroke as they increase
stroke susceptibility and lead to poorer outcomes (Sieber et al.,
2014; Wang et al., 2014). In particular, the contribution of
co-morbidities to inflammation prior to and post-stroke is of key
importance when determining outcomes after acute CNS injury.
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INFLAMMATION AND BRAIN INJURY
Inflammation plays a key detrimental and reparative role in
CNS injury and it is widely accepted that inflammatory events
prior to and following an insult can have far reaching effects
on susceptibility and patient outcome and recovery (VanGilder
et al., 2014). Inflammation is an evolutionary-conserved defense
strategy of the immune system that can be mounted in
response to injury or infection. Acute inflammation is a rapid
response to tissue injury and/or pathogens and is traditionally
considered a beneficial mechanism to limit damage and evoke
tissue repair and resolution of injury (Cuartero et al., 2013).
Chronic inflammation conversely is generally associated with
dysregulation of the immune system and often manifests itself
as systemic inflammatory disease (Elkind, 2010). Ultimately,
prolonged or unregulated inflammation, either chronic or acute,
is detrimental to health and is particularly damaging if it occurs
in close temporal proximity to a CNS insult. Following acute
brain injury (e.g., stroke, TBI) a local and systemic inflammatory
response is mounted which triggers inflammatory signaling
cascades, increases in expression of transcriptional regulators and
infiltration and activation of immune cells (Lian et al., 2012; Chu
et al., 2014). This inflammatory response evolves over a number
of days to amplify the ischemic lesion, but also to initiate tissue
repair in the late post-ischemic phase (Iadecola and Anrather,
2011).

THE ROLE OF CYTOKINES IN STROKE
As part of the inflammatory response to brain injury, chemokines
and cytokines are secreted from immune cells to trigger a local
pro- or anti-inflammatory response on surrounding target cells
(Luheshi et al., 2009). Following a CNS insult, multiple cytokines
are generated to cause, exacerbate, mediate and/or inhibit cellular
injury and repair (Allan et al., 2005). The site of cytokine action
is varied and cytokines can be expressed by or act upon glia,
neurons, cerebrovascular endothelium and circulating immune
cells (Allan and Rothwell, 2001). Under normal basal conditions
cytokines are expressed at very low levels which are often difficult
to quantify (Hopkins and Rothwell, 1995; Vitkovic et al., 2000).
However, following CNS injury they are one of the first mediators
relayed to the site of injury (Allan and Rothwell, 2003). The whole
range of cytokine families (interleukins (IL), interferons (IFN),
tumor necrosis factors (TNF), colony stimulating factors, growth
factors and chemokines) have been implicated as contributors to
pre-existing risk factors for stroke as well as following reperfusion
(Fouda et al., 2013; Zhang et al., 2014). More specifically IL-1,
IL-6, IL-10, IL-17, IL-23, TNFα, transforming growth factor β

(TGFβ) and IFNγ are seen to increase after stroke (Lakhan et al.,
2009), IL-17, IL-23 and IFNγ being associated with exacerbation
of stroke in mice (Yilmaz et al., 2006; Shichita et al., 2009),
whereas IL-10 and TGFβ are protective (Spera et al., 1998; Zhu
et al., 2002). Release of these cytokines generates an inflammatory
cascade, resulting in the synthesis of various downstream
mediators, including prostaglandin (PG)-E2, IL-6, nitric oxide
(NO), IL-10 and neurotrophins (Pinteaux et al., 2002). IL-1, as
the first member of the IL family described, is considered the
prototypical inflammatory cytokine. This, together with extensive
literature reporting actions of IL-1 in cerebral ischemia, means

that this review will focus predominantly on IL-1. Discussion of
other inflammatory mediators in stroke can be found in several
recent articles—see (Doll et al., 2014) and (Lambertsen et al.,
2012).

INTERLEUKIN-1 AND ACUTE BRAIN DAMAGE
IL-1 is a key pro-inflammatory mediator with potent endogenous
pyrogenic properties. IL-1 has been implicated in many
pathological conditions, both in the periphery (e.g., sepsis,
arthritis and autoimmune dysfunction), and centrally (e.g.,
TBI, SAH, ICH and cerebral ischemia). The two main
IL-1 ligands are IL-1α and IL-1β, which show high sequence
homology despite being products of different genes (Andrews
et al., 1991; Figure 1). A third ligand, discovered in 1984,
is a naturally occurring competitive antagonist, IL-1 receptor
antagonist (IL-1Ra; Dinarello, 1994). This is highly selective and
blocks all known actions of IL-1, with no known independent
actions (Dinarello, 2011). IL-1 family members are constitutively
expressed at low levels in the healthy brain and when released at
modest concentrations locally, are not directly neurotoxic in vitro
or in vivo (Lawrence et al., 1998; Rothwell and Luheshi, 2000),
but play important roles in normal physiological processes such
as development, sleep and synaptic plasticity as well as synaptic
pruning and memory formation/consolidation during adulthood
(del Rey et al., 2013).

Detrimental effects of IL-1 become evident when CNS injury
occurs and there are raised levels of the cytokine. Acute neuronal
injuries, such as stroke or TBI, cause a rapid up-regulation of
IL-1β, IL-1Ra, IL-1 receptor (IL-1R) I, and IL-1RII expression
in rats (Liu et al., 1993; Wang et al., 1997). Expression of
IL-1α protein is also seen after cerebral ischemia, as early as
4 h post-reperfusion in microglial cells (Chen et al., 2007;
Luheshi et al., 2011). Exogenous administration of recombinant
IL-1β, either centrally or systemically, alongside experimental
stroke in rodents leads to an exacerbation of ischemic damage
(Yamasaki et al., 1995; Stroemer and Rothwell, 1998; McColl
et al., 2007). Conversely, disruption of IL-1α and β activity in
IL-1α/β knockout (KO) mice resulted in markedly reduced (70%)
infarct volumes following experimental stroke (Boutin et al.,
2001). Preclinical ICH and SAH studies also report increases in
mRNA and protein expression of IL-1 following hemorrhagic
injury (Wasserman et al., 2007; Greenhalgh et al., 2012), while
clinical studies show that IL-1β promoter polymorphisms are
associated with an increased risk of ICH in brain arteriovenous
malformation patients (Kim et al., 2009). IL-1Ra has been shown
to be safe in small Phase II trials in ischemic stroke (Emsley et al.,
2005) and SAH, also resulting in a reduction in inflammatory
markers in the circulation and cerebrospinal fluid (Singh et al.,
2014). Ongoing clinical studies in larger patient cohorts will
confirm the potential of IL-1Ra to move to Phase III efficacy
trials.

PRE-EXISTING SYSTEMIC INFLAMMATION AND STROKE
INCIDENCE
Harmful effects of IL-1 are not limited to post-stroke
inflammation. Accumulating evidence from the clinical and
experimental setting suggests that pre-existing inflammation
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FIGURE 1 | IL-1 signaling pathways. In response to a stimulus such as
lipopolysaccharide (LPS) transcription of the gene encoding IL-1β is initiated.
IL-1β is made as an inactive precursor protein and caspase-1 cleaves this
pro-IL-1β to make the active IL-1β. A variety of factors can promote or
inhibit the release of active IL-1β. Once released, IL-1β binds to IL-1RI
alongside IL-1 receptor accessory protein (IL-1RAcP) and signal

transduction is triggered, including co-localization of myeloid differentiation
primary response protein 88 (MyD88), IL-1 receptor associated kinase
(IRAK-1) and IRAK-2, recruitment of TNF receptor associated factor 6
(TRAF-6) and activation of nuclear factor kappa B (NFκB) from complex with
IκB. Conversely IL-1 receptor type II (IL-1RII) does not induce signal
transduction.

and elevated levels of IL-1 can also affect patient susceptibility
and severity of CNS injury (McColl et al., 2009; Denes et al.,
2010). The overwhelming majority of patients presenting with
ischemic or hemorrhagic stroke have one or more risk factors
including obesity, hypertension, atherosclerosis, diabetes and
infection, which account for 60–80% of stroke risk in the
general population (Hankey, 2006; Emsley and Hopkins, 2008).
Alongside an increase in susceptibility to stroke, these risk factors
also correlate to poorer outcomes both experimentally (Deng
et al., 2014; Kim et al., 2014) and clinically (Oppenheimer
et al., 1985; Razinia et al., 2007). Evidence indicates that a
common element links all of these co-morbidities—namely a
raised inflammatory status (Kwan et al., 2013). This pre-existing
inflammation can present either chronically or as an acute
event such as infection. The importance of these risk factors is
highlighted by a study which showed that stroke incidence fell
by 29% from 1999 to 2008 and 56 day mortality was reduced
from 21% to 12% in 2008 due to better primary management
of cardiovascular risk factors with lipid lowering and anti-
hypertensive drugs (Lee et al., 2011). It is therefore essential
to incorporate these conventional risk factors into preclinical

models and to account for their potential actions when treating
stroke patients.

Advancing age is the single most important non-modifiable
risk factor for stroke with half of all ischemic events occurring in
those aged over 75 (Roger et al., 2011). Tight control is usually
exerted over the immune system; however, with advanced age
this control is lost and there is an increase in serum levels of
inflammatory cytokines (Jenny et al., 2002) which increases the
vulnerability of the aged brain to stroke. In experimental models
of stroke in aged, hypertensive and diabetic animals, an increase in
mortality, neurological deficits and infarct volumes are observed
(Rewell et al., 2010).

The metabolic syndrome which comprises obesity,
dyslipidemia and diabetes is also a risk factor for stroke that
has, with societal lifestyle changes, become increasingly prevalent
in recent years (Mottillo et al., 2010). Obesity alone is an
independent risk factor for stroke and a positive correlation
has been observed in multiple ethnic populations and in both
sexes, regardless of whether adiposity is measured by body
mass index, waist circumference or waist to height proportion
(Suk et al., 2003; Yatsuya et al., 2010; Bodenant et al., 2011).
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A raised systemic inflammatory profile is a characteristic feature
of obesity, evidenced by the raised levels of c-reactive protein
(CRP) and IL-6 (Visser et al., 1999; Yudkin et al., 1999).
Furthermore, increasing circulating levels of IL-6 and CRP may
lead to progressively higher risk of ischemic events (Rost et al.,
2001; Miwa et al., 2013). Diabetic patients similarly have higher
rates of mortality, more disabling strokes and exhibit impaired
recovery following stroke in retrospective and prospective studies
when compared to non-diabetic stroke patients (Pulsinelli et al.,
1983; Oppenheimer et al., 1985; Woo et al., 1990).

Hypertension is another key modifiable stroke risk factor, with
elevated blood pressure (BP) making up 30–40% of all ischemic
stroke risk (Lawes et al., 2004). Presence of high BP prior to
ischemia also resulted in worse outcome at 10 days and 6 months
post-stroke when measured independently of baseline risk factors
(Abboud et al., 2006). In experimental models, the harmful
effects of obesity, diabetes and hypertension post-stroke have been
clearly demonstrated, causing increased ischemic damage, greater
disruption of blood brain barrier (BBB) integrity, increased
occurrence of hemorrhagic transformation, greater neurological
deficits and increased mortality (McColl et al., 2010; Li et al.,
2013a,b). This exacerbation in acute injury due to the presence
of a pre-existing inflammatory disease has also been seen in a
model of ICH in the presence of experimental diabetes. Presence
of hyperglycemia increased hematoma expansion and therefore
resulted in worse outcome (Liu et al., 2011).

Atherosclerosis is one of the primary contributors to
stroke risk due to the rupture and detachment of vascular
plaques which can result in thromboembolism (Ohira et al.,
2006). Inflammation plays a central role in the initiation and
destabilization of atherosclerotic plaques. Unstable plaques have
been shown to contain elevated levels of infiltrating leukocytes
that express proteolytic enzymes and thrombogenic substances
that contribute to the disruption of previously stable plaques
(Ross, 1999; Patel et al., 2008; Packard et al., 2009). Experimental
studies have utilized anti-inflammatory strategies (e.g., IL-1
neutralization, TNFα antagonism) to show that dampening of the
inflammatory response hinders atherosclerotic lesion progression
(Braunersreuther et al., 2008; McKellar et al., 2009; Bhaskar et al.,
2011).

Infection is another critical risk factor for stroke, with
epidemiological studies highlighting an association between
bacterial or viral infection and ischemic stroke (Grau et al.,
2010). In a study of approximately 19,000 patients from the UK
general practice research database, the risk of first time stroke
was highest 3 days after diagnosis of infection (Smeeth et al.,
2004; Clayton et al., 2008). Further support for a link between
infection and stroke is provided by research showing increased
deaths attributable to cardiovascular disorders and stroke during
respiratory infection epidemics (Eickhoff et al., 1961). Urinary
and respiratory tract infections are most commonly associated
with increased stroke risk, with Streptococcus pneumoniae and
influenza both having firm associations (Grau et al., 1995).
An increased incidence of hemorrhagic stroke has also been
noted following upper respiratory infection due to the increased
likelihood of formation and rupture of cerebral aneurisms,
leading to SAH (Kunze et al., 2000). Furthermore, in a study

examining incidence of infection in ICH patients, those that had
infection had significantly larger hemorrhages, poorer National
Institutes of Health Stroke Scale scores, raised levels of CRP
and were more likely to experience intraventricular hemorrhage
extension (Diedler et al., 2009). A causal relationship between
stroke and infection is supported by overlap of pathways that
are common to both, including inflammation and thrombosis.
Platelet activation and aggregation is increased in venous blood
samples from patients presenting with stroke and pre-existing
infection vs. their non-infectious counterparts thus hinting at a
potential common detrimental mechanisms (Zeller et al., 2005).
Preclinical data on the relationship between stroke risk and
infection are surprisingly sparse with only a small number of
studies exploring the effects of infection on stroke outcome. One
study showed that human influenza A infected mice had larger
infarcts and greater disruption in BBB integrity in comparison
to non-infected mice (Muhammad et al., 2011). Additionally,
research within our own group has shown that chronic infection
with the parasitic Trichuris muris model of gut infection prior to
ischemic stroke in mice exhibited either a Th1 or Th2 polarized
immune response. Mice with a Th1 response showed greater
neurological deficits and exacerbation of ischemic brain injury
(Dénes et al., 2010).

Common stroke risk factors often co-exist as they can
converge on shared pathways (e.g., the inflammatory cascade)
and therefore patients who have more than one of these risk
factors are at a much greater risk of a severe ischemic event, as
pre-existing co-morbidities may act synergistically to exacerbate
damage (Howells et al., 2010). Since many of the systemic
inflammatory conditions mentioned as risk factors for stroke can
be improved by inhibition of IL-1, this suggests a key role for this
pro-inflammatory cytokine in altering stroke susceptibility and
severity.

IL-1 AND PRE-EXISTING INFLAMMATION
Clinically, elevated IL-1 levels are fundamental to many auto-
inflammatory diseases which, as a result, may be improved by
IL-1 neutralization (e.g., gout, osteoarthritis and post-myocardial
infarction heart failure) (Dinarello, 2011). Growing evidence
however, implicates this cytokine in known vascular risk factors
for stroke (i.e., atherosclerosis, obesity, diabetes, infection and
hypertension), and suggest it is crucial to disease progression in
many experimental models of vascular disease (Murray et al.,
2013).

IL-1: A VASCULAR RISK FACTOR
In atherosclerosis and obesity, NOD-like receptor protein
(NLRP)-3 inflammasome (the inflammasome that controls
caspase-1 activity and thus IL-1β processing to its mature form)
was a key driving factor in progression of the diseases (Duewell
et al., 2010; Vandanmagsar et al., 2011). These results are
supported by research in a strain of atherosclerotic-susceptible
mice (fed a high-fat diet) crossed with IL-1R1 KO mice. These
mice, despite being predisposed to develop atherosclerosis, had
a reduced plaque burden and lowered BP due to the ablation
of the IL-1R1 and selective loss of IL-1 signaling (Chamberlain
et al., 2009). A further study examining the inflammatory
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state of hypertensive rats following a stroke observed elevated
levels of IL-1 which correlated to increased ischemic damage
(Liu et al., 1993). In genetic association studies, IL-1 or IL-1Ra
gene polymorphisms are associated with increased susceptibility
to stroke, atherosclerosis and ICH in humans (Seripa et al., 2003;
Um et al., 2003; Worrall et al., 2003; Dziedzic et al., 2005; Rezaii
et al., 2009). Further genetic studies assessing the influence of IL-
1 genotype status on the risk of cardiovascular disease show that
patients with a predisposition to express higher levels of IL-1 were
at a significantly higher risk of having coronary artery disease
(CAD) due to excess oxidized phospholipids and lipoproteins.
This enhanced risk of CAD was not observed in IL-1(-) genotypes
(Tsimikas et al., 2014).

IL-1 AND EXAGGERATED BRAIN INJURY
In addition to increasing susceptibility to ischemic stroke, high
levels of pre-existing IL-1, exacerbates post-stroke damage.
Peripherally-administered lipopolysaccharide (LPS; which
produces a robust IL-1 response) has been used to induce
systemic inflammation in mice and administration prior to
experimental middle cerebral artery occlusion results in a 150%
increase in infarct volume when compared to vehicle-treated
animals. To further confirm the importance of IL-1 in this
model, animals treated with LPS and IL-1Ra had infarct volumes
reduced by 60% compared to animals treated with LPS alone
(McColl et al., 2007). Pre-existing IL-1 administration also
exacerbates acute TBI injury by increasing volume of contusion
injury, hippocampal neuronal death and enhancing perivascular
neutrophil accumulation (Utagawa et al., 2008). Another example
of the damaging effects of acute systemic IL-1 prior to ischemia
is seen in models of infection. In mice and rats infected with
Streptococcus pneumoniae, a robust IL-1 response was induced
leading to larger infarct volumes, increased BBB disruption and
functional deficits post-stroke. These effects were abrogated by
delayed IL-1Ra administration (Dénes et al., 2014). Alongside
preclinical evidence, clinical evidence also seems to hint that
the presence of a pre-existing, inflammatory infection prior to
stroke can impair outcome at later time points, as evidenced by
neurological scores (Paganini-Hill et al., 2003; Grau et al., 2010).

The research outlined above indicates that systemic IL-
1, whether it pre-existing or post-injury, plays a crucial role
in mediating excess acute brain injury, though mechanisms
involved remain unclear. As such we propose below a number
of mechanisms through which IL-1 may mediate its detrimental
actions in acute brain injury.

INFLAMMATION AND THE CEREBROVASCULATURE
During the acute phase of ischemic stroke, inflammation
initiates a robust response from many cell types including glial
and brain endothelial cells. Considering the vascular nature
of stroke and that many of the risk factors that predispose
patients to an ischemic insult are characterized by vascular
inflammation, it is possible that the brain endothelium is a
point of convergence for mechanisms of inflammatory-associated
damage. The cerebrovasculature has a number of crucial roles
in both physiological and pathological conditions, including
regulation of vascular tone (Palomares and Cipolla, 2014).

In situations where routes of flow are occluded or cerebral
blood flow (CBF) is inadequate as in the case of ischemic and
hemorrhagic stroke, intrinsic safeguards, both structural and
functional in nature, are in place to maintain and stabilize CBF
(Palomares and Cipolla, 2014).

STRUCTURAL ABNORMALITIES ASSOCIATED WITH VASCULAR
INFLAMMATION
Under pathological conditions risk factors for stroke have
profound effects on cerebrovasculature structure with structural
anomalies often being associated with chronic systemic
inflammatory diseases (Arsava et al., 2014). In atherosclerosis,
plaque formation reduces the internal diameter of vessels and
increases the likelihood of thrombus formation and ischemic
attack (Bogiatzi et al., 2014). In patients with hypertension,
vascular remodeling and hypertrophy is a characteristic feature
of the disease and contributes to increased wall thickness,
reduced lumen diameter and reduced vascular responsiveness
to stimuli (Pabbidi et al., 2013). Furthermore, in a small
retrospective study of patients with chronic hyperglycemia,
cerebral microvascular remodeling and perfusion deficits
were observed in these patients through perfusion computer
tomography (Hou et al., 2013). Further studies have also
observed vascular asymmetry and a reduction in the number of
branches in obese Zucker rats vs. lean Zucker and Wistar rats
(Lapi et al., 2013).

FUNCTIONAL ABNORMALITIES ASSOCIATED WITH VASCULAR
INFLAMMATION
In addition to changes in the structural architecture of the
cerebrovasculature in the presence of systemic inflammation,
functional deficits are also apparent. Experimentally, mice fed a
high-fat diet for 8 weeks had impaired cerebrovascular function
and neurovascular coupling leading to an increase in infarct
volume and neurological deficits (Li et al., 2013c). In diabetic
rats, CBF responses to sciatic nerve or whisker stimulation were
depressed in both type I and type II diabetes (Jackman and
Iadecola, 2015) The influence of inflammatory co-morbidities
on ischemic penumbra has also been measured in stroke-prone
spontaneously hypertensive rats (SHRSP) vs. Wistar Kyoto rats.
Results from magnetic resonance imaging (MRI) showed that
within 1 h of stroke, SHRSP had significantly more ischemic
damage and a smaller penumbra than their normotensive
counterparts (McCabe et al., 2009). The expanding perfusion
deficit in SHRSP predicts more tissue at risk of infarction,
which correlates to poorer clinical outcome. These results have
important implications for management of stroke patients with
pre-existing hypertension and suggest that ischemic damage
could progress at a faster rate in the presence of a disease with
an activated inflammatory cascade. It is likely that the vascular
risk factors commonly associated with stroke cause cerebral
vascular dysfunction (either structural and/or functional), which
manifests as inadequate perfusion in brain areas at risk of
infarction (the ischemic penumbra). In the clinical setting,
perfusion deficits have also been observed in Alzheimer’s (Tosun
et al., 2009; Austin et al., 2011) and Parkinson’s (Takahashi et al.,
2010) disease patients and there is a positive correlation between
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disease progression and larger CBF deficits. Furthermore, cerebral
hypoperfusion has been seen in both relapsing-remitting multiple
sclerosis (MS) and primary MS (Adhya et al., 2006). Upregulation
of vasoactive mediators have also been implicated in postmortem
MS brain tissue and hypoperfusion has been observed in
MS patients as measured by MRI (D’Haeseleer et al., 2013).
Inflammation may therefore contribute to hypoperfusion in
both acute and chronic pathologies in preclinical and clinical
scenarios.

EFFECTS OF ACUTE IL-1 ON CEREBRAL BLOOD FLOW
The cerebrovascular endothelium is highly responsive to pro-
inflammatory stimuli and a primary location of IL-1RI, so it
is possible that IL-1 could mediate changes in CBF observed
in pathological disease states. Studies in rats have shown that
prolonged intracerebroventricular (i.c.v) administration of IL-
1 significantly reduced CBF (Maher et al., 2003). During early
reperfusion in a rodent model of ischemic stroke a marked
reduction in CBF was also observed in animals receiving an
intraperitoneal (i.p) injection of IL-1. This same effect was not
seen in control stroke animals who did not receive IL-1 (Parry-
Jones et al., 2008). Whether effects on CBF reported with i.c.v
injection of IL-1 (Maher et al., 2003) are as a result of systemic
inflammatory changes is not known, since this was not assessed
in the study. However, leakage of substances injected into the
cerebral ventricles to the systemic circulation is known so it
may be a possibility, especially given that IL-1 was administered
over a 2- or 4-week period. A reduction in CBF in the cerebral
microcirculation can impinge upon successful reperfusion thus
leading to an accelerated collapse of the penumbra and expansion
of infarct core. It is therefore possible, that the detrimental role
of IL-1 on CBF in the early stages following acute stroke may
account for the ability of IL-1 to exacerbate cerebral ischemia
(Parry-Jones et al., 2008). In further studies examining this
mechanism of IL-1 induced hypoperfusion, acute administration
of IL-1 prior to ischemia resulted in a significant perfusion
deficit and larger infarct volumes as measured by diffusion-
weighted and perfusion-weighted MRI. It was revealed that
raised levels of the vasoconstrictor endothelin-1 were present
within tissue experiencing hypoperfusion and blockade of the
endothelin receptor type A (ETrA) restored CBF and improved
infarct volume and functional outcomes. Overall, this indicated
acute systemic inflammation interacted with the vasculature to
induce changes in CBF which ultimately had a detrimental effect
during acute reperfusion (Murray et al., 2014). This hypothesis
is further supported by translational studies demonstrating that
patients with a history of recent acute infection in the week
leading up to their stroke exhibited vascular dysfunction (Pleiner
et al., 2004; Bryant et al., 2005). From a peripheral vascular
perspective, infection can also transiently impair endothelium-
dependent relaxation as observed in children with acute infections
(generally upper respiratory tract). Brachial artery flow mediated
dilation was measured in a cohort of 600 children suffering
from acute infection or recovering from acute infection.
Lower brachial artery flow was seen compared to uninfected
controls (Charakida et al., 2005). Whilst not examined in the
aforementioned human association studies, links between upper

respiratory tract infection and high levels of IL-1 have been
previously observed. In a study by Dénes et al. the presence
of Streptococcus pneumoniae infection in mice and rats prior
to ischemia significantly exacerbated infarct volume. Delayed
administration of IL-1Ra however abolished the infection-
induced deficits in functional outcomes and brain injury and
vascular activation thus highlighting the detrimental effects of IL-
1 on the cerebrovasculature prior to ischemia (Dénes et al., 2014).

CHRONIC IL-1 AND CEREBRAL BLOOD FLOW
Similar mechanisms of inflammation induced vasoconstriction
have also been noted in a chronic inflammatory model, the
obese Zucker rat in which pressure-induced vasoconstriction
was examined. It was observed that these animals exhibited
increased myogenic activation and a robust vasoconstrictive
response vs. their lean counterparts. This phenomenon was
abolished by removal of the endothelium, thus suggesting
the endothelium was targeted by systemic inflammation and
regulated arterial constriction (Butcher et al., 2013). Furthermore,
depletion of macrophages in a hypertensive model improved
perfusion however, peripheral arteries did not respond in a similar
fashion, suggesting chronic inflammation has brain-specific
effects which may not be mirrored in other vascular beds (Pires
et al., 2013). Studies have shown that endothelium-dependent
relaxation was impaired in type II diabetes in rats and could be
restored using ETrA antagonism, thus reinforcing the concept
that inflammation-induced vasoconstriction following ischemic
stroke may feature in chronic systemic inflammatory conditions
(Harris et al., 2008). Changes in the diameter of the cerebral
vasculature have also been observed in cases of SAH, stroke,
epilepsy and migraine through propagating waves of neuronal
depolarization, otherwise known as spreading depolarization
(SD; Lauritzen et al., 2011). Inflammatory mediators have also
been associated with waves of SD (Urbach et al., 2006), thus
reinforcing the hypothesis that inflammation may have a crucial
role in determining vessel contractility and tissue perfusion.
However, future studies are needed to directly examine the role
of chronic inflammation on CBF following stroke and brain
injury and to what degree the pro-inflammatory cytokine IL-1
might play in altering vasomotor tone in chronically inflamed
cerebrovasculature.

INFLAMMATION AND HYPOPERFUSION: A MECHANICAL ELEMENT?
Following CNS injury, a breach in endothelial integrity has
multiple downstream consequences ranging from alterations
in endothelial reactivity, vascular tone, pro-coagulant state
and inflammatory phenotype (Taka et al., 2002; Clark et al.,
2012). The cerebral endothelium is a primary target for
neuroinflammatory stimuli due to its capacity to alter vascular
tone through chemical and mechanical mechanisms. As discussed
above the pro-inflammatory cytokine IL-1 can directly induce
expression of vasoactive mediators (e.g., ET-1) which can alter
vascular tone through actions on vascular smooth muscle
(Moncada and Higgs, 2006; Anfossi et al., 2010). However, the
cerebrovasculature can also obstruct CBF following CNS injury
by mechanical means.
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The role of leukocyte-platelet interactions on CBF
Physical blockade within the cerebrovasculature can be mediated
by the interaction between neutrophils and brain endothelial cells.
Inflammation can induce an upregulation of adhesion molecules
(P-selectin, intercellular adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1) and chemokines (IL-8, monocyte
chemoattractant protein-1, macrophage inflammatory protein-1)
in endothelial cells. Within hours of ischemic injury, circulating
neutrophils can either transmigrate between endothelial cells
from the blood to the injured tissue or remain adherent to
the luminal surface of blood vessels as seen in murine and
human post-stroke tissue samples (Enzmann et al., 2013).
Neutrophils can release pro-inflammatory mediators which elicit
secondary injury to the salvageable ischemic penumbra (Jin
et al., 2010; Figure 2). Physically, the presence of neutrophils in
the microvasculature of the brain under conditions of ischemia
and altered perfusion can result in an exaggerated neutrophil
accumulation and obstruction in CBF, referred to as the “no
re-flow” phenomenon (del Zoppo et al., 1991). In a similar
fashion to neutrophils, circulating platelets can also exacerbate
ischemic stroke mechanically by impeding CBF. The “no re-
flow phenomenon” suggests that the post-stroke complication
of hypoperfusion can be attributed to platelet and neutrophil
accumulation in microvessels alongside fibrin deposition and
obstructive leukocytes (del Zoppo et al., 1991). This accumulation
can be reversed in mice receiving anti-glycoprotein (GP) Ib
treatment (i.e., to prevent the interaction between platelets
and the brain endothelium) thus showing an improvement in
post-stroke ischemic CBF (Pham et al., 2011). Furthermore, in
transient models of ischemia, anti-leukocyte interventions result
in neuroprotection. Using laser-scanning confocal microscopy
and laser-Doppler perfusion imaging, neutrophils adhering to
the endothelium have been shown to contribute to perfusion
deficits following the restoration of CBF (Belayev et al., 2002).
Furthermore, treatment with albumin was shown to reverse
the adherence and perfusion deficits within the post-capillary
microcirculation during the post-ischemic reperfusion period.
This mechanical obstruction of CBF by accumulation of platelets
and/or neutrophils has also been seen in models of SAH in both
dogs and humans (Asano and Sano, 1977; Dóczi, 1985).

In addition to their mechanical effects platelets also have
detrimental chemical actions, including the ability to expel their
granular contents and to synthesize immune related proteins
such as IL-1 (Afshar-Kharghan and Thiagarajan, 2006). Indirectly,
platelets can induce an inflammatory response in other cells (e.g.,
endothelium, microglia) by releasing IL-1 (Hawrylowicz et al.,
1991). The important role of activated platelets has been seen
in recent research showing that immediately following injury
neutrophils recruited to sites of injury can extend a domain
to scan for locally activated platelets. Only when productive
interactions between platelets and neutrophil projections occur
do neutrophils initiate intravascular migration or generate NETs
to propel inflammatory responses (Sreeramkumar et al., 2014).
This suggests neutrophils and platelets work co-operatively
to exacerbate inflammation. In vivo, platelets represent a
source of IL-1α and it has been proposed that activation of
cerebral endothelium via platelet-dependent IL-1 is a crucial

step in triggering neutrophil migration to the parenchyma
(Thornton et al., 2010). Experimentally, neutralizing platelet
GP surface receptors (Le Behot et al., 2014) or use of
small molecule inhibitors of GpIIb/IIIa (Lapchak et al., 2002)
can improve CBF and functional outcome following ischemic
stroke. However, care must be taken when targeting particular
GP interactions as some have more potent antithrombotic
effects than others (Grüner et al., 2005). Heightened systemic
inflammation can also exaggerate platelet adhesion, aggregation
and the coagulation cascade (Cao et al., 2009; Granger et al.,
2010) which again highlights the pivotal role that inflammatory
cascades play in multiple stroke etiologies. Platelet hyperactivity
and dysregulation is common to diabetes (Ferroni et al.,
2004), hypercholesteremia (Haramaki et al., 2007), hypertension
(Gkaliagkousi et al., 2009) and atherosclerosis (Ruggeri, 2003).
Thus, platelet and leukocyte interactions are a hallmark of acute
and chronic inflammatory diseases and in combination with an
ischemic injury may have synergistic detrimental effects.

Another important regulator of CBF are pericytes. Pericytes
are contractile cells located on capillaries and have an important
role in controlling CBF. In one study exploring the role of
pericytes, rat brain slices were exposed to conditions mimicking
ischemia, resulting in persistent vasoconstriction and pericyte
death (Hall et al., 2014). This pericyte death caused a “rigor
mortis” and prolonged vasoconstriction due to adenosine
triphosphate (ATP) deprivation that restricts myosin and actin
separation and subsequent relaxation. Pericyte dilation and
contractility is controlled by various vasoactive mediators and
pericytes have the capacity to respond readily to these mediators
as they are derived from the smooth muscle cell lineage (Nehls and
Drenckhahn, 1993; Pieper et al., 2014). Mechanical obstruction of
CBF can also occur due to compression of vessels by progressively
edematous neighboring astrocytes (Ito et al., 2011).

Whilst protection of vulnerable new neurons is an important
strategy in treating brain injury, stroke is, etiologically, a vascular
disorder. It is therefore important to consider the implications
of systemic inflammation on the cerebrovasculature and the
downstream consequences on CBF.

REPAIR AND RECOVERY POST-STROKE: THE ROLE OF NEUROGENESIS
Aside from modest advancements in neurorehabillitation
therapies for stroke survivors there is an absence of effective
treatment options beyond the 4.5 h time window that promote
any significant recovery. Yet, the brain does command certain
endogenous repair processes that are employed following CNS
injury to limit cell death and promote neural repair, though this
is insufficient to have any major effect in the majority of patients.

A possible driver of functional recovery is post-stroke
neurogenesis. Neurogenesis is the generation of new neurons
that integrate into pre-existing networks. Contrary to the
historical hypothesis that neurons could only form during the
developmental periods in early life and were refractory to
replication, it is now well established that new neurons are
continuously being created in the adult brain. This discovery was
aided drastically by the advent of new techniques to track the
birth and migration of new neurons (Nowakowski et al., 1989;
Paez-Gonzalez et al., 2014). New neurons originate from neural
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FIGURE 2 | Post-stroke inflammation. Mechanisms of post-stroke
inflammation occur via a number of pathways as outlined and include
a variety of resident immune cells including microglia, astrocytes,
neutrophils, platelets and the cerebral endothelium. These cells

release mediators that propagate the inflammatory cascade including
reactive oxygen species (ROS), nitric oxide (NO), damage-associated
molecular patterns (DAMPs), metalloproteinases (MMPs), ICAM and
IL-1.

progenitor cells (NPCs), defined as cells that have the capacity for
self-renewal and that can produce multiple distinct cell types (e.g.,
neurons, astrocytes, oligodendrocytes). Adult neurogenesis is
normally restricted to two neurogenic regions: the subventricular
zone (SVZ; Reynolds and Weiss, 1992) and subgranular zone
(SGZ; Gage et al., 1995) which anatomically house NPCs and

functionally control their development. Stroke is a robust trigger
of neurogenesis by stimulating NPCs of the SVZ to divide
and migrate to the peri-infarct area (Arvidsson et al., 2002;
Thored et al., 2006). Treatments that either increase the levels
of proliferating NPCs or enhance their survival and migration
to the peri-infarct brain lesion would contribute to improved
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functional recovery and tissue survival after stroke (Nih et al.,
2012). However, although ischemic stroke promotes neurogenesis
in neurogenic regions and migration of NPCs to sites of injury;
most newly generated neurons fail to survive. It is proposed
that inflammation associated with ischemic stroke and the pre-
existing inflammatory co-morbidities or age may contribute to
the high levels of apoptotic death of stroke-generated neuroblasts
in preclinical models of ischemia (Seki and Arai, 1995; Kuhn et al.,
1996; Kokaia et al., 2006).

INFLAMMATION AND NEUROGENESIS
Mechanisms through which inflammation impairs neurogenesis
are poorly understood, due to the range of cells and signaling
pathways that can be activated in response to an inflammatory
stimulus. Adult neurogenesis is compromised in environments of
the brain with mitochondrial dysfunction (Kirby et al., 2009),
raised reactive oxygen species (ROS; Zhang et al., 2012), brain
irradiation (Monje et al., 2003) and most interestingly, in the
presence of activated microglia (Ekdahl et al., 2003; Monje and
Palmer, 2003). The connection between reduced neurogenesis
and an upregulation in the number and activity of microglia
has been observed in response to systemic LPS and results in a
240% increase in the density of detrimental microglial cells in the
dentate gyrus (DG), a structure which is essential for learning
and memory formation and consolidation. Detrimental actions
of microglia on neurogenesis involve production of ROS and
NO (Gebicke-Haerter et al., 2001; Moreno-López et al., 2004).
Ablation of microglial function using indomethacin (Hoehn et al.,
2005) or minocycline (Liu et al., 2007) improves numbers of
NPCs after stroke. However, complete inactivation of microglia
may not always have positive effects. It has been hypothesized that
microglia may be responsive to interactions with CNS-specific
T-cells and thus promote NPC proliferation and neuronal survival
(Ziv et al., 2006; Schwartz et al., 2009).

Angiogenesis is another important route of tissue repair
post-stroke as blocking angiogenesis reduces the localization of
immature neurons to peri-infarct tissue (Ohab and Carmichael,
2008). Inflammatory mediators, in particular IL-1 have been
implicated in augmenting angiogenic processes. In a study
by Pham et al. (2012) IL-1β stimulated oligodendrocytes to
produce MMP-9 in the conditioned media. This conditioned
media was placed on endothelial cell cultures resulting in a
significant increase in endothelial tube formation. This process
was mirrored in vivo whereby neutralization of IL-1β in a white
mater injury model reduced oligodendrocyte MMP-9 expression
and thus angiogenesis (Pham et al., 2012). This improvement
in angiogenesis post-stroke following IL-1β treatment has also
been seen in endothelial progenitor cell (EPC) cultures. Treatment
of EPC cultures with the conditioned media from primary
rat cortical astrocytes promoted EPC mediated neurovascular
remodeling during the post-stroke period (Hayakawa et al.,
2012).

ANTI-INFLAMMATORY STRATEGIES TO IMPROVE POST-STROKE
NEUROGENESIS
Current drugs e.g., minocycline, that manipulate microglial
function often are broad spectrum and unspecific and influence

multiple inflammatory pathways essential for the repair phase
of stroke recovery. Since neurogenesis may occur for up to a
year following stroke, chronic administration of a drug that
can inhibit repair may not be ideal. It is therefore important
to consider more specific targets of inflammation rather than
broad-spectrum drugs to promote neurogenesis after stroke. As
indicated earlier IL-1 is implicated in learning and memory and
there are numerous studies showing that stress, which involves
an elevated inflammatory profile (Banasr et al., 2007) and high
levels of IL-1, causes hippocampal dysfunction and a reduction in
neurogenesis (Ben Menachem-Zidon et al., 2008; Mathieu et al.,
2010). Preclinical data shows that IL-1 exerts anti-neurogeneic
properties in chronic stress through up-regulation of NFκB,
activator protein (AP)-1 and signal transducer and activator of
transcription (STAT)-1 (Pugazhenthi et al., 2013). The actions
of IL-1 on neurogenesis have been examined in vitro in
primary adult hippocampal progenitor cells which possess IL-1RI
(Koo and Duman, 2008) and embryonic cortical NPCs (Ajmone-
Cat et al., 2010). When the adult hippocampal progenitor cells
were treated with IL-1β, there was a reduction in the number of
proliferating progenitor cells. Furthermore, this anti-neurogenic
effect was found to be mediated by activation of the NFκB
signaling pathway, and could be blocked by IL-1Ra (Koo and
Duman, 2008). IL-1 also activates the endothelium to produce
trophic factors such as vascular endothelial growth factor (VEGF)
and insulin-like growth factor (IGF)-1, which are needed for
neurogenesis (Anderson et al., 2002; Cao et al., 2004) and is
also important in the reparative angiogenic process (Coxon et al.,
2002; Voronov et al., 2003; Carmi et al., 2009). However, effects
of IL-1 on neurogenesis following acute cerebral ischemia in
vivo have yet to be elucidated but the potential use of IL-1Ra
to improve neurogenesis is an attractive possibility. However, it
must be considered that such anti-inflammatory treatments e.g.,
IL-1Ra, for stroke must be administered within a time frame that
does not interfere with the repair process, otherwise there may be
detrimental effects (Girard et al., 2014).

POTENTIAL TREATMENT STRATEGIES TARGETING THE IL-1 SYSTEM
Evidence discussed above and in many other articles highlights
the IL-1 system as an attractive therapeutic target in the search
for treatments for acute CNS injury. Therapeutic interventions
include direct targeting of IL-1, antagonism of the IL-1 receptor,
use of neutralizing antibodies and inflammasome inhibitors
(Figure 3). Despite these alternatives, IL-1Ra remains the most
widely researched inhibitor of IL-1 actions due to its high
specificity and safety. Anakinra, the recombinant form of human
IL-1Ra, has a half-life of 4–6 h and is well-tolerated in the
patient population, as evidenced by significant research in the
rheumatoid arthritis field in which it is a mainstream drug
treatment (Mertens and Singh, 2009). Within preclinical stroke
studies, the neuroprotective effects of IL-1Ra have been seen
in a variety of species e.g., mice, rats and gerbils (Ohtsuki
et al., 1996; McColl et al., 2007; Pradillo et al., 2012) and in
differing models of ischemia e.g., focal, global, transient and
global (Rothwell, 2003). IL-1Ra maintains its neuroprotective
effects through a number of routes of administration e.g.,
i.c.v, i.v and subcutaneously (s.c) (Greenhalgh et al., 2010).
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FIGURE 3 | Interleukin-1 inhibitors that are in current clinical use.
Anakinra is a recombinant form of human IL-1Ra that directly
competes with IL-1 for binding to the IL-1 type I receptor, therefore
blocking the biological activity of IL-1. Canakinumab is a human

monoclonal antibody that selectively targets IL-1β. Rilonacept is a
human dimeric fusion protein that interrupts IL-1 signaling by
incorporating components of the IL-1 receptor, thus trapping and
sequestering circulating IL-1.

Finally, and perhaps most importantly, IL-1Ra can still inhibit
ischemic injury at delayed time points up to 3–4.5 h
(Mulcahy et al., 2003) and in co-morbid strains. In a
meta-analysis analyzing the effects of IL-1Ra in preclinical
models of stroke, IL-1Ra treatment elicited an overall 38%
reduction in infarct volume across 17 published studies (Banwell
et al., 2009; Parry-Jones et al., 2010). In the clinical arena,
results from a randomized, double-blind, placebo-controlled
trial of IL-1Ra in acute stroke showed that patients receiving
IL-1Ra had lower peripheral white blood cell counts, neutrophil
counts, CRP and IL-6 levels. Furthermore, by 3 months, these
patients showed some evidence of improved recovery compared
to placebo-controlled counterparts, though it is important
to realize the study was not powered for such an outcome
(Emsley et al., 2005). Further larger scale trials of IL-1Ra
in both SAH (ISRCTN25048895) and acute ischemic stroke
(ISRCTN74236229) are ongoing. The clinical trial examining the
effects of IL-1Ra on inflammatory mediators in SAH has just
recruited the final patient and results are expected early in 2015.
It is a multi-center, single-blind open label randomized control
trial incorporating 140 patients. IL-1Ra was administered twice
daily by s.c administration for 21 days in patients presenting
within 72 h with aneurismal SAH. Blood samples were taken
during this time period to analyze IL-6 and CRP alongside the
Glasgow outcome scale. The clinical trial examining the effects
of IL-1Ra in ischemic stroke started recruiting in Spring 2014
with participants receiving twice daily, s.c injection of IL-1Ra or
placebo. The first injection of IL-1Ra is being given within 6 h of
stroke onset with 5 more doses at 12 h intervals for 3 days.

In a clinical trial exploring the role of IL-1β in type II
diabetes disease progression, in which patients received
IL-1Ra (s.c) once daily for 13 weeks, an improvement in
insulin production and glycemic control was observed, along
with a reduction in the inflammatory biomarkers, CRP and
IL-6 (Larsen et al., 2007). More promising still, in the 39 week
follow up study, patients receiving IL-1Ra used 66% less insulin

to return to baseline glycemic control levels (Larsen et al., 2009).
In a phase II randomized control trial in patients with severe
TBI (s.c) administration of IL-1Ra has been shown to be safe,
penetrate the brain and to alter the neuroinflammatory response
(Helmy et al., 2014).

Clinically, abrogation of IL-1β has also been explored
(Yamasaki et al., 1995). Canakinumab is a human monoclonal
antibody that selectively targets IL-1β and it has a half-life of
21–28 days (Chakraborty et al., 2012). The use of canakinumab
in humans has already been approved for treating arthritis
and tested in cryopyrin-associated periodic syndrome (CAPS;
Church and McDermott, 2010; Kuemmerle-Deschner et al., 2011;
Chakraborty et al., 2013). With this clinical success has come
a barrage of research using this anti-IL-1β antibody with much
interest in its use in neonatal onset inflammation disease (Sibley
et al., 2014), type II diabetes (Howard et al., 2014) and stroke
(Ridker et al., 2011). Direct targeting of IL-1 has also been
achieved using rilonacept, a human dimeric fusion protein that
interferes with IL-1 signaling due to the presence of extracellular
components of IL-1RI and IL-1RaP which bind with high affinity
to circulating IL-1. This “IL-1 trap” has a half-life of 67 h and has
been shown to be safe and effective in CAPS (Goldbach-Mansky
et al., 2008; Hoffman et al., 2008). It has been shown that directly
targeting IL-1 is a clinically approved strategy for treating auto-
immune and autoinflammatory diseases. However further pre-
clinical and clinical research is needed if these inhibitors are to
be used as therapeutic agents in treating stroke or acute brain
injury. Another important consideration when targeting IL-1 is
the relative contribution of IL-1α vs. IL-1β. IL-1Ra and rilonacept
block the actions of both α and β however canakinumab only
targets IL-1β. Historically, IL-1β was considered the primary
ligand mediating an exaggerated response to ischemic injury
however recent research indicates IL-1α also plays a crucial role in
post-stroke pathogenesis and that it may proceed IL-1β expression
(Luheshi et al., 2011). In conclusion, it is essential to consider the
relative contribution of IL-1α and β to the disease in question, and
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to identify the time frame in which the anti-inflammatory strategy
may be of most benefit.

One of the disadvantages of using IL-1Ra is that BBB
penetration is poor due to the large size (kDa) of the macromolar
protein. An alternative could be the use of a novel, synthetic
peptide called Llantide. This protein is derived from the N-
terminal domain of IL-1Ra and therefore mediates its protective
effects by binding to IL-1RI and therefore inhibiting NFκB
activation and secretion of TNFα from macrophages. The
use of this novel peptide in response to an inflammatory
challenge e.g., LPS, reduces symptoms of sickness behavior and
reduced social depression commonly associated with systemic
LPS administration alongside improving plasma levels of IL-10
(Klementiev et al., 2014). Small molecule inhibitors of caspase-
1 are protective in experimental models of acute CNS injury
(Ross et al., 2007; Suzuki et al., 2009), while neutralization of
components of the NLRP1 inflammasome is beneficial in rodent
models of ischemic stroke (Fann et al., 2013). Furthermore,
ablation of components of the NLRP3 inflammasome are
associated with reduced leukocyte infiltration, reduced edema
and improvements in neurological function following ICH in
mice (Ma et al., 2014). However inhibition of caspase 1 or the
inflammasome has yet to be evaluated clinically in stroke.

CONCLUDING REMARKS
A wealth of evidence now exists to show that inflammation
is a critical component in cerebral ischemia, by increasing
risk and contributing to worse outcome. Conversely, late stage
inflammatory processes post-stroke may contribute to brain
repair. IL-1 is the first described inflammatory cytokine and has
numerous actions that contribute to both injury and repair. Block
of IL-1 actions has been demonstrated to be effective in a wide
range of clinical conditions, and there is strong experimental
evidence to support its role as a key mediator of acute neuronal
injury. Ongoing clinical trials in stroke and SAH using IL-1Ra
to block the effects of IL-1 will provide further evidence on the
potential of IL-1 as a target. Ultimately though this will only be
confirmed following successful large Phase III clinical trials of IL-
1Ra or alternative inhibitors of IL-1 actions.
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Although the blood–brain barrier (BBB) was thought to protect the brain from the effects
of the immune system, immune cells can nevertheless migrate from the blood to the
brain, either as a cause or as a consequence of central nervous system (CNS) diseases,
thus contributing to their evolution and outcome. Accordingly, as the interface between
the CNS and the peripheral immune system, the BBB is critical during neuroinflammatory
processes. In particular, endothelial cells are involved in the brain response to systemic
or local inflammatory stimuli by regulating the cellular movement between the circulation
and the brain parenchyma. While neuropathological conditions differ in etiology and in the
way in which the inflammatory response is mounted and resolved, cellular mechanisms
of neuroinflammation are probably similar. Accordingly, neuroinflammation is a hallmark
and a decisive player of many CNS diseases.Thus, molecular magnetic resonance imaging
(MRI) of inflammatory processes is a central theme of research in several neurological
disorders focusing on a set of molecules expressed by endothelial cells, such as adhesion
molecules (VCAM-1, ICAM-1, P-selectin, E-selectin, …), which emerge as therapeutic
targets and biomarkers for neurological diseases. In this review, we will present the most
recent advances in the field of preclinical molecular MRI. Moreover, we will discuss the
possible translation of molecular MRI to the clinical setting with a particular emphasis
on myeloperoxidase imaging, autologous cell tracking, and targeted iron oxide particles
(USPIO, MPIO).

Keywords: inflammation, stroke,Alzheimer, multiple sclerosis, hemorrhage, lymphocytes, microparticles, antibody

INTRODUCTION
Brain–immune interactions play a central role in acute neurolog-
ical disorders including ischemic stroke, intracranial hemorrhage
and traumatic brain injury (Wang and Dore, 2007; Iadecola and
Anrather, 2011; Woodcock and Morganti-Kossmann, 2013). Given
the proven and putative clinical benefits of modulating brain–
immune interactions, non-invasive methods aimed at imaging the
molecular players involved in these processes have been the subject
of numerous studies. The most promising approaches to visual-
ize brain–immune interactions are magnetic resonance imaging
(MRI), positron emission tomography (PET), single photon emis-
sion computed tomography (SPECT), and optical imaging (in
preclinical studies). Only molecular MRI combines fast acqui-
sition time, wide clinical availability and acceptable safety profile
for repeated scanning. However, molecular MRI lacks sensitiv-
ity compared to PET or SPECT. Notably, recent developments
in the field of MRI contrast agent dramatically improved MRI
sensitivity and allowed, for the first time, reliable imaging of the
proteins involved in brain immune interactions with high spatial
and temporal resolutions.

Brain–immune interactions occur all over the time course of
acute neurological diseases. Upon injury, endothelial cells of the
cerebrovasculature become activated and release the content of
their Weibel-Palade bodies. This leads to P-selectin exposure on
their surface and subsequent adhesion of neutrophils through

P-selectin – P-selectin Glycoprotein Ligand-1 (PSGL-1) interac-
tions (Ley et al., 2007). In parallel, in the brain parenchyma,
an early phase of microglial activation is followed by a local
inflammatory response (including microgliosis, astrogliosis, and
cytokines/chemokines secretion) which sustains the activation
state of brain endothelial cells. Expression of E-selectin, intercel-
lular adhesion molecule-1 (ICAM-1), and vascular cell adhesion
molecule-1 (VCAM-1) on the luminal endothelial surface allows
adhesion and subsequent diapedesis of systemic immune cells
inside the brain parenchyma. These infiltrated cells further
enhance the inflammatory reaction in order to fight potential
pathogens and clear cellular debris. To this aim, they secrete
numerous cytokines/chemokines, proteolytic enzymes, and per-
oxydases (including myeloperoxidase, MPO). Neuroinflammation
is also deemed necessary for the post-injury reparation phase
that can last for weeks after the initial brain insult (Kyritsis
et al., 2012; Tobin et al., 2014). This phase involves neurogen-
esis, dendritogenesis, oligodendrogenesis, axon sprouting, and
matrix remodeling to restore tissue integrity (Peruzzotti-Jametti
et al., 2014). All these mechanisms are common to acute brain
injuries (including ischemia, hemorrhage, and trauma), neuroin-
flammatory (including multiple sclerosis) and neurodegenerative
disorders (Schwartz et al., 2013). However, discrepancies exist in
terms of kinetic, localization, and intensity of the inflammatory
responses.
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Improvement in our general knowledge of the brain–immune
interactions taking place during acute neurological disorders
revealed new potential therapeutic targets. Nevertheless, the suc-
cesses and failures of immunomodulatory treatments for acute
brain injury remind us that precise characterization of the inter-
play between leukocytes, endothelial adhesion molecules, glial,
and neuronal cells is mandatory for efficient design of therapeu-
tic strategies targeting brain–immune interactions. For instance,
Natalizumab, a monoclonal antibody targeting the interaction
between very late antigen 4 (VLA-4) and VCAM-1, has been suc-
cessfully developed as a treatment for multiple sclerosis (Miller
et al., 2003). In contrast, Enlimomab, a monoclonal antibody tar-
geting neutrophils diapedesis by ICAM-1 blockade, has failed in
phase III trials involving ischemic stroke patients (Enlimomab
Acute Stroke Trial, 2001), despite preclinical evidence of its potent
neuroprotective effects (Matsuo et al., 1994; Connolly et al., 1996).
In fact, contrary to what initially thought, a recent study demon-
strated that neutrophils do not reach the brain parenchyma
after stroke in humans (Enzmann et al., 2013). Moreover, it
becomes now clearer that one size does not fit all: variability in
individual inflammatory response following acute brain injury
suggests that modulation of brain–immune interaction may prove
beneficial in some individuals but not in others. Consider-
ing that blockade of leukocytes subsets may also be associated
with impaired host defense against pathogens, adequate selec-
tion of patients should be performed before administration of
immunomodulatory drugs.

In this context, molecular MRI appears highly promising
to select patient candidates for immunomodulatory treatments,

monitor treatment efficiency, and more generally improve our
knowledge on brain–immune interactions in human patients. The
purpose of this review is to present recent advances in the field of
molecular MRI of brain–immune interactions. After presentation
of the theoretical bases of molecular MRI and of the brain-specific
issues of this non-invasive method, we will present recent studies
relevant to brain–immune interactions after acute cerebral injury
with a particular focus on MPO imaging, autologous cell tracking,
unlabeled ultrasmall superparamagnetic particles of iron oxide
(USPIOs), targeted USPIOs, and targeted microsized particles of
iron oxide (MPIOs; Figure 1).

BASIS OF MOLECULAR MAGNETIC RESONANCE IMAGING
Magnetic resonance imaging signal is generated by the magneti-
zation of the hydrogen nuclei (protons) from biological tissues.
Basically, two different classes of MRI contrast agents are avail-
able: T1 contrast agents increase the signal on T1-weighted images
by shortening the spin-lattice relaxation time (T1 constant). T2
and T2∗ contrast agents decrease the signal on T2- and T2∗-
weighted images by both shortening the spin–spin relaxation time
(T2 constant) and dephasing adjacent protons (by modification
of their precession angular velocity). Therefore, depending on the
contrast material injected, a molecular target can be revealed by
an increase (paramagnetic T1 contrast agent, mainly Gadolinium-
based) or a decrease (superparamagnetic T2 or T2∗ contrast agent,
mainly iron-oxide-based) in the MRI signal (Figure 2). New meth-
ods of molecular MRI have been recently developed [such as
chemical exchange saturation transfer (CEST), positive contrast
imaging or MRI of non-hydrogen nuclei] but they still present a

FIGURE 1 | Main targets of molecular imaging. USPIO, ultrasmall particles of iron oxide; MPIO, microsized particles of iron oxide; MPO, myeloperoxidase;
VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1.
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FIGURE 2 | Schematic representation of the effects of different contrast agents on water magnetization in biological samples. TR, repetition time; TE,
Echo Time.

limited sensitivity compared to more conventional methods. Their
development remains however of great interest since such con-
trast agents could allow imaging multiple targets simultaneously
(Woods et al., 2006).

Independently of the contrast agent, the general concept of
molecular MRI is to target a contrastophore (either Gadolinium-
or Iron-oxide-based) to a protein of interest using a targeting
moiety (pharmacophore). This targeting moiety can be either
a specific ligand (such as a protein, an antibody or a specif-
ically designed peptide) or a substrate of an enzyme which
can accumulate in the regions where its corresponding enzyme
is overexpressed/active. For instance, VCAM-1 imaging can be
performed using microparticles of iron oxide (MPIO, the con-
trastophore) coupled to monoclonal antibodies targetingVCAM-1
(the pharmacophore). After intravenous injection, this agent
binds to endothelial VCAM-1 and induces T2∗ effects leading
to decreased signal on T2∗-weighted images (i.e., signal voids)
in regions presenting activated endothelial cells (McAteer et al.,
2007).

The concentration of contrast material is one of the most
important limits of molecular MRI. Indeed, whereas PET can
detect β+ emitting atoms at picomolar concentration, MRI using
classical Gadolinium-based contrast agent (GBCA) presents a sen-
sitivity in the micromolar range. To overcome this limitation,
contrast agent carrying large payload of gadolinium or iron oxide
have been developed, including paramagnetic liposomes and iron
oxide particles (Figure 3). In this regard, MPIOs (1–4 μm in
diameter) are particularly interesting since even a single particle
can be detected by high-field MRI at high resolution (Montagne
et al., 2012). After binding to its target, targeted MPIOs induce
dephasing of the surrounding protons, leading to strong and large
T2∗ effects, up to 50 times larger than the original particle size
(∼50 μm; Shapiro et al., 2006). At equal concentrations of iron,

MPIOs induce much stronger T2∗ effects than USPIOs (10–50 nm;
Montagne et al., 2012). This new generation of contrastophores is
therefore especially efficient for the detection of targets present at
low concentration on the surface of brain endothelial cells.

The use of high resolution and strongly T2∗-weighted images
to improve MRI sensitivity may also favor endogenous contrasts
and false positive detection of iron oxide particles. In particular,
hemorrhages and blood oxygen level dependent (BOLD) effects
induce signal voids on T2∗-weighted images which are compa-
rable to MPIO-induced signal void and could therefore lead to
false positive results. To overcome this, we demonstrated in a
recent study in mice that a short preparation time (30 min)
of normobaric hyperoxia can be sufficient to transform deoxy-
hemoglobin (paramagnetic) into oxyhemoglobin (diamagnetic)
by increasing the tissular concentration of O2 (Gaberel et al.,
2013). Thus, the susceptibility effect of endogenous blood is
blunted, allowing observing changes in signal intensity that are
specific to the contrast agent injected. Importantly, this prepa-
ration period of hyperoxia did not impair behavioral testing in
mice presenting intracranial hemorrhages suggesting that this
strategy is safe. Further studies should look at the effect of nor-
mobaric hyperoxia on T2∗-weighted images in larger animals and
humans.

BRAIN SPECIFIC ISSUES IN MOLECULAR IMAGING
The presence of the BBB represents a challenge for molecular imag-
ing of the brain. Indeed, to reach parenchymal targets, contrast
agents should be able to cross the BBB. To date, there is no con-
trast agent able to cross the BBB in sufficiently large quantities
to induce significant changes in MRI signal. Therefore molecu-
lar imaging of the brain is limited to endothelial proteins (such
as VCAM-1, ICAM-1, E-selectin, and P-selectin), to diseases with
compromised BBB (such as stroke, multiple sclerosis or severe
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FIGURE 3 | Main characteristics of the most widely used contrastophores.

traumatic brain injury) and to cells capable of crossing the BBB
(such as monocytes). The purpose of this paragraph is to present
the main issues related to each imaging targets that should be
kept in mind when performing molecular MRI of brain–immune
interactions.

Endothelial proteins are targets easily accessible to large
contrast-carrying particles and have been accordingly success-
fully imaged using different contrast agents (from small GBCA
to large iron oxide particles). The first issue related to imaging
of endothelial targets is the requirement of a high affinity of the
pharmacophore for its target because of the force exerted by the
blood flow. These shear forces promote detachment of the contrast
agent from the endothelial wall and thus limit the time window
for imaging (von Zur Muhlen et al., 2008). Moreover, since MRI
should be performed after complete washout of the contrast agent
from the blood, a short half-life of the contrast agent is required
to allow imaging before its detachment from the endothelium.
Therefore, for efficient detection of endothelial targets, the con-
trast agent should combine a high affinity for its target and a short
half-life. Importantly, to avoid false positive findings, the molecu-
lar weight of the contrast agent should be large enough to prevent
passive extravasation across the BBB. Of note, once in the brain
parenchyma, low molecular weight compounds are able to spread
throughout the brain thanks to the glymphatic system (Gaberel
et al., 2014).

Issues related to imaging of intraparenchymal targets in condi-
tions of injured BBB are numerous. First, the molecular weight of
the contrast agent should be low to maximize its passive extravasa-
tion through the BBB. The drawback is that this limits the quantity
of contrast material carried by contrast agent molecules. In fact,
only GBCA have been used for this purpose. Second, the specificity
of this method is limited: even in the absence of the molecular tar-
get, the contrast agent accumulates in an unspecific manner in the
brain regions with BBB leakage. Activatable contrast agents such as

bis-5HT-DTPA(Gd) (a substrate for MPO) might partially over-
come this limitation (Breckwoldt et al., 2008). Enzyme processing
induces oligomerization and protein binding of the contrast agent
leading to accumulation and increased T1 effect. Indeed, the T1
effect of paramagnetic contrast agents increases in parallel with
the molecular weight due to limitation of motion of the Gadolin-
ium atom. Therefore processed contrast agent molecules induce
more important changes in signal intensity, allowing reduction
of the injected dose and thus reducing unspecific signals. Never-
theless, interpretation of changes in signal intensity after contrast
agent injection is difficult since it depends both on the importance
of the BBB leakiness and on the concentration of the molecular
target. Accordingly, post-contrast images would be similar in a
condition of severe BBB impairment without MPO secretion and
in a condition of mild BBB impairment with MPO secretion. This
lack of specificity remains one of the main limitations of molec-
ular MRI of parenchymal targets, even using activatable contrast
agents.

Imaging of leukocyte diapedesis is the third strategy devel-
oped for molecular MRI of the brain. Accumulation of leucocytes
(especially blood-derived monocytes/macrophages) in the brain
is a specific feature of neuroinflammation and then represents an
attractive target for molecular imaging. However, this is a rel-
atively delayed event after injury and requires a delay between
injection of the contrast agent and imaging in order to allow its
uptake and accumulation of leukocytes within the parenchyma.
The prototypic contrast agents used to label leukocytes are unla-
beled ultrasmall particles of iron oxide (USPIO; Corot et al.,
2004). These small-sized iron-oxide-based contrast agents are
internalized by circulating monocytes after intravenous injection.
USPIOs-labeled monocytes are then detected by MRI once they
have accumulated in the inflamed region of the brain. The delay
between injection and imaging is usually long, about 24 h, lim-
iting the interest of such contrast agents in the acute phases.
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Moreover, the relative amount of contrast agent eventually reach-
ing the parenchyma is directly dependent on the number of
monocytes entering the brain, thus limiting the sensitivity of
the method. The other limitation is the possibility of false pos-
itive findings in case of BBB leakage, since USPIO readily crosses
the BBB after stroke as well as in active plaques of multiple scle-
rosis for instance (Desestret et al., 2009). The different contrast
appearances and the influence of the BBB status are illustrated on
Figure 4.

In the next paragraphs, we will present the main studies
reporting the use of molecular MRI for studying brain–immune
interactions after acute cerebral injury (Table 1).

MYELOPEROXIDASE IMAGING
Myeloperoxidase is an abundant enzyme expressed by activated
inflammatory cells of the myeloid lineage (Bradley et al., 1982),
especially macrophages, monocytes, and neutrophils. MPO can
induce endothelial dysfunction and increased inflammation due

to upregulation of inducible nitric oxide synthase and carbamy-
lation of lipoproteins. Indeed, MPO interacts with hydrogen
peroxide to generate highly reactive species, such as OCl−, O2

−,
ONOO− that can covalently modify lipids, causing further local
tissue damage and perpetuating the inflammatory cascade (Klinke
et al., 2011). MPO-generated free radicals induce apoptosis and
nitro-tyrosination of proteins (Heinecke, 2002). Therefore, MPO
is included in a complex cascade of inflammatory events involv-
ing different types of cells and molecules. Accordingly, molecular
imaging of MPO could help detecting areas of brain inflammation
(endogenous microglia and infiltrated macrophages/neutrophils)
in several CNS disorders.

The idea to non-invasively “image” inflammation by target-
ing MPO expression/activity had first been investigated by Chen
et al. (2004), in a key article in which the authors synthesized
and tested a series of activatable paramagnetic MR contrast
agents. After several developments, the same team selected a
candidate, called bis-5HT-DTPA(Gd) (Querol et al., 2005, 2006).

FIGURE 4 | Schematic representation of the effect of different
contrast agents on brain MRI of a rodent with inflammation in
the right striatum. The inflammatory region with impaired BBB is
represented in dark red, whereas the inflammatory region without BBB
impairment is in light red. Time-dependent signal changes after contrast

agent injection are represented vertically. In contrast to the signal
changes induced by targeted MPIOs which are independent of the BBB
status, the contrast enhancement induced by other contrast agents is
not inflammation specific and strongly depends on the permeability of
the BBB.
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Basically, a specific substrate of MPO (5-hydroxytryptamide)
is associated with a Gadolinium-based contrastophore which is
responsible for the paramagnetic effect. In the presence of MPO,
the 5-hydroxytryptamide moiety of bis-5HT-DTPA(Gd) is oxi-
dized and radicalized by hydrogen peroxide. The radicalized
bis-5HT-DTPA(Gd) molecule can react with another radicalized
bis-5HT-DTPA(Gd) molecule to form a polymer of up to five
subunits leading to an amplification of the enzymatic reaction. In
mice, the activated agent can also bind to proteins within inflam-
matory sites, trapping the agent, further increasing its molecular
weight, and increasing the signal intensity on T1-weighted MRI
(Chen et al., 2006). Converted products are locally retained, so that
pharmacokinetics properties are improved: prolonged enhance-
ment can be detected for up to 60 min at sites of increased MPO
activity. The specificity of Bis-5HT-DTPA(Gd) was demonstrated
using a substrate not specific for MPO (di-tyrosine), a pharma-
cological inhibitor of MPO (ABAH) or MPO knockout mice.
In conclusion, bis-5HT-DTPA(Gd) appeared as a biocompatible
agent with good sensitivity and specificity. Accordingly, this agent
has been tested in several pathological contexts.

In experimental autoimmune encephalomyelitis (EAE)
induced with synthetic proteolipid protein, a model of multiple
sclerosis, MPO imaging has been tested for its ability to detect
active plaques before clinical symptoms appearance in mice. The
authors found that bis-5HT-DTPA allows detection of MPO, as a
surrogate marker of the appearance and size of active plaques,
and was correlated to clinical grading (Chen et al., 2008). In
the same model of multiple sclerosis, another group used MPO
imaging as an objective evidence of the therapeutic efficiency of
an inhibitor (ABAH) of MPO. Bis-5HT-DTPA-based signals on
imaging were smaller and matched with less demyelination and
reduced severity of symptoms (Forghani et al., 2012). A study
proposed that multiple sclerosis could be due to chronic cere-
brospinal venous insufficiency (CCVI). However, bis-5HT-DTPA
imaging performed in EAE mice subjected to ligature of the jugu-
lar vein to induce CCVI invalidated this hypothesis. Indeed, the
authors did not observe any effect of CCVI on the correlation
between MPO activity and neuroinflammation, demyelination,
or clinical signs (Atkinson et al., 2012). Whether these negative
results could be explained by the low sensitivity of this imaging
method to detect subtle inflammatory changes remains, however,
unclear.

Bis-5HT-DTPA has also been used in a model of transient focal
stroke (transient mechanical vascular occlusion model during
30 min). In this study, MPO imaging correlated with infarct size,
and the authors hypothesized that MPO imaging could be used to
select and stratify patients for clinical trials of therapies targeting
inflammation (Breckwoldt et al., 2008). In an experimental model
of common carotid artery aneurysm induced by elastase, MPO
imaging was shown to be valuable to identify unstable aneurysms,
at risk of subsequent rupture (DeLeo et al., 2009).

Myeloperoxidase imaging has thus proven relevant to diagnose,
predict, or evaluate therapeutic efficiencies in several models of
CNS disorders. However, as already mentioned, it is widely recog-
nized that these MRI techniques have limitations because contrast
enhancement reflects breakdown of the BBB with leakage of para-
magnetic chelates rather than active inflammation, and the two

may not always correspond. Another potential limitation is that
MPO imaging does not discriminate between MPO secreted from
resident microglia, infiltrated macrophages or neutrophils.

Finally, the activated MPO sensor is cleared from the brain
within 6 h after administration; the protein-bound, activated MPO
agents are likely digested and released by proteases that are present
at sites of inflammation (Querol et al., 2006).

Therefore, enzymatic imaging targeting MPO points to an
interesting technology for non-invasive confirmation of active
inflammatory lesions in brain disease. This could potentially not
only improve disease diagnosis and treatment assessment in the
clinical setting, but may also lead to a better evaluation of drug
development and clinical trials of new therapies. This method is,
however, impaired by its lack of specificity due to passive extrava-
sation and accumulation of the unprocessed contrast agent, which
contributes significantly to MRI signal changes.

IMMUNE CELL TRACKING
Administration of exogenously labeled cells and subsequent track-
ing by non-invasive imaging has encountered numerous successes
in molecular imaging of brain immune interactions. Unlike in vivo
labeling of circulating cells using untargeted USPIO, this method
has the advantage of a higher specificity since the contrast agent
particles are clustered inside immune cells and are thus less suscep-
tible to reach the brain in an unspecific manner (such as passive
extravasation through a leaky BBB). Moreover, it allows direct
imaging of brain–immune interactions as a whole, taking into
account all the processes involved in the regulation of endothe-
lial binding and blood to brain diapedesis of autologous cells. The
basis of this method is to harvest autologous cells (most frequently
leukocytes) and to label them with a high payload of contrast
agent without impairing their ability to reach the CNS. Several
labeling methods have been performed, based either on phago-
cytic uptake of contrast agent particles or on direct transfection
of the cells with iron particles or Gadolinium using permeating
agents.

One of the first studies investigating the use of systemi-
cally injected autologous labeled cells for molecular imaging
demonstrated that rat bone marrow stromal cells were able to
invade a photochemically induced brain lesion 7 days after intra-
venous injection (Jendelová et al., 2004). Later, Stroh et al. (2006)
labeled spleen-derived mononuclear cells (MNCs) with very small
superparamagnetic iron-oxide particles and transfused them into
recipient mice subjected to transient ischemic stroke (filament
model). Areas of signal hypointensities started to appear 24–48 h
after intravenous injection of MNCs and corresponded to grafting
of the cells in the ischemic lesion.

A similar method has been used by Anderson et al. (2004)
in a mouse model of EAE by adoptive transfer of encephalito-
genic T cells. They labeled endosomes from murine T-cells ex
vivo using polylysine and ferumoxide and injected the labeled cells
intraperitoneally in recipient mice. The authors were able to detect
both ex vivo and in vivo the labeled cells in the lumbar spinal
cord of EAE mice after the onset of clinical signs. Interestingly,
the primary location of the encephalitogenic T-cells revealed by
molecular MRI in this study was later confirmed by Arima et al.
(2012), who demonstrated that autoreactive T cells access the CNS
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via the fifth lumbar spinal cord. Other immune-related cell-types
can be labeled and subsequently imaged using the same label-
ing strategy, such as bone marrow-derived cells (Anderson et al.,
2005).

Besides these proof-of-concept studies, molecular imaging of
exogenously labeled cells allows to easily investigate the mecha-
nisms driving the interactions between circulating cells and the
brain endothelium. For instance, Gorelik et al. (2012) demon-
strated in rats that iron oxide labeled glial-precursor cells can be
targeted to the brain by the virtue of the interaction between circu-
lating cell expressed VLA-4 and endothelial VCAM-1. Using MRI,
they compared the efficiency of brain delivery of VLA-4 trans-
fected and control glial precursor cells with or without VCAM-1
overexpression in the brain induced in situ by lipopolysaccha-
ride injection. They found that brain delivery was dramatically
enhanced when the injected cells and the brain expressed VLA-4
and VCAM-1, respectively. This kind of clever experiment can be
performed using various types of circulating cells to improve our
knowledge of brain–immune interactions.

The main limitation of this method is its reduced applicabil-
ity for diagnostic purposes in humans. Although radiolabeling of
autologous cells has been used successfully for imaging inflamma-
tion using SPECT and PET (Pulli and Chen, 2014), the limited
sensitivity of MRI requires high payload of contrast agent per cell
and a large amount of cells to be reinjected to achieve reliable imag-
ing. Moreover, labeled cells might lose their iron oxide particles
or die leading to false negative results. Another limitation is the
effects of the labeling procedure including cell collection, purifica-
tion, iron-oxide particles engulfment, and reinjection which can
all influence the phenotype of the cells. To make this procedure
faster and overcome some of its drawbacks, endogenous label-
ing of the monocyte/macrophage lineage using USPIOs has been
developed.

UNLABELED USPIO
Unlabeled USPIOs are virus-sized molecules with a very long
blood clearance time (over 24 h). Iron oxide agents have greater
contrast sensitivity compared to GBCA, generating signal voids on
MRI, due to shortening of T2 and T2∗ relaxation times. A large
range of sizes exist, from nano- to micron-sized iron oxide parti-
cles. USPIOs are among the most famous MR contrast agents, with
a range in size from 10–50 nm, and should be differentiated from
the larger SPIOs and MPIOs with diameters about 50–300 nm and
0.9–5 μm, respectively. Iron oxide particles are based on magnetite
(Fe3O4), and are usually encased in polysaccharide, synthetic poly-
mers, or monomer coatings (Thorek et al., 2006; Laurent et al.,
2008). The utility of these particles as MRI contrast agents has
been studied for more than two decades and the list of available
agents is still expanding.

Ultrasmall superparamagnetic particles of iron oxides are read-
ily internalized by phagocytic cells such as the Kupffer cell of
the liver, circulating monocytes/macrophages and mononuclear
T cells, as well as reactive astrocytes, microglia, and dendritic
cells within the CNS. The USPIOs are cleared from the circula-
tion primarily by the reticulo-endothelial system (Bourrinet et al.,
2006); these properties (i.e., degree of cellular uptake and rate of
clearance) are dependent on size, coating, and method of delivery.

The USPIOs ferumoxytol (Feraheme®, AMAG Pharmaceuti-
cals Inc) was initially approved for iron-replacement therapy in
patients with chronic renal failure. However, ferumoxytol has also
been investigated in humans for various CNS imaging applications
(Neuwelt et al., 2007), as well as ferumoxtran-10 (Manninger et al.,
2005; Saleh et al., 2007) and SHU 555 C (Vellinga et al., 2008) to
name a few. Ferumoxytol, in particular, is attractive as an MRI
contrast agent because it is approved for use in humans and it is
safe in patients with chronic kidney disease. It can be given as a
bolus for first-pass perfusion imaging and at a later time point
(e.g., 24 h) ferumoxytol accumulation is obvious in regions of
BBB dysfunction that may be related to inflammation from any
cause.

Several groups have shown that molecular imaging is an impor-
tant new diagnostic tool for studying in vivo cellular and molecular
biology across a wide range of disciplines, especially regarding
inflammatory processes and associated immune cells, in both
humans and animal models. Such applications may be relevant
for earlier disease detection, more precise prognosis, personalized
treatment strategies, monitoring of treatment efficiency and finally
to improved our understanding of how cells behave and interact
in their microenvironment in vivo (Thorek et al., 2006).

The most common strategy for cellular MRI of neuroinflam-
mation involves tagging of circulating monocytes by systemic
injection of iron oxide nanoparticles. In 2001, Rausch and cowork-
ers first developed this approach in a stroke model in rats, where
a single dose of USPIOs (Sinerem®, AMAG Pharmaceuticals Inc)
was injected intravenously 5 h post-onset (Rausch et al., 2001).
An accumulation of USPIOs was shown in the periphery of the
lesion 24 h post-injection. At day 7, the USPIOs signal was still
present and spread out within the lesion area, spatially correlat-
ing with areas displaying activated macrophages. Several groups
have used a similar protocol to assess the spatiotemporal profile of
monocyte infiltration in various stroke models in rodents (Klein-
schnitz et al., 2003; Saleh et al., 2004b; Wiart et al., 2007; Kim et al.,
2008). These studies raise an interesting technical point related to
the USPIOs uptake by circulating white blood cells and, therefore,
the USPIOs blood half-life. It has been shown that phagocytic
cellular uptake of iron oxide increases with particle size (Daldrup-
Link et al., 2003; Matuszewski et al., 2005). With a hydrodynamic
diameter of 10 to 50 nm, USPIOs are less efficiently phagocytosed
than SPIOs with sizes of 50–300 nm. The maximum intracellu-
lar iron oxide concentration of in vitro-labeled, isolated human
macrophages is 50 pg iron/cell for the SPIOs ferucarbotran (Reso-
vist®, Bayer Schering Pharma AG) whereas for USPIOs SHU 555 C
(Supravist®, Bayer Schering Pharma AG), it is below 8 pg iron/cell
(Metz et al., 2004). Besides the particle size of the iron oxide,
phagocytic uptake is also dependent on nanoparticle surface prop-
erties (e.g., neutral versus charged). Numerous studies employed
neutrally charged dextran-coated USPIOs (e.g., Sinerem®) with
a long blood half-life compared to larger ferumoxides, such as
dextran- (Endorem®in Europe, Feridex®in the USA) or anionic-
carboxydextran- (Resovist®) coated SPIOs (Weissleder et al., 1989;
Rausch et al., 2002; Briley-Saebo et al., 2006). Thus, the USPIOs
extended blood half-life is assumed to promote the uptake by cir-
culating cells. Furthermore, pharmacological strategies, using the
protamine sulfate peptide, may be also used to enhance USPIOs
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uptake, as reported in vitro (Arbab et al., 2004) and in vivo in rats
(Wu et al., 2007).

Although internalization of contrast agents in activated
macrophages and its correlation with MRI contrast have been
reported in different studies, there is still debate on the specificity
of the observed MRI contrast. For instance, some studies suggested
that USPIOs-induced contrast could be non-specific, i.e., due to a
passive diffusion of iron particles through the BBB (Kleinschnitz
et al., 2003; Saleh et al., 2004a; Denes et al., 2007; Nighoghossian
et al., 2007; Saleh et al., 2007). The passive diffusion is patently
increased because of a disrupted BBB in a context of stroke
(Dijkhuizen et al., 2002). To distinguish between USPIOs passive
diffusion in the brain parenchyma and inflammation, USPIOs-
based MRI have been combined with Gadolinium-enhanced MRI
to correlate USPIOs accumulation and BBB integrity, both in ani-
mal models and in humans (Kleinschnitz et al., 2003; Saleh et al.,
2004a, 2007; Denes et al., 2007; Nighoghossian et al., 2007). As an
alternative to the approach of labeling within the bloodstream,
blood cells may also be extracted, labeled in vitro and then rein-
jected as presented above (exogenously labeled cells). This would
avoid non-specific free iron particles leakage over the BBB and/or
entrapment in the vasculature (Stroh et al., 2006; Oude Engberink
et al., 2008). One of the latest unlabeled USPIO is P904 (Guerbet),
for which phase I clinical trial has been initiated, demonstrating a
significantly higher uptake by macrophages because of their pegy-
lated coating compared to dextran-coated USPIOs (Yancy et al.,
2005; Sigovan et al., 2009).

Despite the technical issues described above, this cellular MRI
approach has given encouraging results to pursue further inves-
tigations. Non-targeted USPIOs may also be interesting in the
field of atherosclerosis (including intracranial atherosclerosis),
as suggested by experimental in vivo studies in hyperlipidemic
rabbits (Ruehm et al., 2001; Briley-Saebo et al., 2008) and in
humans (Kooi et al., 2003; Trivedi et al., 2006). These groups
have shown non-targeted USPIOs accumulation in atheroscle-
rotic plaques rich in macrophages, both in animals and humans.
Additionally, USPIOs were shown to localize to atherosclerotic
plaques-containing macrophages in apolipoprotein E knockout
mice (Morris et al., 2008). Using the same transgenic model, a p38
MAP kinase inhibitor has been shown to decrease USPIOs uptake
by atherosclerotic plaques, which correlated with a reduction in
macrophage activity by histology.

TARGETED USPIO
To counteract potential problems related to untargeted-USPIOs,
targeted-nanoparticles of iron oxide have been developed to
image neuroinflammation. VCAM-1 which promotes mono-
cytes recruitment to the vascular wall and subsequent lesion
development, is a promising marker for molecular imaging of
cerebrovascular inflammation in several CNS disorders, since it
is not constitutively expressed in normal vessels but is rapidly
up-regulated on activated vascular endothelial cells (Davies et al.,
1993; Cybulsky et al., 2001). On this basis, several generations of
VCAM-1 targeted (using monoclonal antibodies or peptides gen-
erated by phage display) iron oxide nanoparticles conjugated with
fluorescent molecules (Cy5.5) have been produced and applied
in mouse models of acute inflammation and atherosclerosis

(Kelly et al., 2005; Tsourkas et al., 2005; Nahrendorf et al., 2006).
Molecular imaging of endothelial activation has been performed
using USPIO labeled with a specifically designed targeting moi-
ety consisting in a small peptide which triggers internalization
of the USPIO by activated endothelial cells (Kelly et al., 2005).
This amplification strategy allowed efficient intravital microscopic
detection of the particles but this method lacked sensitivity for reli-
able in vivo imaging. Moreover, USPIOs conjugated to a VCAM-1
specific cyclic peptide (P03011 or R832, Guerbet) have recently
been developed for in vivo detection of inflamed vessels in early
and advanced atherosclerotic plaques by ultra-high field strength
MRI (Burtea et al., 2012; Michalska et al., 2012), as well as in
an ischemic stroke model in mice (Fréchou et al., 2013). Again,
the sensitivity and specificity of VCAM-1 imaging using these
USPIO-based strategies remained limited.

Among the different target of labeled USPIOs, E-selectin has
been extensively studied in peripheral inflammation in mice (ear
inflammation, muscle inflammation . . .; Reynolds et al., 2006).
Selectins have also been investigated as target for MR molecu-
lar imaging of inflammation owing to their role in recruiting
immune cells (i.e., leukocytes) to the vascular wall. Platelet-
selectin (P-selectin), for example, is involved in early events of
the inflammatory pathway, which make them an ideal target for
early diagnosis of vascular inflammation. In addition, its base-
line expression is near zero, which enables subtle changes to
be detected in the vascular wall. E-selectin targeting is usually
achieved using a Sialyl-Lewis X targeting moiety (USPIO-sLeX;
Radermacher et al., 2009). But other USPIOs have been developed
with peptidic (Chapon et al., 2009) or F(ab’) – based targeting
moieties (Reynolds et al., 2006, Radiology). A study reported the
use of E-selectin targeted USPIOs to detect endothelial activation
in a mouse model of traumatic brain injury (Chapon et al., 2009).
However, the sensitivity achieved using this agent is limited and
does not allow reliable detection of brain E-selectin. A similar
approach with P-selectin as a target has been developed and tested
in an ischemic stroke model in mice (Jin et al., 2009), but presents
the same limit as E-selectin.

While targeted USPIO-based molecular imaging remains an
active field of investigation, targeted-USPIOs may have potential
for toxicity, the sensitivity remains low even when amplification
strategies are used and the specificity is impaired in condition of
BBB leakage because of passive USPIOs extravasation. In addition,
the long clearance time of USPIOs delays imaging until several
hours after administration, which is not ideal for clinical use. For
all these reasons, the feasibility of reliable in vivo molecular MRI
using targeted USPIOs remains elusive.

TARGETED MPIOs
Micro-sized particles of iron oxide have singular properties for
endothelial cell-specific molecular imaging. First, their micron size
range allows endovascular specificity unlike USPIOs agents which
are susceptible to passive diffusion within the brain parenchyma,
passive accumulation in atherosclerotic plaques or even non-
specific macrophage uptake. Second, MPIOs convey a large
payload of iron oxide (usually 0.1–1.6 pg Iron/MPIO particle),
which is an order of magnitude larger than USPIOs contrast
agents, resulting in strong hypointense contrast effects that may

Frontiers in Cellular Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 389 | 60

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Gauberti et al. Molecular MRI of brain–immune interactions

extend up to 50 times the physical diameter of the particle. This
phenomenon, known as “blooming effect,” provides high sensitiv-
ity in vivo MRI detection, using only a small number of MPIO
particles (Shapiro et al., 2005, 2006; Heyn et al., 2006). Third,
MPIOs have very short blood half-life of 50–100 s (Ye et al., 2008;
Yang et al., 2010), allowing imaging immediately after injection
(Montagne et al., 2012; Gaberel et al., 2013; Gauberti et al., 2013).
Finally, MPIOs are readily functionalized by covalent conjugation
of ligands (monoclonal antibodies or their immunospecific frag-
ments F(ab), single chain antibodies or peptides derived from
phage display) to functional groups (amine, carboxyl acid or
p-toluene sulphydryl (tosyl)) on the MPIOs surface.

Limitations of these agents for CNS imaging are related to their
non-biodegradable coat and their potential iron toxicity. Indeed,
MPIOs’ coated-sheath includes inert polymers giving them a
non-biodegradable nature. Micro-sized particles may therefore
accumulate in the reticulo-endothelial system (McAteer et al.,
2007, 2008). To overcome this problem, more related to a clin-
ical use, development of biodegradable MPIOs is currently in
process, and some have already been developed (Nkansah et al.,
2011). Although commercially available MPIOs did not show any
side effects in cultured hepatocytes in terms of iron homeostasis
and cell survival (Raschzok et al., 2011), these particles might have
a potential long-term toxicity in humans due to the iron. Further-
more, the dose of iron used in most of experimental studies using
MPIOs is around 4 mg iron/kg (McAteer et al., 2007), which is
higher than the dose used in clinical practice to visualize tumors
with USPIOs (2.6 mg iron/kg; Will et al., 2006). In addition,
although their large size improves the specificity of MPIO-based
molecular MRI, they are not able to enter the brain parenchyma
and their targets are therefore limited to proteins expressed by the
endothelium such as cell adhesion molecules.

Microsized particles of iron oxides have been applied for imag-
ing of inflammation in many experimental studies, including
various animal models of CNS disorders. Due to its properties
mentioned earlier, VCAM-1 is an interesting biomarker in the
field of molecular imaging and has been thoroughly studied over
the last years. For instance, MPIOs targeting VCAM-1 has been
studied in mouse models of acute cerebral inflammation (McA-
teer et al., 2007, 2012), chronic cerebral hypoperfusion (Montagne
et al., 2012), atherosclerosis (McAteer et al., 2008), strokes (Hoyte
et al., 2010; Gauberti et al., 2013), myocardial ischemia (Grieve
et al., 2013; von Elverfeldt et al., 2014), Alzheimer’s disease (Mon-
tagne et al., 2012), multiple sclerosis (Serres et al., 2011; Montagne
et al., 2012), and even in normal aging and systemic challenges
related to risk factors of CNS disorders (e.g., peripheral inflamma-
tion, ethanol consumption, and hyperglycemia; Montagne et al.,
2012).

Our group developed MPIOs conjugated to monoclonal
VCAM-1 antibodies (MPIOs-αVCAM-1) and used them for non-
invasive and high-sensitive in vivo detection of cerebrovascular
inflammation in pre-clinical models in mice (Montagne et al.,
2012). They provide higher sensitivity than previously reported
methods and molecular contrast agents (McAteer et al., 2007), and
are able to detect changes at a time that is otherwise undetectable
using conventional MRI. Using an antibody anti-VCAM-1 care-
fully preselected by histology and a small dose of MPIOs (e.g.,

1 mg iron/kg), we reported a dramatically higher sensitivity to
assess cerebrovascular cell activation compared to previously pub-
lished studies (Figure 5). In a model of acute inflammation in
mice receiving a microinjection of pro-inflammatory cytokine
tumor necrosis factor (TNF) into the right striatum, while the
left striatum was not injected and served as internal control,
we reported that in vivo T2∗-weighted MRI reveals a potent
hypointense contrast effect in the TNF injected hemisphere after
MPIOs-αVCAM-1 injection 24 h post-onset. No contrast effects
were seen in the non-injected hemisphere or in animals injected
with control MPIOs-IgG. Similarly, although pre-contrast MRI
images failed to reveal the ongoing pathology, contrast-enhanced
MRI using MPIOs-αVCAM-1 revealed hypoperfusion-triggered
CNS injury in vascular dementia, unmasked amyloid-induced
cerebrovascular activation in Alzheimer’s disease and allowed
monitoring of disease activity during EAE (Montagne et al.,
2012).

Other vascular biomarkers (mostly cell adhesion molecules)
have been studied over the last few years as potential targets for MR
molecular imaging of inflammation. ICAM-1, unlike VCAM-1, is
constitutively expressed in endothelial cells. ICAM-1 is neverthe-
less up-regulated during an inflammatory response. Deddens et al.
(2013) studied ICAM-1 up-regulation after stroke in mice using a
similar approach based on MPIOs coupled to anti-ICAM-1 anti-
bodies. Using the same custom contrast agent, this group also
showed ICAM-1 overexpression during EAE, providing an early
tracer of disease activity (Blezer et al., 2014). McAteer et al. (2012)
constructed dual antibody-conjugated MPIOs, targeting both
VCAM-1 and P-selectin (50:50 ratio). They did not show further
enhance contrast effects compared to single VCAM-1 antibody-
conjugated MPIOs in a model of acute inflammation in mice
(McAteer et al., 2012). Endothelial-Selectin (E-selectin) has also
been investigated in vitro using similar dual antibody-conjugated
MPIOs, targeting both VCAM-1 and E-selectin (Jefferson et al.,
2011).

Microsized particles of iron oxides are well-tolerated in mice,
with no short-term ill effects. Clearance experiments showed
that MPIOs are sequestered by the liver and spleen 24 h after
injection, with no evidence of adverse effects such as tissue infarc-
tion, inflammation, or hemorrhage. The MPIOs used so far in
experimental studies are non-biodegradable, due to their inert
coat. However, the basic iron contrast mechanism is potentially
transferable to humans with suitable adaptation of the surface
coat.

Their size similar to circulating platelets, their short blood
half-life and the exceptionally potent T2∗ MRI contrast effects
of targeted MPIOs, together with advancement of biocompatible
MPIOs, provide translational imaging opportunities for improved
diagnosis and treatment of endovascular inflammation in various
CNS disorders. However, extensive toxicological profiling and syn-
thesis of sterile, clinical-grade targeted MPIOs according to good
manufacturing practice will be required before clinical translation
is feasible.

LAST AND FUTURE DEVELOPMENTS
To date, molecular MRI studies consisted primarily on proof-
of-concept studies reporting the feasibility to image a particular
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FIGURE 5 | Example of ultrasensitive molecular MRI of brain
inflammation using optimized MPIO-αVCAM-1. All the images
presented were acquired 20 min after MPIO-αVCAM-1 injection as
described by Montagne et al. (2012) and Gauberti et al. (2013).
Experimental autoimmune encephalomyelitis was induced by Myelin
oligodendrocyte glycoprotein (MOG) in C57BL6J mice. The T2∗-weighted

image presented is from a mouse with a clinical score of 3.
Intrastriatal injection of TNF (1 μg) was performed 24 h before imaging.
Intracerebral hemorrhage was induced by intrastriatal collagenase.
Carotid artery stenosis was performed by ligation of the right common
carotid artery. Ischemic stroke was induced by intra-arterial
administration of thrombin.

target. Very few studies used molecular MRI as a tool to investi-
gate brain–immune interactions. Reasons for this are numerous
including the lack of reliability of the imaging procedures with
the already mentioned false negative (mainly due to a lack of
sensitivity of most molecular MRI procedures) and false pos-
itive results (due to passive extravasation through an altered
BBB, endogenous contrast induced by microhemorrhages or
iron accumulation, inadequate post-processing analyses. . .). In
particular, most of the MRI contrast agents are described in
unique studies and no confirmatory results in other models or
by other groups are presented. Altogether, these drawbacks lim-
ited the confidence of the molecular imaging community in
molecular MRI and finally raised doubts about its feasibility.
Of note, the recent use of MPIO-based contrast agents dramat-
ically improved the reliability of molecular MRI and the latest
studies were able to provide new insights into brain immune
interactions.

For instance, numerous studies investigated the impact and
timing of leukocyte diapedesis after ischemic stroke. However,
the spatiotemporal modulation of the expression of adhesion
molecules by the brain endothelium after ischemic onset was
unknown. Using MPIOs-αVCAM-1 in mice, we demonstrated that
stroke induced overexpression of VCAM-1 (involved in mono-
cyte and T-Cell diapedesis) not only in the ischemic lesion, but
also in intact brain regions (Gauberti et al., 2013). In particular,

VCAM-1 overexpression was very strong in the close periph-
ery of the lesion. Using longitudinal imaging, we were able to
demonstrate that this overexpression was sustained for 5 days
after permanent ischemia (by electrocoagulation or permanent
thrombosis of the middle cerebral artery) but much quicker after
transient ischemia (Gauberti et al., 2014; Le Behot et al., 2014).
Interestingly, when VCAM-1 overexpression is sustained, the cor-
responding inflammatory region is recruited by the ischemic
core in a delayed fashion. Since this secondary lesion growth
can be blocked by anti-inflammatory treatments (such as cele-
coxib or high-dose statins) and by analogy with the ischemic
penumbra, we proposed the concept of inflammatory penum-
bra to describe this peri-lesional area overexpressing VCAM-1
(Figure 6). This pathophysiological concept is supported by other
studies demonstrating the critical role of VCAM-1 dependent
T-cells diapedesis in delayed lesion growth after ischemic stroke
(Liesz et al., 2011). In our study, the ability to simultaneously
and longitudinally observe VCAM-1 expression and ischemic
lesion development offered by molecular MRI was critical to
determine the fate of the inflammatory penumbra. In a clinical
setting, such imaging strategy may help to discriminate patients
who will experience malignant stroke characterized by an exacer-
bated inflammation (Vivien et al., 2011). Experimental studies on
the impact of peripheral inflammation on brain–immune inter-
actions also benefited from molecular MRI. It is for instance
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FIGURE 6 | Schematic representation of the inflammatory penumbra
concept after ischemic stroke as revealed by MPIO-αVCAM-1
enhanced MRI. VCAM-1 overexpression is sustained and particularly
significant in the peri-infarct area after ischemic stroke. From 24 h to
5 days post-stroke onset this inflammatory penumbra is recruited by the

ischemic core. Interestingly, anti-inflammatory treatments block this
secondary infarct expansion. In this context, the presence of an
inflammatory penumbra 24 h after stroke onset revealed by molecular
MRI of VCAM-1 may be used as a selection criteria for anti-inflammatory
treatment in stroke patients.

possible to reveal the impact of sepsis, acute hyperglycemia,
acute ethanol intoxication, or aging on brain endothelium expres-
sion of VCAM-1 using MPIO-based molecular MRI in mice
(Montagne et al., 2012). The exceptional sensitivity of the method
and its ease of use offer new avenues of investigations in the field
of neuroinflammation.

Given the huge improvement in sensitivity and specificity
of molecular imaging of inflammation offered by MPIO-based
molecular MRI, efforts are ongoing to adapt this method for
clinical imaging. Indeed, currently used MPIOs are not biodegrad-
able, especially because of their poly-urethane coating. Therefore,
the development of biodegradable and biocompatible MPIOs is
mandatory for further development of this imaging technology.
For instance, the production of multimeric magnetite particles
forming large MPIO-like particles which are biodegradable has
been described (Nkansah et al., 2011). Another active subject is
the impact of MPIO binding on endothelium physiology. Indeed,
several studies demonstrated outside-in signaling after binding
of leukocytes on ICAM-1 expressing endothelial cells. ICAM-1
clustering due to leukocyte binding triggers intra-cellular calcium
release and subsequent activation of RhoA and the formation of
actin stress filaments (Jefferson et al., 2013). Concerning VCAM-
1, a recent in vitro study demonstrated that MPIOs labeled with
VCAM-1 targeting antibodies do not promote endothelial inflam-
mation, in contrast to monocytes (Jefferson et al., 2013). However,
this potential side effect of targeted MPIOs should be tested for all
endothelial targets before clinical investigations. The risk of immu-
nization of the receiver of targeted MPIOs preparation must also

be studied and potentially counteracted using non-immunogenic
targeting moieties.

Besides toxicity issues, translation of MPIO-based molecular
MRI from bench to bedside will require the demonstration of the
feasibility to detect MPIOs using magnet at clinical field strength
and using standard coils. Indeed, the sensitivity of MPIO detection
depends both on the field strength (higher field strength would
produce larger susceptibility effect of the MPIOs) and on the spa-
tial resolution of the MRI acquisition. This last parameter would
be crucial to optimize for clinical translation since the resolu-
tion achieved in preclinical study is below 80 μm (isotropic) and
allows single MPIO imaging whereas the highest resolution of
3D T2∗-weighted images on clinical magnet is around 500 μm.
This lower resolution, because of partial volume effects, will lower
the sensitivity of the MRI acquisition to detect MPIOs. To over-
come this issue, longer acquisition times to increase the signal
to noise ratio and strengthen the T2∗-weighting will be nec-
essary and could limit the clinical availability of this method.
Interestingly, a whole brain 3D T2∗-weighted image with an
isotropic resolution of 500 μm can be acquired using a 7 Tesla
clinical magnet in 6 min with a high signal to noise ratio using
echo planar imaging (Zwanenburg et al., 2011). Such imaging
method with a clinically compatible acquisition time would be
particularly well suited for MPIO-based molecular MRI and argue
toward the feasibility of sensitive and timely molecular MRI in
humans. Studies in large animals such as non-human primates
are awaited to demonstrate the feasibility of MPIO-based imaging
in humans.
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CONCLUSION
While several years ago the feasibility of rapid and reliable molecu-
lar imaging of brain–immune interactions using MRI was elusive,
the mini-revolution represented by the development of MPIO-
based contrast agent has changed this view. Although molecular
MRI using targeted MPIOs still remains restricted to preclini-
cal imaging, studies aiming at closing the translational gap are
ongoing. Once available, such contrast agents will undoubtedly
help to improve our knowledge on the brain–immune interac-
tions taking place in the human brain after acute neurological
injury. Besides, they will represent potent tools to select patient
for anti-inflammatory treatment and subsequently monitor the
therapeutic response. Nevertheless, molecular MRI using targeted
MPIOs is limited to imaging of endothelial targets and does not
allow long term investigation of the fate of leukocyte once in the
brain parenchyma. To this aim, exogenous labeling of autolo-
gous cells and subsequent cell tracking using MRI remains the
method of choice. These two imaging strategies (i.e., targeted
MPIOs and MRI cell tracking) appear today as the most promis-
ing technologies to non-invasively study immune cells trafficking
in both preclinical and clinical studies. These tools will help to
determine whether molecular MRI of brain–immune interactions
can improve the management of patients presenting acute brain
injury.
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Spontaneous intracerebral hemorrhage (ICH) is a particularly severe type of stroke for
which no specific treatment has been established yet. Although preclinical models of
ICH have substantial methodological limitations, important insight into the pathophysiology
has been gained. Mounting evidence suggests an important contribution of inflammatory
mechanisms to brain damage and potential repair. Neuroinflammation evoked by
intracerebral blood involves the activation of resident microglia, the infiltration of systemic
immune cells and the production of cytokines, chemokines, extracellular proteases and
reactive oxygen species (ROS). Previous studies focused on innate immunity including
microglia, monocytes and granulocytes. More recently, the role of adaptive immune cells
has received increasing attention. Little is currently known about the interactions among
different immune cell populations in the setting of ICH. Nevertheless, immunomodulatory
strategies are already being explored in ICH. To improve the chances of translation
from preclinical models to patients, a better characterization of the neuroinflammation in
patients is desirable.

Keywords: stroke, intracerebral hemorrhage, neuroinflammation, innate immunity, adaptive immunity

INTRODUCTION
Intracerebral hemorrhages (ICH) account for 10–15% of all
strokes (Qureshi et al., 2009). It is a particularly severe stroke
subtype that is associated with a mortality rate of 30–50%.
Moreover, 74% of the survivors remain functionally dependent
12 months after the ictus (van Asch et al., 2010). Currently, the
overall incidence of ICH is 24.6 per 100,000 person per year
(van Asch et al., 2010) but incidence is expected to have doubled
by 2050 (Qureshi et al., 2001) due to aging and the spreading
use of anticoagulants (Wang, 2010). Intracerebral hemorrhages
is strongly associated with cerebral microvascular diseases (Xi
et al., 2006). The most frequent underlying disorder is hyper-
tensive microangiopathy which predominantly manifests in deep
cerebral structures (basal ganglia, brain stem and cerebellum)
(Fisher, 1971, 2003). In the elderly, cerebral amyloid angiopathy
develops in cortical arteriolar and venular microvessels (Thanvi
and Robinson, 2006). Intracerebral hemorrhages in association
with the use of oral anticoagulants is increasingly frequently
encountered. Hemorrhage originating from aneurysms or vas-
cular malformations is less frequent (Qureshi et al., 2001). Risk
factors for ICH include genetic variants of apolipoprotein E,
ethnic differences and life style factors such as smoking and
alcohol intake (O’Donnell et al., 2010). Several determinants of
outcome have been clearly identified. Predictors of poor clinical
outcome are the initial hematoma volume, hematoma expansion
during the first day, location of the hematoma, extent of brain
edema, age and neurological status on admission (Hanley, 2009;
Mendelow et al., 2011; Kuramatsu et al., 2013). Although several
of these factors are potentially modifiable, no effective medical or
surgical therapy has been firmly established for acute ICH beyond

treatment in dedicated stroke and critical care units (Steiner et al.,
2006, 2014; Xi et al., 2006; Morgenstern et al., 2010; Keep et al.,
2012). Current efforts in clinical trials focus on blood pressure
control (Anderson et al., 2013), modified surgical approaches or
hemostasis in selected patients (Mayer et al., 2008; Morgan et al.,
2008; Newell et al., 2011; Ziai et al., 2014). Despite the lack of
evidence from randomized clinical trials, specialized neurovas-
cular centers offer medical and surgical therapies for selected
patients but otherwise ICH therapy remains supportive within a
framework of general critical care management (Kuramatsu et al.,
2013).

The need for new therapeutic approaches for ICH has
prompted a search for the molecular and cellular mechanisms
that underlie early and delayed brain damage after ICH. Clearly,
several research themes are shared with other acute and chronic
degenerative brain disorders. However, the appearance of extra-
cellular blood in the brain, that results in the release of the
hemoglobin constituents heme and iron, triggers specific patho-
physiological cascades or modifies the timing of other processes.

In particular, there is increasing evidence that inflammatory
mechanisms participate in early and delayed phases after ICH.
After reviewing some limitations of preclinical modeling of ICH,
the present review will summarize the evidence supporting an
essential role of inflammation to brain damage and potential
repair after ICH.

PRECLINICAL MODELS OF ICH
Animal models of ICH have been established in many different
species (for review see James et al., 2008). A major limita-
tion of most models is that an invasive procedure is required
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to induce the hemorrhage that inadvertently implies a limited
brain trauma. The most frequently used methods and species,
respectively, are the intracerebral injection of autologous blood
or bacterial collagenase in rodents (MacLellan et al., 2008, 2010).
Although both models are suitable to induce hematomas of
various sizes and location, the differences between these models
may influence the pathomechanisms of ICH and the neurological
outcome.

Injection of autologous blood (Bullock et al., 1984) creates
a single large bleeding and allows studying the mechanisms of
hemorrhage-induced neuronal damage. However, it fails to repro-
duce the aspect of continuing bleeding and hematoma expansion.
Secondary hematoma enlargement occurs in about 1/3 of patients
during the first day after ICH and is an important predictor of
poor neurological outcome (Brott et al., 1997; Davis et al., 2006).
In contrast, injection of bacterial collagenase (Rosenberg et al.,
1990) dissolves the basal lamina of small cerebral blood vessels
and results in continuous parenchymal bleeding for several hours
(MacLellan et al., 2008). However, the vascular source of bleeding
in the collagenase model differs from most human ICH in which
bleeding is of penetrating arteriolar origin (Clark et al., 1998;
Wang et al., 2003; Tang et al., 2004). Another disadvantage of
this model is that higher doses of collagenase can induce direct
neurotoxicity (Matsushita et al., 2000; Chu et al., 2004) which
may complicate the interpretation of results with neuroprotective
strategies.

The size of the hematoma, which determines outcome both
in man (Broderick et al., 1993) and in rodents (MacLellan et al.,
2006), can be varied in both ICH-models by changing the injected
blood volume or collagenase dose. However, injection of a higher
blood volume may produce difficulties by the injected blood
spreading along the corpus callosum or flowing back through
the needle insertion canal. These problems can be reduced by
using the double injection method (Belayev et al., 2003), where
a small amount of blood is allowed to clot and followed by the
injection of the remaining blood volume. In comparison with
the blood injection model where the tissue is split apart by the
hematoma, collagenase induces a less dense hemorrhage which
infiltrates the parenchyma (MacLellan et al., 2008) resulting in
bigger hematoma volume in case of matched blood content
between the two models (Mracsko et al., 2014).

In both models, macroscopic hematoma size decreases already
during the first days after surgery (Mracsko et al., 2014), and
the hematoma resolves completely in about 21 days (Zhao et al.,
2007). In contrast, the resolution of the hematoma takes sev-
eral weeks in patients and usually leaves a cavity in the brain
with focal atrophy and ventricular enlargement (Dolinskas et al.,
1977).

In conclusion, both ICH methods have their advantages and
limitations. These differences should be carefully considered
when choosing a model to address the outcome parameters of
interest and when interpreting the findings.

DELETERIOUS MECHANICAL EFFECTS OF THE HEMATOMA
Primary brain injury after ICH is caused by the tissue disruption
due to parenchymal blood accumulation and the mechanical
damage associated with the mass effect (Figure 1). Besides

treating increased intracranial pressure (Helbok et al., 2011), sur-
gical interventions to remove the blood clot and release the pres-
sure would appear a plausible approach in this phase (Gautschi
and Schaller, 2013). In about one third of patients (Kazui et al.,
1996; Brott et al., 1997), re-bleeding and the expansion of the
hemorrhage within the first day after the ictus further exacerbates
the mass effect and thus neurological damage. Preventing this
complication by aggressive antihypertensive therapy or by admin-
istration of hemostatic factors may prevent secondary hematoma
growth. (Sakamoto et al., 2013). However, evidence for clinical
efficacy is limited. The concept of brain damage resulting from
peri-hematomal ischemia induced by the increased intracranial
pressure has not been confirmed in studies using positron emis-
sion tomography in patients (Zazulia et al., 2001). However, a
recent magnetic resonance imaging (MRI) study found ischemic
events in one third of ICH patients within 1 month after the ictus
(Menon et al., 2012).

Immediately after ICH, peri-hematomal edema develops
which increases intracranial pressure and contributes to the mass
effect (Xi et al., 2006). Edema in ICH is associated with higher
in-hospital mortality (Staykov et al., 2011). In animal models,
edema peaks already 3–4 days after ICH-induction (Xi et al.,
1998). In contrast, the edema expands in ICH patients until at
least 10 days after the ictus (Staykov et al., 2011). In the first
hours after ICH, edema is mainly formed by plasma egress due
to the increased hydrostatic pressure and the damaged blood-
brain barrier (BBB); edema also results from extruded serum
during clot retraction (Wagner et al., 1996). Later on, throm-
bin production, erythrocyte lysis and the triggered inflamma-
tory processes are responsible for edema formation (Xi et al.,
2001a).

MECHANISMS OF SECONDARY BRAIN DAMAGE
Besides the mechanical tissue damage caused by the initial
hematoma, injured brain cells and the extravasated components
of the blood clot trigger a complex sequence of parallel and
sequential deleterious mechanisms including inflammatory and
oxidative stress pathways (Aronowski and Zhao, 2011; Figure 1).

Activation of hemostatic mechanisms is a physiological tis-
sue response to hemorrhage to stop the bleeding. Thrombin is
essential for the blood coagulation processes and gets activated
within the first hour after ICH (Gong et al., 2008). Intracerebral
injection of thrombin leads to early brain edema formation by
direct opening of the BBB (Lee et al., 1997) and to neuronal
damage at days 1 and 3 after ICH (Gong et al., 2008). High
concentrations of thrombin induce neuronal damage in vitro,
however, low concentrations are neuroprotective against various
insults including ischemia or oxidative stress (Vaughan et al.,
1995; Donovan et al., 1997; Striggow et al., 2000). Moreover,
thrombin has an important role in brain recovery after intracere-
bral hemorrhage (Hua et al., 2009) possibly via the initiation of
neurogenesis (Yang et al., 2008) and angiogenesis (Tarzami et al.,
2006; Tsopanoglou and Maragoudakis, 2007). Therefore, the role
of thrombin after ICH remains controversial (Xi et al., 2003, 2006;
Keep et al., 2012).

The lysis of erythrocytes within the first days after ICH leads
to the release of hemoglobin which is then converted by the heme
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FIGURE 1 | Primary and secondary brain damage after intracerebral hemorrhage.

oxygenase-1 enzyme (HO-1) into neurotoxic components such
as heme and iron which are major contributors to secondary
brain injury (Wagner et al., 2003; Wu et al., 2003; Keep et al.,
2012). Intracerebral injection of lyzed erythrocytes or hemoglobin
and iron result in brain edema formation and neuronal damage
(Xi et al., 1998; Huang et al., 2002). The proposed mechanism
of heme- and iron-induced neurotoxicity is the induction of
oxidative stress due to the activity of HO-1 (Koeppen et al.,
2004; Wang and Doré, 2007a) and the iron-mediated free radical
production via the Fenton-reaction (Wu et al., 2003, 2011; Clark
et al., 2008).

The inflammatory reaction comprising both cellular and
molecular components is a common response of the central ner-
vous system (CNS) to various stimuli. Neuroinflammation after
ICH involves the early activation of resident microglia, release of
proinflammatory mediators and the influx of peripheral leuko-
cytes and has major role in the pathophysiology of secondary
brain damage (Wang and Doré, 2007b; Wang, 2010). Components
of both innate and adaptive immune system take part of ICH-
induced neuroinflammation. At present, the involvement of anti-
gen specific immune processes remains unclear in both ischemic
and hemorrhagic stroke (Iadecola and Anrather, 2011).

MICROGLIA/MACROPHAGES
The first activated innate immune cells are microglia which
reside in the CNS. They continuously scan the extracellular
brain environment and can be activated within minutes after
tissue damage. Danger-associated molecular patterns including
ATP, neurotransmitters, nucleic acids, heat shock proteins and
high mobility group box 1 are released to the extracellular space
from necrotic neurons after ICH (Ohnishi et al., 2011). These

stimuli act on distinct microglia receptors including Toll-like
receptors (TLRs) and the receptor of advanced glycosylation end-
products (Taylor and Sansing, 2013). Several TLRs including
TLR4 are involved in the neuroinflammatory processes after ICH
(Fang et al., 2013). TLR4 is predominantly expressed in CD11b+
microglial cells and is upregulated early after ICH subsequently
leading to the upregulation of proinflammatory genes via nuclear
factor-κB (NF-κB) signaling (Teng et al., 2009; Lin et al., 2012).
Besides danger signals originating from damaged neuronal cells,
blood components such as thrombin, fibrin and heme can also
trigger inflammatory processes through the TLR/NF-κB pathway
(Loftspring et al., 2010; Lin et al., 2012; Wang et al., 2014).
Hemoglobin triggers an inflammatory response via assembly of
TLR2/TLR4 heterodimers (Wang et al., 2014). Experimental and
clinical data suggest that TLR4 contributes to neuronal dam-
age in ICH. TLR4 deficiency (Teng et al., 2009; Sansing et al.,
2011b; Lin et al., 2012) or blockade (Wang et al., 2013) lowers
brain water content (i.e., edema) and reduces neurological deficit.
In patients, higher expression of TLR2 and TLR4 in mono-
cytes on admission was independently associated with poor out-
come (Rodríguez-Yáñez et al., 2012). Therefore, antagonization
of the TLR4 signaling may represent a therapeutic target after
ICH.

Besides TLRs, microglia can be activated by thrombin via the
proteinase activated receptor-1 (PAR-1) and mitogen-activated
protein kinase signaling pathways (Fujimoto et al., 2007; Ohnishi
et al., 2007). This leads to increased production of tumor
necrosis factor-α (TNF-α) and neuronal death (Ohnishi et al.,
2010). Microglia endocytose erythrocyte remnants via scavenger
receptors such as CD36, which initiates microglial activation
(Aronowski and Zhao, 2011; Fang et al., 2014).
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Upon stimulation, microglia cells will be rounded gain-
ing an ameboid appearance and high phagocytic activity
(Kreutzberg, 1996). They are difficult to distinguish from acti-
vated macrophages which express the same cellular surface mark-
ers including CD11b, Iba-1, isolectin B4 (Ginhoux et al., 2010).
However, multi-parameter characterization by flow cytometry
allows the definition of microglia population as CD45low/CD11b+
cells (Campanella et al., 2002; D’Mello et al., 2009; Parney et al.,
2009; Gabrusiewicz et al., 2011; Patel et al., 2013; Mracsko et al.,
2014; Tang et al., 2014). Both macrophages and microglia can
have either the classically activated M1 or the alternatively acti-
vated M2 phenotype (Kigerl et al., 2009; David and Kroner,
2011). M1 polarized microglia produce proinflammatory, largely
deleterious cytokines such as TNF-α, interleukin-1β (IL-1β) or
IL-6 and pro-oxidant enzymes such as inducible nitric oxide
synthase (Liao et al., 2012; Kobayashi et al., 2013). In con-
trast, M2 polarized microglia have arginase activity, produce
neurotrophic factors and IL-10. The M2 microglia phenotype
has been associated with neuroprotective and regenerative effects
after brain injury (Ponomarev et al., 2007). Due to this polarity,
microglia/macrophage can exert controversial effects in brain
diseases and injuries (Taylor and Sansing, 2013).

Microglial activation takes place in various neurological disor-
ders including CNS and peripheral infections, neurodegenerative
diseases, traumatic brain injury, ischemic and hemorrhagic stroke
(Suzuki et al., 2011; Püntener et al., 2012; Hernandez-Ontiveros
et al., 2013; Patel et al., 2013; Taylor and Sansing, 2013; Doens and
Fernández, 2014). Besides the clearance of cell debris, microglia
play also an important role in the phagocytosis of blood compo-
nents released into the brain parenchyma (Aronowski and Zhao,
2011). In experimental ICH, microglial activation occurs as early
as 1 h following collagenase injection (Wang and Doré, 2007a)
and 4 h after autologous blood injection (Xue and Del Bigio,
2000). The number of activated microglia/macrophages peaks at
72 h and returns to normal level 3–4 weeks after ICH (Wang, 2010;
Yabluchanskiy et al., 2010; Sansing et al., 2011b).

Upon various stimuli, microglia and brain macrophages pro-
duce proinflammatory cytokines including TNF-α and IL-1β

(Wang and Doré, 2007b), chemokines (Matsushita et al., 2014)
and reactive oxygen species (ROS; Yang et al., 2014a). Beyond
the neurotoxic cytokines, chemokines such as CXCL2 produced
by microglia (Shiratori et al., 2010) have chemotactic activity
on neutrophils and thus exacerbate the inflammatory reaction
(Tessier et al., 1997). Moreover, M1 polarized microglia create
microglia-T cell crosstalk due to antigen presentation via MHCII
expression (Starossom et al., 2012). Thus, microglia also enforce
early neuroinflammation by recruiting and activating blood-
derived leukocytes which may worsen ICH-induced neuronal
damage.

On the other hand, microglia play a key role in hematoma
resolution and therefore in the recovery phase after ICH. A more
effective and faster clearance of intracerebral blood could limit the
inflammatory processes that are triggered by blood constituents
in the brain parenchyma (Zhao et al., 2007). Moreover, the
chemokine receptor CX3CR1 is required for M2 polarization of
microglia facilitating recovery after ICH (Taylor and Sansing,
2013).

The essential pathophysiological role of microglia/macro-
phages after ICH suggests a therapeutic potential. On the other
hand, microglial functions are diverse and cannot be classified
as either good or bad. Moreover, different microglial subsets
may send opposing signals, and predominant functional effects
may differ depending on timing after the event (cp ischemia;
Lalancette-Hébert et al., 2007).

In experimental ICH, blockade of TLR4 reduced neuronal
loss and edema formation and improved neurological function.
The effects resulted from inhibition of downstream signal-
ing mechanisms and the lower expression of proinflammatory
cytokines (Wang et al., 2013). In another study, the TLR4
inhibitor TAK-242 upregulated CD36 scavenger receptor expres-
sion thereby promoting faster hematoma resolution and atten-
uating neurological deficit (Fang et al., 2014). Minocycline
is a tetracycline-based molecule which can inhibit microglia
activation (Tikka and Koistinaho, 2001). Minocyclin has been
tested in numerous studies to moderate neuronal damage after
ICH. Minocycline reduces thrombin-induced microglial TNF-α
and IL-1β expression in vitro (Wu et al., 2009). In the same
study, minocycline reduced brain edema 3 days after intrac-
erebral blood injection, diminished neurological deficit and
decreased brain atrophy 28 days following ICH (Wu et al.,
2010). These effects were accompanied by reduced numbers
of microglia/macrophages around the hematoma 5 days fol-
lowing ICH (Szymanska et al., 2006). Others found preserved
microvessels along with reduced brain water content, and lower
levels of TNF-α and matrix metalloproteinase-12 (MMP-12) in
minocycline-treated rats (Wasserman and Schlichter, 2007). In
these studies, the treatment was applied from up to 6 h after
induction of ICH suggesting clinical relevance. As a consequence,
a randomized,-single-blinded clinical trial of minocycline in ICH
has been initiated (A Pilot Study of Minocycline in Intrac-
erebral Hemorrhage Patients (MACH); NCT01805895). Further
molecules targeting microglia activation and function have been
recently tested after ICH. The mitogen-activated protein kinase
inhibitor sesamin (Ohnishi et al., 2013), as well as sinomenine
(Yang et al., 2014a) and curcumin (Yang et al., 2014c) with anti-
inflammatory and anti-oxidant properties were neuroprotective
in ICH. However, their distinct mechanisms of action require
further investigation.

Hematoma resolution by microglia/macrophages has also
been recognized as a therapeutic target after ICH. Peroxisome
proliferator-activated receptor-γ agonist induced CD36-mediated
clearance of erythrocytes by microglia in vitro. It promoted
hematoma resolution, reduced neuronal loss and neurological
deficit in vivo (Zhao et al., 2007, 2009). Therefore, besides block-
ing the acute detrimental effects of microglia activation, stimulat-
ing microglial phagocytosis and thus enhancing recovery may also
have therapeutic potential.

BBB BREAKDOWN AND INVASION OF SYSTEMIC IMMUNE
CELLS
The physical BBB is formed by capillary endothelial cells, which
are connected via tight junctions resulting in very low permeabil-
ity. Besides endothelial cells, perivascular cells such as pericytes
and astrocytes and the extracellular matrix have an important
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regulatory role on BBB function. Increased permeability of the
BBB can be caused by changes in the para- and transcellu-
lar routes or by disruption of the extracellular matrix (Keep
et al., 2014; Knowland et al., 2014). In ischemic stroke, BBB
dysfunction results from insufficient oxygen and glucose supply
(Ronaldson and Davis, 2012). In contrast, the absence of ICH-
induced ischemic damage (Zazulia et al., 2001) suggests that other
mechanisms induce BBB hyperpermeability in ICH. Thrombin
has been shown to induce BBB disruption via proteinase activated
receptor-1 mediated mechanisms (Liu et al., 2010). Hemoglobin
itself and its degradation products heme and iron also increase
permeability of the BBB (Yang et al., 2013). Accordingly, the iron
chelator deferoxamine (Nakamura et al., 2004; Okauchi et al.,
2010) and HO inhibitors (Gong et al., 2006) reduce ICH-induced
brain edema.

Matrix metalloproteinases belong to the group of endopep-
tidases just as other proteases like serine or cysteine proteases.
They have important role in the remodeling of extracellular
matrix but under inflammatory conditions activation of MMPs
results in BBB dysfunction, increased capillary permeability and
brain edema formation after ICH (Rosenberg and Navratil, 1997).
Matrix metalloproteinases have been intensively studied in ICH
in the last two decades and the available information on their
role in ICH has been reviewed in detail (Wang and Doré, 2007b;
Florczak-Rzepka et al., 2012). Although inhibition of MMPs may
decrease ICH-induced brain injury, MMPs also have an important
role in the regulation of neurogenesis, myelin function and axonal
growth (Pepper, 2001; Kaczmarek et al., 2002; Cunningham et al.,
2005). Therefore rather the modulation than long-term inhibition
of MMPs may be considered for ICH treatment.

The strict regulation of the immune cell infiltration into the
brain parenchyma through the immunological BBB plays an
important role in the immune privilege of the CNS (Pachter
et al., 2003). During neuroinflammatory processes, the expression
of adhesion molecules on leukocytes and of their ligands on
endothelial cells in postcapillary venules increases. As a conse-
quence, leukocytes adhere to the wall of these venules. Infiltration
through the BBB involves rolling, adhesion and transendothelial
migration of leukocytes. Adhesion molecules that participate in
this process are classified into three types: selectins, the super-
family of immunoglobulins and the integrins (Brea et al., 2009;
Iadecola and Anrather, 2011). The expression of intracellular
adhesion molecule-1 is upregulated already hours after ICH
(Gong et al., 2000; Yang et al., 2011). The vascular adhesion
protein-1 has been also shown to be upregulated after ICH, and
its inhibitors reduced neutrophil invasion and brain damage (Ma
et al., 2011).

The brain infiltrating leukocytes produce proinflammatory
cytokines and MMPs leading to further disruption of the BBB
(Xi et al., 2006; Wang and Doré, 2007b; Aronowski and Zhao,
2011). Therefore, peripheral leukocytes and the BBB are in tight
reciprocal connection that makes it difficult to evaluate the effect
of distinct compounds on BBB integrity. Essentially, any com-
pound that influences the ICH-induced inflammatory reaction
also affects BBB integrity and vica versa.

In experimental and clinical ICH blood-borne leukocytes
invade the hemorrhagic brain (Lee et al., 1975; Del Bigio et al.,

1996; Gong et al., 2000; Xue and Del Bigio, 2000; Mayne et al.,
2001a; Peeling et al., 2001; Wang and Tsirka, 2005). In principle,
leukocytes found in the brain after ICH could originate from
the inflowing blood in the hematoma. Alternatively, systemic
immune cells may actively migrate across the BBB to enter the
brain (Xi et al., 2006). The origin of leukocytes located in the
brain after ICH can be determined by using the leukocyte marker
CD45.1 transgenic mice in blood injection models (Sansing
et al., 2011b; Hammond et al., 2012; Mracsko et al., 2014). In
this approach, blood from CD45.2 expressing wild type mice is
injected into the brain of CD45.1 expressing mice or vice versa
and brain located leukocytes are analyzed by flow cytometry
for CD45.2 and CD45.1 expression. These studies agree that
already 1 day after blood injection the majority of leukocytes
isolated from the brain originates from the blood circulation
rather than from the injected blood. A methodological limita-
tion of this approach is that the traumatic injury caused by
the insertion of the injection needle alone results in a relatively
high number of infiltrating leukocyte in sham operated animals
(Loftspring et al., 2009; Mracsko et al., 2014). Therefore, dif-
ferences of injection techniques and even needles can result in
discrepancies between different workgroups regarding infiltrating
cell numbers.

MONOCYTES
Monocytes are produced by bone marrow from monoblasts and
mature into different types of macrophages. In the CNS the
renewal of the microglia cell population takes place by local
expansion and, at lower rate, by replenishment by circulating
monocytes (Ajami et al., 2007). As mentioned above, the dis-
tinction of infiltrating monocyte/macrophages from microglia
is difficult due to the identical surface activation markers they
express. To distinguish the roles and distributions of microglia
and peripheral monocytes, several studies on cerebral ischemia
used bone marrow chimeric mice generated by transplanting
green fluorescent protein transgenic bone marrow into irradi-
ated wild-type recipients (Schilling et al., 2003, 2005; Tanaka
et al., 2003). So far the application of this approach in ICH is
limited to one study (Hammond et al., 2014). Taking advantage
of differential CD45 expression between microglia and mono-
cyte/macrophages, flow cytometry studies have also differenti-
ated infiltrating monocytes (Sansing et al., 2011a,b; Hammond
et al., 2012; Mracsko et al., 2014). Monocytes invade already
within 12 h after ICH outnumbering the neutrophil population
(Hammond et al., 2012), and their number peaks by day 5
(Mracsko et al., 2014). Monocyte infiltration is reduced after
neutrophil depletion (Sansing et al., 2011a) or in TLR4 defi-
ciency (Sansing et al., 2011b). The monocyte chemoattractant
protein-1 and its receptor CC chemokine receptor 2 (CCR2)
are involved in the migration of monocytes into the hemor-
rhagic brain (Yao and Tsirka, 2012b). Monocyte chemoattractant
protein-1 is elevated in the brain 24 h after experimental ICH
(Chang et al., 2011; Ma et al., 2011) as well as in the serum of
patients associated with poor functional outcome 7 days following
ICH (Hammond et al., 2014). Accordingly, chimeric mice with
wild type CNS and CCR2 deficiency exhibit attenuated motor
dysfunction after ICH (Hammond et al., 2014). At the same
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time, CCR2+ inflammatory monocytes seem to be important
regulators of hematoma clearance and functional recovery after
ICH (Yao and Tsirka, 2012a).

GRANULOCYTES
Neutrophils are the leukocyte population that immigrates first
into the brain after injury. In ICH, infiltrating neutrophils were
found in and around the hematoma as early as 4 h after
collagenase-induced ICH in mice (Wang and Tsirka, 2005).
Their number peaks at 3–5 days after ICH (Gong et al., 2000;
Xue and Del Bigio, 2000; Mracsko et al., 2014). Although the
temporal pattern of neutrophil infiltration is similar in blood
and collagenase injection models, higher neutrophil numbers
are found after collagenase than after blood injection (Xue and
Del Bigio, 2000; Mracsko et al., 2014). In experimental ICH,
infiltrating neutrophils undergo apoptosis 2 days after entering
the hematoma (Savill, 1997). Molecules released from dying
leukocytes may further stimulate microglia/macrophages and
exacerbate the neuroinflammatory process (Stern et al., 1996;
Wang, 2010). Neutrophil accumulation in the blood vessels
around the hematoma was observed already 6 h after the ictus
(Wisniewski, 1961). In the peri-hematomal tissue obtained from
ICH patients during craniotomy, neutrophil (and lymphocyte)
infiltration further increased 12–24 h after ICH and correlated
with the number of TUNEL positive cells (Guo et al., 2006).
It should be noted however that in ischemic stroke histological
techniques labeling components of the neurovascular unit showed
that polymorphonuclear granulocytes were mainly located in the
luminal surfaces or perivascular spaces of cerebral vessels and no
granulocytes infiltrated the brain parenchyma (Enzmann et al.,
2013). So far, no similar data are available for ICH.

Recent studies suggest an important role of activated
microglia in neutrophil recruitment into the hemorrhagic brain.
Heme-induced TLR4 activation on microglia increases CXCL2
production, which interacts with CXCR2 on the surface of
neutrophils resulting in chemoattraction (Zarbock and Ley,
2009). Accordingly, TLR4-deficient mice show reduced neu-
trophil and monocyte infiltration 3 days after ICH (Sansing et al.,
2011b).

Granulocytes appear to have mainly deleterious effects on the
brain after ICH. Neutrophil depletion by intravenous injection of
anti-polymorphonuclear neutrophil (anti-PMN) serum reduced
BBB breakdown, axonal injury and neurological deficit (Moxon-
Emre and Schlichter, 2011). After cerebral ischemia, anti-PMN
therapy prevented endothelial dysfunction and thrombolysis-
induced hemorrhagic transformation in another study (Gautier
et al., 2009). As professional phagocytes, neutrophils use phago-
somes containing digestive and oxidative compounds. During
phagocytosis they produce an oxidative burst resulting in the
release of ROSs via NADPH oxidase and myeloperoxidase
(Hampton et al., 1998). Although these processes are needed for
antimicrobial defence, high ROS levels due to microglial activa-
tion and neutrophil infiltration contribute to poor outcome after
ICH (Nguyen et al., 2007; Han et al., 2008). The free radical scav-
enger edaravone decreases brain edema and neurological deficit
after ICH (Nakamura et al., 2008). Other molecules with free
radical trapping properties have been tested in ICH as reviewed

earlier (Wang and Doré, 2007b) supporting the important role
of ROS in secondary brain injury and their therapeutic potential
after ICH.

Besides microglia/macrophages, the expression of the neu-
rotoxic TNF-α has also been shown in neutrophils (Mayne
et al., 2001b; Nguyen et al., 2007; Wasserman and Schlichter,
2007). Neutrophils may also recruit monocyte/macrophages
amplifying inflammatory processes (Soehnlein and Lindbom,
2010). Accordingly, anti-PMN therapy decreased the number
of infiltrating monocyte/macrophages around the hematoma
and reduced glial scarring (Moxon-Emre and Schlichter,
2011).

CELLS OF THE ADAPTIVE IMMUNE SYSTEM
Mounting an antigen-specific immune response generally
requires several (5–7) days. As cellular parts of the adaptive
immune system, B cells participate in humoral immune
responses, while T cells are involved in cellular immunity. T
cells express either the CD4 or the CD8 cell surface marker
determining their function: modulating immune responses or
eliciting cytotoxicity.

Increasing evidence suggests an important role of adaptive
immunity and particularly T lymphocytes in secondary brain
damage after ischemia (Yilmaz et al., 2006; Iadecola and Anrather,
2011; Liesz et al., 2011; Chamorro et al., 2012). In contrast,
little is known about the role of lymphocytes after experimental
and clinical ICH. Lymphocytes were found in cerebrospinal fluid
early (starting at 6 h) following human ICH (Lee et al., 1975).
Lymphocytes were also detected in peri-hematomal brain tissue
obtained during craniotomy of ICH patients (Guo et al., 2006).
In contrast, most studies using animal models of ICH reported
more delayed infiltration of T cells 48–96 h after ICH (Xue
and Del Bigio, 2000, 2003; Loftspring et al., 2009). Using flow
cytometry, we found that CD4+ T cells are the predominating
brain infiltrating leukocyte population in mice already 1 day after
ICH and their number peaked at day 5 (Mracsko et al., 2014).
At the same time, infiltration of CD8+ T cell appears to be less
prominent in ICH compared to cerebral ischemia (Schwab et al.,
2001; Loftspring et al., 2009; Chaitanya et al., 2010; Mracsko et al.,
2014).

An important unresolved question is whether T cell invasion
and activation is antigen dependent both in cerebral ischemia
and in ICH (Iadecola and Anrather, 2011). Along with other T
cell populations, both proinflammatory γδT cells and immuno-
suppressive regulatory T cells (Treg) infiltrate the hemorrhagic
brain (Gao et al., 2014). According to the neuroprotective role
of Treg in cerebral ischemia (Liesz et al., 2009), Treg transfer
also attenuated neurological deficit after ICH (Yang et al., 2014b).
The pathophysiological role of B cells and natural killer cells after
ICH has barely been studied to date. Their low rate of infiltration
(Mracsko et al., 2014) suggests a minor role in ICH-induced brain
injury.

Fingolimod is a modulator of the sphingosine 1-phosphate
receptor 1 and has been approved for the treatment of the relaps-
ing form of multiple sclerosis. Fingolimod downregulates the
expression of sphingosine receptors on T cells thereby inhibiting
their egress from lymphoid tissue (Chiba, 2005). Fingolimod
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reduced brain edema and improved neurological function
after experimental ICH in one study (Rolland et al., 2011).
Interestingly, it was recently tested in a Chinese clinical pilot study
(n = 23 patients) where it decreased peri-hematomal edema and
reduced neurological impairment compared with control individ-
uals (Fu et al., 2014). A better understanding of the mechanism of
activation and action of T cell population is needed.

HUMORAL INFLAMMATORY MEDIATORS
Nuclear factor-κB is a ubiquitous transcription factor that is a
critical regulator of numerous responses including inflamma-
tion (Barnes, 1996) and pro-inflammatory genes such as TNF-
α, IL-1β, nitric oxide synthase, HO-1 and intracellular adhesion
molecule-1 (Barnes and Karin, 1997; Emsley and Tyrrell, 2002).
Nuclear factor-κB has high sensitivity towards oxidative stress
(Grilli and Memo, 1999) and gets immediately activated in the
peri-hematomal brain tissue in both experimental (Hickenbot-
tom et al., 1999; Wagner, 2007) and human ICH (Wang et al.,
2011). Peroxisome proliferator-activated receptor-γ, a member
of the nuclear hormone receptor superfamily has been shown
to suppress NF-κB function leading to decreased inflamma-
tion and neuronal death, increased hematoma resolution and
improved functional outcome after experimental ICH (Zhao
et al., 2006). Information on the role of NF-κB in ICH has been
reviewed elsewhere in detail (Aronowski and Hall, 2005; Wagner,
2007).

Cytokines can be divided into pro- and anti-inflammatory
cytokines. Tumor necrosis factor-α is a pleiotropic cytokine which
is mainly produced by microglia/macrophages (Lambertsen et al.,
2005) and neutrophils (Mayne et al., 2001b). Tumor necrosis
factor-α plays a central role in extending neuronal damage after
CNS injury (Rodríguez-Yáñez and Castillo, 2008). Tumor necro-
sis factor-α knockout mice showed reduced ICH-induced brain
edema compared to wild type mice (Hua et al., 2006). Treatment
with TNF-α antibody after ICH attenuated microglia/macrophage
activation, reduced cleaved caspase-3 and resulted in less brain
edema and better neurological function (Mayne et al., 2001b;
Lei et al., 2013). The IL-1 cytokine family contains an increasing
number of members; the most important are IL-1α, IL-β and
the natural receptor antagonist IL-Ra (Luheshi et al., 2009).
In neuroinflammatory conditions, IL-1β is mostly produced by
microglia/macrophages and is neurotoxic (Pearson et al., 1999;
Vezzani et al., 1999). Overexpression of IL-1 receptor antagonist
decreased thrombin-induced brain edema (Masada et al., 2001),
BBB breakdown and neuronal loss (Greenhalgh et al., 2012).
Both TNF-α and IL-1 are overexpressed as early as 2 h after
experimental ICH (Xi et al., 2001b; Aronowski and Hall, 2005;
Wagner et al., 2006).

Interferon-γ (IFN-γ) is one of the main effector molecule
of T lymphocytes (Schroder et al., 2004) and T cells are the
major source of IFN-γ in cerebral ischemia (Liesz et al., 2009).
In contrast to the well-established expression pattern and role
of IFN-γ in ischemic stroke (Yilmaz et al., 2006; Liesz et al.,
2011), the role of this cytokine in ICH remains to be elucidated.
Interferon-γ protein expression was increased at 72 h after ICH
which was prevented by fingolimod treatment (Rolland et al.,
2011).

Clinical studies on the role of cytokines in ICH are limited
on serum measurements. Increased serum concentrations of IL-6
and IL-10 were found 24 h after ICH where IL-6 level corre-
lated with blood volume and the mass effect of the hemorrhage
(Dziedzic et al., 2002). In another study, elevated plasma levels of
TNF-α and IL-6 12 and 24 h after the ictus correlated with peri-
hematomal edema (Castillo et al., 2002). These reports support
the deleterious effect of proinflammatory cytokines after ICH.
Although cytokines may be promising therapeutic targets in ICH,
to date no clinical trials examining the effect of cytokine antago-
nization have been conducted.

IMAGING OF NEUROINFLAMMATION
Due to the spatial and temporal complexity of the neuroinflam-
matory processes, anatomical and functional in vivo imaging
techniques are increasingly recognized for diagnosis and follow-
up in patient care. Furthermore, the fast development of these
techniques already allows their implication for the understanding
of neuroinflammatory mechanisms in the cellular and molecular
level in experimental studies.

As microglia activation is an essential part of the neuroin-
flammatory response to cerebral injury and disease progres-
sion, it has become an important target for in vivo imaging of
neuroinflammation. Upon activation, the microglial translocator
protein (TSPO) is upregulated (Chauveau et al., 2008) and can
be detected by radiolabeled ligands for positron-emission tomog-
raphy (PET) or single-photon emission computed tomography
(SPECT; Winkeler et al., 2010; Chauveau et al., 2011; Ciarmiello,
2011; Kiferle et al., 2011).

To investigate the mechanisms underlying the trafficking of
systemic immune cells into the brain, contrast media targeting
endothelial selectin, ICAM and VCAM have been developed.
These include 125I-labeled gold nanorods (GdNRs) and 64Cu-
labeled nanoparticles conjugated with anti-ICAM-1 antibody
(Rossin et al., 2008; Shao et al., 2011) or iron oxide micropar-
ticles conjugated with anti-VCAM antibody (McAteer et al.,
2007; Hoyte et al., 2010) (for detailed review cp. Jacobs and
Tavitian, 2012)). Infiltrating leukocytes can be labelled either ex
vivo by incubation with a tracer or in vivo taking advantage
of their phagocytic properties. For ex vivo labelling 111In- or
99mTc-labeled compounds for SPECT or [18F] fluorodeoxyglu-
cose (FDG) for PET imaging have been developed (Wunder
et al., 2009). In vivo labelling is performed using MRI agents
including iron-oxide nanoparticles (Stuber et al., 2007), lipo-
somes encapsulating monodisperse single core superparamag-
netic iron-oxide particles (Soenen et al., 2010) or paramagnetic
lanthanide-based agents (Castelli et al., 2009; Stoll and Bendszus,
2010).

The above detailed labeling methods are increasingly used in
clinical and experimental studies to characterize inflammatory
processes in neurologic disorders including cerebral ischemia,
multiple sclerosis, Alzheimer’s and Parkinson’s disease (Jacobs
and Tavitian, 2012). In contrast, in vivo neuroimaging has
been barely used to investigate the ICH-induced inflamma-
tory processes. In collagenase-induced ICH, enhanced MRI with
microparticles of iron oxide targeted to VCAM-1 revealed the
maximal VCAM-1 expression 24 h after ICH which returned to
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baseline 5 days following hemorrhage induction (Gauberti et al.,
2013). However, so far we do not have neuroimaging data about
tracking leukocytes infiltrating the hemorrhagic brain.

CONCLUSIONS
Inflammatory processes are increasingly recognized as important
players in the pathophysiology of secondary brain damage after
ICH. There is now solid information on the infiltration pattern
of leukocytes in experimental ICH. The pathophysiological role
of specific leukocyte populations is beginning to be better under-
stood but little is known about the interactions among these
immune cells. Because of the delayed nature of brain damage after
ICH, adaptive immune cells may play an important role in the
subacute and the regenerative phases after ICH. Translation of
preclinical findings into the clinical setting is challenging because
of limitations of current animal models of ICH. Moreover, the
local and systemic neuroinflammatory response in ICH patients
remains to be better characterized.
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Inflammatory cells may contribute to secondary brain injury following cerebral ischemia.
The C57Bl/6 mouse strain is known to exhibit a T helper 1-prone, pro-inflammatory
type response to injury, whereas the FVB strain is relatively T helper 2-prone, or
anti-inflammatory, in its immune response. We tested whether stroke outcome is more
severe in C57Bl/6 than FVB mice. Male mice of each strain underwent sham surgery or
1 h occlusion of the middle cerebral artery followed by 23 h of reperfusion. Despite no
difference in infarct size, C57Bl/6 mice displayed markedly greater functional deficits than
FVB mice after stroke, as assessed by neurological scoring and hanging wire test. Total
numbers of CD45+ leukocytes tended to be larger in the brains of C57Bl/6 than FVB mice
after stroke, but there were marked differences in leukocyte composition between the
two mouse strains. The inflammatory response in C57Bl/6 mice primarily involved T and B
lymphocytes, whereas neutrophils, monocytes and macrophages were more prominent in
FVB mice. Our data are consistent with the concept that functional outcome after stroke
is dependent on the immune cell composition which develops following ischemic brain
injury.

Keywords: cerebral ischemia-reperfusion, immune cell infiltration, inflammation, middle cerebral artery occlusion,
stroke, Th1/Th2 balance

INTRODUCTION
Stroke is the 4th leading cause of death after heart disease, cancer
and chronic lower respiratory disease, and over a third of sur-
vivors are left with major neurological injury (Go et al., 2013).
Approximately 85% of stroke cases are of the ischemic type (Go
et al., 2013), in which an embolus or local thrombus causes occlu-
sion of a major cerebral artery and results in disruption of brain
blood flow. Whilst thrombolysis by intravenous recombinant tis-
sue plasminogen activator (rt-PA) may be effective in improving
outcome by promoting reperfusion, it has a number of limita-
tions, including a short therapeutic window of 3–4.5 h (<10%
of stroke patients receive rt-PA) (Gravanis and Tsirka, 2008).
For further advances in the clinical treatment of ischemic stroke,
the complex mechanisms of cellular injury following cerebral
ischemia must be elucidated to provide novel targets for future
therapies.

It is now established that the initial insult in ischemic stroke
is followed by induction of cytokines and chemokines, which
attract numerous inflammatory cell types to the damaged brain
region, which ultimately contribute to secondary brain injury
(Gelderblom et al., 2009; Chu et al., 2014). Growing evidence
indicates the importance of T lymphocytes in cerebral ischemic

damage, whereby they become activated and infiltrate the brain
within 24 h (Yilmaz et al., 2006; Hurn et al., 2007; Urra et al.,
2009a), although the mechanism(s) underlying their actions are
not fully clear. Recombination activating gene 1-deficient mice,
which lack T and B lymphocytes, have less severe brain injury
following cerebral ischemia, and this protection is lost upon
reconstitution with T but not B lymphocytes (Yilmaz et al., 2006;
Kleinschnitz et al., 2010).

T lymphocytes (CD3+ cells) are mostly comprised of CD4+
T helper (Th) and CD8+ cytotoxic T (Tc) cell subpopulations,
both of which are thought to play detrimental roles in ischemic
stroke (Yilmaz et al., 2006). There is also evidence that regula-
tory T lymphocytes (Tregs; CD4+CD25+FoxP3+) may modulate
the severity of stroke outcome (Liesz et al., 2009), despite exerting
acutely detrimental effects by promoting intravascular coagula-
tion during reperfusion (Kleinschnitz et al., 2013). Major distinct
Th cell types include Th1 and Th2, and are defined accord-
ing to the cytokines they release (Abbas et al., 1996). In general
terms, Th1 cells promote an inflammatory response through
secretion of pro-inflammatory cytokines [e.g., interleukin(IL)-
2, IL-12, interferon(IFN)-γ, and tumor necrosis factor(TNF)-α],
whereas Th2 cells promote a humoral or allergic response by
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secretion of anti-inflammatory cytokines (e.g., IL-4, IL-10, and
IL-13) (Arumugam et al., 2005; Jin et al., 2010).

Clarification of the importance of Th1 and Th2 immunity in
acute stroke is needed to define the complex evolution of cere-
bral ischemic injury and potentially identify therapeutic strate-
gies to limit stroke injury. Here, we have studied representative
mouse strains commonly accepted as Th1-dominant (C57Bl/6)
and Th2-dominant (FVB) (Whitehead et al., 2003) to investigate
stroke outcome in a prototypical Th1- or Th2-prone immune
environment, respectively.

MATERIALS AND METHODS
ANIMALS
This study fully adheres to the Animal Research: Reporting In
Vivo Experiments (ARRIVE) guidelines (Kilkenny et al., 2010).
All animal experiments were conducted in accordance with
National Health and Medical Research Council of Australia guide-
lines for the care and use of animals in research and approved
by the Monash University Animal Ethics Committee (Projects
SOBSB/2010/10 and SOBSB/2011/112). A total of 201 male mice
(C57Bl/6: n = 89, 19–33 g; FVB: n = 112, 25–39 g) aged 8–15
weeks were studied. The mice had free access to water and food
pellets before and after surgery. Thirty-seven mice were excluded
from the study because they: (1) died during surgical procedure
(C57Bl/6: n = 12; FVB: n = 24) or (2) were euthanized prior
to 24 h as per institutional ethics requirements due to severe
functional impairment (C57Bl/6: n = 1).

TRANSIENT FOCAL CEREBRAL ISCHEMIA
Focal cerebral ischemia was induced by transient intraluminal fil-
ament occlusion of the right middle cerebral artery (MCA) as
described previously (Jackman et al., 2009; Brait et al., 2010).
Mice were anesthetized with ketamine-xylazine (80 and 10 mg/kg,
respectively; intraperitoneal). Rectal temperature was monitored
and maintained at 37.5 ± 0.5◦C throughout the procedure and
until animals regained consciousness using an electronic temper-
ature controller (Testronics, Kinglake, Victoria, Australia) linked
to a heat lamp. The right proximal common carotid artery was
clamped, and a 6–0 nylon monofilament with silicone-coated
tip (Doccol Co., Redlands, CA, USA) was inserted and gently
advanced into the distal internal carotid artery, 11–12 mm dis-
tal to the carotid bifurcation, occluding the MCA at the junction
of the Circle of Willis. Severe (∼80%) reduction in regional
cerebral blood flow (rCBF) was confirmed using transcranial
laser-Doppler flowmetry (Perimed, Järfälla, Sweden) in the area
of cerebral cortex supplied by the MCA. The filament was then
tied in place and the clamp was removed. After 1 h of cerebral
ischemia, the monofilament was retracted to allow reperfusion
for 23 h. Reperfusion was confirmed by an immediate increase
in rCBF, which reached the pre-ischemic level within 5 min. The
wound was then closed and the animal was allowed to recover.
Regional CBF was recorded for 30 min after the induction of
reperfusion. Sham-operated mice were anesthetized and the right
carotid bifurcation was exposed, dissected free from surrounding
connective tissue but no filament was inserted. All animals were
administered 1 mL of sterile saline via a subcutaneous injection
for rehydration after surgery.

NEUROLOGICAL ASSESSMENT
At the end of the experiment (24 h after induction of stroke/sham
surgery), neurological assessment was performed using a modi-
fied six-point scoring system (Jackman et al., 2009; Brait et al.,
2010): 0, normal motor function; 1, flexion of torso and contralat-
eral forelimb when mouse is lifted by the tail; 2, circling when
mouse held by the tail on a flat surface; 3, leaning to the one side
at rest; 4, no spontaneous motor activity; 5, death within 24 h.
A hanging wire test was also performed in which mice were sus-
pended from a wire 30 cm high for up to 180 s, and the average
time of 3 trials with 5-min rest periods in between was recorded.
Neurological assessment was evaluated by an observer blinded to
experimental groups.

CEREBRAL INFARCT AND EDEMA VOLUMES
Mice were killed at 24 h by inhalation of isoflurane, followed by
decapitation. The brains were immediately removed and snap
frozen with liquid nitrogen. Coronal sections (30 μm) separated
by ∼420 μm were obtained and stained with thionin (0.1%)
to delineate the infarct. Images of the sections were captured
with a CCD camera mounted above a light box. Infarct vol-
ume was quantified as described previously (Jackman et al., 2009;
Kim et al., 2012) using image analysis software (ImageJ, NIH,
Bethesda, MD, USA), and corrected for brain edema, estimated
using the following formula: corrected infarct volume = [left
hemisphere area − (right hemisphere area − right hemisphere
infarct area) × (thickness of section + distance between sec-
tions)] (Tsuchiya et al., 2003; Xia et al., 2006). Edema-corrected
infarct volumes of individual brain sections were then added
giving a three-dimensional approximation of the total infarct
volume. Total, cortical and subcortical infarct volumes were
quantified individually.

GROSS CEREBROVASCULAR ANATOMY
For gross comparison of cerebrovascular anatomy, some naïve
animals (n = 3 of each strain, without any surgical procedures)
were deeply anesthetized by inhalation of isoflurane, the tho-
rax was opened and intracardial perfusion was performed with
PBS, followed by 4% paraformaldehyde and finally 4% Evans blue
solution in 20% gelatin.

FLOW CYTOMETRY
On each occasion when flow cytometry was utilized, we stud-
ied at least one post-stroke mouse together with a time-matched
sham-operated control mouse of each strain. Animals were euth-
anized at 24 h by inhalation of isoflurane, followed by blood
removal by cardiac puncture and the whole mouse was then
intracardially perfused with phosphate-buffered saline (PBS) and
brain, blood, and spleen were collected. Leukocytes were puri-
fied from blood using red blood cell lysis buffer (155 mmol/L
NH4Cl, 10 mmol/L KHCO3, and 3 mmol/L EDTA). Spleens were
mechanically dissociated and passed through 70 μm nylon cell
strainers (BD Falcon, Bedford, MA, USA) to obtain a single-cell
suspension. Cells were then lysed with red blood cell lysis buffer
and washed with PBS containing 1% bovine serum albumin. The
brain was removed from the skull and after removing the cerebel-
lum and olfactory bulb, was separated into left (contralateral) and
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right (ischemic) hemispheres. Each hemisphere was dissociated
mechanically in digestion buffer containing collagenase type XI
(125 U/mL), hyaluronidase (60 U/mL), and collagenase type I-S
(450 U/mL) in Ca2+/Mg2+-supplemented PBS (Sigma, St Louis,
MO, USA), and incubated at 37◦C for 30 min with gentle agi-
tation. The mixture was then passed through 70 μm nylon cell
strainers to obtain a single-cell suspension. After washing with
PBS (1200 rpm, 10 min), the cell pellet was resuspended in 3 mL
30% percoll (GE Healthcare, Uppsala, Sweden), underlaid with
70% percoll, and centrifuged for 20 min at 2400 rpm at room
temperature without the use of a brake. The cells at the inter-
phase of two density gradients were collected and washed with
PBS containing 1% bovine serum albumin (1200 rpm, 10 min)
for staining. All cells were incubated with appropriate antibodies
listed in Table 1 at 4◦C in darkness for 20 min. After staining, cells
were analyzed by LSRII flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) and FlowJo software (Tree Star Inc., Ashland,
OR, USA). Countbright counting beads (Invitrogen, Carlsbad,
CA, USA) were included to define the absolute number of cells
in the samples.

GATING STRATEGY
Single cells were identified by forward scatter, and dead
cells (7-amino actinomycin D+) were excluded. Cells were
gated for CD45+high and CD45+med populations as described
previously (Chu et al., 2014). CD45+high populations were
then divided into lymphoid cells, which include: B cells
(B220+), T cells (CD49b+CD90−NK1.1−), thymocytes
(CD49b−CD90+NK1.1−), NK cells (CD49b+CD90+NK1.1+),
and NKT cells (CD49b+CD90−NK1.1+); and myeloid cells
(CD11b+). CD45+medCD11b+F4/80+ cells were considered
microglia. Two panels of antibodies were used, one of which
was employed with each animal. Panel 1 enabled the counting
of microglia and myeloid-derived leukocytes (i.e., CD11b+
cells), which include: neutrophils (Ly6G+), monocytes (Ly6C+),
macrophages (F4/80+), and dendritic cells (CD11c+); whereas

Table 1 | Summary of antibodies used for flow cytometry.

Antigen Host/Isotype Supplier

CD8a-APC Rat IgG2a, kappa BD Phamingen

CD19-PE Rat IgG2a, kappa BioLegend

CD11c-Brilliant Violet 570 ArHam IgG BioLegend

CD25-PE-Cy7 Rat IgG1, lambda BioLegend

CD4-FITC Rat IgG2b, kappa BioLegend

CD45-APC-Cy7 Rat IgG2b, kappa BioLegend

CD49b-PE ArHam IgG BioLegend

CD90.2-PE Rat IgG2b, kappa BioLegend

Ly6C-FITC Rat IgG2c, kappa BioLegend

Ly6G-PE-Cy7 Rat IgG2a, kappa BioLegend

NK1.1-PE Mouse IgG2a, kappa BioLegend

CD11b-eFluro450 Rat IgG2b, kappa eBioscience

CD3-eFluro450 Rat IgG2b, kappa eBioscience

F4/80-APC Rat IgG2a, kappa eBioscience

7-Amino-actinomycin D
(7AAD)

Invitrogen

Panel 2 divided lymphocytes into: B cells (CD19+) and T cells
(CD3+). T cells were then further subdivided into CD4+ T cells,
CD8+ T cells, CD4−CD8− T cells, and CD4+CD25+ T cells.
Fluorescence-minus-one were included as negative controls to
define positive populations for F4/80, CD11c, Ly6C, CD19, CD3,
and CD25.

CYTOKINE MEASUREMENT
Single-cell suspensions of brain, blood and spleen were obtained
as described for flow cytometry. All cells were resuspended in
complete RPMI 1640 media supplemented with heat inacti-
vated fetal bovine serum (10% w/v), streptomycin and penicillin
(100 U/mL), L-glutamine (1%) and 2-mercaptoethanol (50 mM).
Blood and spleen cells were seeded at 200,000 cells/well in a 96-
well plate coated with anti-CD3. All cells in the brain hemisphere
were seeded. Blood, spleen, and contralateral brain hemisphere
of sham-operated mice was seeded as unstimulated controls.
Recombinant mouse IL-2 (20 ng/mL) was added and cells were
incubated for 48 h at 37◦C in a humidified atmosphere of 5%
CO2 in air. After stimulation, cells were spun down (15,000 rpm,
5 min) and supernatant was collected. Samples were analyzed for
7 key inflammatory cytokines (IL-4, IL-6, IL-10, IL-17A, IFN-γ,
and TNF-α) using Cytometric Bead Array Mouse Th1/Th2/Th17
Cytokine kit (BD Biosciences, Franklin Lakes, NJ, USA). Samples
and standards were prepared according to manufacturer’s proto-
col. After adding capture beads, cells were analyzed by LSRII flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and FCAP
Array software (BD Biosciences, Franklin Lakes, NJ, USA).

STATISTICAL ANALYSIS
Values are presented as mean ± standard error. Results of the
hanging wire test, infarct volume and flow cytometry, comparing
C57Bl/6 and FVB sham- or stroke-operated mice, were analyzed
using one-way analysis of variance with Bonferroni post-hoc test
with selected multiple comparisons or a Student’s unpaired t-test,
as appropriate. The neurological deficit score was expressed as the
median result per group and was analyzed using a Kruskal-Wallis
test with Dunn’s post-hoc test. A P value <0.05 was considered
statistically significant. Statistical analyses were carried out using
GraphPad Prism (GraphPad Software Inc, La Jolla, CA, USA).

RESULTS
CEREBRAL BLOOD FLOW PROFILE AND MORTALITY
CBF was similarly reduced by ∼80% in both C57Bl/6 and FVB
mice following insertion of the monofilament (Figure 1A). No
significant differences in CBF profiles were observed between
C57Bl/6 and FVB mice. Mortality rates at 24 h after cerebral
ischemia were 8.8% (3/34) and 2.9% (1/34) in C57Bl/6 and FVB
mice, respectively (Figure 1B). Mice of both strains had no sig-
nificant differences in the cerebrovascular anatomy; in particular,
the posterior communicating arteries were present in both strains
(Supplementary Figure 1).

NEUROLOGICAL FUNCTION
Mice of both strains typically had no neurological deficit (score
of 0) at 24 h after sham surgery (Figure 1B). Following cere-
bral ischemia, both C57Bl/6 and FVB mice had significant
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FIGURE 1 | (A) Regional cerebral blood flow during 1 h middle cerebral
artery occlusion (n = 30–31); (B) neurological deficit (n = 29–34;
∗∗P < 0.01, ∗∗∗P < 0.001; Kruskal-Wallis with Dunn’s post-tests) and (C,D)
hanging wire performance (n = 28–33; ∗∗P < 0.01; Student’s unpaired
t-test) at 24 h after cerebral ischemia. There was less functional impairment
in FVB mice compared to C57Bl/6 mice. Data are mean ± s.e.m. in (A,C,D),
and are median scores in (B).

neurological deficit compared to sham-operated mice of the
same strain, although C57Bl/6 mice had greater deficit than FVB
mice. Similarly, in the hanging wire test sham-operated C57Bl/6
and FVB mice achieved comparable hanging times (Figure 1C),
whereas FVB mice achieved ∼2-fold longer hanging times than
C57Bl/6 mice at 24 h following cerebral ischemia (Figure 1D).

INFARCT AND EDEMA VOLUMES
Representative coronal sections of C57Bl/6 and FVB brains at
24 h after MCA occlusion are shown in Figures 2A,B, respectively.
C57Bl/6 and FVB mice had similar total infarct (Figure 2C),
cortical infarct (Figure 2E), subcortical infarct (Figure 2F) and
edema (Figure 2D) volumes.

LEUKOCYTE INFILTRATION IN THE BRAIN
There was a ∼4-fold increase in the total number of leuko-
cytes in the ischemic hemisphere of C57Bl/6 mice compared to
sham-operated mice (P < 0.01, Figure 3A). There also tended
to be an increase in total leukocytes following ischemia in
FVB mice, but there were ∼40% fewer leukocytes than in
C57Bl/6 mice (Figure 3A). Myeloid cells (CD11b+), compris-
ing neutrophils (Ly6G+), dendritic cells (CD11b+CD11c+),
macrophages (F4/80+) and monocytes (Ly6C+), were increased
by a ∼15-fold in the ischemic hemisphere of FVB mice to lev-
els that were twice those in C57Bl/6 mice (P < 0.01, Figure 3B).
By contrast, lymphoid cells were increased by 2–3-fold following
ischemia in C57Bl/6 mice, whereas there was no change in lym-
phoid cell numbers in the brains of FVB mice following stroke
(Figure 3C). No significant effect of stroke was observed in the
number of microglia (CD45+medCD11b+F4/80+) in either strain
(Figure 3D).

Among myeloid cells, neutrophils were most prevalent, with
these cells being ∼4-fold more numerous in ischemic hemi-
spheres of FVB than in C57Bl6 mice (Figure 4A). There was a
similar profile of both macrophage and Ly6Clow monocyte num-
bers in the ischemic brain following stroke, with also ∼4-fold
more of these cells in FVB than C57Bl/6 mice (Figures 4B,C).
Ly6Chigh monocytes and total monocytes were present in similar
numbers in the ischemic brains of the two strains (Figures 4D,E).
In contrast, the number of dendritic cells in the ischemic hemi-
sphere was ∼3-fold higher in C57Bl/6 than FVB mice (Figure 4F).

Among lymphoid cells, there were marked increases in num-
bers of both B cells and T cells in the post-ischemic brain of
C57Bl/6 mice but not FVB mice (Figures 5A,B). Further analy-
sis of T cell subpopulations indicated that the increase in C57Bl/6
mice was mostly due to infiltration of CD4+CD25− (“T helper”)
cells and not to CD8+ (“cytotoxic”) nor CD4+CD25+ T cells,
which includes Tregs (Figures 5C–E).

Overall, despite similar compositions of immune cells in
the brains of C57Bl/6 and FVB mice following sham surgery,
there were marked differences between strains after stroke with
lymphoid:myeloid cells representing ∼80:20 in total (Figure 6).
While a similar ratio persisted in C57Bl/6 mice after ischemia,
there was a markedly different leukocyte composition in FVB
mice after stroke, with a reversal of the lymphoid:myeloid ratio
to ∼20:80 (Figure 6). There were few differences in blood com-
position of leukocytes between strains or after stroke (Figure 7).

SPLENIC LEUKOCYTE NUMBERS
At 24 h after stroke there was a tendency for a reduction in
the total number of splenic leukocytes in both mouse strains
(Figure 8A). There were fewer splenic myeloid cells in FVB
vs. C57Bl/6 mice, due to lower numbers of neutrophils and
Ly6Chigh monocytes (Figures 8B,D,G), whereas there were higher
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FIGURE 2 | Representative coronal brain sections from a (A) C57Bl/6
mouse and a (B) FVB mouse 24 h after 1 h middle cerebral artery
occlusion (infarct areas are outlined in white). Infarct [(C), total; (D),

cortical; (E), subcortical] and (F) edema volumes are also shown (n = 11 per
group; Student’s unpaired t-test). There was no difference in the infarct
volume between two strains of mice. Data are mean ± s.e.m.

numbers of CD4+, CD8+, and total T cells in that strain
(Figures 8J–L). There was no significant reduction in any cell
population (Figures 8C,E,F,H,I) except for 40–50% fewer T cells
in FVB mice (Figures 8J–L). Consistent with these data, spleen
weight was slightly reduced at 24 h after stroke in both strains,
with the difference reaching statistical significance in FVB mice
only (Supplementary Figure 2).

CYTOKINE LEVELS
Brain cytokine analysis at 24 h indicated that stroke resulted in
substantially higher mean levels of IL-4, IL-6, TNF-α, IFN-γ, IL-
10, and IL-17A in both C57Bl/6 and FVB mice (Supplementary
Figure 3). There was a tendency for higher levels of IL-4, IL-6,
TNF-α, and IFN-γ in the ischemic hemisphere of FVB than of
C57Bl/6 (Supplementary Figure 3). There were no clear trends
in cytokine levels in blood and spleen were generally simi-
lar in sham-operated mice of each strain, and there were no

marked effects of stroke after 24 h in either strain (Supplementary
Figures 4, 5).

DISCUSSION
There is growing evidence that T lymphocytes may influence
the development of ischemic injury and functional deficit fol-
lowing experimental stroke (Iadecola and Anrather, 2011; Brait
et al., 2012). For example, mice lacking T cells are reported
to have smaller infarcts and improved functional outcome after
focal ischemia compared to wild-type mice (Yilmaz et al., 2006;
Hurn et al., 2007; Urra et al., 2009a; Kleinschnitz et al., 2013).
Furthermore, there may be differential effects of CD4+ T cell
subsets on stroke outcome, such as exacerbation by Th1 cells
and amelioration by Th2 cells of brain infarct development and
functional deficit (Xiong et al., 2011; Gu et al., 2012). There is
also clinical evidence that single nucleotide polymorphisms in
the genes of Th1 and Th2 cytokines, and molecules that regulate
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FIGURE 3 | Flow cytometric quantification of (A) total leukocytes and
(B–D) leukocyte subsets in the brain at 24 h after 1 h middle cerebral
artery occlusion. Data are shown for the contralateral and ischemic
hemispheres, and compared with sham control mice of the same strain (n

values: total leukocytes n = 13–16, subsets n = 6–9; ∗P < 0.05, ∗∗P < 0.01;
One-Way ANOVA with Bonferroni post-tests). There was a greater number of
leukocytes, predominantly lymphoid cells, infiltrating the brain of C57Bl/6
mice compared to FVB mice. Data are mean ± s.e.m.

FIGURE 4 | Quantification of myeloid cell subpopulations [(A),
neutrophils; (B), macrophages; (C), Ly6C low monocytes; (D),
Ly6C high monocytes; (E), monocytes; (F), dendritic cells] in
the brain 24 h after 1 h middle cerebral artery occlusion. Data

are shown for the contralateral and ischemic hemispheres, and
compared with sham control animals of the same strain (n = 6–9;
∗P < 0.05, ∗∗P < 0.01; One-Way ANOVA with Bonferroni post-tests).
Data are mean ± s.e.m.

Frontiers in Cellular Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 365 | 87

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Kim et al. Stroke outcome in two mouse strains

FIGURE 5 | Quantification of lymphocyte subpopulations [(A), B cells; (B),
T cells; (C), CD4+ T cells; (D), CD4+ CD25+ T cells; (E), CD8+ T cells] in the
brain 24 h after 1 h middle cerebral artery occlusion. Data are shown for the

contralateral and ischemic hemispheres, and compared with sham control
animals of the same strain (n = 4–8; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001;
One-Way ANOVA with Bonferroni post-tests). Data are mean ± s.e.m.

their transcription rate or their functionality, may predispose to
immune responses of differing strength and thus contribute to the
risk of stroke (Marousi et al., 2008).

Our study has examined representative mouse strains com-
monly accepted as Th1-dominant (C57Bl/6) and Th2-dominant
(FVB) (Whitehead et al., 2003) to investigate stroke outcome at
24 h in prototypical Th1- vs. Th2-prone immune environments,
respectively. Our data generally support the concept that Th1-
prone immunity in C57Bl/6 results in a more severe functional
outcome after stroke compared to Th2-prone FVB mice. For
example, spleen levels of IL-4 and IL-10 were 3–4-fold higher
in control FVB vs. C57Bl/6 mice. Yet, with no significant dif-
ferences in cerebrovascular anatomy, degree of ischemic insult
caused by MCA occlusion, and ultimately in the developed infarct
size between the two mouse strains, there was a markedly different
profile of immune cell infiltration in the ischemic hemispheres of
C57Bl/6 and FVB mice.

Despite a similar immune cell composition in the brains of
sham-operated C57Bl/6 and FVB mice, which comprised myeloid
and lymphoid cells in a ∼20:80 ratio, after ischemia there was
an overall increase in infiltrating cell numbers in both strains
whereby this ratio was preserved in C57Bl/6 but was converted
to ∼80:20 in FVB mice. The magnitude of total leukocyte infil-
tration into the brain of C57Bl/6 was approximately twice that
observed in FVB, and these strain differences occurred in the
absence of any notable stroke-related systemic differences such
as cell numbers, cell composition or cytokine profile in either
blood or spleen. Striking increases were noted to occur particu-
larly in the number of innate immune cells such as neutrophils,
macrophages and LyC6+low monocytes infiltrating the ischemic
FVB brain, whereas the most prominent increases in C57Bl/6
mice occurred in the numbers of infiltrating T and B lympho-
cytes and dendritic cells—key cells for adaptive immunity. These
responses were associated with some strain differences in the
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FIGURE 6 | Pie charts summarizing number and composition of
immune cells in ischemic hemispheres of C57Bl/6 and FVB mice at
24 h after 1 h middle cerebral artery occlusion. The area of each pie is
proportional to the number of leukocytes per hemisphere (also shown as
mean ± s.e.m.; total leukocytes n = 13–16, myeloid cells n = 6–9,
lymphocytes n = 4–8). There was a greater number of leukocytes,
predominantly lymphoid cells, infiltrating the brain of C57Bl/6 mice
compared to FVB mice.

mean levels of certain cytokines in the ischemic hemisphere, such
as a tendency for larger amounts of both Th1 (IFN-γ, TNF-α)
and Th2 (IL-4, IL-6) cytokines to be present in FVB than C57Bl/6
mice. However, it is not possible from the present data to dis-
cern whether these differences in brain cytokine levels may have
been a cause or effect of the different post-ischemic immune cell
profiles.

We found marked differences in neutrophil content of
ischemic brains between FVB and C57Bl/6 mice. Clinical and
experimental data suggest that neutrophils are the most abun-
dant cell type in the brain after ischemia (Akopov et al., 1996;
Gelderblom et al., 2009; Chu et al., 2014) and their accumulation
is correlated with the severity of brain infarct and neurologi-
cal deficit (Akopov et al., 1996). Activated neutrophils have been
shown to promote the release of free radicals and cytokines, which
further recruit leukocytes to the damaged area (Harris et al.,
2005). However, it is controversial whether neutrophils contribute
directly to secondary brain damage or have a mild neuroprotec-
tive role in cerebral ischemia. Animal studies have shown that
increased infarct size is associated with neutrophil elimination
(Takizawa et al., 2002) whilst others have shown that neutrophils
may not contribute directly to infarct size (Beray-Berthat et al.,
2003; Harris et al., 2005; Brait et al., 2011). Our data in FVB
mice suggest that neutrophil number is not directly associated
with infarct size in that a ∼100-fold increase in brain infiltra-
tion after ischemia did not result in a bigger infarct size than
in C57Bl/6 mice where the increase was markedly less. In previ-
ous study of parasite infection, neutrophils were found to play
an early role in the induction of the Th2 response that develops
in Th2-prone Balb/C mice but not in C57Bl/6 mice (Tacchini-
Cottier et al., 2000). Thus, it is possible that the infiltration of

neutrophils into the ischemic brains of FVB mice was associated
with the induction of a less severe Th2-type immune response.

There were also markedly greater numbers of macrophages
and Ly6Clow monocytes (the latter are considered to be anti-
inflammatory) present in the FVB brains after cerebral ischemia.
Macrophages and monocytes produce inflammatory cytokines
and upregulate adhesion molecules in endothelial cells, thereby
promoting neutrophil accumulation and migration (Chiba and
Umegaki, 2013). Analogous to Th cells, macrophages are
highly plastic cells and can polarize into two distinct activated
macrophage subsets depending on the microenvironment (Kigerl
et al., 2009). The classic or M1 activated cells are characterized by
their capacity to present antigen, high production of nitric oxide
and reactive oxygen species and of pro-inflammatory cytokines.
In contrast, alternative or M2 activated cells are involved in
scavenging of debris, angiogenesis, tissue remodeling and repair
(Kigerl et al., 2009). Macrophages from Th1 strains (e.g., C57Bl/6,
B10D2) are known to be more readily activated (e.g., to produce
nitric oxide) than macrophages from Th2 strains (e.g., Balb/C,
DBA/2) (Mills et al., 2000). Ly6C+low monocytes are known
to exhibit M2 characteristics (Geissmann et al., 2010). At the
early stages following ischemic stroke, resident microglia and
newly recruited macrophages appear to have a M2 phenotype
that gradually transforms into an M1 phenotype in peri-infarct
regions (Hu et al., 2012). It is possible that the greater num-
ber of macrophages and Ly6C+low monocytes in FVB mice at
24 h after stroke represents more numerous M2-like cells con-
tributing to a milder inflammatory environment in that strain.
Further insight into the polarity of macrophages in FVB mice is
needed.

We observed an increase in dendritic cells in the ischemic
brain of C57Bl/6 mice at 24 h. Dendritic cells are involved in
antigen presentation during immune cell activation and in the
maintenance of peripheral tolerance through modulation of the
immune response (Thompson and Thomas, 2002), but their role
in outcome after cerebral ischemia is currently unclear.

There was a marked infiltration of lymphoid cells, particularly
B and CD4+ T cells (i.e., Th cells), into the ischemic hemi-
sphere of C57Bl/6 mice. T lymphocytes enter the brain by 24 h
after ischemic stroke (Gelderblom et al., 2009; Kleinschnitz et al.,
2013; Chu et al., 2014), and both CD4+ and CD8+ T cells con-
tribute to post-ischemic injury in mice (Arumugam et al., 2005;
Kleinschnitz et al., 2013). It is conceivable that the infiltration of
CD4+ cells, which occurred selectively in C57Bl/6 mice following
stroke, contributed to a more severe level of brain inflamma-
tion than in FVB mice despite a similar infarct volume. Tregs
are a subset of CD4+ T cells that are reported to play a protec-
tive, immunomodulatory role in the brain over several days after
stroke (Liesz et al., 2009), but a detrimental role during more
acute conditions (Kleinschnitz et al., 2013). We found no signifi-
cant changes after stroke in either CD8+ cells or CD4+CD25+ T
cells, which will largely consist of Tregs.

Effects of B cells on stroke outcome are poorly understood.
B cells can function as antigen-presenting cells to activate cyto-
toxic CD8+ T cells, but there is also data to suggest that an
IL-10-producing subpopulation of regulatory B cells may limit
injury in experimental stroke (Ren et al., 2011; Bodhankar
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FIGURE 7 | Quantification of (A) total leukocytes and (B–L) leukocyte
subsets in blood 24 h after 1 h middle cerebral artery occlusion,
compared with sham control animals of the same strain (total

leukocytes n = 16–28, myeloid cells n = 9–17, lymphocytes n = 7–12;
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; One-Way ANOVA with Bonferroni
post-tests). Data are mean ± s.e.m.

et al., 2013). In addition, poor outcome in stroke patients is
associated with reduced levels of circulating B cells (Urra et al.,
2009b). Interestingly, we found that B cell infiltration into the
brain following ischemia occurred selectively in C57Bl/6 mice

(Figure 5A). Furthermore, whereas the number of circulating B
cells was ∼5-fold higher in control C57Bl/6 vs. FVB mice, stroke
selectively reduced the number of B cells in the blood of the
former strain (Figure 7I). Further study is necessary to clarify
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FIGURE 8 | Quantification of (A) total leukocytes and (B–L) leukocyte
subsets in spleen 24 h after 1 h middle cerebral artery occlusion,
compared with sham control animals of the same strain (total

leukocytes n = 17–29, myeloid cells n = 9–17, lymphocytes n = 6–12;
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; One-Way ANOVA with Bonferroni
post-tests). Data are mean ± s.e.m.

the importance of these strain differences in B cell number and
distribution for stroke outcome.

In summary, we observed a profound difference in post-
stroke functional outcome which was associated with a markedly

contrasting number and composition of cells infiltrating the
injured brain, despite similar systemic immune cell and cytokine
profiles between the two mouse strains. The data therefore suggest
that the nature of the inflammatory response to brain ischemia
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can vary considerably, and it may consequently impact the func-
tional outcome independently of the volume of injured tissue. It
would appear that the early infiltration into the ischemic brain
tissue of certain innate/myeloid cell types, such as neutrophils,
macrophages and Ly6C+low monocytes, rather than cells of the
adaptive immune system, such as B and T lymphocytes, may assist
in achieving a milder level of functional deficit.

We acknowledge that while differences in biological responses
between mouse strains that possess varying genetic and immuno-
logical profiles may provide a useful tool to gain some mechanistic
insight into immune cell-mediated ischemic brain injury, studies
of mice of the same genetic background are needed to pro-
vide definitive conclusions regarding these complex mechanisms.
Moreover, if such findings are relevant for developing effective
therapies for stroke patients, it will be interesting to determine
whether individuals predisposed to Th2-prone immunity, includ-
ing conditions such as asthma and allergy, might experience
milder brain inflammation and functional deficit after stroke.
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The immune response after brain injury is highly complex and involves both local and
systemic events at the cellular and molecular level. It is associated to a dramatic
over-activation of enzyme systems, the expression of proinflammatory genes and the
activation/recruitment of immune cells. The complement system represents a powerful
component of the innate immunity and is highly involved in the inflammatory response.
Complement components are synthesized predominantly by the liver and circulate in
the bloodstream primed for activation. Moreover, brain cells can produce complement
proteins and receptors. After acute brain injury, the rapid and uncontrolled activation of
the complement leads to massive release of inflammatory anaphylatoxins, recruitment of
cells to the injury site, phagocytosis and induction of blood brain barrier (BBB) damage.
Brain endothelial cells are particularly susceptible to complement-mediated effects, since
they are exposed to both circulating and locally synthesized complement proteins.
Conversely, during neurodegenerative disorders, complement factors play distinct roles
depending on the stage and degree of neuropathology. In addition to the deleterious
role of the complement, increasing evidence suggest that it may also play a role in
normal nervous system development (wiring the brain) and adulthood (either maintaining
brain homeostasis or supporting regeneration after brain injury). This article represents a
compendium of the current knowledge on the complement role in the brain, prompting
a novel view that complement activation can result in either protective or detrimental
effects in brain conditions that depend exquisitely on the nature, the timing and the degree
of the stimuli that induce its activation. A deeper understanding of the acute, subacute
and chronic consequences of complement activation is needed and may lead to new
therapeutic strategies, including the ability of targeting selective step in the complement
cascade.

Keywords: complement system, therapeutic targets, endothelium, stroke, traumatic brain injury, Alzheimer’s
disease, brain homeostasis

Abbreviations: AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis;
AP, alternative pathway; Aβ, Amyloid-β; BBB, blood brain barrier; C1-INH,
C1 inhibitor; C3aR, C3a receptor; C5aR, C5a receptor (also known as CD88);
CCI, cortical controlled impact; CL-11, collectin-11; CNS, central nervous sys-
tem; CP, classical pathway; CRP, C-reactive protein; CSF, cerebrospinal fluid;
CVF, cobra venom factor; DAMPs, damage-associated molecular patterns;
dLGN, dorsal lateral geniculate nucleus; hAPP, human amyloid precursor
protein; HUVECs, human umbilical vein endothelial cells; ICAM-1, inter-
cellular adhesion molecule-1; LP, lectin pathway; MAC, membrane attack
complex; MASPs, MBL-associated serine proteases; MBL, mannose binding
lectin; MCP-1, monocyte chemotactic protein-1; NFL, neurofilament subunit
protein; NGF, nerve growth factor; NPCs, neural stem and progenitor cells;
PAMPs, pathogen-associated molecular patterns; PARs, protease activated
receptors; PD, Parkinson’s disease; RANTES, regulated on activation normal
T cell expressed and secreted; RGCs, retinal ganglion cells; SAH, aneurysmal
subarachnoid haemorrhage; SOD1, superoxide dismutase 1; SVZ, subven-
tricular zone; TBI, traumatic brain injury; tMCAo, transient middle cerebral

THE COMPLEMENT SYSTEM: A BACKGROUND
In 1891, Buchner et al. discovered and reported a heat labile
factor able to kill bacteria in blood, naming it “alexin” (in Greek,
means “to ward off ”) (Ehrlich and Morgenroth, 1899; Buchner,
1981; Nesargikar et al., 2012). Bordet subsequently demonstrated
that immune lysis requires the presence of two factors: a heat-
labile lytic factor similar to “alexin” and a heat-stable factor,
which he termed “sensitizer” (now known to be the antibody)
(Morgan, 1990; Nesargikar et al., 2012). In 1899, Paul Ehrlich
refined this theory describing the requirement for a supplemen-
tary molecule, named “the complement” (which replaced the
historical term “alexin”) necessary to induce antibody-induced

artery occlusion; TP, terminal pathway; VCAM-1, vascular cell adhesion
protein-1; WT, wild type.
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bacterial lysis. Over one hundred years later, the role of the
complement system is known to extend well-beyond that of
a supplementary molecule. This physiological system is now
recognized as an extremely potent component of the defense
cascade of innate immunity, able not only to scavenge pathogens
and antigens but also to respond to endogenous so called dan-
ger signals. Numerous experimental and clinical studies have
recently demonstrated the involvement of this system in differ-
ent acute and chronic pathological conditions, highlighting the
importance of complement as a crucial factor in the activation
and control of the generalized immune response. In addition,
beyond elimination of potentially toxic molecules, its contribu-
tion to diverse homeostatic processes, such as lipid metabolism,
angiogenesis, tissue modeling and maintenance has been recently
proposed.

The complement system consists of more than 30 fluid-
phase and cell-associated proteins (Wagner and Frank, 2010),
each with different functions including, but not limited to, ini-
tiator molecules, substrates, regulators, inhibitors and receptors
for complement proteins. The activation of the complement
system can be triggered by exogenous and/or endogenous dan-
ger signals (pathogen-associated molecular patterns—PAMPs
and/or damage-associated molecular patterns—DAMPs respec-
tively) through the classical (CP), lectin (LP) or alternative
pathway (AP). These pathways are each activated by different
types of danger signals but share the same cascade-like activation
system consisting of a number of proteolytic reactions, during
which an inactivated protein is cleaved into smaller and active
peptide fragments (see Figure 1). Briefly, the CP is activated
through the binding of C1q to antigen-antibody complexes or
directly by specific molecules including β-amyloid, C reactive
protein (CRP), DNA and/or apoptotic bodies. The LP is activated
through different pattern recognition receptors, including, in
humans, mannose binding lectin (MBL), ficolin-1, ficolin-2 and
ficolin-3 and collectin-11 (CL-11). These lectin molecules bind to
high-density arrays of mannose, fucose and N-acetylated sugars
exposed by pathogens or by altered host cells. The activation of
the AP is driven by the spontaneous hydrolysis of circulating
C3 (tick-over process) into C3(H2O) on cellular surfaces. In
addition, another complement activation pathway, named the
extrinsic pathway, that is driven by serine protease components
of the coagulation system, has been described (Huber-Lang et al.,
2006). Increasing evidence suggests an intimate but not yet fully
disclosed interaction between the complement and coagulation
cascades which is particularly relevant in cerebrovascular disease,
in which the balance between coagulation and fibrinolysis may be
clinically manipulated for therapeutic purposes. All these path-
ways, converging on the C5 convertase formation (see Figure 1),
activate a common cascade (named the terminal pathway, TP)
through the cleavage of C5 into C5a and C5b. The former, along
with C3a (generated by up-stream cleavage of C3), functions as
anaphylatoxins, inducing a potent inflammatory response and
stimulating the recruitment of peripheral immune cells. The latter
fragment (C5b) binds to the targeted cell, allowing the assembly
of C6, C7, C8 and C9 into a pore called membrane attack complex
(C5b-9 or MAC), that causes the direct cellular lysis. Another crit-
ical consequence of complement activation is that many of these

cleavage products, such as C3b and C4b as well as C5b, work as
opsonins to trigger an overactivation of the phagocytic response.
In addition, complement components are able to orchestrate an
immune reaction by communicating with multiple immune cells
through different receptors, thereby leading to robust local and
systemic inflammatory responses (Ricklin and Lambris, 2007).

The complement system is also endowed with highly sophis-
ticated regulatory mechanisms that serve to finely tune its physi-
ological function (Ricklin and Lambris, 2007). The complement
regulatory molecules are classified as fluid-phase or membrane-
bound regulators (Table 1). One of the most well-studied cir-
culating complement regulators is C1 inhibitor (C1-INH), a
serine-protease that acts to inactivate the C1q/C1r/C1s and
the MBL/MASP-1/MASP-2 complex. At high concentrations,
C1-INH may also inactivate C3b generated by the AP (Wagner
and Frank, 2010) as well as molecules associated with the kinin,
fibrinolytic and coagulation systems (e.g., factor XII and IX)
(Ehrnthaller et al., 2011).

The complement system also comprises a wide array of specific
receptors for complement proteins by which the system induces
phagocytosis and triggers the inflammatory response via direct
communication with immune cells (Ricklin et al., 2010). The
most important complement receptors include: (1) C1q receptors
(gC1qR, C1qRp and cC1qR) that have been associated with the
phagocytic process; (2) the integrin receptors, including com-
plement receptor 3 (CR3, also known as CD11b/CD18) and 4
(CR4, also known as CD11c-CD18) that bind to iC3b fragment
(a complement product coming from a further cleavage of C3b)
to further promote cellular phagocytosis, cytokine responses,
leukocyte trafficking and synapse formation; (3) C3a (C3aR) and
C5a (C5aR or CD88) receptors that trigger a sustained proinflam-
matory signaling. Overall the role of the complement receptors is
still to be fully elucidated.

SOURCES AND COMPARTMENTS OF ACTIVATION
SOURCES IN HEALTH AND BRAIN INJURY
Complement proteins account for approximately 4% of total
blood proteins. Physiologically, they monitor the blood and the
cell surfaces and are constantly primed for activation when poten-
tial threats are detected. The liver represents the major source of
complement components released into the systemic circulation,
and hepatocytes are known to be capable of synthesizing the myr-
iad classes of complement proteins (Morgan and Gasque, 1997;
Brennan et al., 2012). Other cell types, such as fibroblasts, mono-
cytes, epithelial and endothelial cells and, most notably, all brain
cell populations, are programmed to produce selected comple-
ment factors. The adult brain, once considered immunologically
privileged, is subjected to considerable immune surveillance and
possesses its own immune competence. Current evidence suggests
that astrocytes, neurons, microglia and oligodendrocytes are all
able to directly synthesize several factors, regulators and receptors
for complement proteins (Woodruff et al., 2010; Veerhuis et al.,
2011). Neurons, astrocytes and microglia can produce comple-
ment initiators such as C1q (Stevens et al., 2007) and C3, receptors
such as C3aR and C5aR as well as inhibitors such as C1-INH and
CD59, although other complement proteins can be specifically
produced by the different brain cells. Under normal conditions,
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FIGURE 1 | The complement system: an overview. Classical
pathway (CP): C1q, the CP initiator, recognizes and binds
antigen-antibody complexes or specific molecules, including
β-amyloid, C reactive protein (CRP), DNA and apoptotic bodies. After
binding, the C1r and C1s proteases subsequently cleave C4 and C2
to generate C4a, C4b, C2a, C2b, permitting the formation of C4b2a
(CP C3 convertase). This complex cleaves C3 into C3a, which, in turn,
acts as potent anaphylatoxin, and C3b that binds to the complex
forming the C4b2a3b protein block (CP C5 convertase). Lectin
pathway (LP): MBL, ficolin-1, ficolin-2, ficolin-3 and collectin-11, the
LP initiators, recognize and bind high-density arrays of mannose,
fucose and N-acetylated sugars exposed by pathogens or by
self-altered cells. After binding, the MBL-associated serine proteases
(MASPs), MASP-1 and -2, associated in complex with the above
recognition molecules (MBL/ficolins), cleave C4 and C2, thereby
forming C3 convertase and C5 convertase in a similar manner to that
of the CP (Ehrnthaller et al., 2011). The role of the third serine
protease, called MASP-3, remains unclear (Kjaer et al., 2013).
Alternative pathway (AP): the activation of the AP is driven by a
spontaneous hydrolysis of circulating C3 (called tick-over process) to
form C3(H2O). This molecule then associates factor B and factor D to
form C3bBb (AP C3 convertase). Similar to the C3 convertase
generated in the CP and LP, this complex splits C3 into C3a and C3b,

with the latter creating a new C3 convertase (AP amplification loop,
dotted line), and/or binding C3 convertase already present to create
the C3bBb3b complex (AP C5 convertase). Extrinsic pathway: the
recent characterization of this activation pathway suggests that it is
driven by activated proteolytic enzymes, including thrombin, plasmin,
kallikrein, factor XIIa. Thrombin possesses its own C5 convertase
activity and, under undefined conditions, has been shown to have the
capacity to directly cleave C5 to generate the correspondent active
fragments (Huber-Lang et al., 2006). Recently, it has been shown that
the coagulation serine proteases are likewise able to cleave C3
(Markiewski et al., 2007; Amara et al., 2010). Terminal pathway: CP,
AP, LP and the extrinsic pathway all converge at C5 convertase
formation, activating a common cascade through the cleavage of C5
into the anaphylatoxin C5a and the active C5b. Finally, (1) C3b
fragment binds the targeted cell allowing the assembly of C6, C7, C8
and C9 in a pore called membrane attack complex (C5b-9 or MAC),
that causes the direct lysis of the cell; (2) many fragments, such as
C3b and C4b as well as C5b, work as opsonins triggering an
overactivation of the phagocytic response; (3) altogether complement
components are able to orchestrate an adaptative immune reaction
by communicating with multiple immune cells (Ricklin and Lambris,
2007) through different receptors, leading to a robust local and
systemic inflammatory response.

complement synthesis in brain cells is low and is believed to
be involved in physiological processes during brain develop-
ment and homeostasis (vide infra). Following cellular injury

and damage, complement synthesis in brain cells can markedly
increase and contribute to tissue damage (Woodruff et al., 2010).
The activation of the complement system has been extensively
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Table 1 | Main complement regulators.

Regulator Abbreviation Target pathway Functions

Fluid phase regulators:
C1-inhibitor C1-INH CP and LP Inhibits C1r, C1s, MASP-1 and MASP-2 proteolytic activities
MBL/ficolin-associated protein 1 MAP-1 LP Binds MBL and ficolins and inhibits C4 deposition
Factor I FI CP, LP and AP Cleaves C3b and C4b in their inactive fragments
C4 binding protein C4BP CP and LP Accelerates decay of classical and lectin C3 convertase along

with FI
Factor H FH AP Accelerates decay of alternative C3 convertase along with FI
Carboxypeptidase N CP, LP and AP Inactivates C3a and C5a anaphylatoxin

Membrane-bound regulators:
CR1 CP, LP and AP Binds C3b,C4b and C1q to promote phagocytosis of immune-

complexes and accelerates decay of convertases
CD46 CP, LP and AP Binds C3b and C4b accelerating decay of C3 convertase,

cofactor for FI
CD55 CP, LP and AP Accelerates decay of C3 convertases
Complement receptor 1-related protein y Crry CP, LP and AP Cleaves C3b and C4b inhibiting C3 convertases formation,

cofactor for FI
CD59 CP, LP and AP Binds C8 and C9 preventing the assembly of C5b-9 lytic

complex

CP, classical pathway; LP, lectin pathway; AP, alternative pathway.

demonstrated in both chronic neurodegenerative and acute neu-
roinflammatory central nervous system (CNS) conditions, with
neurons showing selective vulnerability to complement medi-
ated damage (Singhrao et al., 2000), most likely due to their
low basal expression of cell-membrane associated complement
regulators (e.g., CD55 and CD46). However, distinctive kinetics
of complement activation between chronic neurodegeneration
and acute brain injury and neuroinflammatory insults occur. In
neurodegenerative disorders, local complement biosynthesis and
uncontrolled complement activation in the tissue are crucial for
contributing to neuronal loss and local inflammation, with blood
brain barrier (BBB) injury appearing during the disease chronic
stages (Gasque et al., 2000). Conversely, one common feature of
acute brain injuries, such as stroke, subarachnoid hemorrhage
and brain trauma, includes early and severe BBB breakdown.
Thus, in addition to complement proteins and regulators pro-
duced locally in the tissue, brain parenchyma immediately follow-
ing acute injury is rapidly invaded by a number of inflammatory
cells and molecules, including complement proteins circulating in
high concentration in blood (Brennan et al., 2012). Although this
process is essential for triggering the removal of cellular debris,
when over-activated, it may severely affect neuronal and glial
integrity in cells spared at the time of the primary injury.

THE BRAIN ENDOTHELIUM: A CRITICAL COMPARTMENT OF ACTION
Brain vascular endothelial cells are major players in this cas-
cade of events. They represent the physical barrier between
the periphery and the brain parenchyma and since they are
continuously exposed to blood-derived complement effectors,
they remain a target of circulating active complement molecules
(Bossi et al., 2011). In response to stress signals, endothelial cells
may expose DAMPs to become selective targets for complement
initiators. Endothelial cells can also produce selected comple-
ment components, subsequently increasing the local availability
and cell toxicity of these molecules. The complement-mediated

endothelial damage promotes BBB leakage with a subsequent
influx of active complement fragments and cytokines, as well as
immune cells into the injured brain tissue with amplification of
local inflammation (Figure 2). Endothelial cells may therefore
play a central role in triggering/modulating local complement
activation and in the partition of complement components from
blood to brain.

C1q is known to directly bind endothelial cells (Yin et al.,
2007; Bossi et al., 2008) inducing the expression of adhesion
molecules, such as E-selectin, intercellular adhesion molecule-
1 (ICAM-1) and vascular cell adhesion protein-1 (VCAM-1;
Lozada et al., 1995), and the release of chemokines and cytokines,
such as IL-8, monocyte chemotactic protein-1 (MCP-1) and IL-
6 (van den Berg et al., 1998). It has been reported that C1q
and MBL compete for the binding to endothelial surfaces (Oros-
zlán et al., 2007). MBL deposition on endothelial cells has been
demonstrated independently from C1q, both in in vitro and in
vivo settings and is known to occur after oxidative stress on
human umbilical vein endothelial cells (HUVECs), accompanied
with iC3b deposition. Furthermore, MBL and iC3b deposition
are reduced in the presence of functionally inhibitor anti-MBL
antibodies (Collard et al., 2000) suggesting that MBL adhe-
sion on endothelial cells mediates complement activation. It has
also been proposed that MBL deposition is driven by increased
endothelial expression of cytokeratin 1 after hypoxia, since anti-
cytokeratin treatment is able to attenuate MBL and iC3b pres-
ence on HUVECs under the same conditions (Collard et al.,
2001). Although the specific MBL-binding molecules expressed
by damaged endothelial cells remain unclear, MBL deposition
has been demonstrated in vivo in different organs, such as heart
(Pavlov et al., 2012), kidney (Møller-Kristensen et al., 2005;
Castellano et al., 2010), intestine (McMullen et al., 2006) and
brain (Gesuete et al., 2009; Orsini et al., 2012) following ischemia
reperfusion injury. MBL deposition also occurs after both human
and experimental traumatic brain injury (TBI; Longhi et al.,
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FIGURE 2 | Complement-mediated endothelial damage: working
hypothesis. Healthy brain endothelial cells physically isolate the brain
parenchyma from the blood compartment. Under physiological conditions,
complement proteins, such as C1q, LP initiators, C3 and C5, monitor the
blood and the cell surfaces for potential threats (A). The additional
complement factors that normally circulate in the bloodstream, have been
omitted in this figure for purposes of clarity and simplification. When a
cerebrovascular injury occurs (B), endothelial cells may change their
glycosylation profile, leading to the exposure of high density arrays of
sugar (DAMPs). LP initiators, through their carbohydrate recognition
domains, can recognize and bind altered endothelial cells, leading to LP
complement activation (B). Complement activated fragments trigger the
expression of adhesion molecules and the release of chemokines and
cytokines (not shown) on endothelial cells, resulting in the worsening of

the BBB leakage (B→C). The injured brain parenchyma is then rapidly
invaded by the full immune arsenal, including the complement proteins,
cytokines and immune cells (e.g., monocytes) belonging to the blood
compartment, leading to amplification of local damage (C). The
overactivation of the complement system in brain tissue leads to: (1) a
potent inflammatory response and the recruitment of peripheral immune
cells mediated by C3a and C5a anaphylatoxins, (2) direct lysis of neurons
and other brain cells, including those that are potentially savable, by
C5b-9, (3) opsonization with subsequent microglia/macrophage
phagocytosis of the target cells by C3b and C5b. This schema proposes a
key role for endothelial cells in triggering local LP complement activation
and suggests that targeting the peripheral compartment may represent
effective strategy for brain protection from injury and different acute CNS
diseases.

2014), suggesting that this response represents one of several
toxic events after trauma (Figure 2). Another protein belong-
ing to the LP, the serine protease MASP-1, is currently under
evaluation for its effect on endothelium. It has been demon-
strated that MASP-1 induces p38- mitogen-activated protein
kinases (MAPK) activation, NFkappaB signaling and Ca2+ mobi-
lization in HUVECs, inducing IL-6 and IL-8 production (Jani
et al., 2014) as well as E-selectin expression (Dobó et al., 2014).
MASP-1, like thrombin, also activates endothelial cells directly by
cleaving the protease activated receptors (PARs; Megyeri et al.,
2009). Other complement components have been demonstrated
to interact with endothelial cells and promote vascular toxicity.
For example, anaphylotoxin C3a and C5a may interact with the
corresponding receptors on endothelial cells (Van Beek et al.,

2000) inducing cytoskeletal modifications (Schraufstatter et al.,
2002; Bossi et al., 2011) and increasing mRNA levels of IL-
8, IL-1β and RANTES (regulated on activation normal T cell
expressed and secreted) (Monsinjon et al., 2003). In addition,
C3 knock-out (C3-/-) mice showed reduced immune complex-
mediated vascular leakage when compared to wild type (WT)
mice (Lister et al., 2007; Bossi et al., 2011), even though a direct
toxic effect of C3a on endothelial cells has not been demon-
strated (Schraufstatter et al., 2002). The same authors reported
that C5a induces endothelial cells shrinkage with subsequent
increased vascular permeability. The vascular properties of C5a
have also been reported in an endotoxin-induced permeability
model, in which C5aR-siRNA was able to limit the vascular
leakage (Liu et al., 2010). In addition to the effects on the
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aforementioned complement components, TP proteins can lead
to vascular dysfunction. For example, the circulating soluble
C5b-9 (sC5b-9), a cytotoxic inactive complex formed by C5b-9
terminal lytic complex associated with soluble regulators, induced
vascular leakage on HUVECs and in an in vivo model of mesen-
teric microvessel permeability (Tedesco et al., 1997; Bossi et al.,
2004).

Taken together, these data suggest that protein products
derived from complement activation can act on endothelial
cells and shift, via different mechanisms, endothelial activation
towards a toxic phenotype with associated increased vascular
permeability.

THE DISRUPTIVE OVERWHELMING POWER OF
COMPLEMENT IN ACUTE NEUROINFLAMMATORY BRAIN
CONDITIONS
Stroke and TBI represent two major types of acute neuroin-
flammatory brain conditions. Stroke remains the third leading
cause of death worldwide and the first cause of long-term dis-
ability in Europe (Corbyn, 2014), while TBI remains the prin-
cipal cause of death and disability in active young adults today
(Lingsma et al., 2010). Moreover, TBI has been proposed to
be an independent risk factor for stroke (Burke et al., 2013).
Fewer than 10% of stroke patients are eligible for treatment
with tissue-type plasminogen activator, the only current therapy
available, to date. Despite the creation of increasingly widespread
networks of organized acute stroke units, a high proportion of
hospitalized stroke patients survive with permanent neurological
impairment and disability. Similarly, no treatment is currently
available for TBI and surviving patients often report severe and/or
prolonged disabilities. Although stroke and TBI share impor-
tant molecular and cellular pathogenic mechanisms leading to
the progression of damage, due to the different nature of the
primary insult, they are also associated with specific cellular
vulnerability and activation of distinct pathogenic cascades. We
will focus on these two conditions that induce profound alter-
ations of both central and peripheral immune system (Bellavance
and Rivest, 2012; Chamorro et al., 2012), review the available
data on the disruptive overwhelming power of complement in
acute brain injury and summarize both the common and diver-
gent relevant cellular and molecular mediators which represent
candidates for the development of novel targeted therapeutic
strategies.

STROKE
Evidence of complement system activation
A role for the complement system in ischemia/reperfusion injury
was first suggested by Hill and Ward (1971), who demonstrated
the presence of C3-cleavage factors with chemotactic activity in
damaged rat myocardial tissue. Activation of the complement
system after ischemia/reperfusion injury in different organs such
as heart, kidney, intestine and brain has been subsequently docu-
mented (Arumugam et al., 2009; Cervera et al., 2010; Orsini et al.,
2012), suggesting that complement represents a common but key
mechanism involved in the exacerbation of tissue damage after
ischemia.

In stroke patients, activation of the complement system has
been documented in plasma or serum samples as well as in
post-mortem brain tissues. Specifically, C3a and C5a plasma
levels were shown to increase post-stroke, reaching peak values
at days 1 and 14 respectively (Mocco et al., 2006b). Follow-
up studies have extended these observations, documenting an
increase in C3 and C3a plasma levels in patients with small
vessel disease or cardioembolic stroke when compared to controls,
and additionally demonstrating a positive correlation between
their levels and unfavorable outcome in cardioembolic stroke
(Stokowska et al., 2013). Acute (day 1–2) plasma sC5b-9 levels
in patients with either ischemic or hemorrhagic stroke have been
shown to be significantly increased when compared to non-stroke
controls (Széplaki et al., 2009; Zanier et al., 2014) and shown to
increase over time during post-stroke recovery (Pedersen et al.,
2004). In a cohort of mild stroke patients, Mocco et al. (2006b),
observed decreased plasma sC5b-9 levels when compared to
non-stroke controls. These data highlight that interpretation of
alterations in systemic concentrations of complement factors is
not straightforward, since injury severity or timing issues may
markedly affect plasma dynamics of complement activation prod-
ucts. Furthermore, caution must be observed when interpreting
the clinical data, since both an increase and decrease of circulating
complement factors may be regarded as indicator of complement
activation reflecting either increased synthesis or increased con-
sumption/deposition.

In addition to the analysis of circulating factors, the presence
of differing complement proteins in post-mortem brain tissues
of human stroke patients has also been investigated, provid-
ing important information regarding the specific cell popula-
tion associated with the expression or deposition of selective
factors. Immunohistochemical analysis of human brain tissue
has revealed that expression of factors, such as C1q, C4d, C3c
and C9, is detectable in neurons in ischemic brain regions but
absent in non-stroke control tissues (Pedersen et al., 2009).
C1q immunostaining was associated with microglial cells, while
C3c and C9 staining were associated both with microglia and
astrocytes in necrotic areas. Existing data concerning C5b-9
complex is more controversial, with some authors finding no
deposition of this factor in ischemic brain tissue (Pedersen
et al., 2009), while others reporting increased C5b-9 and C3d
immunoreactivity in infarcted areas (Lindsberg et al., 1996).
Additionally, immunopositivity for the regulators CD59 and
CD55 (Table 1) which is present in healthy controls, is unde-
tectable in ischemic brains (Pedersen et al., 2009), suggesting that
down-regulation of these molecules may contribute to ischemic
pathology.

Additional information concerning the role of key comple-
ment mediators in brain ischemia comes from experimental
animal studies. The earliest studies were performed using cobra
venom factor (CVF) that induces non-selective but total com-
plement depletion. Rats treated with CVF 1 day before transient
middle cerebral artery occlusion (tMCAo), showed higher reac-
tive hyperaemia and better preservation of somatosensory evoked
potentials when compared to vehicle-treated rats (Vasthare et al.,
1998). A subsequent study demonstrated reduced cerebral infarct
volume and atrophy in adult and neonatal rats following CVF
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administration (Figueroa et al., 2005). In contrast, other studies
testing the efficacy of prophylactic CVF administration failed to
show any protective effect in a thromboembolic stroke model
in rabbits (Lew et al., 1999) or in an hypoxia/ischemia model
in immature rats (Lassiter et al., 2001). The species selection
and the differences in stroke models may explain, in part,
these discordant observations. However, these data also suggest
that full complement depletion may not be an optimal ther-
apeutic strategy and that more targeted manipulation aimed
at inhibiting/deleting selective complement components should
be evaluated. To this end, studies concerning the inhibition of
downstream-cascade complement proteins have been conducted
to elucidate their specific contribution in mediating brain dam-
age after ischemia. C3-/- ischemic mice showed better neuro-
logical scores, reduced ischemic volume, granulocyte infiltration
and oxidative stress when compared to WT mice subjected to
cerebral ischemia, confirming the deleterious effects of com-
plement system activation in this condition (Atkinson et al.,
2006; Mocco et al., 2006a). Furthermore, the expression of C3aR
has been shown to increase after cerebral ischemia (Barnum
et al., 2002) and its pharmacological inhibition with a C3aR
antagonist conferred protection of anatomical damage associ-
ated with reduced endothelial ICAM-1 staining (Ducruet et al.,
2008).

The precise role of C5 in brain ischemic injury remains
unclear. Recent in vitro data has shown that brain ischemia,
mimicked by oxygen-glucose deprivation, induces the cleav-
age of the C5 expressed by neurons leading to apoptotic cell
death signaling (Pavlovski et al., 2012). In vivo studies have
shown disparate results depending on post-stroke evaluation
time points. Twenty-four hours after ischemic onset, Mocco
et al. found no effect on neurological scores or ischemic volume
in C5 knock-out mice (C5-/-) when compared to WT mice
(Mocco et al., 2006a). Conversely, Arumugam et al. reported
improved functional outcome with reduced brain damage in
C5-/- compared with their WT littermates, when assessed 72 h
after injury (Arumugam et al., 2007). Brain expression of C5aR
increases in mice after cerebral ischemia (Barnum et al., 2002)
and although the administration of C5aR antagonist elicited
only a slight improvement in neurological deficits and infarct
volume in 60 min tMCAo mice (Arumugam et al., 2007),
more clear cut protective effects on neurological deficits and
infarct volume were observed after 45 min tMCAo (Kim et al.,
2008).

The deleterious role of terminal complement pathway
activation has been assessed in experimental stroke models
using a variety of strategies. The first was to investigate the
susceptibility of C6 knock-out mice (C6-/-) to ischemic brain
damage. No differences concerning either neurological deficits
or ischemic damage were observed in C6-/- compared to WT
mice (Elvington et al., 2012). The second strategy was aimed at
studying the susceptibility to ischemia in CD59 knock-out mice
(CD59-/-), which lack this important endogenous membrane-
bound inhibitor of C5b-9 formation (see Table 1). Three days
after 30 min tMCAo, CD59-/- showed increased infarct volume,
greater neurological deficits and increased brain swelling com-
pared to injured WT mice, indicating that CD59 may exert a

protective role by inhibiting the C5b-9 assembly on damaged
target cells. In contrast, there were no differences on those
outcomes between the two strains when the mice were sub-
jected to 60 min tMCAo followed by 2 days of reperfusion,
despite the increase in the number of terminal-dUTP-nick end
labeled (TUNEL)-positive cells in CD59-/- compared to WT
(Harhausen et al., 2010). In addition, the differences observed
were restricted to male mice, while no effects were found in
female mice (Harhausen et al., 2010). The most recent strategy
has been to investigate the role of CD55 regulator (see Table 1)
after ischemic brain insults. Primary cortical rat neurons were
exposed to hypoxia-like conditions, mimicked by NaCN expo-
sure, and incubated with or without the complement inhibitor
CD55. The complement inhibitor prevented dendritic spine loss
induced by hypoxia and increased cell viability following the
hypoxic insult. In addition, CD55 treatment attenuated the
increase of C3 and C3aR neuronal expression, as well as the
generation of C3a and C5b-9 triggered by hypoxemia (Mack
et al., 2006; Wang et al., 2010). Taken together, these different
strategies combine to suggest an involvement of the terminal
complement pathway activation in inducing cerebral damage after
ischemia.

Distinct roles of activation pathways
Further research has been performed on the initiators of the
complement cascade to better clarify the specific contribution
of the different activation stimuli. It has been demonstrated
that C1q, the initiator of the CP, is present on neuronal cell
bodies and in cellular debris beginning 6 h after tMCAo (Mack
et al., 2006). Furthermore, widespread C1q biosynthesis has been
detected in rat microglia, but not in astrocytes or neurons,
24 h after global cerebral ischemia (Schäfer et al., 2000). Nev-
ertheless, we and others have demonstrated that C1q knock-
out (C1q-/-) mice were not protected against brain ischemia
(De Simoni et al., 2003; Mocco et al., 2006a), suggesting that
this component of the complement cascade does not directly
induce post-ischemic neuronal damage. Conversely, neonatal
C1q-/- mice subjected to hypoxic/ischemic brain injury showed a
reduction of infarct volume, neurological deficits, C3 deposition
and granulocytes infiltration in infracted areas compared to WT
mice (Ten et al., 2005). The apparent discrepancy regarding
the C1q role after adult vs. neonatal ischemic injury might be
explained by differing age-dependent complement susceptibil-
ity. Indeed, it has been demonstrated that a developmentally-
related increase in C1q, FB, C3, C4 and C5 expression occurs
up to 24 months in mice (Reichwald et al., 2009; Stephan
et al., 2013). Although no data are available regarding the
expression of C1q, C1q receptors or complement regulators in
newborn mice, it is known that C1q is extremely important
during neuronal wiring and synapse elimination (vide infra
and see Stephan et al., 2012), suggesting a higher suscepti-
bility/sensitivity to C1q-mediated effects in newborn vs. adult
neurons.

C1-INH, with its ability to bind and inactivate C1r and C1s,
has been suggested to be one of the major regulators of the CP
(Ziccardi, 1981). However, subsequent studies (Davis et al., 2010)
have demonstrated that this molecule is able to inhibit both the
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classical and the LPs. Furthermore, it has been shown that C1-
INH possesses a greater ability to inactivate MASP-2 than classical
proteases, suggesting that the LP might be a more relevant target
for C1-INH compared to the CP (Kerr et al., 2008). Additional
studies have shown that exogenous administration of C1-INH
was protective in a variety of brain ischemia experimental models
(Heimann et al., 1999; Akita et al., 2003; De Simoni et al., 2003,
2004; Storini et al., 2005; Gesuete et al., 2009; Heydenreich et al.,
2012). We have reported that mice subjected to cerebral ischemia
and treated with C1-INH showed reduced ischemic volume,
neurological deficits, degenerating cells and leukocytes infiltration
in the damaged parenchyma when compared to saline-treated
ischemic mice (De Simoni et al., 2004). The protective effects
elicited by C1-INH administration were associated with reduced
mRNA expression of endothelial adhesion molecules, including
P-selectin and ICAM-1, normally induced by ischemic injury
(Storini et al., 2005). More recently, Heydenreich et al. reported
that C1-INH administration resulted in a significant reduction of
BBB leakage compared to saline in ischemic mice (Heydenreich
et al., 2012). In order to better understand the molecular targets
of C1-INH, we analyzed the effect of C1-INH administration
in C1q-/- mice subjected to cerebral ischemia. Although adult
C1q-/- mice were not protected from ischemic injury, C1-INH
was effective in reducing the ischemic volume in C1q deprived
mice, suggesting that C1-INH protective effects are not medi-
ated by the CP. Taken together, this recent evidence supports
the hypothesis for a central role of LP in C1-INH mediated
protection, since: (1) C1-INH binds MBL with high affinity in
vitro, (2) C1-INH and MBL co-localize on ischemic endothelium
in vivo; and (3) C1-INH administration reduces the levels of
functional MBL/MASP-2 complexes in the plasma of ischemic
mice (Gesuete et al., 2009).

Detailed analysis of the MBL gene in humans reveals that
a surprisingly high percentage of individuals (15–30% of the
Caucasian population) carry MBL polymorphisms leading to
low circulating MBL levels. Notably, in 2 independent studies,
MBL deficiency has been associated with favorable outcome in
stroke patients (Cervera et al., 2010; Osthoff et al., 2011) pro-
viding an additional rationale for the development of further
studies to better understand the specific pathogenic role of MBL
and of the other LP activators in stroke. In mice subjected to
cerebral ischemia, MBL deficiency was associated with reduced
neurological deficits, brain lesion and C3 deposition compared
to WT mice during the acute post-injury phase (Cervera et al.,
2010; Orsini et al., 2012). However, 7 days after the insult, MBL
knockout mice (MBL-/-) did not show any evidence of neuronal
protection, indicating that MBL may be necessary during tissue
repair processes (Ducruet et al., 2011), suggesting that transient
MBL inhibition may be a desirable and efficacious therapeutic
strategy. Recently, we have demonstrated that pharmacological
inhibition of MBL is highly protective in models of cerebral
ischemia, possessing a wide window of efficacy both in mice
and rats. We have reported that: (1) treatment with Polyman2,
a dendrimeric molecule binding MBL with high affinity, induced
a reduction of neurological deficits and ischemic volume when
administered up to 24 h after induction of injury in mice; and
(2) a functional inhibitory neutralizing antibody against MBL

induced a long-lasting (up to 1 month) reduction of neurolog-
ical deficits and ischemic volume when administered 18 h after
ischemia in rats (Orsini et al., 2012). In addition, we have demon-
strated that MBL was deposited specifically along the luminal
side of ischemic vessels, up to 48 h post-injury. We hypothesize
that the wide therapeutic window observed may be the result
of targeting this long-lasting pathogenic cascade within ischemic
endothelium (Figure 2). More recently, it has been proposed
that MBL contributes to cerebral damage by promoting local
microvascular thrombosis after ischemia in mice (de la Rosa
et al., 2014). In these studies, MBL-/- mice showed significantly
improved recovery of regional blood flow at 6 h and reduced
fibrinogen levels in the ischemic tissue 24 h after tMCAo when
compared to ischemic WT mice. Moreover, the administration
of argatroban, a thrombin inhibitor, significantly reduced neu-
rological deficits and ischemic volume in ischemic WT but not
in MBL-/- mice, suggesting that the deleterious effects of MBL
in the ischemic brain are partially mediated by thrombin acti-
vation. Additionally, MASP-1 and thrombin both share common
targets, including PARs, on endothelial cells (Megyeri et al., 2009),
suggestive of close interplay between LP and extrinsic pathway.
The existing data underscore the need for further elucidation
of the specific interaction between complement and coagulation
systems and its relevance to injury progression in acute brain
injury.

As previously stated, in addition to MBL, other activators
of LP like ficolins and CL-11 exist that may be relevant in
stroke. Available evidence indicate that among the currently-
identified LP initiators, ficolin-3 exhibits the highest blood con-
centration and activation capacity in humans (Hummelshoj et al.,
2008). In ischemic stroke patients, serum levels of ficolin-2 and
ficolin-3 have been shown to be significantly decreased com-
pared to non-ischemic controls, indicating that ficolins may be
consumed during the acute phases of ischemic pathology. Per-
haps more importantly, only ficolin-3 levels inversely correlate
with the stroke severity at admission (7–8 h) and with out-
come at 3–4 days (Füst et al., 2011), suggesting that ficolin-3
contributes to the pathogenic processes of cerebral ischemia. We
have recently demonstrated that the LP pathway is activated after
aneurysmal subarachnoid hemorrhage (SAH) in patients, and
that plasma concentrations of ficolin-3 reflect both the severity
of brain injury evaluated by clinical and structural parameters
and the extent of SAH-associated brain complications (Zanier
et al., 2014). In this rare stroke subtype characterized by the
bleeding of an intracranial aneurysm, brain ischemia is generally
believed to be the main determinant of unfavorable outcome
in the acute phase, occurring as result of initial intracranial
bleeding and/or at delayed stages as a consequence of vasospasm.
One explanation for the decrease of ficolin-3 and functional LP
activity is the consumption of this protein in the course of SAH-
related events. LP initiators can recognize and bind damage-
associated molecular patterns exposed by dying or reversibly
damaged cells through their carbohydrate recognition domain.
After stroke, injured endothelial cells may change their glyco-
sylation profile, thereby becoming the earliest suitable targets
for LP initiators. Overall, these data argue for a major role
of the LP, rather than the CP, in complement-mediated toxic
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effects after stroke and support the concept that the LP may
be selectively targeted to control injury progression in brain
ischemia.

The contribution of the AP following brain ischemia is, to
date, poorly understood. The major difficultly in assessing the
contribution of the AP to ischemic damage is that its main
activating protein C3, belongs not exclusively to the AP but also
to CP and LP. However, recent strategies have been developed
to obtain selective AP inhibition. Elvington et al. (2012) recently
employed both FB knock-out mice (FB-/-) and the adminis-
tration of CR2-fH, a specific inhibitor of the AP, in WT mice
and reported that FB-/- and CR2-fH-treated mice displayed sig-
nificant improvement in neurological scores, smaller ischemic
volume, reduced P-selectin expression, neutrophil infiltration and
microthrombi formation compared to WT or vehicle-treated
animals. Interestingly, FB-/- and CR2-fH-treated mice showed
less pronounced protective effects when compared to mice knock-
out for both C1q and MBL (C1q/MBL-/-) or WT mice treated
with CR2-Crry, which inhibits not only the alternative but the
whole activation pathways. In addition, FB-/- and CR2-fH-treated
mice, but not C1q/MBL-/- mice, showed increased brain C3d
deposition, supporting the hypothesis that the AP is not suf-
ficient per se to initiate post-ischemic complement activation
(Elvington et al., 2012). Thus overall the AP does not initiate
full complement activation but appears to contribute to the
propagation of cerebral injury via amplification of the other
cascades.

TRAUMATIC BRAIN INJURY
Evidence of complement system activation
The involvement of the complement system in TBI began to be
studied in the early 1990s. Although our current knowledge is
limited when compared to that of stroke, evidence has accu-
mulated from both clinical and experimental studies allowing
for the identification of critical complement-associated factors as
mediators of the pathophysiological sequelae of TBI.

A role for complement after TBI in patients has been sug-
gested by studies of cerebrospinal fluid (CSF; Kossmann et al.,
1997; Stahel et al., 2001) and cerebral contused tissue (Bellander
et al., 2001; Longhi et al., 2014). Following TBI, C3 and FB
levels were 20 and 4 times higher in CSF than those found in
controls, respectively (Kossmann et al., 1997). Moreover, C5b-9
levels were 1800-fold increased in TBI patients compared to non-
injured controls, suggestive of full activation of complement in
TBI (Stahel et al., 2001). Additionally, in contused brain tissue,
immunoreactivity for complement C3b, C3d and C5b-9 was
increased on neuronal cell surfaces (Bellander et al., 2001), while
no staining was detected in control tissue. These observations
suggest that complement activation occurs in brain cells following
TBI, possibly leading to an exacerbation of cerebral damage after
the initial (primary) injury. Extensive BBB damage in patients
following moderate to severe TBI may suggest that the major
source of complement factors may be the vascular compart-
ment, rather than intraparenchymal expression (Kossmann et al.,
1997).

Additional evidence for the role of complement in TBI comes
from several experimental animal models. The first study on

the effect of global complement inhibition in TBI employed
soluble CR1 (sCR1), a molecule that inhibits all complement
activation pathways by preventing the C3-convertase formation.
Rats pre-treated with sCR1 displayed a 41% reduction in neu-
trophil extravasation following TBI, suggesting that complete
complement system inhibition may attenuate vascular permeabil-
ity (Kaczorowski et al., 1995). Additionally, mice over-expressing
soluble Crry (sCryy, see Table 1), a C3 convertase inhibitor,
showed reduced BBB leakage and neurobehavioral deficits after
weight drop brain injury when compared to brain-injured WT
mice (Rancan et al., 2003). In this study, exogenous adminis-
tration of Crry-IgG (Crry fused with IgG1Fc for bioavailability
purpose) in brain-injured WT mice resulted in an attenuation of
neurological deficits at 4 and 24 h after TBI and a reduction of
neuronal loss in the hippocampus at 4 h compared with vehicle-
treatment (Rancan et al., 2003). Treatment with Crry-IgG not
only prevented C3 convertase activation, but also induced an
up-regulation of both complement-regulatory genes (C1-INH,
CD55 and CD59, see Table 1) and the anti-apoptotic Bcl-2 gene
(Leinhase et al., 2006). Although Crry may represent a promising
pharmacological treatment in the early phase after TBI, further
studies are needed to elucidate its protective mechanism of action
(Leinhase et al., 2006). Thus, similarly to what found in stroke
models, also in TBI C3 convertase may represent a therapeutical
target.

The specific role of C3 in TBI has been assessed in C3-/-
mice subjected to cortical controlled impact (CCI) brain injury.
Although brain-injured C3-/- mice did not differ from brain-
injured WT with respect to pre- or post-injury motor and
cognitive performance and brain lesion size after trauma, neu-
trophil recruitment was shown to decrease in these knock-
out mice by approximately 50% (You et al., 2007). Additional
effects were observed in C3-/- mice subjected to a traumatic
cryoinjury model, which mimics several aspects of the TBI
pathology, including BBB opening and brain edema. Using
this model, investigators reported decreased lesion volume and
vascular damage associated with reduced hemorrhage and neu-
trophil recruitment sustained by a diminished proinflamma-
tory gene expression (RANTES, Eotaxin, MCP-1 and migration
inhibitory factor, MIF) in brain-injured C3-/- mice (Sewell et al.,
2004). Although these contrasting data do not permit a clear
understanding of the exact role of C3 after TBI, the provoca-
tive observations, to date, argue for continued work in this
area.

The effect of TP over-activation has been studied in exper-
imental TBI using multiple approaches that have consistently
demonstrated a detrimental role for this pathway in TBI. In C5-/-
mice or in WT mice treated with C5aR antagonist, a significant
reduction of neutrophil extravasation after brain cryoinjury was
observed when compared to brain-injured control mice. Since
the degree of reduction was incomplete (only reaching 35%),
other complement chemoattractant molecules (e.g., C3a) may
play a more predominant role in regulating this process in
TBI (Sewell et al., 2004). Furthermore, after weight-drop TBI,
administration of a C5-binding protein complement inhibitor
(OmCI, administered up to 15 min after injury), which blocks
the generation of both C5a and C5b-9 (Fluiter et al., 2014),
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reduced neurological deficits, weight loss, C9 immunostain-
ing and microglia/macrophage activation compared with vehi-
cle treatment (Fluiter et al., 2014). OmCI treatment was also
associated with decreased neuronal apoptosis and axonal loss.
Since protective effects of OmCI treatment are known to be
associated with both C5a and C5b-9 inhibition, in order to bet-
ter understand the specific contribution of down-stream C5b-9,
its synthesis was subsequently prevented via the administration
of C6 mRNA antisense oligonucleotide. Similar neuroprotective
results were obtained to those observed after OmCI treatment
(Fluiter et al., 2014). These data highlight the potential role
of C5b-9 (vs C5/C5a) as a major mediator of complement-
mediated damage after TBI. However, to date, a selective C5
inhibitory strategy has not been evaluated experimentally using
a clinically relevant TBI model. The role of C5b-9 formation
has also been investigated using CD59-/- mice (see Table 1).
Following weight-drop brain injury, CD59 gene expression was
observed to be up-regulated in WT mice, suggestive of the acti-
vation of a neuronal protective mechanism against lysis. Brain-
injured CD59-/- mice showed increased neurobehavioral deficits
and neuronal cell death when compared to brain-injured WT
mice, suggesting that CD59 plays a direct role in protecting
the brain after TBI, possibly by inhibition of C5b-9 formation,
as previously described for stroke (Stahel et al., 2009). Over-
all, these studies underscore a role for full complement activa-
tion in the exacerbation of inflammatory processes leading to
neurobehavioral and anatomical damage after TBI and brain
ischemia.

Distinct roles of activation pathways
Beyond our understanding of the relevance of the end-stage
complement components in the pathobiological sequelae of TBI,
additional studies have begun to address the significance of
the activation of specific complement pathways. C4 is an inter-
mediate complement substrate belonging to both CP and LP
activation. Knock-out mice for this complement factor (C4-/-)
showed improved motor deficits and less post-injury damage
after CCI brain injury when compared to injured WT. Similarly,
administration of human C4 reversed the motor recovery in C4-/-
mice. These data, demonstrating that C4 impairs the recovery
of posttraumatic motor deficits and contributes to brain tissue
damage (You et al., 2007), suggest that CP and LP are both
involved in the pathogenesis of TBI.

In contused tissue from TBI patients, C1q immunoreactivity
was found on microglia/macrophage and astrocyte cell surfaces
close to the border zone of brain contusions (Bellander et al.,
2001). In mice, C1q gene expression increased both at 1 and 4 days
after CCI. However, C1q-/- mice did not show an amelioration
of neurobehavioral deficits and a reduction of tissue damage
after brain trauma compared to injured WT mice suggesting that
inhibition of C1q does not lead to neuroprotective effects in TBI
(You et al., 2007). These observations support those observed fol-
lowing cerebral ischemia and suggest that C1q does not represent
a major target for treatment of acute brain pathology following
CNS injury.

Similarly to what has been reported for stroke, C1-INH
(Table 1) has been revealed to possess neuroprotective properties

in TBI. Mice injected with C1-INH at 10 min or 1 h after CCI
brain injury showed a significant and long lasting improvement
of motor function over 4 weeks post-injury. Furthermore, mice
treated at 10 min showed improved cognitive outcome with a
concomitant decrease in lesion volume. These data demonstrate
that C1-INH may be protective via the modulation of early
mechanisms of secondary damage after TBI (Longhi et al., 2009).
Insight concerning the putative mechanisms of action of C1-
INH, obtained from experimental stroke studies (vide supra)
further supports a focus on the role of LP in TBI. We therefore
investigated the MBL presence in both human and experimental
TBI. In TBI patients, we demonstrated that MBL immunostaining
was present inside and around brain vessels in contused brain
tissue removed both early (<6 h) or late (4–5 d) following TBI.
Conversely, MBL staining was absent in control patients (Longhi
et al., 2014). Similarly, in mice subjected to CCI brain injury,
MBL was distributed inside and around brain vessels, visible up
to 1 week after CCI, possibly representing a long lasting event
after trauma (Longhi et al., 2014). The effect of MBL deletion
has been investigated in MBL-/- mice who showed increased
degenerating cells in hippocampus 6 h after mild CCI brain injury
with an exacerbation of neurobehavioral deficits 1 week post-
injury compared to brain-injured WT mice (Yager et al., 2008).
Conversely, when studied up to 5 weeks after severe CCI brain
injury, MBL-/- mice displayed better neurobehavioral outcome
beginning from the second up to the forth week after injury
when compared to WT. These behavioral improvements were
associated with reduced neuronal cell loss at 5 weeks (Longhi
et al., 2014). These findings suggest that MBL absence may lead
either to attenuation of mechanisms of secondary brain dam-
age or to the activation of reparative/regenerative processes that
occur at more chronic time points after injury (Longhi et al.,
2014). Similar to what has been described in models of stroke,
increasing evidence highlight the major contribution of the LP,
rather than the CP, in mediating secondary damage after TBI and
suggest that LP initiators are a viable therapeutic target for future
study to limit tissue damage and cell loss following acute CNS
injury.

Similar to studies in brain ischemia, few studies have been
performed regarding the role of the AP in TBI, to date. FB-/- mice
were reported to exhibit a robust decrease of C5a serum levels
at 4 h, 24 h and 7 d after weight-drop brain injury, suggesting
that AP activation contributes to overall complement activation.
In addition, FB-/- mice showed less neuronal death compared to
brain-injured WT at 7 days post-injury (Leinhase et al., 2006).
Additional studies have investigated the effect of anti-factor B
antibody administration which effectively reduces the activation
of the AP. Treatment with this compound conferred protection
against TBI-induced neuronal cell death, but did not improve
neurological deficits when compared to vehicle treatment. This
discrepancy was likely due to the lack of sensitivity of the neu-
rological tests employed to detect subtle changes in behavioral
performance (Leinhase et al., 2007). In summary, activation of the
AP in the setting of TBI appears to have a detrimental effect on
pathological and neurobehavioral outcome, although it remains
unclear whether this system plays a key role in triggering the full
complement activation.
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NEURODEGENERATIVE DISORDERS: THE EVIDENCE OF A
DELICATE BALANCE BETWEEN COMPLEMENT MEDIATED
PROTECTIVE AND TOXIC EFFECTS
Neurodegenerative disorders are defined as hereditary or sporadic
conditions caused by progressive loss of neuronal structures and
functions, until neuronal cell death. Many neurodegenerative
conditions, including Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD) and amyotrophic lateral sclerosis (ALS), occur as a
result of this progressive neurodegenerative processes. Despite
they arise from different molecular aberrations, they show impor-
tant similarities in the pathogenic cellular mechanisms (e.g.,
protein misfolding, defective protein degradation pathways and
mitochondrial dysfunction) and in the immune response (com-
plement system and immune cell activation associated with
inflammation). Currently there are no drugs able to slow the
progression of these disorders.

Among the neurodegenerative disorders, AD is the most
common one. Thirty six million people worldwide were esti-
mated to be living with dementia in 2010, a number expected
to reach 115 million people by 2050 (Hugo and Ganguli,
2014). We will focus on the complex, versatile role of the
complement system in AD outlining emerging evidence that
show either beneficial or detrimental effects of this system
depending on the disease stage. Additionally we will dis-
cuss the limited data available on PD and ALS pathology.
A deeper knowledge on the role of the complement system
in neurodegenerative disorders may lead to new therapeutic
options.

ALZHEIMER’S DISEASE
Evidence of complement system activation
Since the early 1980s, the full range of classical and AP acti-
vation, involving all steps of the cascade through TP, has
been described to be associated with AD (Meraz-Ríos et al.,
2013).

In humans, multiple isoforms of complement factors have
been reported to be present in the CSF of AD patients. Differences
in patterns of complement factor expression between normal
controls and AD patients have also been reported at different
stages of the pathology, suggestive of a distinctive temporal pat-
tern of complement protein expression in relation to amyloid-β
(Aβ) plaque deposition and Aβ plaque maturation. CSF levels of
C1q, C3d and C4d have been found to increase during the early
stages of AD during Aβ formation, showing a positive correlation
with total plaque number from very mild to severe clinical cases
(Finehout et al., 2005; Wang et al., 2011; Daborg et al., 2012).
In post mortem studies comparing young, middle aged and old
cases, similar results have been obtained (Stoltzner et al., 2000),
documenting increased brain immunoreactivity for complement
proteins with age (Stoltzner et al., 2000; Veerhuis et al., 2003;
Fonseca et al., 2004a; Zanjani et al., 2005). The CP initiator C1q
has been found to be up-regulated up to 80-fold in areas of human
AD brains showing pathological neurodegeneration (Yasojima
et al., 1999), a relevant observation in view of the fact that C1q
is known to bind directly Aβ fibrils (fAβ) and neurofibrillary
tangles (Rogers et al., 1992; Jiang et al., 1994; Shen et al., 2001;
Webster et al., 2001; Veerhuis et al., 2003), underscoring the

need for a deeper understanding of the C1q specific role in AD
pathology.

Early vs. late disease stages
Manipulations of the complement system in experimental mod-
els have permitted the investigation of the role of the com-
plement components in AD. Recent in vitro and in vivo data
have highlighted a neuroprotective role of C1q. A direct positive
effect against Aβ fibrillar and oligomeric-induced neuronal death
in primary cortical neurons was demonstrated (Pisalyaput and
Tenner, 2008; Benoit et al., 2013). In vivo studies using AD
transgenic mouse models (one expressing the mutant form of
human amyloid precursor protein, hAPP and a second expressing
mutated Tau and/or presenilin 1) have been used to understand
the role of complement system in AD pathology. In these studies,
during the early stages of the disease, C1q induced a potent
cascade of neuroprotective gene expression via the activation of
the transcription factor cAMP response element-binding pro-
tein (CREB) and by increasing the expression of downstream
pro-survival effectors (low density lipoprotein receptor-related
protein 1B—LRP1B and G protein-coupled receptor 6—GPR6)
(Benoit et al., 2013). Conversely, at later stages of AD progression,
during Aβ accumulation, C1q-/- AD mice showed a significant
decreased microglial activation (50–60%) surrounding the Aβ

plaques accompanied by elevated expression of neuronal markers
with subsequent protective effect on neuronal integrity (Fonseca
et al., 2004b). Taken together, these data are suggestive of a
protective role for C1q in the early stages of AD, prior to Aβ

deposition, converting to a pathogenic role in association with
toxic events over time in the more chronic phases of the disease
(late stages).

Similar to C1q, increased C3 CSF levels in advanced AD
patients (Finehout et al., 2005; Wang et al., 2011; Daborg et al.,
2012) and C3 brain expression in aged AD transgenic mice (Wyss-
Coray et al., 2002; Zhou et al., 2008; Reichwald et al., 2009)
have been reported. The effects of experimental manipulation
of C3 on Aβ deposition, neuronal damage and activation of
inflammatory cells have been investigated by multiple approaches
at more chronic stages of AD pathology. Transgenic AD mice
(over-expressing hAPP and TGF-β) were found to have elevated
C3 brain levels associated with reduced Aβ accumulation (Wyss-
Coray et al., 2002). Inhibition of C3 convertase formation by
the transgenic expression of the sCrry gene, leading to loss of
opsonizing effect of C3b, was also shown to result in 2 to 3-fold
increase of Aβ accumulation and subsequent neurodegeneration
(Wyss-Coray et al., 2002). Subsequently, C3-/- transgenic AD
mice showed an age-associated increase in cerebral Aβ deposi-
tion and neuronal loss compared with C3-sufficient AD mice
(Maier et al., 2008). It is known that C3 products may act
as chemoattractant factors for microglial cells involved in the
clearance of Aβ protein deposits and C3 deficiency/inhibition
has been shown to consistently impair monocyte/macrophage
phagocytic capability, likely contributing to Aβ protein accumu-
lation (Maier et al., 2008). These studies demonstrate that the
absence/inhibition of the central complement component C3,
accelerates AD-like Aβ plaque pathology with aging once plaque
pathogenesis is underway and suggest that complement C3 may
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play an important role in maintaining tissue homeostasis (vide
infra). The mechanism(s) underlying the biological importance
of increased expression of C3 protein observed both in AD
humans and mice at delayed stages remains unclear and may
represent an attempt to protect the brain via C3 up-regulation
rather than a byproduct of neuronal damage (Maier et al.,
2008).

In contrast to the data available on C3, data concerning TP
products consistently suggest that they exert detrimental effects
during the pathological progression of AD (Yao et al., 1990). In
AD patients, an increase in the terminal components (C9 and
C5b-9) have been reported only in severe AD (Zanjani et al., 2005;
Loeffler et al., 2008). During plaque accumulation, the receptors
for C5a (C5aR) have been shown to increase and colocalize
with neurofibrillary tangles in human AD brains (Fonseca et al.,
2013). C5aR has been reported to be expressed in astrocytes
and microglia and to be up-regulated during neurodegenera-
tion (Woodruff et al., 2010). In vitro, the combination of Aβ-
protein and C5a activated monocytes/microglial cells induced
an increase in proinflammatory cytokines (O’Barr et al., 2001),
supporting the hypothesis that Aβ and C5a together can induce
a chronic microglia-mediated focal inflammatory response in
a synergistic manner. In vivo, an age- and disease-associated
up-regulation of C5aR on microglia in the proximity of Aβ

plaques has been reported in transgenic AD mice (Ager et al.,
2010). Inhibition of C5a using a C5aR antagonist, induced a
decrease in Aβ plaque burden and microglial activation with
a concomitant increase in cognitive performance in transgenic
AD mice (Fonseca et al., 2009). This effect does not appear
to be mediated by the modulation of C1q and/or C3, which
remain unaffected after treatment, but by the selective inhibition
of deleterious C5a–C5aR signaling (Ager et al., 2010). Thus,
the inhibition of the complement TP during AD progression
leads to a substantial improvement in behavioral and histopatho-
logical outcome in AD mice, suggesting that pharmacological
manipulation of this pathway may be a novel strategy to treat
neurodegeneration.

Little is known concerning the involvement of LP in
AD. Studies showing lower MBL levels in CSF of AD
patients when compared to controls (Lanzrein et al., 1998),
together with more recent evidence that MBL deficiency in
humans is associated with AD risk (Sjölander et al., 2013),
underscore the need for further studies to better charac-
terize the role of this pathway in AD pathogenesis and
progression.

Thus, AD represents an excellent paradigm to explore the
differential role of specific complement factors in relation
to time and degree of neuropathological injury. The avail-
able data indicate that the complement system plays a dual
role in AD pathogenesis and progression. Beneficial effects
of complement activation occur during the early stages of
AD (Fonseca et al., 2004b; Pisalyaput and Tenner, 2008;
Benoit et al., 2013), possibly contributing to Aβ plaques clear-
ance by microglia through complement-dependent opsonization
(mediated by C1q, C3b) (Alexander et al., 2008). Conversely,
during the more chronic phases of AD progression, comple-
ment activation appears to transition to a deleterious role,

contributing to neurotoxicity with subsequent exacerbation of
the inflammatory reaction at the site of injury (Alexander et al.,
2008).

PARKINSON’S DISEASE AND AMYOTROPHIC LATERAL SCLEROSIS
Evidence also exists for complement involvement in PD and
ALS. In PD patients, increased complement activation (through
formation of C5b-9), has been identified in Lewy bodies (LBs,
intraneuronal fibrillar aggregates containing a high concentration
of α-synuclein) and in oligodendroglia in the substantia nigra,
as well as in serum and CSF of patients with either sporadic or
familial PD (McGeer and McGeer, 2004; Goldknopf et al., 2006;
Wang et al., 2011; Depboylu et al., 2011a; More et al., 2013).
Similar to what has been observed in PD, increased complement
components in serum (C3c, C3d, FH), in CSF (C4d) (Tsuboi
and Yamada, 1994; Goldknopf et al., 2006), as well as in affected
postmortem spinal cord tissue (C1q/C2/C4/C3/MAC) have been
reported in ALS patients (Grewal et al., 1999; Sta et al., 2011).
In experimental rodent models of ALS pathology (one expressing
ALS-causing mutations in superoxide dismutase SOD1 and a
second engineered to be deficient in the low molecular weight
neurofilament- NFL subunit protein) similar findings have also
been reported in spinal cord (Lobsiger et al., 2007; Woodruff
et al., 2008; Humayun et al., 2009; Takeuchi et al., 2010; Heurich
et al., 2011; Lee et al., 2013) and along peripheral nerves (Chiu
et al., 2009). Increased expression of C1q reported in brain tissue
from humans and mouse models of both PD (Depboylu et al.,
2011a,b) and ALS (Lobsiger et al., 2007; Heurich et al., 2011;
Sta et al., 2011) highlights the potential involvement of C1q
in neurodegenerative processes via microglial-mediated synaptic
elimination. The lack of effect of C1q gene deletion on onset and
disease progression in either PD mice (Depboylu et al., 2011b),
or SOD1 mutant mice complicates our understanding of the role
of C1q in these conditions (Lobsiger et al., 2013) and the exact
role of CP in PD and ALS pathogenesis and progression remains
poorly understood.

No additional data are available concerning the possible role
of other complement proteins in PD. In ALS, however, the role
of C3 (Lobsiger et al., 2013) and C4 (Chiu et al., 2009) using gene
deletion techniques has been studied in SOD1 mutant mice show-
ing no major effect on outcome. Alternatively, recent evidence
suggests that the C5 downstream protein may be a key mediator
of complement-mediated neurotoxicity in ALS models. Studies
in transgenic SOD1 mutant rats and NFL knock-out mice have
reproducibly shown an up-regulation of the major proinflam-
matory C5aR during disease progression (Woodruff et al., 2008;
Humayun et al., 2009). Furthermore, chronic administration of
C5aR antagonist in transgenic SOD1 mutant rats was reported
to exert beneficial effects on neuronal survival during disease
progression (Woodruff et al., 2008). These results indicate that,
under stress, local complement signaling might therefore promote
damage and motor neuron death in ALS.

THE COMPLEMENT SYSTEM IN HOMEOSTASIS, PLASTICITY
AND REGENERATION
Growing evidence highlights that the versatile functions of
the complement system extend far beyond those of immune
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surveillance and the elimination/neutralization of pathogens and
altered host cells. Indeed, recent evidence point to an active
involvement of complement in lipid metabolism, angiogenesis,
tissue remodeling and maintenance in the CNS (Veerhuis et al.,
2003; Ricklin et al., 2010; Rutkowski et al., 2010; Stephan et al.,
2012).

SYNAPTIC REMODELING
Plasticity and remodeling of new synaptic circuits characterize the
early stages of brain development (Stephan et al., 2012). Molec-
ular and cellular mechanisms underlying synapse refinement
during development have been studied using the retinogeniculate
system. Early in development, axons from retinal ganglion cells
(RGCs) form transient functional synaptic connections with neu-
rons of dorsal lateral geniculate nucleus (dLGN). Subsequently,
during the first 2 weeks of post-natal development, the retino-
geniculate system circuit is subjected to precise sculpting through
the pruning of any overlapping or redundant transient connec-
tions and the strengthening of the remaining ones (Hooks and
Chen, 2006). The failure of this mechanism results in uncorrected
eye-segregation and visual deficits. During this period of synaptic
refinement, a close interaction/interplay amongst complement
proteins, immature astrocytes and neurons has been revealed to
occur. In the postnatal retinogeniculate system, TGF-β released
by immature astrocytes, induces in RGCs the up-regulation of
C1q which is transported from cell bodies along axons to the
dLGN, where it is released to bind transient synapses. C1q is
therefore believed to contribute to synapse elimination through
direct connection tagging (Eggleton et al., 2000) or through C3b
formation (Bialas and Stevens, 2013) that, in turn, opsonizes the
target synapses. The contribution of C1q and C3b to synaptoge-
nesis and synaptic remodeling is also supported by their punctate
colocalization with pre and postsynaptic markers during normal
retinogeniculate development (Stevens et al., 2007). However,
the mechanism that drives the opsonization process of synapses
destined to be pruned is not fully understood. Two different
mechanisms, both claiming a central role of complement opsonin
(C1q and C3b) and microglial interplay (Schafer et al., 2012),
have been suggested: (1) C1q and C3b, via an unknown selection
strategy, only tag the overlapping and weaker synapses, thereby
inducing their elimination by phagocytic microglia (Stevens et al.,
2007), or (2) C1q and C3b tag all synapses but the more active
or stronger ones are, in turn, able to express specific membrane-
bound complement inhibitors which confer selective protection
against microglial phagocytosis (Kim and Song, 2006; Kim et al.,
2008; Stephan et al., 2012). In addition, resident microglia are
not only involved in active phagocytosis of tagged synapses but
may participate to synaptic modeling through the secretion of
C1q. To this end, increased concentrations of C1q have been
shown to be present in microglia during the postnatal period that
coincides with the peak of synaptic refinement (Fiske and Brunjes,
2000). The involvement of C1q and C3 fragments in brain sculpt-
ing is likewise supported by studies in knock-out animals who
display an incorrect eye-specific segregation, due to overlapping
RGC projections and overabundant excitatory connectivity in
the cortex, resulting from defective synapse elimination (Stevens
et al., 2007; Chu et al., 2010; Stephan et al., 2012). However, the

phenotype of C1q-/- and C3-/- mice also shows residual synapse
refinement, suggesting that other molecules may participate in
this process, including both major histocompatibility complex I
(MHC-I) and neuronal pentraxins (Corriveau et al., 1998; Huh
et al., 2000; Bjartmar et al., 2006; Datwani et al., 2009). These
findings show that complement proteins are important in coop-
erating with other pathways to regulate normal synaptic circuit
development.

While complement activation and its interaction with
microglial cells appear necessary for brain wiring during the
postnatal period, recent evidence indicate that when this devel-
opmental program becomes aberrant in the immature brain or
is recapitulated during adulthood molecular cascades related to
neurodegenerative processes may be initiated (Stephan et al.,
2012). For example, during the postnatal period, the inappro-
priate activation of the complement cascade causes profound
synapse elimination that leads to neuropsychiatric diseases, such
as autism or schizophrenia (Patterson, 2011). Defects in pruning
have also been reported to be associated with the develop-
ment of epilepsy (Chu et al., 2010) or glaucoma (Howell et al.,
2011) where C1q and C3 are pathologically up-regulated and
cause destabilization of neuronal circuits (see Stephan et al.,
2012).

COMPLEMENT-MEDIATED EFFECTS ON CELLULAR WASTE REMOVAL
One of the main “housekeeping” functions of the complement
cascade involves the removal of apoptotic cells and the scavenging
of cellular debris and immune complexes. Senescent or defective
cells typically undergo apoptosis via a non-inflammatory cell
death. Normally, apoptotic cell bodies are rapidly removed to
avoid the unwanted over-activation of immunological processes,
since failure to clear or scavenge dead cells may induce an
exaggerated inflammatory reaction against other tissues (Savill
et al., 2002; Cole et al., 2006). Apoptosis induces membrane
phospholipid and ionic charge changes leading to deposition of
innate system effectors (Flierman and Daha, 2007). As for the
brain, in vitro studies have shown that C1q binds to neuronal
apoptotic cells and activates the CP with subsequent production
of opsonizing fragments (C3b and C4b), responsible for apoptotic
cell phagocytosis (Cole et al., 2006). Furthermore, biochemical
studies have demonstrated that C1q is able to bind IgM, serum
amyloid P component (SAP), CRP and pentraxin-3 (PTX3),
suggesting their involvement in C1q- mediated apoptotic cell
removal (Kishore et al., 2004). The relevance of C1q in the
physiological clearance of apoptotic cells has been studied in
C1q-/- mice who displayed an impaired elimination of immune
complexes and susceptibility to autoimmune disease (Mitchell
et al., 2002).

The overall role of phagocytosis is complex and depends on the
context. When occurring on the target cell dying by some means
such as apoptosis it is believed to be a beneficial activity, prevent-
ing the release of damaging and/or proinflammatory intracellular
components (referred to as “secondary phagocytosis”, Neher et al.,
2011, 2012). However, under certain conditions, such as acute
brain injury, complement overactivation may induce microglial
cells to phagocyte also viable neurons, thus executing their death
(referred to as “primary phagocytosis”) (Neher et al., 2011, 2012).
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After injury such phagocytic activity may result from exposure of
eat-me signals (C3b, C4b and C5b) on otherwise viable neurons
as a result of subtoxic and reversible insults, thus contributing to
injury amplification.

COMPLEMENT-MEDIATED EFFECTS ON MATURE BRAIN CELL SURVIVAL
AND ON NEUROGENESIS
In vitro studies have shown pro-survival effects of C1q in mature
brain cells, under normal conditions. Specifically, rat neuronal
cell cultures treated with C1q showed prolonged cell survival
associated with higher number of neuronal processes when com-
pared to untreated cells (Pisalyaput and Tenner, 2008). These
pro-survival effects of C1q may be due to an up-regulation
of cholesterol metabolism and cytoskeleton-related gene expres-
sion and to an increase of nerve growth factor (NGF) and
neurotrophin-3 protein levels (Benoit and Tenner, 2011). Indirect
evidence for a pro-survival action of C3a and C5a have also
been presented and C3a and C5a treatment of astrocytes and
microglial cell cultures has been shown to up-regulate NGF,
suggesting a common pro-survival pathway in the CNS under
normal conditions (Heese et al., 1998). Under neurodegenerative
conditions, a protective role of C1q and C3 in preserving tissue
homeostasis during AD progression has been reported (vide
supra).

Complement proteins have been shown to be involved in
migration and maturation of stem cells in the CNS under phys-
iological conditions. Neural stem and progenitor cells (NPCs)
have been reported to express C3aR and C5aR (Rahpeymai et al.,
2006). In vitro studies have demonstrated that treatment of NPCs
with C3a facilitates their migration and maturation without
affecting proliferation (Shinjyo et al., 2009). In addition, it has
been reported that mice treated with a C3aR antagonist display
reduced neurogenesis in different brain areas, including the sub-
ventricular zone (SVZ), hippocampal dentate gyrus and olfactory
bulb. Overall, these findings indicate that cellular signaling via
C3a positively regulates basal neurogenesis (Rahpeymai et al.,
2006).

Complement seems to be involved also in brain injury-induced
neurogenesis. After transient ischemia, C3-/- mice showed a
significant reduction (by 24%) in neurogenesis (doublecortin
positive cells) in the SVZ compared to ischemic WT mice
at 7 days after insult. Moreover, the reduction in neurogen-
esis was independent of either microglia activation or reac-
tive gliosis that remained unaffected in C3-/- compared to
WT mice (Rahpeymai et al., 2006). Further evidence suggest-
ing a contribution of C3a to CNS neurogenesis comes from
the literature concerning experimental neonatal brain ischemia.
Ischemic neonatal mice treated with C3a exhibited improved
memory function at 41 days and this effect was abolished in
C3aR-/- neonatal mice (Järlestedt et al., 2013). As discussed
previously, a large body of evidence has been generated demon-
strating the detrimental effects of several complement-activated
products after acute brain injury. While these findings sug-
gest a contribution of C3a to ischemia-induced neurogene-
sis, it should be emphasized that C3 is not a unique/major
neurogenic factor since consistent and residual neurogenesis
remains after C3 removal. Continued investigation addressing the

temporal role of the complement system in mediating neuro-
genesis in the injured brain is warranted to elucidate how the
delicate balance between complement-dependent neurotoxicity
and its potential neurogenic effects can be modulated to promote
neuroprotection.

CONCLUDING REMARKS
Far beyond the view of the complement as a supplementary
molecule needed for bacterial lysis, the available data show that
the complement cascade is involved in several aspects of brain
development, homeostasis, injury and regeneration. The ver-
satility of this cascade in participating in diverse processes in
the nervous system under both physiological and pathological
conditions appears to be dependent on a fine balance within an
intricate network of effectors, receptors and regulators. When the
critical factors involved with this system are finely regulated, they
participate in the maintenance of brain homeostasis. Conversely,
deregulation between activators and regulators leads to aberrant
complement activation with subsequent exacerbation of inflam-
mation and worsening of the damage induced by brain injury and
neurodegenerative diseases. Importantly, evidence that targeting
selective steps of this cascade leads to amelioration of brain injury
strongly support the concept of the complement system as an
important therapeutic target in brain injury and disease.
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Apoptotic neurons generated during normal brain development or secondary to pathologic
insults are efficiently cleared from the central nervous system. Several soluble factors,
including nucleotides, cytokines, and chemokines are released from injured neurons,
signaling microglia to find and clear debris. One such chemokine that serves as a
neuronal–microglial communication factor is fractalkine, with roles demonstrated in several
models of adult neurological disorders. Lacking, however, are studies investigating roles
for fractalkine in perinatal brain injury, an important clinical problem with no effective
therapies. We used a well-characterized mouse model of ethanol-induced apoptosis to
assess the role of fractalkine in neuronal–microglial signaling. Quantification of apoptotic
debris in fractalkine-knockout (KO) and CX3CR1-KO mice following ethanol treatment
revealed increased apoptotic bodies compared to wild type mice. Ethanol-induced injury
led to release of soluble, extracellular fractalkine. The extracellular media harvested from
apoptotic brains induces microglial migration in a fractalkine-dependent manner that is
prevented by neutralization of fractalkine with a blocking antibody or by deficiency in
the receptor, CX3CR1. This suggests fractalkine acts as a “find-me” signal, recruiting
microglial processes toward apoptotic cells to promote their clearance. Next, we aimed
to determine whether there are downstream alterations in cytokine gene expression due
to fractalkine signaling. We examined mRNA expression in fractalkine-KO and CX3CR1-
KO mice after alcohol-induced apoptosis and found differences in cytokine production in
the brains of these KOs by 6 h after ethanol treatment. Collectively, this suggests that
fractalkine acts as a “find me” signal released by apoptotic neurons, and subsequently
plays a critical role in modulating both clearance and inflammatory cytokine gene expression
after ethanol-induced apoptosis.

Keywords: apoptosis, fractalkine, ethanol, cytokine, chemokine, neuron, microglia, clearance

INTRODUCTION
Clearance of apoptotic neurons is critical for normal central ner-
vous system (CNS) development and for resolution of injury due
to pathologic processes. Failure to clear apoptotic neurons leads to
secondary necrosis with leakage of intracellular contents that are
toxic and inflammatory. Efficient clearance is thought to be criti-
cal in order to avoid an adverse immune reaction and secondary
degeneration (Ravichandran and Lorenz, 2007). However, the pre-
cise mechanisms by which apoptotic neurons are cleared have yet
to be elucidated. Most of the work on apoptotic cell clearance has
been done in non-neural systems or in invertebrate animal models
(Truman et al., 2008; Elliott et al., 2009; Gronski et al., 2009). Elu-
cidation of molecular mechanisms used for clearance of apoptotic
cells in the developing and adult mammalian brain is an important
goal.

Studies in peripheral tissues have shown that as cells undergo
apoptosis, they release soluble signals that attract phagocytes and

modulate their clearance (Ravichandran and Lorenz, 2007), and
the chemokine fractalkine has been described as one of many
“find me” signals released by apoptotic cells (Truman et al., 2008).
Fractalkine is a transmembrane chemokine that is cleaved con-
stitutively by matrix metalloprotease ADAM10 and inducibly by
ADAM 17 (also known as the TNFα-converting enzyme, TACE)
to release an extracellular soluble fragment. Inducible cleavage
occurs following cell stress or injury, and the soluble fragment
acts as a chemotactic factor for T cells, monocytes, and microglia
(Bazan et al., 1997; Harrison et al., 1998). The study describing
fractalkine as a “find me” signal showed that it is released fol-
lowing induction of apoptosis and that the fractalkine receptor,
CX3CR1, modulates recruitment of phagocytes to apoptotic ger-
minal center B cells (Truman et al., 2008). In this study we asked
whether fractalkine and its receptor, CX3CR1 are important for
apoptotic neuron clearance in vivo utilizing a mouse model of fetal
alcohol syndrome.
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In the CNS, fractalkine is expressed by neurons and cleaved
by matrix metalloproteases to release a soluble fragment after
neuronal stress. Microglia are the only CNS cell that expresses
appreciable levels of the fractalkine receptor, CX3CR1 in vivo (Har-
rison et al., 1998). Studies in CNS models have largely focused
on the role of fractalkine in neurotoxicity and have shown that
fractalkine signaling modulates the inflammatory response of
microglia (Mizuno et al., 2003; Noda et al., 2011). However,
whether fractalkine signaling promotes a beneficial versus a detri-
mental response has been unclear, as studies have come to different
conclusions depending on the injury model and the outcomes
measured (Mizuno et al., 2003; Cardona et al., 2006; Fuller and
Van Eldik, 2008; Staniland et al., 2010; Noda et al., 2011).

Other studies in the CNS have also shown that fractalkine
signaling plays a role in developmental pruning of neurons.
Mice lacking CX3CR1 have increased density of dendritic spines
(Paolicelli et al., 2011), and CX3CR1 deficiency leads to delayed
development of the barrel cortex (Hoshiko et al., 2012). There are
corollaries between events that occur during pruning and events
that occur in neuronal degeneration after apoptosis.

A well-characterized mouse model of ethanol-induced injury
has proven very useful for studying developmental neuronal apop-
totic mechanisms. Ethanol injection at postnatal day 7 causes
robust forebrain neuronal apoptosis (as opposed to other forms
of cell death such as necrosis) and the dose required and time
course have been well-characterized (Ikonomidou et al., 2000).
This model has been extensively used to study factors involved in
the neuronal apoptotic cascade (Young et al., 2003; Ghosh et al.,
2009). However, this model has not been employed to assess what
factors may be involved in orchestrating clearance of apoptotic
neurons or the response of neighboring glia.

Our data provide strong evidence of a role for fractalkine
signaling in the response to acute alcohol neurotoxicity. We
show that deficiency in fractalkine or the receptor leads to
increased apoptotic debris and an altered inflammatory reaction
after ethanol-induced apoptosis. Our experiments suggest that
fractalkine release from apoptotic neurons may act as a “find
me” signal to modulate the microglial response and promote
clearance.

MATERIALS AND METHODS
MICE
All animal procedures were approved by the Univer-
sity of Virginia Animal Care and Use Committee. Mice
used were C57/bl6 (Charles River), CX3CR1eGFP/+ and
CX3CR1eGFP/eGFP (Jung et al., 2000) or fractalkine-knockout
(KO; Cook et al., 2001) on C57/bl6 background. CX3CR1eGFP

mice have green fluorescent protein (GFP) inserted into
the CX3CR1 locus, therefore CX3CR1eGFP/eGFP animals are
functional KOs.

ETHANOL INJURY
Ethanol was injected subcutaneously in postnatal day 7 pups as a
20% solution in 0.9% saline at 15.9 μL/g body weight. Control
animals were injected with 0.9% saline at 15.9 μL/g body weight.
It was administered twice, 2 h apart (as described by Ghosh et al.,
2009).

IMMUNOSTAINING AND QUANTIFICATION OF APOPTOTIC DEBRIS
We quantified the number of apoptotic corpses in the cortex
in ethanol-treated and control-treated animals. We used
CX3CR1eGFP/eGFP, fractalkine-KO, and wild type (WT) mice.
We used 3–6 animals per condition. Brain tissue was har-
vested 4 or 6 h after the first injection and was fixed in either
4% paraformaldehyde or 70% ethanol. Anti-fractin, an anti-
body against caspase-cleaved actin, is a sensitive and specific
marker of apoptotic neuronal debris (Suurmeijer et al., 1999;
Sokolowski et al., 2014), therefore we quantified apoptosis by
counting the number of fractin-stained corpses. For fractin stain-
ing, tissue was processed into paraffin by standard methods.
Paraffin-embedded sections were dewaxed, rehydrated, under-
went antigen retrieval (Tris-EDTA pH 9, 12 min over a boiling
water bath), were quenched (15 min, 0.6% H2O2 in dH2O) and
blocked (1 h, 2% horse serum, 0.1% Tween in PBS) prior to
incubation with primary antibody (overnight at 4◦C, diluted in
block), fractin (Millipore, 1:1000). Immunoperoxidase detection
was performed using the ImmPress polymeric peroxidase reagents
(Vector). Diaminobenzidine (Dako) 1 mg/ml plus 0.02% hydro-
gen peroxide was applied for 3–5 min. We quantified apoptosis
by counting the number of fractin-stained corpses in the cortex
and hippocampus. We averaged the number of corpses in three
sections per animal, and quantified 3–6 animals per condition.
Brightfield images were acquired with an Olympus BX40 upright
microscope and a Scion Firewire CCD camera (Scion, Frederick,
MD, USA).

BRAIN-CONDITIONED MEDIA
Brain-conditioned media (BCM) was prepared from WT mice
as follows: brains harvested at 6 h after ethanol or saline
treatments were hemisected and three coronal cuts were made.
These tissue chunks were incubated in DMEM (no antibiotics,
1 mL per brain) in a 15 mL conical tube for 2 h on ice,
on a rocker. The media was then isolated, excluding the tis-
sue, and filtered through a 0.4 μm filter and stored at –20◦C
until use.

WESTERN BLOTTING
Brain-conditioned media from 2 brains was collected and a
BCA protein assay (Pierce) was performed. Protein (2 mg)
was precipitated in 15% TCA at 4◦C for 2 h. The precipi-
tate was spun down at 12 k rpm for 15 min at 4◦C. The
resulting pellet was washed three times with ice-cold ace-
tone. The pellet was resuspended in 2X alkaline sample buffer
(100 mM Tris pH 8.0, 4% SDS, 200 mM DTT, 20% glycerol).
A NuPAGE gel (Life Technologies) was loaded with 50 μg of
protein per lane and separated by electrophoresis using stan-
dard procedures. Gels were transferred to a PVDF membrane
(Immobilon) for 90 min with a semidry transfer apparatus and
treated with blocking reagent (LI-COR block; LI-COR, Lin-
coln NE) for 1 h and then probed with primary antibodies
overnight. Antibodies used were the following: rat monoclonal
anti-fractalkine (1:500, R&D systems). For visualization, blots
were incubated with fluorescent secondary antibodies (1:2000,
LI-COR) for 2 h and imaged on a LI-COR Odyssey infrared
scanner.
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CELL CULTURE
Glia were harvested from the forebrain of newborn pups (post-
natal day 1–3). Briefly, meninges were removed from the brain
and tissue was dissociated in 0.05% trypsin EDTA for 10 min
at 37◦C. Following trituration, cells were suspended in DMEM
supplemented with 10% fetal bovine serum and plated into
flasks. Cells were grown in an incubator at 37◦C, 5% CO2.
Media was replaced twice per week for 2 weeks to obtain
mixed glial culture. To harvest glia-conditioned media, media
on mixed glial cultures was changed to fresh growth media
(DMEM with 10% FBS), then this media was collected after
24–48 h and filtered through a 0.4 μm filter and used immedi-
ately. Microglia were isolated via the shake-off method. Briefly,
flasks were shaken for 2–4 h at 37◦C and the resultant detached
microglia were spun down and resuspended at desired cell
density.

Bone marrow-derived macrophages were prepared from mice
by flushing the femurs with 1% FBS in PBS and then cultured
in RPMI containing 10% L929 media for 7 days. Resident peri-
toneal macrophages were collected from mice by flushing the
peritoneal cavity with 1% FBS in PBS and then plating collected
cells in XVIVO-10 supplemented with 1% PSQ (Pen-Strep-Glut).
Cells were allowed to adhere overnight and floaters were washed
off; remaining cells were used in the phagocytosis assay a day
later.

MIGRATION ASSAY
Chemoattractants included soluble fractalkine (sFKN; 0.1–10 nM,
chemokine domain, R&D systems), CXCL12 (100 ng/mL, R&D
systems), and BCM harvested from control or ethanol-treated
pups. An anti-fractalkine antibody (3.5 μg/mL, rat monoclonal,
R&D systems) was used in some experiments to neutralize
fractalkine. Chemokines were prepared in 0.1% BSA in DMEM
and BCM was used neat. Chemoattractants were added to 12-
well plates at a volume of 600 μL per well and allowed to
equilibrate in the incubator for 30 min prior to addition of tran-
swell inserts (Millicell-PCF inserts, 8 um pore size, Millipore)
and microglia. Microglia were isolated via the shake-off method,
resuspended in 0.1% BSA in DMEM, and 5 × 104 cells were
added in 400 μL to the upper chamber, according to transwell
instructions. Plates were placed in the incubator for the dura-
tion of migration. After 3 h, transwells were placed in 4% PFA
with DAPI for 20 min in order to fix cells and stain nuclei.
The top of the inserts was wiped clean and only migrated cells
remained on the membrane. The membrane was imaged (6–8
fields), and the number of cells per field was averaged for each
transwell. Replicates were biological replicates, that is, each repli-
cate data point represents microglia harvested from a different
animal.

CONFOCAL IMAGING
Free-floating sections were cut to a thickness of 40 μm and
stained with DAPI. Confocal imaging was performed using a
Leica SP5 X. Images in stacks were 0.5 μm apart and the
depth collected was 20 μm. Images were acquired from the cor-
tex and data represents the average of 3–6 fields per animal.
Microglia were visualized with endogenous GFP expression and

apoptotic cells were identified via their DAPI-stained pyknotic
nuclei.

PHAGOCYTOSIS
Thymocytes from 6 to 8 week old mice were incubated with 50 μM
of dexamethasone for 4 h and then labeled with CypHer5E. Stained
thymocytes were resuspended in glia-conditioned medium and
added to phagocytes. The cells were then spun down and incubated
at 37◦C, 5% CO2 for 1 h. After completion of the engulfment
assay, the wells were washed three times with PBS, trypsinized,
and resuspended in glia-conditioned medium and analyzed by
two-color flow cytometry. The microglial cells were recognized by
their GFP fluorescence. For each point, 10,000 GFP-positive events
were collected and the data was analyzed using FlowJo software.

QUANTITATIVE PCR
For quantitative PCR using brain tissue, pieces of lat-
eral cortex were isolated and stored at –80◦C until RNA
isolation. RNA was isolated using RNeasy Lipid Mini
kit (Qiagen). Reverse transcription was performed using
1000 ng of RNA according to manufacturer’s instructions
(High Capacity cDNA kit, Applied Biosystems). Quan-
titative PCR was performed with Sybr green accord-
ing to manufacturer’s instructions (Platinum Sybr kit,
Life Technologies) with annealing temperatures of 60◦C.
Primers used were: actin, forward CCCAGAGCAAGA-
GAGGTGTC, reverse AGAGCATAGCCCTCGTAGAT; IL-6,
forward GAGGATACCACTCCCAACAGACC, reverse AAGT-
GCATCATCGTTGTTCATACA; TNFα, forward GGCAGGTC-
TACTTTGGAGTCATTGC, reverse ACATTCGAGGCTCCAGT-
GAATTCGG; CX3CL1, forward CTCACGAATCCCAGTG-
GCTT, reverse TTTCTCCTTCGGGTCAGCAC; CX3CR1, for-
ward TGCAGAAGTTCCCTTCCCATC, reverse GGCCTCAGCA-
GAATCGTCATA; CXCR1eGFP, forward (same as CX3CR1)
TGCAGAAGTTCCCTTCCCATC, GFP reverse CTGAACTTGTG-
GCCGTTTAC. Specificity of CX3CR1, CX3CR1eGFP, and
CX3CL1 was confirmed by lack of amplification in respective KO
tissues.

RESULTS
FRACTALKINE OR CX3CR1 DEFICIENCY LEADS TO AN INCREASE OR
PERSISTENCE OF APOPTOTIC DEBRIS IN THE BRAIN AFTER
ETHANOL-INDUCED APOPTOSIS
We quantified the amount of apoptotic debris 4 and 6 h after
ethanol-induced apoptosis in CX3CR1-KO mice and found that
at 6 h the CX3CR1-deficient mice had increased apoptotic
debris in the cortex compared to WT mice (Figures 1A,D,F).
Next, we aimed to determine whether the ligand KO mice
phenocopied the receptor KO. We quantified the amount of
apoptotic debris 6 h after injury in fractalkine-KO mice, and
found that they also had increased apoptotic debris com-
pared to WT animals, and the amount of apoptotic debris
was similar to the amount seen in the CX3CR1-KO ani-
mals (Figures 1B,F,H). Of note, there was no difference
between genotypes in the amount of apoptotic corpses in
control, uninjured animals (Figures 1B,C,E,G). CX3CR1-
heterozygous (HET) mice (which were used for subsequent
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FIGURE 1 | Deficiency in fractalkine or CX3CR1 leads to increased
apoptotic debris. (A) P7 mice were injected with saline as a control
(CTL) or ethanol to induce neuronal apoptosis. Brain tissue was harvested
at 4 or 6 h after the initial injection and the number of fractin-positive
apoptotic corpses in the cortex and hippocampus was counted (three
sections averaged per animal). (A) CX3CR1-knockout (KO) and wild type
(WT) mice were compared at 4 and 6 h after injection. At 6 h after

ethanol injection, the number of fractin-positive corpses was increased in
CX3CR1-KO mice compared to WT mice (B). Tissue from WT, CX3CR1-KO,
and fractalkine-KO mice was collected 6 h after ethanol injection.
CX3CR1-KO and fractalkine-KO mice had increased fractin-positive corpses
compared to WT mice. Representative images from the cortex are shown
in (C–H). (A,B; n = 3–6) Two-way ANOVA, **p < 0.01, ***p < 0.005.
Scale = 50 μm.

experiments) had levels of debris comparable to WT animals
(Figure S1).

IN VIVO ETHANOL-INDUCED NEURONAL APOPTOSIS LEADS TO
RELEASE OF SOLUBLE FRACTALKINE
We observed increased apoptotic debris in mice that are deficient
in fractalkine signaling, which suggests fractalkine plays an impor-
tant role in the response to alcohol injury. We hypothesized that
the cleaved fragment of fractalkine is released during ethanol-
induced apoptosis. We harvested brains 6 h after ethanol-induced
apoptosis and incubated them in media to isolate diffusible extra-
cellular factors and tested whether fractalkine was present. We
detected sFKN in BCM from animals treated with ethanol, but not
in saline-treated controls (Figure 2A). This shows that fractalkine
is released as a soluble fragment in response to ethanol-induced
injury. Recombinant fractalkine and lysate from mixed neural
cultures were used as controls for the western blot.

MICROGLIA MIGRATE TOWARD APOPTOTIC BRAIN-CONDITIONED
MEDIA IN A FRACTALKINE AND CX3CR1-DEPENDENT MANNER
We hypothesized that fractalkine released during injury plays a
role in the microglial reaction to apoptotic neurons. Microglia are
the only cells in the brain that express appreciable levels of the

fractalkine receptor, CX3CR1. Fractalkine is a known chemotactic
factor, and we aimed to determine whether fractalkine released
from apoptotic neural cells was necessary and sufficient to induce
microglial chemotaxis.

We found that microglia migrate toward sFKN; migra-
tion toward fractalkine was dose-dependent, and as expected,
CX3CR1-KO microglia did not migrate toward fractalkine (Figure
S2). CX3CR1 deficiency does not lead to a general migration
defect as KO microglia are still able to migrate toward another
chemokine, CXCL12 (Figure S2). A fractalkine-neutralizing anti-
body blocks migration toward fractalkine, and this antibody is not
a general inhibitor of migration, as it has no effect on migration
toward CXCL12 (Figure 2B).

Next, we tested whether microglia respond to the fractalkine
in the extracellular media from apoptotic brains. The apop-
totic BCM from ethanol-treated animals was sufficient to induce
migration (Figure 2C). Microglia did not migrate toward the
BCM from the non-apoptotic control tissue. Fractalkine sig-
naling was absolutely required to stimulate migration toward
the apoptotic BCM. Neutralizing fractalkine blocked migration
toward the apoptotic BCM (Figure 2C), and CX3CR1-deficient
microglia failed to migrate toward it (Figure 2D). This data sug-
gests that in the context of ethanol-induced injury, sFKN signals
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FIGURE 2 | Soluble fractalkine (sFKN) is released into the extracellular
space after injury and acts as a chemotactic factor for microglia. (A) P7
mice were treated with saline (control) or ethanol to induce neuronal
apoptosis (apoptotic), and the brains were incubated in DMEM on ice for 2 h
to isolate brain-conditioned media (BCM). 2 mg of protein were TCA
precipitated, run on a gel, and probed with anti-fractalkine via western blot.
sFKN and lysate from mixed neural cultures were used for comparison. We
found fractalkine in BCM from apoptotic, but not control brain (a, arrowhead
points to band of interest). (B–D) Transwell migration assays were performed
to determine whether microglia transmigrate toward fractalkine. Microglia
were isolated from mixed glial cultures via the shake-off method and added to
the upper chamber of a transwell insert. Attractant of interest was added to
the bottom of the transwell. After 3 h of migration, the cells that had migrated
to the bottom surface of the transwell were fixed, stained with DAPI, and
counted. (B) Microglia migrate toward 0.1 nM of sFKN. A fractalkine-
neutralizingantibody (3.5 μg/mL) was pre-incubated with either 0.1 nM of

sFKN or CXCL12 [indicated by (+)]. This antibody specifically blocked
fractalkine-induced migration, as CXCL12-induced migration was not
inhibited. (C,D) Microglia migrate toward apoptotic BCM in a
fractalkine-dependent manner. P7 mice were treated with saline as a control
or ethanol to induce neuronal apoptosis. Brains were then incubated in
DMEM on ice for 2 h to isolate BCM from saline-treated control (CTL BCM) or
apoptotic brain (Apo BCM). BCM was used as a chemoattractant in the lower
chamber for transwell migration assays. (C) Microglia migrate toward
apoptotic BCM but not control BCM. A fractalkine-neutralizing antibody
(3.5 μg/mL) was pre-incubated with apoptotic BCM [indicated by (+)] to block
fractalkine-dependent migration and this prevented migration toward the
apoptotic BCM. (D) Migration toward BCM was quantified in CX3CR1
heterozygous (HET) versus KO microglia. CX3CR1 deficient microglia fail to
migrate toward apoptotic BCM. (B–D) Data is from repeated experiments,
each replicate represents microglia harvested from a different animal
(n = 4–6). (B–C) One-way ANOVA, *p < 0.05; (D)Two-way ANOVA, *p < 0.05.

to microglia in a CX3CR1-dependent manner. Our data sug-
gests that this signaling helps attract microglia toward apoptotic
neurons.

IN VIVO ANALYSIS OF PROXIMITY BETWEEN MICROGLIA AND
APOPTOTIC NEURONS
We hypothesized that fractalkine signaling modulates microglial
recruitment to apoptotic cells. Brain tissue from CX3CR1-KO
or CX3CR1-HET pups was collected at 6 h after ethanol treat-
ment and confocal stacks were acquired (orthogonal views seen
in Figures 3A,C). Microglia were identified via endogenous GFP
expression and apoptotic cells were identified via their pyknotic,
DAPI-positive nuclei. We analyzed the confocal stacks and iden-
tified apoptotic cells as either untouched, touched or engulfed
by microglia (Figures 3B,D are diagrams depicting the analy-
sis for Figures 3A,C). An association index was calculated by
quantifying the fraction of microglia touching apoptotic cell

bodies (arrowheads in Figure 3D indicate microglial processes
that fail to associate with nearby apoptotic corpses). CX3CR1-
KO microglia had a lower association index at 6 h after injury
(Figure 3E).

There was no difference in microglial cell density between the
HET or the KO animals (Figure 3F). Therefore the increase in
debris in the CX3CR1-KO brain is not attributable to a differ-
ence in number of microglia available to participate in clearance.
Microglia are normally ubiquitous throughout brain tissue, there-
fore long distance migration may not be required for the microglial
response. Instead, fractalkine may signal for local “recruitment” of
microglia, and this could manifest as movement of just the arms
or processes of the cell as opposed to the entire cell.

An increase in apoptotic debris could be due to defects in
microglial recruitment, but could also be due to a defect in
microglial phagocytosis and clearance. We used the same con-
focal images to determine whether CX3CR1-deficient microglia
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FIGURE 3 | CX3CR1-deficient microglia have a defect in association
with apoptotic debris after ethanol-induced apoptosis, but no overt
defect in phagocytosis. (A–D) CX3CR1-HET and CX3CR1-KO pups were
injected with ethanol to induce neuronal apoptosis and tissue was
harvested 6 h later. Microglia express GFP and nuclei were labeled with
DAPI. 40 μm sections were cut and 20 μm thick confocal stacks were
acquired from the cortex. Apoptotic corpses were identified via their
pyknotic nuclei. (A,C) Representative images with orthogonal projections
acquired from CX3CR1-HET (A) and CX3CR1-KO (C) after ethanol
treatment. (B,D) We analyzed each confocal stack and identified apoptotic
cells as either untouched (blue square), touched (cyan square) or engulfed
(green square) by microglia. Open arrowheads in (D) indicate microglial

processes that fail to associate with nearby apoptotic corpses. (E) An
association index was determined by quantifying the fraction of microglia
touching apoptotic corpses at 6 h after injury. By 6 h, fewer microglia
from the CX3CR1-KO had associated with apoptotic corpses as compared
to the CX3CR1-HET microglia. (F) The density of microglia was quantified
and there was no difference between the CX3CR1-HET and CX3CR1-KO.
(G) Confocal stacks were also used to calculate a phagocytic index, the
fraction of GFP-positive microglia that contained corpses. There was no
significant difference in phagocytosis measures in the brain of the
CX3CR1-KO compared to the CX3CR1-HET mice. (E–G; n = 3, three
fields were averaged per animal) Two-way ANOVA, *p < 0.05.
Scale = 50 μm.
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had an in vivo defect in phagocytosis. The microglial phago-
cytic index was quantified by measuring the fraction of microglia
containing engulfed apoptotic cells (Figure 3G). We found no
change in the phagocytic index at 6 h after ethanol treat-
ment.

We also performed in vitro phagocytosis assays to determine
whether fractalkine signaling modulates phagocytosis. We tested
whether sFKN promotes phagocytosis and whether CX3CR1-
KO cells have a defect in phagocytosis. We utilized multiple
approaches. We used apoptotic thymocytes as targets and tested
macrophages pretreated with fractalkine or treated concurrent
with addition of apoptotic cells (Figure S3). Addition of exoge-
nous fractalkine had no effect and CX3CR1-deficient macrophages
had a comparable phagocytic index. Next, we tried pure cul-
tures of microglia isolated from CX3CR1 HET or KO glial
cultures, but found no effect of fractalkine or CX3CR1 defi-
ciency (Figure S3). Finally, we tried mixed cultures of astrocytes
and microglia. We added apoptotic thymocytes to mixed glial
cultures from CX3CR1 HET or KO animals treated with or with-
out fractalkine and quantified the microglial phagocytic index
and found that neither exogenous fractalkine nor CX3CR1-
deficiency had an effect (Figure S3). The combination of in
vitro and in vivo data suggest that fractalkine signaling does not
have a prominent role in regulating the engulfment phase of
phagocytosis.

We have not ruled out the possibility that CX3CR1-KO
microglia have a defect in their ability to digest apoptotic cells,
which could also lead to a persistence of debris after ethanol-
induced apoptosis. It is also possible that CX3CR1 deficiency leads
to increased apoptotic debris through a combination of decreased
clearance and increased neurotoxicity.

FRACTALKINE OR CX3CR1 DEFICIENCY LEADS TO AN ALTERED
INFLAMMATORY GENE EXPRESSION RESPONSE TO
ETHANOL-INDUCED APOPTOSIS
Apoptotic cells and fractalkine are both known to modulate
inflammatory responses. Therefore, we hypothesized that the
increased apoptotic load and/or defective fractalkine signaling
would lead to an altered inflammatory response in the brain after
ethanol injury. We quantified mRNA expression of the cytokines
IL-6 and TNFα as well as fractalkine and CX3CR1 (Figure 4; Figure
S4). IL-6 levels were similar in control-treated animals of each
genotype. In WT animals, we found increased IL-6 mRNA at 6 h
after ethanol treatment. IL-6 expression was further increased in
both fractalkine- and CX3CR1-KO mice compared to WT. TNFα

levels were similar in control-treated WT and CX3CR1 mice, but
only CX3CR1-KOs upregulated TNFα at 6 h after ethanol injury.
In contrast, fractalkine-KO mice had increased TNFα expression at
baseline, at levels comparable to the levels seen in ethanol-treated
CX3CR1 mice, and the level did not change with ethanol treatment
(Figure 4).

We also tested whether fractalkine or CX3CR1 expression was
modulated by ethanol-induced apoptosis (Figure S3). We found
no difference in mRNA expression in the brain of WT animals after
ethanol treatment compared to control. We also analyzed expres-
sion in the KO animals. We found an increase in fractalkine mRNA
expression in the CX3CR1-KO animals after ethanol treatment.

FIGURE 4 | Ethanol-induced apoptosis leads to fractalkine-dependent
alteration of cytokines gene expression. P7 animals were treated with
saline (CTL) or ethanol and brain tissue was harvested 6 h later. Brain tissue
and RNA was harvested from WT, CX3CR1-knockout, and
fractalkine-knockout mice. Quantitative PCR was used to assess mRNA
expression of IL-6 (A) and TNAα (B). IL-6 expression is elevated after
ethanol treatment, and is significantly higher in the CX3CR1 knockout and
the fractalkine-knockout than in the wild type brain. In fractalkine-
knockout brain, TNFα expression is higher in control conditions as
compared to wild type or CX3CR1 knockout. CX3CR1-knockout brain has
increased TNFα compared to wild type after ethanol treatment. (n = 3–6;
A,B) Two-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.

We assessed expression of transcript for the receptor and we
found increased CX3CR1 in the fractalkine-KO. The CX3CR1-
KO does not express functional CX3CR1, however, GFP transcript
can be used as a reporter for gene expression. We used a primer
set designed to amplify CX3CR1-eGFP transcript and we found
increased production of this transcript in the CX3CR1-KO after
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ethanol treatment. This suggests that fractalkine signaling could
have a role in feedback regulation of the expression of the receptor
and ligand in the context of injury.

DISCUSSION
Fractalkine has been previously described as a neuron–microglia
communication factor and is known to be a chemokine that can
modulate migration of immune cells (Ransohoff et al., 2007). Our
data additionally illuminates the role of fractalkine signaling in
the response to apoptotic neuronal cells in the context of perinatal
brain injury.

Only one previous study has investigated fractalkine reg-
ulation after ethanol injury. In that study, the quantity of
fractalkine protein increased after prenatal ethanol injury in WT
mice (Roberson et al., 2011). Using our model, we did not detect
changes in fractalkine mRNA expression in WT mice after post-
natal ethanol injury (Figure S3). However, when we isolated
BCM, that is, the extracellular soluble components from the brain,
we detected an increase in cleaved sFKN after ethanol injury
(Figure 2A).

Cleaved fractalkine released from apoptotic neurons may create
a gradient that allows microglia to hone in on apoptotic neu-
rons. A previous study showed that fractalkine acts as a “find
me” signal to guide phagocytes such as macrophages to apop-
totic cells (Truman et al., 2008), and others have shown that
fractalkine can modulate chemotaxis of microglia (Maciejewski-
Lenoir et al., 1999). However, these studies predominantly used in
vitro models or peripheral systems. We show that fractalkine acts
as an important “find me” signal to modulate microglial recruit-
ment in order to help clear apoptotic neurons in in vivo CNS
injury.

Apoptosis may result in the release of many factors, and
fractalkine is only one of many possible chemoattractants
(Ravichandran, 2003; Ravichandran and Lorenz, 2007). However,
we show that fractalkine signaling is critical for migration toward
apoptotic BCM: blocking fractalkine signaling by neutralizing
fractalkine or through CX3CR1 deficiency prevents migration
(Figure 2). Does this suggest other“find me”signals are irrelevant?

Other signals such as ATP and UDP have been shown to
modulate microglial movement and phagocytosis (Davalos et al.,
2005; Koizumi et al., 2007). ATP and UDP are unstable in the
extracellular space due to the presence of ubiquitous ATPases
(Zimmermann, 2000). It seems possible that fractalkine may have
a longer half-life than other potential “find-me” signals and there-
fore fractalkine may be the dominant chemoattractant remaining
in apoptotic BCM. These other signals may still be relevant in
other conditions.

Our in vitro data suggests that fractalkine “find me” signaling
is the critical factor for recruitment of microglia; however, in vivo,
other signals are probably also involved. Although we found that
microglia from CX3CR1-KO mice did not associate with apoptotic
debris as well as WT microglia (Figure 3), there was not a large
in vivo defect in engulfment (Figure S2). This suggests two pos-
sibilities: (a) microglia are ubiquitous and motile enough that in
the absence of fractalkine signaling they are still able to encounter
apoptotic debris by chance and engulf it, or (b) perhaps there are
other factors that can act to recruit microglia in the absence of

fractalkine signaling. For example cell surface “eat me” signals are
likely involved.

A defect in recruitment or the association of microglia with
apoptotic neurons would lead to failed or slowed clearance of
debris. We speculate that this explains why the fractalkine and
CX3CR1-KO brains have more apoptotic debris after ethanol
injury compared to WT animals (Figure 1).

The increased apoptotic debris could be attributable to a defect
in recruitment, but could also be due to a defect in phagocytosis.
A previous study showed that addition of sFKN to injured cul-
tured neurons induces phagocytosis (Noda et al., 2011). However,
we could not find any evidence for an in vivo defect in phagocy-
tosis, as the microglial phagocytic index was similar in WT and
CX3CR1-KO animals (Figure 3). In addition, we tested in vitro
phagocytosis and found no effect of fractalkine and no defect in
the CX3CR1-deficient microglia (Figure S2). Another factor that
would influence the amount of debris is the rate of degradation of
apoptotic material, and we have not ruled out the possibility that
CX3CR1-KO microglia could have a defect in the ability to digest
corpses. This could be tested by following the fate of apoptotic
cells in time lapse imaging experiments both in vitro and perhaps
in vivo using slice cultures of alcohol-injured brain.

We do not know if other glia also plays a role in clear-
ance of apoptotic cells. Astrocytes are capable of engulfment
(Noda et al., 2011), and it is possible that they may engulf
debris after alcohol injury. However, we were unable to iden-
tify parenchymal astrocytes via conventional astrocyte markers
such as glial fibrillary aidic protein (GFAP) or S100β at this
age in development. Therefore, we were unable to determine
whether astrocytic engulfment contributed to clearance. Astro-
cytes do not express appreciable levels of CX3CR1 in vivo;
therefore they are unlikely to be responding to fractalkine in this
injury.

A common dogma in the field of apoptotic cell clearance is that
cells must be cleared in order to prevent an exaggerated immune
response (Ravichandran and Lorenz, 2007). Interestingly, we find
that in conjunction with the increased apoptotic cell load, we see an
exaggerated immune response in the fractalkine and CX3CR1-KO
animals. It would be interesting if this exaggerated inflammatory
response were due to persistence of apoptotic debris and sec-
ondary necrosis. However, we cannot tease apart whether this
altered immune response is due the persistence of apoptotic cells
or due to the defect in fractalkine signaling, as both apoptotic
cells and fractalkine have been shown to modulate inflammatory
responses (Mizuno et al., 2003; Griffiths et al., 2009). Related to
this, another possibility we have not ruled out is that the increase
in apoptotic debris could be due to increased neurotoxicity because
of an adverse inflammatory response. Fractalkine may be impor-
tant for immunomodulation (perhaps suppression). Fractalkine
has been shown to downregulate production of pro-inflammatory
factors in response to LPS (Mizuno et al., 2003). Avoiding the
exaggerated immune response may be critical to avoid secondary
degeneration.

Another goal of this study was to determine whether there is an
inflammatory response after acute ethanol injury. Our data sup-
ports previous data that showed that fetal alcohol injury leads to
an increase in factors such as TNFα, and IL-6 (Vink et al., 2005).
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We similarly find that ethanol injury induces an inflammatory
response in the developing brain. We additionally show that this
response appears to be modulated by fractalkine signaling. Ulti-
mately, in vivo we cannot tease apart whether the ethanol or the
apoptotic cells are signaling for the production of cytokines, and
we do not know the downstream functional consequences of this
inflammation.

It is interesting that the ligand and receptor KO phenocopied
with respect to increased apoptotic debris after injury, but had
differences in mRNA expression of TNFα. It is possible that intact
fractalkine transmembrane protein has other important functions
distinct from its role in CX3CR1-receptor signaling that would
explain baseline (pre-injury) differences in TNFα expression in
the fractalkine-KO brain. Fractalkine is known as an adhesion
molecule. Perhaps it also associates with and modulates other
signaling molecules or has an (as of yet unidentified) intracel-
lular signaling component. It is also interesting that fractalkine
and TNFα are both cleaved by ADAM 17 (also known as the
TNFα-converting enzyme, TACE). Perhaps fractalkine deficiency
somehow leads to dysregulation of TNFα due to this shared
relationship with ADAM 17.

CONCLUSION
We have used a well-characterized mouse model of ethanol-
induced apoptosis to assess the role of fractalkine in neuronal–
microglial signaling. Our data suggests that fractalkine released
after apoptosis recruits microglial processes toward apoptotic cells
to promote their clearance and that defects in this signaling lead
to increased apoptotic debris. Secondly, our data suggests that
defects in clearance or fractalkine signaling lead to altered cytokine
production after ethanol injury. Collectively, this suggests that
fractalkine acts as a “find me” signal released by apoptotic neu-
rons and subsequently plays a critical role in modulating clearance
and inflammatory cytokine gene expression after ethanol-induced
apoptosis.
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Toll-like receptors (TLRs) and NOD-like receptors (NLRs) are innate immunity sensors
that provide an early/effective response to pathogenic or injury conditions. We have
reported that ethanol-induced TLR4 activation triggers signaling inflammatory responses
in glial cells, causing neuroinflammation and brain damage. However, it is uncertain if
ethanol is able to activate NLRs/inflammasome in astroglial cells, which is the mechanism
of activation, and whether there is crosstalk between both immune sensors in glial
cells. Here we show that chronic ethanol treatment increases the co-localization of
caspase-1 with GFAP+ cells, and up-regulates IL-1β and IL-18 in the frontal medial cortex
in WT, but not in TLR4 knockout mice. We further show that cultured cortical astrocytes
expressed several inflammasomes (NLRP3, AIM2, NLRP1, and IPAF), although NLRP3
mRNA is the predominant form. Ethanol, as ATP and LPS treatments, up-regulates
NLRP3 expression, and causes caspase-1 cleavage and the release of IL-1β and IL-18
in astrocytes supernatant. Ethanol-induced NLRP3/caspase-1 activation is mediated by
mitochondrial (m) reactive oxygen species (ROS) generation because when using a specific
mitochondria ROS scavenger, the mito-TEMPO (500 μM) or NLRP3 blocking peptide
(4 μg/ml) or a specific caspase-1 inhibitor, Z-YVAD-FMK (10 μM), abrogates mROS release
and reduces the up-regulation of IL-1β and IL-18 induced by ethanol or LPS or ATP. Confocal
microscopy studies further confirm that ethanol, ATP or LPS promotes NLRP3/caspase-1
complex recruitment within the mitochondria to promote cell death by caspase-1-mediated
pyroptosis, which accounts for ≈73% of total cell death (≈22%) and the remaining (≈25%)
die by caspase-3-dependent apoptosis. Suppression of the TLR4 function abrogates most
ethanol effects on NLRP3 activation and reduces cell death. These findings suggest that
NLRP3 participates, in ethanol-induced neuroinflammation and highlight the NLRP3/TLR4
crosstalk in ethanol-induced brain injury.

Keywords: ethanol, astrocytes,TLR4, NLRP3-inflammasome, ROS, pyroptosis, IL-β, apoptosis

INTRODUCTION
Inflammation in the central nervous system (CNS), or
neuroinflammation, is a key component of many neu-
rological and neurodegenerative disorders characterized by
lymphocyte/macrophage infiltration, glial activation, enhanced
cytokine/chemokine production, demyelination and axonal loss
(Sospedra and Martin, 2005; Pittock and Lucchinetti, 2007). The
neuroinflammatory process is initiated by several receptors of
the innate immune system, which recognize a diverse range of
microbial and damage signals, coordinate protection and repair
mechanisms.

Toll-like receptors (TLRs) and nucleotide-binding oligomeriza-
tion domain (NOD)-like receptors (NLRs) are two major forms
of innate immune sensors which provide immediate responses
against pathogenic invasion, tissue injury and stress conditions.
Both the TLRs and NLRs families of receptors are activated
through the recognition of both conserved microbial struc-
tures, called pathogen-associated molecular patterns (PAMPs) and

damage-associated molecular patterns (DAMPs). However, unlike
membrane-bound TLRs that sense PAMPs or DAMPs on the cell
surface or within endosomes, NLRs recognize microbial molecules
or DAMPs in the host cytosol. Activation of these receptors induces
the recruitment of innate immune cells, which initiates tissue
repair processing and adaptive immune activation. Abnormalities
in any of these innate sensor-mediated processes may cause exces-
sive inflammation due to either hyper-responsive innate immune
signaling or sustained compensatory adaptive immune activation.

NOD-like receptors family members, NLRP1, NLRP3, NLRC4,
and AIM2 (a member of the PYHIN protein family), have been
identified as being capable of forming inflammasomes, multipro-
tein complexes that activate caspase-1, which leads to the process-
ing and secretion of pro-inflammatory cytokines interleukin-1β

(IL-1β) and IL-18. Among NLRs, NLRP3 is currently the most
fully described inflammasome. It consists of the NLRP3 scaffold,
adaptor ASC (apoptosis-associated speck-like protein containing
a CARD) and caspase-1. Nevertheless, the molecular and cellular
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mechanisms of NLRP3 activation remain unclear. Different mech-
anisms have been postulated, such as lysosomal damage (Hornung
and Latz, 2010), potassium leakage (Arlehamn et al., 2010), and
reactive oxygen species (ROS) formation (Schroder et al., 2010;
Shimada et al., 2012a). Recent studies support the role of mito-
chondrial adaptors (Subramanian et al., 2013), mitochondria
calcium fluxes (Triantafilou et al., 2013) and ROS formation (Zhou
et al., 2011; Shimada et al., 2012b) in inflammasome activation.

NOD-like receptors P3 is activated upon exposure to whole
pathogens, but also by a number of host-derived danger signals,
which are indicative of not only tissue injury (DAMPs), but also
environmental irritants (Schroder and Tschopp, 2010). Mutation
of NLRP3 is responsible for rare autoinflammatory diseases, col-
lectively referred to as cryopyrin-associated periodic syndromes
(CAPS; Neven et al., 2004; Ting and Davis, 2005; Jha and Ting,
2009), characterized by the hyperactivation of the inflammasome
complex and increased IL-1β (Neven et al., 2004; Goldbach-
Mansky et al., 2006). In addition, there is emerging evidence for
the participation of the NLRP3 inflammasome as a sensor of
metabolic stress (i.e., De Nardo and Latz, 2011), demyelination,
and it is also involved in some neurodegenerative disorders such
as the multiple sclerosis model (Jha et al., 2010) and Alzheimer’s
disease (Heneka et al., 2013; Sheedy et al., 2013; Tan et al., 2013).

Alcohol is a neurotoxic compound and its abuse can induce
brain damage and neurodegeneration. We have demonstrated
that ethanol is capable of activating TLR4/IL-1RI receptors in
astroglial and microglial cells to trigger TLR4 signaling and to pro-
duce cytokines induction (IL-1β, TNF-α, IL-6) and inflammatory
mediators (iNOS, COX-2), which can lead to neuroinflammation
and brain injury. Elimination of the TLR4 function abolishes most
neuroinflammation and neural death (Alfonso-Loeches et al.,
2010). Our recent studies have further demonstrated that neu-
roinflammation induced by ethanol abuse in mice is associated
with demyelination and disruptions in the myelin structure and
that these alterations are, in part, dependent on TLR4 signaling
(Alfonso-Loeches et al., 2012).

Crosstalk between TLRs and NLRs in the secretion of
mature IL-1β during microbial infection has been reported
(Kahlenberg et al., 2005; Becker and O’Neill, 2007; Mariathasan
and Monack, 2007), although it is unknown whether this crosstalk
occurs in brain damage and demyelination. A recent study
shows that ethanol activates NLRP3 inflammasome in the brain
(Lippai et al., 2013). However, the cellular and molecular mecha-
nisms of ethanol-induced inflammasome activation in the brain
and glial cells, and the interactions of TLRs and NLRs, are
presently unknown. Here we present evidence for NLRP3 expres-
sion in astrocytes and that by stimulating mitochondria ROS
(mROS) generation, ethanol, ATP or LPS triggers NLRP3/caspase-
1 activation and the production of IL-1β and IL-18 in astro-
cytes. These findings further demonstrate that ethanol promotes
NLRP3/caspase-1 co-localization within mitochondria to trigger
pyroptosis and a small proportion of apoptosis. Elimination of the
TLR4 function reduces the damaging actions of ethanol on NLRP3
inflammasome activation in astroglial cells in both primary culture
and cerebral cortex in vivo, suggesting that TLR4 plays a key role in
ethanol-induced NLRP3 activation, neuroinflammation and brain
damage.

MATERIAL AND METHODS
MICE AND ETHANOL TREATMENT
Female C57BL/6 WT (Harlan Ibérica S.L., Barcelona) and TLR4
knockout (TLR4-KO) mice (C57BL/6 background, kindly pro-
vided by Dr. S. Akira, Osaka University, Japan) were used. Animals
were kept under controlled light and dark conditions (12/12 h) at
a temperature of 23◦C and at 60% humidity. All the animal exper-
iments were carried out in accordance with the guidelines set out
in European Communities Council Directive (86/609/ECC) and
Spanish Royal Decree 1201/2005. The experimental procedures
were approved by the Ethical Committee of Animal Experimenta-
tion of the Prince Felipe Research Center (Protocol numbers 08-0060
and 08-0099) and were in accordance with the recommendations
in the ARRIVE Guidelines for the care and use of experimental
animals.

For chronic ethanol treatment, 40 (10 animals/group) 7-week-
old C57BL/6 (WT/TLR4+/+) and TLR4-KO mice weighing 18–
20 g were housed (four animals/cage), and were maintained with
water (WT and TLR4-KO control) or water containing 10% (v/v)
ethanol, and were placed on a solid diet ad libitum for 5 months.

BRAIN TISSUE PREPARATION
Mice were deeply anesthetized by an intraperitoneal injection with
sodium penthobarbital (60 mg/kg) and fentanyl (0.05 mg/kg) for
analgesia. Animals were then transcardially perfused with 0.9%
saline containing heparin (2 U/ml), immediately followed by 4%
paraformaldehyde (PF) in 0.1 M phosphate buffer, pH 7.4, for
tissue fixation to be post-fixed overnight at 4◦C in 4% PF and
stored in 30% sucrose solution at 4◦C for cryoprotection. Coronal
brain sections (40 μm) were obtained with a cryostat (Microm
HM 505E) and were collected on polysineTM glass slides (Menzel-
Gläser, Thermo Scientific, Germany).

Some mice were killed by cervical dislocation; brains were
removed, dissected using the mouse brain atlas coordinates
(Franklin and Paxinos, 1997), and immediately snap-frozen in
liquid nitrogen until used in the Western blot, RT-PCR, caspase-1
enzymatic activity and cytokines determination analyses.

IMMUNOFLUORESCENCE
(i) Double co-localization of caspase-1 and GFAP in cortical astro-
cytes*: cortical brain sections were defrosted for 30 min and
incubated with 0.25% Triton in PBS solution for 10 min. Sections
were blocked for 1 h/RT with 10% normal goat serum in TBS/T
(0.1%) and were incubated overnight at 4◦C with the follow-
ing primary antibodies; anti-caspase-1 (1/50, Santa Cruz) and
anti-GFAP (1/400, Sigma–Aldrich) following incubation with the
respective Alexa-fluor-conjugated secondary antibodies (1/500,
Invitrogen, Molecular Probes). Nuclei were stained with DAPI.
Negative controls were performed by replacing the respective
primary antibodies with IgG isotype control and concentration-
matched irrelevant antibodies (Figure 1F). Sections were mounted
onto glass slides with Dako Fluorescent Mounting medium (Dako
North America Inc., CA, USA). All the images were analyzed
with the ImageJ 1.42 software (NIH). We determined fluorescence
intensity of three different animals per group by randomly taking
four medial-frontal-cortex sections for each one. At least 800–
1000 cells were counted per experimental condition. (ii) Double
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FIGURE 1 | Chronic ethanol intake increases caspase-1 activity in cortical
astroglial cells ofTLR4 mice. (A–D) Confocal images illustrate the
co-localization of caspase-1 (red) with GFAP (green) in the cortex area (E) of
TLR4+/+ (A,B) and TLR4−/− (C,D) mice (arrows indicate co-localization of
the Casp-1 and GFAP-positive cells). (F) Confocal negative controls, in the
absence of primary antibodies. We used four independent biological
replicates from each experimental condition. Scale bar: 75 μm. (G) The
quantitative analysis shows the percentage of the increased number of

Casp-1/GFAP-positive co-localized cells in the cortices of ethanol-treated WT
mice in relation to the untreated control mice. Non-significant changes were
observed for the treated/untreated TLR4−/− (TLR4-KO) mice. (H) Caspase-1
enzymatic activity was determined in the brain cortex. (I,J) The analysis of the
IL-1β and IL-18 cytokines in the cortical homogenates of TLR4 mice was
conducted by ELISA. Values represent the [mean ± SEM] of at least six to
eight individual experiments.*p < 0.05, **p < 0.01 (Mann–Whitney U
non-parametric test or a Student’s t -test).
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labeling of NLRP3-inflammasome and GFAP in cultured astrocytes*.
Treated/untreated astroglial cells were previously incubated with
0.25% Triton in PBS solution for 10 min for cellular permeabi-
lization. Cells were then blocked for 1 h at room temperature
with 10% normal goat serum in TBS/T (0.1%), and were incu-
bated overnight at 4◦C with the following primary antibodies;
anti-NLRP3 (1/150, AdipoGen) and anti-GFAP (1/400, Sigma–
Aldrich), following incubation with the respective Alexa-fluor-
conjugated secondary antibodies (1/500, Invitrogen, Molecular
Probes). Nuclei were stained with DAPI. All the negative controls
were also performed as described above (i). Cells were mounted
onto glass slides with Dako Fluorescent Mounting medium (Dako
North America Inc., CA, USA), and confocal images were analyzed
with the ImageJ 1.42 software (NIH). All the confocal images were
acquired using the same settings, while fluorescence distribution
was acquired with a Leica TCS-SP2-AOBA confocal laser-scanning
microscope (Leica Microsystems, Heidelberg GmbH, Mannheim,
Germany) using the 10× Plan-HCX PL APO CS10 and the 40×
Plan-HCX PL APO CS40 × 1.25 oil objectives. All the confocal
images were acquired with the same settings and the fluorescence
distributions were analyzed by the Leica Confocal Software “Leica
Lite,” version 2.61.

CASPASE-1 ASSAY ACTIVITY
Caspase-1 activity was measured by the Colorimetric Assay Kit
(Abcam). This assay allows the detection of chromophore p-
nitroanilide (pNA) after cleavage from labeled substrate YVAD-
pNA, performed following the manufacturer’s instructions. pNA
light emission was quantified by a spectrophotometer at 405 nm.
The comparison of the absorbance of pNA from treated vs.
untreated controls allowed the determination of the fold increase
in caspase-1 activity.

PRIMARY CULTURE OF ASTROCYTES AND TREATMENTS
Primary cultured astrocytes of mice cortices (WT or TLR4-KO)
from newborn pups were prepared and characterized as previ-
ously described (Minana et al., 2000). Cells were plated on 60-mm
diameter plates in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco Invitrogen Corporation, Barcelona) containing 20% FBS,
supplemented with L-glutamine (1%), glucose (1%), fungizone
(1%), and antibiotics (1%). Cultures were grown in a humidified
atmosphere of 5% CO2/95% air at 37◦C. After 1 week of cul-
ture, FBS was reduced to 10%, and the medium was changed
twice a week. Cells were grown to confluence and were used
after 12 days in culture. The purity of astrocytes was assessed
by immunofluorescence using: anti-glial fibrillary acidic protein
(anti-GFAP, astrocyte marker, Sigma-Aldrich, Madrid, Spain),
anti-CD11b (microglial marker, Serotec, Bionova, Madrid, Spain),
anti-myelin basic protein (MBP, olygodendroglial marker, Sigma–
Aldrich, Madrid, Spain) and anti-microtubule-associated protein
2 (MAP-2, neuronal marker, Sigma–Aldrich, Madrid, Spain).
Astrocyte cultures were found to be at least 98% GFAP-positive
and 2% CD11b-positive.

To assess the effect of ethanol (EtOH; 10 or 50 mM),
lipopolysaccharide (LPS; 50 ng/ml) or ATP (5 mM), these com-
pounds were added to DMEM in the absence of serum, but in the
presence of 1 mg/ml bovine serum albumin. After 24 h of LPS,

ATP or ethanol treatments, cells were harvested by trypsinization,
centrifuged and used for specific determinations. The medium
was used for cytokine determination.

In some experiments, astrocytes were incubated with a medium
containing Z-YVAD-FMK (10 μM), a potent cell permeable and
irreversible caspase-1 inhibitor (ICE; Parajuli et al., 2013; Tseng
et al., 2013) or with Z-VAD-FMK (20 μM), a pan-caspase inhibitor
(Dostert et al., 2009) or NLRP3 blocking peptide (bp; 4 μg/ml;
Abcam) or Mito-TEMPO (500 μM), a ROS scavenger, for 30 or
60 min (for Mito-TEMPO) before and during ethanol (50 mM),
or with ATP (5 mM) or LPS (50 ng/ml) treatments. Caspase-1
enzymatic activity, ROS release, IL-1β and IL-18 cytokines were
determined in cells after 24 h treatments. Sterile toxin-free cul-
ture materials were used for all the experiments. In addition,
the possible contamination of ethanol with LPS was determined
by using the chromogenic limulus amebocyte lysate test, follow-
ing the manufacturer’s instructions (Lonza Verviers SPRL). The
endotoxin content in ethanol solution was 2.98 × 103 pg/ml,
which is far below the concentration required to induce astroglial
activation under our assay conditions, as previously described
(Alfonso-Loeches et al., 2010).

FLUORESCENCE-ACTIVATED CELL SORTING (FACS)
MitoSOXTM red mitochondrial superoxide indicator
To evaluate superoxide production by mitochondria, the
MitoSOXTM Red reagent (1.25 μM, Molecular Probes) was used in
live cells, a fluorogenic dye specifically targeted to mitochondria in
live cells. This reagent is readily oxidized by superoxide, but not by
other ROS- or reactive nitrogen species (RNS)-generating systems.
Oxidation of MitoSOXTM Red reagent by superoxide produces
red fluorescence. For these experiments, astrocytes were incu-
bated for 24 h with different treatments; ethanol (10, 50 mM),
LPS (50 ng/ml), ATP (5 mM) or rotenone (25 μM) as the pos-
itive controls, and with inhibitors Z-YVAD-FMK (Calbiochem)
or NLRP3 bp or Mito-TEMPO. Then cells were further incu-
bated with MitoSOXTM (1.25 μM) for 30 min at 25◦C in the
darkness. Cell samples were acquired with a Cytomics FC500
flow cytometer (Beckman-Coulter, USA) equipped with 488 and
635 nm lasers detectors for forward scatter (FS) and side scatter
(SS). We defined the cell population with the FS and SS parameters,
MitoSOX Red was excited by laser at 488 nm, and its fluores-
cence emission was collected at 620 nm. In order to perform the
analysis in live cells, a gate in the dot plot FS vs. SS was used,
where cell debris was gated out for the analysis. We also used
the LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit (Molecular
Probes) to determine the viability of cells, and only the live cell
population was used for the analysis. Data were represented as the
[mean ± SEM], showing the percentage of gated mean intensity
of MitoSOX fluorescence expressed as a percentage when com-
paring untreated or DMSO vehicle control-cells with MitoSOX
positive-cells.

AN IN CELL ANALYZER FOR CELLULAR DEATH DETECTION
The six-well plated cultured cells were incubated with the red
caspase-1 detection probe, 660-YVAD-FMK (FLICA) following
the manufacturer’s instructions (ImmunoChemistry Technolo-
gies, USA). Cells were washed with 4◦C PBS before adding the
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500 μl Annexin-binding buffer containing 2.5 μl of Annexin-
V fluorescein isothiocyanate (FITC) and Hoechst (5 μg/ml) for
30 min of incubation. Finally, we added 1 μl propidium iodide
(PI) solution for a further 5-min incubation in the dark. The
stained samples were imaged live in an In Cell Analyzer 1000 high-
content analysis system (GE Healthcare Life Sciences) equipped
with a CCD camera and a 10×/0.45 NA objective. The 51008
polychroic mirror set was used in conjunction with the following
excitation (×) and emission (m) filter combinations: 405/20×,
535/50m for Hoechst 33342, 475/20×, 535/50 m for Annexin-
V FITC, 475/20×, 620/60 m for PI and 620/60×, 700/75 m
for FLICA 660-YVAD-FMK. For the analysis, we defined a seg-
mentation based on nuclei staining with Hoechst 33342. Then
we established four groups in order to classify five populations:
(1) Live cells were defined as negative cells for PI and normal
staining with Hoechst 33342; (2) Apoptotic cells were defined
as negative cells for PI and nuclei with increased staining with
Hoechst 33342 (due to DNA condensation); (3) Necrotic cells
were defined as positive for PI and negative for FLICA 660-
YVAD-FMK staining; (4) pyroptotic cells were defined as double
positive for PI and FLICA 660-YVAD-FMK. Twenty fields were
acquired for each well. Four different experiments were per-
formed and approximately 2000–10,000 cells were analyzed per
experimental condition. The analysis was performed in the In
Cell Analyzer 1000 Workstation software using the Multi Target
Analysis Module.

MITOTRACKER LIVE CELLS STAINING AND CO-LOCALIZATION STUDIES
IN ASTROGLIAL CELLS
The astrocytes in primary culture were incubated for 10 min at
37◦C with the MitoTracker® Red CMXRos probe (50 nM, Molec-
ular Probes, USA). This probe passively allows diffusion across
the plasma membrane and is accumulated in active mitochon-
dria. Cells were then treated with an aldehyde-based fixative, 3.7%
of paraformaldehyde to allow further sample processing. For the
co-localization studies, the cells stained with MitoTracker were
immunostained with NLRP3 and with caspase-1 activity labeling.
For this end, cells were incubated for 10 min in PBS contain-
ing 0.1% Triton X-100, rinsed off with PBS (1×) and blocked
for 1 h/RT with 10% normal goat serum in TBS/T (0.1%). After
blocking, sections were incubated with the mouse monoclonal
anti-NLRP3 (1/150, AdipoGEN) followed by Alexa fluor 405
(1/500, Molecular Probes). Then sections were incubated with
caspase-1 fluorescence activity using the FAM-FLICATM Caspase-
1 assay kit (ImmunoChemistry Technologies, USA). For this
labeling, cells were incubated for 1 h at RT with the fluorescent
FAM-YVAD-FMK FLICA reagent following the manufacturer’s
instructions (ImmunoChemistry Technologies, USA). The reagent
becomes covalently coupled to the active enzyme and is retained
within the cell, while the unbound FAM-YVAD-FMK FLICA
reagent diffuses out of the cell and is washed away. The remaining
green fluorescent signal is a direct measure of active caspase-
1 enzyme activity. All the negative controls were performed by
replacing the respective primary antibodies with isotype and
concentration-matched irrelevant antibodies.

Sections were mounted onto glass slides with FluorSave Reagent
(Calbiochem, USA). All the images were acquired using the same

settings under a Leica TCS-SP2-AOBA confocal laser-scanning
microscope (Leica Microsystems, Heidelberg GmbH, Mannheim,
Germany) employing the 63× N.A. 1.4 oil objective. All the
confocal images were acquired with the same settings and fluo-
rescence distribution was analyzed by the Leica Confocal Software
“Leica Lite,” version 2.61. Graphs represent the number of cellular
co-localizations expressed as a percentage (%) of mitochondria
co-localized with the NLRP3 receptor or the NLRP3 receptor
with caspase-1 activity after the different treatments had been
applied.

CYTOKINES DETECTION
The supernatant medium from the 24 h-treated astrocytes and
lysates from the brain cortices were used for cytokine determi-
nations. Brain tissue was homogenized in cold lysis buffer (1%
NP-40, 20 mM Tris-HCl, pH 8, 130 mM NaCl, 10 mM NaF,
10 μg/ml aprotinin, 10 mg/ml leupeptin, 10 μM DTT, 1 mM
Na3VO4 and 1 mM PMSF; 250 mg tissue/0.5 ml). Lysis samples
were kept on ice for 30 min and were centrifuged at maximum
speed for 15 min, and the supernatant was collected for pro-
tein and cytokines determination. Protein was determined by the
Bradford Assay (Bio-Rad, Hercules, CA, USA). The cytokine lev-
els of IL-18 and IL-1β were measured using the enzyme-linked
immunosorbent assay (ELISA) kits (Bender MedSystems GmbH,
Austria) following the manufacturer’s instructions.

WESTERN BLOT ANALYSIS
The protein extracts from the cortex and cultured astrocytes were
homogenized in 250 mg tissue/0.5 ml cold lysis buffer (see above).
Then they were kept on ice for 30 min, centrifuged at maximum
speed for 15 min, and the supernatant was collected to determine
the proteins levels using the Bradford Assay (Bio-Rad, Hercules,
CA, USA). Lysates were separated by SDS-PAGE gels and were
transferred to PVDF membranes following standard techniques.
Membranes were blocked with 5% non-fat dried milk in TBS con-
taining 0.1% Tween-20 (TBS-T). Next they were then incubated
overnight with the following primary antibodies: anti-NLRP3
(1 μg/ml, Abcam), anti-caspase-1 (1/100, Santa Cruz Biotechnol-
ogy); anti-pro-caspase-1 (1/200, Abcam); anti-Apaf-1 (1 μg/ml,
Millipore Bioscience Research Reagents); anti-caspase-3 (1:500)
and anti-caspase-9 (1:1000, Cell Signaling).

Some membranes were stripped for 1 h at 60◦C in an SDS solu-
tion (2% SDS, 0.85% 2-ME, and 65 mM Tris-HCl, pH 6.8, and
were washed and incubated with anti-GAPDH (1/3000, Chemi-
con) for 2 h as a loading control. The intensity of the bands was
quantified with the image analysis program, α-Ease FC, version α

Imager 2200 (Alpha Innotech Corporation).

ASC OLIGOMERIZATION ASSAY
Apoptosis-associated speck-like protein containing a CARD
pyroptosome were performed following the procedure of
(Fernandes-Alnemri and Alnemri, 2008) with minor modifica-
tions. Thus, astrocytes were seeded in 50-mm diameter plates
(1 × 106 cells per well) and treated with different stimuli. Cells
were pelleted by centrifugation and resuspended in 0.5 ml of ice-
cold buffer containing PBS/Triton 0.5%, and lysed by shearing 10
times. Cell lysates were then centrifuged at 8000 × g for 15 min
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at 4◦C, and the resultant pellets were washed twice with PBS and
resuspended in 200 μl of PBS. The resuspended pellets, were then
cross-linked with fresh disuccinimidyl suberate (DSS; 2 mM) for
30 min at room temperature, and pelleted by centrifugation at
8000 × g for 15 min. The cross-linked pellets were resuspended
in 30 μl of SDS sample buffer, separated using 12% SDS-PAGE
and immunoblotted employing anti-mouse ASC antibodies. The
dimer band was quantified by densitometry.

CO-IMMUNOPRECIPITATION OF NLRP3 AND CASPASE-1
Pre-cleared cell lysates were used for the co-immunoprecipitation
(Co-IP) analysis using a Pierce Co-IP kit (Thermo Scientific
Pierce) and following the manufacturer’s instructions. This kit
provides covalent antibody immobilization onto an insoluble
agarose support, and then incubated with a cell lysate contain-
ing the target protein. We use the purify mouse anti-NLRP3
antibody (10 μg, AdipoGEn) to immunoprecipitate the antigen
(bait protein, IB) which bind the interacting protein (prey pro-
tein, IP) caspase-1 (1/100, Santa Cruz). Upon elution the immune
complexes, the samples were resolved with 15% SDS-PAGE and
transferred to PVDF membranes (Bio-Rad) for immunoblotting.
The mouse IgG was used as a negative control.

LACTATE DEHYDROGENASE (LDH) ACTIVITY
The release of LDH in the culture supernatant of astrocytes was
measured using the colorimetric Cyto-Tox 96 Non-radioactive
Assay (Promega) following the manufacturer’s instructions. This
assay is a coupled enzymatic assay, which results in the conver-
sion of a tetrazolium salt into a formazan product which, in
turn, is proportional to the number of lysed cells. We used tri-
ton X-100 as a positive control. The LDH value was expressed as
the percentage of total LDH activity, according to the following
equation: %LDH release rate = 100 × [(Experimental − Effector
Spontaneous − Target Spontaneous)/(Target Maximum − Target
Spontaneous)].

TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE dUTP NICK END
LABELING (TUNEL)
To assess cellular apoptosis (programmed cell death), we used
the in Situ Cell Death Detection Kit (Roche), Fluorescein. In
brief, coverslips with adherent cells were fixed and perme-
abilized (see Immunofluorescence) following incubation in a
nucleotide mixture containing fluorescein-dUTP and TdT (ter-
minal transferase), according to the manufacturer’s instructions.
Cell nuclei were detected by incubation with DAPI. Micro-
graphs were digitally recorded with a Leica DM6000 FS fluores-
cence microscope. TUNEL-positive cells appeared green, whereas
TUNEL-negative nuclei appeared blue. Negative controls were
incubated without TdT. The percentage of TUNEL-positive cells
vs. TUNEL-negative cells was quantified for each experimental
condition.

RNA ISOLATION, REVERSE TRANSCRIPTION PCR AND
QUANTIFICATION OF mRNA LEVELS
RNA was extracted from the cortex brain area using Trizol accord-
ing to the manufacturer’s instructions (Sigma). RNA was mea-
sured in a NanoDrop ND-1000 Spectrophotometer (260/280 nm

ratio). First-strand cDNA synthesis was performed with the
Transcriptor First Strand cDNA Synthesis Kit (Roche Applied
Biosystems) using 2000 ng of total RNA according to the manufac-
turer’s instructions. The RT-PCR reactions contained LightCycler
480 SYBR Green I Master (2×; Roche Applied Science), 5 μM
forward and reverse primers, and 1 μl of cDNA. RT-PCR was
performed in a LightCycler® 480 System (Roche). The ampli-
fication efficiency (E) of the primers was calculated from the
plot of the Cq values against the cDNA input according to the
equation E = [10(−1/slope)]. The relative expression ratio of a
target/reference gene was calculated according to the Pfaffl equa-
tion (Pfaffl, 2001). The sequence of both the forward and reverse
primers used in this study is detailed in Table 1. Housekeeping
cyclophilin A (PPIA) was used as an internal control. Fluorescence
was recorded in the annealing/elongation step in each cycle. A
melting curve analysis was performed at the end of each PCR to
check the specificity of the primers.

STATISTICAL ANALYSIS
Data were analyzed using a Mann–Whitney U non-parametric test
or one-way ANOVA followed by a Dunnett’s Multiple Comparison
or a Student’s t-test (SPSS program, version 17.0). Differences at
a value of p < 0.05 were considered statistically significant

RESULTS
ETHANOL ACTIVATES THE NLRP3 INFLAMMASOME-COMPLEX
FORMATION IN ASTROGLIAL CELLS FROM CEREBRAL CORTEX AND
PRIMARY CULTURE
Glial cells are important players in the immune response in the
CNS (Farina et al., 2007). Our previous studies demonstrated that
ethanol activates TLR4 signaling in astrocytes (Blanco et al., 2005;
Alfonso-Loeches et al., 2010). We therefore wondered if ethanol
was also capable of activating the inflammasome in astroglial
cells to contribute to ethanol-induced neuroinflammation. To
answer this question, we first evaluated whether ethanol treat-
ment promotes caspase-1 activation and the release of interleukins
IL-1β and IL-18 in both cerebral cortex (Ctx) area (Figure 1E)
and in cortical astroglial cells (Figure 2C). The biochemical
and immunohistochemical analyses revealed that chronic ethanol
treatment increases the co-localization of caspase-1 with GFAP-
positive cells (Figures 1B,G) and up-regulates the total caspase-1
activity levels (Figure 1H) in the cerebral Ctx of WT mice when

Table 1 | Gene primer sequences.

Gene Sequences cDNA size T m

NLRP3-F GGGCTTCTGCACCCGGACTG 328 65◦

NLRP3-R GGTGGTCCTGCTTCCACGCC 328 65◦

AIM2-F GTCACCAGTTCCTCAGTTGTG 259 60◦

AIM2-R TGTCTCCTTCCTCGCACTTT 259 60◦

NLRP1-F TCTCAGTGCCCAGGTGATTA 151 60◦

NLRP1-R TTGTCTCTGCTGCTTGAATGA 151 60◦

IPAF-F AAGGATGAAGGGCTGAAGGT 159 60◦

IPAF-R CGAAACTTGTAGGCTGACCA 159 60◦
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FIGURE 2 | Astrocytes in primary culture expresses high levels of NLRP3
mRNA. (A) mRNA expression of NLRP3, AIM2, NLRP1, and IPAF
inflammasomes in cultured astrocytes evaluated by RT-PCR. (B) Ethanol
treatment (10 and 50 mM) for 24 h up-regulates the NLRP3 mRNA levels in
the cultured astrocytes from TLR4 mice. We used n = 5–7 independent

experiments and ratios were normalized with the PPIA housekeeping gene.
Bars represent the [mean ± SEM]. *p < 0.05, **p < 0.01, ***p < 0.001
(Mann–Whitney U non-parametric test or a Student’s t -test). (C) Immuno-
fluorescence of NLRP3 (green) and GFAP- (red) co-localization in the
astrocytes from TLR4 and TLR4-knockout mice. Scale bar 20 μm.

compared with untreated animals (Figures 1A,G). We also deter-
mined interleukins IL-1β and IL-18 in the Ctx of the WT and
TLR4-KO mice treated with or without ethanol for 5 months.
Figures 1I,J shows that ethanol treatment up-regulates the lev-
els of IL-1β and IL-18 in the Ctx of the WT mice. Conversely,

the same ethanol treatment neither increased caspase-1 acti-
vation (Figures 1C,D,G,H) nor the levels of IL-1β and IL-18
(Figures 1I,J) in the Ctx of TLR4-KO mice.

To gain further insight into how ethanol affects inflamma-
some activation and which type of inflammasome was activated
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in astroglial cells, we used highly enriched astrocytes in primary
culture, and the gene expression of different inflammasomes were
assessed. An RT-PCR analysis revealed (Figure 2A) that although
inflammasomes NLRP3, AIM2, NLRP1, and IPAF are expressed
in astrocytes; the NLRP3 mRNA level was higher than the other
inflammasomes, and the ethanol treatment (10 and 50 mM) was
capable of up-regulating the NLRP3 mRNA levels (Figure 2B).
The immunofluorescence studies also revealed that the NLRP3
protein expression is expressed in the cytosol of GFAP+ cells
(Figure 2C), although higher NLRP3 expression are noted in WT
astrocytes treated with LPS, ATP or ethanol (10, 50 mM).

The assembly of the NLRP3 inflammasome complex required
adaptor protein ASC and its oligomerization to bring the recep-
tor and zymogen pro-caspase-1 into close proximity, which led
to caspase-1 activation, and to the cleavage of pro-IL-1β and
pro-IL-18 into their active cytokine and pyroptotic cell death
(Fernandes-Alnemri et al., 2007). Therefore, in order to evalu-
ate if ethanol, in comparison with other inflammasome stimuli,
was capable of inducing ASC oligomerization, the cleavage of
caspase-1 and the production of IL-1β and IL-18, astrocytes
were treated with LPS, ATP (a positive control of NLRP3 acti-
vation) and ethanol (10, 50 mM). Figure 3 shows that ethanol
and the LPS or ATP treatment promoted: (i) up-regulation of
NLRP3; (ii) caspase-1 activation, as evidenced by the appear-
ance of the 10 kDa active caspase-1-clevage peptide (Figure 3A);
(iii) ASC oligomerization, as demonstrated by the notably pres-
ence of ASC dimers and some trimers (Fernandes-Alnemri and
Alnemri, 2008; Figure 3B); (iv) the association between caspase-
1 cleavage and NLRP3, as demonstrated by the Co-IP of both
proteins with the appearance of the active p20/p10 caspase-1 in
treated-astrocytes (Figure 3C); and (v) the production of pro-
inflammatory cytokines IL-1β and IL-18 (Figure 3D). If we
consider that ASC is an adaptor protein required for the activation
of both NLRP3 inflammasome and caspase-1 (Fernandes-Alnemri
et al., 2007), the results indicate that by inducing NLRP3 inflam-
masome complex activation and ASC-pyroptosome formation,
ethanol was capable of inducing the innate immune response.
Our results further suggest that activation of NLRP3/caspase-1 is
associated with the TLR4 function since the astrocytes from TLR4-
KO mice presented no response or a minimal one to different
stimuli, including alcohol, on NLRP3 inflammasome activation
(Figures 3A–D).

ETHANOL-INDUCED MITOCHONDRIAL ROS FORMATION TRIGGERS
NLRP3 INFLAMMASOME COMPLEX ACTIVATION
One of the mechanisms by which NLRP3 inflammasome can
be activated is ROS generation (Tschopp and Schroder, 2010),
and mROS formation seems particularly critical for NLRP3 acti-
vation (Zhou et al., 2011). We therefore explored the potential
role of ethanol-induced mROS in NLRP3 inflammasome acti-
vation. To assess superoxide production by mitochondria in
cultured astrocytes, we used the MitoSOXTM Red reagent in live
cells, a fluorogenic dye that specifically targets mitochondria in
live cells, and a flow cytometry analysis. For these experiments,
astrocytes were treated with ethanol (10 and 50 mM), LPS and
ATP for 24 h in the presence or absence of Mito-TEMPO [a
mitochondria (m) ROS scavenger] or a Z-YVAD-FMK (specific

caspase-1 inhibitor) or z-VAD-FMK (inhibitor of caspase pro-
teases) or a NLRP3 bp. Then mROS production was measured.
The results indicate that treating WT astrocytes with ATP or LPS
or ethanol (10 mM or 50 mM) markedly induced mROS pro-
duction (Figure 4A). Notably, the mROS production induced
by ethanol (10 and 50 mM) or LPS or ATP was significantly
abrogated by Mito-TEMPO, z-YVAD-FMK, or Z-VAD-FMK by
the presence of NLRP3 bp (Figure 4A). Strikingly, small, but
non-significant, changes were noted in the TLR4-KO astrocytes
incubated with ATP, or LPS or ethanol (Figure 4B). These
results suggest that mROS generation induced by ATP or LPS
or ethanol mediates NLRP3/caspase-1 inflammasome activation.
Our findings also suggest crosstalk between TLR4 and NLRP3
inflammasome.

To confirm the above results, we measured the levels of IL-1β

and IL-18 in the medium of astrocytes incubated for 24 h with
ATP or LPS or ethanol (10 and 50 mM), in the presence or absence
of Mito-TEMPO or z-YVAD-FMK or Z-VAD-FMK or NLRP3 bp.
According to the above results, ATP or LPS or ethanol (10 and
50 mM) treatment induces the production of IL-1β and IL-18 in
the astrocytes supernatant, while the presence of Mito-TEMPO or
z-YVAD-FMK or Z-VAD-FMK or NLRP3 bp abolishes most of the
cytokine released in the cell medium (Figures 5A,B). However, the
results presented in Figure 5 illustrate that while both Z-YVAD-
FMK and z-VAD-FMK were more efficient than NLRP3 bp or
Mito-TEMPO in inhibiting IL-18 in all the treatments, the caspase-
1 inhibitor did not completely abolish the release of IL-1β induced
by ATP or LPS or ethanol, suggesting that this cytokine may be
produced by other mechanisms (Hanamsagar et al., 2012). No
significant variations in the levels of IL-1β or IL-18 were noted
in the TLR4-KO astrocytes treated with ATP, LPS or even ethanol
(Figures 5A,B).

INFLAMMASOME STIMULATION INDUCES CASPASE-1 AND NLRP3
RECRUITMENT WITHIN THE MITOCHONDRIA IN ASTROCYTES
Previous studies have shown that NLRP3 is located at the endo-
plasmic reticulum (ER) in the steady state and that it translocates
to the mitochondria-associated ER membranes following stimula-
tion (Zhou et al., 2011). Therefore, in order to gain further insights
into ethanol-induced NLRP3 inflammasome activation, we used
confocal microscopy to assess the location of NLRP3 under basal
and stimulated conditions. We noted that under basal conditions,
NLRP3 was located at the cytoplasm, but not within mitochondria
(Figure 6A). We were unable to detect caspase-1 under the steady-
state conditions. However, stimulation of astrocytes with ATP,
LPS or ethanol (10 mM) led to the recruitment of caspase-1 and
NLRP3 within mitochondria, as demonstrated by the overlap of
caspase-1 and NLRP3 in the mitochondria (mitotracker stain-
ing). Strikingly, ATP and ethanol stimulation promoted higher
caspase-1 levels within mitochondria than LPS. Inhibiting caspase-
1 with Z-VAD-FMK (Figure 6B) or mROS with Mito-TEMPO
(Figure 6C) mostly abolished NLRP3/caspase1 recruitment within
mitochondria.

It is noteworthy that ATP, LPS, or ethanol (10 mM) did not
promote NLRP3/caspase-1 activation and recruitment into the
mitochondria in TLR4-KO astrocytes (Figure 6). Immunoflu-
orescence studies with pro-caspase-1 and NLRP3 in untreated
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FIGURE 3 | Continued
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FIGURE 3 | Continued
Ethanol treatment activates the NLRP3 inflammasome complex in
cultured astrocytes fromTLR4-WT mice. (A) Western blot analysis shows
the NLRP3 and p10/caspase-1 active cleavage (the initiator caspase in
pyroptosis) protein levels in the LPS-, ATP-, and ethanol- (10 and 50 mM)
treated astrocytes. (B) We show ASC oligomerization and quantification of
the ASC dimer by densitometry. Cells were lysed, pelleted by centrifugation
and incubated with DSS for 30 min. The cross-linked pellets were
resuspended in SDS sample buffer, and proteins were separated using 12%
SDS-PAGE and Western blotted with anti-mouse ASC antibodies as
described under Section “Material and Methods.” The presence of dimers
and trimers was observed in the ATP-, LPS-, or ethanol-treated astrocytes
correlating with a significative up-regulation of ASC dimers. (C) Cell lysates
were collected and co-immunoprecipitated with the NLRP3 Ab (IP), and the
immune complexes were detected by Western blot with Caspase-1 (IB). We
show the presence of the p45 caspase-1 precursor and the active p20/p10
Caspase-1 in treated/untreated astrocytes. The mouse IgG was used as a
negative control. (D) ELISA measured determined the IL-1β and IL-18 levels
in the supernatant of the astrocytes treated with LPS, ATP and ethanol (10
and 50 mM) after 24 h. Non-significant differences were observed between
the treated or non-treated TLR4-KO astrocytes. Values represent the
mean ± SEM of 3–9 individual experiments. #p < 0.06, *p < 0.05,
**p < 0.01, ***p < 0.001 (Mann–Whitney U non-parametric test or a
Student’s t -test).

astrocytes and those treated with ATP, LPS and ethanol (10 mM)
from WT and TLR4-KO mice also demonstrated that while stim-
ulation with ATP, LPS or ethanol reduces the pro-caspase-1 levels
and increases NLRP3 expression (Figure 2) and its co-localization
in the WT cell cytoplasm, no changes in these parameters were
observed in untreated or treated TLR4-KO astrocytes. In short,
the results suggest that the by triggering pro-IL-1β production
(Gross et al., 2011), TLR4 acts as a priming signal which, along
with ROS production (second signal), promotes NLRP3 inflam-
masome activation. Lack of TLR4 signaling (TLR4-KO) was able
to abolish the production of not only pro-IL-1, but also of other
cytokines which might target to the mitochondria to initiate mROS
production.

ETHANOL-INDUCED NLRP3 INFLAMMASOME ACTIVATION TRIGGERS
PYROPTOSIS AND APOPTOSIS
Inflammasome-dependent caspase-1 activity has been shown to
cause a rapid inflammatory form of cell death called pyroptosis,
in which cytoplasmic content and pro-inflammatory cytokines,
including IL-1β and IL-18, are released (Miao et al., 2011). How-
ever, apoptosis can also be induced by mitochondria stress and
NLRP3 activation (Morizot, 2012), and our previous studies have
indicated that ethanol can cause activation of caspase-3-dependent
apoptosis and necrosis in the cerebral cortex (Alfonso-Loeches
et al., 2010). Therefore, in order to evaluate whether ethanol-
induced TLR4-dependent mitochondrial ROS production and
NLRP3 activation promote pyroptosis and/or apoptosis, treated
and untreated astrocytes were labeled with different staining
and then, the proportion of those cells that died by apoptosis,
necrosis or pyroptosis were evaluated using an In Cell Analyzer.
As shown in Figure 7A, treatment of the astrocytes with ATP
or LPS or ethanol 10 mM or ethanol 50 mM promotes 10.2,
15, 15.9, and 9.5% of pyroptosis (PI+ and FLICA 660-YVAD-
FMK+ cells), respectively, when compared with untreated control
cells.

Pyroptosis was also evaluated by measuring the levels of LDH
release upon the different treatments. The results in Figure 7B
illustrate that either ethanol or ATP treatments induces the release
of cytoplasmic LDH in the cell medium. In all cases, pyroptosis was
abrogated by Z-YVAD-FMK (a caspase-1 inhibitor) or Z-VAD-
FMK or Mito-TEMPO treatments (Figures 7A,B). Notably, ATP,
LPS or ethanol also induced a slight, yet significant increase in
apoptosis (PI− cells and increased staining with Hoechst 33342
due to DNA condensation). Thus, the percentage of apoptosis
was 3.2, 3.3, 2.9, and 3.3% upon treatment with ATP, LPS or
ethanol (10 and 50 mM), respectively (Figure 7A). No significant
or minimal changes in pyroptosis or apoptosis were observed in
treated TLR4-KO astrocytes.

Although apoptosis represents a small proportion of cell death
induced by NLRP3 inflammasome activation, recent evidence has
indicated that mitochondria stress can also lead to inflammation,
NLRP3 activation and cell death by apoptosis (Morizot, 2012).
We therefore evaluated the role of mitochondria ROS produc-
tion and apoptosome formation by assessing the levels of Apaf-1
and active peptide caspase-9/caspase-3 in the astrocytes stimu-
lated with ATP and ethanol. As shown in Figure 8A, both ATP
and ethanol (10 mM and 50 mM) increase the levels of Apaf-
1 and the active (cleaved) forms of caspase-9 and caspase-3 to
trigger apoptosis, as confirmed by the TUNEL assay (Figure 8B).
These results suggest that ethanol-induced NLRP3 inflammasome
activation can trigger mainly pyroptosis, but may also induce
apoptosis.

DISCUSSION
Innate immune activation can occur in the nervous system in
response to infections and/or tissue damage (Lampron et al.,
2013). Two main receptors and signaling pathways are involved in
this response, membrane receptors TLRs and cytoplasm sensors
NLRPs, which regulate caspase-1 activity through inflammasome
formation. Activation of TLRs has been shown to participate
in brain infection and neurodegenerative disorders (Hanamsagar
et al., 2012). However, less information is available on the role of
inflammasome in brain damage and neuroinflammation, and the
cellular source of inflammasome activation during brain infec-
tion or injury is lacking. In this study, we show that astrocytes
express various inflammasomes, although NRLP3 expression is
higher. We further demonstrate that ethanol as well as ATP or LPS,
triggers the recruitment of NLRP3 and active caspase-1 within
mitochondria by inducing mROS formation, which promotes the
production of IL-1β and IL-18. The present findings also reveal
crosstalk between TLR4 and the NLRP3 inflammasome complex
since the elimination of the TLR4 function markedly reduces
ethanol- or ATP-induced NLRP3 inflammasome activation and
cytokines production.

NLRP3 is an intracellular protein complex composed of
NLRP3, ASC, and pro-caspase-1, and it serves as a platform to
activate pro-inflammatory cytokines IL-1β and IL-18 (Schroder
et al., 2010). Recent structural studies have revealed the impor-
tance of ASCPYD/ASCPYD and NLRP3PYD/ASCPYD interactions
during inflammasome activation (Lu et al., 2014). NLRP3 can
be activated by pathogens and by a wide range of cytoso-
lic DAMPs, including ATP, potassium efflux, alum, uric acid
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FIGURE 4 |The ethanol-induced mitochondria ROS production level
measured by MitoSOX Red fluorescence intensity. (A) A flow cytometry
analysis shows that the ATP or LPS or ethanol (10 and 50 mM) treatments
increased mROS generation in the WT astrocytes. Incubation with
Z-YVAD-FMK, Z-VAD-FMK, the NLRP3 blocking peptide or Mito-TEMPO
before and during treatments notably reduces mROS generation activation in

WT astrocytes. (B) No significant changes in mROS generation were
observed in the TLR4-KO-astrocytes incubated with the same inhibitors and
treatments as used in the TLR4-astrocytes. Bars represent the (mean ± SEM)
of 4–12 individual experiments. *p < 0.05, **p < 0.01, ***p < 0.001
(one-way ANOVA followed by a Dunnett’s Multiple Comparison Test or a
Student’s t -test).

crystals and amyloid β (Jin and Flavell, 2010; Schroder et al.,
2010) and is also involved in the pathogenesis of metabolic
diseases, brain disorders, such as Alzheimer’s disease (Heneka
et al., 2013), autoimmune encephalomyelitis (EAE), and it also
contributes to ethanol-induced neuroinflammation in the cere-
bellum of ethanol-treated mice (Lippai et al., 2013). Although
the cellular and molecular mechanisms of ethanol-induced
inflammasome activation in the brain remain to be defined,

we herein provide evidence that cultured astrocytes express
NLRP3 and are capable of promoting ASC oligomerization to
allow the recruitment of NLRP3 and caspase-1 activation (Lu
et al., 2014) along with the production of IL-1β and IL-18
in response to ethanol, ATP or LPS. Inhibition of caspase-1
by Z-YVAD-FMK abolishes the production of IL-1β and IL18,
suggesting the role of caspase-1 in NLRP3 activation and cytokine
production.
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FIGURE 5 | Ethanol enhances the production of IL-18 and IL-1β in WT
astroglial cells. (A,B) Graphs represent the levels of IL-18 (A) and IL-1β (B)
measured in the supernatant medium of the WT and TLR4-KO astrocytes
treated with ATP, LPS or ethanol (10 and 50 mM) for 24 h. Incubation with
Z-YVAD-FMK, Z-VAD-FMK, the NLRP3 blocking peptide or Mito-TEMPO,
along with the different treatments, reduces, or even abolishes, the

up-regulation of the cytokine release. No changes in the levels of cytokines
were noted in the supernatant medium for the TLR4-KO-astrocytes for any of
the treatments and inhibitors used, except for the Mito-TEMPO treatment at
the IL-18 released levels. Bars represent the (mean ± SEM) expressed as a
percentage (%) of 6–10 individual experiments. *p < 0.05, **p < 0.01,
***p < 0.001 (two-way ANOVA with post hoc Bonferroni’s correction).

Notably, while microglia appear to be the main player in
NLRP3 inflammasome activation in the brain (Hanamsagar et al.,
2012), recent studies have independently demonstrated that rat or
human astrocytes express NLRP3 (Tezel et al., 2012) and NLRP2
(Minkiewicz et al., 2013) and are able to activate NLRP3 in
response to DAMPs. Our in vivo immunohistochemical studies
further support that in vivo ethanol treatment increases NLRP3
inflammasome activation in GFAP+ astroglial cells along with
the production of IL-1β and IL-18 in WT mice cerebral cortex.
According to these results, prior work from our laboratory has
shown that ethanol promotes IL-1β production in both astrocytes

(Blanco et al., 2005; Alfonso-Loeches et al., 2010) and microglia
(Fernandez-Lizarbe et al., 2009) in culture, as well as in the cerebral
cortex of ethanol-treated mice (Alfonso-Loeches et al., 2010).

Activation of the NLRP3 inflammasome by diverse stimuli usu-
ally requires two signals (Gross et al., 2011): the first signal, or
priming signal is usually induced by TLRs/LPS signaling which
triggers pro-IL-1β; and a second signal, induced by a diverse
array of stimuli (e.g., ROS, ion membrane perturbations, ATP,
etc.) and different mechanisms (Martinon, 2007; Petrilli et al.,
2007; Qu et al., 2007). Recent evidence supported the critical role
of mROS generation in NLRP3 activation (Nakahira et al., 2011;
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FIGURE 6 | Confocal images of NLRP3/caspase-1 co-localization within
mitochondria of the astrocytes treated with ethanol, ATP, or LPS.
Microphotographs show that the ATP, LPS, or ethanol (10 mM) treatments
promote the co-localization of NLRP3 inflammasome (blue) with active
caspase-1 (green) within mitochondria (red) in the WT-astrocytes when

compared with the untreated control astrocytes (A). Astrocytes treated with
Z-VAD-FMK (B) and with Mito-TEMPO (C) treatments do not induce
caspase-1 activation in both WT and TLR4-KO astrocytes. We performed at
least three independent experiments under each experimental condition.
Representative pictures are presented.

Shimada et al., 2012b). According to these findings, here we show
that ethanol, similarly to other NLRP3 activators like ATP or LPS
(Sutterwala et al., 2006), is capable of inducing mROS generation
in astrocytes by triggering NLRP3 inflammasome activation, along
with active caspase-1 maturation and the production of IL-1β and

IL-18. The role of mROS in NLRP3 inflammasome activation
has been supported by data demonstrating that blocking mROS
or NLRP3, or the inhibition of caspase-1, abrogates both mROS
generation and the up-regulation of IL-1β and IL-18 induced by
ATP, LPS or ethanol. Indeed, previous studies demonstrate that
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FIGURE 7 | Activation of the NLRP3 inflammasome complex triggers
pyroptosis and apoptosis in ethanol-induced astroglial cells. (A) Bars
show the percentage of cell dead by pyroptosis, necrosis and apoptosis in
astrocytes treated for 24 h with ATP, LPS, and ethanol (10 and 50 mM)
evaluated by an In Cell Analyzer. Approximately 1000–5000 cells were

analyzed/experimental condition. Bars represent the (mean ± SD). (B) LDH
activity in the supernatant astrocytes was measured with different
treatments. Bars represent the (mean ± SEM) of at least 6–10 individual
experiments. *p < 0.05, **p < 0.01 (Mann–Whitney U non-parametric
test).
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FIGURE 8 | Ethanol can also induce the apoptosome formation
in astrocytes. (A) The Western blot analyses of Apaf-1, the active
fragments from caspase-9 (37 kDa) and caspase-3 (17 kDa), in the
astrocytes treated with ATP (5 μM) or ethanol (10 and 50 mM). Bars
represent the (mean ± SEM) of at least 6–10 individual experiments.
*p < 0.05, **p < 0.01 (Mann–Whitney U non-parametric test or a
Student’s t -test). (B) The percentage of apoptosis in the astrocytes

incubated with ATP or ethanol (10 mM, 50 mM) for 24 h was
assessed by a TUNEL assay in the WT and TLR4-KO astrocytes.
Scale bar: 20 μm. Arrowheads show different apoptotic processes,
blebbing and nuclei condensation. Asterisk show positive TUNEL cells.
Bars represent the (mean ± SEM) of three individual experiments.
*p < 0.05, **p < 0.01 (two-way ANOVA with post hoc Bonferroni’s
correction).

ethanol-induced mROS generation participate in ethanol toxicity
in both astrocytes (Gonzalez et al., 2007) and liver (Manzo-Avalos
and Saavedra-Molina, 2010).

Cell death is ultimately caused by cellular innate immune
response elicited by the inflammasome activation. We show that

the activation of NLRP3 by either ATP, LPS or ethanol mainly
triggers pyroptosis a caspase-1-dependent inflammatory form of
programmed cells in which dying cells release their cytoplasmic
content, including cytokines, into the extracellular space. Nev-
ertheless, ethanol or ATP by inducing mitochondrial stress and
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mROS production, can also trigger apoptosis by activating Apaf-1,
caspase-9, and caspase-3, and the apoptosome complex (Morizot,
2012). It is noteworthy that inflammasomes and apoptosomes
are two mechanisms of the immune cells by which compromised
cells are eliminated and share many similarities in their regula-
tory response to cellular stress (Latz et al., 2013). Yet whether these
two mechanisms act independently or are linked, and whether
their individual contributions depend on the intensity and type
of cell stimuli (e.g., bacteria, virus, DAMPs; Doitsh et al., 2014),
are uncertain (Latz et al., 2013). Nevertheless, in vivo evidence
from the immunohistochemical data reported herein (Figure 1)
and our previous studies support the in vitro finding since we
observed that chronic ethanol treatment increases IL-1β levels and
induces both apoptosis and caspase-3 activation, as well as necro-
sis, in the WT mice but not in the TLR4-KO mice cerebral cortex
(Alfonso-Loeches et al., 2010).

Indeed, the present findings also support the role of TLR4
signaling in ethanol-induced NLRP3 activation, since the elimi-
nation of the TLR4 function in astrocytes abolishes ethanol- or
ATP-induced NLRP3 activation. As commented above, a crosstalk
between TLRs and inflammasome (Hanamsagar et al., 2012) has
been reported. Activation of TLRs and the production of pro-
IL-1β is the priming step for NLRP3 activation (Gross et al.,
2011). Then, a second signal, induced by a diverse stimuli (e.g.,
ROS, ion membrane perturbations, ATP, etc.), promotes ASC-
inflammasome oligomerization, caspase-1 activation, followed by
the maturation and secretion of IL-1β and IL-18. A recent report
has suggested that NLRP3 is activated by a two-step, deubiqui-
tination mechanism initiated by TLRs signaling and mROS and
that it is further potentiated by ATP, events which might explain
how NLRP3 is activated by diverse danger signals (Juliana et al.,
2012). Therefore, the lack of TLR4 function in TLR4-KO astro-
cytes not only eliminates the priming signal, as production of
pro-IL-1β, but also the production of cytokines and free radicals-
mediated by TLR4 signaling. These later events could, sensitize
the mitochondria to induce ROS production and consequently
NLRP3 activation and cell death by pyroptosis and apoptosis.
Accordingly, recent evidence has demonstrated that TLR4 signal-
ing induce mitochondria ROS production, contributing to the
gastric cancer progression (Yuan et al., 2013). The functional role
of TLR4 in the inflammasome activation is further supported by
the demonstration that TLR4 deficiency not only protects ethanol-
induced NLRP3 inflammasome activation and the induction of
cytokines, but also attenuates the increased in ethanol-induced
IL-1β production in the cerebellum (Lippai et al., 2013). We also
noted that in vivo ethanol treatment abolishes the induction of
IL-18 and IL-1β production in the cerebral cortex of TLR4-KO
mice.

The role of TLR4 in ethanol-induced neuroinflammation and
brain damage has been clearly demonstrated. Our previous stud-
ies have shown that by interacting with membrane microdomains
“lipid rafts” in glial cells, ethanol can induce TLR4 dimerization
and signaling to trigger the release of cytokines and inflam-
matory mediators (Blanco et al., 2005, 2008; Fernandez-Lizarbe
et al., 2009). By using small interfering RNA (siRNA) or cells
from TLR4-deficient mice (TLR4-KO), knockdown TLR4, abol-
ish MAPK and NFk-B signaling pathways and the release of

inflammatory mediators in glial cells (Fernandez-Lizarbe et al.,
2009; Alfonso-Loeches et al., 2010). The in vivo relevance of these
findings is evidenced by the demonstration that while chronic
ethanol intake causes neuroinflammation, gliosis, demyelina-
tion and cell death (apoptosis and necrosis) in the cerebral
cortex, TLR4-KO mice are protected against ethanol-induced
brain inflammatory mediators, cell death and brain injury
(Alfonso-Loeches et al., 2010, 2012). The present findings further
support the role of TLR4 in ethanol-induced NLRP3 inflamma-
some activation and IL-1β and IL-18 production in glial cells,
events that contribute to ethanol-induced neuroinflammation.
To support our results, a recent study has demonstrated that
ethanol-impaired neurogenesis is associated with induction of
IL-1β and with inflammasome NALP1 and NALP3 activation
in both neurons and astrocytes, and that these events can be
blocked with both the IL-1β receptor and antagonist rIL-1Ra
(Zou and Crews, 2012). Similarly, the intracranial administra-
tion of IL-1Ra prevents alcohol-induced inflammasome activation
and the up-regulation of IL-1β and TNF-α in the cerebel-
lum of ethanol-treated mice (Lippai et al., 2013). These results
indicate the importance of ethanol-induced inflammasome acti-
vation and IL-1β production in the neuroinflammatory effects of
ethanol.

CONCLUSION
Taken together, our results demonstrate for the first time that, by
promoting mROS generation, ethanol induces NLRP3/caspase-1
activation to trigger IL-1β/IL-18 production and cell death by
pyroptosis and apoptosis, events that could contribute to neu-
roinflammation and brain damage induced by ethanol abuse. We
further show crosstalk between NLRP3 and TLR4 since the elim-
ination of TLR4 markedly diminishes ethanol actions on NLRP3
inflammasome activation and the production of the inflammatory
cytokines IL-1β/IL-18. Our findings suggest that inflammasome
activation may represent a new target in ethanol-induced neu-
roinflammation, and they support the potential role of IL-1Ra in
the treatment of the neuropathological changes associated with
alcohol abuse.

AUTHOR CONTRIBUTIONS
Consuelo Guerri, Silvia Alfonso-Loeches, and Juan R.
Ureña-Peralta conceived and designed the experiments. Silvia
Alfonso-Loeches, Juan R. Ureña-Peralta, Maria José Morillo-
Bargues, and Jorge Oliver-De La Cruz performed the experiments.
Silvia Alfonso-Loeches and Juan R. Ureña-Peralta analyzed the
data. Consuelo Guerri contributed reagents/material/ analysis
tools. Consuelo Guerri, Silvia Alfonso-Loeches, and Juan R.
Ureña-Peralta wrote the paper.

ACKNOWLEDGMENTS
We are thankful to Dr. S. Akira who provided us with the TLR4
knockout mice. In addition, we thank the Confocal and Cytom-
etry Services from the Prince Felipe Research Center. This work
has been supported by grants from the Ministry of Science and
Innovation (SAF-2009-07503), the Spanish Ministry of Economy
and Competitiveness (SAF-2012-33747), the Spanish Ministry
of Health, the Carlos III Institute, FEDER funds (RTA-Network

Frontiers in Cellular Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 216 | 139

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Alfonso-Loeches et al. Ethanol activates NLRP3 in astrocytes

RD12-0028-007), ERAB (EA 13 08) and Generalitat Valenciana-
Consellería de Educación: PROMETEO/2009/072, GV.

REFERENCES
Alfonso-Loeches, S., Pascual-Lucas, M., Blanco, A. M., Sanchez-Vera, I., and Guerri,

C. (2010). Pivotal role of TLR4 receptors in alcohol-induced neuroinflammation
and brain damage. J. Neurosci. 30, 8285–8295. doi: 10.1523/JNEUROSCI.0976-
10.2010

Alfonso-Loeches, S., Pascual, M., Gomez-Pinedo, U., Pascual-Lucas, M., Renau-
Piqueras, J., and Guerri, C. (2012). Toll-like receptor 4 participates in the
myelin disruptions associated with chronic alcohol abuse. Glia 60, 948–964. doi:
10.1002/glia.22327

Arlehamn, C. S., Petrilli, V., Gross, O., Tschopp, J., and Evans, T. J. (2010). The
role of potassium in inflammasome activation by bacteria. J. Biol. Chem. 285,
10508–10518. doi: 10.1074/jbc.M109.067298

Becker, C. E., and O’Neill, L. A. (2007). Inflammasomes in inflammatory disorders:
the role of TLRs and their interactions with NLRs. Semin. Immunopathol. 29,
239–248. doi: 10.1007/s00281-007-0081-4

Blanco, A. M., Perez-Arago, A., Fernandez-Lizarbe, S., and Guerri, C. (2008).
Ethanol mimics ligand-mediated activation and endocytosis of IL-1RI/TLR4
receptors via lipid rafts caveolae in astroglial cells. J. Neurochem. 106, 625–639.
doi: 10.1111/j.1471-4159.2008.05425.x

Blanco, A. M., Valles, S. L., Pascual, M., and Guerri, C. (2005). Involvement of
TLR4/type I IL-1 receptor signaling in the induction of inflammatory mediators
and cell death induced by ethanol in cultured astrocytes. J. Immunol. 175, 6893–
6899. doi: 10.4049/jimmunol.175.10.6893

De Nardo, D., and Latz, E. (2011). NLRP3 inflammasomes link inflammation
and metabolic disease. Trends Immunol. 32, 373–379. doi: 10.1016/j.it.2011.
05.004

Doitsh, G., Galloway, N. L., Geng, X., Yang, Z., Monroe, K. M., Zepeda, O., et al.
(2014). Cell death by pyroptosis drives CD4 T-cell depletion in HIV-1 infection.
Nature 505, 509–514. doi: 10.1038/nature12940

Dostert, C., Guarda, G., Romero, J. F., Menu, P., Gross, O., Tardivel, A., et al. (2009).
Malarial hemozoin is a Nalp3 inflammasome activating danger signal. PLoS ONE
4:e6510. doi: 10.1371/journal.pone.0006510

Farina, C., Aloisi, F., and Meinl, E. (2007). Astrocytes are active players in cere-
bral innate immunity. Trends Immunol. 28, 138–145. doi: 10.1016/j.it.2007.
01.005

Fernandes-Alnemri, T., and Alnemri, E. S. (2008). Assembly, purification, and assay
of the activity of the ASC pyroptosome. Methods Enzymol. 442, 251–270. doi:
10.1016/S0076-6879(08)01413-4

Fernandes-Alnemri, T., Wu, J., Yu, J. W., Datta, P., Miller, B., Jankowski, W., et al.
(2007). The pyroptosome: a supramolecular assembly of ASC dimers mediating
inflammatory cell death via caspase-1 activation. Cell Death Differ. 14, 1590–1604.
doi: 10.1038/sj.cdd.4402194

Fernandez-Lizarbe, S., Pascual, M., and Guerri, C. (2009). Critical role of TLR4
response in the activation of microglia induced by ethanol. J. Immunol. 183,
4733–4744. doi: 10.4049/jimmunol.0803590

Franklin, K. B. J., and Paxinos, G. (1997). The Mouse Brain in Stereotaxic Coordinates.
San Diego: Academic Press.

Goldbach-Mansky, R., Dailey, N. J., Canna, S. W., Gelabert, A., Jones, J.,
Rubin, B. I., et al. (2006). Neonatal-onset multisystem inflammatory disease
responsive to interleukin-1β inhibition. N. Engl. J. Med. 355, 581–592. doi:
10.1056/NEJMoa055137

Gonzalez, A., Pariente, J. A., and Salido, G. M. (2007). Ethanol stimulates
ROS generation by mitochondria through Ca2+ mobilization and increases
GFAP content in rat hippocampal astrocytes. Brain Res. 1178, 28–37. doi:
10.1016/j.brainres.2007.08.040

Gross, O., Thomas, C. J., Guarda, G., and Tschopp, J. (2011). The inflamma-
some: an integrated view. Immunol. Rev. 243, 136–151. doi: 10.1111/j.1600-
065X.2011.01046.x

Hanamsagar, R., Torres, V., and Kielian, T. (2012). Inflammasome activation
and IL-1β/IL-18 processing are influenced by distinct pathways in microglia.
J. Neurochem. 119, 736–748. doi: 10.1111/j.1471-4159.2011.07481.x

Heneka, M. T., Kummer, M. P., Stutz, A., Delekate, A., Schwartz, S., Vieira-Saecker,
A., et al. (2013). NLRP3 is activated in Alzheimer’s disease and contributes
to pathology in APP/PS1 mice. Nature 493, 674–678. doi: 10.1038/nature
11729

Hornung, V., and Latz, E. (2010). Critical functions of priming and lyso-
somal damage for NLRP3 activation. Eur. J. Immunol. 40, 620–623. doi:
10.1002/eji.200940185

Jha, S., Srivastava, S. Y., Brickey, W. J., Iocca, H., Toews, A., Morrison, J. P., et al.
(2010). The inflammasome sensor, NLRP3, regulates CNS inflammation and
demyelination via caspase-1 and interleukin-18. J. Neurosci. 30, 15811–15820.
doi: 10.1523/JNEUROSCI.4088-10.2010

Jha, S., and Ting, J. P. (2009). Inflammasome-associated nucleotide-binding domain,
leucine-rich repeat proteins and inflammatory diseases. J. Immunol. 183, 7623–
7629. doi: 10.4049/jimmunol.0902425

Jin, C., and Flavell, R. A. (2010). Molecular mechanism of NLRP3 inflammasome
activation. J. Clin. Immunol. 30, 628–631. doi: 10.1007/s10875-010-9440-3

Juliana, C., Fernandes-Alnemri, T., Kang, S., Farias, A., Qin, F., and Alnemri,
E. S. (2012). Non-transcriptional priming and deubiquitination regulate
NLRP3 inflammasome activation. J. Biol. Chem. 287, 36617–36622. doi:
10.1074/jbc.M112.407130

Kahlenberg, J. M., Lundberg, K. C., Kertesy, S. B., Qu, Y., and Dubyak, G. R.
(2005). Potentiation of caspase-1 activation by the P2X7 receptor is dependent
on TLR signals and requires NF-kappaB-driven protein synthesis. J. Immunol.
175, 7611–7622. doi: 10.4049/jimmunol.175.11.7611

Lampron, A., Elali, A., and Rivest, S. (2013). Innate immunity in the CNS: redefining
the relationship between the CNS and Its environment. Neuron 78, 214–232. doi:
10.1016/j.neuron.2013.04.005

Latz, E., Xiao, T. S., and Stutz, A. (2013). Activation and regulation of the
inflammasomes. Nat. Rev. Immunol. 13, 397–411. doi: 10.1038/nri3452

Lippai, D., Bala, S., Csak, T., Kurt-Jones, E. A., and Szabo, G. (2013). Chronic alcohol-
induced microRNA-155 contributes to neuroinflammation in a TLR4-dependent
manner in mice. PLoS ONE 8:e70945. doi: 10.1371/journal.pone.0070945

Lu, A., Magupalli, V. G., Ruan, J., Yin, Q., Atianand, M. K., Vos, M. R., et al.
(2014). Unified polymerization mechanism for the assembly of ASC-dependent
inflammasomes. Cell 156, 1193–1206. doi: 10.1016/j.cell.2014.02.008

Manzo-Avalos, S., and Saavedra-Molina, A. (2010). Cellular and mitochondrial
effects of alcohol consumption. Int. J. Environ. Res. Public Health 7, 4281–4304.
doi: 10.3390/ijerph7124281

Mariathasan, S., and Monack, D. M. (2007). Inflammasome adaptors and sensors:
intracellular regulators of infection and inflammation. Nat. Rev. Immunol. 7,
31–40. doi: 10.1038/nri1997

Martinon, F. (2007). Orchestration of pathogen recognition by inflammasome
diversity: variations on a common theme. Eur. J. Immunol. 37, 3003–3006. doi:
10.1002/eji.200737871

Miao, E. A., Rajan, J. V., and Aderem, A. (2011). Caspase-1-induced pyroptotic cell
death. Immunol. Rev. 243, 206–214. doi: 10.1111/j.1600-065X.2011.01044.x

Minana, R., Climent, E., Barettino, D., Segui, J. M., Renau-Piqueras, J., and Guerri,
C. (2000). Alcohol exposure alters the expression pattern of neural cell adhe-
sion molecules during brain development. J. Neurochem. 75, 954–964. doi:
10.1046/j.1471-4159.2000.0750954.x

Minkiewicz, J., de Rivero Vaccari, J. P., and Keane, R. W. (2013). Human
astrocytes express a novel NLRP2 inflammasome. Glia 61, 1113–1121. doi:
10.1002/glia.22499

Morizot, B. (2012). Chance: from metaphysical principle to explanatory concept.
The idea of uncertainty in a natural history of knowledge. Prog. Biophys. Mol.
Biol. 110, 54–60. doi: 10.1016/j.pbiomolbio.2012.04.007

Nakahira, K., Haspel, J. A., Rathinam, V. A., Lee, S. J., Dolinay, T., Lam, H. C.,
et al. (2011). Autophagy proteins regulate innate immune responses by inhibiting
the release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat.
Immunol. 12, 222–230. doi: 10.1038/ni.1980

Neven, B., Callebaut, I., Prieur, A. M., Feldmann, J., Bodemer, C., Lepore, L., et al.
(2004). Molecular basis of the spectral expression of CIAS1 mutations associated
with phagocytic cell-mediated autoinflammatory disorders CINCA/NOMID,
MWS, and FCU. Blood 103, 2809–2815. doi: 10.1182/blood-2003-
07-2531

Parajuli, B., Sonobe, Y., Horiuchi, H., Takeuchi, H., Mizuno, T., and Suzu-
mura, A. (2013). Oligomeric amyloid β induces IL-1β processing via production
of ROS: implication in Alzheimer’s disease. Cell Death Dis. 4:e975. doi:
10.1038/cddis.2013.503

Petrilli, V., Dostert, C., Muruve, D. A., and Tschopp, J. (2007). The inflammasome:
a danger sensing complex triggering innate immunity. Curr. Opin. Immunol. 19,
615–622. doi: 10.1016/j.coi.2007.09.002

Frontiers in Cellular Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 216 | 140

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Alfonso-Loeches et al. Ethanol activates NLRP3 in astrocytes

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

Pittock, S. J., and Lucchinetti, C. F. (2007). The pathology of MS: new
insights and potential clinical applications. Neurologist 13, 45–56. doi:
10.1097/01.nrl.0000253065.31662.37

Qu, Y., Franchi, L., Nunez, G., and Dubyak, G. R. (2007). Nonclassical IL-1 β

secretion stimulated by P2X7 receptors is dependent on inflammasome activation
and correlated with exosome release in murine macrophages. J. Immunol. 179,
1913–1925. doi: 10.4049/jimmunol.179.3.1913

Schroder, K., and Tschopp, J. (2010). The inflammasomes. Cell 140, 821–832. doi:
10.1016/j.cell.2010.01.040

Schroder, K., Zhou, R., and Tschopp, J. (2010). The NLRP3 inflammasome:
a sensor for metabolic danger? Science 327, 296–300. doi: 10.1126/science.
1184003

Sheedy, F. J., Grebe, A., Rayner, K. J., Kalantari, P., Ramkhelawon, B., Carpenter, S.
B., et al. (2013). CD36 coordinates NLRP3 inflammasome activation by facilitat-
ing intracellular nucleation of soluble ligands into particulate ligands in sterile
inflammation. Nat. Immunol. 14, 812–820. doi: 10.1038/ni.2639

Shimada, K., Crother, T. R., and Arditi, M. (2012a). Innate immune responses to
Chlamydia pneumoniae infection: role of TLRs, NLRs, and the inflammasome.
Microbes Infect. 14, 1301–1307. doi: 10.1016/j.micinf.2012.08.004

Shimada, K., Crother, T. R., Karlin, J., Dagvadorj, J., Chiba, N., Chen, S.,
et al. (2012b). Oxidized mitochondrial DNA activates the NLRP3 inflamma-
some during apoptosis. Immunity 36, 401–414. doi: 10.1016/j.immuni.2012.
01.009

Sospedra, M., and Martin, R. (2005). Antigen-specific therapies in multiple sclerosis.
Int. Rev. Immunol. 24, 393–413. doi: 10.1080/08830180500371256

Subramanian, N., Natarajan, K., Clatworthy, M. R., Wang, Z., and Germain,
R. N. (2013). The adaptor MAVS promotes NLRP3 mitochondrial localiza-
tion and inflammasome activation. Cell 153, 348–361. doi: 10.1016/j.cell.2013.
02.054

Sutterwala, F. S., Ogura, Y., Szczepanik, M., Lara-Tejero, M., Lichtenberger, G. S.,
Grant, E. P., et al. (2006). Critical role for NALP3/CIAS1/Cryopyrin in innate and
adaptive immunity through its regulation of caspase-1. Immunity 24, 317–327.
doi: 10.1016/j.immuni.2006.02.004

Tan, M. S., Yu, J. T., Jiang, T., Zhu, X. C., and Tan, L. (2013). The NLRP3
inflammasome in Alzheimer’s disease. Mol. Neurobiol. 48, 875–882. doi:
10.1007/s12035-013-8475-x

Tezel, G., Yang, X., Luo, C., Cai, J., and Powell, D. W. (2012). An astrocyte-specific
proteomic approach to inflammatory responses in experimental rat glaucoma.
Invest. Ophthalmol. Vis. Sci. 53, 4220–4233. doi: 10.1167/iovs.11-9101

Ting, J. P., and Davis, B. K. (2005). CATERPILLER: a novel gene family important
in immunity, cell death, and diseases. Annu. Rev. Immunol. 23, 387–414. doi:
10.1146/annurev.immunol.23.021704.115616

Triantafilou, K., Hughes, T. R., Triantafilou, M., and Morgan, B. P. (2013).
The complement membrane attack complex triggers intracellular Ca2+ fluxes
leading to NLRP3 inflammasome activation. J. Cell Sci. 126, 2903–2913. doi:
10.1242/jcs.124388

Tschopp, J., and Schroder, K. (2010). NLRP3 inflammasome activation: the conver-
gence of multiple signalling pathways on ROS production? Nat. Rev. Immunol.
10, 210–215. doi: 10.1038/nri2725

Tseng, W. A., Thein, T., Kinnunen, K., Lashkari, K., Gregory, M. S., D’Amore, P. A.,
et al. (2013). NLRP3 inflammasome activation in retinal pigment epithelial cells
by lysosomal destabilization: implications for age-related macular degeneration.
Invest. Ophthalmol. Vis. Sci. 54, 110–120. doi: 10.1167/iovs.12-10655

Yuan, X., Zhou, Y., Wang, W., Li, J., Xie, G., Zhao, Y., et al. (2013). Activation of
TLR4 signaling promotes gastric cancer progression by inducing mitochondrial
ROS production. Cell Death Dis. 4:e794. doi: 10.1038/cddis.2013.334

Zhou, R., Yazdi, A. S., Menu, P., and Tschopp, J. (2011). A role for mito-
chondria in NLRP3 inflammasome activation. Nature 469, 221–225. doi:
10.1038/nature09663

Zou, J., and Crews, F. T. (2012). Inflammasome-IL-1β signaling mediates
ethanol inhibition of hippocampal neurogenesis. Front. Neurosci. 6:77. doi:
10.3389/fnins.2012.00077

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 07 March 2014; accepted: 17 July 2014; published online: 01 August 2014.
Citation: Alfonso-Loeches S, Ureña-Peralta JR, Morillo-Bargues MJ, Oliver-De La Cruz
J and Guerri C (2014) Role of mitochondria ROS generation in ethanol-induced NLRP3
inflammasome activation and cell death in astroglial cells. Front. Cell. Neurosci. 8:216.
doi: 10.3389/fncel.2014.00216
This article was submitted to the journal Frontiers in Cellular Neuroscience.
Copyright © 2014 Alfonso-Loeches, Ureña-Peralta, Morillo-Bargues, Oliver-De La
Cruz and Guerri. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 216 | 141

http://dx.doi.org/10.3389/fncel.2014.00216
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


CELLULAR NEUROSCIENCE
MINI REVIEW ARTICLE

published: 05 November 2014
doi: 10.3389/fncel.2014.00368

γδ T cells as early sensors of tissue damage and mediators
of secondary neurodegeneration
Mathias Gelderblom *, Priyadharshini Arunachalam and Tim Magnus *

Department of Neurology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

Edited by:
Arthur Liesz, University Hospital
Munich, Germany

Reviewed by:
Thiruma Arumugam, National
University of Singapore, Singapore
Christopher G. Sobey, Monash
University, Australia
Takashi Shichita, Keio Univeristy,
Japan

*Correspondence:
Mathias Gelderblom and
Tim Magnus, Department of
Neurology, University Medical
Center Hamburg-Eppendorf,
Martinistraße 52, 20246 Hamburg,
Germany
e-mail: m.gelderblom@uke.de;
t.magnus@uke.de

Spontaneous or medically induced reperfusion occurs in up to 70% of patients within
24 h after cerebral ischemia. Reperfusion of ischemic brain tissue can augment the
inflammatory response that causes additional injury. Recently, T cells have been shown
to be an essential part of the post-ischemic tissue damage, and especially IL-17 secreting
T cells have been implicated in the pathogenesis of a variety of inflammatory reactions in
the brain. After stroke, it seems that the innate γδ T cells are the main IL-17 producing
cells and that the γδ T cell activation constitutes an early and mainly damaging immune
response in stroke. Effector mechanism of γδ T cell derived IL-17 in the ischemic brain
include the induction of metalloproteinases, proinflammatory cytokines and neutrophil
attracting chemokines, leading to a further amplification of the detrimental inflammatory
response. In this review, we will give an overview on the concepts of γδ T cells and IL-17
in stroke pathophysiology and on their potential importance for human disease conditions.

Keywords: γδ T cell, stroke, inflammation, IL-17, lymphocyte, brain, ischemia, neutrophils

INTRODUCTION
Ischemic stroke is the primary reason for sustained disability and
the third leading cause of death in the western world. In 85% of
these patients, occlusion of an artery in the brain is the cause of
stroke. Early restoration of blood flow (reperfusion) remains the
treatment of choice for limiting brain injury following stroke. The
reperfusion, which enhances the oxygen and glucose content in
the tissue also increases an inflammatory response (Iadecola and
Anrather, 2011). The idea that inflammation causes further brain
injury is supported by a large number of reports that describe
a reduction in infarct size and brain edema in animal models
of stroke that receive blocking antibodies against specific cell
adhesion molecules that mediate leukocyte recruitment (Yilmaz
and Granger, 2008), anti-inflammatory treatment (Sharkey and
Butcher, 1994), and immune deficient animals (Yilmaz et al.,
2006; Hurn et al., 2007; Kleinschnitz et al., 2010; Gelderblom
et al., 2012).

αβ T CELLS AND REGULATORY T CELLS IN STROKE
Compared to resident microglia, infiltrating macrophages and
neutrophils, lymphocytes and NK cells infiltrate the ischemic
hemisphere in small numbers. Nevertheless, T cells have a great
impact on stroke outcome. The initial observation by Yilmaz et al.
that lymphocyte deficient rag1−/− mice are protected from stroke
(Yilmaz et al., 2006) could be extended to mice with severe com-
bined immunodeficiency lacking T cells and B cells (Hurn et al.,
2007) and to CD4+ and CD8+ T cell-deficient animals (Yilmaz
et al., 2006). Direct detrimental mechanisms elicited by αβ T cell
in stroke pathophysiology include CD8+ T cell derived perforin

mediated cytotoxicity (Liesz et al., 2011) and IL-21 secreted by
CD4+ T cells (Clarkson et al., 2014).

The classical activation of αβ T cells requires several coincident
signals: (1) engagement of the antigen receptor; (2) co-
stimulatory receptors; (3) cytokine receptors such IL-2 receptor;
a process requiring at least 3–5 d (Jensen et al., 2008). Mul-
tiple studies using antigen specific mucosal tolerization proto-
cols against myelin antigens suggest the involvement of adaptive
mechanism in stroke pathophysiology. Already in 1997 the group
from Hallenbeck demonstrated that rodents tolerized with myelin
peptides are protected from ischemic stroke (Becker et al., 1997).
Mechanistically the protective effects could be attributed to IL-10
producing T cells (Frenkel et al., 2005) and transforming growth
factor-β1 (Becker et al., 2003).

These classical concepts of T cell activation are challenged
by the observation that detrimental T cell dependent effects
following cerebral ischemia can be observed already 24 h post
stroke, in an antigen independent fashion (Kleinschnitz et al.,
2010). Similarly controversial is the role of regulatory Tregs and
B cells in stroke. Liesz and colleagues showed that endogenous
Tregs are protective in later stages following stroke when the
lesions were small (Liesz et al., 2009) and that their beneficial
functions depend on IL-10 (Liesz et al., 2013). However, a lot of
the observed effects of Tregs cannot be attributed to concepts of
adaptive immunity. For example, an early direct inhibitory effect
of Tregs on the MMP9 production from neutrophils was a recently
suggested mechanism (Li et al., 2013). In this model, transfer
of regulatory Tregs conferred protective effects on the outcome
already on day one after stroke even before Tregs infiltrated the
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FIGURE 1 | Sequential events leading to neutrophil infiltration. First,
release from DAMPs from injured cells activates resident microglia via
PPRs to release proinflammatory factors including TNF-α. Second, IL-23
activates γδ T cells to rapidly secrete IL-17 in the ischemic tissue. Third,
neutrophil infiltration is initiated via IL-17 and TNF-α synergistically induced
expression of CXCL-1 in astrocytes.

ischemic brain. Protective effects could be attributed to program
death-1 ligand 1 (PD-L1) dependent inhibition on MMP9 pro-
duction in neutrophils in the peripheral circulation which then
led to a consecutive protection of the blood brain barrier (Li
et al., 2014). Further studies even challenged the overall concept
of Tregs as endogenous protective immune cell population in
stroke (Ren et al., 2011) and a recent study suggests that Tregs

have an early detrimental role, by inducing dysfunction of the
cerebral microcirculation (Kleinschnitz et al., 2013). While the
data on T cell effects in particular Tregs in stroke is still con-
troversial, it is clear that most of the important immunological
effects are not following classical concepts of adaptive immu-
nity, suggesting an innate like behavior of lymphocytes. In this
line, atypical T cells such as γδ T cell and NK cells are likely
to participate in the early orchestration of the inflammatory
reaction. For NK cells it has been shown that neuronal cell
death is mediated by IFN-γ- and Perforin-dependent pathways
as early as 3 h post reperfusion (Gan et al., 2014). A lot more
data exist on γδ T cell, which we will focus on in the following
section.

BIOLOGY OF γδ T CELLS SUBPOPULATIONS
Like αβ T cells, γδ T cells develop in the thymus using the recom-
binase activated gene product (RAG) for the somatic rearrange-
ment of V (variable), D (Diversity and J (joining) gene segments
of the γ and δ chains of their T cell receptor (TcR) (reviewed
in Raulet, 1989). Compared to αβ TcR, the sets of TcR detected
on γδ T cells are limited. Many γδ subsets, primarily the ones
populating certain tissues such as the epidermis, dermis, intestine,
lungs and uterus are displaying an even higher limitation of
their TcR diversity. These tissue-specific γδ T cell subsets show a
biased use of certain TcR V gene segments. Since some of them
express “invariant” TcRs with identical (canonical) junctional
sequences, they are also named canonical γδ T cells. As reviewed
by Vantourout and Hayday, the limited TcR diversity implies that
these cells recognize either pathogen encoded antigens, that are
likely to be encountered in specific tissues such as the epidermis,
or self-encoded molecules that reflect a dysregulated state of
that tissue (Vantourout and Hayday, 2013). Since these γδ T cell
subsets can be rapidly activated without the requirement of prior
clonal expansion they are also called “innate like” T cells. In
contrast to canonical γδ T cells so-called non-canonical γδ T cells,
which are characterized by an expression of more diverse γδ TcRs,
are homing into secondary lymphoid tissues. Here they make up
a minor fraction of rodent and human T cells after birth (in mice
1–4% of all T cells). In the context of immune responses non-
canonical γδ T cells are capable to participate distant from their
original site of residence, by trafficking to the site of inflamma-
tion in solid organs (reviewed by Korn and Petermann, 2012).
Similar to αβ T cells, γδ T cells can be divided by their cytokine
profile. Mouse γδ T cells which are developing from fetal liver
progenitors undergo functional pre-programming, which leads
to a subpopulation of IL-17 producing Scart-2+ and CCR6+ γδ

T cells on one side and IFN-γ producing NK.1.1+ and CD27+

γδ T cells on the other side. Both subpopulations have an innate
like phenotype, since they can be rapidly activated without prior
clonal expansion (Vantourout and Hayday, 2013). γδ T cells fulfill
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important sentinel functions in the immune system. The ability
of γδ T cells to recognize molecules that are rapidly displayed
after stress without requiring extensive clonal expansion permits
γδ T cells to participate in early stages of immune responses.
In such scenarios γδ T cells act in parallel with cells of the
innate immune system as sensors of dysregulation. γδ T cells
may respond to classical signals of the adaptive immune system
or to cytokine signals and either Toll-like receptor (TLR) or
dectin stimuli in the absence of TcR ligation. Activation of the
γδ TcR can occur through major histocompatibility complex
(MHC)-related and unrelated TcR ligands, which are including
foreign- and self-antigens. This allows γδ T cells to respond
to infection and sterile tissue dysregulation such as ischemia.
Beside TcR dependent mechanisms γδ T cell activation can be
mediated through engagement of the activating natural killer
receptors (NKRs) such as NK group 2 member D (NKD2D),
by patter recognition receptors including TLRs (reviewed by
Bonneville et al., 2010) and through cytokines such as IL-1β

and/or IL-23 (Sutton et al., 2009). The constitutive expression
of IL-23 and IL-1β receptors by γδ T cells assures this rapid
responsiveness. Within hours upon activation and without prior
expansion systemic γδ T cells can express high levels of effector
cytokines, such as IFN-γ, IL-17, TNF-α and granzymes. In addi-
tion, γδ T cells are capable of producing numerous chemokines
and regulatory factors including IL-13 and insulin-like-growth
factor 1 (IGF-1), allowing them to interact with other immune
cells, such as B cells and αβ T cells in the afferent phase of the
immune response. Regarding the cellular interplay between γδ

T cells and innate immune cells neutrophils play a central role.
Once activated, γδ T cells can stimulate the release of potent
chemoattractants for neutrophils. In this respect, γδ T cells were
recently shown to be the primary sources of the neutrophil-
attracting IL-17 in mouse models of infection (Shibata et al.,
2007), hypersensitivity (Simonian et al., 2009) and autoimmunity
(Roark et al., 2007). Often the activation of the innate immune
system results in a feed back loop that increasingly stimulates γδ

T cells.

γδ T CELLS AS SENSORS OF TISSUE DAMAGE IN STROKE
Stroke resembles classical features of a “sterile inflammation”,
which is characterized by a inflammation in response to tissue
disruption without the involvement of pathogenic microorgan-
isms (See Figure 1; Chen and Nuñez, 2010). Sterile inflam-
mation shares similar mechanisms with inflammation during
infection. Receptors essential for sensing microorganisms are
collectively called pattern recognition receptors (PPRs). PRRs
sense conserved structural moieties that are found in microorgan-
isms and are often called pathogen-associated molecular patterns
(PAMPs) (for review see Chen and Nuñez, 2010). Following
ligand recognition these receptors activate downstream signal-
ing pathways, such as the nuclear factor-κb (NF-κb), mitogen-
activated protein kinase (MAPK) and type I interferon pathways,
which result in the upregulation of pro-inflammatory cytokines
and chemokines that are important in inflammatory responses.
In non-infectious conditions immune cells can be activated via
recognition of endogenous material by PPRs. These endoge-
nous molecules have been named danger-associated molecular

patterns (DAMPs). Under physiological conditions these DAMPs
are localized intracellularly. Under conditions of apoptotic cells
death, cells are cleared immunologically silent without significant
release of DAMPs into the extracellular environment. In contrast,
necrosis following ischemia leads to loss of cell integrity and
release of the cell content into the extracellular space. DAMPs
derived from necrotic cells include the chromatin-associated pro-
tein high-mobility group box 1 (HMGB1), heat shock proteins
(HSPs), mitochondrial peptides and purine metabolites, such as
adenosine triphosphate (ATP) and uric acid (reviewed by Chen
and Nuñez, 2010 and Shen et al., 2013). Consecutively, activated
receptors and signaling pathways include TLR2/4/9, CD24, CD44,
NLRP3, formyl peptide receptor 1, RAGE and IL-1 receptor. In
the context of stroke DAMPs are massively released into the
extracellular compartment. In stroke several pathways have been
described, including TLR2/4, CD38, P2X7 and RAGE, which are
associated with an worsened outcome (Liu et al., 2007; Tang
et al., 2008; Choe et al., 2011; Arbeloa et al., 2012). As we
discussed above γδ T cells can be activated directly by DAMPs
via TLR1/2 and dectin receptors and cytokines, such as IL-1β

and IL-23 (Martin et al., 2009; Sutton et al., 2012). Following
stroke, there is clear evidence that IL-23 activates IL-17 pro-
duction in γδ T cells (Shichita et al., 2009). Even though it is
likely that further signals via TcR and TLR/dectin receptors are
necessary to fully activate γδ T cells, the actual experimental data
is outstanding.

EFFECTOR MECHANISMS OF γδ T CELLS IN STROKE
Several papers have shown a significant contribution of γδ T cells
and IL-17 in stroke and other conditions of central nervous
system inflammation (Kebir et al., 2007; Shichita et al., 2009;
Caccamo et al., 2011; Gelderblom et al., 2012). In ischemia
reperfusion injury of the brain we and others have observed a
pathogenic role of γδ T cells, which can be detected in ischemic
brain tissue as early as 6 h post ischemia (Shichita et al., 2009;
Gelderblom et al., 2012). Effector mechanisms of γδ T cells
in stroke primarily depend on their IL-17 production. In
stroke, synergistic stimulation of astrocytes by IL-17 and TNF-α
induces a massive induction of neutrophil attracting chemokines
including CXCL-1 (Gelderblom et al., 2012), resulting in a
subsequent neutrophil infiltration, which is leading to an
increased tissue damage. Activated macrophages and microglia
are secreting high amounts of TNF-α in the ischemic tissue.
In the presence of the TNF-α rich milieu the additional IL-17
signal leads to the rapid increase of CXCL-1 via a stabilizing
effect on the CXCL-1 RNA in astrocytes. Blocking either signal,
IL-17 or the CXCL-1/CXCR2-axis, results in a robust reduction
in infarct size and a significant improved neurological outcome.
Even if an anti-IL-17 antibody is administered 6 h after stroke,
neutrophil invasion can be blocked (Gelderblom et al., 2012).
Neutrophil independent effects of IL-17 secreted by γδ T cells
in stroke include the induction of MMP3 and MMP9 which
are associated with blood brain barrier breakdown (Shichita
et al., 2009; Gelderblom et al., 2012). Other potential effector
functions of γδ T are engagement of death inducing receptors
such as CD95 or TNF-related apoptosis-inducing ligand receptors
(TRAILR), and the release of cytotoxic effector molecules, such
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as perforin and granzymes (See Figure 1). Molecular signals
directing γδ T cell into the ischemic brain is another unresolved
issue. γδ T cell subpopulations can be divided by Scart-2 and
CCR6 vs. NK.1.1 and CD27 expression into IL-17 vs. IFN-γ
producing T cells, respectively. The functional relevance of the
CCR6 expression on IL-17 producing γδ T cells is supported by
experimental data, showing that the migration of γδ T cells into
the inflamed liver depends on the CCL20/CCR6 axis (Hammerich
et al., 2014). Nevertheless, in stroke it is so far unclear which
chemokines/chemokine receptors are essential for the entry of γδ

T cells into the ischemic brain and which γδ T cell subpopulations
are migrating into the ischemic brain.

ROLE OF γδ T CELLS IN HUMAN STROKE PATHOPHYSIOLOGY
Most of the data on inflammation in stroke is derived from
studies in rodent models. These models have several drawback,
including differences between the immune system of rodents
and humans. Further, the vast majority of stroke patients are
older that 65 and are characterized by co-morbidities, which
are not reflected in rodent models (Heuschmann et al., 2010).
Despite these discrepancies, results from post-mortem and imag-
ing studies in human stroke demonstrate that a rapid activation
of the resident and systemic immune system are hallmarks of
human stroke pathophysiology (Mena et al., 2004; Price et al.,
2004; Thiel and Heiss, 2011). Similar to experimental stroke,
neutrophils are recruited into the ischemic brain within 24 h
after symptom onset (Chuaqui and Tapia, 1993; Price et al.,
2004) and microglia undergo rapid activation in the infarct
core but also remote areas such as fiber tracts or relay nuclei
(Thiel and Heiss, 2011). These findings let to several clinical
trials targeting neutrophils in human stroke. Studies employing
inhibitors of the neutrophil—endothelial cell interaction includ-
ing CD18 and ICAM-1 were conducted, none of them show-
ing favorable results on the clinical outcome parameters (del
Zoppo, 2010). Nevertheless, the immunological understanding
of the post ischemic inflammatory response was limited when
these human trials were designed. Regarding our current under-
standing of the stroke induced inflammation IL-17 seems to
be promising target. Infiltration by γδ T cells and secretion of
IL-17 have been demonstrated in ischemic pathological human
brain tissue (Li et al., 2005; Gelderblom et al., 2012). Similarly,
IL-17 induced downstream pathways can be found. The IL-17
presence in the ischemic brain is early and short-lived and has
most likely only pro-inflammatory effects. Therefore a short anti-
IL-17 intervention could be beneficial without producing side
effects, for example enhancing the systemic immune suppres-
sion. Recent data from human clinical trials with humanized
neutralizing IL-17A antibodies in patients with autoimmune
disease showed that treatment is well tolerized and effective
(Hueber et al., 2010).

SUMMARY
Inflammation can enhance ischemic damage and lymphocytes
seem to be important component of this process. Interestingly, the
classical concepts of adaptive immune responses do not explain
all observed effects. Several innate like features of lymphocytes
dominate the early pro-inflammatory events. Particularly atypical

T cells such as γδ T cells could explain some of these discrepancies
and targeted treatment against their signature cytokine IL-17
might be a promising treatment option.
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Traumatic brain injury (TBI) results in immediate brain damage that is caused by
the mechanical impact and is non-reversible. This initiates a cascade of delayed
processes which cause additional—secondary—brain damage. Among these secondary
mechanisms, the inflammatory response is believed to play an important role, mediating
actions that can have both protective and detrimental effects on the progression of
secondary brain damage. Histological data generated extensive information; however,
this is only a snapshot of processes that are, in fact, very dynamic. In contrast, in vivo
microscopy provides detailed insight into the temporal and spatial patterns of cellular
dynamics. In this review, we aim to summarize data which was generated by in vivo
microscopy, specifically investigating the immune response following brain trauma, and
its potential effects on secondary brain damage.

Keywords: brain trauma, secondary brain damage, inflammation, leukocytes, microglia, innate immune answer,
in vivo imaging, intravital microscopy

TRAUMATIC BRAIN INJURY
Traumatic brain injury (TBI) remains one of the major causes
of death and severe disability in industrialized countries (Bruns
and Hauser, 2003; Tagliaferri et al., 2006). It results in immediate
primary damage that is caused by the mechanical impact and
is non-reversible. This primary contusion initiates a cascade of
secondary processes on a cellular, subcellular, and molecular
level which cause additional—secondary—brain damage (Kontos
et al., 1981; Baethmann et al., 1988; Allan and Rothwell, 2001;
Sahuquillo et al., 2001; Bramlett and Dietrich, 2004; Nortje and
Menon, 2004; Werner and Engelhard, 2007; Harhangi et al.,
2008; Maas et al., 2008; Greve and Zink, 2009; Shlosberg et al.,
2010): Both vasogenic and cytotoxic brain edema, generated by
a disruption of the blood brain barrier (BBB) or swelling of
astrocytes, respectively, lead to a raise in intracranial pressure
(ICP; Unterberg et al., 2004). This results in reduced cerebral
blood flow (CBF) and finally ischemia (Bouma et al., 1992;
Golding et al., 1999). CBF is also impaired by alterations in
the cerebral microcirculation, e.g., microthrombus formation,
the generation of leukocyte/platelet aggregates, and the inter-
action of leukocytes with the cerebral endothelium (Schwarz-
maier et al., 2010, 2013). Inflammatory processes result in
the production of NO and free radicals, and the release of
chemokines and cytokines which worsen BBB disruption and
tissue damage and maintain the inflammatory reaction. Fur-
ther damage is mediated by apoptotic and necrotic processes
in neurons, glia cells, and endothelial cells. While the contu-
sion volume, i.e., the area of irreversible neuronal cell death,

reaches its peak already in the first 24–48 h as demonstrated
in animal models (Kochanek et al., 1995; Zweckberger et al.,
2003, 2006; Engel et al., 2008; Turtzo et al., 2014), ongoing
processes orchestrating both inflammatory and recovery-related
mechanisms may influence functional outcome and recovery
over the following days, weeks and months (Kontos et al.,
1981; Allan and Rothwell, 2001; Sahuquillo et al., 2001; Bram-
lett and Dietrich, 2004; Nortje and Menon, 2004; Unterberg
et al., 2004; Werner and Engelhard, 2007; Harhangi et al.,
2008; Maas et al., 2008; Greve and Zink, 2009; Shlosberg et al.,
2010).

Most data on the pathophysiology of secondary brain damage
has been generated in various animal models of TBI. The two
most frequently used models mimic the two main features of
TBI, i.e., cortical contusion (Controlled Cortical Impact, CCI),
and diffuse axon damage (fluid percussion injury, FPI). However,
so far none of the available models simultaneously mimics all
features of TBI—e.g., additional vessel injury or systemic hypoxia
(Lighthall et al., 1989; Finnie and Blumbergs, 2002; Morales et al.,
2005; Morganti-Kossmann et al., 2010).

INFLAMMATION
TBI causes tissue damage and, consequently, induces an acute
as well as a chronic inflammatory reaction, including the innate
and the adaptive immune system. Both protective and detri-
mental aspects for the progression of secondary brain dam-
age have been associated to different aspects of the immune
response, depending e.g., on the (immune) cell type, the intensity
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of activation, and on the temporal and spatial relation of the
immune response in relation to the initial brain injury (Whalen
et al., 1999a; Allan and Rothwell, 2001; Morganti-Kossmann
et al., 2001, 2002; Konsman et al., 2007; Rivest, 2009; Loane
and Byrnes, 2010; Prinz et al., 2011; de Rivero Vaccari et al.,
2014; Peruzzotti-Jametti et al., 2014). In this review we will
mainly focus on in vivo microscopy studies investigating the
pathophysiology of TBI. To be able to put the findings after TBI
in the right context, we also included some particularly relevant
studies on spinal cord injury (SCI) and cerebral ischemia in our
review.

IN VIVO IMAGING
The main difficulty in determining the effects of inflamma-
tory cells on secondary brain damage following TBI lies in
the nature of the employed methods: histological data provide
extensive information on spatial distribution of immune cells
as well as their state of activation; however, these data will
always remain only a snapshot of processes that are, in fact,
very dynamic. In contrast, in vivo imaging, and more specifically
in vivo microscopy, provides detailed insight into the tempo-
ral and spatial patterns of cellular and sometimes subcellular
dynamics in the living brain. The two main in vivo imaging
techniques used in animal research are epi-fluorescence and mul-
tiphoton microscopy (Denk et al., 1990; Helmchen and Denk,
2005; Shaner et al., 2005; Misgeld and Kerschensteiner, 2006;
Xu et al., 2007; Holtmaat et al., 2013). For epi-fluorescence
microscopy, fluorophores are excited by light and emit a flu-
orescent signal which is detected by a CCD camera at high
speed. Main shortcomings of this technique are phototoxic tissue
damage caused by high excitation energy, and the acquisition of
only superficial fluorescent signals, thereby allowing only imaging
in two dimensions. Multiphoton microscopy overcomes these
problems by an elegant method: two—or more—photons sent
consecutively by a laser arrive in the focal point of the objec-
tive at almost the same time. Their combined energy results in
emission of only one photon with higher energy, i.e., longer
wavelength. This phenomenon—the 2-photon effect—results in
emission of fluorescence only in the focal point of the objective,
and in improved tissue penetration. The consequence is a greatly
improved signal to noise ratio which allows imaging of photons
deriving deep from brain tissue without the necessity to use
high intensity excitation energy which may damage the tissue of
interest.

In contrast to histological techniques, in vivo imaging needs
to (a) stain the cells of interest in the living animal, (b) use
surgical techniques to expose the area of interest; and (c) keep
animals under anesthesia for several hours. These interventions
may interfere with the evolving immune response after TBI.
For example, leukocytes were mostly imaged following in vivo
staining, e.g., with Rhodamine 6G (Villringer et al., 1991),
while microglia were studied in most cases in mice expressing
CX3CR1-GFP (Jung et al., 2000). For superficial imaging, an
open cranial window preparation was employed (Wahl et al.,
1985). In contrast, for multiphoton microscopy either the skull
was thinned (Frostig et al., 1990), or a bone flap and the
underlying dura mater were removed and a cover glass was

implanted (Levasseur et al., 1975; Kienast et al., 2010); a pro-
cedure already activating microglia and influencing dendritic
spine turnover (Xu et al., 2007). The maintenance of sufficient
anesthesia and of physiological parameters like body temperature,
mean arterial blood pressure (MABP), and arteriolar blood gases
(i.e., pH, pO2 and pCO2, electrolytes, etc.) both during surgery
and the time of in vivo imaging is another important aspect.
These parameters can significantly affect (patho-) physiological
processes; consequently, their continuous monitoring and main-
tenance throughout in vivo imaging is important. While the
body temperature is controlled and maintained in most in vivo
imaging experiments discussed in this review, only very few
studies provide information on MABP or blood gases (Härtl
et al., 1997a,b; Utagawa et al., 2008; Schwarzmaier et al., 2010,
2013), or heart rate and oxygen saturation (Masuda et al.,
2011). Since experiments including the preparation of a cra-
nial window and/or imaging can last up to several hours—
and the animal is under anesthesia for an equally long period
of time—it is important that the ventilation of the animals is
sufficient and adjustable to the individual animal. However, only
few studies report that the animals were intubated (Masuda
et al., 2011) or intubated and ventilated (Härtl et al., 1997a,b;
Utagawa et al., 2008; Schwarzmaier et al., 2010, 2013; Herz
et al., 2011). Accordingly, these points need to be critically taken
into consideration when interpreting data obtained by in vivo
imaging.

CEREBRAL INFLAMMATORY RESPONSE—RESIDENT CELLS
Microglia are the resident macrophages in the brain (Stoll and
Jander, 1999; Soulet and Rivest, 2008; Ransohoff and Cardona,
2010; Kettenmann et al., 2011). Under physiological conditions,
they have a ramified shape with small cell bodies and long
processes which continuously scan their environment (Davalos
et al., 2005; Nimmerjahn et al., 2005), monitoring synapses
and responding to their functional state (Wake et al., 2009).
Upon activation, microglia change both functionally and mor-
phologically into their activated forms which are referred to as
“M1” or “M2”. M1 is considered to be the pro-inflammatory
state, associated with actions such as phagocytosis, the pre-
sentation of antigens, and the production of reactive oxygen
species (ROS) and NO. By contrast, microglia with the acti-
vation state M2, which is sometimes subdivided further into
“acquired deactivation” and “alternative activation”, are respon-
sible for effects such as the fine tuning of inflammation, the
recruitment of regulatory T-cells, and for scavenging of debris.
They are also associated with the promotion of tissue remod-
eling or repair, and with angiogenesis (Stoll and Jander, 1999;
Colton, 2009; Loane and Byrnes, 2010; Ransohoff and Car-
dona, 2010; David and Kroner, 2011; Kettenmann et al., 2011).
Accordingly, microglia are believed to play both a beneficial
and a detrimental role after brain injury, depending—among
other factors such as age—both on the injury type, and the
time investigated, i.e., the acute or the chronic inflammatory
response (Block et al., 2007; Glezer et al., 2007; Rivest, 2009;
Loane and Byrnes, 2010; Kettenmann et al., 2011; Nayak et al.,
2012; Hernandez-Ontiveros et al., 2013; Peruzzotti-Jametti et al.,
2014).
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FIGURE 1 | Scheme of pathophysiological reactions of leukocytes
and microglia after traumatic brain injury as demonstrated by in vivo
experiments. Under physiological conditions (green background),
leukocytes pass the cerebral microcirculation in undisturbed blood flow,
while some of them occasionally role on the endothelium. Microglia have
a ramified shape and continuously scan the brain parenchyma with their

processes. Following TBI (red background), the intravascular leukocytes
start rolling and adhering to the endothelium, mediated by selectins and
integrins respectively. Finally, they migrate into the damaged tissue.
Microglia become activated by brain trauma, extend their processes
towards the site of injury, and finally migrate towards the injury, taking up
an amoeboid shape.

Following brain injury, microglia extend their processes
towards the damaged area as shown in vivo after laser or micro-
electrode injury (Davalos et al., 2005), or ex vivo on organotropic
hippocampal slice cultures following MCAo (Neumann et al.,
2008; Figure 1). Microglia morphologically become more amoe-
boid and finally migrate towards the site of injury (Kim and
Dustin, 2006). These changes in morphology and/or migration
resulted in encapsulation of the damaged area (Davalos et al.,
2005; Kim and Dustin, 2006), or in engulfment of invading
neutrophils (Neumann et al., 2008). The laser injury was per-
formed by high laser power delivered to a dedicated area of
interest for a certain time, and the microelectrode injury was
induced with a glass electrode which was inserted into the cortex
by a micromanipulator (Davalos et al., 2005). Both laser injury
and microelectrode injury result in a very small, focal brain
damage. Consequently, these techniques provide excellent models
for studying very subtle alterations of cells or even subcellular
processes in a well-defined area. While these studies generate valu-
able information on microglia and their functions, they do not
mimic clinical brain injury. The dynamics of a TBI, however, can
cause a much stronger and more complex damage—depending
on injury severity and mechanism—which might affect or activate
the resident immune cells quite differently.

Considering that TBI may also lead to cerebral ischemia, the
reaction of microglia to ischemic events in vivo might also be

helpful for a better understanding of the function of microglia
after brain trauma. Severely decreased CBF initiated microglial
de-ramification—i.e., activation—in different models of cerebral
ischemia, while a moderate decrease or an increase in CBF had
no visible effect on microglia and their processes (Masuda et al.,
2011). Following ischemia, microglia seem to influence the fate
of synapses in ischemic areas (Wake et al., 2009). The authors
conclude that microglia detect the functional state of synapses
and play a role in remodeling neuronal circuits. In both studies
several different models of cerebral ischemia were investigated,
such as photo-thrombotic stroke and global ischemia. CBF in
the region of interest was assessed and directly compared and
matched with alterations observed in microglia. Another study on
cortical microhemorrhages induced by laser injury showed a local,
inflammatory response including activated microglia, however
this was limited to an area in close proximity around the lesion
(Rosidi et al., 2011).

In contrast to their acute response, the chronic activation
of microglia seems to mediate mainly detrimental effects, e.g.,
via (inadequate) release of cytotoxic chemokines, neurotoxic
effects of receptor activation/upregulation (e.g., Toll-like recep-
tors (TLRs)), or ROS production, as reviewed in detail by others
(Stoll and Jander, 1999; Block et al., 2007; Rivest, 2009; Loane and
Byrnes, 2010; Kettenmann et al., 2011; Giunta et al., 2012; Mannix
and Whalen, 2012; Hernandez-Ontiveros et al., 2013).
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In data obtained from histological sections ex vivo, different
properties of acute and chronic activation post trauma were
revealed. Microglia displayed mostly a classical activation (M1)
or acquired deactivation at seven and up to 28 days after FPI, but
no alternative activation (Cao et al., 2012). In line with that, M2
induced by CCI peaked already at day 3–5 post injury (Turtzo
et al., 2014). Inhibition of microglia activation 1 month after
CCI in mice resulted in less lesion progression at 3 months post
injury as assessed by MRI (Byrnes et al., 2012). Unfortunately,
so far, little information is available on the chronic activation of
microglia following TBI in vivo.

SYSTEMIC INFLAMMATORY RESPONSE—BLOOD BORNE
LEUKOCYTES
The contributions of the systemic inflammatory response to
secondary brain damage following TBI have been investigated
intensively (Kochanek and Hallenbeck, 1992; Rothlein, 1997;
Ransohoff and Tani, 1998; Johnson-Léger et al., 2000; Ransohoff
et al., 2003; Callahan and Ransohoff, 2004; Imhof and Aurrand-
Lions, 2004; van Buul and Hordijk, 2004; David and Kroner,
2011). Within the first hours following TBI, leukocytes and
leukocyte-platelet aggregates begin to roll on and adhere to the
cerebrovascular endothelium (Härtl et al., 1997b; Schwarzmaier
et al., 2010, 2013; Figure 1). These studies were performed using
clinically relevant trauma models such as FPI and CCI, which
mimic not all, but the main features induced by TBI (Lighthall
et al., 1989; Finnie and Blumbergs, 2002; Morales et al., 2005;
Morganti-Kossmann et al., 2010). Similar leukocyte-endothelium
interactions (LEI) have been demonstrated in models of cere-
bral ischemia (Kataoka et al., 2004) and SAH (Ishikawa et al.,
2009). In a model of liver inflammation, LEI was shown to acti-
vate cerebral microglia and alter neuronal excitability (D’Mello
et al., 2013). For the development of secondary brain dam-
age after TBI, however, rolling and adherence of leukocytes to
the cerebral endothelium may have a limited pathophysiolog-
ical relevance. In vivo data showed that BBB breakdown was
not associated to LEI following FPI (Härtl et al., 1997a,b),
which was confirmed by ex vivo data (Whalen et al., 1998,
1999b). Inhibition of leukocyte adherence to the endothelium
did not have any effect on secondary lesion progression after
CCI (Schwarzmaier et al., 2013). Following laser injury, leuko-
cytes were not recruited into the injury focus but to perivas-
cular spaces in close proximity to the injury as shown in vivo;
however, this happened not before day one after injury (Kim
and Dustin, 2006). There is, however, one study reporting a
correlation between leukocyte adherence and vascular leakage
36 h following CCI in vivo (Pascual et al., 2013). In this study,
however, the craniotomy for the CCI was not resealed, a pro-
cedure well known to prevent secondary brain injury after TBI
(Zweckberger et al., 2003, 2006). In this setup, post trauma
edema formation will not increase ICP and microcirculatory
alterations are likely to differ significantly compared to a trauma
model where the bone flap is resealed and intracranial hyper-
tension is allowed to build up. These differences of pathophys-
iological processes with and without intracranial hypertension
might well explain the differences in the observed effects of
LEI.

While leukocyte rolling and adherence can be monitored
by IVM, studying the migration into the affected tissue is
technically demanding and has therefore been studied mostly
ex vivo. Neutrophil depletion has been demonstrated to reduce
secondary brain damage, but the effect only became significant
at 2 weeks after CCI (Kenne et al., 2012). Another study investi-
gating the effect of an antibody directed against a subunit of the
CD11d/CD18 integrin on leukocytes reports a positive effect on
lesion volume already 3 days after FPI (Utagawa et al., 2008). In a
study conducted by our own laboratory, leukocytes were shown
to migrate into the tissue only after secondary brain damage
had already occurred (Schwarzmaier et al., 2013), findings in
accordance with histological data published by others (Mathew
et al., 1994; Holmin et al., 1995; Soares et al., 1995; Holmin and
Mathiesen, 1999).

More conclusive in vivo data on the role of microglia vs.
peripheral immune cells after SCI were presented by Evans
et al. (2014). In this study, different chimeras of transgenic mice
were generated in order to image either resident microglia or
blood borne monocytes/macrophages and their respective con-
tribution to the progression of the injury in vivo. The authors
show that it is in fact blood-derived macrophages which facili-
tate secondary axon dieback, and not resident microglia. Inva-
sion of blood borne monocytes/macrophages into the CNS was
dependent on microglial TLR4 (Zhou et al., 2006). Accord-
ingly, microglia do not only directly influence secondary brain
damage, but also indirectly by recruiting blood borne immune
cells.

ADAPTIVE IMMUNE RESPONSE
To date, the adaptive immune response to TBI and its contri-
butions to secondary brain damage has not been investigated
intensively. There are, however, reports indicating both a neu-
roprotective and a detrimental role of the adaptive immune
system in the pathophysiology following SCI or in chronic neu-
ronal diseases, which have been reviewed in detail by others
(Ankeny and Popovich, 2009; Schwartz et al., 2013; Rodrigues
et al., 2014; Walsh et al., 2014). Histological data suggest
that adaptive immune cells migrate into the damaged tis-
sue only after secondary brain damage has occurred (Holmin
et al., 1995, 1998; Soares et al., 1995; Schwarzmaier et al.,
2013).

One study investigating the behavior of T-cells in health and
autoimmunity in vivo showed that naïve T-cells did not migrate
into the healthy CNS, while they partly migrated into inflamed
brain tissue after Experimental Autoimmune Encephalomyelitis
(EAE) in vivo. In their paper, the authors show that the migra-
tory capacity of T-cells depends more on the activation status
rather than the phenotype or antigen specificity (Herz et al.,
2011).

SUMMARY/OUTLOOK
TBI induces an inflammatory reaction which includes both the
innate and the adaptive immune system. This inflammatory
response can be roughly divided into an acute phase lasting
hours to days, and a chronic phase lasting for weeks to months
or even years. Upon TBI, microglia shift to different forms of

Frontiers in Cellular Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 358 | 150

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Schwarzmaier and Plesnila Immune system and tbi in vivo

activation, which have both detrimental and beneficial effects
on secondary brain damage. By and large, the acute phase of
microglia activation seems to provide various protective and
beneficial mechanisms, reaching from phagocytosis to recovery
and repair, while a chronic response is mainly associated with
negative effects on the CNS. Following focal brain injury, data
obtained in vivo demonstrate that microglia extend their pro-
cesses towards the damaged area, change morphologically into
a more amoeboid shape, and finally migrate towards the site of
injury. This can result in the encapsulation of the damaged area
or in the engulfment of invading leukocytes. While these obser-
vations were reported following laser injury or microelectrode
injury, in vivo experiments on microglia activation in a clinically
more relevant TBI model such as CCI or FPI are still missing.
Additionally, no in vivo data is available on chronic microglia
activation.

The systemic part of the inflammatory response following TBI
has been studied intensively. It includes blood borne leukocytes
which interact with the cerebrovascular endothelium and finally
migrate into the damaged tissue. While this might influence
outcome in other diseases, such as the early stage after a stroke,
it does not seem to be of great importance for the mechanisms
involved in secondary contusion expansion following TBI. How-
ever, a chronic response could worsen functional outcome and
recovery.

Therapeutic alterations of the innate immune system might
be promising not only in models of chronic inflammation, but
also in TBI, specifically in view of the different forms of microglia
activation after acute brain injury. Further studies are needed in
order to investigate therapeutic options targeting inflammation,
and to fully elucidate microglia activation in vivo following clini-
cally relevant models of TBI.
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Traumatic brain injury (TBI) is a major cause of mortality and morbidity worldwide.
Despite improvements in acute intensive care, there are currently no specific therapies
to ameliorate the effects of TBI. Successful therapeutic strategies for TBI should target
multiple pathophysiologic mechanisms that occur at different stages of brain injury. The
kallikrein–kinin system is a promising therapeutic target for TBI as it mediates key
pathologic events of traumatic brain damage, such as edema formation, inflammation,
and thrombosis. Selective and specific kinin receptor antagonists and inhibitors of plasma
kallikrein and coagulation factor XII have been developed, and have already shown
therapeutic efficacy in animal models of stroke and TBI. However, conflicting preclinical
evaluation, as well as limited and inconclusive data from clinical trials in TBI, suggests that
caution should be taken before transferring observations made in animals to humans. This
review summarizes current evidence on the pathologic significance of the kallikrein–kinin
system during TBI in animal models and, where available, the experimental findings are
compared with human data.

Keywords: traumatic brain injury, kallikrein–kinin system, bradykinin, factor XII, kinin receptor

INTRODUCTION
Traumatic brain injury (TBI) accounts for one-third of all injury-
related deaths. An estimated 1.74 million TBIs occur annually
in the United States (Faul et al., 2010; Ma et al., 2014). About
43% of people discharged with TBI after acute hospitalization,
develop TBI-related long-term disability. Moreover, individuals
with a history of TBI are more likely to receive welfare or disability
payments and to develop neurologic disorders that are disabling
in their own right (Ma et al., 2014)— for example, Alzheimer’s
disease (Fleminger et al., 2003). The incidence of TBI is partic-
ularly high in younger age groups, with motor vehicle accidents
being the leading cause (Asemota et al., 2013). The direct costs
of TBI have been estimated at $13.1 billion per year (in 2013)
in the United States (Ma et al., 2014); additionally, $64.7 billion
per year are lost through missed work and lost productivity, and
total medical costs range from $63.4 to $79.1 billion per year (Ma
et al., 2014). The significant economic impact of TBI is at variance
with the lack of therapies available to ameliorate the effects
of TBI.

To better understand the pathobiology of TBI and to evaluate
potential therapeutic approaches, various animal models have
been developed to mimic certain components of clinical TBI.
Closed-head weight-drop models—with a weight that falls onto
the exposed skull—probably mimic most closely clinical TBI
cases. Depending on the experimental settings, the impact of the
weight results in largely focal or diffuse brain injury. In controlled
cortical impact models an impact onto the dura, inflicted by
a pneumatic pistol, predominantly results in focal brain injury.
For fluid percussion models it is inconsistently reported to what
extend the brain injury is diffuse or focal. Here, tissue damage

is induced by a fluid pulse onto the intact dura through a
craniotomy. A solely focal brain injury can be achieved by cold
lesion models, which commonly utilize a cold rod that is exposed
to the dura or skull (for a comprehensive review, see Albert-
Weissenberger and Sirén, 2010). Despite promising results from
these experimental TBI models, more than 30 phase III trials
of TBI in humans have failed to generate favorable results in
terms of developing potential therapeutic strategies (Doppenberg
et al., 2004; Maas et al., 2010). In part, these failures likely
reflect the heterogeneity of TBI (e.g., severity and location of
the injury—focal vs. diffuse injury). Therefore, future therapeutic
approaches are more likely to succeed if they target diverse patho-
physiologic mechanisms. As the kallikrein–kinin system links
edema formation, inflammation, and thrombosis (Costa-Neto
et al., 2008; Langhauser et al., 2012), it seems to be a promising
target.

In this review, current available evidence on the pathologic
significance of the kallikrein–kinin system during TBI is sum-
marized. Findings from experimental models are compared with
human data, where available.

THE KALLIKREIN–KININ SYSTEM
Kinins play key roles in regulating vascular permeability and
inflammatory processes following tissue injury (Leeb-Lundberg
et al., 2005). They are released either by the tissue or the plasma.
In the tissue, kallikrein is activated by proteases and it releases
a kinin called kallidin from the inactive precursors, the kinino-
gens. Plasma kallikrein is released from prekallikrein by activated
factor XII (FXII) and reciprocally activates FXII (Revak et al.,
1978). Subsequently, plasma kallikrein releases bradykinin from
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FIGURE 1 | The plasma kallikrein–kinin system is linked to thrombosis, fibrinolysis, and the renin–angiotensin system. Abbreviations: AT, angiotensin;
B1R, kinin receptor B1; B2R, kinin receptor B2; FXII, factor XII; FXIIa, activated factor XII.

the kininogens. Kallidin and bradykinin mediate their effects via
kinin receptor B2. Both kallidin and bradykinin are converted by
the action of kininase I-type carboxypeptidases into des-Arg9-
bradykinin and des-Arg10-kallidin, respectively, which specifi-
cally bind to kinin receptor B1 (Figure 1).

Interestingly, the plasma kallikrein–kinin system is linked to
thrombosis, fibrinolysis, and the renin–angiotensin system: FXII
has an essential role in thrombosis (Renné et al., 2012), and mice
selectively depleted of plasma kallikrein or FXII are protected
from pathogenic thrombus formation without increased risk of
bleeding (Revenko et al., 2011). Plasma kallikrein (and, to a lesser
extent, activated FXII) converts plasminogen to plasmin, linking
the kallikrein–kinin system to fibrinolysis (Colman, 1969). In
addition, bradykinin is mainly inactivated by kininase II (also
known as angiotensin converting enzyme (ACE)), an enzyme that
also degrades angiotensin I into angiotensin II (Bernstein et al.,
2011; Figure 1).

ROLE OF THE KININ RECEPTORS IN TRAUMATIC BRAIN
INJURY
All essential components of the kallikrein–kinin system are
present in the rodent and human brain (Kariya et al., 1985;
Kizuki et al., 1994; Ongali et al., 2003; Trabold et al., 2010).
Moreover, it has been reported that their expression is induced
after brain injury but the expression pattern varies depending on
the brain injury model used (Ongali et al., 2006; Raslan et al.,
2010; Trabold et al., 2010; Albert-Weissenberger et al., 2012). In
a controlled cortical impact model, bradykinin concentrations
in the brain were significantly increased at 2 h post-injury, and
then subsequently declined (Trabold et al., 2010). Kinin receptor
B1 transcripts peaked at 6 h post-injury and remained elevated
until day 2, whereas kinin receptor B2 was constitutively expressed
at lower levels (Trabold et al., 2010). In a cold lesion model, a
strong but transient mRNA expression of kinin receptor B1 was
observed in the first 12 h after injury, whereas the enhanced
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mRNA expression of kinin receptor B2 was more sustained,
lasting up to 48 h (Raslan et al., 2010). In our hand, a closed-head
weight-drop trauma in mice resulting in a mixed brain injury
pattern (focal and diffuse brain injury) caused a slight increase
of kinin receptor mRNA levels one week after injury induction
(Albert-Weissenberger et al., 2012).

Kinins mediate their physiologic effects via kinin receptors
B1 and B2. Support for a pathologic role of kinin receptors
in TBI was obtained through the use of genetically engineered
mice that lack either kinin receptor B1 or kinin receptor B2.
After controlled cortical impact, kinin receptor B2-deficient mice,
but not kinin receptor B1-deficient mice, had less brain edema,
smaller lesion volumes, and a better functional outcome as
compared with wild-type mice (Trabold et al., 2010). Another
study also reported that the kinin receptor B2 mediates detri-
mental effects after TBI in mice (Hellal et al., 2003). On the
contrary, findings from our group point out that kinin receptor
B1 plays an important role in the pathophysiology of TBI (Raslan
et al., 2010). Kinin receptor B1-deficient mice subjected to cold
lesion displayed smaller lesion volumes, less blood–brain barrier
disruption, and less inflammation in the injured brain area,
whereas kinin receptor B2-deficient mice were fully susceptible
to brain trauma. Supporting these results, application of the
kinin receptor B1-inhibitor R-715 reduced lesion size even in
a therapeutic setting (administered 1 h after injury induction),
whereas application of the kinin receptor B2-inhibitor Hoe140
(Icatibant) had no significant effect on lesion volume in wild-
type mice (Raslan et al., 2010). Importantly, application of the
kinin receptor B2-inhibitor Hoe140 in kinin receptor B1-deficient
mice had no additive benefit on the reduction in brain lesion
size. However, Hoe140 treatment has been shown to result in a
moderate reduction in brain lesion size after cold lesion in rats
and mice (by 19% and 14%, respectively) (Görlach et al., 2001).
We recently reported that kinin receptor B1 deficiency in mice is
associated with diminished functional deficits and a reduction in
axonal injury, astrogliosis, and neuronal apoptosis after a weight-
drop-induced brain trauma (Albert-Weissenberger et al., 2012).
Inhibition of kinin receptor B1 in wild-type mice by the specific
kinin receptor B1-blocker R-715, starting from 1 h after trauma,
confirmed these results. By contrast, deficiency of kinin receptor
B2 was ineffective in this trauma model (Albert-Weissenberger
et al., 2012).

Kinin receptor inhibitors, other than the kinin receptor B1-
inhibitor R-715 and the kinin receptor B2-inhibitor Hoe140, have
also been tested in experimental and clinical settings of TBI. Treat-
ment with the kinin receptor B2-antagonist LF 18-1505T resulted
in reduced brain edema and improved neurologic outcome in a
closed-head trauma model in rats (Ivashkova et al., 2006). In rats
subjected to closed-head trauma, a continuous infusion of the
nonpeptide kinin receptor B2-inhibitor LF 16-0687 (Anatibant),
from 1 h to 24 h after injury, resulted in diminished brain edema
formation on day 1 and less neurologic deficits on day 1, day
3, and day 7 (Pruneau et al., 1999). Administered as a single
dose 1 h after trauma, LF 16-0687 was able to reduce brain
swelling and to improve the recovery of neurologic function
following closed-head trauma in rats (Kaplanski et al., 2002).
Similar results were obtained after controlled cortical impact or

cold lesion (Schulz et al., 2000; Stover et al., 2000; Zweckberger
and Plesnila, 2009). It was suggested that stabilization of the
blood–brain barrier and mitigation of inflammatory processes
are the underlying mechanisms. However, it remains questionable
whether LF 16-0687 is effective within a clinically relevant time
window (Plesnila et al., 2001). LF 16-0687 was investigated in a
phase I clinical study (Marmarou et al., 2005) in patients with
severe TBI. In this trial, patients with TBI and Glasgow Coma
Scale <8 received LF 16-0687 as a single subcutaneous injection
within 8–12 h after TBI, and Marmarou et al. concluded that
LF 16-0687 provides a potential therapeutic approach to treating
cerebral edema following brain damage, as the compound was
well tolerated. A phase II trial using LF 16-0687 in TBI patients
with a Glasgow Coma Scale score of ≤12 was unable to recruit
a sufficient number of patients (Shakur et al., 2009). Moreover,
results from this trial were disappointing in that there was a
non-significant trend towards worse outcomes in the LF 16-0687
treatment group.

Bradycor (Deltibant, CP-0127), a peptide compound kinin
receptor B2-antagonist, was tested in a pilot, single-blinded clin-
ical pilot study in 20 patients with focal head injury. Results
indicated that CP-0127 treatment diminished the pathologic
rise of intracranial pressure (Narotam et al., 1998). A phase II
trial in severely brain injured patients reported a slight trend
towards a better outcome in the CP-0127 treatment group
(Marmarou et al., 1999). However, a Cochrane analysis concluded
that those clinical trials do not provide reliable evidence that
kinin receptor B2-antagonists are effective in improving outcome
after TBI (Ker and Blackhall, 2008). Reports on the clinical use
of kinin receptor B1-inhibitors in patients with TBI are not yet
available.

ROLE OF THE KALLIKREINS AND FACTOR XII IN TRAUMATIC
BRAIN INJURY
In 1978, it was reported that patients with severe trauma have
increased protease activity in the cerebrospinal fluid, the activity
of which could be inhibited by aprotinin treatment. In rabbits
subjected to cold injury, aprotinin treatment resulted in reduced
brain edema formation (Unterberg et al., 1986). Aprotinin is
known to inhibit several serine proteases, including plasma
kallikrein, and a reduced protease activity has been associated
with a lower mortality rate (Auer et al., 1979).

There are promising results from recent studies suggesting
a therapeutic potential for the serine protease inhibitor C1-
inhibitor. C1-inhibitor is an endogenous regulator with various
physiologic functions (Singer and Jones, 2011), including the
inhibition of activated FXII and plasma kallikrein. Application
of C1-inhibitor has proven to be beneficial in ischemic stroke
(Heydenreich et al., 2012). Similarly, in mice subjected to con-
trolled cortical impact, C1-inhibitor treatment at 10 min (Longhi
et al., 2008) or 1 h (Longhi et al., 2009) after injury resulted
in less pronounced functional deficits and smaller brain lesions
compared with control mice.

ROLE OF THE KININASE II IN TRAUMATIC BRAIN INJURY
Indirect support for a pathologic role of kinins in TBI was
obtained through inhibition of kininase II, an enzyme that
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hydrolyzes proteins such as bradykinin, substance P, and
angiotensin I. Inhibition of kininase II results in downregulation
of angiotensin II production. Moreover, it has been reported that
kininase II inhibition potentiates the physiologic effects of kinins
and all kinin-related peptides are subject to less hydrolyzation.
Using the kininase II inhibitor Captopril, Harford-Wright et al.
(2010) showed, in a diffuse TBI model, that inhibition of kininase
II results in increased “dark cell changes” and in exacerbated
motor function deficits. However, they did not consider the effects
of kininase II inhibition on the kallikrein–kinin system; instead,
the authors conclude that kininase II inhibitors worsen outcome
following TBI, presumably because they impair the degrada-
tion of substance P—as shown by the increase in substance P
immunoreactivity. However, the fact that bradykinin potentiates
the release of substance P should also be noted (for a review,
see Geppetti, 1993). Interestingly, a kininase II polymorphism in
humans influences the neuropsychologic subacute performance
of patients with moderate or severe TBI (Ariza et al., 2006).

PERSPECTIVE
There is accumulating evidence that the kallikrein–kinin system is
critically involved in various brain diseases (e.g., stroke, multiple
sclerosis, Alzheimer’s disease, epilepsy, depression) and its modu-
lation might be a promising strategy to combat these diseases. The
reported effects of specific components of the kallikrein–kinin
system, however, are often inconsistent.

The paucity of therapies for brain trauma has resulted in a
pressing clinical demand for new treatment options. The find-
ings summarized in this review indicate that modulation of the
components of the kallikrein–kinin system, which links edema
formation, inflammation, and thrombosis, might be a promising
strategy to combat TBI. Another tempting approach might be
inhibition of the starting point of the kallikrein–kinin system, e.g.,
by the C1-inhibitor.
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Atypical “seizure-like” activity in cortical reverberating
networks in vitro can be caused by LPS-induced
inflammation: a multi-electrode array study from a hundred
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We show here that a mild sterile inflammation induced by the endotoxin lipopolysaccharide
(LPS), in a neuron/astrocyte/microglial cortical network, modulates neuronal excitability
and can initiate long-duration burst events resembling epileptiform seizures, a recognized
feature of various central nervous neurodegenerative, neurological and acute systemic
diseases associated with neuroinflammation. To study this action, we simultaneously
analyzed the reverberating bursting activity of a hundred neurons by using in vitro multi-
electrode array methods. ∼5 h after LPS application, we observed a net increase in the
average number of spikes elicited in engaged cells and within each burst, but no changes
neither in spike waveforms nor in burst rate.This effect was characterized by a slow, twofold
exponential increase of the burst duration and the appearance of rarely occurring long burst
events that were never seen during control recordings.These changes and the time-course
of microglia-released proinflammatory cytokine, tumor necrosis factor-alpha (TNF-α), were
blocked by pre-treatment with 50 nM minocycline, an established anti-inflammatory
agent which was inactive when applied alone. Assay experiments also revealed that
application of 60 pM exogenous TNF-α after 12–15 h, produced non-washable changes of
neuronal excitability, completely different from those induced by LPS, suggesting thatTNF-
α release alone was not responsible for our observed findings. Our results indicate that
the link between neuroinflammation and hyperexcitability can be unveiled by studying the
long-term activity of in vitro neuronal/astrocyte/microglial networks.

Keywords: sterile inflammation, LPS, burst activity, neocortical cultures, multi-electrode array, minocycline,TNF-α

INTRODUCTION
Since many years, the term “tripartite synapse” comprising of
a presynaptic neuron, a postsynaptic neuron and an astrocyte,
was proposed to summarize the evidence from many laborato-
ries, that revealed the existence of bidirectional communication
between neurons and astrocytes, especially at level of the synapse
(for reviews see Perea et al., 2009). Also, microglial cells [the res-
ident immune cells of the central nervous system (CNS)], play a
critical role in neuropathology following brain injury (Perry et al.,
2010; Krabbe et al., 2013). In activated microglial cells respond-
ing to the injury, migration and phagocytosis are promoted, and
inflammatory mediators including nitric oxide (NO), inflamma-
tory cytokines, such as interleukin-1 beta (IL-1β) and tumor
necrosis factor-alpha (TNF-α) are released. Since both microglia
and astrocytes are present and active in neuronal networks, it
is still debated how complicated the cross-talk is between these
three cell families (Kettenmann et al., 2013) and interesting math-
ematical models of this relationship have even been reported in a
real-time artificial neuron-astrocyte network (Valenza et al., 2013).
It is believed that spontaneous bursting in neuronal network

assemblies is physiologically important especially during early
development to ensure the reliability of synaptic transmission and
information processing (O’Learly et al., 1994; Lisman, 1997; Cata-
lano and Shatz, 1998; Komuro and Rakic, 1998; Garaschuk et al.,
2000; Sanchez-Vives and McCormick, 2000; Corlew et al., 2004;
Harris, 2005; Dupont et al., 2006).

The aim of the present study was to investigate the proinflam-
matory effects of low doses of the bacterial endotoxin lipopolysac-
charide (LPS) on the spontaneous bursting activity of cortical
network cultures derived from ex vivo neocortex and containing
neurons, astrocytes and microglial cells. Contrary to the in vivo
network counterpart that is governed by a sensory input and a up-
and down-state behavior (see Chen et al., 2013), it is well known
that cultured neuronal network activity is reverberating, and long-
term data recording can be performed by using in vitro multi-site
electrophysiology, fully established from many years (Keefer et al.,
2001; Beggs and Plenz, 2003, 2004; Gramowski et al., 2004; Tateno
et al., 2005; Eytan and Marom, 2006; Gullo et al., 2009, 2010, 2012).

Activity can be basically described by two interlaced time inter-
vals called “burst” (with duration, BD) and “inter-burst interval”
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(IBI), respectively. The former is characterized by short-lived
(i.e., burst-like events, 1–5 s duration, with each neuron hav-
ing its own duration) and synchronized synaptically mediated
neuronal firing from ∼85% of the engaged neurons, and the
latter by silent periods of variable duration (7–100 s). Further-
more, by combining electrophysiological multi-electrode array
(MEA) recording with fluorescence imaging of γ–aminobutyric
acid (GABA)-containing neurons derived from mice expressing
green fluorescent protein (GFP), we have previously described
how it is possible to classify authentic inhibitory and excita-
tory cells within the network. Moreover, we showed that the
metric which best recognized the firing mode of these differ-
ent neurons was that defined by the Fano factor (FF; calculated
from the ratio between spike-count variance and mean; for
details see Becchetti et al., 2012). Thus, we concluded that this
statistical analysis demonstrated that BDs of neurons desig-
nated as excitatory or inhibitory were qualitatively short or long,
respectively.

In each MEA dish, we continuously recorded (over 10s of
hours) from a hundred neurons (∼2–3% of network neurons), the
BD and excitability changes observed in the two identified clusters
of neurons before and after LPS or other pharmacological manipu-
lations. We found that besides a slow increase of excitability of both
clusters after LPS, there was a surprising occurrence of atypical
burst-like activity, characterized by rare but statistically significant
long-duration events, never observed in control recordings before
LPS application. Application of low concentrations of the anti-
inflammatory agent minocycline (MC) before LPS was sufficient
to occlude this hyperactivity. In conclusion, these novel results,
obtained from in vitro neuronal/astrocyte/microglial networks,
reinforce the important, but ultra-slow roles of proinflammatory
cytokines (such as TNF-α, whose concentration was measured
during LPS experiments) in modulating neuronal excitability
as compared to their more well-known faster ionotropic and
metabotropic synaptic counterparts. (Santello and Volterra, 2012;
Béchade et al., 2013).

MATERIALS AND METHODS
CELL CULTURES
Primary cultures of cortical neurons were prepared as previ-
ously described (Gullo et al., 2009). Briefly, all of the cerebral
cortex (excluding the hippocampus) was removed from decapi-
tated post-natal mice (P1–P3), cut into 1 mm × 1 mm × 1 mm
pieces, and digested by trypsin (0.15%) and DNAse (10 μg/ml)
at 37◦C for 20 min. After enzyme digestion, cells were mechani-
cally dissociated by means of trituration, and plated at densities of
600–900 × 103 cells/ml on glass coverslips (for immunocytochem-
istry) or MEA Petri dishes pre-coated with polyethyleneimine
0.1% (wt/vol) and laminin 20 μg/ml (30 μm diameter ITO elec-
trodes spaced 200 μm apart, Multichannels System, Germany).
Each dish had a recording area of ∼2 mm × ∼2 mm, where
on average ∼7000 cells were present but only ∼3000 were neu-
rons. After 3 h incubation, the plating medium was replaced by
neurobasal medium (NB) with B27 (Invitrogen, Italy), glutamine
1 mM and basic fibroblast growth factor (bFGF) 10 ng/ml, and
the culture was maintained at 37◦C in 5% CO2. One-half of the
medium volume was replaced every 3 days. The cultures in MEA

dishes were covered with gas-permeable covers (MEA-MEM, Ala
Scientific Instruments, Inc., USA) throughout the culture period
[12–22 days-in vitro (DIV)].

CYTOCHEMICAL CHARACTERIZATION OF CORTICAL CELL CULTURES
To characterize the neuronal population in our cultures, we used
monoclonal antibodies against microtubule-associated protein 2
(MAP2; 1:1000, Sigma) for neurons, gliofibrillar acid protein
(GFAP; 1:500, Dako) for glial cells and the biotin-labeled tomato
lectin, biotinylated Lycopersicum esculentum agglutinin (b-LEA,
1:500; Vector Inc.) for microglia (Saura, 2007). Controls were per-
formed by omitting primary antibodies or b-LEA. In these cases,
no labeling was observed. The cultured cortical cells of control
and those treated with LPS (3 μg/ml for 7 h) were fixed at 13 DIV
in 4% paraformaldehyde in 0.1M phosphate buffer (PB; pH 7.2)
for 20 min, then washed and maintained in PB until cytochemical
reactions.

IMMUNOFLUORESCENCE
After aldehyde quenching with 0.05M NH4Cl and permeabiliza-
tion with 0.1% Triton X-100, cells were preincubated with 1%
bovine serum albumin (BSA) for 30 min. Successive incuba-
tion was performed for 48 h at 4◦C in a mixture of anti-MAP2
and anti-GFAP primary antibodies and b-LEA in PBS/BSA 0.1%.
This procedure was followed by incubation with a solution of
PBS/BSA 0.1% containing the secondary antibodies DAM-Cy3
(polyclonal, anti-mouse IgG, made in donkey; 1:200 dilution;
Cy3 fluorochrome; Jackson Immunoresearch Laboratories) and
DAR-Cy5 (polyclonal, donkey anti-rabbit IgG conjugated to the
indocarbocyanine Cy5, 1:200, Jackson Immunoresearch Labo-
ratories) to reveal monoclonal and polyclonal antibodies, and
Alexa-488-labeled streptavidin (1:200, Molecular Probes) for b-
LEA lectin cytochemistry. After rinsing, samples were mounted
on coverslips with PBS/glycerol and inspected with a TCS-NT
(Leica Laserteknik GmbH) laser scanning confocal microscope,
to visualize triple fluorescent labeling. The original emission
color of fluorochrome conjugated to secondary antibody DAR-
Cy5 has been set to blue to facilitate visual inspection of confocal
images. All the thickness of cell cultures (about 12 μm) was
acquired by digital superimposing of at least 10 serial optical
sections.

LEA PEROXIDASE CYTOCHEMISTRY FOR MICROGLIAL CELLS COUNTING
Fixed cultures were pre-treated as previously reported for
immunofluorescence, except for the additional H2O2 treatment
(0.1% for 5 min) to block endogenous peroxidases. Overnight
incubation at room temperature in a solution containing b-LEA
in PBS/BSA 0.1% was followed by treatment with the avidin-
biotinylated complex (ABC kit, Vector Inc., diluted 1:100) for
75 min and then with a freshly prepared solution (0.075%) of
3-3′-diaminobenzidine tetrahydrochloride (Sigma) and 0.002%
H2O2. Finally, coverslips were dehydrated, cleared and mounted
over clean slides. We selected four different cultures/coverslips per
experimental set (controls/LPS-treated) from two animals. b-LEA
positive (+) cells were counted in four non-overlapping random
fields of the coverslips (340 × 250 μm). Image J software was
used to count cells on acquired images. Statistical comparison was

Frontiers in Cellular Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 361 | 160

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Gullo et al. Minocycline-sensitive sterile inflammation in CNS networks

made using Student’s t-test with P < 0.05 accepted as significantly
different from control.

TNF-α CONCENTRATION MEASUREMENTS
In each MEA dish, small (150 μl) aliquots of the incubation
medium were collected in control and during different times
(30 min, 3, 6, 12, and 24 h) after the addition of LPS (3 μg/ml)
or MC (50 nM) + LPS. Samples (50 μl) were analyzed in tripli-
cate for murine TNFα with enzyme-linked immunosorbent assay
(ELISA) kits (KCM3012, Invitrogen, Italy) accordingly to manu-
facture’s instructions. The data were expressed as pg/ml following
interpolation on the basis of a standard curve. As suggested by
the manufacturer, the inter-assay and intra-assay variability were
3.5–4.3 and 2.6–8.2%, with a lower limit of detection <3 pg/ml.
During the analysis we did not correct the data for the small change
in the total incubation medium volume resulting from the aliquots
removal. Data were analyzed using GraphPad 4.0 software employ-
ing Student t-test for group comparison. P < 0.05 was considered
statistically significant.

MEA ELECTROPHYSIOLOGY
Drug application: general aspects
As previously described (Gullo et al., 2009), we report results
obtained within a few hours after the MEA dish positioning into
the incubator, which can thus be considered at the steady-state.
The recording area in our MEA dishes was ∼2 mm × ∼2 mm,
and in this area, the average number of neurons was in
the order of ∼5000, plus about the same number of astro-
cytes (see Figure 1 of supplementary material in Gullo et al.,
2010 at http://journal.frontiersin.org/journal/10.3389/fncir.2010.
00011/full) and the average space between cells was therefore
relatively large. The drugs were kept as frozen stock solutions
in distilled water (or DMSO < 0.1%) at −20◦C, until diluted
as appropriate with MEA culture medium before each experi-
ment. All experiments were performed by adding the drugs in
volumes that were always <1% of the total conditioned media
volume bathing the neurons. When indicated, a washout was car-
ried out with a solution pre-conditioned by the same network
under control conditions. Murine TNF-α (T7539), thalidomide
(THAL) and MC were purchased from Sigma, Italy. PPADS was
kindly received from Prof. P. Illes, Rudolf-Boehm-Institut, Leipzig,
Germany.

Recordings, waveform acquisition, and sorting
We used the same procedures previously described in Gullo
et al. (2009, 2010). Briefly, analog signals sampled at 40 kHz
were recorded at 36◦C in CO2-controlled incubators using MEA-
1060BC or 1060INV pre-amplifiers (bandwidth 1–8000 Hz,
Multichannel Systems, Germany) connected to a MEA Work-
station (bandwidth 100–8000 Hz, Plexon Inc., USA). Data were
sorted into timestamp files by the MEAWorkstation Sorter soft-
ware (MEAWS, see details below) and cleaned of artifacts using
the OFFLine Sorter program (Plexon Inc., USA). Next, dur-
ing the PCA-based waveform sorting and for multi-unit elec-
trodes, we applied one of the following procedures: (i) spike
removal with a Mahalanobis threshold in the range 1.8–1.4; we
concurrently checked that the P-value of multivariate ANOVA

sorting quality statistics was <0.01 amongst the identified units;
(ii) when the previous procedure led to excessive spike inval-
idation, we manually removed the spikes invading the adja-
cent unit ellipsoids (the latter method was very effective in
decreasing the P-values, with only a limited number of erased
spikes).

Neuronal cluster classification
The method of neuronal classification into excitatory or inhibitory
is described in detail in Gullo et al. (2009, 2010) and Bec-
chetti et al. (2012). For each identified unit and each burst, the
following characteristics were computed in defined time seg-
ments: the autocorrelation function (ACF), the BD (see for
recent details in Becchetti et al., 2012), the spike number (SN),
the spike rate (SR), the intra-burst SR (IBSR), the IBIs and
the FF (Baddeley et al., 1997). We classified the neurons on the
basis of an unsupervised learning approach consisting of data
reducing principal component analysis (PCA) based on FF as a
feature (Becchetti et al., 2012), followed by the K-means clus-
tering procedure. The large differences in these burst metrics
was the basis for adopting FF as the best feature to clusterize
neurons. As previously described (Becchetti et al., 2012), these
procedures normally separated two statistically different clusters
composed of numbers of excitatory (∼60–90) and inhibitory
(∼15–25) neurons whose ratio always fitted the ratio present in
the neocortex, i.e., from 4 to 5 (Gullo et al., 2010; Sahara et al.,
2012).

Advanced burst classification into states and BD histograms
The global network burst structure was analyzed with standard
techniques (see Ham et al., 2008) as well as procedures recently
developed by us (Gullo et al., 2012). Briefly, we applied a run-
ning window of variable duration (10 ms to 1 s) in order to
search for the start and end of the burst duration and collect all
of the spikes which were precisely tagged to the engaged exci-
tatory and inhibitory neurons already designated as previously
explained above. In conclusion, for each spike, we knew exactly
which neuron fired it, in which specific burst it was and how
many other spikes were fired. This had the consequence that
we could also compute for this neuron the average propensity
for firing, namely, its “excitability” in terms of spikes per burst.
Our new procedure consisted of performing a classification of
all bursts into states (for simplicity here, we chose four), con-
trolled by a PCA based on both BD and SN features. Accordingly,
for each of these four states, we could obtain not only the total
amounts of SN and the engaged neurons, but also their aver-
age time histogram spike number time histograms (SNTH) which
specifically described the average time course of each burst from
its start to its end (separately for excitatory and inhibitory neu-
rons). Moreover, we computed also the cumulative distributions
of BD (BD cum. probability). These last data were found not to be
normally distributed (P-value < 0.0001, Shapiro-Wilk, Anderson-
Darling, and Lilliefors tests by XLSTAT option Normality test, not
shown).

Data analysis and statistical significance
All of the data are expressed as mean values ± SEM, with n indicat-
ing the number of experiments. For the non-normally distributed
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data, we used the non-parametric tests available from XLSTAT-
Pro software (Addinsoft, USA). To compute statistical significance
among BD cumulative distributions originating from different
experiments in general, we preferred the non-parametric equiva-
lent of the ANOVA (a test valid only for normally distributed data),
i.e., the Kruskal-Wallis test, where the optional “multiple compar-
isons” method allowed us to identify various putative groups (we
tested the Dunn and the Steel-Dwass-Critchlow-Fligner methods,
with the Bonferroni correction). The data were analyzed and the
figures prepared using OriginPro 7.0 software.

RESULTS
THE ACTIVITY PATTERN IN CONTROL (UNTREATED) AND IN
LPS-TREATED NETWORKS
The simplest way to observe the reverberating burst activity of
long-term cultured networks is to examine raster plots from multi-
site recordings; these show the temporal sequence of action poten-
tial timestamps recorded simultaneously from ∼2% of the total
number of neurons attached on a square area of 2 mm × 2 mm

forming the recorded network. Typical raster plots of a reverber-
ating burst in control during 5 s of activity is shown in Figure 1A,
where each line corresponds to one cell (the small vertical ticks
are the spike timestamps) and the 65 upper and 27 lower lines
belong to units classified as excitatory and inhibitory neurons
respectively (Becchetti et al., 2012). Figure 1B shows the very
different properties of an atypical burst recorded 6 h after the
application of 3 μg/ml LPS in the same MEA dish (notice the
change by a factor of ∼6 on the time scale). While the burst
duration (BD) in control (untreated) was around ∼2–3 s, the
application of LPS introduced a dramatic BD increase. Simi-
lar data were observed in 9 out of 10 different experiments. It
can be seen that in 200 s windows, as shown in Figure 1C, in
control before LPS, the duration of the spontaneous bursts (i.e.,
thickness of the vertical columns) was characterized by a distri-
bution shifted toward short BDs. In contrast, in the presence
of LPS (Figure 1D), the appearance of long atypical BD events
increased significantly, suggesting an overall increase in neuronal
excitability.

FIGURE 1 | Raster plots of exemplary normal and atypical reverberating
bursts of the network activity recorded in a neocortical/astrocyte/
microglial co-culture grown on an multi-electrode array (MEA) dish in
control (CON) and 6 h after application of 3 μg/ml lipopolysaccharide
(LPS). Data in (A–D) were recorded in control and in LPS, respectively. Small
vertical ticks on horizontal lines are timestamps of spikes elicited by identified
neurons as indicated. (A) Raster plot of a normal burst recorded in control

before adding LPS. Note the time scale bar of 2 s. (B) Raster plot of an
atypical burst recorded 6 h after adding LPS. Note the time scale bar of 20 s.
(C) Plot of 13 similar normal bursts recorded in control during a time window
of 200 s. (D) Plot of two atypical bursts recorded in LPS during 200 s (the first
is shown in Figure 1B). The timestamps in (C,D) had the same pattern as in
(A,B), i.e., upper and lower ticks relate to identified excitatory and inhibitory
cells, respectively.
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To investigate the underlying properties of this activity, we
performed a statistical analysis of the neuron type (excitatory or
inhibitory, see Becchetti et al., 2012) and a classification of the
durations of the acquired bursts (see Gullo et al., 2012). We found
that, on average, the number of engaged neurons was not chang-
ing before and after LPS (not shown), but on the contrary, it
was the number of elicited spikes (SN, in each burst) that was
strongly increasing for both neuronal types (clusters). To quan-
tify the heterogeneity of the BDs, we performed a classification
procedure of all bursts into four states according to two features,
namely, SN and BD. The assignment of each burst to one of the
four states was performed automatically, and the states were sig-
nificantly different according to our classification procedure (see
Materials and Methods). During a typical whole experiment of

14 h, we computed the data in sequential time segments of 2 h
in control (6 h) and after the LPS application (8 h). Each burst
was characterized by how many spikes were elicited from burst
onset up to its end; we then computed the temporal histogram of
the SN (SNTH: Gullo et al., 2010, 2012) and plotted it by averag-
ing all data in each 2 h time segment and among all the neurons
belonging to the same cluster (see Materials and Methods). The
SNTH data plots observed in control (untreated) and in LPS are
shown in Figures 2A,B, respectively: for excitatory cluster: thin
lines and open circles and for inhibitory cluster: thick lines and
closed circles. During control, state 1 and 2 maximal BDs where
in the range 2–3 s and for states 3 and 4 BDs were up to 6–
7 s. In contrast, in LPS, the BDs were much longer: for states
1 and 2 BDs reached the range 5–11 s, but for states 3 and 4

FIGURE 2 | Characterization of reverberating activity recorded in
control and 4 h after application of 3 μg/ml LPS. Data (time segments
of 2 h) in (A,B) show global firing properties during control (CON) and 4 h
after application of LPS. (A,B) Plots of spike number time histograms
(SNTH, spike number/0.1 s bin width: log-scale vs. time after burst onset in
seconds) representing properties of bursts classified into four states from
up to down. In control and in LPS (in parentheses) the number of events
assigned to states 1, 2, 3, and 4 were: 122 (280), 255 (50), 66 (20), and 15
(6). LPS therefore strongly modified the pattern of the burst durations by
favoring the large (>10 s) durations in 21% of the bursts as compared to
control where all of the durations were below 10 s as shown in detail
below in Figure 3. (C) Superimposed BD cumulative probability plots
during control (5 h, thick line), 3 μg/ml LPS (6 h, open circles) and after

washout (4 h, thin line). Data from an experiment with 65 excitatory and 26
inhibitory neurons (classified as described in Section “Materials and
Methods”) respectively. Number of analyzed bursts were 1208 in control,
1421 in LPS and 634 in washout respectively. The non-parametric
Kruskal–Wallis statistical significance method gave, for the pairs con/LPS,
LPS/wash and con/wash, the following results: P < 0.0001, P < 0.029,
P < 0.0001, respectively. (D) Cumulative probability of BD averaged from 5
similar experiments done in different dishes after correctly normalizing the
control part of each experiment for having a value of 1 and 60 equally
spaced bins (error bars are ±SEM). Note that the LPS action on BD
distribution was consistently different with respect to control; also for LPS
data, after normalization, the time scale had a maximum value three times
longer than for control data.
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they were the longest from 18 up to 27 s (for details see Figure
legend).

Taken together, these results suggest that LPS was able to barely
modify the short burst states, but, in contrast, it largely increased
the number of spikes of the long-lived atypical bursts compared
to the control recording condition. This could indicate that the
network (balanced in control and with burst ending on average
after 6–7 s), was shifted toward a new steady-state characterized, in
both neuronal clusters, by an increased excitability which favored
a longer and atypical activity in bursts.

Although the SNTHs shown in Figures 2A,B clarified the tem-
poral structure of the bursts in control conditions and in LPS,
it was important to check that these results were complemented
by an analysis independent from the burst classification method.
To this aim, we used a standard cumulative probability analysis
of BD as shown in Figure 2C for an exemplary experiment in
which we could obtain also a tentative washout from LPS. These
results were useful to better demonstrate the crucial effects of
LPS: (1) in control at relatively long BDs, i.e., ∼7 s, ∼99% of
bursts had BDs smaller than 7 s, (2) but in LPS, only 95% of the
bursts had BDs <7 s and the rest of the bursts had longer BDs;
(3) in LPS the short (<1 s) BD bursts practically disappeared,
but, (4) on washout, the short bursts reappeared but the long
ones did not disappeared, suggesting a non-completely washable
effect of LPS. Since both the distribution of BD and its cumulative
probability were not normal, a non-parametric Kruskal–Wallis
statistical analysis (see Materials and Methods) was performed
here and will be used in all of the following results. As indi-
cated in the legend of Figure 2, this analysis suggests that the
LPS data were highly significantly different (P < 0.0001) from
both control untreated and washout, but control was different
from washout with a P < 0.029, indicating a lingering action
of LPS.

Since in each MEA dish, it was practically impossible to exactly
control the precise composition and the amount of cells at div 0,
each network started its activity and became mature at slightly dif-
ferent days. This implies also that each dish had different intrinsic
properties such as the average values of BD, the IBIs, the total
number of neurons and the ratio between the excitatory and
inhibitory cells. These and other variables such as the density of
astrocytes and microglia normally could in principle, produce dif-
ferent cumulative histograms. To average different experiments it
was necessary to normalize the time scales of each LPS experiment
to its control and then average data. From 5 independent and suc-
cessful experiments, we plotted in Figure 2D the averaged control
data (n = 5) of the control time segments (closed squares) and
LPS segments (open squares) which proved to be significantly dif-
ferent (P < 0.0001). The averaged control “con” data had P > 0.05
with respect to each single control experiment, thus suggesting
that they were not statistically different after normalization. The
same was true for the LPS data.

On the whole, these results point out that the robust modifica-
tions in firing activity induced by LPS were long-lasting at least for
4–6 h during washout, although we observed only a weak recovery
of short bursts. The data points of the LPS trace illustrate that
novel bursts were also present in a BD range in which it was always
impossible to capture such bursts during control. On the contrary,

in the range from 0 to ∼2 s the histograms were hardly different
from each others.

LPS DID NOT AFFECT ACTION POTENTIAL WAVEFORM NEITHER IN
EXCITATORY NOR IN INHIBITORY NEURONS
The results shown in Figures 2A,B suggested that the statistical
analysis of the SNTHs in control and in LPS at a concentration
of 3 μg/ml, differed dramatically for both neuronal clusters. The
diversity was present not only in the BD that was much longer
in LPS, but also in the mean SN of the inhibitory clusters, with
respect to the excitatory clusters (values of closed symbols were
always greater than those of open symbols). This consistent obser-
vation suggested to us to investigate in detail both the timing
pattern of bursts and the waveforms of the action potentials in
both types of clusters. To this aim, we compared the spike tim-
ing pattern and their waveforms acquired during control or 8 h
after adding LPS, when the effects on excitability had become con-
sistently established. In Figure 3 we show how spike trains of
classified neurons [excitatory (ex) inhibitory (inh)] looked dur-
ing exemplary events in control and LPS. In a 35 s time-window,
the two left (A) and right (D) raster plots (timestamps) show
three brief bursts in control and one long burst (separated by a
very short interval <3 s) in LPS, respectively. From two differ-
ent electrodes, we identified two neurons classified as belonging
to the excitatory (B,E) and inhibitory (C,F) clusters and we show
how their spike trains (vertical lines) contributed differently to
the global network burst. In the control windows, B and C, the
spikes were rare or abundant according to the different modes
of firing of excitatory and inhibitory cells, and the same pat-
tern can also be followed in the companion windows E and F
recorded in LPS. To investigate if the spike waveforms were chang-
ing from control to LPS, we superimposed the action potential
waveforms relative to these bursts (see the insets in B,C and E,F);
it is clearly evident that on average, they did not differ. Since no
detectable changes were also observed at the level of IBI (the aver-
age time between bursts), a variable that is linked to the average
probability of starting a burst, it is reasonable to assume that the
average resting membrane potential of the engaged neurons was
not dramatically affected by LPS, despite their increased propen-
sity toward burst broadening. This observation suggests that the
LPS-induced actions on excitability described above were quite
subtle, perhaps originating from time-dependent alterations in the
properties of voltage-gated ion channels responsible for maintain-
ing the neuronal excitability (see Due et al., 2012); however, this
would need to be confirmed in intracellular recording experiments
from individual neurons.

THE TIME COURSE OF LPS ACTION
To further investigate the time-course of development of the LPS
effects illustrated in Figures 1 and 2 we re-analyzed some exper-
iments by dividing the control and the LPS periods into shorter
half-hour segments in order to check if during briefer periods of
time, there were relevant fluctuations that were averaged out when
longer segments were used. At the same time, a half-hour sam-
pling had the advantage of verifying the exact time course of the
changes introduced by LPS. This opened the possibility that some
of the long bursts observed in control could be confounded or
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FIGURE 3 | Lipopolysaccharide did not affect action potential waveform
neither in excitatory nor in inhibitory neurons. (A,D) 35 s-long windows in
which are shown raster plots of timestamps of normal and atypical burst in
control (CON) and 6 h after adding LPS (each point in a column contains data
from one electrode). In (A) are present three brief bursts and in (B) one long
burst in LPS (identified as one single up-state because the short; <3 s)
inter-spike interval was well below the average IBI value of ∼15 s. (B,C,E,F)

35 s-long windows showing plots of spike amplitude (vertical lines) vs. time in
control and during LPS for identified excitatory (B,E) and inhibitory (C,F)
neurons in two different electrodes. The number of identified excitatory and
inhibitory cells was 69 and 24, respectively. The insets associated with
(B,C,E,F) show the superimposed spikes recorded in the respective windows
and their vertical and horizontal dimensions correspond to +62/−93 μV and
1.2 ms, respectively.

blurred with those observed during the LPS application. Further-
more, we wanted also to verify if briefer segments of control data
could be considered statistically indistinguishable among them-
selves, and also to verify that the same concept was valid for the
LPS-data when the action of the drug reached its final maximum
steady-state level.

The BD data are shown as points in the time plot of Figure 4A
where the tentative fitting to an analytical function describing drug
onset time-course is shown by the red superimposed line. We
found that the fitting of these data to an exponential relationship
allowed us to suggest that the process really consists of a delayed
exponential, namely y = exp − (t − τ0)/τLPS, where τ0 and τLPS

are the delay and LPS action time constants found to be ∼1.5 and
∼2.3 h, respectively. In conclusion, and taking into account the
other successful experiments, we found that LPS, at a concentra-
tion of 3 μg/ml, was able to produce a considerable and significant
increase in the BD duration in the neuronal cultures.

Given the fact that we never observed any significant change
in the spike waveform in the presence of LPS (see Figure 3), we
wanted to examine how these effects on BD could be interpreted
at the level of neuronal excitability. Since in our experiments, we
continuously sampled the same set of neurons, we could count
the number of spikes elicited by each engaged cell during each
burst. This analysis is shown at the same half-hour resolution in

Figure 4B for the two clusters of neurons. The plot illustrates
that excitatory and inhibitory cells behaved in a very different
manner, the former class being much less active than the latter
class, possibly indicating that they were under a strong “brak-
ing” influence from local inhibitory neurons as already shown
in Gullo et al., 2010). A further interesting analysis is shown in
Figure 4C where we normalized the previous data by the control
values (averaged) to remove the different firing modes and this
showed that despite their different background levels of activity,
both clusters behaved similarly in the presence of LPS (P > 0.05,
n = 150). We did not observe any other change in the activity
properties like IBI, except for an obvious increase in mean SR of
inhibitory and excitatory (in parenthesis) clusters which changed
from 1.44 ± 0.08 (n = 26) [0.37 ± 0.03, (n = 65)] in control
to 1.82 ± 0.15 (n = 26) [0.48 ± 0.06 (n = 65)] in LPS at the
experiment end after 7 h. This finding suggests that the LPS action
on the neuronal culture resembled a change of the working “set
point” of the network activity as previously proposed to explain
homeostatic plasticity (for a review see Turrigiano and Nelson,
2004).

To test the random BD changes observed during each half-hour
segment, we did the complete study of the statistical significance
of the BD data in this exemplary experiment whose behavior
is illustrated in Figures 4A–C by using the Kruskal–Wallis test
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FIGURE 4 |The delayed excitatory action of LPS studied at a half-hour
resolution by analyzing BD and engaged excitatory and inhibitory
neuron excitability. (A) Plot of BD in an exemplary experiment where time
was divided into half-hour segments (10 in control and 16 during LPS). The red
line is the best fit to an exponential function of the following type: fit
line = 2.07 + 1.9*[1 − exp[−(x − τd)/τLPS]], where τd and τLPS are in
seconds and represent the delay (5250 ± 970 s, n = 13) and the LPS onset
time constant (8355 ± 2980 s, n = 13) which characterized the drug action,
respectively. (B) For the same experiment, plot of excitability, defined as the
average number of spikes elicited by engaged neurons in the same cluster in
each up-state (red and black for excitatory and inhibitory cells). (C) For the
same experiment, the data shown in (C) but normalized to the mean control
data for each cluster (black and red symbols for inhibitory and excitatory
neurons, respectively). Note the slow time course of excitability increase was
similar in both neuron types. (D) 3D graph where each ribbon is the P -value

of significance plotted vs. 27 time segments in the exemplary experiment of
(A–C). There are 27 such ribbons plotted in order to evaluate all of the 702 (but
those significant were 351) multiple pairwise (those identical were omitted)
comparisons to compute the statistical significance by the non-parametric
Kruskal–Wallis test (Dunn analysis, Bonferroni correction). Each ribbon is for
each 0.5 h segment (open ribbon for control, colored ribbons for LPS data).
Control (before) and LPS regions (succeeding) are indicated. Since the vertical
axis of the P -values is in the form of a log-scale whose middle point is 0.05,
all the regions where ribbons are above or below 0.05 represent non
significant or significant comparisons, respectively. The time segment
“lps2.5” that is in between control and steady-state LPS segments resulted
in a “strange” shape. The data show that during control and well after LPS
application, the BD data are significantly similar; however, during the
development of the LPS action, they slowly (after each half hour) changed
consistently to the differences shown in Figures 3A–C.

(see Materials and Methods). To do so, we computed all of
the P-values amongst all the sub-segments, both in control and
during the action of LPS. In Figure 4D, these data are shown
in a 3D graph where, on the z-axis, are plotted the P-values
of the BD statistical analysis originating from the 27 time seg-
ments (0.5 h each) of this exemplary experiment (for a total of
351 comparisons, see legend). We found that all the segments in
control (10, open symbols) and the first four LPS segments had
highly similar properties, i.e., P-values >>0.05 before LPS and
<<0.05 after LPS, suggesting that the BDs slowly shifted from
the properties they had in control to a new stationary and sig-
nificantly different longer mode. Conversely, when we examined
the BD data in the LPS region, the behavior was symmetrical and
opposite.

Lipopolysaccharide was not used at higher concentrations
because it has been recently shown that at 10 μg/ml, other remark-
able effects lead to apoptosis (Nimmervoll et al., 2012). Another 10
experiments performed at lower LPS concentrations of 1 μg/ml
produced data that were either transient (3 out of 10) or sub-
ject to the intrinsic variability among different dishes (3 out of
10) and therefore were not sufficiently stable and trustable to be
analyzed further. At a concentration of 0.3 μg/ml, only one exper-
iment out of 5 was successful (not shown). The slowly developing
LPS action described here is completely different from the fast
action of any agonist or antagonist of voltage-gated ion chan-
nels or excitatory/inhibitory neurotransmitter receptors tested on
MEA culture dishes (Gullo et al., 2009, 2010, 2012; Puia et al.,
2012).
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LPS EFFECTS CAN BE BLOCKED BY NANOMOLAR CONCENTRATIONS
OF MINOCYCLINE
Minocycline, a semi-synthetic second generation tetracycline
analog, has been extensively used therapeutically as an anti-
inflammatory agent (for a recent review see Tikka et al., 2001;
Filipovic and Zecevic, 2008; Henry et al., 2008; Garrido-Mesa
et al., 2013) and also possesses neuroprotective and anticon-
vulsant properties (Beheshti Nasr et al., 2013; Dodd et al.,
2013). Since our LPS experiments had a duration of 8–10 h,
we decided to test MC at one of the lowest concentrations
used by Tikka et al. (2001) in mixed spinal cord cultures,
namely 50 nM. Since preliminary experiments at high concen-
trations of MC (3 μM) caused a persistent and irreversible
strong decrease of neuronal activity (not shown), indicating

an unwanted possibly toxic action, we wanted to control the
MC putative intrinsic activity on our networks by perform-
ing some preliminary dose-response experiments as shown in
Figures 5B,C.

We applied increasing concentrations of MC from 10 nM up
to 3 μM to obtain a dose-response curve during short time seg-
ments (30, 20, and 10 min). In Figures 5A–C we plotted the BD
cumulative histograms, the excitability and the IBI data recorded
during a 6 h period which started with control (untreated) and
finished with the washout. As shown in Figures 5B,C, the smallest
concentration of 10 nM MC caused both a decrease of excitability
and a smaller IBI which, taken together, resulted in a small (but
non-significant) increase in global spiking rate (SR, not shown)
which seems counter-intuitive.

FIGURE 5 | Minocycline (MC) dose-response relationship and its
antagonistic action toward the effects of LPS on neuronal excitability.
(A) Plot of superimposed BD cumulative probability histograms in control
(thick line), in 10–30–100 nM MC (inverted triangles), in 0.3–1 μM MC
(circles), in 3 μM MC (upward triangles), and after 2 h of washout (thin
line). Statistical significance was assessed on the cumulative probability
data by Kruskal–Wallis method (*P < 0.05; ***P < 0.0001; −P > 0.05)
according to the following matrix-table that illustrates in a compact form
the 10 P -values among all the possible combinations of the different
probability curves (see Table 1). (B) Plot of the normalized excitability of
identified excitatory/inhibitory neurons (open/closed symbols). Notice that
the effects of the highest MC dose persisted for more than 1 h during
washout. The small numbers near symbols indicate the increasing
concentrations of MC. (C) Plot of IBI vs. time. Notice an early IBI

decrease effect at the lowest MC dose. (D) Plot of superimposed BD
cumulative probability histograms in control (thick line), in 50 nM MC (2 h,
upward triangles), after adding 3 μg/ml LPS (10.5 h, inverted triangles), and
after 2 h of washout (closed circles). This exemplary representative
experiment is similar to other four experiments and shows that only small,
i.e., <100 nM doses of MC produce small and transient (<1 h) and
recoverable effects on the network activity. Number of analyzed bursts in
control, +MC, +LPS and washout were 176, 250, 1300, and 405,
respectively. Statistical significance was assessed on the cumulative
probability data by Kruskal–Wallis method as follows: CON vs. MC
P < 0.001; CON vs. LPS P < 0.0001; CON vs. WASH P < 0.0001; LPS
vs. WASH, MC vs. WASH, LPS vs. MC P > 0.05. (E) Plot of the
normalized excitability for identified excitatory (open circles) and inhibitory
neurons (closed circles). (F) Plot of IBI vs. time.
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Table 1 |The 10 P -values mentioned in the Figure 5A legend asTable 1.

Con 10–100 nM 0.3–1 μM 3 μM

Con

MC 10–100 nM *

MC 0.3–1 μM * –

MC 3 μM *** *** ***

2 h wash * – – ***

This observation obviously suggests that in our cultured rever-
berating networks (and putatively in in vivo recordings during
synchronized spontaneous activity or during sleep, see Discussion)
the global activity is controlled by two distinct and functionally
independent mechanisms: namely, burst activity (with BD dura-
tion) among neurons connected by glutamatergic and GABAergic
synapses, with their different properties and therefore subject to
different pathways leading to the burst onset and end and, in con-
trast, the IBIs characterized by quasi-silent periods in which all
cells are temporarily hyperpolarized and recovering from the pre-
vious excessive firing activity (synaptic fatigue, slow voltage-gated
ion channel inactivation, slow metabotropic neurotransmitter
action, etc). Indeed, on average, SR (spike/s, a variable com-
puted independently from BD and IBI definition) is proportional
to excitability (spikes during the burst), but inversely propor-
tional to IBI (because in IBI there are no spikes elicited). Thus,
any excitability change with no IBI change leads obviously to the
same SR change. On the contrary, if the excitability decrease is
accompanied by a proportionally larger IBI decrease as shown
in panel C, the effect on SR can result in a counter-intuitive
increase (we show below in Figures 6D–F other counter-intuitive
results). Since in the two clusters, SRs originate from different
excitabilities of different numbers of neurons, we always found
that in CNS networks, the average SR of the inhibitory cluster was
higher than the SR of the excitatory neuron cluster (Gullo et al.,
2010).

This effect persisted up to a concentration of 100 nM but recov-
ered at 300 nM MC where both variables had the values seen in
control. Since the successively higher concentrations of MC pro-
duced a further decrease in excitability and BD that was difficult
to washout (see at the fifth hour), we interpreted the initial, but
recoverable effects as a momentary disturbance that the network
compensated by its own homeostasis. This was confirmed by the
BD cumulative analysis of the data shown in Figure 5A (super-
imposed curves). In the plot, it is possible to follow the data in
control (thick line) and the slow left-shift of the curves (symbols)
during the increasing MC concentrations (see meaning of differ-
ent symbols in the legend) and the final washout (thin line) which
returned back toward the control curve.

In conclusion, we learned from these experiments that at very
low concentrations, the putative early intrinsic action of MC
should not interfere with other drugs working at a much slower
rate. On the contrary, the specific inhibitory action of MC at higher
concentrations on the excitability of inhibitory neurons and not
on excitatory cells suggested that at these high concentrations the
action was clearly not negligible. The fast but recoverable action

of MC we observed will certainly need further investigation in the
future.

In order to test whether the excitatory action of LPS could be
blocked by MC, we pre-incubated the networks with 50 nM MC
for 2 h, and then added LPS, in order to exclude the transient
effects of MC mentioned above. The experiments were analyzed
similarly to those shown in Figures 2 and 3 and one exemplary
test (out of 5) is illustrated in Figures 5D–F. We found that
after pre-treatment with MC, LPS no longer produced rightward
shifts of the BD probability to indicate significant BD increases
(n = 5; cf. Figures 2C,D). This is shown in Figure 5D where,
after a 4 h recording in control conditions, 50 nM MC was added
and 2 h later, 3 μg/ml LPS was added on top. After 12 h, we
washed out the dish for 3 further hours of recording. Although
the BD probability plot of Figure 5D showed that control data
(continuous thick line) were statistically different (P < 0.0001)
from those obtained in MC (upward triangles), in LPS (inverted
triangles) and in washout (thin line), all these last curves were
positioned to the left of the control line, and this fact is the oppo-
site of what we reported in Figures 2C,D for LPS alone. Moreover,
these last three curves were not significantly different from con-
trol (P > 0.05, using the Kruskal–Wallis test). In Figures 5E,F
are shown the details of excitability and IBI during an exemplary
experiment lasting more than 18 h. The transient depressant effect
of MC addition, seen in Figures 5B,C is barely visible in excitabil-
ity, but clearly evident in IBI, which decreased from 45 ± 3.2 s
to 26 ± 1.8 s (and SR that increased (excitatory cell in paren-
thesis) from 1.02 ± 0.15, (n = 19) [0.24 ± 0.025,(n = 60)] Hz
up to 1.38 ± 0.25 Hz, (n = 19) [0.30 ± 0.031, (n = 60)] not
shown. The addition of LPS was followed over ∼10 h, and a weak
(∼0.75 and ∼0.5 for inhibitory and excitatory clusters, respec-
tively) decrease in excitability and IBI (by a factor of ∼0.5) can be
observed before network washout where excitability recovered, but
not IBI. Thus, in conclusion the average SR did not significantly
change.

Minocycline, at the same concentration, was tested also in some
dishes 7–8 h after the LPS application, but no consistent excitability
decrease was evident, apart from the fast but transient negative
jump already described above in Figures 5E,F. We thus conclude
that MC at 50 nM was able to effectively inhibit the slow excitability
increase produced by LPS, without significantly altering the other
properties of the network activity.

EFFECTS OF CYTOKINE (TNF-α), PURINERGIC ANTAGONIST (PPADS),
ANTICONVULSANT CARBAMAZEPINE (CBZ) AND NEUROPROTECTANT
THALIDOMIDE
Brain inflammation is characterized by activation of CNS-resident
microglia and astrocytes, and it is supposed that these cell types
express, release and respond to cytokines (Allan et al., 2005).
Indeed, it was suggested in 2002 that glial cells constitutively release
the cytokine TNF-α (Beattie et al., 2002) and it was also shown that
“synaptic scaling” was dependent on the same cytokine exoge-
nously applied (Stellwagen and Malenka, 2006). On the contrary,
it is now clear from transcriptome analysis of purified astrocytes,
that this cytokine is only released from microglia (for a review see
Béchade et al., 2013). Therefore, we did some tests and verifica-
tion experiments to determine if our multi-site electrophysiology
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FIGURE 6 | Effects of TNF-α, PPADS, carbamazepine, and thalidomide
on neuronal excitability. (A) Plot of normalized excitability (relative to
control) in an exemplary dose-response 2 h experiment in which increasing
concentrations of TNF-α from 10 to 300 pM [see arrows labeled TNF-α, 10
(15 min), 20 (15 min), 60 (25 min), 100 (25 min), 300 pM (15 min)] were
applied to a culture while recording from a network of 95 excitatory and 19
inhibitory identified neurons, respectively. No effects were seen on IBI (not
shown). (B) Plot of normalized excitability (upper) and IBI (lower) vs. time
after addition of a single dose of TNF-α see line with arrows and the 60 pM
TNF-α label. Notice the slow build-up of an unbalanced neuronal activity
characterized by higher and lower excitability in both excitatory and
inhibitory neuronal clusters, respectively. According to (A) experiment, we
expected a small excitability decrease for inhibitory cells, but notice that
here the averaging time is longer (3600 s for each symbol) than that of (A)
(∼900 s). Although it can be seen that ∼3 h after washout, the excitability
during the up-states resulted consistently changed, the network SR was
not significantly altered. The mean IBI values during TNF-α were not

significantly different from control (12.2 ± 0.2 vs. 15.4 ± 1 s, n = 21).
A network of 70 excitatory and 21 inhibitory identified neurons were
recorded, respectively. (C) Plot of normalized excitability in control, after the
addition of PPADS (50 μM) and the subsequent co-addition of LPS at
3 μg/ml. Network of 86 and 17 excitatory and inhibitory identified neurons,
respectively. Note that PPADS did not prevent the excitatory effect of LPS.
(D) Plot of normalized excitability (upper) and IBI (lower) vs. time for
increasing doses of CBZ (1, 3, 10, 30, and 100 μM) and the subsequent
washout. Network of 91 excitatory and 37 inhibitory identified neurons,
respectively. (E) Plot of excitability (upper) and IBI (lower) after the addition
of a single dose of CBZ at 20 μM. Notice that the IBI change preceded
and outlasted the excitability changes. Network of 99 and 47 excitatory and
inhibitory identified neurons, respectively (see explanation in text). (F) Plot
of excitability (upper) and IBI (lower) after the addition of thalidomide
(THAL) at 30 μM. Notice again that the IBI change preceded the excitability
change by ∼1 h. Network of 121 and 27 excitatory and inhibitory identified
neurons, respectively.

was able to detect a change in neuronal excitability in response to
exogenously applied TNF-α.

Preliminary dose-response experiments suggested that 1 h-long
exposures to TNF-α at concentrations in the picomolar range
(from 10 to 300 pM, steps: 10, 20, 60, 100, 300), produced a
net decrease of the inhibitory neuron excitability with no evi-
dent effects on excitatory cells as shown in Figure 6A. These
data, obtained during brief successive dose-steps in a network
free of any other drugs, suggest that the cytokine action was
relatively fast and the effect of the highest concentration tested
was completely washable after a few hours. No changes were

present in the down-state duration, i.e., IBI (n = 3). On the
contrary, in long-term experiments (2 h of control + 15 h in
TNF-α + 8 h of recovery), a single application of a small TNF-α
concentration (60 pM), produced a delayed and non-washable
response characterized by a slow excitability increase in the exci-
tatory neuronal cluster and a decrease in the inhibitory cluster.
This is shown in Figure 6B, where the excitability data for excita-
tory and inhibitory neuronal clusters (upper) is shown together
with the IBI change (lower). The washout was characterized
by a partial 3 h-recovery, and in the further 5 h, the activity
during the bursts remained substantially hyperexcitable because
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the excitatory neurons were more active, probably as a conse-
quence of the lower excitability of inhibitory cells. TNF-α at this
low dose, therefore partially mimicked the excitatory action of
LPS but this was only apparent on the excitatory neuron clus-
ters and prolonged atypical “seizure-like” burst episodes were not
present.

It is now recognized that endogenous adenosine triphosphate
(ATP) and ATP (purinergic) receptors play an important role
in regulating microglial function, and in particular, the release
of cytokines in the brain (Shieh et al., 2014). We therefore per-
formed two experiments designed to investigate the putative role
of purinergic receptors in our LPS-induced responses shown above
(Pascual et al., 2012). Contrary to our expectation, as shown in
Figure 6C, pre-conditioning the network with the non-selective
P2X receptor antagonist PPADS (50 μM), did not prevent the LPS
effects, suggesting that a modulatory effect of endogenous ATP on
microglia was not involved.

Next, we were interested to examine the effects of other drugs as
putative substitutes of MC as blockers of the LPS effects and tested
the effects of the anticonvulsant drug carbamazepine (CBX) and
of THAL, also a powerful anticonvulsant (Palencia et al., 2011)
and anti-hyperalgesic (Cata et al., 2008). Both agents were tested
first for their effects on neuronal excitability. A cumulative CBZ
dose-response relation (1, 3, 10, 30, and 100 μM), performed in
about 2 h, is shown in Figure 6D where a progressively depressant
action on excitability is clearly evident up to the almost complete
silencing of activity at 100 μM. On the contrary, when CBZ or
THAL were applied on ultra-long time scales of more than 10 h,
as a single dose of 20 and 30 μM, respectively, the actions were
excitatory but only transient (about 2 h, decaying time constant
about 2–3 h, see Figures 6E,F) and thereafter the network home-
ostatically recovered toward its quasi-normal equilibrium level of
firing.

After the drug additions, the first effect was a strong and per-
sistent IBI increase (by fourfold for more than 2 h), followed by a
delayed hyperexcitability during the bursting activity. These early
and late effects may be putatively explained as follows: (1) the
initial fast action was probably caused by a generalized hyperpo-
larization of the resting membrane potential of neurons, with the
consequence that fluctuations in their normal “baseline” activity
could only rarely attain an amplitude exceeding action potential
threshold (leading to the burst onset); (2) the delayed hyperex-
citability (more pronounced in inhibitory cells in CBZ) persisted
during firing sustained by the putative drug-induced effects on
synaptic connectivity and/or ion channel properties. These results
led us to conclude that: (1) CBZ concentrations as low as 20 μM
(when briefly applied) did not apparently produce remarkable
effects, but when applied at steady-state, they caused transient
and non-washable long-term effects which were different in the
two neuron clusters. In conclusion, the drug cannot be consid-
ered useful as a blocker of the very slow LPS effects; (2) likewise
for THAL, the data in Figure 6F suggest considerations similar
to those explained for CBZ: namely, that the drug was acting on
time scales and pathways that competed with those activated by
LPS, and thus any putative results obtained with it in combination
would not clarify the LPS-induced effects in the same manner as
shown for MC.

THE COEXISTENCE OF NEURONS, ASTROCYTES AND MICROGLIA AND
THE LPS-INDUCED TNF-α RELEASE IN THE EX VIVO LONG-TERM
CULTURED NEOCORTICAL NETWORKS
Finally, two different approaches were used to characterize the
cortical cell cultures and to evaluate the microglial population
in control and LPS-treated networks: immunofluorescence and
tomato lectin cytochemistry methods. The identification of the
MAP2-positive neuronal component (Figures 7A,A’) showed
neurons distributed on the coverslips forming clusters with long
dendritic processes. Numerous astroglial cells positive for GFAP
(Figures 7C,C’) homogeneously surrounded this cortical neu-
ronal network (Figures 7D,D’, merge). b-LEA+ microglial cells
were scattered in the same fields (Figures 7B,B’). In control
cultures (i.e., not LPS treated), both ramified resting and amoe-
boid/activated round microglial cells (Saura, 2007; Kettenmann
et al., 2011) were observed (Figure 7B). In LPS-treated cultures,
b-LEA+ microglial cells appeared more numerous than in con-
trol cultures, they showed a predominant round morphology
and appeared concentrated in clusters (Figure 7B’). The total
number of b-LEA+ cells in each examined culture was rather
homogeneous both in control and in the LPS group. However, a
significant difference was demonstrated by the statistical compar-
ison of the two sets of samples, showing an increase of microglial
population after LPS treatment in cell cultures. A quantitative
statistical analysis, performed on non-overlapping fields (n = 32
for each control and LPS sample, see Materials and Methods),
suggests that average microglial cell counts in control (650 cells)
and in LPS-treated (852 cells) samples were 18.15 ± 0.98 and
23.75 ± 1.53, respectively (Student’s t-test, P < 0.01, n = 32).
Taken together, these results demonstrate that the cells cultured
on MEAs include microglia, astrocytes and neurons and that
LPS induces a functional increase in the microglial population
as expected.

In order to test in our ex vivo neocortical networks, the func-
tional state of microglia during the LPS-induced activity and under
a MC-pretreatment, we decided to evaluate, by standard ELISA
techniques (see Materials and Methods), the release of TNF-α, a
cytokine that is universally considered as an index of microglia
activation. Nakamura et al. (1999) originally showed that cultured
microglia derived from neonatal rats, when stimulated by LPS con-
centrations as low as 1 μg/ml, release TNF-α with a 1 h lag time;
later, interleukins were released and after ∼6 h, NO. In primary
retinal microglia cultures, similar effects of LPS were described
and in addition, it was shown that MC pretreatment completely
blocked the cytokine release (Wang et al., 2005).

To gain insight into the time-course of the LPS-induced
cytokine release by microglia in our cultures, we collected from
culture media, small aliquots before (t = 0) and after microglia
activation. To perform the measurements, we used a total of 11
MEA dishes; six were treated with LPS alone, and five were pre-
treated with MC to check its inhibiting role. The results of our
experiments are shown in Figure 8 where the time-course of the
TNF-α concentration is plotted vs. time (open symbols) and with
MC pre-treatment (50 nM, 1 h: closed symbols). LPS induced
a significant increase in mean TNF-α level at 3, 6, and 12 h
(peak) post-LPS treatment, relative to control untreated condi-
tions (where the TNF-α level was very small and at the limit of
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FIGURE 7 |The cortical networks are a mixture of neurons, astrocytes
and microglia. (Upper panels) Untreated control (Ctrl) culture (A–D). (Lower
panels) LPS-treated (LPS) culture (A’–D’). From left to right, confocal
microscopical analysis of triple fluorescence staining for: (1) MAP2 (neuronal
marker, red signal, A,A’), (2) b-LEA lectin cytochemistry (microglial marker,
green signal, B,B’), (3) GFAP (astroglial marker, blue signal, C,C’), (4) (D,D’):
merged image of triple labeling. b-LEA lectin-positive (+) cells exhibited

both ramified (arrowheads in B,D, merge) and round amoeboid morphology
(arrows in B,B’,D,D’) and were sparsely interspersed among MAP2+
neurons and GFAP+ astrocytes. Amoeboid b-LEA lectin+ cells were more
frequently observed after LPS treatment (compare B,B’) than in controls.
Different cell populations in cortical cultures at DIV13. Note that the number
of neurons in the different pictures was not related to the LPS action. Scale
bars: 20 μm.

FIGURE 8 |The cytokineTNF-α is released from LPS-treated networks
but not from MC-pre-treated networks. Graph shows the time-course of
changes of TNF-α concentration (ordinate: expressed as pg/ml, see
Materials and Methods) vs. time (abscissa: hours), measured from
neuronal network culture media, induced by LPS (3 μg/ml) without (open
squares) or with (closed squares) MC preconditioning (50 nM, 1 h). Aliquots
were collected at different time points (30, 90 min, 3, 6, 12, and 24 h) and
assayed with a TNF-α ELISA kit. As shown by asterisks, open square data
for LPS alone (mean ± SEM, n = 5) were statistically different from data
obtained after MC-preconditioning at 3 h with *P < 0.015, and at 6 and
12 h, with ***P < 0.0001.

detection of the method). On the whole, these results indicate
that quasi-simultaneously with the prolonged neuronal excitabil-
ity changes described above, the TNF-α concentration also grew
over a similar time-course with respect to control. In 1/6 LPS-
experiments, the TNF-α concentration increase was not observed
(not shown). Our results thus confirm the functional activation

of microglia in our cultures and its LPS-synchronized and MC-
sensitive link. It should however be noted, that the peak amplitude
of the TNF-α level attained (corresponding to ∼3 pM) is far from
that necessary to produce the neuronal effects shown in Figure 6B,
which were seen at 60 pM of exogenous TNF-α.

DISCUSSION
LPS INDUCES LONG-TERM ULTRA-SLOW CHANGES IN NETWORK
EXCITABILITY
This study shows that the earlier steps of microglia-induced neu-
roinflammation induced by LPS can modulate network activity by
producing a very slow change of the average firing properties of
both excitatory and inhibitory neuronal clusters observed during
burst events (without any apparent effect on burst rate), even-
tually leading to the appearance of abnormally long and atypical
“seizure-like” activity in the network. Since the effect was occluded
by the anti-inflammatory agent MC at nanomolar concentrations
(shown to inhibit activation and proliferation of microglia, see
Tikka et al., 2001), we suggest that the hyperexcitability effects
are directly mediated by a complement of microglia-released fac-
tors (including TNF-α, as we have now demonstrated by ELISA
assays; see below) released by LPS in our system, although the
exact nature of all these factors and the mechanisms by which
they subtly interact to alter cell-firing behavior are currently
unclear. Nevertheless, we found that a purinergic antagonist was
unable to occlude the LPS-induced effects, supporting a model
probably not linked to astrocyte-mediated activity and release of
endogenous ATP.

In our exogenous TNF-α-assay experiments in Figure 6B, using
small non-saturating concentrations of TNF-α (60 pM),we did not
reproduce the action of LPS, but instead, we found an un-washable
ultra-slow dynamic effect of increasing/decreasing excitability of
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excitatory/inhibitory neurons, respectively. These data are in
agreement with the in vivo inhibiting action of exogenous TNF-α
injection on kainic acid-induced seizures in mice (Balosso et al.,
2005), and with in vitro data obtained in rat hippocampal slices,
with 100 nM applied TNF-α (Tancredi et al., 1992). The possible
mechanisms underlying these TNF-α effects and the role of dif-
ferent MC preconditioning will be further investigated in future
experiments.

Clearly, TNF-α alone, at the very low pM levels released by
LPS in our cultures could not be responsible for the excitability
changes we observed. However, it is worth noting that this cytokine
has previously been shown to control basal synaptic functions
such as plasticity (Stellwagen and Malenka, 2006), attributed to
endogenous release by astrocytes, but these cells do not release this
cytokine, which is only released by activated microglia (Lehnardt
et al., 2002). Stellwagen et al. (2005), also studied the neuronal
effects of applying TNF-α in hippocampal cultures and slices but
used brief, 15 min, applications at 100 ng/ml (i.e., 2 nM, see the
erratum to the Stellwagen et al., 2005 paper appeared in J. Neu-
rosci. Jun 1; 25(22): 1 p following 5454) and demonstrated a
differential regulation characterized by synaptic AMPA (α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid)-type glutamate
receptor (AMPAR) trafficking and GABAAR internalization, both
by using immunocytochemistry techniques and miniature excita-
tory/inhibitory synaptic data. Similar applications of TNF-α (but
only up to 300 pM), were also performed in our dose-response
experiments shown in Figure 6A but we observed a dramatic
depression in excitability of designated inhibitory neuron clusters
that was completely reversed in <2 h. These effects resembled
those obtained in our laboratory by enhancers of GABAergic neu-
rotransmission such as neurosteroids or benzodiazepines (Puia
et al., 2012), though whether a similar mechanism was involved at
the level of GABAARs remains to be determined.

MICROGLIA AND THE ROLE OF NEUROINFLAMMATION IN CNS
DISEASES
Microglia are an integral part of CNS networks, forming the innate
defensive system of the CNS and their pathological potential has
been extensively investigated (Kettenmann et al., 2011). All CNS
diseases involve microglia, which typically convert from the rest-
ing/surveillant cell type in the normal brain to an activated form
specialized to operate within the diseased environment. In differ-
ent pathologies, microglia acquire distinct functional states and
during the disease progression, modify and change their activated
phenotype. Activated microglia specifically interact with neurons
and influence their survival either in a positive or in a negative
direction. They can physically contact injured neurons and remove
synapses, a process termed synaptic stripping (Kettenmann et al.,
2013).

Conceptually, microglial cells can affect neural networks either
through removal of cellular and subcellular elements (by phago-
cytosis) or through secreting factors with different properties:
transmitter, trophic or neuroprotective. Thus, these factors,
released in the activated state, are considered to be pathological
signals and, as already mentioned in Introduction, include sev-
eral types of cytokines, trophic factors, neurotransmitters (ATP
and glutamate; Nakajima et al., 2007; Kettenmann et al., 2011;

Viviani et al., 2014). On the other hand, studies in cell culture
have indicated that microglial cells express a variety of receptors
for neurotransmitters, neuropeptides, and neuromodulators and
thus have also the capacity to sense neuronal activity (Pocock and
Kettenmann, 2007).

Increasing evidence also supports the involvement of inflam-
matory and immune processes in the etiopathogenesis of seizures.
Epilepsy is a disabling neurological disorder that in about 30%
of affected individuals is refractory to pharmacological treatment
(Perucca et al., 2007). Pharmacological and genetic studies in ani-
mal models have shown that specific inflammatory mediators such
as cytokines, complement factors and prostaglandins substantially
contribute to seizures and that interfering with these molecules or
their receptors can reduce seizure frequency and severity (Vezzani
et al., 2008).

Although there is substantial evidence that activated microglia
can have negative effects in neurologic disease (Bamberger and
Landreth, 2002), evidence also exists that under certain circum-
stances, microglia can be neuroprotective. Several groups have
found that microglia express the glutamate uptake transporter,
which may help microglia protect nerve cells during excitotoxic
injury (Schwartz et al., 2003).

MECHANISM OF LPS ACTION
Small amounts of LPS from invading bacteria are one of the first
signals detected by the body upon infection, and detection of LPS
primes the immune system to mount a defense. Under some
circumstances, the initial inflammatory response can become
uncontrolled and ultimately lead to other deleterious effects
including prolonged inflammation and cytokine release which
is known to contribute to CNS dysfunction, chronic depressive
disorders and neurodegenerative processes (Perry, 2004; Ketten-
mann, 2007). Although the CNS actions of pro-inflammatory
cytokines have been implicated in “sickness behavior” that devel-
ops during the course of an infection (Cunningham et al., 2002),
the mechanisms in the brain that trigger this adaptive behavioral
response are not well understood. The Toll-like receptor 4 (TLR4)
and its potent ligand LPS, represent one of the first and best charac-
terized receptor/ligand systems (Gertig and Hanish, 2014). TLR4
receptors are expressed on microglia and not astrocytes (Lehnardt
et al., 2002).

Systemic LPS acts on the CNS through several parallel pathways
(Konsman et al., 2002) and given that TLR4 receptors are expressed
in the brain (Chakravarty and Herkenham, 2005) and high LPS
concentrations (100 μg/ml) lower the seizure threshold in rodents
(Sayyah et al., 2003; Galic et al., 2008), its pathways have been
investigated in some detail. Indeed, increasing evidence indicates
that, in the absence of pathogens, TLR signaling can be activated
also by molecules released by injured tissue (Bianchi and Manfredi,
2009) and among these is the high-mobility group box 1 protein
(HMGB1), released by neurons and glia, that binds to TLR4 recep-
tors (Scaffidi et al., 2002; Park et al., 2004; Maroso et al., 2010).
Preliminary experiments done in our laboratory with increasing
concentrations of HMGB1, produced slow actions similar to those
reported here for LPS (Gullo et al., in preparation). Very recently,
HMGB1 pulses have also been reported to enhance focal seizure
generation in a brain slice preparation (Chiavegato et al., 2014).
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The exact mechanism by which LPS activation of TLR4 signaling
in our neuron system led to slow changes in excitability remain
to be determined, although it is interesting to note that in a study
of LPS action on dorsal root ganglion neurons recorded in vitro,
a clear increase in cell excitability was observed, possibly through
subtle changes in the density and gating of voltage-gated Na+
channels involved in neuronal firing (Due et al., 2012). Moreover,
also in acute hippocampal slices, 10 μg/ml LPS facilitated epilepti-
form activity (induced by Mg2+-free ACSF + 4-AP) via enhanced
excitatory synaptic transmission and release of TNF-α and IL-1β

(Gao et al., 2014).

PREVIOUS LPS-INDUCED IN VITRO STUDIES IN BRAIN SLICES,
ORGANOTYPIC AND DISSOCIATED CELL CULTURES
Depending on the LPS concentration used, the effects observed
on single neurons or in brain slice activity can be either transient
or sustained and can initiate irreversible changes like apopto-
sis. Moreover, the LPS-induced release of cytokines, chemokines
and NO have been generally studied over several hours (Naka-
mura et al., 1999; Wang et al., 2005). The effects of LPS-induced
microglial secretion of TNF-α and the consequent modulation of
neurotransmission has also been studied in acute brain slices and
in cultured cells as recently reported (Nimmervoll et al., 2012; Pas-
cual et al., 2012). In H. J. Luhmann’s laboratory, the experiments
were both performed in organotypic and primary dissociated
cells cultures by using an LPS concentration which caused rapid
changes in spontaneous synaptic activity and caspase-3-dependent
cell death in neurons, with no effects on astrocytes (Nimmer-
voll et al., 2012). Indeed, the LPS concentration used by these
authors was more than three times higher (10 μg/ml) than our
concentration and interestingly, their laboratory used the same
multisite MEA recording dishes as ours. Unfortunately, in both
brain slices and cultured neuron dishes, no spike sorting to find
different units was performed. With respect to control, their results
1 h after the LPS treatment resulted in a significantly higher IBI
between bursts (“oscillations”) for slices and a “desynchroniza-
tion” of the networks in dissociated neuronal cultures. On the
whole, their results suggest that LPS concentrations of 10 μg/ml
(higher than ours of 3 μg/ml) were able to produce after 2 h, large
increases in TNF-α and macrophage inflammatory protein 2, but
induced unwanted “toxic” effects, difficult to be compared with
ours that were always recoverable on washout. Similar detrimen-
tal changes may also have occurred after chronic (7 day) exposure
of organotypic hippocampal slices to LPS, which led to a persis-
tent decrease in intrinsic neuronal excitability (Hellstrom et al.,
2005).

Pascual et al. (2012) essentially carried out the same experi-
ment in acute hippocampal brain slices as we did in dissociated
neuron networks (with different techniques), for studying the
LPS-induced excitability, by preconditioning networks with MC,
and found exactly the same occlusion effect. Interestingly, they
checked the TLR4 role in these experiments by also using TLR4
−/− KO mice and concluded that microglia are required for LPS to
modulate neuronal activity. However, they observed only a tran-
sient (few minutes, but repeatable response) effect of LPS and
ultra-slow effects were not studied as we did here. On the con-
trary, although we can exclude an important role for purinergic

receptors during our experiments (see Figure 6C), they suggested
that these receptors are “necessary” for the positive modulation of
the synaptic mEPSC frequency (same purinergic receptor blocker
at the same concentration). It is not easy to compare our and
their experiments both on an electrophysiological and biologi-
cal basis: we measured excitability of neurons and not mEPSCs,
and in conclusion, we tested the functional outcome of the global
synaptic bombardment in both neuronal clusters (simultaneously
in many neurons), while they tested the miniature excitatory input
and not the functional outcome, i.e., spikes in various principal
neurons, not simultaneously. Interestingly, they also described
an LPS-induced seizure-like activity, but only under facilitated
conditions (0 external Mg2+ medium + block of GABAARs with
picrotoxin). In our experiments, LPS induced burst-like epilep-
tiform events without background pharmacological intervention
(see also Gao et al., 2014), most likely through the induced slow
changes in overall network excitability.

On the whole, these data strongly suggest that the LPS-induced
effects, seen in other laboratories in cell preparations containing
viable microglia (releasing TNF-α) identified astrocytes and spik-
ing neurons, have relatively large differences within themselves
and with respect to our data. As reported, LPS concentrations at
1 μg/ml or below, strongly reduced successful experiments and
statistical significance. On the contrary, the advantage of our ex
vivo networks as compared to the other in vitro preparations, was
the possibility to record: (1) stable excitable activity for hours in
control, (2) follow long-term changes induced in LPS, and (3)
during the action of picomolar TNF-α (as shown in Figure 6A);
moreover, at the same time, we were able to test the effects of other
drugs selective for different pathways, as shown in Figure 6).

EFFECTS OF MINOCYCLINE
Minocycline is a semi-synthetic, second-generation tetracycline
antibiotic analog which effectively crosses the blood–brain barrier.
It was first reported that MC had neuroprotective effects in animal
models of ischemic injury (Yrjanheikki et al., 1998). It has been
shown that this action of MC involves not only microglia but
also T cells and their subsequent microglial activation (Giuliani
et al., 2005); moreover, it attenuates the production of TNF-α in
neuron/glia co-cultures (Lee et al., 2004). More recently, it was
reported that MC promotes re-myelination in rat brain cultures
(Defaux et al., 2011). These results suggest that MC attenuates
microglial reactivity and favors re-myelination by enhancing the
differentiation of oligodendrocytes. There are reports where MC
has consistently been used in the 40–100 μM range, which is three
orders of magnitude larger than the concentration used in our
experiments (60 nM). We used the MC concentration reported
by Tikka et al. (2001), which is one of the lowest reported in the
literature, although in some papers, concentrations up to 60 μM
were used in LPS-induced retinal microglia activation (Wang et al.,
2005). MC was also tested for its effects on Na+, K+, and Ca2+ ion
channels in hippocampal neurons, where it produced only weak
inhibitory effects, but it has been suggested to reduce the release
of glutamate with an EC50 of 60 μM.

Minocycline is an unusual type of tetracycline because its use
is still increasing and has attracted many research areas of applica-
tion, but it is no longer considered an antibiotic (see Garrido-Mesa
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et al., 2013). In addition to its own antimicrobacterial properties,
MC has been reported to exert neuroprotective effects in vari-
ous experimental models such as cerebral ischemia, traumatic
brain injury, amyotrophic lateral sclerosis, Parkinson’s disease,
kainic acid treatment, Huntington’ disease, and multiple sclero-
sis. Recently, the effect of MC in Alzheimer’s disease has been also
reported in mouse models at a concentration of 10 mg/kg/day
and apparently it is not dangerous, but when given in Aβ-treated
mice, the MC concentration that was necessary to improve latency
times in behavioral tests had to be increased by five times (Choi
et al., 2007). We also performed long-term experiments in our
networks with MC at 2 μM and after a sudden 50% decrease
of excitability, IBI slowly increased by the same amount pro-
ducing a net marked SR decrease in the following 8 h, thus
confirming that the network was substantially unrecoverable (not
shown).

CONCLUSION
In conclusion, our study provides evidence that it is possible
to characterize the network excitability and its response to the
pro-inflammatory agent LPS in a standard culture of dissoci-
ated cortical neurons, astrocytes and microglia grown on a MEA
recording environment. Our results show that this response can
be prevented by pre-exposure of the network to a low dose of the
anti-inflammatory drug MC. In view of the known involvement of
neuroinflammatory components in a wide range of neurodegener-
ative, neurological, as well as psychiatric central nervous disorders,
we would like to suggest that the use of anti-inflammatory agents
like MC might be useful as adjuncts to conventional therapies in
the management of these debilitating conditions. The fact that
we can detect and analyze long-term effects on neuron activity
during microglia activation also opens the possibility to study
recently demonstrated roles of “resting” microglia, probably bi-
directionally cross-talking with neurons in the developing CNS
(Béchade et al., 2013; Kyungmin et al., 2013; Schafer et al., 2013;
Sheridan and Murphy, 2013).
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Nanobodies are single domain antibodies derived from llama heavy-chain only antibodies
(HCAbs). They represent a new generation of biologicals with unique properties:
nanobodies show excellent tissue distribution, high temperature and pH stability, are easy
to produce recombinantly and can readily be converted into different formats such as
Fc-fusion proteins or hetero-dimers. Moreover, nanobodies have the unique ability to bind
molecular clefts, such as the active site of enzymes, thereby interfering with the function
of the target protein. Over the last decade, numerous nanobodies have been developed
against proteins involved in inflammation with the aim to modulate their immune functions.
Here, we give an overview about recently developed nanobodies that target immunological
pathways linked to neuroinflammation. Furthermore, we highlight strategies to modify
nanobodies so that they can overcome the blood brain barrier and serve as highly specific
therapeutics for acute inflammatory brain injury.

Keywords: nanobodies, single domain antibodies, VHH, blood-brain barrier, neuroinflammation

FROM LLAMA HEAVY-CHAIN-ONLY ANTIBODIES TO SINGLE
DOMAIN NANOBODIES
Mammalian immunoglobulins are composed of two heavy and
two light chains which together form the antigen-binding
paratope. In 1993, the group of Raymond Hamers demon-
strated the existence of a new type of immunoglobulin in the
serum of camels (Camelus dromedarius). These antibodies consist
of heavy-chain dimers devoid of light chains, which brought
them the name “heavy-chain-only antibodies” (HCAbs; Hamers-
Casterman et al., 1993). These HCAbs are present in all mem-
bers of the camelid family and account for 30 to 75% of
circulating immunoglobulins (Hamers-Casterman et al., 1993;
Sundberg and Mariuzza, 2002; Blanc et al., 2009; Muyldermans,
2013).

Structurally, the heavy-chains of HCAbs are composed of the
antigen-binding variable domain (VHH) followed by a hinge
region and two constant domains (CH2 and CH3), whereas the
CH1 domain known from conventional antibodies is missing
(Figure 1A; Hamers-Casterman et al., 1993). Apart from their
unusual architecture, HCAbs also differ from conventional anti-
bodies in their antigen recognition: VH and VL of conventional
antibodies usually form a concave or flat shaped paratope suited
for the binding of small molecules, peptides, or large antigens
(Sundberg and Mariuzza, 2002; Blanc et al., 2009; Muyldermans,
2013). The paratope formed by a VHH domain, however, shows
a convex shape and, therefore, enables the binding to molecular
cavities or clefts, e.g., the active site of enzymes. Many enzyme-
specific VHH domains thereby act as antagonists (Figure 1B).
This unique feature could be attributed to the long comple-
mentarity determining region 3 (CDR3) of the VHH domain

which is able to form finger-like extensions (De Genst et al.,
2006).

With approximately 15 kDa VHHs are the smallest nat-
urally occurring antigen-binding protein domains. The name
“nanobodies” was coined to reflect the small size of VHHs as
recombinant proteins (Muyldermans, 2013). In order to generate
nanobodies from HCAbs, llamas are immunized and boosted
with the desired antigen. After the last boost, B cells are collected
from peripheral blood to isolate mRNA, which is transcribed into
cDNA. The gene region encoding for the VHH domain can be
amplified via PCR and cloned into a phagemid vector. This strat-
egy generates phages that express one particular nanobody clone
on their surface and, at the same time, carry the DNA sequence
encoding for this specific nanobody. Applying the phage display
technology finally allows the selection of nanobody clones against
the desired antigen (Clackson et al., 1991). Taken together, this
approach allows the selection of target-specific nanobodies and,
simultaneosly, delivers the DNA sequence coding for the selected
nanobodies which then can be further used for recombinant
expression (Wesolowski et al., 2009).

Most generated nanobodies are stable at high temperatures,
low and high pH, and other stringent conditions (Arbabi
Ghahroudi et al., 1997; Dumoulin et al., 2002). Additionally,
phage display selection can be performed under harsh condi-
tions, e.g., the presence of detergents to improve the selection
of more resistant clones. If applied in vivo, nanobodies display
low toxicity and immunogenicity due to their small size, their
relatively high sequence identity to human VH, and to their rapid
clearance from the periphery via the kidney (Hamers-Casterman
et al., 1993; Muyldermans, 2013). To increase the in vivo half-life
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FIGURE 1 | Nanobodies are single-domain antibodies derived from llama
heavy-chain-only antibodies. (A) Conventional antibodies from mammals
are composed of two heavy- and two light chains, camelidae additionally
express antibodies devoid of ligh chains, so called heavy-chain only
antibodies. (B) Heavy-chain-only antibodies can bind to molecular crevices

thereby blocking the active site of enzymes. (C) Nanobodies derived from
heavy-chain-only antibodies can be engineered as dimers, half-life-extended
heterotrimers containing an anti-albumin nanobody or as dimeric
Fc-fusionprotein. (D) Anti-inflammatory nanobodies are currently evaluated in
clinical trials.

nanobodies can be reformatted (converted into other formats
by genetic engineering), e.g., to homodimers, heterotrimers
containing an anti-serum-albumin nanobody (Sundberg and
Mariuzza, 2002; Coppieters et al., 2006; Tijink et al., 2008; Blanc
et al., 2009; Muyldermans, 2013) or nanobody-Fc-fusion proteins
(Figure 1C). Thereby, nanobodies can be tailored for the desired
in vivo application, e.g., small monomers for short-term in vivo
imaging or half life-extended nanobodies for long-term thera-
peutic treatment (Hamers-Casterman et al., 1993; Hassanzadeh-
Ghassabeh et al., 2013). The potential to antagonize targeted
antigens, the high stability, the low toxicity and the possibility to
tailor them for in vivo applications makes nanobodies a promising
new generation of therapeutic proteins. To date, several anti-
inflammatory nanobodies are in clinical trials (Figure 1D), and
more than 700 persons have received nanobodies in clinical trials
without any adverse off-target side effects (Van Bockstaele et al.,
2009; Williams, 2013).

NANOBODIES AS MODULATORS OF IMMUNE CELLS AND
INFLAMMATION
In order to fight infectious diseases, numerous nanobodies have
been generated against bacterial and viral antigens to prevent or
ameliorate pathogenicity (Sundberg and Mariuzza, 2002; Blanc
et al., 2009; Wesolowski et al., 2009; Muyldermans, 2013). More
recently, key players of immunological pathways have come into
focus as targets for nanobodies in order to modulate immune
responses. This has resulted in the generation of nanobod-
ies directed against Fc-receptors (FcR), chemokine receptors,
chemokines, cytokines, and ecto-enzymes. These nanobodies
often show high target specificities and are able to modulate

the function of their target in an agonistic or antagonistic
fashion.

NANOBODIES DIRECTED AGAINST Fc-RECEPTORS
Fc receptors are expressed on the cell surface of diverse immune
cells and are able to bind the Fc portion of antibodies thereby
conducting either stimulatory or inhibitory signals, depending on
the Fc receptor class (De Genst et al., 2006; Nimmerjahn and
Ravetch, 2007). In 2008, Behar et al. described the isolation of
Fc-γ-RIII-specific nanobodies from a llama immune library
(Behar et al., 2008; Muyldermans, 2013). The selected nanobodies
(C21 and C28) showed specific binding to both, Fc-γ-RIIIB and
Fc-γ-RIIIA, and no binding to Fc-γ-RI or Fc-γ-RII. Binding of
the Fc-part of an antibody to the Fc-γ-RIII on NK cells conducts
an activating signal leading to the release of the proinflammatory
cytokine interferon gamma (IFNγ). Binding of nanobodies C21
and C28 in an agonistic fashion to Fc-γ-RIIIA on human NK cells
induced the expression of IFNγ (Clackson et al., 1991; Behar et al.,
2008). In later studies, these nanobodies were used to generate
Fab-like bispecific antibodies containing one nanobody directed
against the Fc-γ-RIIIA and one directed against the carcinoem-
bryogenic antigen (CEA; Behar et al., 2009; Wesolowski et al.,
2009). By this strategy, the agonistic anti-Fc-γ-RIIIA nanobodies
could be targeted to CEA+-tumor cells where they activate NK
cells in situ inducing the lysis of the tumor cells. Further, injec-
tion of these bispecific constructs reduced the tumor growth in
immunodeficient mice xenografted with CEA+-tumor cells when
co-administered with human peripheral blood mononuclear cells
(PBMCs; Arbabi Ghahroudi et al., 1997; Dumoulin et al., 2002;
Rozan et al., 2013). It has to be evaluated whether FcR targeting
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nanobodies could also be applied as therapeutics for acute brain
injury. A study using Fc-γ-R deficient mice showed a reduced
infarct size compared to WT animals which could be linked to
decreased microglia activation (Komine-Kobayashi et al., 2004).

NANOBODIES DIRECTED AGAINST CHEMOKINE RECEPTORS AND
CHEMOKINES
The generation of functional monoclonal antibodies against G-
protein coupled receptors (GPCRs) such as chemokine recep-
tors is notoriously difficult. With their unique binding features,
nanobodies display a promising alternative for the generation of
functional biologics to modulate chemokine receptor function,
e.g., to inhibit immune cell migration to inflammatory sites.
In 2010, the group of Martine Smit reported the generation of
two nanobodies that specifically target the chemokine receptor
CXCR4 (Jähnichen et al., 2010). Nanobodies 238D2 and 238D4
showed potent competitive inhibition of CXCL12 binding to
CXCR4. When injected into monkeys, anti-CXCR4 nanobodies
induced the mobilization of hematopoetic stem cells by dis-
rupting the CXCR4/CXCL12 axis contributing to the residence
of hematopoetic stem cells in the bone marrow. In 2013, the
same group reported the generation of antagonistic nanobodies
targeting CXCR7. Injected into mice, these nanobodies showed
beneficial effects in an in vivo xenograft model of head and neck
cancer (Maussang et al., 2013). Simultaneously, the same group
published a panel of nanobodies specifically targeting CCL2,
CCL5, CXCL11 and CXCL12. Binding of nanobodies to CXCL11
and CXCL12 inhibited chemokine receptor binding and thereby
preventing chemokine receptor activation induced cell migration
in vitro (Blanchetot et al., 2013). Since diverse chemokines and
their receptors are known to contribute to the migration of
immune cells to the brain after brain damage (Amantea et al.,
2009), the nanobodies described above might be a promising
therapeutic alternative for the treatment of acute brain injury.

NANOBODIES DIRECTED AGAINST CYTOKINES
Targeting and neutralization of proinflammatory cytokines by
monoclonal antibodies is a promising strategy for the treatment
of inflammatory diseases (Kopf et al., 2010). Tumor necrosis
factor α (TNFα) was the first cytokine functionally targeted
by nanobodies (TR2 = anti-human TNFα, MT1 = anti-mouse
TNFα). Expressed as bivalent molecules TR2-TR2 nanobodies
showed a slightly higher neutralizing capacity than the TNFα

neutralizing biologicals infliximab, adalimumab and etanercept
(Coppieters et al., 2006). Further, heterotrimeric nanobod-
ies (MT1-MT1-AR1) consisting of two MT1 and one serum
albumin-binding nanobody (AR1) showed excellent therapeutic
effects in the collagen-induced arthritis mouse model (Coppieters
et al., 2006). Another study evaluating the therapeutic potential
of bivalent TNFα nanobodies in a mouse model of chronic
colitis impressively demonstrated the versatility of the nanobody
technology: genetically engineered Lactococcus lactis secreting
MT1-MT1 bivalent anti-TNFα nanobodies profoundly reduced
gut inflammation when daily administered by gavage (Vanden-
broucke et al., 2010). Apart from neutralizing cytokines nanobod-
ies can be used to “guide” cytokines to their desired target cells.
In a proof-of-concept study Garcin et al. (2014) demonstrated

that the toxicity of type I interferons, when applied in vivo,
could be markedly reduced by genetically engineering fusion
proteins of mutated IFNα2 with lower receptor affinities and
nanobodies targeting programmed cell death 1 ligand 2 (PD-L2;
Garcin et al., 2014). When injected into mice these fusion proteins
preferentially induced IFNα2-mediated STAT1 phosphorylation
in PD-L2 expressing cells in peritoneum and spleen, illustrating
that nanobodies are valuable tools for “activity-by-targeting”
based therapeutic approaches. For the treatment of acute brain
injury, the nanobody-based neutralization of proinflammatory
cytokines such as TNFα could be a promising approach to min-
imize inflammation-related further loss of brain tissue. Con-
versely, it is conceivable that nanobodies could be used to guide
modified anti-inflammatory cytokines such as interleukin-10 to
sites of brain inflammation to suppress inflammatory responses
in situ.

NANOBODIES DIRECTED AGAINST ECTO-ENZYMES
The first cell surface resident ecto-enzyme targeted by nanobod-
ies was murine ADP-ribosyltransferase C2 (ARTC2; Koch-Nolte
et al., 2007; Menzel et al., 2013). ARTC2 is expressed on the
cell surface of T cells and covalently attaches the ADP-ribose
group of its substrate nicotinamide adenin dinucleotide (NAD)
to arginine residues of several cell surface proteins. One well-
characterized target of ARTC2 is the ATP-gated P2X7 ion channel.
ADP-ribosylation of P2X7 on T cells induces channel opening and
influx of calcium ions. Prolonged activation by ADP-ribosylation
causes shedding of cell surface proteins such as CD62L and CD27,
externalization of phosphatidylserin und ultimately cell death
(Seman et al., 2003). Analyses of T cell subpopulations revealed
different sensitivities to NAD-mediated cell death, with regulatory
T cells (Tregs) and natural killer T cells (NKT cells) being highly
susceptible (Hubert et al., 2010; Rissiek et al., 2014b). Antagoniz-
ing ARTC2 with nanobody s+16a prevents ADP-ribosylation of
P2X7 in vitro and in vivo. In a proof-of-principle study Scheuplein
et al. showed that injection of s+16a as Fc-fusion protein restores
an otherwise naturally NAD-depleted NKT cell population in
diabetogenic NOD-CD38ko mice (Scheuplein et al., 2010). When
activated in vivo by injection of α-galactosylceramide, s+16a-
restored NKT cells were capable of inhibiting the development of
type 1 diabetes. A further study showed that injection of s+16a
prevented ARTC2/P2X7 mediated cell death of highly susceptible
Tregs and NKT cells during in vitro assays and adoptive transfer
experiments, revealing the potential of s+16a as valuable tool
for research and as potential therapeutic agent (Rissiek et al.,
2014a). It has been shown that P2X7 activation is detrimental for
the outcome of ischemic stroke (Arbeloa et al., 2012). Further,
genetic deletion of the NAD-degrading ecto-enzyme CD38 in
mice exacerbates ischemic damage (Choe et al., 2011), which
might provide ARTC2 with an increased access to its substrate
NAD. Therefore, s+16a could be used to clarify the role of the
ARTC2/P2X7 axis during acute brain damage.

MODIFYING NANOBODIES TO CROSS THE BLOOD-BRAIN
BARRIER
The therapeutic application of nanobodies has been tested in
diverse mouse models of inflammation. However, therapeutic
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applications of biologics in neuroinflammatory diseases face an
important biological barrier. The obstacle for effective delivery
of therapeutic drugs, especially antibodies, is the blood brain
barrier, which is only permeable for lipophilic molecules of up
to 400 kDa of size (Pardridge, 2012). The delivery of conven-
tional antibodies to the brain is especially tedious because of
Fc-receptor mediated efflux to the blood (Cooper et al., 2013).
Therefore, nanobodies lacking an Fc-part represent a promising
alternative to brain targeting monoclonal antibodies. Indeed, sev-
eral groups have tested different strategies to deploy nanobodies
as brain-drug deliverers or as bonafide brain-targeting drugs
(Figure 2).

Muruganadam et al. described in 2002 the selection of a
nanobody (FC5) that transmigrates across human blood-brain-
barrier endothelium in vitro (Muruganandam et al., 2002). Later,
the same group suggested that FC5 binds a putative α(2,3)-
sialoglycoprotein receptor and is transcytosed via clathrin vesicles
(Abulrob et al., 2005). In a therapeutic experimental setup using
the Hargreaves model of inflammatory pain, it was shown that
FC5 conjugated with opioid peptide Dal could be deployed as
drug delivery shuttle in vivo to induce a significant analgesic
response in contrast to unconjugated Dal peptide (Farrington
et al., 2014). Other approaches utilize receptor-mediated tran-
scytosis for brain targeting. A recently published study showed
that a fusionprotein of a peptide derived from apolipoprotein E
(ApoE) and a model therapeutic protein (α-L-iduronidase) could

be transferred to the brain via binding to the LDL receptor (LRP)
expressed on cells of the blood-brain barrier (Wang et al., 2013).
Furthermore, the transferrin receptor and the insulin receptor
have also been exploited for receptor-mediated transcytosis of
small molecule drugs and therapeutic proteins (Boado et al., 2012;
Xiao and Gan, 2013). These studies indicate that nanobodies
binding these receptors and triggering transcytosis could be a
promising alternative to ligand-based delivery of drugs to the
brain.

A study by Pierre Lafaye’s group (Li et al., 2012) reported
that nanobodies with a high isoelectric point (pI) spontaneously
cross the blood brain barrier. Such nanobodies not only gained
access to the brain but were even found to penetrate cells and
bind to intracellular proteins. In a mouse study, the nanobody E9
(pI = 9.4) directed against glial fibrillary acidic protein (GFAP)
crossed the BBB after injection via the tail vein and was able
to bind to intracellularly expressed GFAP in astrocytes. Con-
jugation of fluorescent proteins to nanobody E9 (generating a
“fluobody”) allowed in vivo labeling of astrocytes, however, only
if the basic pI was preserved. One possible limitation of this
approach is that fairly large amounts (2 mg) of nanobody had
to be injected to obtain the desired effect. However, combining
this approach—adjusting the pI to a basic level—with other
approaches could possibly show beneficial effects. Indeed, the FC5
nanobody described above also has a basic pI (9.2) which might
contribute to or facility transcytosis into the brain parenchyma

FIGURE 2 | Delivery of nanobodies to the brain. The blood-brain-barrier
(BBB) hampers the delivery of intravenously injected nanobodies (VHH) to the
brain. To overcome this, diverse strategies are being developed: (1) Nanobody
FC5, binding to a putative α(2,3)-sialoglycoprotein receptor, can potentially be
used as shuttling-nanobody to deliver other therapeutic proteins e.g.,
nanobodies to the brain. (2) Apolipoprotein E (ApoE) binds to low density

lipoprotein receptor-related protein 1 (LRP1) inducing transcytosis, which can
be exploited as shuttle for therapeutic nanobodies. (3) In a similare fashion,
other receptors triggering transcytosis across the BBB such as the transferrin
receptor (TrfR) could be targeted for the transfer of therapeutic nanobodies.
(4) Finally, shifting the isoelectric point (pI) of therapeutic nanobodies to a
basic level facilitates crossing of the BBB by these nanobodies.

Frontiers in Cellular Neuroscience www.frontiersin.org October 2014 | Volume 8 | Article 344 | 180

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Rissiek et al. Nanobodies as modulators of brain inflammation

(Farrington and Sisk, 2013). Further studies are needed to deter-
mine whether therapeutic nanobodies against inflammatory tar-
get proteins can be shuttled to the brain, e.g., by fusion to FC5 and
by adjusting their pI with the aim of treating neuroinflammatory
disease.

IMPLICATION OF NANOBODIES TO TREAT ACUTE BRAIN
INFLAMMATION
After acute brain damage, e.g., ischemic stroke or trauma, the
release of danger associated molecular pattern (DAMPs) from
necrotic cells activates resident microglia, leading to the pro-
duction of proinflammatory mediators such as cytokines and
chemokines attracting other immune cells (Amantea et al., 2009;
Iadecola and Anrather, 2011). Preventing local inflammation
could be a means to prevent further loss of brain tissue. High
mobility group box 1 (HMGB1) and nucleotide DAMPs such
as adenosinetriphosphate (ATP) are released during cerebral
ischemia (Magnus et al., 2012). Antibody-mediated neutraliza-
tion of HMGB1 or antagonism of its receptor (receptor for
advanced glycation end products, RAGE) markedly reduced the
infarct size in a mouse ischemia/reperfusion model middle cere-
bral artery occlusion (MCAO; Muhammad et al., 2008). The ATP
receptor P2X7, which mediates inflammasome formation and cell
death (Bartlett et al., 2014), was antagonized with small molecule
inhibitors in a mouse model of transient focal ischemia, again
resulting in a reduction of infarct size (Arbeloa et al., 2012).
Both pathways, HMGB1/RAGE and ATP/P2X7, display promis-
ing targets for nanobody-mediated antagonism. However, release
of DAMPs occurs shortly after the ischemic insult and before
the breakdown of the BBB (Muhammad et al., 2008; Cisneros-
Mejorado et al., 2014), requiring the generation of nanobodies
that are able to cross the BBB applying the strategies described
above. Currently, nanobodies directed against the P2X7 receptor
are under development (Laeremans et al., 2010).

An approach to control ischemia-related brain inflammation
is to prevent migration of immune cells to the penumbra of
ischemic lesions. Two independent studies demonstrated that
blockade of the CXCL12/CXCR4 axis improved the functional
outcome after stroke by attenuating post-ischemic inflammation
(Huang et al., 2013; Ruscher et al., 2013). CXCL12-CXCR4 block-
ade was conducted using the small molecule inhibitor AMD3100.
Since nanobodies against CXCL12 and CXCR4 have been gen-
erated (Jähnichen et al., 2010; Maussang et al., 2013), it may
be worthwhile to evaluate their potential in ischemia/reperfusion
animal models. To restrict the blockade of CXCR4 to infiltrating
proinflammatory cells one could apply the “activity-by-targeting”
strategy described above for IFNα2-guiding nanobodies. This
could be useful in order to allow the CXCR4-dependend migra-
tion of cells important for brain recovery after stroke such as
mesenchymal stem cells (Tsai et al., 2011). Furthermore, blockade
of other chemokine receptors such as CXCR1 and CXCR2 by
small molecule inhibitor Reparixin also reduces infiltration of
proinflammatory neutrophiles and improves the motoric recov-
ery after stroke (Sousa et al., 2013). Therefore, generation and
application of nanobodies directed against CXCR1 and CXCR2
may represent one further strategy to ameliorate consequences of
cerebral ischemia and beyond.

CONCLUSIONS
Nanobodies have been shown to be versatile and efficient bio-
logicals suitable for therapy of inflammatory diseases. Due to
their unique structure, nanobodies have the potential to modulate
the function of cell surface and secreted proteins in an agonistic
or antagonistic fashion. They can be genetically engineered
to extend their half-life in vivo and, shown in a proof-of-
concept study, to serve as shuttles for the delivery of thera-
peutic agents across the BBB. Future studies will have to show
whether this strategy could also be applied to deliver therapeu-
tic nanobodies to the brain to ameliorate the consequences of
neuroinflammation.
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Post-ischemic inflammation is important in ischemic stroke pathology. However, details
of the inflammation process, its resolution after stroke and its effect on pathology and
neural damage have not been clarified. Brain swelling, which is often fatal in ischemic
stroke patients, occurs at an early stage of stroke due to endothelial cell injury and severe
inflammation by infiltrated mononuclear cells including macrophages, neutrophils, and
lymphocytes. At early stage of inflammation, macrophages are activated by molecules
released from necrotic cells [danger-associated molecular patterns (DAMPs)], and inflam-
matory cytokines and mediators that increase ischemic brain damage by disruption of the
blood–brain barrier are released. After post-ischemic inflammation, macrophages function
as scavengers of necrotic cell and brain tissue debris. Such macrophages are also involved
in tissue repair and neural cell regeneration by producing tropic factors. The mechanisms
of inflammation resolution and conversion of inflammation to neuroprotection are largely
unknown. In this review, we summarize information accumulated recently about DAMP-
induced inflammation and the neuroprotective effects of inflammatory cells, and discuss
next generation strategies to treat ischemic stroke.

Keywords: damage-associated molecular patterns (DAMPs), inflammation, cytokines, inflammasome, resolution
of inflammation

INTRODUCTION
Inflammation is implicated in almost all of central nervous sys-
tem (CNS) diseases (Lo, 2010; Moskowitz et al., 2010; Iadecola
and Anrather, 2011). Neurodegeneration, infection, trauma, and
ischemia stimulate immune responses in the brain, although to
varying degrees. The process in neuronal injury involves various
intracellular mechanisms (abnormal metabolism and degenera-
tion of protein, dysfunction of organelles, etc.), which cause the
activation of microglia and the infiltration of circulating immune
cells (Lo, 2010). Inflammation may not be always main process in
the pathology of CNS diseases; nonetheless, the distinct charac-
teristics of ischemic stroke are large amount of necrotic neuronal
death and extreme infiltration of immune cells (Moskowitz et al.,
2010; Iadecola and Anrather, 2011).

Severe inflammation causes cerebral swelling, which is often
fatal in ischemic stroke patients. Broad necrotic lesion gener-
ates abundant inflammatory mediators and damage-associated
molecular patterns (DAMPs), which enhance the chemotaxis of
circulating immune cells and make them more efficient partici-
pants to promote inflammation (Moskowitz et al., 2010; Iadecola
and Anrather, 2011). Cerebral inflammation exaggerates vascular
dysfunction and induces further neuronal cell death (Dirnagl et al.,
1999). Thus, post-ischemic inflammation is an essential process in
the pathophysiology of ischemic stroke and is closely related to the
prognosis after stroke (Dirnagl et al., 1999; Lo, 2010; Moskowitz
et al., 2010; Iadecola and Anrather, 2011). In addition, inflamma-
tion is generally considered useful for the clearance of the large
amount of debris caused by brain cell necrotic death (Moskowitz

et al., 2010; Iadecola and Anrather, 2011). Inflammation, resolu-
tion of inflammation, and repair of neural damage are sequential
pivotal events after stroke. To clarify the detailed mechanisms of
each step of cerebral inflammation is indispensable to develop next
generation therapies for ischemic stroke. The molecular basis of
these steps is now being clarified by the recent accumulating evi-
dences. We summarize these findings and discuss the principles of
post-ischemic inflammation from beginning to end.

INFLAMMATORY DAMPs
Brain ischemia induces various large metabolic changes in brain
cells. Hypoxic stress, nutrients stress, and ER stress will cause cell
death and trigger post-ischemic inflammation. Although receptors
for pathogens such as Toll-like receptors (TLRs) are thought to be
involved in early step of inflammation, brain is a sterile organ.
Thus, endogenous molecules, i.e., DAMPs derived from injured
brain cells, must trigger the inflammatory response in immune
cells (Table 1). These DAMPs induce the activation of TLRs and
other pattern recognition receptors [receptor for advanced glyca-
tion end products (RAGE) and c-type lectin receptors], which
promote inflammatory mediator expression and tissue injury
(Figure 1; Tang et al., 2007; Yanai et al., 2009; Suzuki et al., 2013).
Recent scientific advances have suggested the existence of various
types of DAMPs in ischemic brain.

NUCLEIC ACIDS AND NUCLEOTIDES
Various intracellular components are released into the
extracellular space by necrotic brain cell death. Among these,
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Table 1 | List of inflammatory DAMPs.

DAMPs Receptor Reference

Signal 1 Nucleic acid Mitochondrial DNA TLR9 Zhang et al. (2010), Sun et al. (2013), Maeda and Fadeel (2014), Walko et al.

(2014), Wenceslau et al. (2014)

Self RNA, DNA TLR7,9 Hyakkoku et al. (2010), Kawai and Akira (2010), Brea et al. (2011), Stevens et al.

(2011), Leung et al. (2012)

Lipid Carboxyalkylpyrroles TLR2 West et al. (2010)

Oxidized phospholipids CD36 Cho et al. (2005), Gao et al. (2006), Abe et al. (2010), Haider et al. (2011), Miller

et al. (2011), Ho et al. (2012), Matt et al. (2013)

Protein HMGB1 TLR2,4, RAGE Qiu et al. (2008), Zhang et al. (2011)

Peroxiredoxin TLR2,4 Shichita et al. (2012), Kuang et al. (2014)

S100A8, A9 TLR4 Tsai et al. (2014)

Mrp8, 14 TLR4 Loser et al. (2010)

CIRP TLR2,4 Qiang et al. (2013)

Signal 2 Nucleotide ATP P2X, P2Y Martinon et al. (2002), Abulafia et al. (2009), Ceruti et al. (2009), Denes et al.

(2013), Fann et al. (2013), Yang et al. (2014),

Lipid Phospholipids ? Clemens et al. (1996), Bonventre et al. (1997), Muralikrishna Adibhatla and

Hatcher (2006), Shanta et al. (2012), Iyer et al. (2013), Zhong et al. (2013)

Protein ASC specks ? Baroja-Mazo et al. (2014), Franklin et al. (2014)

FIGURE 1 | Mechanisms of post-ischemic inflammation. DAMPs are
released into extracellular compartment and activate infiltrating immune
cells by two ways: Signal 1 (via the activation of pattern recognition
receptor) and Signal 2 (via the activation of inflammasome). Various
inflammatory cytokines promote neuronal injury, and induce further
inflammation mediated by T cells in subacute phase. After days and week
after stroke onset, the resolution of post-ischemic inflammation is brought
by the clearance of debris including DAMPs or inflammatory mediators,
and the production of anti-inflammatory molecules or neurotrophic factors.
In this recover phase, inflammatory immune cells turn into neuroprotective
cells.

nucleic acids and nucleotides are major DAMPs that have recently
received much attention. Mitochondrial DNA released by cellu-
lar injury can be detected as DAMPs by immune cells, because

mitochondria are considered to have a symbiotic origin that
carries numerous characteristics resembling bacteria. Mitochon-
drial DNA is a sensor molecule of innate immunity by activating
TLR9 and can be detected in cerebrospinal fluid after traumatic
brain injury (Zhang et al., 2010; Walko et al., 2014). Vascular per-
meability is also increased by circulating mitochondrial DNA
after injury (Sun et al., 2013; Wenceslau et al., 2014). Recently
accumulated data indicates that mitochondrial DAMPs could
be an important candidate for the trigger of post-ischemic
inflammation, even if there is not yet any direct evidence
(Maeda and Fadeel, 2014).

Self RNA and DNA (in complex with LL37 peptide) acti-
vate immune cells via TLR7 or TLR9 (Kawai and Akira, 2010).
TLR7 is associated with the deterioration in ischemic stroke
patients; in contrast, ischemic brain damage was not reduced
in TLR9-deficient mice (Hyakkoku et al., 2010; Brea et al., 2011).
Several reports demonstrate the implications of TLR7 and TLR9
in ischemic preconditioning. In these articles, the pretreatment
using a TLR7 or TLR9 agonist reveals significant neuroprotection
after cerebral ischemia by activating interferon regulatory factor
3/7- (IRF3/7)-induced type I interferon (IFN) signaling pathway
(Stevens et al., 2011; Leung et al., 2012). Although the interaction
between self nucleic acids and TLRs in the ischemic brain remains
controversial, ischemic preconditioning via the TLR7 or TLR9
signaling pathway may represent a therapeutic strategy.

Purines (ATP and UTP) released from injured brain cells and
their receptors, P2X and P2Y, function as alerting signals in CNS
(Ceruti et al., 2009). Importantly, ATP also activates inflamma-
somes, which are large multimolecular complexes that control the
activity of the proteolytic enzyme caspase-1 that cleaves pro-IL-1β

to an active 17 kDa form (Martinon et al., 2002). The activation of
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the NLRP1 or NALP3 inflammasome has been recently reported to
promote post-ischemic inflammation and neuronal death (Abu-
lafia et al., 2009; Fann et al., 2013; Yang et al., 2014). Because IL-1β

produced from both infiltrating immune cells and brain cells is
important (Denes et al., 2013), it should be clarified how the
inflammasome is activated in ischemic brain or hematopoietic
cells. Inhibition of the inflammasome activation pathway may be
a possible therapeutic strategy for ischemic stroke.

LIPIDS
Various types of lipids are also important regulators of innate
immunity. For example, oxidized low density lipoprotein (oxLDL)
is a popular inflammatory mediator, which activates TLRs
through binding with its receptor, CD36 (Stewart et al., 2010).
Although the function of oxLDL in ischemic brain remains
unclear, recent research has indicated that end products of
lipid oxidation may be implicated in cerebral post-ischemic
inflammation (Uchida, 2013). Carboxyalkylpyrroles, which are
generated in inflammatory tissue, activate TLR2 and promote
angiogenesis in ischemic organs (West et al., 2010). Oxidized
phospholipids are also generated during cerebral inflammation
and are considered to be DAMPs (Gao et al., 2006; Haider et al.,
2011; Ho et al., 2012). Oxidized phospholipids are CD36 lig-
ands that promote inflammation via TLR2 activation in ischemic
brain (Cho et al., 2005; Abe et al., 2010). The recognition and
endocytosis of oxidized lipids by pattern recognition receptors
could regulate post-ischemic inflammation (Miller et al., 2011;
Matt et al., 2013).

Phospholipids could also be inflammasome activators. Phos-
pholipid metabolism is drastically altered by cerebral ischemia
(Shanta et al., 2012). There are several reports showing the acti-
vation of phospholipase A2 (PLA2) in ischemic brain, which
results in hydrolysis of membrane phospholipids (Clemens
et al., 1996; Bonventre et al., 1997; Muralikrishna Adibhatla
and Hatcher, 2006). Phospholipid hydrolysis and mitochon-
drial dysfunction induced by cerebral ischemia generate reac-
tive oxygen species (ROS). Two recent studies have identi-
fied both ROS-dependent and ROS-independent pathways for
inflammasome activation. The former is demonstrated by a
charged phospholipid liposome that consecutively induces ROS-
dependent calcium influx and NLRP3 inflammasome activation
(Zhong et al., 2013). In the latter case, mitochondrial cardi-
olipin has been reported to directly bind to and activate the
NLRP3 inflammasome (Iyer et al., 2013). Thus, the metabolism
and modification of lipids during cerebral ischemia may be
closely associated with the post-ischemic inflammation start
signal.

PROTEINS
High mobility group box 1 (HMGB1) and peroxiredoxin (Prx)
family proteins are two major DAMPs in ischemic brain. There is
a difference in the functional phase of these two proteins (Shi-
chita et al., 2012). HMGB1, which is included in the nucleus
of brain cells, is released extracellularly at the hyperacute phase
(several hours after the stroke onset; Qiu et al., 2008). On the
other hand, Prx family proteins function at the acute and suba-
cute phases (12–72 h after the onset), especially in the penumbral

area (Shichita et al., 2012). This is because Prx family pro-
tein expression is induced by an intracellular increase in ROS,
which results from ischemic change. HMGB1 directly breaks
down the blood–brain barrier and increases vascular permeability
(Zhang et al., 2011). However, Prx directly induces the activa-
tion of infiltrating immune cells via TLR signaling. Ligustilide has
been reported as a therapeutic candidate that suppresses cerebral
post-ischemic inflammation by inhibiting the Prx/TLR4 signaling
pathway (Kuang et al., 2014).

S100A8, S100A9, Mrp8, Mrp14, and cold-inducible RNA bind-
ing protein (CIRP) have also been reported to be protein DAMPs,
although their relevance in post-ischemic inflammation has not
yet been clarified (Loser et al., 2010; Qiang et al., 2013; Tsai et al.,
2014). Inflammatory responses by these protein DAMPs occur
through the activation of TLR2, TLR4, and RAGE. TLR2 and TLR4
signaling pathways are essential for sterile inflammation, includ-
ing ischemic stroke (Chen et al., 2007). TLR2-blocking antibody
is neuroprotective against ischemic brain injury (Ziegler et al.,
2011). Similarly, resatorvid, which inhibits the TLR4 signaling
pathway, attenuates ischemic brain injury and also suppresses
Nox4-induced oxidative stress and neuronal apoptosis (Suzuki
et al., 2012). It is also possible that DAMP-mediated TLR activation
requires other adaptor molecules (Chun and Seong, 2010). CD14,
a TLR4 co-receptor, may be implicated in post-ischemic inflam-
mation (Reed-Geaghan et al., 2009). Heat shock protein gp96 is
another candidate molecule that functions as an adaptor for both
TLR2 and TLR4 (Yang et al., 2007).

It is not known whether protein DAMPs can activate inflamma-
somes. Recently, aggregated ASC (apoptosis-associated speck-like
protein containing a caspase recruitment domain) has been
reported to be released into the extracellular space after cell death
and it activates inflammasomes in the surrounding immune cells
(Baroja-Mazo et al., 2014; Franklin et al., 2014). Inflammasome
activation, which occurs through ASC polymerization, results
in caspase-1 activation and pyroptotic cell death. Extracellularly
released ASC is internalized by surrounding macrophages and
induces lysosomal damage and inflammasome activation. These
mechanisms of inflammasome activation remain to be elucidated
in ischemic brain injury.

OTHER INFLAMMATORY DAMPs
Basic research may neglect the influence of aging and life habits by
using healthy young rodents. These are important factors for the
generation of DAMPs. Aging and continuous high serum glucose
levels increase lipid peroxidation and AGEs in body systems (Basta
et al., 2004; Cai et al., 2014). AGEs are proteins that are modified
by sugar, through the Amadori and Maillard reaction. AGEs are
found in chronic lesions; for example, the amyloid deposits that
are surrounded by macrophages in patients with dialysis-related
amyloidosis (Miyata et al., 1993). Thus, AGEs usually take a long
time (more than a month) to generate; however, AGEs can be gen-
erated in a short period of time during inflammation (Weil, 2012).
Glyoxal and glyceraldehyde induce AGE formation within 1 week
(Takeuchi et al., 2001). In addition, the pivotal role of the RAGE
in post-ischemic inflammation has been demonstrated (Muham-
mad et al., 2008). AGEs can be a potential DAMP, especially in aged
human ischemic stroke patients.
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INFLAMMATION SUPPRESSION AND RESOLUTION
Activated immune cells and brain cells are the major play-
ers after various DAMPs trigger post-ischemic inflammation.
These cells produce inflammatory cytokines, chemokines, and
other cytotoxic mediators, and this leads to prolonged inflam-
mation and progressive brain edema during several days after
the stroke onset (Figure 1). However, post-ischemic inflam-
mation rarely lasts for a long period of time, and the most
intense inflammatory phase takes place within 7 days after stroke
onset (Dirnagl et al., 1999; Iadecola and Anrather, 2011). In
this phase, the number of infiltrating immune cells decreases
remarkably, and remaining immune cells in ischemic brain
produce anti-inflammatory or neurotrophic factors (Shichita
et al., 2009; Smirkin et al., 2010). For example, the detailed
mechanisms about the infiltration and the change to anti-
inflammatory phenotype of neutrophils have been recently clar-
ified (Cuartero et al., 2013; Gorina et al., 2014). The period
of cerebral post-ischemic inflammation always ends, and thus,
the mechanisms of its resolution must exist in ischemic
brain.

Three major points on the resolution of inflammation have
been discussed in a recent publication (Buckley et al., 2012).
These points are the production of anti-inflammatory media-
tors, the depletion of inflammatory mediators, and the induction
of anti-inflammatory immune cells. After post-ischemic inflam-
mation, infiltrating macrophages turn into anti-inflammatory
macrophages, which produce neurotropic factors and clear
necrotic debris. Inflammatory DAMPs will also be implicated
in the induction of anti-inflammatory macrophages, although
its mechanism still remains to be clarified. We introduce recent
advantages of the relationship between post-ischemic inflamma-
tion and its resolution.

ANTI-INFLAMMATORY MEDIATOR PRODUCTION
Many molecules have been reported to be neuroprotective factors.
However, most of these molecules failed to improve neurological
deficits in ischemic stroke patients, even if they are effective in
animal stroke models. It has been suggested that neuroprotection
alone is not sufficient to improve the prognosis of human ischemic
stroke. Anti-inflammatory mechanisms in the entire brain and
how these mechanisms are triggered needs to be determined.
Because most brain cells are dead in the ischemic region several
days after the stroke onset, infiltrating immune cells and reactive
glial cells could be major players in the tissue repair. In practice,
accelerating their effect is a potential next generation therapeutic
strategy, and direct in vivo reprogramming of reactive glial cells
into functional neurons after cerebral injury by retroviral trans-
duction of the NeuroD1 gene was recently reported (Guo et al.,
2014).

IL-10 and TGF-β are major anti-inflammatory molecules
in various organ injuries. Both are produced by infiltrating
immune cells and reactive glial cells after ischemic brain injury.
Viral overexpression of IL-10 in ischemic brain is neuroprotec-
tive (Ooboshi et al., 2006). One recent report demonstrated the
anti-inflammatory effect of TGF-β by inhibiting excessive neu-
roinflammation during the subacute phase of brain ischemia
(Cekanaviciute et al., 2014). Although the anti-inflammatory

effects of IL-10 and TGF-β have been pivotal, it remains to be
clarified whether these effects last up to 1 week after the stroke
onset (Pál et al., 2012). If the mechanisms for stimulating TGF-β
and IL-10 expression can be controlled, this may become a strong
therapeutic method.

DEPLETION OF INFLAMMATORY MEDIATORS AND CELLS
Infiltrating immune cells and reactive glial cells produce various
inflammatory mediators. TNF-α and IL-1β directly induce neu-
ronal cell death. IL-23 and IL-1β activate T cell-mediated innate
immunity and promote secondary ischemic damage during the
subacute phase of ischemic brain injury (Shichita et al., 2009;
Konoeda et al., 2010). The existence of these inflammatory medi-
ators, including DAMPs, prolongs post-ischemic inflammation
and will be a threat to neuronal survival and repair. How-
ever, inflammatory mediator degradation mechanisms remain
mostly unknown. Inflammatory molecules may be degraded by
some enzymes or consumed by receptor-mediated endocytosis.
It is expected that nucleotides and lipids are rapidly metabo-
lized in the ischemic brain, and transfer by the blood stream
or cerebrospinal fluid (CSF) will help to scavenge inflammatory
mediator. Further research should clarify the detailed mech-
anisms to scavenge inflammatory molecules produced in the
ischemic brain, and antibody therapy will be a pivotal thera-
peutic method targeting this potential mechanism. TNF-α and
IL-23 neutralizing antibody have been used clinically for rheuma-
toid arthritis and psoriasis patients, respectively. Natalizumab
is the neutralizing antibody for integrin-α4, which is neces-
sary for T cell infiltration into the inflammatory tissue, and has
already been used for multiple sclerosis (Yednock et al., 1992).
T cell depletion from ischemic brain has received attention as
a potential next generation therapy for ischemic stroke (Meisel
and Meisel, 2011; Wei et al., 2011). Thus, antibody therapies
may be used to help treat ischemic stroke patients in the near
future.

Activation of inflammasomes in immune cells induces the pro-
duction of IL-1β in its mature form, and finally results in the rapid
cell death of the same cells, which is called pyroptosis. Pyroptosis
may be a possible mechanism for the clearance of inflammatory
immune cells. This is supported by the fact that dying cells detected
using the TdT-mediated dUTP nick end labeling (TUNEL) stain-
ing method include macrophages and glial cells in the ischemic
brain (Mabuchi et al., 2000).

INDUCTION OF IMMUNE CELL REPAIR
The repair process for damaged brain tissues and regeneration
of neural cells takes place during resolution of inflammation. It
is difficult to separate this process from the anti-inflammatory
mechanism, because they may overlap each other. We will fur-
ther discuss neuroprotective factors and repairing the damage to
immune cells.

NEUROPROTECTIVE FACTORS
Various growth factors are also produced by immune cells and
glial cells (Gudi et al., 2011). Among these, IGF-1 and FGF-2
are produced by infiltrating macrophages and microglia dur-
ing the recovery phase of ischemic brain injury (which occurs
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1 week after the stroke onset). IGF-1 and FGF-2 improve the
neurological outcome by saving neuron and glial cells from
cell death (Ness et al., 2004; Ikeda et al., 2005; Zhu et al., 2008;
Hill et al., 2012; Lalancette-Hébert et al., 2012). IGF-1 also
enhances repair after ischemic stroke by promoting neural regen-
eration, remyelination, and synaptogenesis (Lecker et al., 2007;
Zhu et al., 2008, 2009; Kooijman et al., 2009). Further inves-
tigation should clarify the mechanisms of IGF-1 and FGF-2
induction in the ischemic brain. Recently, transfer of mesenchy-
mal stem cells (MSCs) has been explored as a next generation
therapy for ischemic stroke (Kalladka and Muir, 2014). MSCs
produce various growth factors and promote neuronal survival
and neurogenesis (Calió et al., 2014). By improving the transfer
method, cell therapy may become a pivotal therapeutic strategy
(Guo et al., 2013).

The neuroprotective effect of prostaglandin E2 (PGE2) and
its receptor signaling pathway has received recent attention.
PGE2 has an effect via four distinct G protein-coupled EP
receptors (E-prostanoid: EP1, EP2, EP3, and EP4). The activa-
tion of EP2 signaling has a neuroprotective effect in ischemic
brain injury, which was shown in the significant increase in
infarct volume in mice lacking the EP2 receptor (McCullough
et al., 2004). Similarly, signaling via the EP4 receptor, which is
expressed in both neurons and ischemic endothelial cells, has
neuroprotective effects against ischemic brain injury (Liang et al.,
2011). The administration of an EP4 agonist reduces infarct vol-
ume and neurological deficits. In a neonatal hypoxic-ischemic
encephalopathy model, the inhibition of EP1 receptor signal-
ing or the activation of EP2, EP3, and EP4 receptor signaling
reveals attenuation of the ischemic injury (Taniguchi et al., 2011).
PGE2 and EP receptor signaling pathways have various func-
tions, which are dependent on distinct pathology of cerebral
diseases (Furuyashiki and Narumiya, 2011). Targeting specific
EP receptors in ischemic brain may become a novel therapeutic
method.

Similar to PGE2, some lipids have been reported to have anti-
inflammatory effects and promote neuroregeneration (Serhan,
2014). Cerebral ischemia increases PLA2 activity, which results in
the hydrolysis of phospholipids in the cellular membrane (Shanta
et al., 2012). Although the PLA2 effect itself is cytotoxic because
it disrupts the cellular membrane, PLA2 also generates docosa-
hexaenoic acid (DHA) derivatives and lysophospholipids through
phospholipid hydrolysis (Bonventre et al., 1997). Resolvin and
Neuroprotectin have been investigated for their anti-inflammatory
function in ischemic stroke (Marcheselli et al., 2003; Bazan, 2009).
Lysophospholipids also increase in ischemic brain and promote
neurite outgrowth (Ikeno et al., 2005; Spohr et al., 2011; Shanta
et al., 2012). Regulating the effect of these lipids is expected for the
resolution of post-ischemic inflammation.

NEUROPROTECTIVE CELLS
Inflammatory DAMPs activate glial cells and infiltrating immune
cells to promote post-ischemic inflammation. Paradoxically, this
mechanism results in the infiltrating macrophage cell death and
also induces anti-inflammatory and tissue-repairing immune cells.

Immune cell activation also induces anti-inflammatory cells.
These cells have been called M2 macrophages, in contrast to the

inflammatory M1 macrophages. Many researches have described
the M2 macrophage markers; these markers include: arginase-
1 (Arg1), chitinase3l3 (Ym), and Relmα (Fizz1). These markers
are intracellular enzymes that are implicated in collagen synthesis
and cell division; therefore, M2 enzymes are considered to pro-
mote tissue repair. Arg1 is the only marker that was reported
to function as a neuroprotective enzyme (Estévez et al., 2006).
However, these M2 markers may not be a good indicator for
recovery after ischemic stroke. M2 markers are rapidly expressed
in macrophages by TLR activation or other pattern recognition
receptors, which also induce inflammatory cytokine expression
(Hu et al., 2012). M2 markers appear in ischemic brain mostly
during the same phase as the inflammatory mediators, the M1
markers, are expressed. In addition, the transfer of M2 marker
positive-macrophages has not been reported to be sufficiently
neuroprotective (Desestret et al., 2013).

During post-ischemic inflammation, some populations of
macrophages and microglia become neuroprotective (Lalancette-
Hébert et al., 2007). Galectin-1 has been suggested to be
an inducer of anti-inflammatory macrophage/microglial cells
(Starossom et al., 2012; Quintá et al., 2014). Galectin-1 is pro-
duced by astrocytes and has a neuroprotective effect against
ischemic brain damage (Qu et al., 2011). Thus, the resolu-
tion of post-ischemic inflammation can be enhanced by the
induction of a specific macrophage/microglial cell population.
However, it is not clear whether the M2 markers truly reflect
the neuroprotective function of macrophages and microglial
cells. Suppressing inflammation alone is not enough to pro-
tect the brain from ischemic injury. IGF-1 and FGF-2 pro-
duction seems to be a good index of repairing function
(Lalancette-Hébert et al., 2012).

Further study is required to clarify whether sufficient clear-
ance of inflammatory mediators (including DAMPs) begins
neuronal regeneration after ischemic stroke. A recent study
has suggested that there is a relationship between TLR activa-
tion and neuronal repair (Bohacek et al., 2012). It is possible
that DAMPs triggers the secondary signals, which lead to res-
olution of post-ischemic inflammation, even if the primary
signals via pattern recognition receptors promote ischemic dam-
age. What is this mechanism? The role of immune cells, other
than macrophages and microglia in part of the repair process,
is not fully understood. This understanding may be critical
for the establishment of next generation therapies for ischemic
stroke.

CONCLUSION
Immunity and various physiological mechanisms are implicated in
the triggering, persistence, and resolution of post-ischemic inflam-
mation. Recent accumulating evidences clarify the complexity of
these mechanisms to understand the entire mechanisms. They will
show promising potential targets to develop therapies for ischemic
stroke.
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Stroke is a leading cause of death and disability in the United States. The lack of clinical
success in stroke therapies can be attributed, in part, to inadequate basic research on
aging rodents. The current study demonstrates that recombinant TCR ligand therapy uses
different immunological mechanisms to protect young and older mice from experimental
stroke. In young mice, RTL1000 therapy inhibited splenocyte efflux while reducing
frequency of T cells and macrophages in the spleen. Older mice treated with RTL1000
exhibited a significant reduction in inflammatory cells in the brain and inhibition of splenic
atrophy. Our data suggest age specific differences in immune response to stroke that
allow unique targeting of stroke immunotherapies.
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INTRODUCTION
Stroke is a leading cause of death and disability in the United
States. It is now increasingly evident that the immune response
plays an important role in neurodegeneration following stroke.
Splenic activation after stroke leads to an efflux of immune
cells into the blood that subsequently target the brain, acti-
vate microglial cells and exacerbate the evolving brain infarct
(Offner et al., 2006a,b; Seifert et al., 2012a,b). T cells are thought
to be among the major contributors in post-ischemic immune
response. T cells infiltrate the brain, perpetuate inflammatory
conditions and contribute to increased neuronal damage fol-
lowing stroke (Shichita et al., 2009; Gronberg et al., 2013).
Additionally, T cell knockout mice exhibit reduced infarct volume
(Yilmaz et al., 2006).

Given their significant involvement in the pathogenesis of
stroke, T cells are a crucial target for stroke therapy. Recombinant
T-cell receptor ligand (RTL) molecules consist of the α1 and
β1 domains of MHC class II molecules expressed as a single
polypeptide with or without antigenic amino terminal exten-
sions (Burrows et al., 1999; Vandenbark et al., 2003). RTLs are
partial agonists that deviate autoreactive T cells to become non-
pathogenic (Burrows et al., 2001; Wang et al., 2003). Previous

Abbreviations: RTL, recombinant T-cell receptor ligand; MCAO, middle cerebral
artery occlusion; Treg, regulatory T cell; MHC, Major Histocompatibility Complex;
HLA, Human leukocyte antigen; MOG, myelin oligodendrocyte glycoprotein; LDF,
Laser Doppler flowmetry; PHA, Phytohemagglutinin; PMA, Phorbol myristate
acetate.

work done by our lab has shown that RTL could treat both exper-
imental autoimmune encephalomyelitis (EAE) and experimental
stroke in mice (Burrows et al., 1998, 2001; Vandenbark et al.,
2003; Huan et al., 2004; Subramanian et al., 2009; Akiyoshi et al.,
2011; Dziennis et al., 2011; Benedek et al., 2014). RTL1000 is
comprised of an HLA-DR2 moiety linked to human MOG-35-
55 peptide (Offner et al., 2011) and has been shown to reduce
infarct size when young humanized DR2 mice were treated fol-
lowing experimental stroke (Akiyoshi et al., 2011; Pan et al., 2014;
Zhu et al., 2014).

With the potential success of RTL as a stroke therapy it
becomes imperative to not only characterize the effects of RTL
on the inflammatory response following stroke but to also test
the RTL therapy in older mice during experimental stroke. The
increased risk for stroke with age along with the substantially
growing aging population will lead to an additional 3.4 million
people affected by stroke by the year 2030 compared to 2012
(Ovbiagele et al., 2013). Despite the unavoidable and increasing
financial burden of post-stroke care, many experimental stroke
therapies have been abandoned due to their failure in the clinical
setting (O’Collins et al., 2006). The inability of stroke therapy to
be translated from bench to clinical success can be attributed, in
part, to the lack of aging rodents used in basic research (Liu and
McCullough, 2011). By examining the effects of RTL therapy on
experimental stroke in both young and older mice we can more
accurately determine the mechanism of therapy and predict its
translation to clinical use.

Frontiers in Cellular Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 284 |

CELLULAR NEUROSCIENCE

192

http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/about
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/journal/10.3389/fncel.2014.00284/abstract
http://community.frontiersin.org/people/u/180700
http://community.frontiersin.org/people/u/181865
http://community.frontiersin.org/people/u/5838
http://community.frontiersin.org/people/u/173415
mailto:offnerva@ohsu.edu
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Dotson et al. Aging, immunity, and stroke therapy

MATERIALS AND METHODS
ETHICS STATEMENT
The study was conducted in accordance with National Institutes
of Health guidelines for the use of experimental animals, and the
protocols were approved by Animal Care and Use Committee at
Oregon Health & Science University and the Portland Veteran
Affairs Medical Center.

ANIMALS
All experiments used age-matched, sexually mature (20–25 g)
male HLA-DRB1∗1502 (DR2-Tg) mice produced by Dr. Chella
David (Gonzalez-Gay et al., 1996). The mice were housed and
bred at the Veterans Affairs Medical Center and studies were
conducted at Oregon Health and Science University.

RTL1000 CONSTRUCTION AND PRODUCTION
RTL molecules consist of the α1 and β1 domains of major histo-
compatibility complex (MHC) II molecules and are expressed as
a single polypeptide with or without antigenic amino terminal
extensions (Burrows et al., 1999). RTL1000 (β1α1[5D substi-
tuted] domains of HLA-DR2 linked to human [h]MOG-35-55
peptide [MEVGWYRPPFSRVVHLYRNGK]) was constructed de
novo or by sequential site-directed mutagenesis of previous con-
structs (Sinha et al., 2007). Protein purification was carried out as
previously described (Burrows et al., 1999).

TREATMENT WITH RTL1000
Mice were randomized to receive 0.1 mL (100 μg) RTL1000 or
0.1 mL vehicle (5% dextrose in Tris-HCl, pH 8.5) by subcuta-
neous injection 4 h after the onset of reperfusion followed by
doses at 24, 48, and 72 h of reperfusion for a total of four treat-
ments each of RTL1000 or Vehicle. Both RTL1000 and vehicle
treated mice were euthanized at the 96 h time-point after MCAO
for further examination of tissues and cells.

TRANSIENT MIDDLE CEREBRAL ARTERY OCCLUSION
Transient focal cerebral ischemia was induced in male DR2-Tg
mice for 1 h by reversible right MCAO under isoflurane anes-
thesia followed by 96 h of reperfusion as described previously
(Zhang et al., 2008). Head and body temperature were controlled
at 36.5 ± 0.5◦C throughout MCAO surgery with warm water pads
and a heating lamp. Occlusion and reperfusion were verified in
each animal by laser Doppler flowmetry (LDF) (Model DRT4,
Moor Instruments Ltd., Oxford, England). The common carotid
artery was exposed and the external carotid artery was ligated
and cauterized. Unilateral MCAO was accomplished by insert-
ing a 6-0 nylon monofilament surgical suture (ETHICON, Inc.,
Somerville, NJ, USA) with a heat-rounded and silicone-coated
(Xantopren comfort light, Heraeus, Germany) tip into the inter-
nal carotid artery via the external carotid artery stump. Adequacy
of MCAO was confirmed by monitoring cortical blood flow at
the onset of the occlusion with a LDF probe affixed to the skull.
Animals were excluded if mean intra-ischemic LDF was greater
than 30% pre-ischemic baseline. At 1 h of occlusion, the occluding
filament was withdrawn to allow for reperfusion. Mice were then
allowed to recover from anesthesia and survived for 96 h following
initiation of reperfusion.

DETERMINATION OF INFARCT SIZE
The brains were harvested after 96 h of reperfusion and sliced
into four 2-mm-thick coronal sections for staining with 1.2%
2,3,5-triphenyltetrazolium chloride (TTC; Sigma, St. Louis, MO,
USA) in saline as described previously (Hurn et al., 2007). The
2-mm brain sections were incubated in 1.2% TTC for 15 min at
37◦C, and then fixed in 10% formalin for 24 h. Infarction volume
was measured using digital imaging and image analysis software
(Systat, Inc., Point Richmond, CA, USA). To control for edema,
infarct volume (cortex, striatum, and hemisphere) was deter-
mined by subtraction of the ipsilateral non-infarcted regional
volume from the contralateral regional volume. This value was
then divided by the contralateral regional volume and multiplied
by 100 to yield regional infarction volume as a percent of the
contralateral region.

LEUKOCYTE ISOLATION FROM BRAIN AND SPLEEN
Spleens from individual MCAO-treated mice were removed and a
single-cell suspension was prepared by passing the tissue through
a 100 μm nylon mesh (BD Falcon, Bedford, MA). The cells were
washed using RPMI 1640 and the red blood cells lysed using
1× red blood cell lysis buffer (eBioscience, Inc., San Diego, CA)
and incubated for 1 min. The cells were then washed with RPMI
1640, counted on a Cellometer Auto T4 cell counter (Nexcelom,
Lawrence, MA), and resuspended in staining medium [PBS con-
taining 0.1% NaN3 and 1% bovine serum albumin (Sigma, IL)]
for flow cytometry. The brain was divided into the ischemic
(right) and non-ischemic (left) hemispheres, digested for 60 min
with 1 mg/ml Type IV collagenase (Sigma Aldrich, St. Louis, MO)
and DNase I (50 mg/ml, Roche Diagnostics, Indianapolis, IN) at
37◦C with intermittent shaking. Samples were mixed with a 1 ml
pipette every 15 min. The suspension was washed 1× in RPMI,
resuspended in 80% Percoll overlayed with 40% Percoll, and cen-
trifuged for 30 min at 1600 RPM. The cells were then washed
twice with RPMI 1640 and resuspended in staining medium for
flow cytometry.

ANALYSIS OF CELL POPULATIONS BY FLOW CYTOMETRY
All antibodies were purchased (BD Biosciences, San Jose, CA
or eBioscience, Inc., San Diego, CA) as published. Four-color
(FITC, PE, APC, and PerCP) fluorescence flow cytometry anal-
yses were performed to determine the phenotypes of spleno-
cytes and brain cells. One million cells were washed with
staining medium, blocked with Anti-mouse CD16/CD32 Mouse
BD Fc Block™ (BD Biosciences, San Jose) for 15 min at 4◦C
and then incubated with combinations of the following mon-
oclonal antibodies: CD11b (MAC-1), CD45 (Ly-5), CD3 (145-
2C11), CD11c (HL-3), CD19 (1D3), CD4 (GK1.5), CD8 (53-
6.7), Ly6C (AL-21), Ly6G (RB6-8C5), CD122 (TM-β1), CD44
(IM7), CCR5 (HM-CCR5), and CD69 (H1.2F3) for 20 min at
4◦C. 7-AAD was added to identify dead cells. CD4+ regulatory
T cells were identified using Foxp3 (FJK-16s) and accompa-
nying Fixation/Permeabilization reagents as per manufacturer’s
instructions (eBioscience, Inc., San Diego, CA). Isotype matched
mAb served as a negative control. Data were collected with BD
Accuri™ C6 software on a BD Accuri™ C6 (BD Biosciences, San
Jose, CA).
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CYTOKINE DETERMINATION BY INTRACELLULAR CYTOKINE FLOW
CYTOMETRY ANALYSIS
Splenocytes from individual mice were cultured at 2 × 106

cells/well in a 24-well culture plate in stimulation medium
(RPMI, 1% sodium pyruvate, 1% L-glutamine, 0.4% 2-β-
mercaptoethanol, 2% FBS) with PMA (50 ng/ml), ionomycin
(500 ng/ml), and brefeldin A (1 ul/mL) (all reagents from Sigma-
Aldrich, St. Louis, MO) for 4 h. Cells were blocked, surface stained
(see Section Analysis of Cell Populations by Flow Cytometry), and
then fixed and permeabilized using a Cytofix/Cytoperm kit (BD
Biosciences), according to manufacturer’s instructions. Fixed cells
were washed with 1× permeablization buffer (BD Biosciences)
and stained with antibodies to IFNγ, TNFα, IL-10, IL-17, or IL-
21. Isotype matched mAbs served as negative controls to establish
background cytokine staining levels. Data were collected with BD
Accuri™ C6 software on a BD Accuri™ C6 (BD Biosciences, San
Jose, CA).

STATISTICAL ANALYSIS
Data are presented as mean ± s.e.m. Differences in cortical, stri-
atal, and total (hemispheric) infarct size data was analyzed by
Two-Way ANOVA, with one factor being brain region and the
other factor treatment group. Spleen and brain cell counts and
percentages of cellular subtypes for FACS analysis were analyzed
by Student’s t-test. Statistical significance was p < 0.05. Statistical
analyses were performed using Prism (GraphPad, La Jolla, CA).

RESULTS
RTL1000 REDUCES INFARCT VOLUME IN YOUNG AND OLDER MICE
Eight week HLA-DR2 mice exhibited a significant reduction in
infarct volume with RTL compared to vehicle (Figures 1A,B).
Representative TTC-stained cerebral sections illustrate reduction
in infarct in mice that received RTL after MCAO compared to
vehicle in young mice (Figure 1A). Cortical infarct volume was
reduced from 46.4 ± 1.7% to 28 ± 3.7% and striatal infarct vol-
ume decreased from 60.1 ± 5.9% to 34.7 ± 6.1% when mice
were given RTL following MCAO (Figure 1B). Total hemispheric
infarct volume was also significantly reduced from 31.8 ± 2.1%
to 19.1 ± 2.4% with RTL (Figure 1B). Similarly, infarct vol-
ume was significantly decreased in 16-month-old mice given RTL
compared to vehicle (Figures 1C,D). Representative TTC-stained
cerebral sections illustrate reduction in infarct in older mice
that received RTL after MCAO compared to vehicle (Figure 1C).
Cortical and striatal infarct volume went from 40.1 ± 1.6% to
20.7 ± 2.8% and 67.5 ± 3.9% to 47.7 ± 4.0% respectively, when
RTL was administered after MCAO (Figure 1D). Total hemi-
spheric infarct was also significantly reduced from 26.2 ± 1.2%
to 16.0 ± 1.3% with RTL (Figure 1D). The mortality rate of
MCAO in both treatment groups was less in young mice com-
pared to older mice while RTL reduced mortality in older mice
only (Table 1). Together, these data reveal that RTL1000 improves
stroke outcome in both young and older mice.

RTL1000 REDUCES ACTIVATED AND INFILTRATING CELLS IN THE
ISCHEMIC HEMISPHERE OF 16 MONTH BUT NOT 8-WEEK-OLD MICE
We wanted to decipher the mechanism of protection with
RTL1000 in young and older mice following MCAO by examin-
ing brain infiltrating immune and inflammatory cells. Cells were

isolated from the ischemic hemisphere 96 h after MCAO, pheno-
typed and counted (Table 2). The percent of activated microglia
and/or infiltrating monocytes/macrophages (CD11b+CD45hi) in
the ischemic hemisphere after MCAO was reduced in both 8-
week- and 16-month-old mice treated with RTL (Figure 2A).
Absolute number of activated microglia/monocytes was also sig-
nificantly reduced in the 16-month-old mice that received RTL
and there was a trend reduction in young mice that received RTL
(p = 0.068) (Figure 2B). Ischemic hemispheres of 16-month-old
mice that received RTL after MCAO also exhibited a signifi-
cant reduction in absolute CD3+ T cells and CD11c+ dendritic
cells compared to vehicle (Figures 2C,D). Young mice exhibited
a trend reduction in number of T cells in the ischemic hemi-
sphere with RTL (p = 0.064) but did not have a significantly
reduced number of dendritic cells after treatment with RTL com-
pared to vehicle (Figures 2C,D). The number of infiltrating B
cells in the ischemic hemisphere following MCAO with or with-
out RTL did not display significance difference in either young
or older mice (Figure 2E). Additionally, total infiltrating cells
and cell death were not affected by RTL treatment in either age
group (Figures 2F,G). Control (non-ischemic) hemispheres did
not exhibit an increase in inflammatory parameters (data not
shown). These data suggest that RTL1000 may reduce infarct vol-
ume following stroke using different mechanisms between young
and older mice.

SPLENIC ATROPHY IS PREVENTED WITH RTL1000
To determine other possible mechanisms of RTL1000 protec-
tion following stroke, we examined immune parameters in
the periphery. The spleen is known to have a major impact
on stroke. Our lab and others have established that splenic
atrophy occurs following stroke, releasing splenocytes into sys-
temic circulation and exacerbating neurodegeneration (Offner
et al., 2006b; Seifert et al., 2012a). Spleens were harvested
96 h after MCAO and splenocytes were counted and evalu-
ated for viability (Table 3). RTL treatment significantly inhib-
ited splenic atrophy in both 8-week- and 16-month-old mice
(Figure 3A). Splenocyte number correlated inversely with cell
death in young mice as determined by 7-AAD staining. Young
mice treated with RTL exhibited a significant decrease in
splenocyte death compared to vehicle while older mice showed
no change in 7-AAD positive cells between the treatments
(Figure 3B).

RTL1000 PRIMARILY AFFECTS PERIPHERAL IMMUNE SUBSETS IN
YOUNGER MICE
We also characterized immune cell phenotypes within the spleens
of young and old mice, with and without RTL treatment following
MCAO (Table 4). We found a significant reduction in the fre-
quency of CD4+ T cells with RTL treatment in both young and
old mice (Figure 4A). RTL treatment also significantly reduced
the percent of CD8+ T cells, CD3+ total T cells, and CD11b+
myeloid cells in young mice only (Figures 4B–D). Furthermore,
only the Ly6C+, not Ly6G+, subset of CD11b cells were reduced
with RTL in young mice indicating that the reduction of total
CD11b cells was due to a reduction in monocytes/macrophages
not CD11b+ neutrophils (Figure 4E, Table 4). The percent of
CD19+ B cells in the spleens of young RTL treated mice following
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FIGURE 1 | RTL1000 reduces infarct volume in young and older mice.
Transient MCAO (60 min) male mice were treated with 100 μl vehicle or
100 μg RTL1000 given S.C. at 4, 24, 48, and 72 h after MCAO. Brains were
harvested 96 h after MCAO and brain slices were stained with

2,3,5-triphenyltetrazolium chloride (TTC) (A,C). Infarct volumes were
measured as percentage of contralateral structure in young (B) and older
mice (D). ∗ Indicates p < 0.05 and ∗∗ indicates p < 0.01 compared with
vehicle group by Two-Way ANOVA.

Table 1 | Mortality and success rate of MCAO.

Animal numbers Number of animals Number of animals Number of animals Final

underwent MCAO died after MCAO excluded for SAH excluded for other reasons animal numbers

Vehicle (8 week) 13 3 (23%) 0 0 10
RTL1000 (8 week) 12 3 (25%) 0 1 (Massive cerebral hemorrhage) 8
Vehicle (16 month) 18 8 (44.4%) 2 0 8
RTL1000 (16 month) 15 5 (33.3%) 0 1 (LDF > 30%) 9

MCAO was significantly greater compared to vehicle (Figure 4F).
Collectively, in young mice RTL treatment reduces the percent of
T cells and monocytes/macrophages, both of which are known
to contribute to neurodegeneration following stroke (Campanella
et al., 2002; Yilmaz et al., 2006), while increasing potentially pro-
tective B cells (Bodhankar et al., 2014). The data also demonstrate
that RTL significantly impacts multiple subsets of splenocytes in
young mice while having much less impact on the splenocytes of

older mice after MCAO, supporting the hypothesis that RTL1000
targets different immune pathways in younger and older mice.

PERIPHERAL IMMUNE PROPERTIES CHANGE WITH AGE FOLLOWING
STROKE
In addition to the differential effects of RTL on immune subsets
after MCAO between the age groups, we also observed base-
line immunological discrepancies in the periphery of young and
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Table 2 | Ischemic (right) hemisphere.

Cell type 8-week-old mice 16-month-old mice

Vehicle RTL1000 Vehicle RTL1000

Total cell number 3.4 × 105 ± 7.4 × 104 2.7 × 105 ± 3.0 × 104 6.0 × 105 ± 8.6 × 104# 5.4 × 105 ± 6.3 × 104#

7AAD+ 2.4 × 104 ± 3451 2.0 × 104 ± 2671 3.8 × 104 ± 3395# 2.7 × 104 ± 3674

CD11b+ CD45hi 6.9 × 104 ± 1.5 × 104 3.3 × 104 ± 5135 6.4 × 104 ± 8554 1.7 × 104 ± 5891**

CD3+ T cells 2769 ± 591 1375 ± 107 3109 ± 624 1188 ± 457*

CD11c+ DC 4.1 × 104 ± 9840 2.6 × 104 ± 6420 2.6 × 104 ± 5916 5073 ± 1017*#

CD19+ B cells 6149 ± 1526 3754 ± 734 7471 ± 719 5679 ± 508

* indicates significance compare to vehicle *p ≤ 0.05; **p ≤ 0.01.
# indicates significance compared to 8-week-old mice #p ≤ 0.05.

older mice. The frequency of CD3+ total T cells and CD4+
helper T cells were significantly greater in 8-week-old vehicle and
RTL treated mice following MCAO than in 16-month-old vehicle
and RTL treated mice, respectively (Figures 4A,C). CD8+ T cells
were significantly greater in younger MCAO vehicle mice com-
pared older MCAO vehicle mice (Figure 4B). Total CD11b cells
and CD11b+Ly6C+ monocyte/macrophage subset were both
significantly higher in the spleens of young mice that received
vehicle after MCAO vs. their older counterparts (Figures 4D,E).
Additionally, the frequency of CD19+ B cells was significantly less
in the spleen following MCAO in both vehicle and RTL treated
younger mice than older mice. Innate differences in the periph-
eral immune composition between 8-week- and 16-month-old
mice following MCAO may give insight into the different possible
targets of RTL1000 following stroke.

SPLENIC CD4+ REGULATORY T CELLS INCREASE WITH AGE IN MCAO
MICE WHILE CD8+ REGULATORY T CELLS ARE INCREASED BY RTL1000
TREATMENT
CD4+ regulatory T cells are upregulated following stroke (Offner
et al., 2006b) and CD8+ regulatory T cells are known to suppress
CD4+ and CD8+ T cell proliferation and IFNγ production by
secreting IL-10 (Rifa’i et al., 2008). Therefore, we wanted to char-
acterize regulatory populations in the spleen to determine their
role in the periphery following stroke (Table 5). We saw no dif-
ference in CD4+ regulatory T cells (CD4+Foxp3+) in young or
older mice treated with or without RTL after stroke (Figure 5A).
However, there was a significant increase in regulatory CD4+ T
cells following MCAO in older compared to younger RTL treated
mice and the same trend (p = 0.0675) is seen with the vehicle
mice (Figure 5A). Regulatory CD8+ T cells (CD122+IL-10+)
were significantly increased in the spleens of young mice treated
with RTL after MCAO but not in older mice (Figure 5B).

T CELLS IN THE SPLEEN OF YOUNGER MICE INCREASE ACTIVATION
MARKER CD69 WHILE OLDER MICE DISPLAY ELEVATED CD44
EXPRESSION FOLLOWING MCAO
In addition to identifying the frequency of different immune sub-
sets in the spleen, functionality of those subsets following stroke
and RTL1000 treatment was also examined. CD69 is the earli-
est activation-inducible cell surface molecule and is involved in
cell signaling and lymphocyte proliferation (Serra et al., 1996).

CD44 is an adhesion receptor on T cells that is upregulated fol-
lowing initial activation and remains highly expressed on effector
and memory T cells (Baaten et al., 2012). No significant differ-
ences were seen in CD69 or CD44 expression on T cells between
vehicle and RTL treatment in either mouse group with the excep-
tion of an increase of CD44 with RTL treatment on CD4+ T cells
T cells in young mice (Figures 6A–D). There was, however, a sig-
nificant or trend increase in CD69 expression on CD4 and CD8
T cells in young mice compared to older mice (Figures 6A,B).
Furthermore, CD44 was significantly increased on splenic CD4
and CD8 T cells from older mice after MCAO compared to
younger mice (Figures 6C,D). We hypothesize that T cells in the
younger mice are able to become activated efficiently, thus the
increased CD69 expression after MCAO, yet elevated frequencies
of effector/memory T cells observed in older mice lead to a sus-
tained greater number of T cells with high CD44 expression. An
examination of migration marker and chemokine receptor CCR5
indicated no change in expression after MCAO between vehicle
and RTL treatment or age groups (Table 6).

INFLAMMATORY CYTOKINES ARE ELEVATED IN SPLEENS FROM OLDER
MICE AFTER MCAO
Inflammatory cytokines play an integral role in the effector func-
tions of the immune response. Spleen derived IFNγ directly
contributes to neurodegeneration related to stroke (Yilmaz et al.,
2006; Seifert et al., 2012b). TNFα, IL-17, and IL-21 have also have
also been linked to stroke progression (Barone et al., 1997; Li et al.,
2001; Pan and Kastin, 2007; Gelderblom et al., 2012; Swardfager
et al., 2013; Clarkson et al., 2014). We found no significance dif-
ference in the frequency of specific immune cells secreting IFNγ,
TNFα, IL-17, or IL-21 between vehicle and RTL treated mice
with either young or old MCAO mice (Table 7). IL-21 produc-
tion by splenic CD4+ T cells was significantly greater in older
mice compared to younger mice following MCAO for the RTL
treated group only and there was no difference in IL-17 produc-
tion between the two age groups with either vehicle or treatment
(Table 7). IFNγ producing CD4+ and CD8+ T cells were sig-
nificantly greater in the spleens of older mice than younger
mice following MCAO (Figures 7A,C,D). Similarly, TNFα posi-
tive CD4+ and CD11b+ cells were also increased in the spleens
of older mice than younger mice (Figures 7B,E,F). We believe that
96 h post-MCAO may be a window of time where memory and
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FIGURE 2 | RTL1000 reduces activated and infiltrating cells in the
ischemic hemisphere of 16 month but not 8-week-old mice. Brains from
young or older male mice were harvested 96 h after MCAO. Leukocytes were
isolated from the ischemic hemisphere and phenotyped by flow cytometry.
Representative flow cytometry dot plots of activated microglia/monocytes
(A). Absolute number of each cell phenotype was calculated using
phenotype percent and total cell numbers. CD11b+CD45hi activated
microglia/monocytes (B), CD3+ T cells (C), CD11c+ dendritic cells (D) and

CD19+ B cells (E) in the ischemic hemisphere were determined. Total cell
number was calculated by multiplying cells per microliter run through the
flow cytometer by the total sample volume (F). Cells were analyzed for death
by 7-AAD (G). Values represent mean numbers (±s.e.m.) of indicated cell
subsets from 5 to 6 young mice per treatment group, from 2 to 3 separate
experiments and 4 older mice per group, from 2 separate experiments
each. ∗ Indicates p < 0.05 and ∗∗ indicates p < 0.01 compared with vehicle
group by t-test.

effector immune cells which are quick to reactivate have accu-
mulated in older mice, thus leading to immediate and amplified
cytokine production compared to the higher frequency of naïve
cells in young mice.

DISCUSSION
In the next few decades nearly 4% of the population will be
affected by stroke (Ovbiagele et al., 2013) leading to increase in

stroke-related mortality and disability and an even greater need
for stroke therapies. Furthermore, understanding how the body
responds to stroke as we age is equally as imperative. Previous
work done by our lab and others has outlined the contribut-
ing immunological factors that influence neurodegeneration fol-
lowing stroke. In young male mice, MCAO induces peripheral
immune pro-inflammatory activation that triggers immune cell
efflux from the spleen into circulation, some of which go on
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Table 3 | Splenocyte number and viability.

8-week-old mice 16-month-old mice

Vehicle RTL1000 Vehicle RTL1000

Splenocyte number 1.9 × 107 ± 5.5 × 106 4.2 × 107 ± 5.6 × 106* 2.6 × 107 ± 3.8 × 106 4.2 × 107 ± 4.1 × 106**

Cell death % 11.3 ± 0.8 5.3 ± 1.36** 9.2 ± 1.28 9.2 ± 1.63

* indicates significance compare to vehicle *p ≤ 0.05 **p ≤ 0.01.

FIGURE 3 | Splenic atrophy is prevented with RTL1000. Spleens were
harvested 96 h after MCAO. Splenocytes were isolated and counted by a
Cellometer T4 and total splenocyte number was calculated (A). Values
represent mean numbers (±s.e.m.) of 6 young vehicle, 5 young RTL, 12
older vehicle, and 13 older RTL mice. Splenocyte death was determined by
7-AAD fluorescence (B). Values represent mean numbers (±s.e.m.) of 5
young mice from each treatment group, 6 older vehicle and 9 older RTL
mice. ∗ Indicates p < 0.05 and ∗∗ indicates p < 0.01 compared with vehicle
group by t-test.

Table 4 | Cell types in the spleen.

8-week-old mice 16-month-old mice

Cell type Vehicle RTL1000 Vehicle RTL1000

Total CD3+ T cells 34.2 ± 1.6 27.7 ± 1.8* 21.0 ± 2.1## 18.4 ± 0.7###

CD4+ T cells 18.7 ± 1.2 15.1 ± 0.6* 12.8 ± 0.8## 9.8 ± 0.3**###

CD8+ T cells 13.9 ± 0.9 9.9 ± 1.2* 10.0 ± 1.0# 10.0 ± 0.9

CD11b+ myeloid cells 4.9 ± 0.4 3.6 ± 0.4* 3.2 ± 0.2## 3.5 ± 0.2

CD11b+Ly6G+ neutrophils 4.9 ± 0.4 3.8 ± 0.5 4.7 ± 0.3 4.3 ± 0.3

CD11b+Ly6C+ monocytes 3.5 ± 0.3 2.2 ± 0.4* 2.6 ± 0.3# 2.9 ± 0.2

CD11c+ dendritic cells 1.6 ± 0.1 1.8 ± 0.2 1.3 ± 0.1 1.9 ± 0.2

CD19+ B cells 42.8 ± 2.7 53.7 ± 2.0* 59.0 ± 1.5## 62.3 ± 1.5##

* indicates significance compare to vehicle *p ≤ 0.05; **p ≤ 0.01.
# indicates significance compared to 8-week-old mice #p ≤ 0.05; ##p ≤ 0.01;
###p ≤ 0.001.

to target the brain (Offner et al., 2006a,b; Seifert et al., 2012a).
Despite the over 1000 neuroprotectants that have been successful
in preclinical studies and more than 100 clinical trials initiated,
there has been an astounding failure in translation of those neu-
roprotectants to successful stroke therapies in humans (Turner

FIGURE 4 | The effect of RTL1000 on peripheral immune subsets in
younger vs. older mice. Spleens were harvested 96 h after MCAO and
immunophenotyped by flow cytometry. The frequency of CD4+ T cells (A),
CD8+ T cells (B), CD3+ T cells (C), CD11b+ monocytes/neutrophils (D),
CD11b+Ly6C+ monocytes/macrophages (E), and CD19+ B cells (F) were
determined. Values represent mean numbers (±s.e.m.) of 5 young mice from
each treatment group, 4–6 older vehicle and 9 older RTL mice. ∗ Indicates
p < 0.05, ∗∗ indicates p < 0.01, and ∗∗∗ indicates p < 0.001 compared with
vehicle group by t-test.

et al., 2013). One contributing factor to the lack of success in
clinical stroke therapy is the underrepresentation of older mice
in therapy based research to more accurately represent the age of
most humans afflicted by stroke.
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Table 5 | Regulatory cells in the spleen.

Cell type 8-week-old mice 16-month-old mice

Vehicle RTL1000 Vehicle RTL1000

CD4+Foxp3+ 15.42 ± 2.0 16.12 ± 0.8 21.63 ± 2.0 20.2 ± 1.4#

CD8+CD122+ IL-10+ 3.9 ± 0.4 5.2 ± 0.4* 4.2 ± 0.2 3.4 ± 0.8

* indicates significance compare to vehicle *p ≤ 0.05.
# indicates significance compared to 8-week-old mice #p ≤ 0.05.

FIGURE 5 | Splenic CD4+ regulatory T cells increase with age in
MCAO mice while CD8+ regulatory T cells are increased by
RTL1000 treatment. Spleens were harvested 96 h after MCAO and
immunophenotyped by flow cytometry. CD4+ regulatory T cells were
gated on CD4+ positive splenocytes and determined by Foxp3
expression compared to isotype (A). Values represent mean numbers
(±s.e.m.) of 5 young mice from each treatment group, 4 older vehicle
and 7 older RTL mice. CD8+ regulatory T cells were gated on the
CD8+CD122+ subset and determined by IL-10 expression compared to
isotype (B). Values represent mean numbers (±s.e.m.) of 5 young mice
from each treatment group, 3 older vehicle and 5 older RTL mice.
∗ indicates p < 0.05.

RTL therapy has been shown by our lab to be a promising
neuroprotectant therapy for stroke in young male mice (Akiyoshi
et al., 2011; Dziennis et al., 2011). Here we report that RTL1000
similarly reduced infarct volume in older and younger HLA-DR2
male mice when administered after the onset of MCAO. RTL1000
also reduced the mortality rate of MCAO in older mice. Cerebral
ischemia induces activation of resident microglia and an influx of
peripheral leukocytes into the brain (Huang et al., 2006). In older
mice, RTL treatment significantly reduced the absolute number of
activated monocytes/microglia, T cells, and dendritic cells in the
ischemic hemisphere following MCAO. Although these cell num-
bers were also reduced with RTL in young mice after MCAO, the
differences remained insignificant. RTL did not affect ischemic
total infiltrating cell number or cell death, yet both were greater
in older mice compared to younger mice after MCAO indicating
possible differences in how young and older individuals respond
to stroke.

FIGURE 6 | T cells in the spleen of younger mice increase activation
marker CD69 while older mice display elevated CD44 expression
following MCAO. Spleens were harvested 96 h after MCAO. Early T cell
activation was determined by gating on CD4+ (A) or CD8+ (B) subsets and
measuring expression of early activation marker, CD69. Effector/central
memory was determined by gating on CD4+ (C) or CD8+ (D) subsets and
measuring expression of CD44. Values represent mean numbers (±s.e.m.)
of 5 young mice from each treatment group, 7 older vehicle and 9 older RTL
mice. ∗ indicates p < 0.05 and ∗∗∗ indicates p < 0.001 compared with
vehicle group by t-test.

The peripheral inflammatory response to stroke has been
extensively studied and can give crucial insight into the mecha-
nisms of neuroprotection of stroke therapy. One of the hallmarks
of the immune response to stroke is splenic atrophy (Offner et al.,
2006b). RTL1000 therapy restored total splenocyte numbers in
young and older mice after MCAO compared to vehicle indicating
a therapy based prevention of splenic atrophy in both age groups.
There is an inverse correlation of percent cell death and total cell
number in the spleen of young mice. The same trend of increased
splenocyte death following MCAO was also observed in young
male C57BL/6 mice by our lab (Offner et al., 2006b). RTL therapy
did not, however, reduce splenocyte death in older mice com-
pared to vehicle. These data suggest that RTL therapy prevents
splenic atrophy by preventing cell death and likely by inhibit-
ing splenocyte migration in young mice while only preventing
splenocyte migration in older mice.

Previous work published by our lab revealed that in addi-
tion to a total reduction of cell numbers in the spleen, MCAO
also contributes to a shift in the frequencies of the different
immune subsets that comprise the spleen (Offner et al., 2006b).
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Table 6 | Activation/migration markers on T cells.

Cell type/Marker 8-week-old mice 16-month-old mice

Vehicle RTL1000 Vehicle RTL1000

CD4+CD69+ 12.7 ± 1.1 12.3 ± 0.4 2.4 ± 0.4### 1.8 ± 0.1###

CD8+CD69+ 4.1 ± 0.6 3.2 ± 0.2 2.4 ± 0.6 1.4 ± 0.1###

CD4+CD44+ 25.5 ± 0.8 30.1 ± 1.5* 41.5 ± 1.7### 43.3 ± 1.9###

CD8+CD44+ 22.3 ± 1.3 25.1 ± 1.3 48.5 ± 1.7### 51.0 ± 3.0###

CD3+CCR5+ 8.5 ± 1.3 9.3 ± 0.4 8.6 ± 1.3 8.4 ± 0.4

* indicates significance compare to vehicle *p ≤ 0.05.
# indicates significance compared to 8-week-old mice ###p ≤ 0.001.

Table 7 | Cytokine production.

Cell type/Cytokine 8-week-old mice 16-month-old mice

Vehicle RTL1000 Vehicle RTL1000

CD4+IFNγ+ 4.8 ± 0.7 5.6 ± 0.3 10.2 ± 1.7# 9.5 ± 1.6#

CD8+IFNγ+ 6.0 ± 1.2 7.0 ± 0.4 21.7 ± 1.5### 22.1 ± 5.1#

CD4+TNFα+ 7.2 ± 2.1 6.9 ± 1.4 30.7 ± 1.9### 33.1 ± 3.2###

CD11b+TNFα+ 7.0 ± 0.6 7.1 ± 0.5 33.1 ± 2.6### 39.4 ± 1.4###

CD4+IL-17+ 1.3 ± 0.1 1.8 ± 0.2 1.6 ± 0.6 1.7 ± 0.4

CD4+IL-21+ 1.8 ± 0.3 1.6 ± 0.2 3.5 ± 1.2 3.0 ± 0.5#

# indicates significance compared to 8-week-old mice #p ≤ 0.05; ###p ≤ 0.001.

Specifically, we saw a significant increase in CD4+, CD8+, and
CD3+ T cells and a significant decrease of B cells in the spleens
of C57BL/6 mice 96 h after MCAO compared to sham (Offner
et al., 2006b). RTL treatment significantly decreased the fre-
quency of CD4+, CD8+, and CD3+ T cells and increased B cells
in the spleen of young mice following MCAO suggesting that
in young mice, RTL treatment counteracts changes in immune
cell subsets that occur in the spleen after stroke. In addition
to stroke induced changes in T and B cell frequencies in the
spleen, RTL treatment led to a modest but significant reduction
in monocytes/macrophages in young mice. Circulating mono-
cytes and macrophages are recruited to the ischemic brain 3–7
days after stroke where they contribute to neurodegeneration and
recruitment of additional pathogenic immune cells (Chiba and
Umegaki, 2013). Since we do not observe a recruitment of acti-
vated monocytes/macrophages into the ischemic brain of RTL
treated young mice after MCAO, we can hypothesize that the
reduction of monocytes/macrophages in the spleen is due to
inhibition of activation-induced cell expansion and not cellular
migration out of the spleen.

The changes in splenocyte subsets between RTL treated and
vehicle control mice were not the only remarkable differences
observed in the spleen 96 h after MCAO. In fact, of the six
immune subsets that were significantly affected by RTL treat-
ment after MCAO in young mice, CD4+ T cells were the only cell
group that were also significantly reduced with older, RTL treated
MCAO mice compared to vehicle. Additionally, major differences
were observed in peripheral immune cell frequencies after stroke
in young vs. older control mice. CD4+, CD8+, and CD3+ T cells,

total CD11b+ and CD11b+Ly6C+ monocytes/macrophages
were all significantly reduced in the older control MCAO mice
compared to the young control mice. RTL treated groups followed
the same pattern for CD4+ and CD3+ T cells. CD19+ B cells
were significantly elevated in both the control and RTL groups
of older mice following MCAO compared to young mice. Such
notable disparities in peripheral immune frequencies continue
to confirm that younger and older mice respond to stroke and
RTL treatment following stroke through different immunological
mechanisms.

The frequency of CD4+ Foxp3+ regulatory cells in the spleen
increases after MCAO (Offner et al., 2006b) although there are
contradicting data on whether CD4+ regulatory T cells dimin-
ish or exacerbate stroke related neuronal damage (Schabitz, 2013;
Xu et al., 2013). Recent studies have reported that CD4+ Tregs
play a protective role against damage following stroke (Liesz et al.,
2009; Planas and Chamorro, 2009; Li et al., 2013), while others
demonstrate Tregs as harmful promoters of neurodegeneration
(Kleinschnitz et al., 2013a; Kleinschnitz and Wiendl, 2013b) or
find that Tregs do not influence stroke (Ren et al., 2011; Gu et al.,
2012; Stubbe et al., 2013). The conflicting reports of CD4+ Tregs
and stroke thus far indicate that there is still much unknown
about the regulation of the immune response after stroke and
even less known about Treg response to stroke in older subjects. In
our study RTL did not affect the frequency of CD4+Foxp3+ Tregs
in either older or younger mice. There was, however, a trending
increase (p = 0.0675) in Tregs in older vehicle vs. younger vehi-
cle mice and a significant increase in RTL treated mice compared
to younger RTL mice. The increase in spleen derived Tregs after
MCAO in older mice agrees with multiple reports of Treg increase
with age contributing to immune senescence (Sharma et al., 2006;
Rosenkranz et al., 2007; Lages et al., 2008; Williams-Bey et al.,
2011; Raynor et al., 2012). There are far fewer reports on the
effect of regulatory CD8+ T cells during and after stroke. CD8+
Tregs co-express CD122 and kill/suppress effector cells via per-
forin and immunosuppressive cytokines, such as IL-10 (Wang and
Alexander, 2009). IL-10 producing CD8+CD122+ Tregs have
been directly correlated with a decrease in infarct after MCAO
(Banerjee et al., 2013; Bodhankar et al., 2013). CD8+CD122+IL-
10+ cells were significantly greater in the periphery of young RTL
treated mice but not older RTL treated mice compared to their
vehicle counterparts. Although infarct sizes were significantly less
with RTL treatment of both age groups, only older mice had a sig-
nificant reduction in activated microglia/monocytes, T cells, and
dendritic cells compared to vehicle. We speculate that CD8+ reg-
ulatory cells from the periphery of RTL treated older mice had
already migrated to the brain, thus reducing activated immune
cells in the ischemic hemisphere, while remaining in the spleen of
younger RTL treated mice.

CD69 is the earliest inducible cell surface antigen expressed
with T cell activation. Although we observed no change in CD69
expression in mice that received RTL treatment after MCAO,
there were significantly less CD69+ T cells from older mice after
MCAO. In humans, aged subjects have a lower proportion of
recently activated CD69+ T cells compared to younger controls
and fail to upregulate CD69 expression following stimulation
through CD3, PHA or PMA/Ionomycin as effectively as younger
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FIGURE 7 | Inflammatory cytokines are elevated in spleens from older
mice after MCAO. Spleens were harvested 96 h after MCAO. Representative
flow cytometry dot plots of IFNγ (A) and TNFα (B) producing immune
subsets. IFNγ production was determined by gating on CD4+ (C) or CD8+
(D) subsets and measuring IFNγ positive cells compared to isotype. TNFα

production was determined by gating on CD4+ (E) or CD11b+ (F) subsets
and measuring TNFα positive cells compared to isotype. Values represent
mean numbers (±s.e.m.) of 5 young mice from each treatment group, 3 older
vehicle and 5 older RTL mice. ∗ Indicates p < 0.05 and ∗∗∗ indicates
p < 0.001 compared with vehicle group by t-test.
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controls (Serra et al., 1996; Schindowski et al., 2002). Therefore,
the discrepancy in CD69 expression between older and younger
mice can be attributed to age related immune senescence in T
cell activation. CD44 is a widely expressed adhesion receptor that
becomes upregulated and maintained on T cells after antigen spe-
cific activation. CD44 is commonly associated with the effector
memory and central memory T cell populations and has numer-
ous functions. We were surprised to see an elevated level of CD44
on CD4+ T cells from younger mice that had received RTL treat-
ment after MCAO. Although commonly known for its role in
promoting the immune response, cell migration and T cell prolif-
eration, CD44 is also involved in various regulatory mechanisms
such as maintaining functional Tregs and cell survival (Baaten
et al., 2010). CD44 has also been shown to be involved in limit-
ing and resolving inflammation (Johnson and Ruffell, 2009). We
speculate the increase in CD44 on CD4+ T cells from younger
mice that received RTL after MCAO could be linked to a reg-
ulatory role that assisted in the decrease of neuroinflammation
and splenic atrophy. The percent of CD44+ and memory T cells
increases with age (Barrat et al., 1995; Naylor et al., 2005); there-
fore the significantly greater CD44 expressing CD4 and CD8 T
cells in the spleen of older vehicle or RTL treated mice after
MCAO is likely indicative of a larger effector and central memory
population.

Inflammatory cytokines are well-known to play a destructive
role in brain inflammation following stroke. Spleen derived IFNγ

is directly linked to neurodegeneration (Seifert et al., 2012b) and
TNFα promotes inflammation and leukocyte infiltration into the
brain, thus increasing infarct size (Feuerstein et al., 1994; Barone
et al., 1997). The neuroprotection observed with RTL therapy
in both young and older mice cannot be attributed to a change
in peripheral cytokine secretion as demonstrated in Figure 7.
Interestingly, with both treatment and vehicle, IFNγ or TNFα

production by CD4+ and CD8+ T cells or CD4+ T cells and
CD11b+ macrophages, respectively, was significantly greater in
older mice compared to young mice after MCAO. Both IFNγ

and TNFα production increase with age in CD4+/CD8+ T cells
and mononuclear cells, respectively (Fagiolo et al., 1993; Bandres
et al., 2000; Yen et al., 2000). The abundant amount of mem-
ory cells in older compared to younger individuals, which we
also observed, requires less secondary stimulus for activation and
cytokine secretion and is hypothesized to be partially responsi-
ble for the cytokine elevation with age. Although the increase in
IFNγ and TNFα in the older mice did not lead to an increase of
infarct size compared with young mice, there were significantly
greater total cells and cell death in the ischemic hemisphere of
16-month-old mice.

To summarize, the current study demonstrates that treatment
with RTL1000 following MCAO significantly reduces infarct vol-
ume in 16-month-old mice similar to 8-week-old mice. However,
the mechanism of neuroprotection is different between older and
younger mice. RTL1000 significantly reduced infiltrating leuko-
cytes in the brain of older mice while significantly reducing cell
death and altering the frequency of specific splenocyte subsets
in young mice. RTL1000 also inhibited splenic atrophy in both
age groups. Additionally, there were major differences in spleno-
cyte activation and cytokine secretion between younger and older

mice in response to stroke. In conclusion, age-specific differences
in the immune response to stroke resulted in RTL protection from
experimental stroke through peripheral-based immune regula-
tion in young mice and inflammatory tissue-specific protection
of older mice.
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Translational research to discover ther-
apeutic targets for stroke has not fared
well in developing new treatments for
patients. The three most pressing issues
are the choice of therapeutic target, animal
model, and timepoint of administration
of treatment. This manuscript “Different
immunological mechanisms govern pro-
tection from experimental stroke in young
and older mice with recombinant TCR lig-
and therapy” provides a fresh approach
toward developing stroke treatments
(Offner et al., 2014). This study examines
treating with recombinant TCR ligand
(RTL) in both young and older mice 4
hours after MCAO. RTL consist of the
specific domains of MHC II molecule
and inhibits activation of T cells toward
inflammation. The novelties of this study
are several fold including: (1) inhibition of
a specific immunoinflammatory pathway
to avoid total immunosuppression, (2) use
of elderly mice to mimic the population of
human patients and (3) administration at
a clinically relevant timepoint.

For a number of years, researchers have
reported the entry of immune cells into

the area of the infarct, which leads to fur-
ther neurodegeneration. However, target-
ing this immune response as a treatment
for stroke remains elusive (Iadecola and
Anrather, 2011). In the past several years,
the spleen has been reported to be a focal
point for the immune system to mount
an inflammatory response that exacer-
bates stroke-induced neurodegeneration
(Offner et al., 2006; Vendrame et al., 2006).
In fact, ablation of the spleen reduces
inflammation and neural cell death in
the rodent brain after experimental stroke
(Ajmo et al., 2008; Ostrowski et al., 2012;
Jin et al., 2013). Blockade of interferon
gamma signaling has been reported to
be neuroprotective in experimental stroke
(Liesz et al., 2009, 2011; Seifert et al., 2014)
although other groups have reported alter-
native results in their model systems (Chu
et al., 2000; Lambertsen et al., 2004).
T cells are the main effector cell of this
neurodegenerative response and responsi-
ble for the release of the proinflammatory
interferon gamma, which is a potent acti-
vator of microglia becoming neurotoxic
(Boehm et al., 1997; Mebius and Kraal,
2005). Moreover, addition of interferon
gamma reverses the neuroprotection pro-
vided by splenectomy, demonstrating that
this cytokine plays a major role in the
spleen eliciting response resulting in fur-
ther neural death after stroke (Seifert et al.,
2012). As shown in this study, adminis-
tration of RTL directly inhibits the T cell
response to stroke, which concomitantly
deactivates the splenic response as well in
both young and old mice.

This treatment reduced infarct volumes
in both age groups by altering the immune
response to this neurological insult. Most
interestingly, the recombinant TCR lig-
and differentially affected components of
the immune response in the elderly and
young mice but still resulted in a blunted
immune response reducing neurodegener-
ation. This study illuminated differences in
the immune cell composition and inflam-
matory expression between these two age
groups in response to stroke. This is one of
the few studies that enlists elderly animals
which begins to provide insight into the
differences in the physiological responses
to stroke between young and the aged
animals. Such differences in young and
elderly could be responsible for the fail-
ure to translate findings at the bench to
those in the clinic since the vast major-
ity of studies use greatly cheaper young
ones. More studies using elderly rodents
will further supply additional insight in
translating stroke treatment from the pre-
clinical research to the clinical setting. This
study sets the basis for future ones to
develop new therapeutic approaches for a
treatment for stroke.
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Sphingolipids are a fascinating class of signaling molecules derived from the membrane
lipid sphingomyelin. They show abundant expression in the brain. Complex sphingolipids
such as glycosphingolipids (gangliosides and cerebrosides) regulate vesicular transport
and lysosomal degradation and their dysregulation can lead to storage diseases with a
neurological phenotype. More recently, simple sphingolipids such ceramide, sphingosine
and sphingosine 1-phosphate (S1P) were discovered to signal in response to many
extracellular stimuli. Forming an intricate signaling network, the balance of these readily
interchangeable mediators is decisive for cell fate under stressful conditions. The
immunomodulator fingolimod is the prodrug of an S1P receptor agonist. Following
receptor activation, the drug leads to downregulation of the S1P1 receptor inducing
functional antagonism. As the first drug to modulate the sphingolipid signaling pathway,
it was marketed in 2010 for the treatment of multiple sclerosis (MS). At that time,
immunomodulation was widely accepted as the key mechanism of fingolimod’s efficacy
in MS. But given the excellent passage of this lipophilic compound into the brain and
its massive brain accumulation as well as the abundant expression of S1P receptors on
brain cells, it is conceivable that fingolimod also affects brain cells directly. Indeed, a
seminal study showed that the protective effect of fingolimod in experimental autoimmune
encephalitis (EAE), a murine MS model, is lost in mice lacking the S1P1 receptor on
astrocytes, arguing for a specific role of astrocytic S1P signaling in MS. In this review, we
discuss the role of sphingolipid mediators and their metabolizing enzymes in neurologic
diseases and putative therapeutic strategies arising thereof.

Keywords: sphingosine 1-phosphate, ceramides, sphingosine kinase, sphingosine 1-phosphate receptors, multiple
sclerosis, stroke, epilepsy, dementia

THE SPHINGOLIPID SIGNALING PATHWAY
Sphingolipids have first been described by the German physician
Ludwig Thudichum, then living in London (Great Britain) in
the end of the 19th century in his book “A treatise on the
chemical constitution of the brain”. The more complex cere-
brosides) are required for cell functions such as cell recogni-

Abbreviations: AD, Alzheimer’s disease; BBB, blood-brain barrier; BDNF,
brain-derived neurotrophic factor; CNS, central nervous system; EAE, exper-
imental autoimmune encephalitis; ERK1/2, extracellular signal-regulated
kinase; GBM, multiform glioblastoma; Gd, gadolinium; HDAC, histone
deacetylase; HIF, hypoxia-inducible factor; HP, hypoxic preconditioning;
HRE, hypoxia-responsive element; IFNγ, interferon γ; IL-1β, Interleukin-1β;
LPP3, lysophospholipid phosphatase 3; LPS, lipopolysaccharide; LTP, long-
term potentiation; MRI, magnetic resonance imaging; MS, multiple sclero-
sis; PKB/Akt, protein kinase B/Akt kinase; RRMS, relapsing-remitting MS;
NMDA, N-methyl-D-aspartate; S1P, sphingosine 1-phosphate; S1P1−5, S1P
receptor types 1 to 5; S1PL, sphingosine 1-phosphate lyase; SphK1, sphin-
gosine kinase 1; SphK2, sphingosine kinase 2; SPP, sphingosine 1-phosphate
phosphatase; TNFα, tumor necrosis factor α; t-PA, tissue-type plasminogen
activator; TrkB, tropomyosin receptor kinase B; VEGFα, vascular endothelial
growth factor α.

tion, vesicular transport and lysosomal degradation and their
dysregulation can lead to storage diseases with a neurological
phenotype (Sandhoff and Christomanou, 1979), for example
Tay-Sachs disease, Sandhoff disease or Niemann-Pick disease. The
physiological relevance of sphingomyelin and its derivatives as
signaling molecules gradually came into focus during the last
decades, spurred by the discovery of sphingosine as an inhibitor
of protein kinase C (Hannun et al., 1986; Wilson et al., 1986,
reviewed by Kolesnick, 1991). Numerous reviews focus on the
intricate regulation of the sphingolipid pathway (Huwiler et al.,
2000; Hannun and Obeid, 2008; Huwiler and Pfeilschifter, 2008)
with ceramides and sphingosine 1-phosphate (S1P) functioning
as key signaling molecules (Figure 1). The pathway forms a
rheostat and the substrates are readily interconvertible. Ceramide,
which is derived either from the membrane lipid sphingomyelin
by sphingomyelinases or synthesized de novo can be induced
by many cell stressors. It acts on defined intracellular targets
(reviewed by Huwiler et al., 2000; Ruvolo, 2003) and in general
has proinflammatory and proapototic effects. It is degraded to
sphingosine, which can be phosphorylated to S1P by sphingosine
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FIGURE 1 | The sphingolipid signaling pathway. Sphingolipid signaling molecules are derived from the membrane lipid sphingomyelin and intricately
regulated forming a “rheostat” that can be imbalanced in disease states.

kinase (SphK), an enzyme that exists in two isoforms with
different subcellular distribution, SphK1 and SphK2. S1P is
an antiinflammtory, proproliferative and antiapoptotic signaling
molecule. It was first assumed to act as an intracellular second
messenger, because its cellular levels increased upon growth
factor stimulation of SphK. However, it took years to identify
the first intracellular targets of S1P, whereas it was soon dis-
covered that S1P can signal from the extracellular side through
a family of G protein-coupled receptors (GPCRs), formerly
known as Endothelial Differentiation Genes (EDG; Kluk and
Hla, 2002). Previously, they had been orphan receptors without
known ligands. In 2002, they were renamed by the IUPHAR into
S1P1−5 (Chun et al., 2002). Kawahara et al. (2009) identified
Spinster 2 (Spns2) as a specific outward transporter for S1P
(Figure 2).

Mouse models with genetic deletions of S1P receptors and the
use of pharmacological tools have been helpful to shed light on the
role of S1P in lymphocyte homeostasis, in the development of the
cardiovascular and the central nervous system (CNS), and main-
tenance of endothelial barriers (reviewed by Brinkmann, 2007).
S1P1−3 show a practically ubiquitous expression, whereas S1P4

expression is mainly detectable on leukocytes but not relevantly in
the brain, and S1P5 shows a high expression in oligodendrocytes,
the main myelinating cells of the brain. The receptors couple to
different G proteins (Gαi, Gαq, Gα12/13). From the point-of-
view of drug development, the differential receptor expression
patterns in different organs, a modulation of receptor expression
in disease states, as well as the differential coupling to G proteins,

may afford a sufficient degree of specificity to make S1P receptors
drugable targets (Figure 2).

Currently, many of the pathophysiologically relevant processes
seem to be regulated by the S1P1 receptor. Studies of S1P receptor
knockout mice showed embryonic lethality for S1P1-deficient
mice with defects in vasculogenesis and neural tube formation,
supporting the important role of this receptor in developmen-
tal processes, but not for mice deficient for one of the other
four S1P receptors. The S1P1 receptor has also been shown to
be the relevant receptor to mediate the decisive effect of the
vascular S1P gradient on the number of circulating immune
cells. S1P concentrations are close to the micromolar range
in the bloodstream and concentrations in interstitial fluids are
around three orders of magnitude lower. Most prominent are the
effects on T lymphocytes: antigen-induced activation of T cells
leads to an up-regulation of S1P1 and therefore increases the
responsiveness to S1P. S1P1 regulates T cell trafficking at multiple
stages of T cell development as well as their responses, e.g.,
thymocyte egress into the periphery, egress of mature T cells
out of lymph nodes during systemic trafficking and retention
of T cells in non-lymphoid tissues. B cells do not require S1P1

to leave the bone marrow but, like T cells, they need the
receptor to exit secondary lymphoid organs (Matloubian et al.,
2004; Ledgerwood et al., 2008; Skon et al., 2013). The egress
of other immune cells such as eosinophils (Sugita et al., 2010)
and natural killer cells (Walzer et al., 2007) also depends on
S1P receptors. In dendritic cells, the functional S1P antagonist
fingolimod increased the production of the anti-inflammatory
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FIGURE 2 | Biological functions of S1P receptor signaling. S1P signals via
five G protein-coupled receptors, termed S1P1−5. Each of the receptors
couples to several G proteins eliciting different downstream events. FTY720
phosphate activates all S1P receptors except S1P2. S1P and FTY720

phosphate are generated by intracellular phosphorylation of sphingosine and
FTY270, respectively and transported outwards to elicit signaling via S1P
receptors. Characteristically, FTY720 phosphate leads to agonist-induced
receptor internalization of the S1P1 receptor.

cytokine IL-10 and reduced IL-12 secretion (Durafourt et al.,
2011).

The vascular S1P gradient also seems to serve as a “tonic”
regulator of endothelial barrier integrity. The intricate regulation
of barrier function via cytoskeletal rearrangement with opposing
functions of the S1P receptors S1P1, S1P2 and S1P3 signaling via
small GTPases of the Rho family and the functional consequences
in several disease models have been reviewed by Xiong and Hla
(2014; Figure 2).

Besides the S1P receptors, also the SphKs catalyzing S1P
formation, SphK1 with cytoplasmic localization and SphK2, the
predominant SphK isoform in the brain, with primarily nuclear
localization (Igarashi et al., 2003) as well as the S1P degrading
enzymes S1P lyase (S1PL; Le Stunff et al., 2002), S1P phosphatases
(SPP1 and SPP2), and the lysophospholipid phosphatase 3 (LPP3;
Brindley and Pilquil, 2009) have been found to be altered in
several neurological diseases and also represent putative targets
for drug development (Figure 1).

DISCOVERY AND DEVELOPMENT OF FINGOLIMOD/FTY720
The substance fingolimod (also known as FTY720) has made
a very long and interesting journey from traditional asian
medicine to a drug tested in large scale international multicenter

randomized-controlled placebo-or standard of care-controlled
trials proving its efficacy in the treatment of multiple sclerosis
(MS) (reviewed by Im, 2003). It evolved from derivatization of
ISP-1 that has been isolated from the fungus Isaria sinclairii.
This fungus contributes to the fascinating phenomenon of “veg-
etable wasps and plant worms”, also termed “vegetative wesps”
or “winter-insect and summer-plant” according to its Chinese
characters, caused by the fungus infecting the living insect host,
feeding on it during winter time and growing out of the host
insect’s cadaver in summer (Fujita et al., 1994). ISP-1 showed 10-
100fold greater immunosuppressant activity than ciclosporin A in
experimental models (Fujita et al., 1994) and was modified for less
gastric toxicity to fingolimod (Kiuchi et al., 2000). In contrast to
all known immunosuppressants known at that time, fingolimod
acts via a sequestration of circulating mature lymphocytes to the
lymph nodes (Chiba et al., 1998) without major alterations of
their immune functions such as cytokine secretion (Yanagawa
et al., 1998), and thus seemed to promise the prevention of
allograft rejection without a severe general immunosuppression
(reviewed by Brinkmann et al., 2000). Inspired by the structural
similarity of FTY720 to sphingosine (Figure 3) and the fact that
S1P receptors had been identified on lymphocytes, Brinkmann
et al. (2002) discovered that fingolimod was phosphorylated by
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FIGURE 3 | Phosphorylation of fingolimod generates a structural analog
to S1P. Fingolimod shows high analogy to sphingosine and is
phosphorylated by spingosine kinases, mainly SphK2, which is the

predominant SphK isoform in the brain. Fingolimod is a prodrug of fingolimod
phosphate that can signal via S1P receptors and activate intracellular targets
of S1P.

SphKs to fingolimod phosphate and targeted S1P receptors and
thereby could prevent experimental autoimmune encephalitis
(EAE), the rodent disease model for MS, in rats. Mandala et al.
(2002) provided evidence for lymphocyte sequestration in the
lymph nodes secondary to S1P receptor activation. Matloubian
et al. (2004) established the S1P1 receptor to be essential for
sensing of the S1P gradient by lymphocytes leading to recircu-
lation and regulation of lymphocyte egress from both thymus
and peripheral lymphoid organs. The inhibition of lymphocyte
recirculation by fingolimod argues for a functional antagonism
of fingolimod phosphate at the S1P1 receptor. Indeed, Gräler and
Goetzl (2004) described a downregulation of S1P receptors upon
treatment with fingolimod and Pham et al. (2008) showed in
vivo that treatment with fingolimod reduced membrane expres-
sion of S1P1 on lymphocytes. This proposed functional antag-
onism of fingolimod at S1P1 is in line with the observation
that mutant mice that express an internalization-defective S1P1

have delayed lymphopenia kinetics in response to fingolimod
(Thangada et al., 2010) and that a lymphocytic knock-down
of S1P1 also inhibits their egress from thymus (Allende et al.,
2004).

Fingolimod was advanced into large scale randomized con-
trolled trials to prevent allograft rejection in patients with
renal transplantations but finally its further development was
abandoned because high doses (2.5 mg/d and 5 mg/d) did not
provide sufficient immunosuppression to allow reduction of co-
immunosuppressants and was not superior to standard care.
There was an increased incidence of macular edema and transient
decreases in heart rate (reviewed by Mansoor and Melendez,
2008). Since 10–100–fold lower doses than those required in
animal models of organ graft survival had been highly efficient
in EAE (Brinkmann et al., 2010), the focus of clinical develop-
ment shifted from transplant medicine to MS as an autoimmune
disease.

Fingolimod might also have receptor-independent effects on
inflammation, especially by binding to intracellular targets of S1P
(Hait et al., 2014) or interacting with metabolism and signaling
of other lipids. Fingolimod can inhibit both S1P generating as

well as degrading enzymes such as SphK1 (Lim et al., 2011), S1PL
(Bandhuvula et al., 2005), the ceramide synthases (Lahiri et al.,
2009) and the acid sphingomyelinase (ASM; Dawson and Qin,
2011; Figure 4).

Ceramides could also play a role in MS pathophysiology
(Qin et al., 2010; Schiffmann et al., 2012) and evidence for
an interaction of fingolimod with ceramides has been shown
(van Doorn et al., 2012). Fingolimod also appears to inhibit the
cannabinoid receptor CB1 (Paugh et al., 2006), which has been
shown to have some proinflammatory properties in EAE (Zhang
et al., 2009). Additionally, fingolimod can inhibit phospholipase
A2 (PLA2) activity in mast cells and therefore prostaglandin and
thromboxane secretion (Payne et al., 2007). This could contribute
to the therapeutic effect of fingolimod in MS, as PLA2 has been
shown to be highly expressed in EAE plaques (Kalyvas and David,
2004) and arachidonic acid is increased in cerebrospinal fluid of
MS patients (Dore-Duffy et al., 1991).

CLINICAL EFFICACY OF FINGOLIMOD IN
RELAPSING-REMITTING MULTIPLE SCLEROSIS
MS is an autoimmune disease of the CNS. The primary mech-
anism is the aberrant formation of autoreactive immune cells
directed against CNS antigens. Upon passing the blood-brain
barrier (BBB), they meet their antigen and incite inflammatory
demyelination leading to subacute neurological symptoms that
can remit and, given the chronicity of the disease, relapse. In
the early inflammatory phase of the disease, immunomodulation
with beta-interferons or glatiramer acetate have been shown to
slow disease progression. In later stages of the disease, neurode-
generative processes also play a role.

Fingolimod was approved by the regulatory authorities world-
wide as the first oral agent to treat relapsing-remitting multiple
sclerosis (RRMS) after the successful completion of two phase III
studies in 2010 showed its efficacy. FREEDOMS (Kappos et al.,
2010) was a placebo controlled trial and TRANSFORMS (Cohen
et al., 2010) even showed the superiority of fingolimod over
treatment with intramuscular interferon beta-1a, the standard of
care for RRMS. FREEDOMS showed a relative reduction of the
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FIGURE 4 | Fingolimod interacts with sphingolipid metabolizing enzymes. Inhibitory effects on SphK1 (Lim et al., 2011), S1PL (Bandhuvula et al., 2005),
ceramide synthases (Lahiri et al., 2009) and the acid sphingomyelinase (ASM; Dawson and Qin, 2011) have been shown. NSM—neutral sphingomyelinases.

relapse rate by 54–60% and a corresponding effect on disability
progression (Kappos et al., 2006). TRANSFORMS showed similar
relapse rates, although no significant effect on disability. FREE-
DOMS II, another Phase III placebo controlled trial (Calabresi
et al., 2014) initiated by Novartis recently, could reproduce the
positive effect of fingolimod on relapse rate. In clinical practice,
due to its presumed superiority over interferon beta, fingolimod
is one of the first line therapeutic choices for highly active
RRMS.

Besides the positive effect on clinical outcome, previous clin-
ical trials (Kappos et al., 2006; Comi et al., 2010) as well as
the following phase III studies FREEDOMS, TRANSFORMS and
FREEDOMS II have shown effects of fingolimod on magnetic
resonance imaging (MRI) outcomes: Gadolinium (Gd) enhanced
lesions, the morphological correlates of clinical as well as sub-
clinical relapses, were reduced in the fingolimod treatment group
compared to the patients receiving interferon beta-1a or placebo.
Gd enhancement indicates BBB leakage, which is one of the
initial steps in the pathophysiological cascade resulting in a MS
plaque. Furthermore, BBB failure is a hallmark of almost every
inflammatory reaction in the CNS. Another secondary endpoint
of some of the studies cited above was brain atrophy—which
was also reduced in fingolimod treated patients. The reduction
of Gd-positive lesions demonstrates a direct or indirect anti-
neuroinflammatory effect of fingolimod in patients, whereas the
relatively crude parameter brain atrophy might be attributable to
a direct neuroprotective mechanism or secondary to a reduced
accumulation of MS plaques and secondary neurodegeneration.

As expected from the preceding animal studies, peripheral
lymphocyte counts of fingolimod-treated patients are signifi-
cantly reduced as compared to patients receiving placebo and
interferon beta-1a (Cohen et al., 2010; Kappos et al., 2010). In
contrast to other cytotoxic immunosuppressive drugs resulting
in lymphopenia, the effect of fingolimod on the peripheral cir-
culation of subsets of lymphocytes is reversible (Boulton et al.,
2012). In line with the available experimental data, other studies
showed that fingolimod selectively inhibits the egress of CCR7-
positive naive and central memory T lymphocytes from the lymph
node of treated patients (Pham et al., 2008). Effector memory cells
represent the largest T cell population in the blood of patients
receiving fingolimod and are important to maintain immune
competence (Masopust et al., 2001). Furthermore, these cells did
not lose the capacity to produce interferon-γ (IFNγ; Mehling
et al., 2008). On the other hand, the CD4+TH17 subset of lym-
phocytes, which are trapped by fingolimod is believed to have a
more pro-inflammatory role in the pathophysiology of MS (Lock
et al., 2002; Tzartos et al., 2008). TH17 cells produce proinflam-
matory IL-17 and IL-22, transmigrate efficiently across the BBB,
disrupt tight junctions, highly express neurotoxic substances, and
promote CNS inflammation through additional CD4+ T cell and
neutrophil recruitment (Kebir et al., 2007). In fingolimod-treated
patients, the remaining CD8+ T cells are less responsive to the
chemokine CCL2 (Johnson et al., 2010) and, therefore, probably
less likely recruited to sites of antigen-induced inflammation
(Carr et al., 1994). Fingolimod also strongly reduces certain sets
of B cell counts in the blood of MS patients (Kowarik et al., 2011).
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The remaining lymphocyte populations appear to be sufficient
to protect patients against most infections (Francis et al., 2014).
However, there is some evidence for more viral infections, e.g.,
severe herpes/varizella virus reactivation (Cohen et al., 2010),
pointing towards a compromised T cell function. The broad range
of immune regulatory functions of fingolimod seen in patient
blood samples and those of experimental animals goes far beyond
lymphocyte trafficking and has recently been reviewed by Garris
et al. (2014).

In summary, the clinical data on the efficacy of fingolimod
in RRMS is robust and has been shown in several independent
phase III trials. Additional drugs that modulate S1P signaling are
in the pipeline, some of them in advanced clinical trials (reviewed
by Bigaud et al., 2014). The dose of 0.5 mg/d approved for MS
treatment, which is decisively lower than doses used in animal
models to treat EAE, also leads to peripheral lymphopenia and
other immune cell mediated effects in patients. But the MRI find-
ings that fingolimod has unequivocal effects on BBB disruption
and brain atrophy suggests additional direct effects of fingolimod
in brain cells.

FINGOLIMOD IN EXPERIMENTAL MODELS OF MULTIPLE
SCLEROSIS
Fingolimod was first shown to be effective in EAE in the rat by
Brinkmann et al. (2002) at a dose of 0.3 mg/kg/d. Later studies
confirmed these results in different models of MS and different
species (Webb et al., 2004; Kataoka et al., 2005). The suppression
of EAE in mice and rats by fingolimod correlated with reduced
numbers of lymphocytes in the blood and the CNS (Brinkmann
et al., 2002; Kataoka et al., 2005).

Besides a prophylactic effect, which is comparable to relapse
prevention in patients, a therapeutic effect could also be shown
(Kataoka et al., 2005). Even a very late-initiated treatment is
able to reverse paralysis (Balatoni et al., 2007), downregu-
lates inflammatory genes such as matrix metalloproteinases and
reduces BBB leakiness (Foster et al., 2009). This effect is only
one of the mechanisms which appears to be independent of
the “classical” role of fingolimod in lymphocyte trafficking. In
EAE several additional effects on the immune system have been
shown: Fingolimod changes CD8+ effector T cell function and
inhibits their cytotoxic function by inhibition of cytosolic PLA2

and the reduction of IFNγ and Granzyme B expression. Inter-
estingly, this effect appears to be independent of S1P recep-
tor modulation as fingolimod phosphate did not elicit these
effects (Ntranos et al., 2014). In some EAE-studies, the effect
of fingolimod on CNS physiology was analyzed. The observed
clinical benefit was accompanied by improvement of electro-
physiological abnormalities (Balatoni et al., 2007), demyelination
(Papadopoulos et al., 2010) and synaptic dysfunction (Rossi et al.,
2012).

At least some of these outcome parameters might be due to
an additional effect of fingolimod directly within the CNS. Fin-
golimod readily penetrates into the CNS and accumulates in the
brain and in the spinal cord (Foster et al., 2007). S1P receptors are
expressed in cells of the CNS. Interstingly, short-term fingolimod
administration can fail to suppress EAE, albeit producing a rapid
and substantial reduction of lymphocyte counts (Foster et al.,

2007). Moreover, neurological deficits reappear before lympho-
cyte numbers normalize if treatment with fingolimod is stopped
(Webb et al., 2004). CYM-5442, an S1P1-selective fingolimod
analog that leads to significant levels of the drug in CNS but not
in plasma, also improves the disease course in EAE. There was
no persisting lymphopenia in these mice but a cyclical recovery
from lymphopenia. Nevertheless, S1P1 expression on neurons and
astrocytes was reduced, and levels of cytokines in the CNS were
suppressed (Gonzalez-Cabrera et al., 2012).

Furthermore, in alternative MS models, which are based on
lymphocyte-independent demyelination, an effect of fingolimod
could be observed: Fingolimod enhances remyelination following
demyelination of organotypic cerebellar slices (Miron et al., 2010)
and in the cuprizone model (Kim et al., 2011), although there
is some controversy about the latter model (Hu et al., 2011).
Another animal model for MS is the delayed-type hypersensitivity
model (DTH) in Lewis rats. Again, an effect of fingolimod could
be shown independently of lymphocyte infiltration and BBB
leakage (Anthony et al., 2014).

So what could be the cellular target of fingolimod within
the CNS? There is accumulating evidence for a specific role of
astrocytes, a cell type which is supposed to play an important
role in MS pathophysiology (Brosnan and Raine, 2013). Strong
evidence points to an anti-inflammatory effect of fingolimod on
astrocytes in vitro (Wu et al., 2013). A particularly illuminating
study of Choi et al. (2010) made use of a conditional, cell-
specific knock down of the S1P1 receptor on all cells of the
CNS (nestin-cre), neurons (synapsin-cre) and astrocytes (GFAP-
cre). They found that S1P1-deficiency on astrocytes led to an
attenuation of EAE and that the protective effect of fingolimod
in EAE was lost in mice with astrocytic but not with neuronal
S1P1 deletion (Choi et al., 2010). Finally, therapeutic adminis-
tration of fingolimod to EAE mice has specific effects on astro-
cyte activation and nitric oxide production (Colombo et al.,
2014).

Oligodendrocytes also express S1P receptors, especially the
S1P5 receptor, which shows a relatively restricted expression pat-
tern. Interestingly, genetically modified mice with S1P5 deficiency
do not show defects in myelination (Brinkmann, 2007). At least in
vitro and in slice cultures direct effects of fingolimod on myelina-
tion could be shown (Miron et al., 2008, 2010). A possible role for
microglia in the therapeutic effect of fingolimod can be derived
from studies of so called microvesicles. They were shown to be
significantly reduced in EAE mice treated with fingolimod and are
increased in cerebrospinal fluid of MS patients (Verderio et al.,
2012). Furthermore, fingolimod treatment leads to a reduced
microglial production of pro-inflammatory cytokines such as
tumor necrosis factor α (TNFα), interleukin 1β (IL-1β), and
interleukin 6 (IL-6; Noda et al., 2013).

An analysis of fingolimod’s effects in EAE clearly points
towards several contributing mechanisms. Beyond the effect on
lymphocyte trafficking, a direct immunmodulatory effect as well
as direct effects of fingolimod in the CNS seem to be involved.
As new, more receptor-specific agents will enter the scene in the
future, it is possible that we will realize that fingolimod as a rather
“dirty” drug acting on multiple targets may even prove to be
superior to receptor-specific agents.
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STROKE
Stroke is an acute brain attack caused by the sudden thromboem-
bolic occlusion of a brain vessel with the consequence of cerebral
ischemia, the more frequent cause of stroke, or by a rupture of
a brain artery causing a hemorrhage into the brain parenchyma.
These different stroke entities show the same clinical presentation
consisting of a focal neurological deficit such as hemiparesis or
aphasia of sudden onset.

CEREBRAL ISCHEMIA
The embolic blockade of a brain vessel leads to hypoperfusion
of the dependent vascular territory in the brain with an almost
immediate loss of brain function. However, we know from exper-
imental studies (Astrup et al., 1981) and clinical imaging (Thijs
et al., 2002) that the affected brain tissue remains viable for a few
hours with the infarct gradually expanding from the core to the
periphery of the hypoperfused territory. This is the pathophysio-
logic correlate of a therapeutic time window for vessel recanaliza-
tion with thrombolytics or catheter-based interventions. The only
approved stroke therapy to date is thrombolysis with recombinant
human tissue-type plasminogen activator (t-PA), which is safe
and effective within 4.5 h after symptom onset (Lees et al., 2010).
The pathophysiological cascades taking place in the ischemic
brain are well characterized and can be roughly summarized by
the three interleaving phenomena of excitotoxicity, inflammation
and apoptosis (Dirnagl et al., 1999).

In recent years, experimental stroke research has produced
strong evidence that cellular immunity and especially T cells
play a decisive role in the fate of brain tissue following cerebral
ischemia. Different experimental strategies aiming at a reduction
of lymphocyte counts such as the use of genetic models (Hurn
et al., 2007; Kleinschnitz et al., 2010); splenectomy prior to
stroke (Ajmo et al., 2009), immunosuppressive drugs (Sharkey
et al., 1996) or the induction of lymphocytic tolerance (Becker
et al., 1997) have shown therapeutic efficacy in experimental
stroke models. Therefore, to test the potent immunomodulator
fingolimod with its specific lymphocyte-directed immunomod-
ulation in experimental stroke models was a straightforward
approach.

Meanwhile, over 10 experimental studies have shown thera-
peutic efficacy of fingolimod in stroke models in mice and rats
(Czech et al., 2009; Shichita et al., 2009; Hasegawa et al., 2010;
Pfeilschifter et al., 2011a,b; Wei et al., 2011; Kraft et al., 2013)
with doses from 0.25 to 1 mg/kg applied systemically, leading to
a robust lymphocytopenia in rodents (Czech et al., 2009). Repro-
ducible therapeutic effects on lesion size and functional outcome
were accompanied by a reduction in pro-apoptotic processes in
the infarcted brain areas such as reduced nuclear translocation of
apoptosis inducing factor (AIF; Czech et al., 2009), less caspase-
3 cleavage and TUNEL positive neurons (Hasegawa et al., 2010),
and an activation of pro-survival pathways such as extracellular
signal-regulated kinase (ERK1/2), protein kinase B/Akt kinase
(PKB/Akt) and Bcl-2 upregulation (Hasegawa et al., 2010; Wei
et al., 2011). Cell culture experiments did not show relevant
neuroprotection by fingolimod in neuronal cells subjected to
“ischemia in the dish” stimuli such as glutamate, H2O2 or hypoxia
(Wei et al., 2011; Kraft et al., 2013) but a reduced inflammatory

activation of microvascular brain endothelial cells (Wei et al.,
2011). Most topical, Kraft et al. (2013) found a reduction of
microvascular thromboses in the periinfarct area after fingolimod
treatment, a phenomenon that has been observed also previ-
ously by the group secondary to several T cell-directed therapies
(Kleinschnitz et al., 2013). Since these findings argue for a role of
lymphocytes to boost microvascular thrombus formation in cere-
bral ischemia, they coined the term thromboinflammation. Of
note, there was also one study that reported no therapeutic effect
on lesion size and outcome in two different stroke models despite
efficient systemic lymphocyte depletion, and decreased cerebral
lymphocyte infiltration (Liesz et al., 2011). Similar findings were
reported in a recent study on traumatic brain injury (TBI) by
Mencl et al. (2014), who assessed the effect of FTY720 in two
different experimental models of TBI mimicking focal and diffuse
brain injury. FTY720 applied directly prior to the induction of
the brain lesion did not reduce lesion size or improve functional
neurological outcome neither early or 1 week after the induction
of the brain lesion, even though it led to a reduced infiltration
of neutrophils and macrophages and/or a reduced microglial
activation. TBI, however, is a clearly different entity of brain
injury than ischemic stroke. The role of circulating immune cells
in lesion development after TBI is less unequivocal and there is
most probably not as much microvascular endothelial activation
as in ischemic stroke.

Concerning the signaling pathway mediating the protective
effect of fingolimod, Hasegawa et al. (2010) demonstrated that
this therapeutic effect could also be elicited by the S1P1-selective
agonist SEW2871 and abrogated by the S1P1/S1P3-selective com-
petitive antagonist VPC23019, argueing for an S1P1-mediated
effect. This assumption was supported by findings of Pfeilschifter
et al. (2011b) showing that the neuroprotective effect of fin-
golimod is lost in SphK2 deficient mice, which cannot efficiently
phosphorylate and thus activate fingolimod, arguing against a
direct effect of non-phosphorylated fingolimod. Hasegawa et al.
(2013) examined the expression of the SphK and the S1P1 recep-
tor in the ischemic area with a focus on neurons 6 h and 24 h
after stroke by immunohistochemistry, and found a significantly
decreased expression of S1P1, SphK1, and SphK2 starting at 6 h
and significant at 24 h after MCAO. Labeling of S1P1 and both
SphKs was reduced in the infarct cortex but remained present in
the periinfarct cortex, allowing fingolimod to be phosphorylated
and act via inside-out signaling on the S1P1 receptor.

In analogy to the findings of Choi et al. (2010) in the EAE
model, it could be possible that the protective effect of fingolimod
only partially depends on the peripheral immunomodulation and
also relies on direct effects in the CNS. To weigh the effect of
lymphocyte depletion against other putative mechanisms, Kraft
et al. (2013) applied fingolimod to recombination activating gene-
1 (Rag1)-deficient mice that are devoid of T and B lymphocytes.
While these mice per se developed smaller infarcts than wild type
mice, they were not further protected by fingolimod, showing
that the neuroprotective effects of fingolimod largely depends on
immunomodulation.

Stroke-associated infections, especially pneumonia, are the
most important factor of mortality in the acute phase.
They are promoted by a stroke-associated immunodepression
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(Meisel et al., 2005) and will have to be considered prior to
any clinical application of fingolimod in the context of stroke.
In an experimental stroke model, Pfeilschifter et al. (2011b)
did not find an increase of bacterial colonalization in the
lungs of fingolimod-treated animals in comparison to con-
trol animals 24 h after stroke. Beyond the acute phase, the
fate of stroke survivors is mainly determined by the suc-
cess of rehabilitative stroke care aiming at functional recov-
ery. Brunkhorst et al. (2013) showed that fingolimod applied
from day 3 to day 7 (1 mg/kg b.i.d.) after a photothrombotic
lesion directed to the motor cortex of mice relevantly ame-
liorated functional impairment over an observation period of
31 days, reduced astroglial scarring and increased the size of
post-synaptic densities. In this model, fingolimod increased the
expression of the trophic factor vascular endothelial growth
factor α (VEGFα) but not of brain-derived neurotrophic fac-
tor (BDNF), which has been shown to increase secondary to
fingolimod treatment in other models of neurodegenerative
diseases.

Another event of importance in the context of stroke, but
also intensive care medicine and transplant surgery, which has
been shown to be regulated by S1P and fingolimod is precon-
ditioning. Following the principle of “what does not kill you
makes you stronger”, preconditioning is a process that uses a sub-
lethal noxious stimulus to induce or increase tolerance towards
a second noxious stimulus. In stroke research, well established
preconditioning stimuli include hypoxic preconditioning (HP),
transient ischemia, inhalational anesthetics such as isoflurane or
inflammatory agents such as bacterial lipopolysaccharide (LPS).
HP is based on a hypoxia-induced stabilization of hypoxia-
inducible factor (HIF) that is continuously degraded by an
oxygen-sensing degradative pathway under normoxic conditions.
Stabilized by hypoxia, HIF, which exists in three isoforms, binds to
hypoxia-responsive elements (HRE) of hypoxia-regulated genes
to promote their transcription. Besides hypoxia and ischemia,
also non-hypoxic stimuli such as isoflurane (Sun et al., 2013) or
LPS (He et al., 2014) can stabilize HIF. SphK2, but not SphK1
has been shown to be upregulated by HP and isoflurane in the
brain (Wacker et al., 2009; Yung et al., 2012) in a HIF-dependent
manner (Wacker et al., 2012) and pharmacological inhibition
(Wacker et al., 2009) and genetic deletion of SphK2 (Wacker
et al., 2012; Yung et al., 2012) were shown to abrogate the pro-
tective effects of preconditioning in experimental stroke. There
are conflicting findings whether genetic deletion of SphK2, the
predominant SphK isoform in the brain (Blondeau et al., 2007)
per se exacerbates ischemic damage in stroke or not (Pfeilschifter
et al., 2011b; Yung et al., 2012). In other cell systems, HIF-
mediated upregulation has also been shown for SphK1 (Ader
et al., 2008; Schwalm et al., 2008) and both isoforms contain
HREs in their respective promotor regions. Wacker et al. (2009,
2012) showed that fingolimod given 48 h prior to stroke also
reduced lesion size and had a strong synergistic effect in con-
juction with HP. Therefore, they concluded that fingolimod is a
preconditioning agent. While the protective effect after a remote
pretreatment 48 h prior to the insult could be explained by the
long-lasting lymphocyte depletion after a single dose of FTY720
(Chiba et al., 1998) and the accumulation of fingolimod in the

brain (Foster et al., 2007), the finding that coadministration of
R59949, which inhibits HIF accumulation was able to abolish
the protective effect of remote fingolimod pretreatment (Wacker
et al., 2012) clearly suggests that HIF-mediated gene regulation
is downstream of fingolimod. The finding of Yung et al. (2012)
that HIF-1α stabilization following isoflurane preconditioning is
lost in SphK2-deficient mice also supports a regulation of HIF-
mediated signaling by S1P. In synthesis, these findings suggest
that in the context of preconditioning and stroke, the signaling
between SphK2 and its products fingolimod phosphate or S1P
is bidirectional with an induction of SphK2 following precon-
ditioning stimuli and a lost efficacy of HIF-stabilizing factors in
SphK2-deficient mice on the one hand and a HIF-dependency of
the preconditioning effect of fingolimod on the other hand. The
preconditioning effect of HP, the HIF stabilizer cobalt chloride,
and of fingolimod was abolished by pretreatment with the S1P1-
specific antagonist W146, supporting an auto- and paracrine
propagation of preconditioning by the S1P1 receptor. Function-
ally, SphK2 deficiency not only abrogates the neuroprotection by
HP but also BBB preserving effects of HP by an alteration in the
expression of adhesion molecules in homogenated cortical brain
tissue from SphK2-deficient mice analyzed 48 h after the hypoxic
stimulus in comparison to WT mice (Wacker et al., 2012).

THROMBOLYSIS WITH TISSUE PLASMINOGEN ACTIVATOR (t-PA)
The vascular S1P gradient with high concentrations in the blood-
stream and low concentrations in the interstitial fluids is generally
viewed as a tonic barrier preserving mechanism for endothelial
barriers (reviewed by Xiong and Hla, 2014). Several reports of the
efficacy of S1P or fingolimod in experimental states of vascular
leakage such as acute lung injury (Peng et al., 2004) or anaphylaxis
(Camerer et al., 2009) have sparked interest on a putative thera-
peutic effect of fingolimod on BBB disruption after stroke that
contributes to potentially fatal brain edema. So far, the data from
experimental stroke models on this question are not unequivocal.
Cerebral ischemia induces BBB disruption and the thrombolytic
t-PA has been shown to aggravate this process (Latour et al., 2004)
which accelerates with time from symptom onset, representing
the underlying cause of an increased bleeding risk associated with
late t-PA treatment, the main obstacle to a more widespread use of
this stroke therapy. In a model of moderate size thromboembolic
stroke, a faithful model for recanalization by t-PA treatment,
fingolimod reduced infarct growth and BBB disruption secondary
to late application of t-PA (Campos et al., 2013). By contrast,
in a model of large hemispheric strokes and t-PA treatment,
fingolimod did not show a beneficial effect (Cai et al., 2013).
These contradictory findings can in part be reconciled by the
possibility that this massive infarction might have led to an overly
rapid loss of SphK and S1P receptors in the infarct and periinfarct
region explaining a non-response to fingolimod treatment. Con-
cerning possible future clinical trials of fingolimod in stroke, this
would argue against the inclusion of patients with severe stroke
symptoms and massive infarctions on brain imaging.

INTRACEREBRAL HEMORRHAGE
Intracerebral hemorrhage (ICH) is often denoted as “the most
untreatable cause of stroke” because there is no causal treatment
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and it is charged with a high mortality. Noteworthy, Asian
populations display higher rates of ICH, with ICH representing
over 30% of all first ever strokes in China in a meta-analysis
of population-based studies (Tsai et al., 2013). Fingolimod has
shown therapeutic efficacy in experimental models of ICH
(Rolland et al., 2011, 2013; Lu et al., 2014) with a reduced infil-
tration of CD3+ lymphocytes and reduced endothelial ICAM-1
expression. Rolland et al. (2013) conducted a 10 week follow-
up of their experimental animals after ICH induction and a
single injection or a 3-day course of 1 mg/kg FTY720 and
auspiciously found an improved outcome in neurocognitive
scores and brain atrophy with a stronger effect in the animals
treated for 3 days. These findings support the observations of
a proregenerative effect of FTY720 by Brunkhorst et al. (2013).
Lu et al. (2014) described a reduction of apoptotic cell death
both in the center and at the edge of the hematoma but no
alteration of in the numbers of CD68+ monocytes/macrophages
and resident microglia and also reported positive long-term
results concerning neurological function and brain atrophy after
2 weeks.

Recently, a first clinical trial was conducted in China, which
recruited 23 patients with deep primary ICH. They were ran-
domized to a treatment with placebo or 0.5 mg/d FTY720
(Gilenya®) orally for 3 consecutive days (Fu et al., 2014). This
very small clinical trial did not detect differences in adverse
events such as increased susceptibility to infections. The group
reported an improvement of magnetic resonance imaging-based
measurements of perihematomal edema volume, but the patient
number seems too small to draw valid conclusions about efficacy
yet.

NEURODEGENERATIVE DISEASES
ALZHEIMER’S DISEASE
Alzheimer’s disease (AD) is the most common age-related neu-
rodegenerative disorder and shows a rising prevalence along
with global trends towards increasing life spans. AD leads to a
cognitive decline that is attributable to neuronal loss predom-
inantly affecting higher cortical functions (visuospatial orienta-
tion, memory, planning and execution of activities, language and
arithmetics) whereas cognitive working tempo and drive seem
unaltered. Patients are often able to maintain an unremarkable
“façade” even in later stages of the disease when brain atro-
phy, predominantly of the hippocampus and the temporal lobe
can be seen in clinical brain imaging. Currently, there is no
causal treatment of this devastating disease. While the disease-
triggering mechanisms are yet unknown, the neuropathologi-
cal hallmarks of AD consist of the deposition of amyloid-β
(Aβ) plaques and the formation of neurofibrillary tangles con-
sisting of hyperphosphorylated tau protein (Braak and Braak,
1991, 1995). Following an ascending course from the entorhinal
region to the neocortex, these changes are accompanied by a
loss of cortical synapses, which correlates with cognitive decline
(DeKosky and Scheff, 1990). Inflammatory processes such as
activation of microglia and astrocytes as well as production
of inflammatory cytokines occur within and around amyloid
plaques (Lukiw and Bazan, 2006). Recently, autopsy studies on
brains of AD patients but also data from experimental dis-

ease models of AD have provided evidence that alterations of
the sphingolipid linked to the pathological mechanisms of AD
and that S1P receptor modulation by fingolimod represents a
promising therapeutic approach reducing both the production
(Takasugi et al., 2013) and the neurotoxicity (Asle-Rousta et al.,
2013; Doi et al., 2013; Hemmati et al., 2013; Fukumoto et al.,
2014) of Aβ peptide. Aβ is produced from Aβ precursor pro-
tein (APP) in the amyloidogenic pathway through sequential
cleavage by two aspartate proteases, β- and γ-secretases (Zheng
and Koo, 2011). Several studies have implicated cholesterol and
sphingolipid-rich membrane microdomains, termed lipid rafts,
in the amyloidogenic processing of APP, and the activities of the
secretases are influenced by the composition of these lipid rafts
(Kalvodova et al., 2005; Osenkowski et al., 2008; Holmes et al.,
2012).

There is ample evidence that the sphingolipid metabolism is
altered in AD brains, leading to an accumulation of proapoptotic
and proinflammatory ceramides (Han et al., 2001). The expres-
sion of the ceramide-generating acid and neutral sphingomyeli-
nases (NSM) has been shown to be upregulated in brains of
patients suffering from AD (Filippov et al., 2012) and elevated
ceramide levels are linked to an inhibition of glycolysis (Arboleda
et al., 2007) and the induction of nitric oxide synthase and
oxidative stress (Cutler et al., 2004). Cutler et al. showed elevations
of cholesterol levels and ceramide species (especially C18 and
C24) that gradually increased in correlation to disease severity
in brain samples from AD patients and over time in a murine
model of AD. The accumulation of ceramide species or cholesterol
in cultured hippocampal neurons could be reversed by anti-
oxidative treatment with α-tocopherol. Mechanistically, this may
be attributed to an activation of the neutral sphingomyelinase
by Aβ, as Jana and Pahan (2010) had shown previously that
Aβ induces neutral sphingomyelinase in an NADPH-dependent
pathway leading to ceramide accumulation that has a propapo-
totic effect on cultured neurons. Elevated ceramide levels stabilize
the Aβ-cleaving enzyme BACE-1 (Puglielli et al., 2003) whereas
a reduction of ceramide levels in turn leads to a reduced secre-
tion of APP and Aβ in human neuroblastoma cells (Tamboli
et al., 2005), indicating a vicious cycle involving Aβ production,
cellular stress and ceramide accumulation. The clinical signif-
icance of increased ceramide levels in the pathophysiology of
AD is supported by studies on patient serum and CSF samples
that indentified ceramide species as potential biomarkers of AD
(Mielke et al., 2014) and HIV-associated dementia (Bandaru et al.,
2007).

Less is known about the role of S1P, the functional opponent of
ceramide, in the development of AD. An analysis of post-mortem
brain tissues of 9 individuals with a clinical and histopatholog-
ical diagnosis of AD and 6 age-matched control individuals by
He et al. (2010) revealed a pattern of elevated ASM and acid
ceramidase (AC) expression in AD, along with a reduction in
sphingomyelin and elevation of ceramide. Sphingosine levels were
higher in the AD brains, but levels of the downstream lipid medi-
ator S1P were reduced. This finding was corroborated by a very
recent study of Couttas et al. (2014) reporting on sphingosine/S1P
levels and SphK activity in post-mortem brain samples from 34
individuals. Not all of the patients had received a clinical diagnosis
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of AD and the cohort was composed of carriers of the protective
apolipoprotein (APO) ε2 genotype as well as the risk-bearing
APO ε4 genotype. In this cohort, the S1P to sphingosine ratio was
higher in hippocampal regions of Apo ε2 carriers and S1P levels
declined in a regiospecific manner most strongly in brain regions
with the most advanced histopathological changes. The activity
of SphK1 and SphK2, which generate S1P from sphingosine, also
decreased with higher histopathological disease scores. Besides a
loss of SphK activity, lower S1P levels in AD patients could also
be explained by increased activities of the S1P degrading enzymes
S1PL and S1PP. Indeed, S1PP1 has been shown to be markedly
up-regulated in AD brains using microarray technology (Katsel
et al., 2007).

Seemingly in contrast to these findings, Takasugi et al. (2011)
described that the activity of β-site APP cleaving enzyme-1
(BACE1), the major β secretase and rate-limiting enzyme for
amyloid-β peptide (Aβ) production, is positively modulated by
S1P in mouse neurons. They found that β-cleavage of APP was
inhibited by genetic knockdown of the S1P-generating SphKs
in cultured neuronal cells, an effect that was more pronounced
when SphK2 was targeted, or by pharmacological inhibition with
the SphK-selective inhibitor SKII. Congruently, increasing S1P
levels via inhibition of S1PL or the S1PP1 enhanced Aβ secretion.
Modifications of extracellular levels of the poorly permeating lipid
mediator S1P failed to modulate BACE1 activity and BACE1 was
specifically pulled down to matrices carrying S1P. Therefore Taka-
sugi et al. (2011) concluded that the S1P-BACE1 interaction was
of a direct intracellular nature and not mediated via membrane-
bound S1P receptors. Translating these findings into a mouse
model of AD, they found a protective effect of the SphK inhibitor
SKII against Aβ secretion. Since SphK2 is the predominant iso-
form of the two S1P synthesizing enzymes in the brain (Blondeau
et al., 2007) they analyzed SphK2 expression levels and activity
in brain specimens from AD patients in comparison to non-
demented individuals. While the overall SphK2 protein levels were
decreased in the brains of individuals suffering from dementia,
which was explained by progressive neuronal loss and the pre-
dominantly neuronal expression of SphK2 in the brain (Blondeau
et al., 2007) the relative in vitro activitiy of SphK2 normalized
to SphK2 protein levels was significantly increased in AD brains
(Takasugi et al., 2011). Due to the normalization of total SphK2
protein levels, these findings do not necessarily stand in contrast
to the above-mentioned observations of Couttas et al. (2014)
who found a decreased SphK activity of both isoenzymes in post-
mortem brain specimens from individuals with histopathological
features of AD.

A very recent report from Karaca et al. (2014) on the influence
of S1P levels in models of S1PL deficiency on APP metabolism
sustained detrimental effects of elevated intracellular S1P levels
concerning Aβ accumulation. This group found that inhibi-
tion of SphK2 reduced the accumulation of amyloidogenic C-
terminal fragments of APP whereas genetic deletion of S1PL or
downregulation by siRNA, which both were effective in raising
intracellular S1P levels, increased their accumulation. This effect
could be mimicked by extracellular addition of the easily cell-
permeating sphingosine but not by extracellular addition of the
polar mediator S1P. Karaca et al. found that the processing of

APP C-terminal fragments to Aβ1-40 and Aβ1-42 was reduced
due to an impaired γ-secretase activity in S1PL-deficient cells and
APP C-terminal fragments accumulated in the lysosomal com-
partments, along with a deregulated expression of other lysosomal
proteins and an impairment of the final stage of autophagy. Inter-
estingly, these pathophysiological processes could be alleviated
by a mobilization of intracellular calcium from the endoplasmic
reticulum, a process that has been shown to be impaired in a
model for the lysosomal storage disease Nieman Pick type C
(Lloyd-Evans et al., 2008).

Concerning a putative therapeutic effect of fingolimod on AD
progression in experimental models of established disease, there
are several reports presenting promising evidence. In a model of
intrahippocampal injection of Aβ1-42 in rats, a 2 week course
of fingolimod treatment (1 mg/kg daily i.p.) ameliorated spatial
learning and memory in the Morris water maze test at the end
of the 2 week course and reduced neuronal damage and caspase-
3 activation in the hippocampus (Asle-Rousta et al., 2013). Of
note, fingolimod did not enhance learning and memory in control
animals who received saline injections into the hippocampus.
Fingolimod showed equal efficacy as the NMDA receptor antag-
onist memantine, an approved drug to treat AD symptoms in
the same disease model (Hemmati et al., 2013) and both were
able to partly reverse changes of the gene expression pattern
induced by Aβ injection. So far, the mechanism underlying these
therapeutic effects is not yet clear. It is possible that the systemic
immunomodulation dampens the inflammatory reaction to Aβ

deposition. Specifically, fingolimod may interfere with the migra-
tion of phagocytes in the brain since it has been shown to reduce
Aβ-triggered whole blood cell migration along an Aβ gradient in
a Boyden chamber assay in a dose-dependent manner (Kaneider
et al., 2004).

Takasugi et al. (2013) analyzed the effects of fingolimod and
the S1P1-specific receptor agonist KRP203 on Aβ production
in cultured neuronal cells and brain Aβ levels in a murine AD
model (Takasugi et al., 2013). In cell culture, they found a dose-
dependent reduction of Aβ production by both compounds.
Contrary to S1P, fingolimod and KRP203 affected the activity
of γ- but not β-secretases. Phosphorylation of both compounds
by SphK2 was a prerequisite for their activity as demonstrated
by pharmacological inhibition and genetic knockdown of this
enzyme. The effects of fingolimod and KRP203 seem to be
receptor-independent since Aβ production was not affected by
the S1P1 agonist SEW2871 or the S1P1 antagonist W123, and
neither W123 nor the Gαi protein inhibitor suramin altered
the inhibition of Aβ production by fingolimod. These findings
point towards intracellular effects of fingolimod requiring prior
phosphorylation by SphK2, and this hypothesis was further cor-
roborated by the finding that extracellular addition of the polar
fingolimod phosphate, which poorly permeates cell membranes,
also did not effect Aβ production. Takasugi et al. translated these
findings into an animal model of transgenic mice overexpressing
human APP and could show opposite effects of a short-course
treatment with fingolimod (0.5 mg/kg for 6 days) on the produc-
tion of Aβ1-40 (decreased) and Aβ1-42 (increased), thus showing
that fingolimod affects Aβ levels also in vivo (Takasugi et al.,
2013).
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Furthermore, direct effects of fingolimod on brain cells have
been shown, such as a dose-dependent induction of BDNF pro-
duction in cultured neurons on mRNA and protein levels that
inhibited Aβ-induced neurotoxicity in a dose-dependent fashion
(Doi et al., 2013). The trophic effects of BDNF were shown to be
mediated via the tropomyosin receptor kinase B (TrkB) involving
the main downstream pathway ERK1/2 phosphorylation. BDNF
was also induced by fingolimod in a murine AD as shown by a
BDNF ELISA from mouse brain homogenates (Fukumoto et al.,
2014). The translational relevance of these findings is further
sustained by the fact that BDNF expression levels are lower in
patients with AD.

ANIMAL MODELS OF LEARNING AND MEMORY
There is increasing evidence that S1P signaling also plays a
physiological role in learning processes. S1P has been shown to
increase glutamate release from presynaptic terminals in the CA3
pyramidal neurons of the hippocampus in an S1P3 receptor-
dependent manner (Kanno et al., 2010). S1P induced the translo-
cation of S1P3 receptors to presynaptic mossy fiber terminals in
the CA3 region and long term potentiation depending on the
mossy fiber—CA3 pyramidal neuron interaction was inhibited by
a SphK inhibitor, an effect that could be reversed by addition of
S1P. Again, the positive effect of S1P on long-term potentiation
(LTP) could be inhibited by S1P3 receptor antagonism. SphK1
is highly expressed in mossy fibers of the hippocampus and LTP
was significantly impaired in SphK1 knockout mice, showing that
SphK1 is required for hippocampal S1P generation. Congruently,
mice with genetic deletion of SphK1 showed an impairment
of spatial learning and memomory in the Morris water maze.
Interestingly, somewhat opposing findings have recently been
described by Hait et al. (2014), see below.

Topical work of the last few years has established a role for
coagulation factors such as thrombin, plasmin and activated
protein C (aPC) and protease-activated receptors (PAR) in hip-
pocampal learning processes (Maggio et al., 2008; Mannaioni
et al., 2008; Yuan et al., 2009). Interestingly, Maggio et al. (2014)
characterized aPC as a metaplastic molecule that enhances LTP
upon delivery of a subthreshold stimulation. They propose a
model in which upon binding to the endothelial protein C recep-
tor, which is also expressed on astrocytes, aPC activates PAR1,
which triggers the SphK-dependent production of S1P. In turn,
S1P binds to the S1P1 receptor and stimulates intracellular Ca2+

stores, ultimately leading to enhanced LTP.
Very recently, Hait et al. (2014) showed that fingolimod affects

learning and memory function by epigenetic regulation of gene
expression. After SphK2 dependent phosphorylation, fingolimod
phosphate binds to class 1 histone deacetylases (HDAC), some
of the few defined targets of intracellular S1P signaling (Hait
et al., 2009). Primary hippocampal neurons as well as a neu-
roblastoma cell line showed a robust, predominantly nuclear
expression and activity of SphK2, showing abundant fingolimod
phosphorylation within hours of fingolimod treatment. Most of
the fingolimod phosphate remained intracellularly, and interfer-
ing with SphK2 expression crucially regulated fingolimod phos-
phate levels. Interestingly, treatment with fingolimod reduced
nuclear S1P levels, probably by competition for phosphorylation

by SphK2. As shown for S1P in non-neuronal systems (Hait
et al., 2009), fingolimod treatment led to histone acetylation,
and the negative modulation of this effect by SphK down-
regulation in a cell membrane-free system of highly purified
nuclei as well as the inefficacy of extracellularly-added S1P or
fingolimod phosphate showed that this is a purely intracellu-
lar inhibitory effect of phosphorylated fingolimod on HDAC
activity while the activity of histone acetyltransferases, which
have opposing effects, is not influenced by S1P or fingolimod
phosphate.

To test the physiological relevance of these observations and
following reports on the role of epigenetic regulation, especially
histone acetylation in memory and learning processes (Fischer
et al., 2010), Hait et al. (2014) chose an experimental model
of contextual fear extinction to evaluate the effects of FTY720
on learning and memory in vivo. To exclude well-established
complex effects of the immune system on cognitive functions
(Kipnis et al., 2004; Brynskikh et al., 2008), T and B cell deficient
severe combined immunodeficiency (SCID) mice were used. The
contextual fear extinction test evaluates freezing as an expression
of acquired fear secondary to an adversive stimulus, and fear
extinction upon re-exposure to the same environment without
this stimulus and hence is a model for how the individual
reduces fear-related reactions to a no longer dangerous stimu-
lus, a mechanism that is impaired in anxiety disorders. Here,
fingolimod, which accumulated in the hippocampus, did not
change fear acquisition and fear extinction, but alleviated delayed
extinction deficits in comparison to saline-treated SCID mice.
By contrast, performance in paradigms of tone-dependent fear
conditioning that is acquired independently of the hippocam-
pus, exploratory behavior, basal anxiety-like behavior and spatial
learning were not influenced by fingolimod treatment in SCID
mice. The amelioration of contextual fear extinction in the foot-
shock model was accompanied by increased histone acetylation
in the hippocampus and alterations in gene expression of genes
linked to synaptic plasticity and learning. In electrophysiological
recordings from hippocampal slices, Hait et al. (2014) could show
that like other HDAC inhibitors, fingolimod increased LTP as a
marker of synaptic plasticity. To confirm the role of SphK2 in
hippocampal learning processes and especially SphK2 dependent
phosphorylation of fingolimod, they used SphK2 deficient mice,
which spontaneously showed impaired visuospatial memory in
the Morris water maze and decreased contextual fear extinction.
Consistent with the hypothesis that nuclear phosphorylation of
fingolimod by SphK2 is a prerequisite of HDAC inhibition, fin-
golimod failed to rescue fear extinction in this model.

HUNTINGTON DISEASE
Huntington disease (HD) is an inherited neurodegenerative brain
disease with autosomal-dominant inheritance. It is characterized
by mutations of the huntingtin gene with extended CAG trin-
ucleotide repeats encoding a dysfunctional mutant huntingtin
protein (mHtt). mHtt forms aggregates that are cytotoxic and
interfere with many physiological cell functions, such as the
expression of neurotrophins, e.g., BDNF (Zuccato et al., 2001).
mHtt accumulation has also been shown to influence lipid
metabolism (Maglione et al., 2010) and intraventricular infusion
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of ganglioside GM1 induced phosphorylation and detoxification
of mutant huntingtin (Di Pardo et al., 2012). Clinically, this
disease which predominantly affects the striatum and the cortex
manifests as a hyperkinetic movement disorder with unvoluntary
dance-like movements accompanied by a cognitive and psycho-
social decline. Symptoms usually begin around the age of 40
and characteristically show an “anticipation” (earlier onset and
heavier symptoms from generation to generation) that is linked to
an increasing extension of the CAG repeats. Di Pardo et al. (2014)
assessed a potential therapeutic effect of fingolimod in transgenic
mice expressing exon 1 of the human HD gene carrying a CAG
repeat (line R6/2). These mice develop a progressive neurological
phenotype with motor symptoms resembling those seen in HD
(Carter et al., 1999). Daily fingolimod injections over several
weeks, starting in the subtle phase of HD symptoms, significantly
ameliorated motor signs of HD and prevented weight loss usually
associated with this disease but had no effect on motor tests in
WT mice. This was accompanied by activation of the prosurvival
pathways of PKB/Akt and ERK1/2 in the striatum. Fingolimod-
treated R6/2 mice showed a reduction of brain atrophy and a dra-
matic reduction of mHtt aggregates in comparison to untreated
mice. Fingolimod was able to partially prevent the reduction in
corpus callosum thickness that is observed in R6/2 mice compared
to WT mice, a hint towards brain-specific and disease-modifying
properties of this drug, which were also supported by increases
in DARPP-32, a specific marker of medium spiny neurons and
myelin-associated glycoprotein (MAG), a marker of myelin and
white matter integrity in R6/2 mice after fingolimod treatment.
DiPardo et al. also found a significant increase of cortical BDNF
mRNA levels both in R6/2 and WT mice treated with FTY720 and
the treatment improved cortical neuronal activity. Interestingly,
FTY720-treated mice showed a less pronounced loss of GM1 gan-
gliosides in the striatum, so one putative protective mechanism of
FTY720 is preventing the disturbance of the lipid balance.

RETT DISEASE
Rett disease is a rare congenital neurodegenerative disease with
postnatal onset, usually at the age of 6–18 months, linked to
a mutation in the MeCP2 gene located on the x chromosome.
Typical for this disease is a relatively normal appearance of
infants at birth followed by a developmental regression with
severe motor and cognitive deficits. So far, there is no causal
treatment. Experiments with MeCP2 -deficient mice have shown
an improvement of symptoms by the administration of a small
molecule agonist to the neurotrophin receptor TrkB that is acti-
vated by BDNF (Schmid et al., 2012). The fact that BDNF levels
in MeCP2 mice did not increase in the first weeks after birth as
in WT mice (Kolbeck et al., 1999; Chang et al., 2006) as well
as a more severe phenotype of MeCP2 null mice crossed with
BDNF-deficient mice or an ameliorated phenotype if MeCP2
null mice were crossed with mice overexpressing BDNF (Chang
et al., 2006) pointed towards an influence of BDNF on the
course of Rett disease. Furthermore, mice lacking MeCP2 and
BDNF in neurons show behavioral similarities (Rauskolb et al.,
2010). This makes MeCP2-deficient mice a useful tool to study
functional consequences of therapies that raise BDNF levels in
the brain. Due to its excellent brain permeability, its confirmed

neuroprotective properties in models of cerebral ischemia and the
fact that it activates ERK1/2 in neurons–a pathway that is activated
by BDNF via the TrkB receptor–prompted Deogracias et al. (2012)
to investigate the effects of fingolimod on BDNF levels and disease
severity in MeCP2 knockout mice. They found that fingolimod
phosphate increased BDNF mRNA and protein in a time- and
dose-dependent manner in cultured neuronal cells that were
shown to express the S1P receptors S1P1−3. The phosphorylation
of ERK1/2 and PKB/Akt that occurred in parallel could be shown
to be S1P1 dependent by use of specific agonists and antagonists
whereas it was not further clarified whether BDNF induction
was an S1P receptor-mediated or direct intracellular effect. In
organotypic cortical cultures, Deogracias et al. (2012) showed
that addition of fingolimod phosphate increases network activity
and by addition of a monoclonal BDNF-blocking antibody could
prove that BDNF is in part responsible for this increased activity.
This neutralizing BDNF antibody also reversed the antiapoptotic
effect of fingolimod phosphate protecting neurons from NMDA-
induced death. In vivo, treatment of healthy animals with fin-
golimod led to increased ERK1/2 phosphorylation and BDNF
levels in cortical neurons. In the Rett disease model of MeCP2-
deficient mice, a 4 week course of fingolimod treatment at a
rather low dose (0.5 mg/kg every 4d) lead to increased levels of
BDNF in affected brain structures and even to an amelioration
of motor impairment and survival. This was the first description
of a fingolimod-elicited production of the neurotrophin BDNF
which could be attributed primarily to neurons by immuno-
histochemistry and cell culture experiments while a relevant
contribution of astrocytes could be excluded (Deogracias et al.,
2012).

EPILEPSY
Epilepsy is a chronic neurological disorder characterized by repet-
itive seizures, either of genetic (caused by mutations of genes
encoding for excitatory or inhibitory signal tranducers in neurons
or glial cells) or structural (caused by a brain lesion such as
cerebral infarcts or brain tumors) origin. While epilepsies are
well controllable by anticonvulsant medication in the majority
of cases, series of recurrent seizures or non-terminating status
epilepticus represent a serious threat for patients with epilepsy.
The processes happening in the propagation from single seizures
to prolonged epileptic activity have been characterized in exper-
imental models and emcompass cell death, axonal and dendritic
plasticity, neurogenesis and neuroinflammation (Lukasiuk et al.,
2006). Especially neuroinflammatory processes such as glial cell
activation and increases in inflammatory cytokines such as IL-
1β and TNFα have recently gained interest (Ravizza et al., 2011;
Vezzani and Friedman, 2011) and the blockade of IL-1β (Maroso
et al., 2011) or TNFα (Rao et al., 2008) were shown to effectively
decrease seizure activity. Gao et al. (2012) reported a significant
decrease in the incidence and duration of spontaneous recurrent
seizures by fingolimod treatment in rats that were subjected
to an experimental model of lithium/pilocarpine-induced status
epilepticus. Rats were treated with fingolimod 1 mg/kg daily
starting 24 h after the induced status epilepticus and showed a
reduced activation of microglia and astrocytes in the hippocam-
pus in comparison to vehicle-treated mice as well as reduced
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hippocampal expression of the proinflammatory cytokines IL-1β

and TNFα. Concerning a putative effect on neurons, there was
abundant staining for the neuronal marker NeuN in immunohis-
tochemical stainings of the hippocampus of healthy rats that was
lost to a great degree 4 days after status epilepticus and partially
rescued by FTY720 treatment. The loss of NeuN-positive Neurons
in the hippocampus was accompanied by mossy fiber sprouting
which was also reduced by treatment with FTY720.

Concerning putative non-immunomodulatory effects of
FTY720 in epilepsy, it should be noted that mice with a genetic
deletion of the S1P2 receptor develop spontaneous, sporadic,
and occasionally lethal seizures between 3 and 7 weeks of age
(MacLennan et al., 2001). At a cellular level, loss of the S1P2 recep-
tor leads to a large increase in the excitability of neocortical pyra-
midal neurons, demonstrating that S1P2 plays an essential and
functionally important role in the control of neuronal excitability.

BRAIN TUMORS
Primary brain tumors most commonly originate from glial cells.
Among them, high grade gliomas such as the glioblastoma mul-
tiforme (GBM) are the most malignant forms with aggressive
growth and invasion of the surrounding brain tissue. Due to their
infiltrating nature, they cannot be completely excised and the
majority will recur locally (Giese et al., 2004). Life expectancy
of patients diagnosed with GBM operated and treated with
radiotherapy ranges around 12 months and can be extended
by chemotherapy with the DNA alkylating chemotherapeutic
temozolomid (TMZ), the current standard of care (Hart et al.,
2013). There is increasing evidence that dysregulations of S1P
metabolizing enzymes with increased levels of S1P are corre-
lated with malignant properties of GBM. Van Brocklyn et al.
(2005) showed that high expression levels of the SphK isoform
SphK1 in human astrocytomas correlates with a 3fold shorter
median survival of patients whereas in glioblastoma cell lines,
RNA interference to knock down SphK2 even had a greater effect
on tumor cell proliferation than knock down of SphK1 (Van
Brocklyn et al., 2005). Exogenously added S1P has been found
to stimulate motility and invasiveness of human GBM cells (Van
Brocklyn et al., 2003). GBM cell lines express the S1P receptors
S1P1, S1P2 and S1P3. From cellular the lower affinity S1P receptor
ligands dihydro-sphingosine and sphingosylphosphorylcholine in
the high nanomolar to low micromolar range, Van Brocklyn et al.
(2002) concluded that the proproliferative effects of S1P on astro-
cytic tumor cell lines are mediated by the S1P1 receptor involving
PI3K and ERK1/2 activation rather than by intracellular effects of
S1P. This is supported by (partial) abolishments of S1P effects by
the Gi protein inhibitor pertussis toxin or the phosphatidylinosi-
tol 3-kinase (PI3K) inhibitors wortmannin and LY294002 and the
ERK1/2 kinase inhibiting MEK inhibitor U0126.

A thorough analysis of Young and Van Brocklyn (2009) on
the contribution of the single S1P receptors to glioma cell pro-
liferation, migration and invasiveness by means of differential
overexpression or RNAi knockdown of the receptors on glioma
cell lines established that S1P1, S1P2 and S1P3 all contribute posi-
tively to S1P-stimulated glioma cell proliferation, with S1P1 being
the major contributor. Stimulation of glioma cell proliferation by
these receptors correlated with activation of ERK1/2. Activation

of S1P5 inhibited glioma cell proliferation and ERK1/2 activation.
S1P1 and S1P3 enhance glioma cell migration and invasion. S1P2

inhibited migration through Rho activation, Rho kinase signaling
and stress fiber formation, but enhanced invasiveness of glioma
cells by stimulating cell adhesion. Thus, while S1P2 decreases
glioma cell motility, it may enhance tumor cell invasion (Van
Brocklyn et al., 2003; Lepley et al., 2005).

This may be in part mediated through induction of pro-
teins that modulate glioma cell interaction with the extracellular
matrix. S1P2 potently enhances expression of CCN1/Cyr61, a
matricellular protein which stimulates cellular adhesion, migra-
tion, angiogenesis and invasion. A neutralizing antibody to CCN1
blocked S1P2-stimulated glioma invasion (Van Brocklyn et al.,
2003). Expression of CCN1 has been shown to correlate with
tumor progression and poor patient prognosis in glioma patients
(Xie et al., 2004a) and to enhance tumorigenicity of glioma cells
(Xie et al., 2004b). Besides that, uPA and its receptor uPAR, have
been established as critical mediators of tumor cell invasiveness
(Andreasen et al., 1997). In a subsequent study, Young et al.
(2009) found that both CCN1 and uPA are upregulated in a
GBM cell line upon treatment with S1P (100 nM). The expres-
sion of both proteins was induced through different individual
S1P receptor subtypes that were overexpressed in a GBM cell
line that normally expresses very low levels of S1P receptors.
S1P1 and S1P2 receptors contribute to CCN1 induction while all
three receptors, with S1P1 being the most potent, contribute to
induce expression of members of the uPA system. Neutralizing
antibodies directed against uPA or CCN1 significantly decreased
both basal and S1P-stimulated GBM cell invasiveness. uPA activity
and glioma invasion were potently blocked by SphK inhibition.
Thus, the SphK/S1P/S1P receptor subtypes have a profound and
coordinated effect on expression of several genes which are known
to be involved in GBM invasiveness (Young et al., 2009).

Growth factors, including EGF, are known to stimulate SphK1
in several cell types and their overexpression in tumor cells is
often associated with worse prognosis (Salomon et al., 1995).
Especially the EGF receptor (EGFR) is often overexpressed and
mutated in gliomas (Frederick et al., 2000). Estrada-Bernal et al.
(2011) showed that treatment of glioma cell lines with EGF led to
increases in SphK1 expression and activity. Expression of the con-
stitutively active EGFRvIII mutant in glioma cells mimicked this
effect. In addition, siRNA to SphK1 partially inhibited EGFRvIII-
induced growth and survival of glioma cells as well as ERK1/2
activation. Interestingly, this effect could be overridden by treat-
ment with high concentrations (10 µM) of S1P but not by lower
concentrations. Since 10 µM S1P have been shown to activate
the intracellular S1P target TRAF2, while lower concentrations
of S1P (10 nM) are sufficient to activate the membrane-bound
receptors, this hints to receptor-independent intracellular effects
(Alvarez et al., 2010). Pharmacological blockade of the EGFR by
gefetinib had a rather modest inhibitory effect on glioma cell pro-
liferation whereas pharmacological inhibition of SphK1 strongly
blocked proliferation and induced apoptosis of a GBM-derived
neurosphere cell line (Estrada-Bernal et al., 2011). These data
showed that EGF/EGFR and EGFRvIII signaling induces SphK1
in glioblastoma cells and that SphK1 is necessary to maintain
survival of glioblastoma cells.
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A putative therapeutic effect of fingolimod in the context of
glioma research was evaluated as early as 2001 (Sonoda et al.,
2001), spurred by the finding that higher concentrations of fin-
golimod in the micromolar range were shown to induce apop-
tosis in mature T lymphocytes (Enosawa et al., 1996). Sonoda
et al. found that fingolimod at rather high concentrations (ED50
between 1–10 µg/ml) induced apoptosis in the human glioma cell
line T89G. FTY720 led to tyrosine dephosphorylation of the focal
adhesion kinase (FAK) and inhibited the protective FAK/PI3K
pathway leading to an activation of caspase 6. Conversely, the
inhibition of protein tyrosine phosphatases by orthovanadate
prevented FAK dephosphorylation and inhibited fingolimod-
induced cell death. An antitumor effect of fingolimod has been
described in many tumor cell types (reviewed by Pitman et al.,
2012; Zhang et al., 2013). In most cases, these antitumor effects
are caused by unphosphorylated fingolimod, not fingolimod
phosphate in cell culture systems and seem to involve direct
intracellular effects of fingolimod such as an activation of phos-
phatase 2A (PP2A), the tumor suppressor PTEN, an inhibition of
the PI3K/AKT/mTOR pathway or even an inhibition of SphKs.
Estrada-Bernal et al. (2012) reproduced the propapoptotic effect
of fingolimod on glioma cells in the pathophysiologically more
relevant model of brain tumor stem cells (BTSCs) derived from
human GBM tissue. These cells develop neurosphere-like aggre-
gates in cell culture and develop into faithful histological models
of human gliomas when injected into the brains of mice. Four dif-
ferent BTSC lines underwent apoptosis at FTY720 concentrations
of 1 µg/ml and higher whereas toxicity to non-malignant primary
astrocytes began at 10 µg/ml and was thus one order of magnitude
higher. Fingolimod led to a rapid dephosphorylation of ERK1/2,
upregulation of the BH3-only protein Bim, and cleavage of cas-
pases 9 and 7 or caspase 3. Fingolimod also reduced BTSC inva-
siveness and, most importantly, had a synergistic effect in addition
to TMZ, the current standard chemotherapeutic agent to treat
malignant gliomas, allowing a reduction of the fingolimod dose
required for BTSC toxicity. By contrast, fingolimod phosphate
was much less effective at inducing apoptosis of BTSC. Generally,
in animal models of many cancers, exceedingly high FTY720
doses of 5–10 mg/kg are required for satisfying effectiveness, as
compared to 0.5–1 mg/kg that were found to be effective in
models of cerebral ischemia (Czech et al., 2009; Hasegawa et al.,
2010; Wei et al., 2011; Kraft et al., 2013) or neurodegeneration
(Deogracias et al., 2012; Takasugi et al., 2013) and even lower
doses required in EAE (Brinkmann et al., 2002). This was also
described in the experimental glioma model of Estrada-Bernal
et al. (2012), who injected glioma BTSCs into nude mice that
were treated with either fingolimod (10 mg/kg), TMZ (5 mg/kg)
or a combination of both drugs. This experiment confirmed the
efficacy of fingolimod as an experimental glioma therapy that
significantly prolonged survival and reduced tumor growth even
though it was somewhat less effective than TMZ. The combi-
nation of both drugs showed the greatest efficacy. Even if due
to yet undefined reasons, the in vivo effect of fingolimod was
somewhat weaker than the stunning in vitro effects, fingolimod
seems to be a promising (adjuvant) drug to treat gliomas, whose
progression is yet barely controlled by the current standard ther-
apies.

SUMMARY AND FUTURE PERSPECTIVES
According to experimental data, the sphingolipid signaling path-
way seems to be of central relevance in the pathophysiology
of many diverse neurological diseases. The versatile sphingosine
analog fingolimod, prodrug of the S1P-modulating fingolimod
phosphate, provides scientifically proven reduction of relapse
rate and amelioration of disease progression in MS. But data
from experimental animal models suggest that fingolimod has
additional therapeutic applications in store. Many of the diseases
reviewed here follow a fatal course and treatment options yet are
scarce and their efficacy often short-lived. Given the growing body
of experience with fingolimod accumulated by clinical neurolo-
gists and the favorable safety profile in the indication of MS, there
is hope for a translation of some of these experimental findings
into the clinics.
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Brain proteins are detected in the cerebrospinal fluid (CSF) and blood of stroke patients
and their concentration is related to the extent of brain damage. Antibodies against
brain antigens develop after stroke, suggesting a humoral immune response to the
brain injury. Furthermore, induced immune tolerance is beneficial in animal models of
cerebral ischemia. The presence of circulating T cells sensitized against brain antigens,
and antigen presenting cells (APCs) carrying brain antigens in draining lymphoid tissue
of stroke patients support the notion that stroke might induce antigen-specific immune
responses. After stroke, brain proteins that are normally hidden from the periphery,
inflammatory mediators, and danger signals can exit the brain through several efflux
routes. They can reach the blood after leaking out of the damaged blood-brain barrier
(BBB) or following the drainage of interstitial fluid to the dural venous sinus, or reach
the cervical lymph nodes through the nasal lymphatics following CSF drainage along
the arachnoid sheaths of nerves across the nasal submucosa. The route and mode
of access of brain antigens to lymphoid tissue could influence the type of response.
Central and peripheral tolerance prevents autoimmunity, but the actual mechanisms of
tolerance to brain antigens released into the periphery in the presence of inflammation,
danger signals, and APCs, are not fully characterized. Stroke does not systematically
trigger autoimmunity, but under certain circumstances, such as pronounced systemic
inflammation or infection, autoreactive T cells could escape the tolerance controls.
Further investigation is needed to elucidate whether antigen-specific immune events could
underlie neurological complications impairing recovery from stroke.

Keywords: stroke, antigens, autoimmunity, tolerance, brain, lymphoid tissue

INTRODUCTION
Ischemic stroke induces acute brain damage and cell death. The
lack of sufficient energy to maintain the membrane potential
of the cells causes necrosis. Necrosis, in contrast to apoptosis
or other forms of cell death, promotes a strong inflammatory
response after the intracellular content spills into the extra-
cellular environment. Stroke fuels a sterile local and systemic
inflammatory response with the release of danger signals or
damage-associated molecular patterns from the injured tissue
(Iadecola and Anrather, 2011), which could in turn stimulate
a pro-thrombotic cascade, as well as activate the innate and
adaptive arms of the immune system, with still poorly understood
consequences. Inflammation is necessary to clear the dead cells
and cell debris but it needs to be tightly regulated to avoid
excessive release of neurotoxic mediators, damage to the blood-
brain barrier (BBB), and cause uncontrolled activation of the
immune system. Cytokines, chemokines and adhesion molecules
participate in the recruitment of peripheral leukocytes that are
attracted to the injury site (Gelderblom et al., 2009). Extracellular
proteolytic enzymes are rapidly activated degrading the extracel-
lular matrix and activating pro-zymogens that cleave proteins, all

in preparation for further tissue remodeling (Yang et al., 2013).
These proteolytic processes can expose otherwise hidden epitopes
that can act as danger signals, release pro-inflammatory media-
tors, and damage the BBB. Inflammatory mediators cause indi-
rect activation of antigen-presenting cells (APCs) driving T cell
proliferation and clonal expansion, but indirectly activated APCs
cannot support differentiation of CD4+ T cells into Th1 effectors
in vivo (Spörri and Reis e Sousa, 2005). Therefore, inflammation
allows APCs to sense danger but direct danger signal recognition
is necessary to better identify the quality of the danger (Spörri and
Reis e Sousa, 2005). Danger signals activate pattern-recognition
receptors, such as toll-like receptors (TLR), inducing full matura-
tion of APCs (Janeway and Medzhitov, 1999). Although microglia
and macrophages can present antigen, dendritic cells (DCs) are
the professional APCs, and they are found in the brain after stroke
(Felger et al., 2010). Dendritic cells capture antigen mainly in its
immature stage and then undergo maturation enabling them to
efficiently present antigen by increasing the expression of MHC
II and co-stimulatory molecules, and producing cytokines that
stimulate T cells (Steinman and Nussenzweig, 2002). For efficient
naïve T cell stimulation, peripheral antigen-loaded DCs migrate
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toward tissue-draining lymph nodes. However, it is currently
unknown whether stroke-induced brain DCs migrate to the cer-
vical lymph nodes due to the absence of direct lymphatic con-
nection. Also, soluble proteins and protein fragments normally
confined to brain cells or trapped in the extracellular matrix
could reach the periphery through the leaky BBB or through
the drainage pathways of interstitial fluid and cerebrospinal fluid
(CSF; Cserr et al., 1992; Weller et al., 2009; Carare et al., 2014),
as we will describe below. Once in the periphery, brain proteins
could be taken up by APCs, processed, and presented to T cells in
lymphoid tissue.

Brain antigens were found in draining lymphoid tissue of
stroke patients (Planas et al., 2012) and mice (van Zwam et al.,
2009), suggesting that antigen-specific immune reactions could
take place after stroke. This possibility does not necessarily
imply that an immune attack to the brain would be expected
after stroke. There are indeed powerful mechanisms to control
autoimmunity ensuring tolerance (Hogquist et al., 2005), and
regulatory mechanisms operate in stroke (Liesz et al., 2009).
However, tolerance can be breached under certain circumstances
and several lines of evidence support that inflammation and/or
infection can facilitate autoimmune reactions in experimental
animal models of brain ischemia (Becker et al., 2005; Gee et al.,
2009; Zierath et al., 2010) and in human stroke (Becker et al.,
2011). While this concept is not new and some previous reviews
have addressed related issues (e.g., Becker, 2009, 2012; Vogelge-
sang and Dressel, 2011; Vogelgesang et al., 2014), we will discuss
the phenomenon of induction of tolerance in experimental stroke,
the presence of autoantibodies in stroke patients, the presence of
antigen-specific T cells in stroked animals and humans, in the
context of antigen presentation, and we will address the possible
relevance of such phenomena in medium or long-term stroke
outcome.

The effects we will be referring to in this manuscript involve
an adaptive immune response that is different from the dam-
aging effects of T cells found in the very acute phase of stroke.
Acute deleterious effects of T cells were perceived through the
protection detected in lymphocyte-deficient mice after cerebral
ischemia/reperfusion, and the capacity to reverse this phe-
nomenon by adoptive transfer of T cells (Yilmaz et al., 2006; Hurn
et al., 2007; Kleinschnitz et al., 2010). The acutely detrimental T-
cell-mediated actions are mediated, at least in part, by impair-
ment of the brain microcirculation through leukocyte adhesion
to brain vessel walls (Yilmaz et al., 2006) promoting secondary
microthrombosis (Kleinschnitz et al., 2010, 2013). Early detri-
mental effects of innate natural killer (NK) lymphocytes have
also been reported in brain ischemia (Gan et al., 2014). These
very acute lymphocyte effects contribute to the innate immune
response to stroke (Magnus et al., 2012) but are not antigen
specific and will not be addressed in this review.

BRAIN PROTEIN RELEASE TO THE PERIPHERY IN ISCHEMIC
STROKE
After cerebral ischemia, metabolites of the ischemic molecular
cascade and CNS proteins are released to the periphery, putatively
enabling the generation of autoimmune responses against brain-
specific antigens (Iadecola and Anrather, 2011; Chamorro et al.,

2012). Protein markers of cerebral damage, including myelin basic
protein (MBP), neuron-specific enolase (NSE), S100β, and glial
fibrillary acidic protein (GFAP), are found in CSF and serum after
stroke. Moreover, the concentration of these proteins is related
to the severity of the neurological deficits (Jauch et al., 2006)
and the extent of the brain lesion on neuroimaging in humans
(Jauch et al., 2006) and experimental animals (Gelderblom et al.,
2013). High levels of MBP and S100β are also predictive of poor
functional recovery (Strand et al., 1984; Missler et al., 1997;
Herrmann et al., 2000; Jauch et al., 2006). Brain antigens are
not only found in the CSF and serum but also in lymphoid
tissue of stroke patients (Planas et al., 2012; Gómez-Choco et al.,
2014) where they can be presented by APCs and could trigger
autoimmune or tolerogenic immune responses.

AUTOANTIBODIES
The presence of IgG immunoglobulin bands in the CSF of stroke
patients was reported a long time ago (Roström and Link, 1981),
suggesting that the release of brain antigens could be followed
by intrathecal B-cell responses. Other researchers have confirmed
the presence of specific IgG, IgM and IgA autoantibodies in the
CSF (Prüss et al., 2012), and this is often accompanied by pleo-
cytosis and altered albumin quotients of CSF/serum indicating
BBB dysfunction. Overall, these findings suggest local activation
of the immune system and possibly a pathogenic role of spe-
cific autoantibodies in stroke patients. Autoantibodies were also
reported in serum. For example, anti-neurofilament antibodies
were elevated after stroke, while antibodies against a ubiquitous
antigen, cardiolipin, did not increase, again suggesting that brain
antigens exposed in stroke are able to initiate an specific antibody
response (Bornstein et al., 2001). Antibodies against the NR2A/2B
subtype of N-methyl-D-aspartate (NMDA) receptor in serum
are also more frequent in patients with transient ischemic attack
(TIA) and acute ischemic stroke compared to non-stroke patients
(patients admitted with suspected stroke but who had a non-
stroke diagnosis at discharge) or healthy controls (Weissman
et al., 2011), with high sensitivity, specificity, and predictive values
(Dambinova et al., 2003). The presence of these autoantibodies
may harbinger an increased risk of stroke as identification of anti-
NMDA antibodies in patients before cardiopulmonary bypass
surgery was associated with the development of neurological
deficits and stroke (Bokesch et al., 2006). Patients with TIA and
with ischemic stroke had similar titers of antibodies to NR2A/2B,
suggesting that minor ischemic insults, and even subclinical
lesions, may be sufficient to activate immunity (Dambinova et al.,
2003). It is possible that the loss of BBB integrity is critical to allow
autoantibodies to exert pathological effects, since to some extent
the presence of autoantibodies is also seen in healthy subjects
(Hammer et al., 2013).

Antibody-producing B cells, although not numerous in
lesions, contribute to anti-atherosclerotic activity, perhaps as a
result of specific antibodies against plaque antigens, binding
of antibodies to inhibitory Fc receptors, or cytokines produced
by B cells. Spleen B cells are particularly effective inhibitors
of atherosclerosis (Caligiuri et al., 2002), possibly because cer-
tain natural antibodies produced by some of these cells recog-
nize phosphorylcholine, a molecule present in oxidized LDL,
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apoptotic cell membranes, and the cell wall of Streptococcus
pneumoniae. These antibodies may contribute to the elimina-
tion of oxidized LDL and dead cells, as well as to the defense
against pneumococcal infections. Interestingly, persons who have
undergone splenectomy have increased susceptibility not only
to pneumococcal infections but also to coronary artery diseases
(Sherer and Shoenfeld, 2006). However in experimental animals,
intrastriatal, but not systemic, administration of splenic CD19+
B-cells reduced infarct volume in B-cell deficient mice (Chen
et al., 2012) suggesting that B-cells exert protective effects against
ischemic brain injury. In human studies we found a positive
association between the number of circulating CD19+ B cells
and good functional outcome after stroke (Urra et al., 2009a).
Therefore, the role of B cell responses and antibody production in
stroke outcome is still far from being fully understood. Whether
circulating autoantibodies impair long-term functional outcome
after stroke has not been demonstrated so far but it is plausible
that they could exert pathogenic effects if they reached the brain
under particular situations where the functionality of BBB was
perturbed.

ANATOMIC PATHS THAT BRAIN PROTEINS CAN FOLLOW TO
REACH THE PERIPHERY
Brain components could reach the lymphoid tissue either through
the blood after crossing the leaky BBB, through interstitial fluid
drainage to the blood or to the cervical lymph nodes, or after
their local capture by migrating APCs (Figure 1). Understanding
the route of access of brain proteins to the lymphoid tissue is not
solely an anatomic issue, because depending on the way and form
of entry to the lymphoid tissue, brain proteins/peptides will be
encountered by different immune cells in different environments
that may strongly influence the subsequent type of response, as
we will discuss below.

Increased BBB permeability is a characteristic of stroke that
could facilitate the leakage of brain proteins or protein fragments
to the bloodstream. Proteolytic enzymes activated after stroke
damage structural BBB components and cause BBB breakdown
(Yang and Rosenberg, 2011). Neutrophils contain high levels of
metalloproteinases (MMPs), such as MMP-9, and other destruc-
tive proteolytic enzymes, normally prepared to fight microbes,
and contribute to the proteolytic activity after brain ischemia
(Justicia et al., 2003; Gidday et al., 2005). Exposure of the neu-
rovascular unit to such proteolytic activity cleaves tight junction
proteins and damages the basement membranes, eventually caus-
ing BBB breakdown in acute stroke (Cunningham et al., 2005;
Ludewig et al., 2013; Yang et al., 2013). However, BBB dysfunction
may involve different degrees of cellular, structural, and molecular
changes ranging from transient reversible dysfunction to more
long-lasting alterations. Results obtained with different methods
assessing BBB permeability support that there must be different
grades of BBB dysfunction after brain ischemia (Nagaraja et al.,
2008). The extent and nature of such alterations might exert some
selectivity in the actual leakage of CNS protein components to the
circulation, based on their size and other physical or biochemical
features.

Besides exiting the brain through the leaky BBB, brain
molecules can reach the periphery through the anatomic paths

that allow for direct interstitial fluid drainage by bulk flow to
the blood or to the lymphatics (Cserr et al., 1992; Weller et al.,
1992; Abbott, 2004). The physical connection circuitry out of the
brain towards the immune system enables draining of CSF into
the lymphatics (Cserr et al., 1992; Weller et al., 1992). Interstitial
extracellular fluid from the brain tissue drains to the CSF through
perivascular spaces surrounding brain arterioles, but not venules
(Arbel-Ornath et al., 2013; Carare et al., 2014). Perivascular
spaces are connected to the subarachnoid space, allowing for
fluid drainage to the venous blood through the arachnoid villi
located at the dural venous sinuses (Cserr et al., 1992; Ransohoff
et al., 2003). In addition, fluid from the subarachnoid space
drains directionally to the cervical lymph nodes (Cserr et al.,
1992; Zhang et al., 1992; Carare et al., 2014). Olfactory nerves are
ensheated by arachnoid membranes allowing the drainage of CSF
to the nasal mucosa through the cribiform plate, reaching nasal
lymphatics, and from there, the CSF drains to the cervical lymph
nodes (Harling-Berg et al., 1989; Cserr et al., 1992). An example of
the functional relevance of this pathway is that the cervical lymph
nodes are involved in the systemic humoral immune response to
antigen infused into rat cerebrospinal fluid (Harling-Berg et al.,
1989). Impairment of drainage of interstitial fluid out of the
brain is believed to play a crucial role in the failure to adequately
eliminate amyloid-β from the brain promoting its accumulation
in the arterial walls in the elderly, and more prominently in
patients with cerebral amyloid angiopathy (Weller et al., 2008;
Hawkes et al., 2011, 2014; Arbel-Ornath et al., 2013). Since the
force driving perivascular drainage is attributed to arterial vessel
pulsations, it is not surprising that fluid drainage was found to
be obstructed in an experimental model of focal brain ischemia
induced by photothrombosis (Arbel-Ornath et al., 2013). This
finding implies that stroke could impair the possible transfer of
brain antigens from the interstitial fluid of the ischemic tissue to
the CSF, but might not necessarily prevent the transfer connection
from CSF to the cervical lymph nodes. In any case, ischemia-
induced bulk-flow alterations might reverse, at least in part, at
reperfusion.

Besides the possible exit of brain antigen from the brain
tissue in a soluble form through the pathways indicated above
(Figure 1), antigen can also be taken up locally in the brain
by APCs. Dendritic cells (CD11c+) expressing MHC II and co-
stimulatory molecules are found in the ischemic tissue (Felger
et al., 2010) suggesting that they can present antigen. Migrat-
ing DCs traffic from peripheral tissues to their nearest lymph
nodes through a process orchestrated by CCR7 in response
to chemokines CCL19 and CCL20 (Förster et al., 1999), but
other pathways could also be implicated such as sphingosine-
1-phosphate (S1P) signaling (Czeloth et al., 2005) or the MHC
II invariant chain (CD74) (Faure-André et al., 2008). Since the
brain lacks lymphatic vessels, it is currently unknown whether
mature DCs carrying antigen can migrate from the injured brain
tissue to the peripheral lymphoid tissue. It was reported that
cells from the brain could reach the deep cervical lymph nodes
through the nasal submucosa (Cserr et al., 1992), supporting
that cells in the subarachnoid space might be able to reach
the draining lymph nodes. This possibility would imply that
APCs could follow chemoattractant gradients along the anatomic
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FIGURE 1 | Routes for the presentation of brain antigens in the lymphoid
tissue. Brain antigens can reach regional lymphoid tissue through various
routes after stroke. Ischemic stroke increases BBB permeability that can
allow the leakage of proteins or peptides into the blood. Soluble
proteins/peptides in brain interstitial fluid can reach the CSF through
perivascular spaces and flow to the venous blood through the arachnoid villi
or drain from the CSF may also drain along the arachnoid sheaths of the

olfactory nerves towards the regional lymphatics. Although brain antigens are
depicted as traveling in a soluble form in the figure, it is also possible that
peptides were internalized, processed and presented by APCs in the brain,
and that they reached regional lymph nodes through migrating APCs. Antigen
presentation in the lymph nodes will usually induce tolerance to self-antigens,
but under some circumstances that favor an inflammatory milieu presentation
of brain antigens may result in activation of autorreactive T cells.

connections between the CSF and the cervical lymph nodes
playing a natural role in the process of brain immunosurveillance.

A study injecting DCs into the brain parenchyma showed little
migration from their site of injection and cells did not reach
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the cervical lymph nodes, while intra-CSF-injected DCs did, and
they preferentially targeted B-cell follicles rather than T-cell-rich
areas suggesting that they favored humoral responses rather than
cellular immunity (Hatterer et al., 2006). Efflux of solutes injected
into the interstitial fluid of the brain was found to take place
along basement membranes in the walls of capillaries and arteries
(Carare et al., 2008). These basement membranes are very narrow,
about 100 nm-thick, and therefore in normal conditions this
pathway does not seem to be large enough to allow the trafficking
of cells (Carare et al., 2008, 2014). Therefore, further studies are
needed to find out whether and how mature APCs exit the brain
to reach the peripheral lymphoid tissue after stroke.

ANTIGEN PRESENTATION: IMMUNITY VS. TOLERANCE
We identified in human stroke an increased presence of brain-
derived antigens in migrating DCs and macrophages in lymphoid
tissue located within the draining pathways of the CNS (Planas
et al., 2012). This finding extends previous observations accrued
in the cervical lymph nodes of rodents with ischemic brain
damage or autoimmune disease, and in patients with multiple
sclerosis (de Vos et al., 2002). These studies raise the issue of
whether APCs in lymph nodes can present brain antigens to
T cells after acute brain damage, and whether they can induce
immune reactions that will either exacerbate the brain injury
or promote mechanisms of T-cell tolerance. Central tolerance
ensures, through negative selection, the elimination of most T
cells recognizing self-antigens in the thymus. This process is com-
plemented with peripheral tolerance that guarantees tolerization
of autoreactive T cells and involves the action of peripheral APCs
(Steinman and Nussenzweig, 2002). Cytoplasmic endogenous
peptides are processed mostly through the proteasome, loaded
into MHC class I in the endoplasmic reticulum, and shuttled to
the cell membrane through the secretory pathway for presentation
by MHC I in all cells, allowing recognition by CD8+ cytotoxic
lymphocytes (Hulpke and Tampé, 2013). In contrast, exogenous
peptides are presented through MHC class II after capture by
APCs through endocytosis, including pinocytosis, phagocyto-
sis, and receptor-mediated endocytosis (Wilson and Villadangos,
2005). Antigen presentation through MHC II elicits responses in
CD4+ T helper (Th) cells. The exception to this role is cross-
presentation of exogenous antigens by APCs through MHC I.
This process occurs when exogenous peptides from the cell envi-
ronment reach the cytoplasm, are presented through MHC I, and
activate CD8+ T cells (Heath and Carbone, 2001; Joffre et al.,
2012).

Presentation of exogenous proteins by APCs through MHC II,
and also through cross-presentation, is essential for T cell priming
against invading pathogens and for the induction of tolerance to
self-tissue-specific proteins. Immune tolerance to self-antigens is
based on the regulation of autoreactive lymphocytes by several
mechanisms including deletion, clonal anergy, or suppression by
regulatory T cells (Tregs) and other regulatory cells (Goodnow
et al., 2005), and is dependent on the features of the interactions
between T cells and APCs (Heath and Carbone, 2001). Dendritic
cells are tolerogenic according to their maturation and functional
status and are able to delete or silence autoreactive T cells and
facilitate the development of Tregs (Rescigno, 2010; Ganguly

et al., 2013), which play critical roles in controlling autoimmunity
(Sakaguchi et al., 2001). Endogenous Tregs increase after exper-
imental brain ischemia (Offner et al., 2006), and they pro-
liferate and accumulate in the ischemic tissue up to 30 days
after middle cerebral artery occlusion (MCAO; Stubbe et al.,
2013). Regulatory T cells are involved in suppressing potentially
harmful immune responses in stroke through the production of
interleukin 10 (IL-10; Liesz et al., 2009), although some studies
found no differences in the neurological outcome of stroke after
depleting CD25(+) Tregs (Stubbe et al., 2013). Enhancing the
immunosuppressive function of Tregs with histone deacetylase
inhibitors was reported to reduce ischemic brain damage (Liesz
et al., 2013). Immunotherapies with Tregs are currently under
investigation to promote immune tolerance in various diseases
(Singer et al., 2014). However, the effects of exogenous Treg
administration in experimental brain ischemia are controversial,
with some studies reporting protective actions (Li et al., 2013a,b),
and other studies finding damaging effects related to the non-
antigen specific impairment of the microcirculation (Kleinschnitz
et al., 2013), as attributed to other T cells (Kleinschnitz et al.,
2010). Regulatory B cells (Bregs) also produce IL-10 and TGF-
β and exert immunomodulatory functions contributing to the
maintenance of self-tolerance (Vadasz et al., 2013). Interleukin 10
producing Bregs were found to exert protection in experimental
brain ischemia in mice, and Breg administration increased Treg
numbers and the expression of the co-inhibitory receptor pro-
grammed death (PD)-1 (CD279) (Ren et al., 2011a; Bodhankar
et al., 2013a).

The pathway of antigen access to the draining lymphoid tissue
might influence the type of immune response since immature
DCs that are resident in the lymph nodes efficiently take up,
process and present antigen to induce tolerance (Inaba et al.,
1997). Soluble brain peptides traveling through afferent lym-
phatic vessels to lymph nodes could be taken up by APCs or
could be degraded extracellularly since immature DCs secrete
proteases able to generate antigens that are eventually loaded on
surface MHC II molecules (Santambrogio et al., 1999). Therefore,
brain proteins or peptides reaching the lymphoid tissue in a
soluble form could be internalized by resident macrophages or
by immature DCs following prior extracellular degradation. We
did not detect brain-derived antigens in lymphoid tissue resi-
dent DCs after stroke, but the brain-antigen loaded APCs were
compatible with macrophages and migratory DCs (Planas et al.,
2012). Antigen presentation by macrophages or DCs seems to
be dependent on the form of antigen delivery to the cells, pos-
sibly due to different cell-type dependent internalization mecha-
nisms. Dendritic cells preferentially internalize protein fragments
whereas native proteins are better taken up by macrophages after
receptor-mediated internalization or phagocytosis of apoptotic
cells (Tsark et al., 2002). Dendritic cells are more efficient APCs
than macrophages since they process antigen through a mecha-
nism better preserving epitopes for T cell activation (Savina et al.,
2006), whereas macrophages induce a very strong lysosomal acid-
ification for protein degradation and display a different repertoire
of lysosome proteases than DCs (Burster et al., 2005). Interest-
ingly, we observed contacts between brain-antigen immunoreac-
tive APCs and lymphoid resident DCs (Planas et al., 2012), which
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suggested the possibility of cargo exchange between these cells. It
has been reported that antigens can be transferred from migrating
APCs to lymph node-resident DCs for presentation and priming
of cytotoxic lymphocytes (Allan et al., 2006). Cell-to-cell antigen
transfer can be mediated through gap junctions (Neijssen et al.,
2005). A recent study showed connexin 43 gap junction-mediated
transfer of antigen from macrophages to CD103+ DCs, and the
involvement of this process in the establishment of oral toler-
ance (Mazzini et al., 2014). Another pathway of possible antigen
transfer between cells is via exosomes, i.e., externalized endosomal
vesicles secreted by different cell types including DC and B cells.
Exosomes are formed by direct fusion of membranes of the MHC
II-enriched compartment with plasma membrane containing co-
stimulatory molecules such as CD86 (Raposo et al., 1996; Denzer
et al., 2000; Harvey et al., 2007). These vesicles are transferred
from cell-to-cell by adherence to the cell surface rather than by
membrane fusion (Denzer et al., 2000). The expected response to
antigen transfer mediated by gap junctions or by exosomes would
be different since the latter carry co-stimulatory molecules. It is
unknown whether any of these mechanisms could support the
transfer of brain antigen from macrophages or migrating DCs to
resident DCs in the lymph node after stroke, and whether such
processes could be involved in tolerization.

The maintenance of peripheral tolerance involves cross-
presentation (Belz et al., 2002). CD8+ T cells recognizing self-
antigen with high affinity are eliminated in the peripheral lymph
nodes, and this process is termed cross-tolerance (Redmond and
Sherman, 2005). Myelin-specific CD8+-T-cells play a pathogenic
role in experimental models of multiple sclerosis (Huseby et al.,
2001). Cross-presentation requires that the internalized Ag in
the endosomal compartment access the cytosol. This process is
regulated in diverse ways by chaperone proteins of the heat-shock
family (HSPs) that prevent protein aggregation and misfolding
(Srivastava, 2002). Heat-shock proteins mediate the transfer
of antigenic peptides from the endosome compartment to
the cytosol facilitating cross-presentation in immature DCs
(Todryk et al., 1999), which then interact with cytotoxic T cells
in an antigen-dependent fashion (Noessner et al., 2002; Binder
and Srivastava, 2005). Also, HSPs undergo receptor-mediated
endocytosis in DCs (Arnold-Schild et al., 1999), and induce
maturation and migration of DCs (Binder et al., 2000). HSP-70
is not normally expressed in the brain under physiological
conditions but is highly induced after ischemia (Planas et al.,
1997; de la Rosa et al., 2013). HSP-70 is released from necrotic
cells to the extracellular space (Todryk et al., 1999), and it can
reach the bloodstream (Campisi and Fleshner, 2003). Because
of the immunological properties of HSPs, the high induction of
HSP-70 in the ischemic brain, and the presence of HSP-70 in
the blood, led us to deduce that APCs in peripheral lymphoid
tissue might carry HSP-70 after stroke. Indeed, we found that
stroke patients showed higher immunoreactivity to HSP-70 and
more HSP-70 immunoreactive APCs in lymphoid tissue than the
controls, and that stronger presence of HSP-70 in lymphoid tissue
was associated with smaller infarctions and better functional
outcome (Gómez-Choco et al., 2014). Although a causal
relationship between the presence of HSP-70 in the lymphoid
tissue and the better outcome of the patients was not proved, it

is feasible that the immunoregulatory properties of HSP-70 could
modulate autoimmune responses after stroke. In other situations,
HSP-70 has been implicated in the development of autoimmunity
by promoting inflammatory responses, enhancing DC antigen
presentation, and cytotoxic lymphocyte function (Millar et al.,
2003) and it is involved in direct chaperoning of antigens into DCs
(Todryk et al., 1999). While other HSP proteins, such as HSP-90,
facilitate cross-presentation by antigen transfer to the cytosol
(Imai et al., 2011), recent data support that HSP-70 impairs it
(Kato et al., 2012), thus implying that HSP-70 might favor MHC
II presentation. Although exposure of DCs to HSP-70 attenuates
T cell responses (Stocki et al., 2012) and HSP-70 improves the
immunosuppressive functions of Tregs, it also activates effector
T cells (Wachstein et al., 2012). However, brain-derived HSP-70
has been involved in the induction of regulatory NK cells that can
induce tolerance in experimental autoimmune encephalomyelitis
(Galazka et al., 2006, 2007). Therefore, HSP-70 exerts diverse
and complex actions in the immune system and further study is
required to understand its role in stroke immunity.

ANTIGEN-SPECIFIC T CELLS
Whether the immune response to acute brain injury is non-
specific or is directed against specific brain antigens is not yet
settled. While tolerogenic effects have been reported with vac-
cination using neural antigens, several lines of evidence suggest
that T cell accumulation at the site of traumatic CNS injury
lacks selectivity, as shown after systemic administration of pas-
sively transferred T cells recognizing either neural self-antigen
or non-self-antigen, since it resulted in accumulation of the T
cells in injured optic nerve regardless of the antigen used for
immunization (Hirschberg et al., 1998). The latter effects could
be more related to non-specific effects of T cells described at
early reperfusion following brain ischemia (Kleinschnitz et al.,
2010). Nonetheless, evidences for antigen-specific T-cell reactivity
have been found in animal models of acute brain injury. Indeed,
nerve trauma can trigger the expansion of myelin-reactive T
lymphocytes (Olsson et al., 1992) and an abnormal abundance
of T cells autoreactive to myelin was reported in peripheral
nerve trauma (Olsson et al., 1992), or spinal cord injury (Kil
et al., 1999). While in the spinal cord endogenous MBP-reactive
lymphocytes activated by traumatic injury can contribute to
tissue damage and impair functional recovery (Jones et al., 2002),
several lines of evidence support beneficial effects of these cells
in the CNS (Graber and Dhib-Jalbut, 2009). Modulation of
immune responses by priming T-cells with neural antigens has
shown beneficial neuroprotective and anti-inflammatory actions
in models of acute brain injury. Notably, autoreactive type-1
and -2 memory T cells pre-primed with myelin oligodendro-
cyte glycoprotein (MOG), a protein expressed on the surface of
oligodendrocytes and myelin sheaths that is exclusive of nervous
system, accelerated re-vascularization and healing following post-
traumatic brain injury (Hofstetter et al., 2003). Furthermore,
passive transfer of MBP-autoimmune T cells protected injured
neurons in the CNS from degeneration (Moalem et al., 1999), and
a possible contribution of a neurotrophin-related mechanism was
proposed (Barouch and Schwartz, 2002). In experimental stroke,
systemic inflammation at the time of MCAO in rats induced the
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development of a deleterious autoimmune response to MBP after
1 month (Becker et al., 2005). Furthermore, in a similar exper-
imental model, impairment of neurological deficits associated
with a Th1 response to MBP in the spleen was reported as soon
as 48 h after induction of ischemia (Zierath et al., 2010). Further
studies are needed to clarify the time-course development of
antigen-specific reactions after stroke and their possible negative
impact in functional outcome.

In stroke patients, antigen-specific T-cell reactivity (Tarkowski
et al., 1991a,b) and in vivo expansion of myelin reactive T
cells in the CSF (Wang et al., 1992) were observed more than
20 years ago. Increased influx of MOG-specific T cells into
the brain was also detected after experimental stroke (Dirnagl
et al., 2007). Th1 responses against MBP ranged from 24% in
patients with no stroke-associated infection to 60% in patients
with pneumonia and more robust Th1 responses to MBP 90
days after human stroke were associated with a decreased like-
lihood of good functional outcome, even after adjusting for
major independent prognostic factors such as baseline stroke
severity and age. Responses to another myelin-associated anti-
gen, myelin proteolipid protein (PLP), and to the astrocyte
marker GFAP also seemed to be associated to poor outcome,
but reactivity to other antigens such as NSE, S-100β, and tetanus
toxin were not predictive of outcome (Becker et al., 2011). The
diverse prognostic consequences of immune responses to dif-
ferent brain antigens were also seen when analyzing the pres-
ence of brain-derived antigens in the lymphoid tissue of stroke
patients. Greater reactivity to MBP was correlated with stroke
severity on admission, larger infarctions, and worse outcome
at follow-up, whereas increased reactivity to neuronal-derived
antigens, such as microtubule-associated protein-2 and NMDA
receptor subunit NR-2A, was correlated with smaller infarctions
and better long-term outcome (Planas et al., 2012). Interestingly,
in cervical lymph nodes of multiple sclerosis patients, neuronal
antigens were present in pro-inflammatory APCs, whereas the
majority of myelin-containing cells were anti-inflammatory (van
Zwam et al., 2009). The authors concluded that the presence
of myelin and neuronal antigens in functionally distinct APC
populations suggests that differential immune responses can be
evoked.

It is not settled whether autoimmune responses are the cause
or a consequence of severe ischemic damage but the opposing
prognostic implications of immune responses to specific brain
antigens do suggest a pathogenic role of autoimmune responses
against myelin antigens. Fast-conducting myelinated tracts are
responsible for long-range connectivity, interhemispheric syn-
chronization, and also have neurotrophic effects (Dan and Poo,
2004; Nave, 2010) and injury to these fibers can therefore impair
brain connectivity (Sun et al., 2011; Lawrence et al., 2013), reduce
cortical blood flow, and promote cerebral atrophy (Appelman
et al., 2008; Chen et al., 2013). Given that myelination is impor-
tant for neuroplasticity and motor learning (Fields, 2010), greater
autoimmune damage to myelin could also compromise recov-
ery after stroke and contribute to cognitive impairment. It is
unknown whether antigen-specific responses to molecules widely
expressed in the body might also develop after stroke. Patients
with antiphospholipid syndrome are at risk of stroke (Sciascia

et al., 2014) and this may have additional implications regard-
ing whether existing autoantibodies can impair the functional
outcome of stroke, or whether stroke could exacerbate pre-
existing autoimmune responses.

INDUCTION OF IMMUNOLOGIC TOLERANCE IN STROKE
Seminal studies by the team of J. Hallenbeck, K. Becker and col-
leagues provided evidences supporting that modulating antigen-
specific responses could protect the brain in stroke. They found
that oral administration of low doses of bovine MBP to Lewis
rats prior to transient (3-h) MCAO reduced infarct volume
at days 1 and 4 (Becker et al., 1997) demonstrating induced
antigen-specific modulation of the immune response. This strat-
egy reduced delayed-type hypersensitivity to MBP and induced-
spleen cell proliferation showing that tolerance to this brain
antigen was induced. Similar findings were reproduced using
MBP for tolerization through nasal instillation in Lewis rats,
which showed reduced infarct volume 24 h after 3-h intraluminal
MCAO (Becker et al., 2003). Notably, the latter study showed
that the protective effect of MBP tolerization could be transferred
by administration of splenocytes from MBP-tolerized donors
before induction of MCAO, implying that the protective effect
of tolerization can be conferred by splenocyte transplantation.
In the same line, nasal vaccination with a MOG peptide prior to
transient (2-h) MCAO in C57BL/6 mice reduced infarct volume
and was more effective than oral MOG tolerization (Frenkel
et al., 2003). Besides tolerization with brain-specific antigens,
repetitive nasal administration of small doses of E-selectin was
also beneficial in experimental stroke. E-selectin is an adhesion
molecule involved in leukocyte trafficking to the tissues across the
blood vessels and it is strongly induced in the inflamed endothe-
lium. E-selectin expression in the brain vasculature increases after
cerebral ischemia (Huang et al., 2000). In prevention studies, nasal
instillation of E-selectin potently inhibited the development of
ischemic and hemorrhagic strokes in stroke-prone spontaneously
hypertensive rats (SP-SHR; Takeda et al., 2002). Moreover, induc-
tion of mucosal tolerance to E-selectin through nasal instillation
before induction of permanent MCAO (coagulation) in SP-SHR
rats improved the outcome by reducing infarct volume at 48 h
(Chen et al., 2003). This study also found that adoptive transfer of
splenocytes from E-selectin-tolerized donors was able to reduce
infarct volume.

But what is the actual mechanism underlying the protection
conferred by antigen-specific tolerization against stroke brain
damage? Interleukin-10-producing CD4+ T cells mediated
the protective effect of nasal tolerization with MOG (Frenkel
et al., 2003, 2005), in agreement with the concept that mucosal
administration of proteins preferentially induces IL-10 responses
mediated by tolerogenic DCs and Tregs (Weiner et al., 2011).
Likewise, oral administration of MOG protected against sec-
ondary neurodegeneration in a rat model of acute nerve injury by
induction of IL-10 producing myelin-reactive T cells (Monsonego
et al., 2003). However, nasal MOG tolerization in stroke induced
more IL-10 and less CD11b cells than oral MOG (Frenkel et al.,
2003). Interleukin-10 production induces unresponsiveness in
innate myeloid cells, which then become less capable of generating
IL-17-producing encephalitogenic T cells. Oral MBP tolerization
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induced TGF-β1 and the immunosuppressive features of this
cytokine might underlie the beneficial effects of MBP tolerization
in stroke (Becker et al., 1997). Mucosal E-selectin tolerization
downregulated MHC class I gene expression (Illoh et al., 2006).
This effect could prevent the activation of NK cells or cytotoxic
T cells and was associated with reduced numbers of CD8+ cells
found after ischemia in the tolerized animals (Chen et al., 2003).
Tolerization with E-selectin reprogrammed gene expression to
inflammation induced by lipopolysaccharide (LPS) promoting
the expression of growth factor genes and genes involved in
protection against oxidative stress, and it was suggested that
E-selectin tolerization could lead to the expansion of Tregs
(Illoh et al., 2006). Again, increased expression of IL-10 was also
proposed as a mechanism underlying the protective effects of
E-selectin tolerization (Yun et al., 2008). Induction of mucosal
tolerance triggers Tregs in an antigen-specific fashion (Weiner
et al., 2011). Regulatory T cells attenuate inflammation and
prevent autoimmunity through secretion of immunosuppressive
cytokines, amongst other effects (Costantino et al., 2008). Then,
Tregs can exert a global non-specific suppressive effect locally
where they encounter the specific antigen, and this action
could mediate, at least in part, the beneficial effects of mucosal
tolerization in stroke (Frenkel et al., 2005).

THE EFFECT OF SYSTEMIC INFLAMMATION
Large community studies have found associations between sys-
temic inflammatory conditions, such as osteorarthritis or pelvic
inflammatory disease, and cardiovascular disease, including
stroke (Chen et al., 2011; Rahman et al., 2013). This could be
the result of the profound implication of many components of
the immune system in the pathological processes underlying the
development of atherosclerosis and in particular in its ischemic
complications (Sherer and Shoenfeld, 2006). Acute ischemic brain
damage is also exacerbated by systemic inflammation. In an
experimental model of cerebral ischemia, systemic inflammation
caused sustained disruption of the tight junction protein, claudin-
5, and also exacerbated disruption of the basal lamina collagen-
IV, and these alterations were associated with an increase in
neutrophil-derived MMP-9 (McColl et al., 2008). In the same line,
systemic inflammation in IL-10 deficient mice, spontaneously
developing colitis when exposed to environmental pathogens,
increased mortality after stroke (Pérez-de Puig et al., 2013). Using
a murine model of chronic infection leading to a chronic Th1-
polarized immune response, Dénes et al. (2010) found upregula-
tion of proinflammatory mediators in the brain and peripheral
tissues, as well as an altered Treg response, accelerated platelet
aggregation in brain capillaries, increased microvascular injury
and MMP activation after experimental ischemia, and a 60%
increase in brain damage.

Infections are the most common complication in stroke
patients (Kumar et al., 2010; Westendorp et al., 2011). The most
frequent infections are respiratory infections and urinary tract
infections and the main clinical predictor of infection is the sever-
ity of the neurological deficit. Experimental and clinical studies
showed that stroke induces a transient immunodepression that
increases the susceptibility to systemic infections in the first days
after cerebral ischemia. This was first described in a murine model

of cerebral ischemia (Prass et al., 2003) where overactivation of
the adrenergic system caused apoptotic loss of lymphocytes and a
shift from Th1 to Th2 cytokine production. Atrophy of primary
and secondary lymphoid organs and increased numbers of Treg
cells were also features of the systemic immune changes induced
by cerebral ischemia (Prass et al., 2003; Offner et al., 2006). In
stroke patients, the best established features of stroke-induced
immunodepression are increased levels of stress hormones and
anti-inflammatory cytokines like IL-10 (Haeusler et al., 2008;
Klehmet et al., 2009; Urra et al., 2009a), decreased numbers
of circulating lymphocytes (Haeusler et al., 2008; Vogelgesang
et al., 2008; Urra et al., 2009b), and monocyte deactivation with
reduced expression of HLA-DR and reduced capacity to produce
inflammatory cytokines (Haeusler et al., 2008; Urra et al., 2009a).

Infection triggers inflammation, facilitates the maturation of
APCs into potent immunostimulatory cells (Banchereau et al.,
2000), and is involved in the development of autoimmune dis-
eases (Getts et al., 2013; Berer and Krishnamoorthy, 2014). Post-
stroke infections complicate the clinical course of the patients
(Ulm et al., 2012) and could be a source of inflammation favoring
autoimmunity. Systemic inflammation and infection in stroke
could set an environment in the periphery favorable to promote
the development of effector T cells against brain antigens by pro-
viding sufficient cytokines and co-stimulatory molecules (Becker,
2012). However, most features of the stroke-induced systemic
immune changes modulate antigen presentation and its con-
sequences, presumably favoring tolerogenic immune responses.
Therefore, in the absence of infection, immunodepression would
be expected to favor tolerance. Catecholamines can inhibit the
antigen-presenting capability via β2-adrenoceptors and this effect
is at least partly due to impaired CD8+ cell priming by cross-
presenting DC (Seiffert et al., 2002; Maestroni and Mazzola, 2003;
Hervé et al., 2013). Corticosteroids inhibit the production of
inflammatory cytokines in APCs and induce the development of
tolerogenic APCs (DeKruyff et al., 1998; de Jong et al., 1999), and
glucocorticoid-stimulated monocytes reduce the release of IFN-γ
and IL-17 in lymphocytes favoring the generation of Treg (Varga
et al., 2014). Interleukin-10 also inhibits autoimmune reactions
acting on several immune cells including APCs. Interleukin-10
treated DCs induce anergic T cells that are able to suppress
activation and function of T cells in an antigen-specific manner
(Steinbrink et al., 2002). In addition, other alterations in the
numbers and phenotype of circulating leukocytes, such as lym-
phocytopenia and reduced HLA-DR expression in monocytes,
could further impair the activation of specific T cell responses
against brain antigens. For all these reasons, while predisposing
patients to systemic infections, immunodepression after stroke
could limit detrimental autoimmune responses in the brain. The
effect of infection in stroke has been studied in experimen-
tal models of brain ischemia. Induction of ischemia in mice
intranasally infected with the human influenza A (H1N1) virus
increased the number of neutrophils expressing the MMP-9 in
the ischemic brain, exacerbated BBB breakdown, and increased
the rate of intracerebral hemorrhages after tissue plasminogen
activator treatment (Muhammad et al., 2011). Systemic inflam-
mation at the time of experimental stroke has been used exper-
imentally to mimic the clinical situation of infection to increase
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the likelihood of developing a detrimental autoimmune response
to brain antigens (Becker et al., 2011) by favoring Th1 responses
to MBP (Becker et al., 2005; Zierath et al., 2010). However,
induction of systemic inflammation or infection in experimental
animals at the time of cerebral ischemia would possibly mimic
better the clinical scenario of infections precipitating a stroke
rather than the infections occurring as a complication of stroke,
since the latter are usually related to the severity of the lesion
and the degree of stroke-induced immunodepression (Chamorro
et al., 2007; Dirnagl et al., 2007). Becker et al. (2011) reported
that patients who developed an infection after stroke, especially
pneumonia, were more likely to show a Th1 response to MBP and
GFAP 90 days after stroke. This is very relevant because stronger
Th1 responses to MBP were seen associated to poor functional
outcome. However, stroke associated infections are especially
frequent in patients with severe strokes (Hug et al., 2009; Urra and
Chamorro, 2010) and the development of autoimmune responses
could be strongly influenced by the severity of the brain lesion.
It is also very likely that the timing of the infections is a key
factor in modulating the immune response (Emsley and Hopkins,
2008). Infections before stroke can be a source of inflammation
and thrombosis, and can precipitate stroke onset (Elkind et al.,
2011). A small clinical study showed that patients with previous
infection had greater deficits and increased platelet activation and
platelet-leukocyte aggregation compared with patients without
infection (Zeller et al., 2005). Thus the presence of previous infec-
tions, possibly including subclinical infections, could facilitate the
occurrence of stroke and impair functional recovery.

PHARMACOLOGIC REGULATION OF AUTOREACTIVE T CELLS
AFTER STROKE
Reduction of infarct volume after transient ischemia was achieved
by immune regulation of myelin-reactive inflammatory T cells
using recombinant T cell receptor ligands (RTL), i.e., partial MHC
class II molecules covalently bound to myelin peptides acting
as partial agonists that deviate autoreactive T cells to become
non-pathogenic (Subramanian et al., 2009; Dziennis et al., 2011),
again supporting a negative effect of antigen-specific responses in
the lesion caused by stroke. Co-inhibitory molecules, like PD-1,
regulate the induction and maintenance of peripheral tolerance
(Ceeraz et al., 2013). Accordingly, PD-1-deficient mice showed
higher inflammatory responses, infarct volume and neurologi-
cal deficits after brain ischemia (Ren et al., 2011b). However,
mice deficient in PD-1 ligands (PD-L) were protected against
ischemic brain damage (Bodhankar et al., 2013b), while it has
been reported that PD-1 is necessary for Treg-induced protective
effects (Li et al., 2014). Therefore, the role of this pathway in the
outcome of brain ischemia seems to be quite complex and is not
yet fully characterized.

Regulation of the migration of lymphocyte subsets into the
CNS can also control autoimmunity. The egress of lympho-
cytes from lymph nodes requires lymphocytic S1P1 receptors
(Matloubian et al., 2004). The main protective mechanism of
fingolimod in multiple sclerosis seems to be mediated by inter-
nalization of S1P1 that therefore reduces the responsiveness of
T cells to the egress signal S1P and favors CCR7-mediated lym-
phocyte retention in lymph nodes (Pham et al., 2008). Several

experimental studies reported protection after treatment with
fingolimod in brain ischemia (Hasegawa et al., 2010; Wei et al.,
2011; Kraft et al., 2013), and intracerebral hemorrhage (Rolland
et al., 2011), but the mechanisms underlying this protection are
not fully understood. While lymphocytopenia could be involved
in the effects of fingolimod, one study found that this drug
was not protective in experimental cerebral ischemia in spite of
reducing lymphocyte influx (Liesz et al., 2011). Other effects
of this drug, including BBB protection, decreased microvascu-
lar thrombosis (Kraft et al., 2013), and reduced hemorrhagic
transformation in thromboembolic stroke (Campos et al., 2013)
could account, at least in part, for the reported beneficial effects.
Whether fingolimod affects autoimmune responses and autore-
active T cell migration after brain ischemia has not been reported
and it is unknown whether fingolimod-induced lymphocytopenia
might further increase the risk of infection. Interestingly, the
drug appears to be safe for the treatment of intracerebral hem-
orrhage in humans (Fu et al., 2014). In any case, experimental
interventions on the immune system in stroke models should pay
particular attention to immunodepression and infection as pos-
sible causes of neurological impairment and mortality. However,
studies identifying post-stroke infection in experimental animals
and its possible neurological consequences are difficult and still
infrequent (Braun et al., 2007; Engel and Meisel, 2010; Hetze et al.,
2013).

Besides systemic infections, factors such as severe arterioscle-
rosis or other systemic autoimmune diseases are also likely to
promote a proinflammatory environment favoring autoimmunity
in ischemic stroke. As vascular risk factors and atherosclerosis
are common in stroke patients, clinical and experimental studies
assessing this possibility and also the potential of commonly
used drugs, such as statins, to modulate the immune reactions
to stroke would be relevant. Several beneficial effects of statins
may be due to immunomodulatory effects, including impaired
maturation of DCs with reduced expression of molecules like
MHC class II preventing antigen presentation to T cells (Kwak
et al., 2000; Yilmaz et al., 2004) and inducing tolerogenic DCs that
increase the numbers of Treg cells (Li et al., 2013c). Vaccination
is also an attractive approach to induce protective immunity
avoiding the progression of atherosclerosis. In experiments in
animals, atherosclerosis was reduced by vaccination with oxidized
LDL, bacteria containing certain modified phospholipids, or heat-
shock protein 65 (Palinski et al., 1995; Maron et al., 2002; Binder
et al., 2003).

FUTURE DIRECTIONS
In this review we described the current evidence suggesting
the possibility that stroke can trigger antigen-specific responses.
These include the finding of T-cells autoreactive to brain antigens
in stroke patients, the presence of brain antigens and autoanti-
bodies in CSF and serum, and APCs carrying brain antigens in
the regional lymphoid tissue. Further support to this notion is
provided by the beneficial effects of inducing immune tolerance
in experimental animal models of stroke. Brain antigens are
released after stroke in the presence of inflammatory mediators
and danger signals. Soluble molecules can reach the periphery
across the leaky BBB or across natural pathways normally allowing
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fluid efflux, i.e., the drainage of interstitial fluid to the CSF
and from there to the blood, and the drainage of CSF through
the nasal lymphatics to the cervical lymph nodes. Furthermore,
antigens can be internalized locally in the brain by APCs, but
whether these cells can migrate to the draining lymph nodes for
efficient antigen presentation is currently unknown and deserves
further investigation. Since these routes could trigger different
immune responses, it is relevant to elucidate their contribution to
brain antigen transfer to the lymph nodes. Mechanisms ensuring
tolerance to self are tightly regulated. Peripheral tolerance relies
on factors including the features of APCs and their interaction
with lymphocytes, the cytokine environment, and the presence
of danger signals and regulatory or suppressor cells. Although a
number of studies have shown specific changes in these factors
after stroke, we still lack a complete picture of how these changes
are integrated in the organism over time. Furthermore, stroke
co-morbidities are often associated with changes in the immune
system that could play a crucial role in directing specific immune
responses to stroke. Stroke does not consistently trigger autoim-
munity, but several lines of evidence support that infection and
inflammation could break immune tolerance controls and favor
autoreactive responses to brain antigens after stroke. Infection is
a frequent complication of stroke that is attributable to stroke-
induced immunodepression, characterized by acute lymphopenia
and monocyte deactivation. Immunodepression sets a humoral
and cellular situation favorable to prevent autoreactivity, but
leaves the subjects at risk of infection. In the event of infection,
the risk of autoreactivity increases, suggesting a fine balance
between the factors regulating tolerance and autoimmunity. Fur-
ther understanding of these regulatory mechanisms is necessary
to elucidate whether antigen-specific reactions could threaten the
outcome of stroke patients. Some patients show partial recovery
of function and respond to rehabilitation over months after
stroke onset. However, certain stroke patients develop compli-
cations, as for instance cognitive decline or epilepsy, and it
is often difficult to predict such effects. Whether any autoim-
mune reaction can underlie stroke complications deserves fur-
ther investigation aiming to prevent or attenuate such adverse
events.
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Traumatic brain injury (TBI) induces a strong inflammatory response which includes
blood-brain barrier damage, edema formation and infiltration of different immune cell
subsets. More recently, microvascular thrombosis has been identified as another
pathophysiological feature of TBI. The contact-kinin system represents an interface
between inflammatory and thrombotic circuits and is activated in different neurological
diseases. C1-Inhibitor counteracts activation of the contact-kinin system at multiple levels.
We investigated the therapeutic potential of C1-Inhibitor in a model of TBI. Male and
female C57BL/6 mice were subjected to cortical cryolesion and treated with C1-Inhibitor
after 1 h. Lesion volumes were assessed between day 1 and day 5 and blood-brain
barrier damage, thrombus formation as well as the local inflammatory response were
determined post TBI. Treatment of male mice with 15.0 IU C1-Inhibitor, but not 7.5 IU,
1 h after cryolesion reduced lesion volumes by ∼75% on day 1. This protective effect
was preserved in female mice and at later stages of trauma. Mechanistically, C1-Inhibitor
stabilized the blood-brain barrier and decreased the invasion of immune cells into the
brain parenchyma. Moreover, C1-Inhibitor had strong antithrombotic effects. C1-Inhibitor
represents a multifaceted anti-inflammatory and antithrombotic compound that prevents
traumatic neurodegeneration in clinically meaningful settings.

Keywords: traumatic brain injury, edema, blood-brain barrier, C1-inhibitor, contact-kinin system, inflammation,
thrombosis

INTRODUCTION
Traumatic brain injury (TBI) accounts for more than 10 million
fatalities worldwide and is a leading cause of permanent disability
(Hyder et al., 2007; Roozenbeek et al., 2013). Albeit TBI is of
utmost socioeconomic relevance, its underlying pathophysiology
is still incompletely understood and specific therapies are lacking
(Roozenbeek et al., 2013). After the initial impact, which irretriev-
ably destructs the adjacent brain regions, a self-propagating dele-
terious cascade is unleashed that causes secondary tissue damage
(Shlosberg et al., 2010). Inflammation is one of the most relevant
contributors to this cascade (Cederberg and Siesjo, 2010). Early
after trauma the brain endothelium upregulates cellular adhesion
molecules and this activation step enables trafficking of inflam-
matory cells (neutrophils, macrophages) from the blood stream
to the sites of tissue damage (Schwarzmaier et al., 2013). Those
peripheral cells together with resident cell populations (endothe-
lial cells, microglia, astrocytes) produce myriads of highly active
mediators such as cytokines and chemokines that perpetuate the
inflammatory response (Schmidt et al., 2005). Another charac-
teristic of severe brain trauma is structural disintegration of the

blood-brain barrier, which in consequence leads to the forma-
tion of brain edema (Shlosberg et al., 2010). Excessive edema
can damage otherwise healthy brain regions by compression
and is a frequent cause of delayed neurologic deterioration in
trauma patients. Pharmaceuticals able to substantially influence
inflammation or edema formation in TBI are not available and
decompressive surgery, which is a highly invasive procedure, failed
to prove efficacy in trauma patients in a recent phase III trial
(Cooper et al., 2011).

Apart from inflammation, microvascular dysfunction and
progressive thrombus formation are increasingly recognized as
important players in the pathophysiology of brain trauma and
may account for the frequently observed immediate decline in
regional cerebral blood flow which can also affect remote brain
areas (Dietrich et al., 1996; Schwarzmaier et al., 2010; Prodan
et al., 2013; Sillesen et al., 2013). Most interestingly, there is accu-
mulating evidence of a tightly regulated interplay between throm-
botic and inflammatory mechanisms during TBI (Schwarzmaier
et al., 2010, 2013) and related CNS disorders such as ischemic
stroke (Langhauser et al., 2012; Kleinschnitz et al., 2013), and this
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“thrombo-inflammation” might be accessible to specific thera-
peutic interventions (Nieswandt et al., 2011; Magnus et al., 2012).

The serine proteases coagulation factor XII (FXII) and plasma
kallikrein together with their substrate kininogen build the
contact-kinin system (Renné, 2012). The contact-kinin system
fosters vascular permeability and inflammation by the formation
of short-lived kinins while at the same time is linked to thrombus
formation via the FXII-driven intrinsic coagulation cascade. All
components of the contact-kinin system have been identified
in the brain (Camargo et al., 1973; Kariya et al., 1985; Kizuki
et al., 1994) and activation of the contact-kinin system has been
described after TBI both experimentally as well as in humans
(Auer and Ott, 1979; Trabold et al., 2010; Albert-Weissenberger
et al., 2013). Hence, the different members of the contact-
kinin system represent attractive targets to combat injury-induced
inflammation and thrombosis.

C1-Inhibitor (C1-Inh) belongs to the superfamily of serine
protease inhibitors called serpins (Davis et al., 2008). It acts as
an important endogenous regulator of the contact-kinin system
by blocking of activated FXII (FXIIa) and plasma kallikrein
(Davis et al., 2010). Moreover, C1-Inh can directly interfere with
the attraction of circulating leukocytes (Cai and Davis, 2003)
and inhibits components of the complement system (Duehrkop
and Rieben, 2014). Application of C1-Inh has proven to be
beneficial in a variety of disorders associated with inflamma-
tion (Begieneman et al., 2012; Heydenreich et al., 2012; Mejia
and Davis, 2012). In a previous publication, the group of De
Simoni evaluated the effects of Cl-Inh following controlled cor-
tical impact (CCI) brain injury in mice (Longhi et al., 2008,
2009). They showed that post-traumatic administration of the
C1-Inh improved cognitive outcome and reduced histological
damage after CCI, a model of focal and diffuse brain damage
(Longhi et al., 2008, 2009). Importantly, they showed that C1-Inh
treatment results in a better functional outcome.

To specifically answer the question whether C1-Inh, reduces
blood-brain barrier breakdown, brain edema and lesion size in
a focal TBI model, we used a cryolesion model that produces
a standardized focal cortical lesion, breakdown of the blood-
brain barrier and vasogenic brain edema (Raslan et al., 2012),
key pathomechanisms associated with fatal outcome after focal
clinical TBI. We show that plasma-derived C1-Inh protects from
TBI in mice in a clinically relevant scenario by a combined anti-
inflammatory and antithrombotic mode of action.

MATERIALS AND METHODS
CORTICAL CRYOLESION MODEL
A total of 186 C57BL/6 mice (166 males, 22 females) were
used in this study. All experiments were approved by institu-
tional (University of Würzburg, Germany) and regulatory (local
government of Lower Franconia, Bavaria, Germany) authorities.
Cortical cryolesion was induced as described (Raslan et al., 2012).
Briefly, mice were anesthetized with intraperitoneal injections
of ketamine (0.1 mg/g) and xylazine (0.005 mg/g). Surgery was
performed on the right parietal cortex after exposing the skull
through a scalp incision. A copper cylinder with a tip diameter
of 2.5 mm was filled with liquid nitrogen (−196◦C) and placed
stereotactically on the right parietal cortex (coordinates from

bregma: 1.5 mm posterior, 1.5 mm lateral) for 90 s. Sham-
operated animals went through the same procedure without
cooling the copper cylinder. Animals were randomly assigned to
the treatment groups by an independent person not involved in
data acquisition. We analyzed all read-out parameters while being
masked to the experimental groups.

C1-INHIBITOR TREATMENT
One hour after the induction of cortical cryolesion, mice received
a single intravenous injection of human plasma-derived C1-Inh
(Berinert®; CSL Behring GmbH) at a dose of 7.5 IU or 15.0
IU (Heydenreich et al., 2012). Control animals received equal
volumes of isotonic saline (vehicle).

DETERMINATION OF LESION SIZE
Twenty-four hours or 5 days after cryolesion, mice were sacrificed
and mouse brains were quickly removed and cut in five 1 mm
thick coronal sections using a mouse brain slice matrix (Harvard
Apparatus). The slices were stained for 20 min at 37◦C with 2%
2,3,5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich) in 1x
phosphate buffered saline (PBS) to visualize the lesion. The lesion
volume was calculated from the TTC stained slices using the
ImageJ software (ImageJ software, National Institutes of Health,
USA) (Raslan et al., 2010).

DETERMINATION OF BRAIN EDEMA AND BLOOD-BRAIN BARRIER
LEAKAGE
Brain edema formation was calculated using the wet weight-dry
weight method (Langhauser et al., 2012). Briefly, brains were
removed 24 h after cryolesion and a 6-mm-thick coronal section
was dissected that included the traumatic area. The section was
divided into an ipsilesional (injured) and contralesional (nonin-
jured) part. The freshly collected tissue samples were weighted
to assess the wet weight. After that, samples were dried for 72 h
at 60◦C and the dry weight was determined. The water content
(expressed as percentage) in the ipsilesional and contralesional
part was calculated using the following formula: ((wet weight—
dry weight) / wet weight)× 100.

To determine blood-brain barrier leakage 100 µl of 2% Evans
Blue tracer (Sigma Aldrich) diluted in 0.9% NaCl was i. v. injected
23 h after the induction of cryolesion (Langhauser et al., 2012).
After 24 h mice were sacrificed and brains were quickly removed.
A 6-mm-thick coronal section including the traumatic area was
cut using a mouse brain slice matrix (Harvard Apparatus). The
section was separated into an ipsilesional and contralesional part.
Then, 300 µl formamide was added and incubated for 24 h
at 55◦C in the dark to extract the Evans blue dye. Tubes were
centrifuged for 20 min at 16.000 g and 50 µl of the supernatant
were transferred to a 96 well plate. Fluorescence intensity was
determined in duplicates by a microplate fluorescence reader
(Fluoroskan Ascent, Thermo Scientific) with an excitation at
610 nm and emission at 680 nm. The concentration for each
sample was calculated from a standard curve.

REAL-TIME PCR STUDIES
RNA was isolated from the whole ipsilesional hemisphere
24 h after trauma. Tissue homogenization, RNA isolation, and
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real-time PCR were performed as described (Kleinschnitz et al.,
2010; Albert-Weissenberger et al., 2012). Briefly, total RNA
was prepared with a Miccra D-8 power homogenizer (ART
Prozess-& Labortechnik) using the TRIzol reagent (Invitrogen)
and was quantified spectrophotometrically. Then, 250 µg
of total RNA was reversely transcribed with the TaqMan
Reverse Transcription Reagents (Applied Biosystems) according
to the manufacturer’s protocol using random hexamers.
Relative mRNA levels were quantified with the fluorescent
TaqMan technology. PCR primers and probes specific for
murine interleukin (IL)-1β (assay ID: Mm004344228_m1),
tumor necrosis factor (TNF)α (assay ID: Mm00443258
_m1), chemokine ligand 2 (CCL2) (assay ID: Mm00441242_m1),
chemokine ligand 3 (CCL3) (assay ID: Mm00441259_g1),
occludin (assay ID: Mm00500912_m1) and claudin-5 (assay ID:
Mm00727012_s1) were obtained as TaqMan Gene Expression
Arrays (Applied Biosystems). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and β-Actin (TaqMan Predeveloped
Assay Reagents for gene expression, part number: 4352339E
and 4352341E; Applied Biosystems) were used as endogenous
controls to normalize the amount of sample RNA. The PCR
was performed with equal amounts of cDNA in the GeneAmp
7700 sequence detection system (Applied Biosystems) using
the TaqMan Universal PCR Master Mix (Applied Biosystems).
Reactions were incubated at 50◦C for 2 min, at 95◦C for 10 min
followed by 40 cycles of 15 s at 95◦C and 1 min at 60◦C. Water
controls were included to ensure specificity. Each sample was
measured in triplicate and data points were examined for integrity
by analysis of the amplification plot. The ∆∆Ct method was used
for relative quantification of gene expression as described (Livak
and Schmittgen, 2001; Langhauser et al., 2012).

HISTOLOGY AND IMMUNOHISTOCHEMISTRY
Immunohistochemistry was performed as previously described
(Langhauser et al., 2012). Cryo-embedded brains were cut
into 10-µm-thick slices using a cryostat (Leica). For stain-
ing of microglia/macrophages the slices were fixed in 4% PFA
in PBS. Blocking of epitopes was achieved by pre-treatment
with 5% bovine serum albumin (BSA) in PBS for 45 min
to prevent unspecific binding. For the detection of activated
microglia/macrophages the antibody (rat, diluted 1:100, Serotec
MCA711, anti-CD11b) was diluted in PBS containing 1% BSA
and incubated overnight at 4◦C. Afterwards, slides were incubated
with a biotinylated anti-rat IgG (BA-4001, Vector Laboratories)
diluted 1:100 in PBS containing 1% BSA for 45 min at room
temperature. Following treatment with Avidin/Biotin blocking
solution (Avidin/Biotin Blocking Kit, Sp-2001, Vector Labora-
tories) to inhibit endogenous peroxidase activity, the secondary
antibody was linked via streptavidin to a biotinylated peroxidase
(POD) according to the manufacturer’s instructions (Vectorstain
ABC Kit, Peroxidase Standard PK-4000, Vector Laboratories).
Antigens were visualized via POD using the chromogen 3, 3′-
Diaminobenzidin (DAB) (Kem-En-Tec Diagnostics), the slices
were embedded in AquaTex (Merck) and digital images were
acquired using a Nikon microscope Eclipse 50i equipped with
the DS-U3 DS camera control unit and the NIS-Elements soft-
ware (Nikon, Japan). In order to determine the number of

macrophages and activated microglia, CD11b-positive cells were
counted for each animal on the side of injury and on the
contralateral side on five brain slices at 20x magnification. The
numbers of CD11b-positive cells are expressed as cells/mm2. Neg-
ative controls for all immunohistochemical experiments included
omission of either the primary or secondary antibody and gave no
signals (not shown).

For the assessment of the thrombosis index, hematoxylin
and eosin (H&E) staining on cryo-embedded brain slices was
performed according to standard procedures. The number of
occluded and not occluded blood vessels within the ipsilateral
hemisphere was counted in every tenth slice for control and 15.0
IU C1-Inh treated mice using a Nikon microscope Eclipse 50i and
the % of occluded vessels was calculated.

WESTERN BLOT
Cortices or basal ganglia were dissected from the ipsilateral hemi-
sphere of mouse brains and homogenized in RIPA buffer (25 mM
Tris pH 7.4, 150 mM NaCl, 1% NP-40) containing 0.1% SDS
and 4% proteinase inhibitor (complete protease inhibitor cocktail,
Roche). Samples were sonicated for 10 s. Afterwards tissue lysates
were centrifuged at 15.0 g for 30 min at 4◦C and supernatants were
used for bicinchoninic acid (BCA) protein assay and subsequent
Western blot analysis. The total lysates were treated with 4x SDS-
PAGE loading buffer (final concentration: 62.5 mM Tris pH 6.8,
3% beta-mercaptoethanol, 8% SDS, 15% glycerol) at 95◦C for
5 min. 20 µg of total protein was electrophoresed and transferred
to a PVDF membrane. After blocking for 30 min with blocking
buffer (5% nonfat dry milk, 50 mM Tris-HCl pH 7.5, 0.05%
Tween-20) membranes were incubated with the primary anti-
body at 4◦C overnight at the following dilutions: anti-fibrinogen
antibody (rabbit, 1:10,000; Acris AP00766PU-N), anti-claudin-
5 (mouse, 1:1000; Invitrogen 35–2500), and anti-actin (mouse,
1:500,000; Sigma A5441). After a washing step with TBST (50
mM Tris-HCl pH 7.5, 0.05% Tween-20), membranes were incu-
bated for 1 h with HRP-conjugated donkey anti-rabbit IgG (for
fibrinogen) (Dianova) or donkey anti-mouse IgG (for claudin-5
and actin) at a dilution of 1:5000 and were finally developed using
ECLplus (GE Healthcare) and quantified by densitometry using
the ImageJ software (National Institutes of Health, USA). The
relative densities of the protein bands of claudin-5 and fibrinogen
were normalized to actin.

STATISTICS
All results were expressed as mean ± standard error of mean
(SEM). Numbers of animals (N = 10) necessary to detect a
standardized effect size on lesion volumes ≥20% on day 1 after
cortical cryolesion (vehicle-treated control mice vs. mice treated
with 15 IU C1-Inh) were determined via a priori sample size
calculation with the following assumptions: α = 0.05, β = 0.2,
mean, 20% SEM of the mean (GraphPad Stat Mate 2.0; GraphPad
Software). For statistical analysis, the GraphPad Prism 5.0 soft-
ware package (GraphPad Software) was used. Data were tested for
Gaussian distribution with the D’Agostino and Pearson omnibus
normality test and then analyzed by one-way analysis of variance
(ANOVA) with post hoc Bonferroni correction for multivariate
analyses. If only two groups were compared, unpaired, two-tailed
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Student’s t-test was applied. P-values < 0.05 were considered
statistically significant.

RESULTS
C1-INHIBITOR PROTECTS FROM FOCAL BRAIN TRAUMA IN A
CLINICALLY RELEVANT SETTING
To investigate the efficacy of exogenous C1-Inh in acute brain
trauma, we chose a cortical cryolesion model in mice. This model
induces a rapid breakdown of the blood-brain barrier and is
associated with significant edema formation and inflammation
(Albert-Weissenberger and Sirén, 2010; Raslan et al., 2012). First,
6-week-old male C57BL/6 mice were subjected to cryolesion and
treated with 7.5 IU or 15.0 IU C1-Inh 1 h after trauma (Figure 1).
Posttraumatic treatment with 15.0 IU C1-Inh, but not 7.5 IU C1-
Inh, significantly reduced lesion volumes by >75% on day 1 as
assessed by staining of brain sections with TTC (lesion area: 5.5±
1.4 mm3 [control] vs. 1.7 ± 0.4 mm3 [15.0 IU], respectively;
∗ P < 0.05; Figure 1A).

Gender can have a significant impact on the clinical outcome
following TBI (Farace and Alves, 2000; Wagner et al., 2005;
Ratcliff et al., 2007). Therefore, we also subjected 6-week-old
female mice to cortical cryolesion. In line with the results in male
mice, treatment of female mice with 15.0 IU C1-Inh 1 h after
cryolesion resulted in significantly smaller brain lesions compared
with vehicle-treated controls (lesion area 3.6 ± 0.6 mm3 [con-
trol] vs. 1.0 ± 0.4 mm3 [15.0 IU], respectively; ∗∗ P < 0.01;
Figure 1B).

Posttraumatic treatment with 15.0 IU C1-Inh was able to
provide sustained protection against TBI. Again, 6-week-old male
C57BL/6 mice were subjected to cortical cryolesion and treated
with 15.0 IU C1-Inh 1 h after trauma. Assessment of the brain
lesion volume after 5 days showed a significant smaller lesion size
in the 15.0 IU C1-Inh treated mice compared with vehicle-treated
controls (lesion area 3.8 ± 0.5 mm3 [control] vs. 2.3 ± 0.3 mm3

[15.0 IU], respectively; ∗ P < 0.05; Figure 1C).

PROTECTION FROM FOCAL BRAIN TRAUMA IN C1-INHIBITOR TREATED
MICE RESULTS FROM REDUCED EDEMA FORMATION, INFLAMMATION
AND THROMBOSIS
Next, we sought to elucidate the underlying mechanisms of
this C1-Inh-specific protection in focal brain trauma. C1-Inh
plays an important role in the regulation of vascular perme-
ability, probably by inactivating key proteases of the contact-
kinin system such as FXIIa or plasma kallikrein (Davis et al.,
2010). On day 1 after cryolesion, the integrity of the blood-brain
barrier as reflected by the concentration of the vascular tracer
Evans Blue leaking into the brain parenchyma was preserved
in mice treated with 15.0 IU C1-Inh 1 h after trauma (70.3 ±
5.9 ng/mg [control ipsi] vs. 48.8 ± 4.3 ng/mg [15.0 IU ipsi],
∗ P < 0.05; Figure 2A). This finding correlated with significantly
less brain edema formation (as assessed by the wet weight-dry
weight method) after therapeutic C1-Inh application (80.1 ±
0.6% [control ipsi] vs. 78.5 ± 0.2% [15.0 IU ipsi], ∗ P < 0.05;
Figure 2B).

In line with a blood-brain barrier stabilizing effect of C1-Inh in
TBI, the level of the mRNA encoding for the tight junction protein
occludin was downregulated in the brains of vehicle-treated mice

FIGURE 1 | C1-Inhibitor (C1-Inh) protects against traumatic brain
injury in mice of both sexes. (A) Left panel shows representative
2,3,5-triphenyltetrazolium chloride (TTC) staining of 5 coronal brain
sections of 6-week-old male control mice (Ctrl) and 6-week-old male
mice treated with 7.5 IU or 15.0 IU C1-Inh. C1-Inh was always applied
1 h after cortical cryolesion and the lesion volume was assessed from
TTC staining at day 1. The lesion volume was reduced in a
dose-dependent manner with a significant reduction after treatment
with 15.0 IU (n = 11–13, * P < 0.05, One-way analysis of variance with
post hoc Bonferroni’s Multiple Comparison Test). (B) Representative
TTC staining and lesion volume of 6-week-old female control and 15.0
IU C1-Inh treated mice, showing a significant reduction in lesion volume
after treatment with 15.0 IU at day 1 (n = 10–11, ** P = 0.0019,
Unpaired t-test). (C) A significant reduction of lesion volume was
detectable up to 5 days after treatment with 15.0 IU C1-Inh in
6-week-old male mice (n = 10, * P < 0.05, Unpaired t-test).

compared with sham-operated controls on day 1 after cryolesion
(relative gene expression occludin: 1.0 ± 0.02 [sham] vs. 0.6 ±
0.04 [control], ∗ P < 0.05; Figure 2C) but occludin mRNA level
was preserved in mice receiving 15.0 IU C1-Inh (relative gene
expression occludin: 0.9 ± 0.1 [15.0 IU], ∗ P < 0.05; Figure 2C).
In contrast, no differences in the mRNA levels encoding for
another tight junction protein, claudin-5, could be observed
between the groups (relative gene expression claudin-5: 1.0 ±
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FIGURE 2 | C1-inhibitor (C1-Inh) treatment results in stabilization of the
blood brain barrier. (A) Vascular leakage on day 1 after cryolesion was
significantly decreased after treatment with 15.0 IU of C1-Inh as confirmed by
the concentration of Evans Blue detectable in the brain parenchyma (n = 6,
* P < 0.05, ns P > 0.05, One-way analysis of variance with post hoc
Bonferroni’s Multiple Comparison Test, ipsi: ipsilateral hemisphere, contra:
contralateral hemisphere). (B) Edema formation as reflected by the brain
water content in the ipsi- and contralateral hemispheres of control and 15.0 IU
treated mice on day 1 after cryolesion (n = 6, * P < 0.05, ns P > 0.05,

One-way analysis of variance with post hoc Bonferroni’s Multiple Comparison
Test). (C) Relative gene expression of occludin in the ipsilateral brain
parenchyma of control and 15.0 IU treated mice 24 h after cryolesion or sham
operation (n = 7 or 3 for sham operated, * P < 0.05, One-way analysis of
variance with post hoc Bonferroni’s Multiple Comparison Test). (D) Relative
gene expression of claudin-5 in the ipsilateral brain parenchyma of control and
15.0 IU treated mice 24 h after cryolesion or sham operation (n = 7 or 3 for
sham operated, ns P > 0.05, One-way analysis of variance with post hoc
Bonferroni’s Multiple Comparison Test).

0.03 [sham] vs. 0.8 ± 0.05 [control] vs. 0.9 ± 0.04 [15.0 IU],
P > 0.05; Figure 2D) indicating selective regulation of specific
tight junction proteins by C1-Inh.

Structural disintegration of the blood-brain barrier facilitates
immune cell trafficking and C1-Inh has been shown to inhibit
cell migration from the vasculature to sites of inflammation
(Cai and Davis, 2003). We therefore quantified the numbers
of immune cells invading the injured brain by immunohisto-
chemistry 24 h after the induction of cortical cryolesion. More
macrophages/microglia cells had entered the traumatic brains
of untreated control mice than of mice that had been treated
with 15.0 IU C1-Inh 1 h after TBI (CD11b positive cells/mm2

in the lesion site (ipsilateral): 294.6 ± 89.8 [control] vs. 49.4 ±
23.6 [15.0 IU], ∗ P < 0.05; Figure 3A). Interestingly, this was
paralleled by a significantly reduced mRNA expression of the C-
C motif chemokine CCL3 (relative gene expression: 33.9 ± 14.1
[control] vs. 1.00 ± 0.12 [15.0 IU], ∗ P < 0.05; Figure 3B).
CCL3 is known to promote neutrophil influx especially under
inflammatory conditions (Ramos et al., 2005; Johnson et al.,
2011; Reichel et al., 2012; de Jager et al., 2013). Accordingly,
mRNA expression of CCL2 (monocyte chemoattractant protein 1,
MCP-1) was also significantly lower in mice treated with C1-Inh

in comparison to vehicle-treated mice (relative gene expression:
147.4 ± 35.1 [control] vs. 15.7 ± 3.3 [15.0 IU], ∗∗∗ P < 0.001;
Figure 3B).

Next, we analyzed the gene expression profiles of the proto-
typic proinflammatory cytokines IL-1β and TNFα in the brains of
C1-Inh treated mice and controls 24 h after TBI. Both cytokines
have been shown to promote traumatic brain damage (Schmidt
et al., 2005). Elevation of IL-1β mRNA and TNFα mRNA in the
injured hemispheres after cortical cryolesion was less marked in
the group receiving 15.0 IU C1-Inh compared with vehicle-treated
controls (relative gene expression IL-1β: 11.7 ± 3.4 [control]
vs. 1.3 ± 0.1 [15.0 IU], ∗∗ P < 0.01; Figure 3B; relative gene
expression TNFα: 17.8 ± 1.6 [control] vs. 1.7 ± 0.3 [15.0 IU],
∗∗∗ P < 0.001; Figure 3B).

C1-Inh also blocks FXIIa, the prime activator of the intrinsic
pathway of blood coagulation (Davis et al., 2008). Therefore, we
additionally analyzed the impact of C1-Inh on the thrombotic
activity after cortical cryolesion. The amount of fibrin(ogen)
detected by immunoblot in the traumatic hemisphere of C1-
Inh treated mice was significantly reduced on day 1 after TBI
compared with controls (mean optical density: 3.7± 0.8 [control]
vs. 1.9± 0.3 [15.0 IU], ∗ P < 0.05; Figure 4A).
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FIGURE 3 | C1-inhibitor (C1-Inh) treatment results in attenuation of
the inflammatory response. (A) Representative immunohistochemical
stainings of cerebral CD11b positive cells on day 1 after cryolesion.
Quantification of cell number in control and C1-Inh treated mice
revealed less CD11b positive cells per mm2 in the lesion site of C1-Inh
treated mice (n = 5, * P < 0.05, One-way analysis of variance with
post hoc Bonferroni’s Multiple Comparison Test, Scale bar 50 µm).

(B) Relative gene expression of the genes encoding the
proinflammatory cytokines ccl2, ccl3, interleukin (IL)-1β, and tumor
necrosis factor (Tnf)α in control and C1-Inh treated mice on day 1 after
cryolesion. Gene expression of all proinflammatory cytokines were
significantly reduced in C1-Inh treated mice (n = 5, * P < 0.05,
** P < 0.01, *** P < 0.001, One-way analysis of variance with
post hoc Bonferroni’s Multiple Comparison Test).

Immunohistochemistry consistently demonstrated intravas-
cular fibrin(ogen) deposits that occluded brain vessels in
untreated mice and markedly reduced fibrin(ogen) deposits in
mice treated with C1-Inh (Figure 4B). Accordingly, histological
sections of lesioned brain tissue from untreated mice showed
numerous occlusions of vessel lumina (Figure 4B). In compari-
son, the microvascular patency was significantly increased in mice
receiving C1-Inh (thrombosis index: 69.5 ± 2.2 vs. 39.7 ± 1.7,
∗∗∗ P < 0.001).

DISCUSSION
The salient finding of the present study is that plasma-derived C1-
Inh protects from focal brain trauma in different settings relevant
to the clinical situation. C1-Inh reduced cortical lesion volumes by
nearly 75% in male mice even when applied 1 h after the onset of
trauma. Female mice were similarly protected and the beneficial
effect was preserved at later stages after trauma. The specific anti-
inflammatory and antithrombotic properties of C1-Inh appear to
mediate this powerful neuroprotection.
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FIGURE 4 | C1-inhibitor (C1-Inh) treatment results in inhibition of
thrombus formation. (A) Accumulation of fibrin(ogen) in the ipsilateral
(ipsi) and contralateral (contra) brain hemispheres of control and 15.0 IU
C1-Inh treated mice was analyzed by immunoblotting 24 h after cryolesion,
and bands were quantified by densitometry. The representative
immunoblot and the quantification shows a significant reduction of
fibrin(ogen) in the 15.0 C1-Inh treated mice (n = 5–6, * P < 0.05, One-way
analysis of variance with post hoc Bonferroni’s Multiple Comparison Test;

AU = arbitrary units). (B) Representative H&E staining from traumatic
hemispheres of vehicle-treated and 15.0 IU C1-Inh treated mice on day 1
after cryolesion. Occluded vessels (arrowhead in the left panel) were more
abundant in control mice when compared to vessels of 15.0 IU C1-Inh
treated mice (arrowheads in the right panel). This finding was confirmed by
the calculation of the thrombosis index showing a highly significant
reduction of occluded vessels in 15.0 IU C1-Inh treated mice on day 1 after
cryolesion (n = 4, *** P < 0.001, Unpaired t-test; Scale bar 50 µm).

Recent studies indicate that the contact-kinin system is acti-
vated after brain trauma under experimental conditions (Albert-
Weissenberger et al., 2013). Trabold et al. (2010) found increased
levels of bradykinin in the brains of mice subjected to con-
trolled cortical impact and genetic depletion of bradykinin recep-
tor 2, but not bradykinin receptor 1, led to smaller contusion
volumes and a better functional outcome 7 days after TBI as
compared with wild type mice. In the cryolesion model (Raslan
et al., 2010) as well as after diffuse head trauma (weight drop
injury) (Albert-Weissenberger et al., 2012), bradykinin recep-
tor 1 seems to dominate over bradykinin receptor 2 but again
blocking of bradykinin signaling was neuroprotective in both
models. Moreover, treatment with the plasma kallikrein inhibitor
aprotinin caused a significant reduction in brain swelling in
rabbits which had undergone cold injury (Unterberg et al.,
1986). Accordingly, the expression of kininogen was increased in
rat brains following fluid percussion injury (Ellis et al., 1989).
Auer and Ott (1979) described a rise of proteolytic enzymes
in the cerebrospinal fluid of patients with severe head trauma
which correlated with overall mortality and which was reversible
by aprotinin. However, comprehensive data on the activation

status of the contact-kinin system in trauma patients is not
available.

C1-Inh is a potent inhibitor of plasma kallikrein, a key
enzyme of the contact-kinin system responsible for the release of
proinflammatory bradykinin from kininogen (Björkqvist et al.,
2013). In line with its antiinflammatory mode of action, C1-
Inh stabilized the blood-brain barrier and reduced edema for-
mation after focal cryolesion, an effect that could be ascribed
to preserved tight junction protein expression. In addition, mice
treated with C1-Inh expressed less IL-1β and TNFα after TBI.
IL-1β and TNFα are regarded as a prototypic proinflammatory
cytokines known to aggravate traumatic brain damage (Morganti-
Kossman et al., 2002; Helmy et al., 2011). Also, significantly
fewer macrophages/activated microglia invaded the damaged
brains of C1-Inh treated mice in comparison to vehicle-treated
controls. Macrophages/microglia are known to be involved in
lesion growth following brain injury by producing free radicals
and numerous other neurotoxic factors (van Buul and Hordijk,
2004). Several potential mechanisms might account for the anti-
migratory effects of C1-Inh in TBI including preservation of
blood-brain barrier integrity, binding of cell adhesion molecules
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(Cai and Davis, 2003), or lowering of chemoattractant factors
such as CCL2 and CCL3.

Whereas the anti-inflammatory potential of C1-Inh is well
established in a great variety of disease models like sepsis
(Begieneman et al., 2012; Heydenreich et al., 2012; Mejia and
Davis, 2012), ischemia/reperfusion injury (Horstick et al., 1997;
Lehmann et al., 2000; Heydenreich et al., 2012), and spinal cord
injury (Tei et al., 2008) the present description of C1-Inh as a
powerful antithrombotic compound in TBI is novel and further
adds to our understanding of this multifaceted molecule. Of note,
the relevance of thrombotic processes in TBI has only recently
been recognized. In vivo fluorescence microscopy of the brain
revealed that microthrombi occluded 70% of venules and 33%
of arterioles after controlled cortical impact in mice indicating
that the immediate post-traumatic decrease in peri-contusional
blood flow is mainly caused by progressive microthrombosis
(Schwarzmaier et al., 2010). In addition, intravascular clotting has
been described in the same model also at later stages of lesion
development, i.e., until day 15 (Lu et al., 2004). Interestingly,
platelets can bind to leukocytes and endothelial cells during TBI
and this interaction further enhances dysfunction of the neu-
rovascular unit (Schwarzmaier et al., 2010). Similar observations
were recently made after experimental cerebral ischemia leading
to a redefinition of ischemic stroke as a “thrombo-inflammatory”
disease (Nieswandt et al., 2011). The antithrombotic properties
of C1-Inh are probably mainly due to its inhibitory action on
FXIIa, the origin of the intrinsic coagulation cascade (Davis
et al., 2008). However, other mechanisms might contribute as
well. For instance, C1-Inh has been shown to directly inhibit
thrombin activity on vascular endothelial cells via binding to
selectins (Caccia et al., 2011). Moreover, C1-Inh infusions can
reduce platelet activity in hereditary angioedema patients and
after blood xenotransplantation (Fiane et al., 1999; Coppola et al.,
2002).

Longhi et al. (2009) tested the same plasma-derived C1-
Inh formulation (Berinert®) at an identical dose (15 IU) in
the controlled cortical impact model in mice. In line with our
results, C1-Inh significantly reduced lesion size and in addition
improved neurological outcome up to 4 weeks after trauma.
Here, the neuroprotective effect was greater when C1-Inh was
applied already 10 min post injury compared with a delayed
application regimen (1 h post injury). Moreover, the impact of
C1-Inh on inflammatory processes and thrombus formation was
not addressed in this study.

Interesting from a translational perspective, C1-Inh is for
many years in clinical use for the treatment of hereditary
angioedema, so far without any major safety concerns (Keating,
2009; Banerji, 2010). However, substitution of naturally lacking
C1-Inh in individuals with angioedema obviously represents a
different situation compared with rising of C1-Inh levels above
the normal range in trauma patients. Moreover, measuring of
C1-Inh plasma levels in mice revealed that the terminal half-
life is between 9.0 and 9.5 h (Dickneite, 1993; Caliezi et al.,
2000) while in humans, the mean half-life of C1-Inh was 62 h
after intravenous administration and 120 h after subcutaneous
administration (Martinez-Saguer et al., 2014). Finally, findings
from animal models cannot be easily transferred to the human

situation in particular in the case of cortical cryolesion which
only mimics certain aspects of brain trauma such as excessive
edema formation and inflammation (Albert-Weissenberger and
Sirén, 2010). Nevertheless, the fact that C1-Inh mediates neu-
roprotection in a broad array of neurological disease models is
reassuring (Begieneman et al., 2012; Heydenreich et al., 2012;
Mejia and Davis, 2012) and underpins its potential applicability
in the clinic.

In summary, C1-Inh ameliorates trauma-induced neurode-
generation in different clinically relevant scenarios by counteract-
ing “thrombo-inflammation”. Therefore, C1-Inh might become
an attractive candidate to combat TBI and other neurological
conditions associated with inflammation and thrombosis.
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Immune responses in the central nervous system (CNS), which involve both resident glial
cells and infiltrating peripheral immune cells, play critical roles in the progress of brain
injuries and neurodegeneration.To avoid inflammatory damage to the compromised brain,
the immune cell activities in the CNS are controlled by a plethora of chemical mediators
and signal transduction cascades, such as inhibitory signaling through programed death-1
(PD-1) and programed death ligand (PD-L) interactions. An increasing number of recent
studies have highlighted the importance of PD-1/PD-L pathway in immune regulation in
CNS disorders such as ischemic stroke, multiple sclerosis, and Alzheimer’s disease. Here,
we review the current knowledge of the impact of PD-1/PD-L signaling on brain injury
and neurodegeneration. An improved understanding of the function of PD-1/PD-L in the
cross-talk between peripheral immune cells, CNS glial cells, and non-immune CNS cells is
expected to shed further light on immunomodulation and help develop effective and safe
immunotherapies for CNS disorders.

Keywords: PD-1, PD-L1, stroke, neurodegeneration, inflammation

INTRODUCTION
The central nervous system (CNS) was traditionally thought to tol-
erate the invasion of antigens without an inflammatory response.
The presence of an intact blood–brain barrier (BBB) and the lack
of lymphatic vessels in the brain was believed to restrict the infil-
tration of peripheral immune cells into brain parenchyma under
physiological conditions and maintain the CNS in a so-called
“immune-privileged” state (Engelhardt, 2008). Recent research,
however, has resulted in a revision of this concept. Compelling data
now suggest that the CNS is actually immunocompetent and not
completely immune-privileged. A series of neuroinflammatory
responses, involving both resident CNS glial cells and periph-
eral immune cells invading via the damaged BBB, are promptly
launched in response to noxious stimuli (Zipp and Aktas, 2006).
These immune cells are important for defense against CNS infec-
tion, injury, or neurodegeneration and for CNS repair and regen-
eration. Their activities, however, have to be carefully regulated to
avoid inflammatory damage to already compromised and highly
vulnerable tissues of the CNS.

The tendency of the immune system to damage bystander tis-
sue is kept in check by a series of self-regulating, inhibitory systems
that preserve immune homeostasis. For example, inhibitory sig-
naling through programed death-1 (PD-1) and programed death
ligand (PD-L) interactions is an important mechanism underlying
immune regulation in many pathological circumstances, such as
autoimmune diseases, cancer, and organ transplantation. Recent
evidence indicates that the PD-1/PD-L system is also critical in
reducing the inflammatory responses in CNS diseases such as

stroke, multiple sclerosis (MS), and Alzheimer’s disease (AD)
(Kroner et al., 2005; Ren et al., 2011b; Saresella et al., 2012).
Here, we review our accumulated understanding of the PD-1/PD-
L pathway, with a special emphasis on its potential role in brain
injuries and neurodegenerative diseases.

FUNCTIONS OF PD-1/PD-L1 IN IMMUNE RESPONSES
Programed death-1 (or CD279) is a 50–55 kDa member of the
CD28 family of T-cell regulators (Riley and June, 2005). It is
expressed at a low level on naïve T-cells and can be induced
upon activation in many types of immune cells, including T-
cells, B cells, natural killer (NK) cells, monocytes, and dendritic
cells (DCs). Structurally, PD-1 is composed of an N-terminal
IgV-like domain, an approximately 20 amino acid-long stalk, a
transmembrane domain, and a cytoplasmic domain. The cyto-
plasmic domain contains two tyrosine-based signaling motifs:
an immunoreceptor tyrosine-based inhibitory motif (ITIM) and
an immunoreceptor tyrosine-based switch motif (ITSM), both
of which are essential for PD-1 function (Zhang et al., 2004).
PD-1 has two binding ligands: PD-L1 (CD274) and PD-L2
(CD273). Both of these ligands are members of the B7 fam-
ily of costimulatory molecules. PD-L1 is broadly expressed on
a variety of hematopoietic cells (including T-cells, B cells, DCs,
and monocytes) in addition to many non-hematopoietic cells,
such as epithelial and endothelial cells. In contrast, the expres-
sion of PD-L2 is mainly restricted to antigen presenting cells
(APCs), including macrophages, DCs, and specific B cell sub-
populations (Zhong et al., 2007). In general, PD-L2 is expressed
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at lower levels but binds to PD-1 with higher affinity than PD-
L1 (Ghiotto et al., 2010).

The breadth of expression of PD-1 and PD-L in multiple
types of immune cells suggests a wide range of functions in
immunomodulation. First and foremost, the main role of PD-
1/PD-L1 is to act as a negative regulatory system to fine-tune T-cell
and B cell activity. The engagement of T or B cell-expressed PD-1
with PD-L on APCs relays inhibitory signals that down-regulate
T-cell receptor (TCR) or B cell receptor (BCR)-mediated cell acti-
vation (Freeman et al., 2000; Latchman et al., 2001; Okazaki et al.,
2001; Yokosuka et al., 2012). As a consequence of this interac-
tion and downstream effect, the PD-1/PD-L system plays critical
roles in many T or B cell-mediated immune responses, including
immunity to infection, antibody production, immune tolerance,
and autoimmunity (Okazaki et al., 2013). For example, mounting
evidence reveals the importance of the PD-1/PD-L pathway in the
maintenance of central and peripheral tolerance. On the one hand,
PD-1/PD-L1 interactions regulate T-cell selection and shape T-
cell repertoires in the thymus (Blank et al., 2003; Keir et al., 2005).
Absence of PD-1 alters the signaling threshold during T-cell devel-
opment in thymus and leads to increased emergence of CD4/CD8
double-negative αβ T-cells. On the other hand, the PD-1/PD-L1
pathway also induces T-cell tolerance and inhibits self-reactive T-
cell proliferation and cytokine production in peripheral lymph
organs or tissues (Probst et al., 2005). Deficiency of PD-1 or
blockade of PD-1/PD-L signaling results in the development or
exacerbation of autoimmune diseases in mouse models of lupus-
like glomerulonephritis/arthritis, cardiomyopathy, type I diabetes,
experimental autoimmune encephalomyelitis (EAE), and autoim-
mune enteritis (Nishimura et al., 1999, 2001; Salama et al., 2003;
Fife et al., 2009; Reynoso et al., 2009). These findings suggest that
PD-1/PD-L signaling plays an important protective role against
multiple types of autoimmune disorders. Interestingly, there is
some variation in the autoimmune disease phenotype depending
on the genetic background of different mouse stains, indicating
perhaps that lymphocyte regulation through PD-1/PD-L is highly
antigen specific (Okazaki et al., 2013).

Recent studies reveal that the PD-1/PD-L interaction also reg-
ulates the functions of cells other than lymphocytes through
multiple mechanisms. First, the PD-1/PD-L1 interaction between
T-cells and APCs may be bidirectional, enabling some degree of
reciprocal communication. For example, PD-1 on T-cells activates
PD-L1 on macrophages and induces a regulatory macrophage
profile with enhanced IL-10 and reduced IL-6 production (Lee
et al., 2013). Second, PD-1 signaling may function in APCs inde-
pendently of TCR or BCR activation. One example is that the
ligation of monocyte PD-1 with PD-L1 directly stimulates IL-10
production, leading to reversible CD4+ T-cell dysfunction after
HIV infection (Said et al., 2010). In addition, cross-linking of
PD-L2 on DCs with specific IgM directly stimulates DC func-
tions and activates groups of genes involved in cell migration
and survival (Blocki et al., 2006). These studies demonstrate that
PD-1/PD-L signaling blunts immune overreaction and prevents
cellular toxicity.

Unfortunately, our current knowledge about PD-1/PD-L func-
tions in different immune cells is still limited. Further exploration
of this field is expected to extend our understanding of the impact

of this inhibitory signaling system and evaluate its therapeutic
potential in immune-related diseases.

PD-1/PD-L1 SIGNALING PATHWAY
PD-1/PD-L1 signaling has been studied most extensively in T
and B lymphocytes. In these cells, PD-1 ligation induces signal
transduction only when there is simultaneous activation of BCR
or TCR. The binding of PD-1 with PD-L1, along with antigen
recognition, results in the phosphorylation of tyrosine residues in
the ITSM and subsequent recruitment of SH2 domain-containing
phosphatase-2 (SHP-2), or less frequently, SHP-1 (Freeman et al.,
2000; Latchman et al., 2001; Okazaki et al., 2001; Yokosuka et al.,
2012). SHP-2 and SHP-1 are two highly related tyrosine phos-
phatases that dephosphorylate proximal signaling molecules such
as Syk downstream of BCR or Zap70 downstream of TCR (Okazaki
et al., 2001; Sheppard et al., 2004). This dephosphorylation atten-
uates the signaling cascades engaged by antigen recognition and
diminishes the ensuing biological effects. The PD-1/PD-L1 acti-
vated signaling pathways in other types of cells remain to be
characterized.

PD-1 AND PD-L1 IN ISCHEMIC STROKE
Stroke is an acute brain injury closely associated with strong and
persistent inflammation. Post-stroke inflammation is character-
ized by the activation of local microglia and the rapid accumu-
lation of peripheral immune cells in the ischemic brain (Iadecola
and Anrather, 2011). The antigen-non-specific immune responses
mediated by innate immune cells (microglia, macrophage, neu-
trophil, NK cells, etc.) commence very early after stroke. In
contrast, the lymphocyte-mediated adaptive immune responses
become prominent at later stages (since 3–4 days after onset) of
stroke, although these lymphocytes may migrate into the ischemic
boundary within the first 24 h of reperfusion (Gelderblom et al.,
2009). Mounting evidence demonstrates that lymphocytes play
pivotal roles in both brain injury and brain recovery. For instance,
deficiency of either CD4+ or CD8+ T-cells resulted in the reduc-
tion in infarct volume and improvement in neurological perfor-
mance in experimental models of stroke, suggesting detrimental
roles of CD4+ and CD8+ T-cells after stroke (Yilmaz et al., 2006;
Liesz et al., 2011). However, some specific lymphocyte popula-
tions, including regulating T-cells and regulating B cells, have been
shown to be protective to ischemic brain or promote brain recovery
after stroke (Liesz et al., 2009; Li et al., 2013). Further elucidat-
ing the mechanisms underlying intricate immunoregulation after
stroke is critical not only for basic research of the immune sys-
tem and CNS injury but also for the clinical translation of new
therapeutic candidates.

Several recent publications have highlighted the importance
of PD-1 and PD-L1 signaling in post-stroke inflammation and
brain injury (Figure 1). For example, it has been reported that the
expression of PD-L1 and PD-L2 on peripheral B cells is signifi-
cantly increased 4 days after transient middle cerebral artery occlu-
sion (MCAO), an established experimental model of stroke (Ren
et al., 2011b). In the meantime, the expression of PD-1 is elevated
on activated resident microglia and on infiltrating macrophages.
These elevations in PD-1/PD-L support the notion that this co-
inhibitory pathway is intimately involved in the regulation of
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FIGURE 1 | PD-1/PD-L signaling in ischemic stroke. PD-1/PD-L signaling
may influence post-stroke inflammation and functional outcomes by
negatively regulating the following cell–cell interactions. (A) PD-L1/PD-L2
expression on B cells inhibits the activation of microglia, macrophages, or
effector T-cells, thereby reducing inflammation in the ischemic brain.
(B) PD-L1 expression on regulatory T-cells (Tregs) inhibits neutrophil-derived

matrix metalloproteinase-9 (MMP-9) through PD-L1–PD-1 interactions and
reduces subsequent blood–brain barrier (BBB) damage in the acute phase
after stroke. (C) PD-L1/PD-L2 inhibits immunoregulatory CD8+CD122+

suppressor T-cells, reducing their recruitment into the CNS from the spleen
after stroke. As a result, post-stroke inflammation and brain injury are
enhanced.

ischemic brain injury. Interestingly, experiments using PD-1 or
PD-L1 knockout mice have shown diametrically opposed results.
As would be expected from a protective role for PD-1, deficiency
in PD-1 enlarges brain infarct sizes and exacerbates neurological
deficits at 4 days after MCAO, and these events are accompa-
nied by increased infiltration of CD3+ T-cells, Gr1+ neutrophils,
macrophages, and exaggerated microglial activation (Ren et al.,
2011b). In contrast, another study from the same research group
using PD-L1 or PD-L2 knockout mice revealed that PD-L exac-
erbates post-stroke inflammation and plays a detrimental role
in stroke outcomes (Bodhankar et al., 2013b). Mechanistically,
the protective effects of PD-1 are attributed to its expression on
B cells and subsequent inhibition of inflammatory responses in
other immune effector cells (Ren et al., 2011b). The detrimen-
tal effects of PD-L1, however, may depend on its inhibition of
the recruitment of immunoregulatory CD8+CD122+ suppres-
sor T-cells from the spleen into the ischemic brain (Bodhankar
et al., 2013b). CD8+CD122+ regulatory T-cells are known to
regulate other CD8+CD122− T-cells, which cause tissue dam-
age when over-activated (Rifa’i et al., 2004). Thus, PD-L1 may
release CD8+CD122− T-cells from inhibition and thereby elicit
injury. The opposing nature of PD-1 and PD-L in these stud-
ies may reflect the frequently dualistic nature of the immune
system. Future immunotherapies will therefore have to account
for the general complexity of immunomodulation in the injured
brain.

A potential caveat of research on PD-1/PD-L is worth dis-
cussing here. All the above-mentioned studies on PD-1 and PD-L
in stroke rely on global gene knockout mice. Although these results
provide valuable information about the overall effects of PD-1
and PD-L on stroke outcome, they are by themselves not suffi-
cient to define the cell-specific functions of PD-1 and PD-L in
stroke. In this regard, further studies using transgenic mice with

cell-specific gene manipulations are necessary. In vitro studies
are also warranted to confirm direct cell–cell interactions. One
recent study from our group demonstrated direct interactions
between regulatory T-cells (Tregs) and neutrophils through PD-
L1 and PD-1 (Li et al., 2014). This interaction was found to
be essential for Treg-mediated suppression of neutrophil-derived
matrix metalloproteinase-9 (MMP-9). In view of the importance
of MMP-9 in early BBB disruption after stroke (Asahi et al., 2001;
Rosell et al., 2006), we further showed that PD-L1 expression on
Tregs mediates Treg-afforded neuroprotection against experimen-
tal stroke through the inhibition of peripheral neutrophil-derived
MMP-9 and through subsequent preservation of BBB integrity
(Li et al., 2014). In addition, another study demonstrated that
adoptive transfer of IL-10-producing B cells into the stroke mice
could increase the expression of PD-1 in peripheral CD4+ T-cells
(Bodhankar et al., 2013a), suggesting that PD-1/PD-L1 inter-
action might also be important in regulatory B cell-provided
neuroprotection after stroke (Ren et al., 2011a; Bodhankar et al.,
2013a).

Thus far, all the research on PD-1/PD-L in stroke has focused
on their short-term effects. Given the persistent immune responses
after stroke and their contribution to brain recovery, the long-term
influence of these inhibitory molecules in the ischemic brain is an
important direction to pursue in the future.

PD-1/PD-L1 PATHWAY IN NEURODEGENERATIVE DISEASES
ALZHEIMER’S DISEASE
Alzheimer’s disease is an age-related neurodegenerative disease
characterized by memory loss, progressive cognitive impairment,
and neuropsychiatric disturbances. The pathological hallmarks
of AD are the extracellular accumulation of amyloid plaques
and intracellular deposition of neurofibrillary tangles (Liu et al.,
2013). Aβ accumulation in amyloid plaques leads to chronic
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neuroinflammation in the brain, thereby contributing to dis-
ease progression and poor functional outcomes (Rubio-Perez and
Morillas-Ruiz, 2012). A reduction in suppressor cell function in
the periphery has been observed in AD patients, as manifested by
loss of balance in immune cell populations and decreased IL-10
production in the blood (Guerreiro et al., 2007; Speciale et al.,
2007). Therefore, activation of immunoregulatory mechanisms
during the progression of AD might be able to re-establish immune
homeostasis.

Expression of PD-1 on CD4+ T-cells and PD-L1 on CD14+

monocyte/macrophage significantly decrease in AD patients and
patients with mild cognitive impairment (MCI), underscoring
the importance of these molecules in AD (Saresella et al., 2012).
Impairments in PD-1/PD-L1 are associated with inhibition of
IL-10 production, suggesting an effect of this signaling system
in boosting IL-10 production. IL-10 has been shown to limit
inflammatory responses and ameliorate AD pathology in ani-
mal models (Koronyo-Hamaoui et al., 2009). A recent study
showed that although the IL-10 serum levels are comparable in
AD patients and healthy controls, the frequency of CD4+ T-
cells expressing IL-10 in AD group is much higher than that in
controls, indication a systemic effort to counterbalance the pro-
inflammatory responses in the AD brain (Torres et al., 2013).
Thus, it is conceivable that a decrease in this protective cytokine in
AD patients synergizes with an increased activity in Aβ-reactive
T-cells, thereby enhancing neuroinflammation and exacerbat-
ing brain pathology. In addition, the PD-1/PD-L1 interaction
is shown to induce the apoptosis in Aβ-specific CD4+ T-cells
(Saresella et al., 2012).

The expression of PD-1 on Tregs is also affected by AD pathol-
ogy (Saresella et al., 2010). The number of PD-1+ Tregs is increased
both in patients with fully developed AD and with MCI. In con-
trast, PD-1− Tregs are significantly increased only in MCI patients,
but not in full-blown AD patients. Although PD-1 has been known
to promote Treg differentiation (Wang et al., 2010), the functional
differences between PD-1− Tregs and PD-1+ Tregs are not clear.
Therefore, the significance of altered PD-1 expression on Tregs in
AD and MCI patients awaits further investigation.

To date, our knowledge of the function of PD-1/PD-L1 in the
pathology of AD is very limited. Further work is necessary to elu-
cidate the cellular and molecular mechanisms of PD-1 or PD-L1
actions in AD, such as their contribution to immune cell cross-talk
in the CNS.

MULTIPLE SCLEROSIS
Multiple sclerosis is a chronic inflammatory neurodegenerative
disease characterized by the demyelination of white matter and
focal infiltration of immune cells in the CNS (Minagar et al., 2004;
Compston and Coles, 2008). The CD4+ effector T-cells have long
been considered as the most important infiltrating cells in MS. The
involvement of other T-cell subtypes (interleukin-17-producing
T-cells, CD8+ T-cells, Tregs, and γ/ϕ T-cells), APCs, and microglia
has also been supported (Viglietta et al., 2004; Langrish et al., 2005;
Tzartos et al., 2008).

Mounting evidence highlights the importance of PD-1 and PD-
L in MS. The expression of PD-1 is significantly increased on

myelin basic protein (MBP)-stimulated CD4+ and CD8+ T lym-
phocytes isolated from the peripheral blood of patients with stable
MS compared to lymphocytes from patients with acute remis-
sions and relapses. Correspondingly, PD-L1-expressing APCs are
increased in stable MS patients. Up-regulation of PD-1/PD-L1
enhances the apoptosis of MBP-specific cells, which is associ-
ated with disease remission in MS patients (Trabattoni et al.,
2009). Moreover, an intronic 7146G/A polymorphisms within
the PD-1 gene, which result in reduced inhibitory function of
PD-1 on cytokine production and T-cell activation, are associ-
ated with a progressive disease course in MS patients (Kroner
et al., 2005). These findings demonstrate a potential role of PD-
1/PD-L1 in slowing the progression of MS. Consistent with these
human studies, animal experiments in the EAE model of MS have
shown that genetic ablation or pharmacological blockade of PD-1
or PD-L1 enhances the activation and expansion of T-cells and
aggravates pathological alterations in the CNS (Latchman et al.,
2001; Salama et al., 2003). In contrast, PD-L2 knockout mice
develop similar pathologies as wild-type mice with no significant
difference in severity (Carter et al., 2007). Furthermore, PD-L2
on microglial and CNS infiltrating APCs has been shown to be
less potent than PD-L1 in the regulation of cytokine (IFN-γ, IL-
17, etc.) production and the activation of auto-reactive T-cells
(Schreiner et al., 2008). A study of PD-L1 or PD-L2 blockade in
several mouse strains further suggests that differential effects of
these two PD-L isoforms on the susceptibility and progression
of EAE may be attributed to differences in genetic background
(Zhu et al., 2006).

Mechanistic studies suggest that PD-1/PD-L signaling actively
modulates the onset and progressive course of MS via the regu-
lation of various types of immune cells, such as effector T-cells,
DCs, Tregs, and NK T-cells (Latchman et al., 2004; Chang et al.,
2008; Schreiner et al., 2008; Brandl et al., 2010). These mechanisms
have been recently reviewed elsewhere (Joller et al., 2012) and are
therefore not discussed further here. Due to the importance of
the PD-1/PD-L system in MS, therapeutic strategies targeting PD-
1/PD-L1 interactions can be envisioned as an immunosuppressive
treatment for MS patients. For example, estrogen has been shown
to effectively protect against EAE through upregulating PD-L1
expression on B cells and increase the amount of IL-10-producing
regulatory B cells (Bodhankar et al., 2011). It also induces B-cell-
dependent up-regulation of PD-1 on CD4+Foxp3+ Tregs, which
provide further protection against EAE (Bodhankar et al., 2012).
IL-12, a cytokine mainly produced by APCs, is also shown to sup-
press the development of EAE through stimulating IFN-γ produc-
tion in APCs and enhancing downstream PD-1/PD-L1 signaling
(Cheng et al., 2007). Further studies are warranted to assess the
effectiveness of PD-1/PD-L1 modulation as a therapeutic strategy
in MS patients.

CONCLUSION
The expression of PD-1 and PD-L on many immune and non-
immune cells surely allows for multiple tiers of immunoregu-
lation in the CNS and remains an active area of investigation.
Increasing numbers of clinical and experimental studies have
shed light on the critical role of the PD-1/PD-L1 system in
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the regulation of resident microglia in the CNS and peripheral
immune cells after brain injury and neurodegeneration. How-
ever, given the complexity of inflammatory responses in the
CNS, our current understanding of the function of PD-1/PD-
L in the cross-talk between peripheral immune cells, CNS glial
cells, and non-immune CNS cells still lies in its infancy. As
an example, the expression of PD-L1/PD-L2 is up-regulated in
inflamed endothelial cells, with an intention to inhibit T-cell
transmigration through BBB (Pittet et al., 2011). In particu-
lar, the impaired expression of PD-L2 on endothelial cells may
contribute to the cerebral inflammation in MS patients. The mol-
ecular mechanism underlying the PD-L2-afforded BBB resistance
to T-cell infiltration, however, is not clear. Similarly, the expres-
sion of PD-L on astrocytes has been reported in a model of
nerve injury (Lipp et al., 2007), however, whether and how astro-
cytic PD-L plays a role in restricting local inflammation in CNS
has not been examined. It will also be important to determine
whether modulation of PD-1/PD-L signaling pathway during
CNS injury or neurodegeneration influence the balance between
debris clearance, brain repair, and inflammatory damage. Fur-
ther investigations of the PD-1/PD-L pathway in CNS disorders
are warranted to improve our understanding of the mechanisms
underlying immunomodulation and to develop effective and safe
immunotherapies.
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Stroke outcome is worsened by the infiltration of inflammatory immune cells into ischemic
brains. Our recent study demonstrated that PD-L1- and to a lesser extent PD-L2-deficient
mice had smaller brain infarcts and fewer brain-infiltrating cells vs. wild-type (WT) mice,
suggesting a pathogenic role for PD-ligands in experimental stroke. We sought to ascertain
PD-L1 and PD-L2-expressing cell types that affect T-cell activation, post-stroke in the
context of other known co-stimulatory molecules. Thus, cells from male WT and PD-L-
deficient mice undergoing 60 min of middle cerebral artery occlusion (MCAO) followed
by 96 h of reperfusion were treated with neutralizing antibodies to study co-stimulatory
and co-inhibitory interactions between CD80, cytotoxic T-lymphocyte antigen-4 (CTLA-4),
PD-1, and PD-Ls that regulate CD8+ and CD4+ T-cell activation. We found that antibody
neutralization of PD-1 and CTLA-4 signaling post-MCAO resulted in higher proliferation
in WT CD8+ and CD4+ T-cells, confirming an inhibitory role of PD-1 and CTLA-4 on T-
cell activation. Also, CD80/CD28 interactions played a prominent regulatory role for the
CD8+ T-cells and the PD-1/PD-L2 interactions were dominant in controlling the CD4+ T-cell
responses in WT mice after stroke. A suppressive phenotype in PD-L1-deficient mice was
attributed to CD80/CTLA-4 and PD-1/PD-L2 interactions. PD-L2 was crucial in modulating
CD4+ T-cell responses, whereas PD-L1 regulated both CD8+ and CD4+ T-cells.To establish
the contribution of PD-L1 and PD-L2 on regulatory B-cells (Bregs), infarct volumes were
evaluated in male PD-L1- and PD-L2-deficient mice receiving IL-10+ B-cells 4h post-MCAO.
PD-L2- but not PD-L1-deficient recipients of IL-10+ B-cells had markedly reduced infarct
volumes, indicating a regulatory role of PD-L2 on Bregs. These results imply that PD-
L1 and PD-L2 differentially control induction of T- and Breg-cell responses after MCAO,
thus suggesting that selective targeting of PD-L1 and PD-L2 might represent a valuable
therapeutic strategy in stroke.

Keywords: MCAO, co-stimulatory pathway, programmed death ligand-1 and 2,T-cells, regulatory B cells

INTRODUCTION
Stroke is a leading cause of death and disability worldwide. The
most common type of stroke is ischemic stroke (87% of cases),
where an infarct develops after a few minutes of ischemia (Lakhan
et al., 2009). Ischemic stroke is characterized by the disruption of
cerebral blood flow (Dirnagl et al., 1999) and a timely restoration
of blood flow (reperfusion) achieved by intravenous administra-
tion of tissue plasminogen activator within 4.5 h after stroke onset
remains the only approved treatment for limiting brain injury
following ischemic stroke. While on the one hand, reperfusion
of the ischemic brain is desirable, on the other it may lead to
tissue damage. Reperfusion is known to enhance the inflamma-
tory response and causes additional injury to adjacent brain tissue
(Schaller and Graf, 2004). Several factors have been described as
mediators of ischemia–reperfusion (I–R)-induced brain injury
(Iadecola and Anrather, 2011; Macrez et al., 2011). Although

the cells of the innate immune system, especially neutrophils
and monocytes, always seem to be in focus, recent studies
have demonstrated that T-cells also have an impact on tissue
damage.

In fact, several studies evaluating stroke outcome in T-
cell-deficient mice have consistently reported a smaller infarct
volume and improved functional outcome than in wild-type
(WT) controls (Yilmaz et al., 2006; Hurn et al., 2007; Shichita
et al., 2009; Kleinschnitz et al., 2010). Studies also demon-
strate that mice lacking RANTES (CCL5), a chemokine that
recruits T-cells (as well as other immune cells) into inflam-
matory sites (Appay and Rowland-Jones, 2001), have smaller
infarct volumes than WT mice, again attributing a pathogenic
role to the T-cells. However, the mechanisms of T-cell-mediated
brain injury following stroke remain unclear. It is also not
known whether the activation of T-cells follows the classical
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antigen-dependent pathway or if the infiltration into the brain
following stroke is too rapid to follow the classical path-
way.

The classical antigen-dependent activation of naive T-cells
comprises two main steps (Abbas, 2011). The first step involves
the binding of the T-cell receptor (TCR) to the antigen pre-
sented on the major histocompatability complex on the surface
of an antigen-presenting cell (APC). The second step involves
the binding of co-stimulatory molecules on the T-cell and the
APC, such as CD28 on the T-cell and CD80 (B7.1) and CD86
(B7.2) on the APC (Santana and Rosenstein, 2003). This second
step involving co-receptor signaling is an important mechanism
for coordinating and tightly regulating immune responses. Co-
stimulation via ligation of the co-receptor CD28 on T-cells by
B7 molecules on APCs is required for optimal T-cell activation
(Linsley et al., 1991). Once mobilized, however, T-cells begin to
express other members of the CD28/B7 receptor families that
attenuate the immune response through inhibition of prolifer-
ation and cytokine production (Peggs et al., 2009). Among the
negative signaling molecules, cytotoxic T-lymphocyte antigen-
4 (CTLA-4) and PD-1 belonging to the CD28/B7 families, are
the most studied. CTLA-4 is rapidly up-regulated following T-
cell activation and binds to B7 molecules (Curran et al., 2010).
PD-1 (CD279 in CD nomenclature) is expressed on activated
T and B cells as well as on activated myeloid cells and both
these co-receptors elicit inhibitory signals upon co-ligation with
the TCR and play a role in the control of tolerance (Ishida
et al., 1992; Agata et al., 1996; Greenwald et al., 2005). Two PD-
1 ligands have thus far been described, PD-L1 also named as
B7-H1 (CD274), and PD-L2 also named as B7-DC (CD273;
Dong et al., 1999; Latchman et al., 2001). The expression of
PD-L1 within non-lymphoid tissues suggests that it may reg-
ulate the function of self-reactive immune cells in peripheral
tissues and thus, may regulate inflammatory responses (Keir
et al., 2006). In addition to PD-1, studies have demonstrated
that PD-L1 also interacts with CD80 in both mice and humans
(Butte et al., 2007, 2008). Both PD-L1 and PD-L2 inhibit T-cell
proliferation, cytokine production and cell adhesion (Latchman
et al., 2001; Saunders et al., 2005), although some contradic-
tory data have suggested a co-stimulatory function (Dong et al.,
1999).

Prior research from our laboratory, performed using PD-1−/−
mice, demonstrated the inhibitory effects of PD-1 in stroke
because when MCAO was compared to WT male mice after 96 h
of reperfusion, cortical, striatal, and total infarct volumes were
significantly larger in PD-1−/− mice, with a marked recruitment
of inflammatory cells from the periphery into the central ner-
vous system (CNS; Ren et al., 2011). Studies were then extended to
investigate the role of the PD-ligands, PD-L1 and PD-L2, in mod-
ulating severity of ischemic brain injury and the associated CNS
inflammation. Contrary to our expectations, PD-L1-deficient
(PD-L1−/−) and PD-L2-deficient (PD-L2−/−) mice that were
similarly subjected to 60 min of MCAO followed by 96 h of
reperfusion demonstrated smaller total infarct volumes compared
to WT mice (Bodhankar et al., 2013). The immune parameters
matched the stroke outcome in that the PD-L1−/−, and to a lesser
extent PD-L2−/− mice, had reduced levels of proinflammatory

activated microglia and/or infiltrating monocytes and CD4+ T-
cells in the ischemic hemispheres, thus suggesting a pathogenic
rather than a regulatory role for both PD-ligands. Knowing that
T-cell influx is highly time-dependent, a more thorough character-
ization of the temporal profile of various T-cell subsets was needed.
Therefore, discerning the mechanisms that lead to T-cell activation
in the periphery and subsequent proliferation and mobilization of
T-cells into the CNS is a very critical determinant in ischemic
stroke outcome.

Hence, the aim of the current study was to assess the contribu-
tion of the various co-stimulatory molecules in controlling T-cell
proliferation as well as to verify the PD-L-expressing cell-types
responsible for mediating its central effects after MCAO. For this
purpose, T-cells obtained from WT, PD-L1−/− and PD-L2−/−
mice were carboxyfluorescein succinimidyl ester (CFSE)-labeled
and co-cultured with APCs in the presence of various neutralizing
antibodies (Abs) to co-stimulatory receptors. Our results demon-
strate that antibody neutralization of PD-1 and CTLA-4 signaling
after MCAO resulted in higher proliferation levels in WT CD8+
and to a lesser extent CD4+ T-cells, confirming an inhibitory role
of PD-1 and CTLA-4 on T-cell activation. Conversely, antibody
neutralizing of CD80 and PD-L1 after MCAO resulted in reduced
proliferation, indicating a stimulatory role of CD80 and PD-L1
in WT mice on T-cell activation. Interestingly, the CD80/CD28
interactions appeared to play a prominent regulatory role for the
CD8+ T-cells while the PD-1/PD-L2 interactions were dominant
in controlling the CD4+ T-cell responses in WT mice, after stroke.
The suppressive phenotype in PD-L1 deficient mice was attributed
to CD80/CTLA-4 and PD1/PD-L2 interactions. PD-L2 was crucial
in modulating CD4+ T-cell responses, whereas PD-L1 predomi-
nantly regulated CD8+ T-cells. To establish the contribution of
PD-L1 and PD-L2 on regulatory B-cells (Bregs), infarct volumes
were evaluated in male PD-L1- and PD-L2-deficient mice receiving
IL-10+ B-cells 4 h after MCAO. PD-L2- but not PD-L1-deficient
recipients of IL-10+ B-cells had markedly reduced infarct volumes,
indicating a regulatory role of PD-L2 on Bregs. These results imply
that PD-L1 and PD-L2 differentially control induction of T- and
Breg-cell responses after MCAO.

MATERIALS AND METHODS
ANIMALS
PD-L1-deficient (PD-L1−/−) and PD-L2-deficient (PD-L2−/−)
mice on the C57BL/6 background were gifts from Indira Guleria,
PhD (Transplantation Research Center, Brigham and Women’s
Hospital, Children’s Hospital Boston, and Harvard Medical
School, Boston, MA, USA) and Arlene Sharpe, Ph.D (Department
of Pathology, Harvard Medical School, Boston, MA, USA), respec-
tively. Based on Dr. Guleria’s and Dr. Sharpe’s recommendations
and previous publications (Keir et al., 2006; Zhang et al., 2010),
age-matched 8–12-week-old male were used. WT C57BL/6J mice
were obtained from Jackson Laboratory, Bar Harbor, ME, USA.
Animals were randomized to treatment groups. All experiments
were performed in accordance with National Institutes of Health
(NIH) guidelines for the use of experimental animals, and the pro-
tocols were approved by Portland Veteran Affairs Medical Center
and Oregon Health & Science University Animal Care and Use
Committees.
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MIDDLE CEREBRAL ARTERY OCCLUSION (MCAO) MODEL
All surgeries were conducted under aseptic conditions by a single
surgeon. Transient focal cerebral ischemia was induced in male
PD-L1−/−, PD-L2−/−, and WT mice for 60 min by reversible
right MCAO under isoflurane anesthesia followed by 96 h of
reperfusion as previously described (Chen et al., 2012). Head and
body temperatures were controlled at 36.5 ± 1.0◦C before, dur-
ing, and after MCAO with warm water pads and a heating lamp.
The common carotid artery was temporarily occluded and a 6-
0 nylon monofilament surgical suture (Ethicon, Somerville, NJ,
USA) with a silicone-coated (Xantopren Comfort Light, Heraeus,
Hanau, Germany) tip was inserted via an external carotid artery
stump distal to the internal carotid artery to the origin of the
middle cerebral artery. After 60 min of MCAO, reperfusion was
initiated by intraluminal filament withdrawal and the incision was
closed with 6-0 surgical sutures (Ethicon). Each animal was then
awakened and recovered in a separate cage with a warm water pad.
In sham-treated mice, the filament was placed but not advanced to
achieve MCAO. Occlusion and reperfusion were verified in each
animal by laser Doppler flowmetry (LDF; Model DRT4, Moor
Instruments, Wilmington, DE, USA). Animals were excluded if
intra-ischemic LDF (percentage of pre-ischemic LDF baseline) was
greater than 30%. Neurological deficit scores were determined at
1, 24, 48, 72, and 96 h of reperfusion to confirm ischemia and the
presence of ischemic injury using a 0 to 4-point scale as follows: 0,
no neurological dysfunction; 1, failure to extend left forelimb fully
when lifted by tail; 2, circling to the contralateral side; 3, falling
to the left; and 4, no spontaneous movement or in a comatose
state (Chen et al., 2012). The surgeon was not blinded to the ani-
mal genotypes. However, the surgeon was blinded to treatment
groups.

CELL ISOLATION
Splenocyte suspensions were prepared in Roswell Park Memorial
Institute (RPMI) 1640 by mechanical disruption followed by use of
red cell lysis buffer (eBioscience, San Diego, CA, USA) according to
the manufacturer’s instructions. The cells were washed twice with
RPMI-1640, counted, and resuspended in stimulation medium
containing 2% fetal bovine serum (FBS; HyClone, GE Healthcare,
UT, USA).

PURIFICATION AND ISOLATION OF T-CELLS
T-cells from splenocytes of MCAO-subjected WT, PD-L1−/−
and PD-L2−/− mice were purified using paramagnetic bead-
conjugated Abs from the pan T-cell isolation kit II and
subsequently separated by AutoMACS (Miltenyi Biotec, Auburn,
CA, USA), according to manufacturer’s instructions. The purity
of the negative fraction of cells thus separated (CD3+ T-cells)
was examined by flow cytometry. Cell preparations demonstrating
>98% purity of each cell type were used for co-culture studies.

CFSE LABELING AND T-CELL PROLIFERATION ASSAY
Sorter-purified T-cells were washed twice in PBS, labeled with
2.5 μM CFSE (Molecular Probes, Eugene, OR, USA), for 7 min
at 37◦C and quenched with stimulation medium containing 10%
FBS. Cells were washed twice in stimulation medium contain-
ing 2% FBS before they were plated for the proliferation assay.

CFSE-labeled purified T-cells (1 × 105/well) were co-cultured with
unlabeled non-T-cells (1 × 105/well) in 96-well plates and were
incubated in the presence of anti-CD3 Ab [2.5 μg/mL; baseline
condition (purified hamster anti-mouse CD3ε; clone 145-2C11)]
for 72 h. Functional grade purified neutralizing Abs to CD80
(clone 16-10A1), CD152 (CTLA-4, clone 9H10), CD279 (PD-1;
clone RMP1-14), CD274 (PD-L1; clone MIH5), CD273 (PD-
L2, clone TY25), and CD28 (clone 37.51) were used at a final
concentration of 10 μg/mL, alone or in combination with other
neutralizing Abs (eBioscience, San Diego, CA, USA). Proper neg-
ative control conditions such as T-cells + non T-cells with no
anti-CD3 Ab and non-CFSE-labeled T-cells were also included.
Each culture condition was plated in triplicate (or in some cases
where very few splenocytes were acquired after stroke, in dupli-
cate). After 3 days, CD8+ and CD4+ T-cell proliferation was
assessed based on CFSE dilution and analyzed by flow cytometry.
Each experiment was repeated at least twice.

Inhibition of T-cell proliferation in the presence of non-T-cells
was calculated from the following formula:

Stimulation index (SI) = [percent proliferating cells in presence
of neutralizing Ab] – [percent expression at baseline]/[percent
expression at baseline].

CELL SORTING AND ADOPTIVE TRANSFER OF B-CELLS
Male IL-10 GFP reporter mice served as donors of B-cells. Splenic
CD19+ B-cells were purified using paramagnetic bead-conjugated
Abs from the CD19 cell isolation kit and subsequently separated
by AutoMACSTM (Miltenyi Biotec, Auburn, CA, USA). The neg-
ative fraction of the cells thus separated were CD19+ B-cells with
a purity of ≥94%. CD19+ B-cells were suspended in RPMI 1640
medium with 2% FBS and cultured in the presence of 1 μg/mL
lipopolysaccharide (LPS, Escherichia coli strain K12) for 48 h. After
48 h of culture, B-cells were harvested from culture plates, washed
free of LPS and viable cells were counted using a hemocytometer
with the trypan blue exclusion method. Five million purified IL-
10-GFP+ B-cells from the donor mice were suspended in 100 μL
RPMI 1640 medium and were transferred intravenously (i.v.) into
PDL1−/− and PD-L2−/− mouse experimental groups 4 h after
MCAO. Each PDL1−/− and PD-L2−/− mouse received either
5 × 106/100 μL purified IL-10-GFP+ B-cells or 100 μL RPMI
1640 medium (control group).

INFARCT VOLUME ANALYSIS
The individual performing infarct volume analysis was not blinded
to genotype but was blinded to the treatment groups. Mice
were euthanized and brains collected at 96 h of reperfusion
for 2,3,5-triphenyltetrazolium chloride histology and then digi-
tal image analysis of infarct volume was undertaken as previously
published (Chen et al., 2012). Images were analyzed using Sig-
maScan Pro 5.0 (Systat Software, Inc., Point Richmond, CA,
USA). To control for edema, regional infarct volume (cor-
tex, striatum, and hemisphere) was determined by subtraction
of the ipsilateral non-infarcted regional volume from the con-
tralateral regional volume. This value was then divided by the
contralateral regional volume and multiplied by 100 to yield
regional infarct volume as a percentage of the contralateral
region.
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ANALYSIS OF CELL POPULATIONS BY FACS
The individual performing FACS analysis was not blinded to geno-
type. Anti-mouse Abs CD4 (GK1.5, BD Pharmingen, Franklin
Lakes, NJ, USA) and CD8 (53-6.7, BD Pharmingen) were used for
the proliferation assay. Anti-mouse CD19 (1D3, BD Pharmingen),
CD1d (1B1, BD Pharmingen), CD5 (53-7.3, BD Pharmingen),
CD28 (37.51, BD Pharmingen), CD152 (CTLA-4, UC10-4B9),
ICOS (C398-4A, BD Pharmingen), PD-L1 (MIH5, eBioscience),
and PD-L2 (TY25, eBioscience) were used for this study. Single-cell
suspensions were washed with staining medium (PBS containing
0.1% NaN3 and 2% FCS). After incubation with mAb and washing
with staining buffer, propidium iodide (PI) was added to identify
dead cells. FACS data acquisition was performed on a FACSCal-
ibur flow cytometer (BD Biosciences, San Jose, CA, USA) and data
were analyzed using isotype control Abs to set quadrants before
calculating the percentage of positive cells, using FCS Express (De
Novo Software, Los Angeles, CA, USA).

INTRACELLULAR STAINING
Intracellular staining was visualized using a published
immunofluorescence protocol (Subramanian et al., 2011). Briefly,
2 × 106 cells/mL were resuspended in complete medium (RPMI-
1640 containing 10% FCS, 1 mM/L pyruvate, 200 μg/mL
penicillin, 200 U/mL streptomycin, 4 mM/L L-glutamine, and
5 × 10−5 mol/L 2-β-ME), with PMA (50 ng/mL), ionomycin
(500 ng/mL), and Brefeldin A (10 μg/mL, Sigma–Aldrich) for
4 h. For intracellular IL-10 detection, a modification was fol-
lowed for the immunofluorescence staining protocol (Yanaba et al.,
2008). Briefly, isolated leukocytes or purified cells were resus-
pended (2 × 106 cells/mL) in complete medium and cultured
with LPS (10 μg/mL) in addition to PMA (50 ng/mL), iono-
mycin (500 ng/mL), and Brefeldin A (10 μg/mL; all reagents
from Sigma-Aldrich) for 4 h. Fc receptors were blocked with
anti-FcR mAb (2.3G2, BD Pharmingen) before cell surface stain-
ing, fixed, and permeabilized with the Fixation/Permeabilization
buffer (eBioscience), according to the manufacturer’s instruc-
tions. Permeabilized cells were washed with 1× Permeabilization
Buffer (eBioscience) and stained with APC-conjugated anti-IL-
10 mAb (JES5-16E3, eBioscience). Isotype matched mAb served
as negative controls to demonstrate specificity and to establish
background IL-10 staining levels.

STATISTICAL ANALYSIS
All values are reported as mean ± SEM. For flow data analysis and
representation of three and more groups, the one-way ANOVA
followed by post hoc Tukey’s test was applied. For the prolifer-
ation assay, the one-way ANOVA with Dunnett’s post hoc test
to compare all neutralizing Ab conditions to just the anti-CD3
Ab treated (Control) value was applied. Statistical analyses were
performed using GraphPad PRISM software version 5 (La Jolla,
CA, USA). For all tests, p values ≤0.05 were considered statisti-
cally significant. Significant differences are denoted as ∗p ≤ 0.05;
∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001. Differences in cortical, striatal, and
hemispheric (total) infarct volumes were determined by one-way
ANOVA with post hoc Newman–Keul’s test. Statistical signifi-
cance was p < 0.05. Statistical analyses for infarct volumes were

performed using SigmaStat Statistical Software, Version 3.1 (SPSS
Inc., Chicago, IL, USA).

RESULTS
CD80/CD28 INTERACTIONS PROMINENTLY REGULATE CD8+ T-CELLS,
WHILE PD-1/PD-L2 CONTROL THE CD4+ T-CELL RESPONSES IN WT
MICE SUBJECTED TO MCAO
Over the past few years, our laboratory has demonstrated an
inhibitory role for PD-1 in ischemic stroke (Ren et al., 2011), but
on the contrary, a co-stimulatory role for PD-L1 and to a lesser
extent PD-L2 (Bodhankar et al., 2013). To clarify these findings,
it was important to discern which combinations of the major co-
stimulatory molecules and their known binding partners might
contribute to stroke outcome.

Though the PD-1/PD-L pathway is important in governing
T-cell activation and proliferation, it is not the only deter-
minant pathway. Hence, to assess the role played by various
other co-stimulatory pathways potentially involved in T-cell acti-
vation/proliferation after MCAO, neutralizing Abs were used.
However, to narrow down the combinations of neutralizing Abs
needed, we first identified key players in the co-stimulatory path-
way on splenocytes from WT mice subjected to 60 min of MCAO
followed by 96 h of reperfusion in comparison with sham mice.
As demonstrated in Figure 1A, the expression of the positive
co-stimulatory molecule, CD28, was significantly increased on
CD4+ T-cells after MCAO, with a similar trend for its increased
expression on CD8+ T-cells. On the other hand, the expression
of the negative co-stimulatory molecule, CTLA-4, which opposes
the actions of CD28-mediated co-stimulation (Greenwald et al.,
2005), was significantly down regulated both on CD4+ and CD8+
splenic T-cells (Figure 1B). We also determined the expression lev-
els of ICOS, which is known to synergize with CD28 to promote
the activation of T-cell responses (Greenwald et al., 2005). How-
ever, no difference in the level of expression of ICOS as compared
to the sham MCAO-subjected WT splenocytes, was demonstrated
(Figure 1C).

Furthermore, neutralizing Abs to the classic B7/CD28,
B7/CTLA-4, and the PD-1/PD-L co-stimulatory receptors were
evaluated in WT mice subjected to 60 min MCAO followed
by 96 h of reperfusion. Splenocytes from MCAO-subjected WT
mice were obtained and total T-cells, sorted by negative selec-
tion, were labeled with CFSE. These labeled T-cells were then
co-cultured with APCs in the presence of different combina-
tions of neutralizing Abs to various co-stimulatory molecules.
After 72 h of co-culture, the CD8+ and CD4+ T-cell prolif-
erative capacities were determined by CFSE dilution by flow
cytometry. As demonstrated in Figure 2A, proliferation of CD8+
T-cells, post MCAO, was significantly reduced in the presence
of anti-CD80 Ab (p ≤ 0.05), and more so when both anti-
CD28 and anti-CD80 Abs were used in combination (p ≤ 0.01).
There was also a trend towards decreased proliferation using anti-
PD-L1 and anti-CD28 Abs, individually and in combination,
although the changes were not significant. These changes indi-
cate a positive role for the CD28/CD80 co-stimulatory molecules
in promoting CD8+ T-cell proliferation in WT mice subjected
to MCAO. On the other hand, neutralizing PD-1 led to a sig-
nificant increase (p ≤ 0.05) in proliferation of CD8+ T-cells.

Frontiers in Cellular Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 228 | 262

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Bodhankar et al. PD-Ligands differentially regulate experimental stroke

Similarly, neutralizing only PD-L2 or CTLA-4 led to nominally
but not significantly increased proliferation of CD8+ T-cells.
Thus, only PD-1 could be clearly implicated as a negative
regulator of CD8+ T-cell proliferation in MCAO-subjected WT
mice.

Interestingly, a different pattern of proliferative capacities was
demonstrated for CD4+ T-cells as compared to the CD8+ T-cells
obtained from the WT mice in response to various neutralizing Abs
(Figure 2B). The CD4+ T-cells also demonstrated nominally lower
proliferative capacities in the presence of anti-CD80 and anti-PD-
L1 neutralizing Abs, but there were no combinations tested that
produced significantly reduced responses and thus the identifica-
tion of a single set of co-stimulatory molecules. The CD4+ T-cells
had significantly increased proliferation responses in the presence
of anti-PD-1 alone or in combination with anti-PD-L2 but not
anti-PD-L1 neutralizing Abs. Thus to summarize, CD28/CD80
interactions appear to play a prominent co-stimulatory role in
proliferation of WT CD8+ but not CD4+ T-cells, whereas PD-
1 functions as a negative regulator of both CD8+ and CD4+
T-cell proliferation in MCAO-treated mice. However, this reg-
ulation is permitted by co-expression of PD-L2 but not PD-L1,
thus implicating a PD-1/PD-L2 co-inhibitory pathway for CD4+
T-cell proliferation in MCAO.

NEUTRALIZING THE MAJOR CO-STIMULATORY MOLECULES IN THE
PD-L1−/− MICE, SUBJECTED TO MCAO, LEADS TO AN INCREASE IN
BOTH CD8+ AND CD4+ T-CELL PROLIFERATIVE CAPACITIES,
INDICATING AN OVERALL SUPPRESSIVE PHENOTYPE
Our previous work demonstrated a more significant reduction in
infarct volumes in PD-L1−/− vs. PD-L2−/− mice as compared
to the WT mice (Bodhankar et al., 2013). Therefore, it was cru-
cial to decipher the contributing co-stimulatory molecules leading
to a suppressive phenotype in the absence of PD-L1. Total T-
cells were purified from the spleens of PD-L1−/− mice, labeled

FIGURE 1 | Characterization of co-stimulatory molecules onT-cells of
WT splenocytes, post-MCAO. Splenocytes from sham- and
MCAO-subjected WT mice were harvested 96 h after MCAO (60 min) and
assessed for expression of: (A) CD28; (B) CTLA-4; and (C) ICOS on gated
CD4+ and CD8+ T-cells. Values represent mean numbers (±SEM) of
indicated cell subsets, gated on live leukocytes (by PI exclusion), from 4–5
mice of each group, from two separate experiments. Statistical analysis
was performed using Student’s t-test. Significant differences between
sample means are indicated as *p ≤ 0.05 as compared to the sham-treated
WT mice.

with CFSE and co-cultured with APCs in presence of neutral-
izing Abs to various co-stimulatory molecules for 72 h. In the
absence of PD-L1 as in WT mice, the CD8+ T-cells exhibited sig-
nificantly enhanced proliferation with anti-PD-1 (p ≤ 0.05) as well
as the combination of anti-PD-1 + anti-PD-L2 Abs (p ≤ 0.05;
Figure 3A). These results suggest involvement of PD-1/PD-L2
interactions and provide further support for the lack of regulatory
PD-1/PD-L1 interactions. Moreover, anti-CTLA-4 (p ≤ 0.001)
also promoted CD8+ T-cell proliferation, thus suggesting emer-
gence of this co-inhibitory molecule in the absence of PD-L1.
Importantly, neutralizing CD28 and CD80 alone or in combina-
tion did not result in loss of CD8+ T-cell proliferation as in WT
mice, thus suggesting that PD-L1 expression enables CD28/CD80
co-stimulation. Use of neutralizing Abs also had a remarkably
pronounced effect on the splenic CD4+ T-cells obtained from the
MCAO-subjected PD-L1−/− mice (Figure 3B). In the absence
of PD-L1, neutralizing PD-1 and PD-L2 receptors, individually
(p ≤ 0.01 and p ≤ 0.05, respectively) as well as in combination
(p ≤ 0.01), demonstrated a significant increase in proliferative
capacities. Also a significant increase in proliferation was observed
by neutralizing just CTLA-4 (p ≤ 0.001) and the combination of
CTLA-4 + CD80 (p ≤ 0.01). These results re-confirm a regulatory
role for the PD-1/PD-L2 pathway and as well, establish a regulatory
function for the CTLA-4/CD80 pathway that may emerge in the
absence of PD-L1.

FIGURE 2 | CD80/CD28 interactions prominently regulate CD8+ T-cells,
while PD-1/PD-L2 control the CD4+ T-cell responses in WT mice
subjected to MCAO. T-cells were purified, by negative sort, from the
spleens of MCAO-subjected WT mice, by labeling with specific microbeads
and separating on the AutoMACSTM. The purified T-cells were CSFE-labeled
and then cultured with non-T-cells from the same mice at a 1:1 ratio (T:APC)
in the presence of anti-CD3 antibody (2.5 μg/mL; baseline) and other
neutralizing Abs (10 μg/mL) to co-stimulatory molecules, in 96-well plates.
After 72 h of culture, cells were washed and evaluated by FACS Calibur for
(A) CD8+ and (B) CD4+ T-cell expression and CFSE dilution. Data
represent the stimulation indices of the CD8 and CD4 T-cells in the
presence of neutralizing Abs as compared to the control (T:APC + anti-CD3
Ab) condition). The data are represented such that the baseline value is 1
and all other values are adjusted relative to the baseline. Data presented
are representative of splenocytes obtained from nine WT mice, with least
three separate experiments and each experiment comprising duplicates or
triplicates of the given neutralizing Ab condition. Significant differences
between sample means are indicated as *p ≤ 0.05, **p ≤ 0.01 as
compared to the baseline condition.
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FIGURE 3 | Neutralizing the major co-stimulatory molecules in
PD-L1−/− mice, subjected to MCAO, leads to an increase in both
CD8+ and CD4+ T-cell proliferative capacities, indicating an overall
suppressive phenotype. T-cells were purified, by negative sort, from the
spleens of MCAO-subjected PD-L1−/− mice, by labeling with specific
microbeads and separating on the AutoMACSTMTM. The purified T-cells
were CSFE-labeled and then cultured with non-T-cells from the same mice
at a 1:1 ratio (T:APC) in the presence of anti-CD3 antibody (2.5 μg/mL;
baseline) and other neutralizing Abs (10 μg/mL) to co-stimulatory
molecules, in 96-well plates. After 72 h of culture, cells were washed and
evaluated by FACS Calibur for (A) CD8+ and (B) CD4+ T-cell expression and
CFSE dilution. Data represent the stimulation indices of the CD8 and CD4
T-cells in the presence of neutralizing Abs as compared to the control
[(T:APC + anti-CD3 Ab) condition]. The data are represented such that the
baseline value is 1 and all other values are adjusted relative to the baseline.
Data presented are representative of splenocytes obtained from six
PD-L1−/− mice, with least three separate experiments and each
experiment comprising duplicates or triplicates of the given neutralizing Ab
condition. Significant differences between sample means are indicated as
*p ≤ 0.05, ** p ≤ 0.01 and ***p ≤ 0.001 as compared to the baseline
condition.

When similar studies were conducted using splenocytes from
MCAO-subjected PD-L2−/− mice, the responses, although more
subtle, strongly support results obtained from WT and PD-L1−/−
mice. In the absence of PD-L2, proliferation of CD8+ T-cells was
diminished by treatment with neutralizing anti-CD28 Ab and with
the combination of anti-CD28 + anti-CD80 Abs (p ≤ 0.01 for
each, Figure 4A), again implicating CD28/CD80 as the major co-
stimulatory pathway that is enabled by co-expression of PD-L1.
Similarly, CD4+ T-cells demonstrated significantly decreased pro-
liferative responses with anti-CD28 Ab alone (p ≤ 0.01) and with
the combination of anti-CD28 + anti-CD80 Abs (p ≤ 0.05). More-
over, the proliferation response of CD4+ T-cells was inhibited by
treatment with the combination of anti-CTLA-4 + anti-CD80 Abs
(p ≤ 0.01, Figure 4B), thus implicating a new co-stimulatory path-
way that emerged in the absence of PD-L2. Notably, in the absence
of PD-L2, there was no significant neutralization of any tested
co-inhibitory molecules, particularly PD-1, thus confirming the
requirement for PD-L2 in co-inhibitory regulation of proliferation
responses for both CD4+ and CD8+ T-cells.

In summary, these results demonstrate a dominant role for PD-
L1 in promoting CD8+ and CD4+ T-cell proliferation that con-
tributes to increased infarct volumes in mice subjected to MCAO.
Our data demonstrate that the presence of PD-L1 promotes the
CD28/CD80 co-stimulatory pathway, whereas its absence obviates

FIGURE 4 | Subtle changes in the proliferative capacities in the
PD-L2−/− mice indicate a minor role of PD-L2 in ischemic stroke.
T-cells were purified, by negative sort, from the spleens of
MCAO-subjected PD-L2−/− mice, by labeling with specific microbeads
and separating on the AutoMACSTM. The purified T-cells were CSFE-labeled
and then cultured with non-T-cells from the same mice at a 1:1 ratio (T:APC)
in the presence of anti-CD3 antibody (2.5 μg/mL; baseline) and other
neutralizing Abs (10 μg/mL) to co-stimulatory molecules, in 96-well plates.
After 72 h of culture, cells were washed and evaluated by FACS Calibur for
(A) CD8+ and (B) CD4+ T-cell expression and CFSE dilution. Data represent
the stimulation indices of the CD8 and CD4 T-cells in the presence of
neutralizing Abs as compared to the control (T:APC+anti-CD3 Ab)
condition). The data are represented such that the baseline value is 1 and all
other values are adjusted relative to the baseline. Data presented are
representative of splenocytes obtained from seven PD-L2−/− mice, with
at least three separate experiments and each experiment comprising
duplicates or triplicates of the given neutralizing Ab condition. Significant
differences between sample means are indicated as *p ≤ 0.05, **p ≤ 0.01
as compared to the baseline condition.

co-stimulation and allows full expression of the PD1/PD-L2 co-
inhibitory pathway as well as the emergence of the otherwise silent
CTLA-4/CD80 co-inhibitory pathway, both of which regulate T-
cell proliferation in mice subjected to MCAO. In contrast, presence
of PD-L2 is required for all co-inhibitory activity, whereas its
absence not only reduces expression of the major CD28/CD80
co-stimulatory pathway, but also allows emergence of a second
CTLA-4/CD80 co-stimulatory pathway for CD4+ T-cells.

PRESENCE OF PD-L1 ON APCs IS AS IMPORTANT AS IT IS ON T-CELLS,
WHILE EXPRESSION OF PD-L2 IS CRUCIAL ON APCs OF WT MICE
SUBJECTED TO MCAO
PD-L1 and PD-L2 are the two known ligands for PD-1 (Keir
et al., 2008), mostly expressed by APCs. However, they have differ-
ent expression patterns (Ishida et al., 2002; Yamazaki et al., 2002;
Ansari et al., 2003; Iwai et al., 2003; Liang et al., 2003; Salama et al.,
2003; Wiendl et al., 2003; Zhong et al., 2007; Keir et al., 2008).

Hence, we further investigated the effects on T-cell prolifera-
tion of the expression of PD-L1 and PD-L2 on APC and T-cells
obtained from mice post-MCAO. Thus, T-cells were obtained from
MCAO-subjected WT mice and labeled with CFSE. To determine
if the presence of the PD-ligands is crucial for the antigen pre-
senting cells to influence the proliferative capacities of the T-cells,
APCs (non-T-cells) were obtained either from MCAO-subjected
PD-L1−/− or PD-L2−/− mice. The WT T-cells and PD-ligand
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knockout APCs were co-cultured in the presence of various neu-
tralizing Abs to co-stimulatory molecules. As demonstrated in
Figure 5A, there was a significant decrease in CD8+ T-cell prolifer-
ation upon using anti-PD-1 (on APC and/or T-cells) + anti-PD-L1
(T-cells only) and anti-CD80 (on APC and/or T-cells) + anti-PD-
L1 (on T-cells only) Abs (p ≤ 0.05 and p ≤ 0.01, respectively) and
a similar significant decrease was demonstrated when just anti-
CD80 (on APC and/or T-cells) Ab (p ≤ 0.05) was used. Based
on availability of PD-L1, it follows that the effects of anti-PD-
L1 are restricted to the PD-L1+ T-cells (not on PD-L1−/− APC),
whereas effects of the anti-PD-1 and anti-CD80 Abs could be on
the APC or T-cells. It is thus possible that the inhibition of pro-
liferation of CD8+ T-cells involves Ab blockade of PD-1 and/or
CD80 expressed on APC and PD-L1 expressed only on T-cells. This
conceivably could pair CD80/PD-L1 as a possible co-stimulatory
pathway for CD8+ T-cell proliferation that might be operative
in the absence of PD-L1 on APC. Pairing of PD-1/PD-L1 seems
unlikely due to many reports to the contrary. Surprisingly, there
was a significant increase in proliferation of CD8+ T-cells when
anti-CD80 + anti-CTLA-4 Abs were used (p ≤ 0.01), possibly
suggesting a redundant co-inhibitory pathway involving CTLA-4
that might appear in the absence of PD-L1 on APC. However, the
increased CD8+ proliferation response after treatment of WT cells
with anti-PD-1 (Figure 2A) was not apparent in the absence of PD-
L1 on APC. Similarly, in the CD4+ T-cells, besides the significant

FIGURE 5 | Presence of PD-L1 on APCs is as important as it is onT-cells,
while expression of PD-L2 is crucial on APCs of WT mice subjected to
MCAO. T-cells were purified, by negative sort, from the spleens of
MCAO-subjected WT mice, by labeling with specific microbeads and
separating on the AutoMACSTM. The purified T-cells were CSFE-labeled and
then cultured with non-T-cells from PD-L1−/− mice at a 1:1 ratio (T:APC) in
the presence of anti-CD3 antibody (2.5 μg/mL; baseline) and other
neutralizing Abs (10 μg/mL) to co-stimulatory molecules, in 96-well plates.
After 72 h of culture, cells were washed and evaluated by FACS Calibur for
(A) CD8+ and (B) CD4+ T-cell expression and CFSE dilution. Data
represent the stimulation indices of the CD8 and CD4 T-cells in the
presence of neutralizing Abs as compared to the control (T:APC + anti-CD3
Ab) condition). The data are represented such that the baseline value is 1
and all other values are adjusted relative to the baseline. Data presented
are representative of splenocytes obtained from eight WT, six PD-L1−/−,
and six PD-L2−/− mice with least three separate experiments and each
experiment comprising duplicates or triplicates of the given neutralizing Ab
condition. Significant differences between sample means are indicated as
*p ≤ 0.05, **p ≤ 0.01 as compared to the baseline condition.

reduction in proliferation using anti-CD80 (on APC and/or T-
cells) Ab (p ≤ 0.05), a significant decrease in proliferative capacity
was observed when anti-PD-L1 (T-cells only) Ab was also used
(p ≤ 0.01; Figure 5B). However, again, no increase in CD4+ pro-
liferation was observed with WT cells in the presence of anti-PD-1
Ab as was observed in Figure 2B. Overall, these data demonstrate
that the dominant CD28/CD80 co-stimulatory pathway observed
in WT and PD-L2−/− mice depends on co-expression of PD-L1,
and the current experiments suggest that its expression need be
on APCs and T-cells.

On the other hand, different co-stimulatory molecules seem
to play a compensatory role when the APCs lacked PD-L2. The
increased proliferation when anti-PD-1 Ab was used with WT T
and WT APCs (Figure 2A) was lost in CD8+ T-cells when the same
neutralizing Ab was used in the case of WT T-cells co-cultured
with PD-L2−/− APCs. Neutralizing CD28 and CD80 individually
or combined, led to a decreased proliferation, both in the CD8+
and CD4+ T-cells (Figures 6A,B, respectively), indicating that
in the absence of PD-L2, CD28/CD80 stimulatory interactions are
dominant. Collectively, the data indicate that absence of PD-L2 on
APCs leads to an over-riding CD28/CD80 interaction that sends
positive co-stimulatory signals, leading to increased proliferative
capacities of the CD4+ T cells obtained from MCAO-subjected
WT mice. These data again are in agreement with the need for
co-expression of PD-L1 for expression of the CD28/CD80 co-
stimulatory pathway.

In lieu of the dissimilar proliferative trend exhibited by the
WT T-cells when co-cultured with PD-L1−/− APCs, it became
important to characterize the changes in PD-L1 and PD-L2 expres-
sion on various splenic immune cell types in the WT mice,
post-MCAO. In our previous publication (Bodhankar et al., 2013),
we demonstrated an increase in the total PD-L2 expression in
splenocytes of the PD-L1−/− mice as compared to the WT mice,
making a case for a plausible PD-1/PD-L2 co-inhibitory inter-
actions. We also demonstrated that the expression levels of total
PD-L1 in both the WT and PD-L2−/− mice remained similar after
MCAO. Hence, splenocytes from sham- and MCAO-subjected
WT mice were isolated and the percent expression of PD-L1 and
PD-L2 on various immune cell types was determined by flow
cytometry. It is known that PD-L1 has much broader expression
pattern than PD-L2 and it is also characterized to be present on
T-cells in addition to APCs. Hence, we also evaluated PD-L1 and
PD-L2 expression on T-cells. The PD-L1 expression was signif-
icantly increased on the CD8+ T-cells (p ≤ 0.01) with a trend
towards increased expression in the CD4+ T-cells, after stroke
in WT splenocytes (Figure 7C). Even if the T-cells (CD4+ and
CD8+ T-cells) demonstrate an increase in expression of PD-L2
after stroke (Figure 7D), the level of expression is only a frac-
tion compared to that of PD-L1 on T-cells. Results upon assessing
the expression of PD-L1 on the classic APCs demonstrated that
the expression of PD-L1 increased significantly (p ≤ 0.05) only
on CD19+ B-cells with a trend towards increased expression
on CD11c+ dendritic cells (Figure 7A). There was, however,
no change in the PD-L1 expression on the CD11b+ monocytes
after MCAO as compared to levels expressed in spleens of sham-
treated WT mice. Similarly, when the expression levels of PD-L2
were assessed on the classic APCs, its expression was significantly
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increased on the CD19+ B cells (p ≤ 0.01) and CD11b+ mono-
cytes (p ≤ 0.01), with a trend in increased expression on the
CD11c+ DCs (Figure 7B). Thus, the abundance of expression
of PD-L1 on the CD8+ and likely the CD4+ T-cells justifies the
decrease in the proliferative responses of the WT T-cells upon
co-culture with PD-L1−/− APCs in presence of anti-PD-L1 Ab
(CD4+ T-cells; Figure 5B) and anti-PD-1 + anti-PD-L1 and
anti-CD80 + anti-PD-L1 conditions (CD8+ T-cells; Figure 5A).
Overall, these results indicate that the presence of PD-L1 on T-
cells is as crucial as it is on the APCs, to elicit its functions after
stroke.

BREGS DECREASE INFARCT VOLUMES IN MALE PD-L2−/− MICE, BUT
ARE DISPENSABLE WHEN TRANSFERRED TO PD-L1−/− MICE 4 H
AFTER MCAO
As demonstrated in Figures 6A,B and 7B, the presence of PD-L2
on classic APCs is crucial. Moreover, as elucidated in Figure 7B,
PD-L2 expression was significantly increased on CD19+ B cells.
Also, our previous study (Bodhankar et al., 2013) demonstrated
that even though the PD-L1−/− and PD-L2−/− mice had smaller
total infarct volumes compared to the WT mice, the pro-
inflammatory status as far as infiltrating cells in the brains was
the lowest in the PD-L1−/− as compared to both the WT and
PD-L2−/− mice. Also, the PD-L2−/− mice had an intermediary
pro-inflammatory status, with immune parameters trending to
be more like the WT mice rather than that like PD-L1−/− mice.

FIGURE 6 | Presence of PD-L1 on APCs is as important as it is onT-cells,
while expression of PD-L2 is crucial on APCs of WT mice, subjected to
MCAO. T-cells were purified, by negative sort, from the spleens of
MCAO-subjected WT mice, by labeling with specific microbeads and
separating on the AutoMACSTM. The purified T-cells were CSFE-labeled and
then cultured with non-T-cells from PD-L2−/− mice at a 1:1 ratio (T:APC) in
the presence of anti-CD3 antibody (2.5 μg/mL; baseline) and other
neutralizing Abs (10 μg/mL) to co-stimulatory molecules, in 96-well plates.
After 72 h of culture, cells were washed and evaluated by FACS Calibur for
A CD8+ and (B) CD4+ T-cell expression and CFSE dilution. Data represent
the stimulation indices of the CD8 and CD4 T-cells in the presence of
neutralizing Abs as compared to the control (T:APC + anti-CD3 Ab)
condition). The data are represented such that the baseline value is 1 and all
other values are adjusted relative to the baseline. Data presented are
representative of splenocytes obtained from eight WT, six PD-L1−/− and
six PD-L2−/− mice with least three separate experiments and each
experiment comprising duplicates or triplicates of the given neutralizing Ab
condition. Significant differences between sample means are indicated as
*p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001 as compared to the baseline
condition.

FIGURE 7 | Characterization of PD-L1 and PD-L2 expression onT-cells
and antigen presenting cells of WT splenocytes, post-MCAO.
Splenocytes from sham- and MCAO-subjected WT mice were harvested
96 h after MCAO (60 min) and assessed for expression. (A) PD-L1 and (B)
PD-L2 on APCs; gated on CD19+, CD11b+, and CD11c+ cells. (C) PD-L1
and (D) PD-L2 on gated CD4+ and CD8+ T-cells. Values represent mean
numbers (±SEM) of indicated cell subsets, gated on live leukocytes (by PI
exclusion) from 4–5 mice of each group, from two separate experiments.
Statistical analysis was performed using Student’s t-test. Significant
differences between sample means are indicated as *p ≤ 0.05 and
**p ≤ 0.01 as compared to the sham-treated WT mice.

Recently, we demonstrated (Bodhankar et al., 2014) that transfer
of IL-10+ B cells markedly reduced infarct volumes in WT recip-
ient mice when given 4 h after MCAO. Hence, in an attempt to
discern the regulatory mechanism pertaining to these PD-ligands,
we hypothesized that similar to WT recipients of IL-10+ B cells
(regulatory B cells; Bregs), 4 h after MCAO, the PD-L2−/− recipi-
ents of IL-10+ B cells, would be protected, thus indicating that the
presence of PD-L2 on B cells is indispensable for the B cells’ ability
to mediate its immune-modulatory actions. Thus, we examined
the relative contribution of PD-L1 and PD-L2, when present on
the Bregs, in mediating their protective properties.

B cells obtained from spleens of IL-10-GFP reporter mice were
purified by negative selection and cultured in vitro for 48 h in pres-
ence of LPS. This in vitro culture enriched the B cells to produce
high amounts of IL-10 cytokine. These IL-10-enriched Bregs were
transferred to PD-L1−/− and PD-L2−/− recipients. As shown in
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Figure 8A, PD-L1−/− mice that received IL10+ B-cells (n = 8)
4 h after MCAO exhibited no differences in the infarct volumes in
each of the cortex, striatum and hemisphere regions after 60 min
MCAO followed by 96 h of reperfusion compared to no-cell trans-
ferred vehicle (RPMI) controls (n = 7). However, when IL-10+
B-cells were transferred to the PD-L2−/− mice (n = 10) 4 h after
MCAO, there was as significant reduction in cortical (p ≤ 0.05) and
total hemisphere (p ≤ 0.01) infarct volumes after 60 min MCAO
followed by 96 h of reperfusion compared to no-cell transferred
vehicle (RPMI) controls (n = 11). Representative cerebral sections
from PD-L1−/− and PD-L2−/− mice treated with RPMI or IL10+
B-cells are shown in Figures 8A,B.

We further ascertained whether differences in surface expres-
sion of CD1dhiCD5+ on B cells (Bregs) in the PD-L1−/− or
PD-L2−/− mice as compared to WT mice might reflect the dif-
ferences in protection in these strains, after the transfer of Breg
cells. We assessed the expression of a recently characterized regu-
latory B-cell sub-population, known as the CD1dhiCD5+CD19+
Bregs (Bodhankar et al., 2011) which is known to effectively down-
regulate T-cell activation by virtue of their IL-10 production
(Yanaba et al., 2008). We determined the CD1dhiCD5+ expression

(Figure 8C) and IL-10-secretion by B cells (Figure 8D). Spleno-
cytes from sham- and MCAO-subjected WT, PD-L1−/− and
PD-L2−/− mice were obtained and the expression of cell surface
molecules, CD1d and CD5, was determined on CD19+ B cells
(Figure 8C) as was the intracellular IL-10 expression (Figure 8D).
As demonstrated in Figures 8C,D a significant increase in the
percentage of not only CD1dhiCD5+CD19+ Bregs but also the
production of IL-10 by this cell sub-type was observed to be
already present in the PD-L1−/− mice as compared to both WT
(p ≤ 0.05), and the PD-L2−/− (p ≤ 0.05) mice. Thus, these
results demonstrate that Bregs decrease infarct volume in male
PD-L2−/− mice, but are dispensable and cannot further affect the
ongoing infarction process when transferred 4 h after MCAO to
PD-L1−/− knockout mice that already have increased levels of
Breg cells.

DISCUSSION
Stroke remains the third leading cause of death in adults worldwide
and the most frequent cause of permanent disability in the world
(Donnan et al., 2008). Although underlying mechanisms have not
been completely unraveled, that ischemia evokes inflammatory

FIGURE 8 | Bregs decrease infarct volumes in male PD-L2−/− mice, but
are dispensable when transferred to PD-L1−/− mice 4 h after MCAO.
(A) Intravenous transfer of 5 million IL10+ B-cells 4 h after surgery to induce
MCAO in PD-L1−/− mice 96 h following 60 min of MCAO compared to
intravenous transfer of RPMI vehicle (no cells) and its representative
2,3,5-triphenyltetrazolium chloride (TTC) stained cerebral sections 96 h
following 60 min of MCAO. (B) Intravenous transfer of 5 million IL10+ B-cells
4 h after surgery to induce MCAO in PD-L2−/− mice 96 h following 60 min of
MCAO compared to intravenous transfer of RPMI vehicle (no cells) and its
representative TTC stained cerebral sections 96 h following 60 min of MCAO.

Significance values represent mean ± SEM. *p < 0.05, **p < 0.01.
Splenocytes from sham-treated and MCAO-subjected WT, PD-L1−/− and
PD-L2−/− mice were harvested 96 h after MCAO (60 min) and assessed for
expression of: (C) CD1dhiCD5+CD19+ (Breg) cells and (D) IL-10 production
by gated Breg cells. Data are representative of two independent experiments
with spleens processed from four to five individual mice (mean ± SEM).
Significant differences between sample means are indicated (*p ≤ 0.05
compared to the PD-L1−/− mice, post MCAO). Significant differences within
the strains are indicated (#p ≤ 0.05 and ###p ≤ 0.001 as compared to its
respective sham-treated counterparts).
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responses has been well characterized. Besides the well-defined
players of innate immunity, which infiltrate the damaged brain
area after ischemic stroke, our past studies demonstrated that
the T-cells from blood and lymph nodes secrete increased lev-
els of inflammatory cytokines after activation following ischemic
stroke (Offner et al., 2006). Also a significant increase in T lym-
phocytes in the ischemic hemisphere has been demonstrated at
3 days post-reperfusion (Gelderblom et al., 2009). Our group has
also demonstrated using SCID mice that T lymphocytes have a
damaging effect on early ischemic brain injury (Hurn et al., 2007).
However, the mechanisms of T-cell-mediated brain injury fol-
lowing stroke are currently unclear. It is not clear whether the
activation of T-cells follows the classical antigen-dependent path-
way or if the infiltration into the brain following stroke is too rapid
to follow the classical pathway. A recent study by Kleinschnitz et al.
(2010) demonstrated that the antigen-dependent activation of T-
cells is not required for them to contribute substantially to the
infarct volume present at 22 h after ischemic stroke. However,
several studies also demonstrate that previously activated T lym-
phocytes, i.e., due to preexisting infection, cardiovascular disease
(Guzik et al., 2007; Andersson et al., 2010) or even in autoimmune
disease (Ren et al., 2012) cause additional damage in the brain,
following ischemic stroke. Furthermore, two more studies indi-
cate that administration of the recombinant TCR ligand, RTL551
linked to a CNS antigen (which blocks classical antigen-dependent
T-cell activation), resulted in a reduced infarct volume following
ischemic stroke (Subramanian et al., 2009; Dziennis et al., 2011).
These findings suggest that an adaptive immune response to brain
antigens occurred following stroke, and that classical T-cell activa-
tion may indeed have contributed to post-ischemic brain damage.
Moreover, tolerance against brain antigens by mucosal adminis-
tration of a CNS myelin antigen before stroke has been reported
to improve outcome after stroke (Becker et al., 1997; Frenkel
et al., 2005; Gee et al., 2008), further suggesting that antigen-
dependent lymphocyte activation occurs following stroke, and
that it contributes to brain injury. However, the mechanism(s) of
antigen-independent T-cell “activation” within hours after stroke
are currently unknown.

T-cell activation involves the B7 family of co-stimulatory
molecules, which provide pivotal stimulatory or inhibitory sig-
nals and a balance between these signals is required for effective
immune responses to various stimuli. Our past study (Ren et al.,
2011) on one hand demonstrated that PD-1 is crucial in medi-
ating protection in ischemic stroke, but on the other hand, our
subsequent study (Bodhankar et al., 2013) involving PD-ligand
knockout mice demonstrated the stimulatory role of the PD-
ligands in ischemic stroke. Hence, it was necessary to investigate
the nature of interactions between PD-1 and both its ligands for
understanding the susceptibility, pathogenic mechanisms, and
protection afforded after ischemic stroke. In another previous
study (Bodhankar et al., 2013), we demonstrated that WT and
PD-L2−/− mice demonstrated a significantly increased expres-
sion of the co-stimulatory molecule, CD80 (B7.1) on the CD11c+
dendritic cells and by the CD11b+ monocytes as compared to
that in the PD-L1−/− mice, after MCAO. Also, the expression
levels of total PD-L1 on splenocytes of both the WT and PD-
L2−/− remain similar after MCAO. Thus, we speculated that the

CD80-CD28 interaction overrides the CD80-CTLA-4 or CD80-
PD-L1 interactions leading to T-cell activation in the WT and
PD-L2−/− mice. Conversely, low CD80 expression by the APCs
in PD-L1−/− mice suggested T-cell signaling through CTLA-4,
leading to a suppressor phenotype. Also an increase in the total
PD-L2 expression in the PD-L1−/− mice as compared to the WT
mice, made a case for a plausible PD-1/PD-L2 co-inhibitory inter-
action in the absence of PD-L1. Hence the purpose of this study
was to verify the aforementioned hypotheses. In order to do so, we
first determined the change in the expression levels of some of the
T-cell-related major players of the co-stimulatory pathway in WT
mice, post-stroke. CD28 has a predominant role during initial T-
cell activation while ICOS regulates antigen-experienced T-cells,
but CD28 and ICOS synergize to promote the activation of T-
cell responses (Greenwald et al., 2005). Also, CTLA-4, an immune
inhibitory receptor within the CD28 family of co-stimulatory
molecules (Salomon and Bluestone, 2001; Greenwald et al., 2005;
Peggs et al., 2009), shares its ligands B7-1 and B7-2 with CD28 but
binds them with differential kinetics (Riley and June,2005). CTLA-
4 is induced in activated T-cells and inhibits T-cell activation by
engaging specific signaling pathways and by out-competing the
positive co-stimulatory receptor CD28 (Salomon and Bluestone,
2001; Engelhardt et al., 2006). It is also constitutively expressed in
FoxP3+ Tregs (Read et al., 2000; Annunziato et al., 2002). Hence,
the levels of expression of these three players were determined on
splenocytes from sham- and MCAO-subjected WT mice. But as
demonstrated in Figures 1A–C, the expression levels of CD28 are
significantly increased and those of CTLA-4 were reduced; how-
ever, the expression of ICOS did not change between sham and
MCAO-subjected mice until day 3 post-stroke. Thus, it appeared
as though the molecules of the CD80/CD28, CTLA-4, and the PD-
1/PD-L pathway are more critical than others in ischemic stroke.
Therefore, we next focused on these co-stimulatory players and
how the preferential neutralization of each these players influ-
enced the proliferative capacities of the T-cells of the WT mice,
post-stroke.

Our speculation of the over-riding association between CD80
and CD28 seems to hold true, more so, in case of CD8+ T-cells
of WT mice as demonstrated in Figure 2A because the prolifer-
ative capacities of CD8+ T-cells were significantly decreased in
presence of anti-CD80 and anti-CD80 + anti-CD28 neutralizing
Abs, whereas neutralizing PD-1 significantly increased prolifera-
tion. In support of our findings, studies involving intrahepatic
virus-specific T-cell dysfunction, particularly in HCV-infected
liver also demonstrate that T-cell function can be synergisti-
cally reversed by combined PD-1/CTLA-4 blockade in vitro in
a CD4-independent and CD28-dependent manner (Nakamoto
et al., 2009). The study demonstrated that functional response
to PD-1/CTLA-4 blockade was abolished in HCV-specific CD8+
T-cells by CD28-depletion suggesting that immune exhaustion
at the site of antigen expression may be reversed by combined
inhibitory receptor blockade. In another study, it has also been
suggested that since PD-L1 also interacts with B7-1 (Butte et al.,
2008), both anti-PD-L1 and anti-CTLA-4 can increase the acces-
sibility of B7-1 to CD28 (Parry et al., 2005). Thus, our findings
in this current study are in synchrony with the aforementioned
studies, since as demonstrate in Figures 2A,B CD8+ T-cells seem
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to be impacted with CD28/CD80 interactions while CD4+ T-cells
with PD-1/PD-L2 interactions.

PD-L1 and PD-L2 are known to mediate both positive and neg-
ative signals. Contrary to the best-characterized inhibitory role for
PD-L1, a stimulatory role has been suggested in a number of recent
studies. For example, transgenic over-expression of PD-L1 on pan-
creatic beta cells enhanced autoimmunity instead of suppressing it
(Subudhi et al., 2004). As a result of PD-L1 over-expression in beta
cells, CD8+ T-cell proliferation was enhanced and immunologi-
cal tolerance was broken, as mice developed spontaneous diabetes
(Subudhi et al., 2004). In yet another study (Waisman and Yogev,
2009), an unexpected beneficial effect from PD-L1−/− DC was
demonstrated where intra-cerebral microinjections resulted in
amelioration of subsequent EAE (Waisman and Yogev, 2009). Fur-
thermore, our results in Figures 3A,B also demonstrate that the
most impact on the proliferative capacities of both the CD8+ and
CD4+ T cells in PD-L1−/− mice, after stroke, was when neutraliz-
ing Abs to CD80 + CTLA-4 and PD-1 + PD-L2 were used. These
data indicate that in the absence of PD-L1, with the decreased
expression of CD80, CTLA-4/CD80 interactions become preva-
lent, leading to the induction of inhibitory signals in T cells. We
thus propose a working model based on all our results obtained
thus far (Figure 9).

Several lines of work have also suggested that the broad expres-
sion of PD-L1 in lymphoid and non-lymphoid organs and the
more restricted, but overlapping, expression of PD-L2 in DC
and macrophages may explain, in part, how these B7 family
members can have overlapping and/or distinct biological func-
tions (Loke and Allison, 2003). Several animal models suggest

that distinct functions could be elicited by PD-L1 and PD-L2
(Liang et al., 2006; Zhu et al., 2006). Recent data suggest higher
affinity binding of PD-L2 to PD-1 (Lazar-Molnar et al., 2008).
Hence, the ability of PD-L1 and PD-L2 to compete for PD-
1 might be important to consider especially on cells that are
known to express both ligands, such as APCs, but also in tis-
sues undergoing inflammation (Greenwald et al., 2005). However,
differences remain relative to binding kinetics and expression lev-
els. In general, PD-L2 is expressed late, and at lower levels. Data
suggest that the cytokine environment may have an important
role in differentially regulating PD-L1 and PD-L2 expression and
modulating inflammatory responses in the lung microenviron-
ment. In fact, studies also show that PD-L1 and PD-L2 have
important but opposing roles in modulating and polarizing iNKT-
cell function in airway hyper-responsiveness (AHR) and airway
inflammation (Akbari et al., 2010). Shin et al. (2005) have shown
that PD-L2, but not PD-L1 was found to elicit direct activating
effects on DCs and this effect is supposed to enhance immune
responses. However, the concurrent presence of PD-L1 on the
same cell prevented this activating effect of PD-L2 due to compe-
tition with PD-1 availability (Ghiotto et al., 2010). Hence, these
studies support our findings that in the absence of PD-L1, the
PD-1/PD-L2 pathway is dominant and pivotal in affecting the pro-
liferative responses (Figures 3A,B). At the same time, only subtle
changes in proliferative capacities were exhibited by both CD8+
and CD4+ T-cells obtained from PD-L2−/− mice (Figures 4A,B),
wherein PD-L1 expression is intact. These data imply that a dom-
inant pathogenic role is played by PD-L1 in ischemic stroke as
compared to the other PD-1 ligand, namely PD-L2. Interestingly,

FIGURE 9 | Proposed model for the role of CD28, CTLA-4, CD80, and
the PD-1/PD-L pathway in mice after ischemic stroke. The following
mechanisms of action for the various co-stimulatory molecules belonging
to the B7 family are postulated. The affinity of CD80 for CTLA-4, PD-L1,
and CD28 are kd = 0.4, 1.4, and 4.0 μM, respectively. Thus, at
homeostatic levels, (A) PD-L1 competes with CTLA-4 for CD80 binding,
thus providing in concert with MHC molecules a non-activating signal
that promotes naïve T-cell survival, while simultaneously suppressing
T-cell responses by outcompeting signaling through CD80/CD28. When
stroke is induced in (B) WT and (C) PD-L2−/− mice, the level of CD80
expression is significantly increased, enhancing T-cell signaling through

CD28 and further promoting T-cell activation resulting in an effector
phenotype. However, when stroke is induced in the absence of PD-L1.
(D) PD-L1−/− mice, with low CD80 expression and without PD-L1 to
compete with CTLA-4, T-cell signaling results through CTLA-4. Also,
MCAO-subjected PD-L1−/− mice exhibit significantly higher levels of
both PD-1 and PD-L2, resulting in their prominent interactions. Thus, we
propose that the CD80/CTLA-4 and PD-1/PD-L2 eventually lead to a
suppressor phenotype. hi high expression, lo low expression, med
medium expression, CTLA-4 cytotoxic T lymphocyte-associated antigen-4,
TCR T-cell receptor, MHC Major Histocompatibility complex (adapted from
Zozulya et al., 2010).
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our study further demonstrated the stimulatory role of PD-L1,
especially when WT T-cells were co-cultured with PD-L2−/−
APCs, in that the presence of PD-L1 on T cells is critical as indi-
cated by the fact that when CD80 (APC-expressed) and PD-L1
(expressed on T-cells in this scenario) neutralizing Abs were used,
a decrease in the proliferative capacities of the CD8 (Figure 6A)
and CD4 (Figure 6B) T-cells was demonstrated, thus implicat-
ing these factors as co-stimulatory molecules. Furthermore, when
we extended our studies to decipher the cell type responsible to
mediate the critical function of immune-suppression or immuno-
activation by each of PD-ligands, post-stroke, we demonstrated
a significant increase in PD-L2 on splenic APCs of WT mice
(Figure 7B) especially CD19+ B cells. Also, lower infarct volumes
in the PD-L2−/− recipients upon reconstitution with PD-L2+
IL-10-enriched Bregs were demonstrated. Thus, the PD-L2−/−
recipients are protected like the WT mice that receive IL-10+
Bregs, 4 h after MCAO (Bodhankar et al., 2014). However, no
difference in the infarct volumes was demonstrated in the PD-
L1−/− recipients of PD-L1+Bregs. Collectively, these findings
indicate the crucial role of the PD-L2 on the APCs, especially
Breg cells (Figures 6, 7B and 8A), in contrast to a dispens-
able role of PD-L1 on the Bregs. In the context of possible
therapy, the data support the prediction that treatment with anti-
PD-L1 Ab would likely be beneficial for nullifying CD8+ and
CD4+ T-cell effects by reducing the co-stimulatory CD28/CD80
interactions and enabling co-inhibitory PD-1/PD-L2 and CTLA-
4/CD80 interactions. On the other hand, neutralization of PD-L1
would appear to reduce or obviate regulatory effects of Breg cells
on stroke. Subsequent experimentation will thus be required to
sort out the safety and relative efficacy of antibody blockade of
PD-L1 vs. transfer of Breg cells in the presence of functional
PD-L1.

In summary, the current study conclusively demonstrates for
the first time that PD-L1 and PD-L2 have distinct roles in con-
trolling the T-cell activation after ischemic stroke. CD80/CD28
interactions played a prominent regulatory role for the CD8+
T-cells and the PD-1/PD-L2 interactions were dominant in con-
trolling the CD4+ T-cell responses in WT mice, after stroke. A
suppressive phenotype in PD-L1 deficient mice was attributed to
CD80/CTLA-4 and PD1/PD-L2 interactions. PD-L2 was crucial
in modulating CD4+ T-cell responses, whereas PD-L1 regulated
both CD8+ and CD4+ T-cells. To establish the contribution
of PD-L1 and PD-L2 on regulatory B-cells (Bregs), infarct vol-
umes were evaluated in male PD-L1- and PD-L2-deficient mice
receiving IL-10+ B-cells 4 h after MCAO. PD-L2- but not PD-
L1-deficient recipients of IL-10+ B-cells had markedly reduced
infarct volumes, indicating a regulatory role of PD-L2 on Bregs.
Overall, it is apparent that these pathways provide redundant
positive and negative signals and that there is some hierarchy
in the orchestration of their signals. The current study provides
insights into mechanisms of T-cell activation in ischemic stroke,
thus exhibiting the potential for therapeutic intervention for con-
trolling T-cell responses. Our results clearly imply that PD-L1
and PD-L2 differentially control induction of T- and Breg-cell
responses after MCAO, thus suggesting that selective targeting PD-
L1 and PD-L2 might represent a valuable therapeutic strategy in
stroke.
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Experimental and epidemiological data show that the severity and the duration of
brain inflammation are attenuated in females compared to males. This attenuated brain
inflammation is ascribed to 17β-estradiol. However, several studies suggest that 17β-
estradiol is also endowed with proinflammatory properties. The aim of the present
study is to assess the effect of hormonal replacement therapies on lipopolysaccharide
(LPS)-induced brain inflammation and its consequent effect on newly born neurons.
Bilaterally ovariectomized rats received intrastriatal injection of LPS (250 ng/μl) and were
subsequently given daily subcutaneous injections of either vehicle, 17β-estradiol (25 μg/kg)
or 17β-estradiol and progesterone (5 mg/kg). Microglial activation and newly born neurons in
the rostral migratory stream were monitored using double immunofluorescence. Nuclear
factor κB (NFκB) signaling pathway and its target inflammatory proteins were assessed
by either western blot [cyclooxygenase-2 (COX-2) and interleukin-6 (IL-6)] or enzyme-
linked immunosorbent assay [tumor necrosis factor-α (TNF-α)]. LPS-induced activation
of microglia, promoted NFκB signaling pathway and enhanced the production of proin-
flammatory proteins (TNF-α and COX-2). These proinflammatory responses were not
attenuated by 17β-estradiol injection. Supplementation of 17β-estradiol with progesterone
significantly dampened these proinflammatory processes. Interestingly, LPS-induced brain
inflammation dampened the number of newly born neurons in the rostral migratory stream.
Administration of combined 17β-estradiol and progesterone resulted in a significantly
higher number of newly born neurons when compared to those seen in rats given either
vehicle or 17β-estradiol alone. These data strongly suggest that combined 17β-estradiol
and progesterone, and not 17β-estradiol alone, rescues neurogenesis from the deleterious
effect of brain inflammation likely via the inhibition of the signaling pathways leading to the
activation of proinflammatory genes.

Keywords: microglia,TNF-α, COX-2, doublecortin, NFκB, neuroprotection

INTRODUCTION
Brain inflammation is a common symptom that develops as
a result of many infectious diseases (e.g., E. coli meningitis,
HIV encephalopathy, West Nile virus induced dementia; Nau
and Bruck, 2002; Gendelman and Persidsky, 2005; Hayes et al.,
2005), neurological diseases (Eikelenboom et al., 2002; Streit,
2004; Nagatsu and Sawada, 2005; Stys et al., 2012), stroke and
brain trauma (Spencer et al., 2008; Lambertsen et al., 2012).
While moderate brain inflammation plays an important role
in the repair process following an insult, prolonged and exac-
erbated brain inflammation hampers neuronal survival and
inhibits neuronal renewal (neurogenesis; Liu et al., 2001; Springer
et al., 2001; Ekdahl et al., 2003; Monje et al., 2003; Bessis et al.,
2007) and consequently negatively impacts brain integrity and
function.

Experimentally, a well-established model of brain inflam-
mation consists of the local application of lipopolysaccharide
(LPS; the outer coat of Gram negative bacteria) within the
brain parenchyma, at the level of the striatum (Nadeau and
Rivest, 2002; Cunningham et al., 2005; Soucy et al., 2005; Glezer
et al., 2007; Hunter et al., 2007). Once administered, LPS

binds to a specific receptor called toll like receptor 4 (TLR4)
expressed largely on microglia; the immune competent cells
within the brain (Laflamme and Rivest, 2001; Lehnardt et al.,
2002, 2003). TLR4 activation results in the phosphorylation of
a series of intracellular kinases culminating in the phosphory-
lation of an inhibitory factor called IκB. The phosphorylation
of IκB results in the release of a nuclear transcription fac-
tor: nuclear factor κB (NFκB; Rivest, 2003; Dev et al., 2011),
which translocates into the nucleus and induces the transcrip-
tion of inflammatory genes, such as cyclooxygenase-2 (COX-2),
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and
interleukin-6 (IL-6) (Libermann and Baltimore, 1990; Cao et al.,
1997; Rivest, 2003; Krakauer, 2004; Chew et al., 2006; Brasier,
2010).

In addition to these transcriptional events, microglia adopt
morphological changes to allow for motility and secretory func-
tions (Dheen et al., 2007). Indeed, in non-pathological conditions,
microglial cells adopt a resting shape characterized by a small
perikarya and numerous and long processes (Spencer et al., 2008;
Ousman and Kubes, 2012). Once activated by bacterial LPS,
microglial cells morph into an ameboid shape with fewer and
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Mouihate HRT impact on brain inflammation and neurogenesis

shorter processes, increase in number (mitosis) and mount local
inflammatory responses (Kim et al., 2000; Nadeau and Rivest,
2002). Exacerbated microglial activation and prolonged pro-
duction of inflammatory molecules creates hostile environment
for both neuronal survival (Springer et al., 2001; Cunningham
et al., 2005) and neurogenesis (Ekdahl et al., 2003; Monje et al.,
2003).

Epidemiological and experimental data strongly suggest that
the severity and duration of brain inflammation is higher
in males compared to females (Roof and Hall, 2000; Mur-
ray et al., 2003). It had been advanced that this dampened
brain inflammatory response in females is brought about by
the anti-inflammatory role of female sex hormones (namely
17β-estradiol [E] and progesterone [Pr]; Stein and Hoffman,
2003; Amantea et al., 2005). However, the potential beneficial
role of ovarian hormones remains highly debated and contro-
versial as these hormones have been shown to either promote
(Calippe et al., 2008, 2010; Rettew et al., 2009; Seillet et al., 2012) or
suppress brain inflammatory responses (Pozzi et al., 2006; Vegeto
et al., 2008).

We have previously shown that a hormonal replacement ther-
apy (HRT) that combines E and Pr dampens neuroimmune
responses to systemic inflammation in ovariectomized (OVX) rats
(Mouihate and Pittman, 2003). Conversely, an HRT based on E
alone was required for promoting LPS-induced brain inflamma-
tory response (Soucy et al., 2005). Thus, in the present paper, we
hypothesize that an HRT based on E and Pr, but not that consist-
ing of E alone, will likely dampen brain inflammatory response.
To this aim we assessed the effect of the two clinically prescribed
HRT regimens (e.g., E + Pr, or E alone) on microglial acti-
vation, and the molecular events leading to the inflammatory
response including the activation of NFκB signaling pathways,
proinflammatory cytokines and COX-2. Because brain inflam-
mation dampens neurogenesis and that the striatal inflammatory
response spreads to the rostral migratory stream (RMS), a route
of newly born neurons migrating toward the olfactory bulb (Lep-
ousez et al., 2013), we explored whether the HRT impact on brain
inflammation is associated with survival of newly born neurons in
the RMS.

MATERIALS AND METHODS
Female Sprague Dawley rats weighting 250–270 g were bred in the
Animal Resources Centre at the Health Sciences Centre, Kuwait
University. The room temperature was set to 22◦C and the rats
lived under a 12 h light/dark cycle (7 a.m.–7 p.m.). They were pair-
housed, and had access to pellet chow and water ad libitum. All
experiments were done in accordance with guidelines on humane
handling of experimental animals as established by the Canadian
Council on Animal Care. The procedures employed were approved
by the Animal Resources Centre of Kuwait University. All efforts
were made to minimize animal suffering.

ANIMAL SURGERIES
Female rats (250–270 g) were anesthesized with an i.p. injec-
tion of a mixture (1 ml/kg b.w.) of ketamine (50 mg/ml) and
xylazine (3 mg/ml) and both ovaries were surgically removed. The
OVX rats were then left undisturbed for two weeks to allow the

clearance of circulating ovarian hormones as previously described
(Mouihate and Pittman, 2003). On day 15 post-ovariectomy, anes-
thetized (mixture of ketamine–xylazine) OVX rats were positioned
in a stereotaxic apparatus (387673937Harvard Apparatus, Hol-
liston, MA, USA) to receive an intracerebral injection of LPS
using a 10 μl Hamilton syringe (Hamilton Bonaduz, GR, Switzer-
land, 32 ga). The syringe was guided stereotaxically to the level
of the striatum with the following coordinates relative to the
bregma: anterior/posterior, +1.0 mm; lateral, 2.5 mm; ventral,
–4.5 mm and 2 μl of LPS solution (250 ng/μl solution) was
infused for a period of 2 min. After LPS injection, the syringe
was left in place for an extra 3 min to allow for complete infu-
sion as previously described (Kim et al., 2000; Nadeau and Rivest,
2002).

OVX rats received an HRT consisting of daily s.c. injection
of either E (25 μg/kg, 1,3,5,10-estratrien-3,17β-diol3-benzoate,
Sigma Aldrich, St. Louis, MO, USA) alone or combined E
(25 μg/kg) and Pr (5 mg/kg, 4-pregnene-30,20-dione, Sigma, St.
Louis, MO, USA) dissolved in sesame oil. Control animals received
s.c. injection of an equivalent volume of sesame oil. The initial
HRT injection started at 2 h post intra-cerebral administration of
LPS. The doses of injected ovarian hormones are within physio-
logical ranges as was previously described (Boling and Blandau,
1939; Mouihate et al., 1998; Mouihate and Pittman, 2003).

IMMUNOFLUORESCENCE
On the third day post LPS injection at 10–12 a.m. [day 3 corre-
sponds to the peak of brain inflammation (Soucy et al., 2005)],
rats were transcardially perfused with phosphate buffered saline
(PBS) solution (NaCl, 137 mM; KCl, 2.7 mM; Na2HPO4, 10 mM;
KH2PO4, 1.8 mM) followed by fixative (10% neutral formalin).
Rat brains were post-fixed overnight, embedded in paraffin and
processed for immunofluorescence. Paraffin embedded brains
were cut at the level of the striatum (5 μm, microtome) and
mounted on superfrost plus slides (VWR, Arlington Heights,
IL, USA). Hydrated brain sections were exposed to a primary
Iba-1 antibody (ionized calcium binding adapter molecule 1;
a microglial marker) made in rabbit (overnight at room tem-
perature, 1:1000; Wako Chemicals USA, Inc., Richmond, VA,
USA), followed by a secondary antibody (2 h, 1:1000; donkey
anti-rabbit IgG (Alexa Fluor 488); Life Technologies, Carlsbad,
CA, USA) as was previously described (Spencer et al., 2008). To
detect newly born neurons, brain sections were incubated in
doublecortin antibody made in goat (overnight at room tem-
perature 1:1000, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) followed by a secondary antibody [2 h; donkey anti-goat
IgG (Alexa Fluor 555); Life Technologies, Carlsbad, CA, USA].
Doublecortin expression was used for monitoring ongoing neu-
rogenesis (Rao and Shetty, 2004; Couillard-Despres et al., 2005).
Labeled brain sections were viewed using a confocal laser scan-
ning microscope (Carl Zeiss Microscopy GmbH). Slides were
re-coded by a laboratory member not involved in doublecortin
and microglial counting to allow for blind observation and
counting of microglial cells at the site of LPS injection and
doublecortin in the RMS. Activated and non-activated microglia
were observed under 40× objective, counted by an experimenter
blind to the rats’ treatment group and evaluated as previously
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described (Spencer et al., 2008). In brief, microglial cells which
have small perikarya and long thin branches were classified as
rested, while those showing large perikarya and short and rela-
tively think processes were considered active microglia (Spencer
et al., 2008).

Microglial cells and doublecortin containing cells were counted
from nine different sections at 20 μm apart from each other. Dou-
blecortin containing cells in the RMS were viewed under a 40×
objective and counted. The total of doublecortin containing cells
is presented. From each of the nine sections, three visual fields
below the site of LPS injection were taken under a 40× objective
and were used for the microglial count. The microglial images
were viewed using ImageJ software (version 1.44) developed at the
National Institute of Health (USA; Schneider et al., 2012), and the
cells were counted using a cell counter macro in ImageJ. The data
are presented as the average of number of microglia/counting area.

ENZYME-LINKED IMMUNOSORBENT ASSAY
In a separate series of experiments, new group of rats was OVX
and received HRT treatment as described above. The OVX rats
were transcardially perfused with PBS and ∼1 mm3 brain tissue at
the site of LPS injection were collected as fresh tissue, snap frozen
in liquid nitrogen and stored in deep freezer (–80◦C) until used
for either western blot or ELISA. TNF-α levels were assayed using
a specific rat ELISA kit (Life Technologies, Carlsbad, CA, USA).
The minimum detectable concentration is 4 pg/ml. The inter-assay
variability is 7.8–9% CV and the intra-assay variability, 4.3–6.9%
CV. All samples were assayed in duplicate and representatives from
all groups were analyzed in the same assay.

WESTERN BLOT
Due to the small amount of brain tissue obtained from each ani-
mal (∼300 μl of protein solution), we were not able to perform
multiple ELISAs for different proinflammatory cytokines. We took
advantage of the availability of an IL-6 antibody suitable for west-
ern blot analysis to explore the impact of HRT on IL-6 expression
in LPS-induced brain inflammation. A different series of west-
ern blot were performed on the same protein extracts to monitor
the expression of the phosphorylated levels of IκB (p-IκB), an
indicator of activation levels of NFκB signaling pathway. Proteins
(60 μg per well) were separated by 12% SDS PAGE, transferred to
a nitrocellulose membrane, and incubated overnight at 4◦C with
primary antibodies to either IL-6 (1:1000, goat antibody from
R&D Systems, Minneapolis, MN, USA), COX-2 (1:2000; rabbit
antibody from Cayman Chemical, Ann Arbor, MI, USA), or p-IκB
(1:2000; mouse antibody from Cell Signaling Technology, Bev-
erly, MA, USA). After washing, the membranes were incubated
for 2 h at room temperature with horseradish-peroxidase con-
jugated secondary antibodies (donkey anti-goat for IL-6, donkey
anti-rabbit for COX-2, or donkey anti-mouse for p-Iκ at a dilution
of 1:2000; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Pro-
tein bands were detected after application of chemiluminescence
substrate (ECL plus kit; GE Healthcare) and exposure to Kodak X-
Omat film (Eastman Kodak). The nitrocellulose membranes were
subsequently stripped with β-mercaptoethanol (Sigma-Aldrich,
St. Louis, MO, USA) and reused to detect the housekeeping pro-
tein actin (1:5000, rabbit antibody from Sigma Aldrich, St. Louis,

MO, USA) or total IκB (t-IκB; 1:2000, rabbit antibody from Santa
Cruz Biotechnology, Santa Cruz, CA, USA). The membranes
were subsequently incubated for 2 h at room temperature with
horseradish-peroxidase conjugated secondary donkey anti-rabbit
(1:2000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
protein bands were detected as previously described (Mouihate
et al., 2005; Mouihate et al., 2010).

DATA ANALYSIS
For western blot analysis, densitometric analysis was performed as
previously described (Mouihate et al., 2006, 2010). The ratios of
optical density values of COX-2/actin, IL-6/actin or p-IκB/t-IκB
were calculated and expressed as a multiple of the values in control
animals that received vehicle. Western blot data, TNF-α (ELISA)
levels and doublecortin containing cells (immunohistochemistry)
were compared using one way ANOVA followed by Student–
Newman–Keuls post hoc comparisons (for three treatment groups
(O, E and E + Pr). The number of doublecortin in ipsilateral
and contralateral sides to LPS injection was compared using
Student’s t-test. Counts of activated and resting microglia were
compared using two way ANOVA followed by Student–Newman–
Keuls post hoc comparisons. The significance was accepted at
p < 0.05.

RESULTS
Figure 1 shows resting microglia in the contralateral side to the
LPS injection and activated microglia in the ipsilateral side of LPS

FIGURE 1 | LPS-induced brain inflammation. Immunofluorescent
detection of brain microglia using Iba-1 antibody 3 days after the injection of
either saline (A,C) or LPS (B,D) into the striatum. Microglia show “resting”
features in the contralateral side to the LPS injection (A). Microglial cells
have long processes and small cell bodies. In contrast, microglial cells at
the site of injection of LPS show active features whereby their cell bodies
enlarge, their processes retract and their number increases (B). LPS
injected into the striatum also activates microglia within the corpus
callosum (CC; D). Dashed lines delineate the lower limit of the corpus
callosum. Note the microglial alignment with the white matter axonal tracts
(C,D). Scale bar = 20 μm.
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injection. Microglia in the contralateral side to the LPS injection
elicit features of resting state characterized by small perikarya
and thin branches in both gray matter (Figure 1A) and white
matter such as the corpus callosum (Figure 1C). Intrastriatal
injection of LPS led to a drastic change in both the cell number
and shape of microglial cells in the ipsilateral side (Figure 1B).
This inflammatory response spreads to the corpus callosum,
where microglial cells show large perikarya and small branches
(Figure 1D).

In order to determine whether HRT regimens affect LPS-
induced brain inflammation, microglial activation was assessed
in the inflamed striatal area of OVX rats given either the HRT reg-
imens or vehicle. As can be seen in Figure 2, LPS promoted strong
microglial activation in vehicle-treated OVX rats (Figure 2/left col-
umn, [O]). This microglial activation was not affected by an HRT
consisting of 17β-estradiol alone (Figure 2/middle column, [E]).
However, when OVX rats were given an HRT containing both 17β-
estradiol and progesterone (E + Pr), microglia showed features of
resting state (Figure 2/right column, [E + Pr]). Figures 3A,B show
that the numbers of total microglia and the activated microglia
were high in vehicle treated OVX rats. Such numbers were not
significantly affected by E treatment [E (n = 5) vs. O (n = 4) rat
groups, p > 0.05] but were significantly reduced in the brain of
OVX rats given E + Pr treatment [E + Pr (n = 5) vs. O (n = 4)

rat groups, p < 0.05]. Conversely, E + Pr treatment resulted in a
significant increase in the number of rested microglia [Figure 3B;
E + Pr (n = 5) vs. O (n = 4) rat groups, p < 0.01].

Once activated, microglial cells start to synthesize a set of
proinflammatory cytokines under the control of NFκB signaling
pathway (Ransohoff and Brown, 2012). To test whether HRT effect
on brain inflammatory response is associated with alteration in the
NFκB signaling pathway, we semi-quantified p-IκB as an index of
the activity of NFκB (Ellis et al., 2005; Mouihate et al., 2006; Hay-
den and Ghosh, 2012). As can be seen in Figure 4A, there was
a detectable amount of p-IκB in the striatal region injected with
LPS in the vehicle-treated OVX rats (O). Densitometric analysis
(Figure 4B) showed that these p-IκB levels were not significantly
reduced in E-treated OVX rats treatment [E (n = 5) vs. O (n = 5)
rat groups, p > 0.05]. An HRT containing both E and Pr resulted
in a significant reduction in the levels of p-IκB [E + Pr (n = 5)
vs. O (n = 5) rat groups, p < 0.05]. Once activated, the NFκB
signaling pathway leads to the production of proinflammatory
cytokines, chief among which is the TNF-α (Frei et al., 1987).
As can be seen in Figure 4C, the levels of TNF-α in the LPS-
injected striatal region of OVX rats given vehicle treatment were
not significantly affected in E-treated OVX rats [E (n = 5) vs.
O (n = 5) rat groups, p > 0.05]. However, TNF-α levels were
significantly reduced in the LPS-injected striatum of OVX rats

FIGURE 2 | Hormonal replacement therapy based on combined estradiol
and progesterone dampens microglial activation. Brain inflammation was
induced by intracerebral injection of LPS to OVX rats given either vehicle (O),
estradiol (E) or combined estradiol and progesterone (E + Pr) treatment.
Formalin fixed brains (A–C) show the location of LPS injection. Intracerebral
injection of LPS to vehicle treated rats (O) induces an increased number of

microglial cells expressing Iba1 (D,G). These microglial cells show a round
shape with small processes (dashed arrows). Injection of E alone to OVX rats
did not affect microglial activation (E,H), while the microglial cells in OVX rats
given E + Pr treatment (F,I) show signs of resting state with elongated
processes (arrowheads) and relatively smaller perikarya. Scale bar: 100 μm in
D–F and 20 μm in G–I.
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FIGURE 3 | Combined estradiol and progesterone injections halts
microglial activation. The total number of microglia was high in inflamed
rat brains of OVX rats given either vehicle (O) or estradiol (E). Injection of
both E and progesterone (E + Pr) significantly reduced the number of
microglia (A). The number of resting microglia was very low in the inflamed
brain area of OVX rats given either vehicle or estradiol (B). This low number
of resting microglia was mirrored by an increased number of activated
microgilal cells. The number of resting microglia increased while that of
activated ones decreased in E + Pr treated rats. *E + Pr vs. O groups,
#E + Pr vs. E groups. *,#p < 0.05, **,##p < 0.01.

given E + Pr treatment [E + Pr (n = 5) vs. O (n = 5) rat groups,
p < 0.05]. In addition to TNF-α, COX-2 represents another impor-
tant inflammatory gene activated through the NFκB signaling
pathway (Nadjar et al., 2005). Thus the impact of HRT regimens
on COX-2 protein expression in the inflamed brain was assessed.
Immunoblot and densitometric analysis in Figure 5 show that the
COX-2 protein expression was enhanced when OVX rats received
an HRT regimen consisting of E alone [E (n = 5) vs. O (n = 5)
rat groups, p < 0.05] but was significantly attenuated when both E
and Pr were administered [E + Pr (n = 5) vs. O (n = 5) rat groups,
p < 0.05]. Surprisingly, none of the HRT regimens significantly
altered the levels of IL-6 (Figure 6), a proinflammatory cytokine
which is also under the control of the transcriptional effect of
NFκB.

Evidence strongly suggests that brain inflammation that accom-
panies many neurodegenerative diseases can negatively impact
neuronal survival (Ekdahl, 2012). In the present study, we assessed

FIGURE 4 | Combined estradiol and progesterone injections suppress
NFκB signaling andTNF-α production. The panel in A shows a
micrograph of a western blot detection of the inhibitory κB (t-IκB) and its
phosphorylated form (p-IκB) in the inflamed area of the brain of OVX rats
given either vehicle (O), estradiol (E) or E and progesterone (E + Pr). The
levels of p-IκB were not affected by estradiol treatment. Densitometric
analysis (B) shows that the levels of p-IκB were significantly reduced in
E + Pr rat group. The ELISA measurement of TNF-α levels in the inflamed
brain is shown in C. The levels of TNF-α observed in control group (O) were
not affected by E treatment but were significantly reduced in the brains of
E + Pr rat group. *p < 0.05, ns = not significant.

the impact of the brain inflammatory response to LPS on the
density of newly born neurons. The inflammatory response to
intra-striatal injection of LPS spreads to areas known for the
migration of newly born neurons in the RMS. As can be seen
in Figure 7, the spreading of inflammatory response resulted in a
significant reduction in newly born neurons. We took advantage of
this spreading inflammation to test whether the observed reduc-
tion in brain inflammation after E + Pr treatment is associated
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FIGURE 5 | Combined estradiol and progesterone injections dampen
COX-2 expression. The panel in A shows a micrograph of a western blot
detection of COX-2 in the inflamed area of the brain of OVX rats given
either vehicle (O), estradiol (E) or E and progesterone (E + Pr).
Densitometric analysis (B) shows that the levels of COX-2 were
significantly enhanced by estradiol treatment (E) when compared to control
group (O). On the other hand, E + Pr treatment dampened COX-2
expression (E + Pr). **p < 0.01, *p < 0.05.

with the survival of newly born neurons. LPS-injected vehicle-
treated OVX rats showed a strong inflammatory response which
was associated with reduced number of DCX containing cells in
RMS (Figure 7) when compared to the amount of DCX con-
taining cells in the contralateral side to LPS injection (Figure 7,
Ipsilateral-O vs. Contralateral-O and graph bar in B). Compared
to oil injected rats (Ipsilateral-O), the amount of newly born neu-
rons was higher in the RMS of OVX rats given E + Pr (Figure 7,
Ipsilateral-E + Pr), but not in the RMS of OVX rats given E alone
(Figure 7, Ipsilateral-E). The graph bar in Figure 7C shows that
the number of DCX-containing cells is significantly higher in the
RMS of E + Pr injected rats compared to those given oil or E
alone.

DISCUSSION
In the present paper, we have made several important and novel
observations, (1) E + Pr but not E only based HRT significantly
reduced LPS-induced microglial activation during brain inflam-
mation in OVX rats, (2) the dampening of microglial activation
operates likely by an inhibitory effect of E + Pr on the LPS-activated
NFκB signaling pathway and the product of its target genes; TNF-α
and COX-2, (3) TLR4-mediated brain inflammation reduced the
survival of newly born neurons which were migrating through
the RMS, (4) this reduction in the survival of newly born neu-
rons was partially reverted by an HRT regimen containing both E
and Pr.

FIGURE 6 | HRT does not affect the production of IL-6 protein. The panel
in A shows a micrograph of a western blot detection of IL-6 protein in the
inflamed area of the brain of OVX rats given either vehicle (O), estradiol (E)
or E and progesterone (E + Pr). The panel in B shows densitometric
analysis of the western blot. The levels of IL-6 were slightly but not
significantly increased in the E rat group when compared to O rat group.
These IL-6 levels were not affected by E + Pr treatment (p > 0.05).

While brain inflammation is associated with enhanced reactive
astrocytes and recruitment of peripheral macrophages (Ransohoff
and Brown, 2012), microglia are considered as the main target of
LPS as these glial cells specifically express of TLR4 (Lehnardt et al.,
2002, 2003; reviewed in Lehnardt, 2010), are rapidly activated
during the acute phase of the central nervous system before the
recruitment of peripheral macrophages (Greenhalgh and David,
2014) and forms the main source of inflammatory cytokines
such as TNF-α and IL-6 (Lee et al., 1993; Lafortune et al., 1996;
Hanisch, 2002). Thus, it is likely that the inflammatory pro-
cesses observed in the present study (3 days post LPS injection)
largely reflect microglial activation and its contribution to the
synthesis of inflammatory cytokines (for review see Trotta et al.,
2014).

OVARIAN HORMONES AND BRAIN INFLAMMATION
In vivo studies support the anti-inflammatory effect of 17β-
estradiol in several neurodegenerative diseases (Vegeto et al.,
2006, 2008). However, relatively recent studies strongly sug-
gest that 17β-estradiol promotes proinflammatory response to
bacterial LPS by enhancing the expression of such proinflam-
matory genes as TNF-α and IL-1β (Calippe et al., 2008, 2010)
likely by enhancing the microglial expression of TLR4 (Loram
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FIGURE 7 | Combined estradiol and progesterone injections rescue
neurogenesis in the rostral migratory stream. In A, rat brains were
subjected to a double immunostaining for microglial marker (Iba-1, green)
and a marker of newly born neurons (DCX, red). Microglial cells adopt a
resting state in the contralateral side to LPS injection site (Contralateral-O).
In the ipsilateral side to the LPS injection site, brain inflammation reduced
the number of DCX containing cells in OVX rats given oil treatment
(Ipsilateral-O and the graph bar in B). Estradiol did impact neither

LPS-induced inflammation nor LPS-induced reduction in newly born
neurons (Ipsilateral-E). Brain inflammation was reduced while the number
of newly born neurons was higher in the brain of OVX rats given combined
injection of estradiol and progesterone (Ipsilateral-E + Pr and the graph bar
C). This immunostaining micrograph is representative of 3–6 different
animals in each treatment group. Dashed line denotes the demarcation
between the RMS and corpus callosum (CC). Scale bar = 50 μm;
*p < 0.05.

et al., 2012). The present study shows that 17β-estradiol has
no significant effect on LPS-activated microglia in OVX rats.
It also does not affect the proinflammatory response to LPS
as assessed by the activity of the NFκB signaling pathway and
the levels of TNF-α produced at the site of brain inflamma-
tion. The lack of a 17β-estradiol effect on several key elements
of brain inflammation is in line with our previous observation
in which an HRT based on 17β-estradiol alone did not blunt
neuroimmune responses to systemically injected LPS. In con-
trast, an HRT consisting of 17β-estradiol and progesterone was
able to dampen LPS-induced fever and LPS-activated COX-2
expression in fever controlling area of the hypothalamus (Moui-
hate and Pittman, 2003). Similar to TNF-α, COX-2 is also
under the control of LPS-activated NFκB signaling pathway
(Mouihate et al., 2005; Wu, 2005). Thus, it seems that the damp-
ening effect of the combination of hormonal treatment with
17β-estradiol and progesterone on the brain immune response
operates in similar fashion regardless of the route of the immune
challenge.

While 17β-estradiol alone did not significantly affect markers of
brain inflammation such as microglial activation, NFκB signaling
pathway and the levels of TNF-α, we have noted that this hormone
invariably enhanced the expression levels of COX-2. Owing to

the important role of COX-2 in the formation of such proin-
flammatory prostaglandin as PGE2 (Rivest, 2010), it is possible
that 17β-estradiol has the potential to exacerbate PGE2 mediated
brain inflammation. It is noteworthy that activation of COX-2
can also lead to synthesis of prostaglandins endowed with anti-
inflammatory properties such as PGD2 and its derivative PGJ2

(Gilroy et al., 1999; Petrova et al., 1999; Mouihate et al., 2004). The
synthesis of such anti-inflammatory prostaglandins is unlikely as
LPS-induced activation of microglia and the NFκB signaling were
not affected by 17β-estradiol.

Collectively, our results do not support the idea that hormonal
treatment based on 17β-estradiol alone is neuroprotective, at least
in this brain inflammation model. It is noteworthy that 17β-
estradiol has been shown to be either ineffective or exacerbates
brain damage in other types of brain insults such as ischemic
or hemorrhagic strokes (Harukuni et al., 2001; Carswell et al.,
2004; Bingham et al., 2005; Gordon et al., 2005; Theodorsson and
Theodorsson, 2005; Yong et al., 2005; De Butte-Smith et al., 2007;
Nguyen et al., 2008).

In a series of preliminary data, a group of OVX rats were
given progesterone alone. Progesterone treatment did not elicit
any significant anti-inflammatory response within the brains of
OVX rats given intra-cerebral LPS (see Figure A1 in Appendix)
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probably because progesterone effect is more apparent when the
OVX rats are primed with 17β-estradiol. Indeed, 17β-estradiol
administration increases the expression of progesterone receptors
within female rat brains (Simerly et al., 1996; Scott et al., 2002;
Quadros and Wagner, 2008).

DIFFERENTIAL EFFECT ON TNF-α AND IL-6
The inhibitory effect of combinatory HRT on TNF-α production
was not extended to IL-6. This observation is very peculiar as both
TNF-α and IL-6 genes are under the control of NFκB signaling
pathway, the activity of which was significantly depressed. These
data are akin to our in vivo studies and other’s in vitro obser-
vations where a phytoestrogen (resveratrol compound) inhibited
LPS activated production of TNF-α but not that of IL-6 (Richard
et al., 2005; Mouihate et al., 2006). The mechanism underlying
this selective inhibition of TNF-α is not clear yet. It is possible
that LPS activated IL-6 is mediated through activation of tran-
scription factors other than NFκB. These transcriptional factors,
which include ERK1/2, p38 MAPKs, and NF-IL6 were probably
not affected by the combined HRT (Matsusaka et al., 1993; Zhang
et al., 1994; Rego et al., 2011). In some circumstances, 17β-
estradiol alone or in combination with progesterone has been
shown to stimulate IL-6 production (Verthelyi, 2001; Brooks-
Asplund et al., 2002; Isse et al., 2010), adding more complexity
to the mechanism through which IL-6 gene is affected by ovarian
hormones.

OVARIAN HORMONES AND NEUROGENESIS
Brain inflammation hampers neurogenesis (Monje et al., 2003)
likely via microglia derived TNF-α (Lafortune et al., 1996; Hanisch,
2002; Lambertsen et al., 2009; Nimmervoll et al., 2013). In the
present study, we confirmed that the brain inflammatory response,
as illustrated by microglial activation and TNF-α protein expres-
sion, resulted in decreased number of newly born neurons. This
observation is in line with previous studies demonstrating the
deleterious effect of TNF-α on the survival of neural precursor cells
(Ekdahl et al., 2003; Iosif et al., 2006; Keohane et al., 2010; Ekdahl,
2012). More interestingly, we demonstrated for the first time that
an HRT regimen containing both 17β-estradiol and progesterone,
not only blunted brain inflammation but it also dampened brain
inflammation-induced reduction in newly born neurons. Such
effect was absent when progesterone was omitted from the HRT
regimen.

However, ovarian hormones can also affect neurogenesis
through a sensitization/desensitization to LPS effects. Indeed,
TLR4 receptors are expressed on neural stem cells and play a
major role in neurogenesis (Rolls et al., 2007; Shechter et al., 2008).
There are indications that ovarian hormones can affect the expres-
sion levels of TLR4 in immune competent cells. For example,
17β-estradiol enhances TLR4 expression in macrophages (Rettew
et al., 2009), while progesterone depresses its expression in the
brain of mice with experimental autoimmune encephalomyelitis
(Garay et al., 2012) or that of rats subjected to subarachnoid hem-
orrhage (Wang et al., 2011). Whether ovarian hormones alter the
expression of TLR4 on neural precursor cells and thus prime these
newly born cells to the deleterious effect of LPS is still an open
question.

CONCLUSION
LPS-induced brain inflammation resulted in activated microglial
cells and enhanced levels of molecular markers of inflammation
such as NFκB signaling pathway and its proinflammatory target
proteins (TNF-α and COX-2). HRT based on 17β-estradiol alone
was devoid of anti-inflammatory properties in TLR4-induced
brain inflammation. In contrast, both LPS-activated microglia
and the resulting activated molecular proinflammatory machinery
were significantly reduced in OVX rats given an HRT regi-
men containing 17β-estradiol and progesterone. Interestingly,
the anti-inflammatory effect of complete HRT created conducive
environment for the survival of newly born neurons.
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APPENDIX

FIGURE A1 | HRT based on progesterone only does not affect
LPS-induced microglial activation. Brain inflammation was induced by
intracerebral injection of LPS to OVX rats given either vehicle (O) or
progesterone (Pr) treatment. Intracerebral injection of LPS to vehicle
treated rats induces an activation of microglial cells expressing Iba1
(micrograph in A). These microglial cells show a round shape with small
processes. Injection of progesterone (Pr) to OVX rats did not affect
LPS-induced microglial activation (micrograph in A). HRT consisting of
progesterone (Pr) did not significantly affect LPS-induced microglial
activation (bar graph in B) when compared to the LPS-induced microglial
activation levels seen in rats injected with oil [O (n = 5) vs. Pr (n = 5),
p > 0.05]. Scale bar: 20 μm.
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