
Introduction

The central nervous system (CNS) offers one
of the greatest immune puzzles for the body;

because of its indispensable functions, there is
no margin for error in protecting it from
pathogens, degenerative diseases, and trauma.
Therefore, the immune system must act swiftly
to eradicate any threats to the brain’s function
and integrity. However, because neurons can-
not regenerate themselves and the brain’s
organization is complexly brittle, an immune
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Abstract

Our view of the immune privileged status of the brain has dramatically changed during the
past two decades. Even though systemic immune stimuli have the ability to activate different
populations of neurons, cells of monocytic lineage also have access to the neuronal tissue and
populate it as microglia. Although such a phenomenon is limited in intact brains, it is greatly
increased during neurodegenerative processes associated with innate immunity and the release of
pro-inflammatory molecules by either resident microglia or those derived from the bone marrow
stem cells. The role of these events is currently a matter of great debate and controversy, especially
as it relates to brain protection, repair, or further injury. In recent years, accumulating data have
supported the notion that when immune molecules are timely released by microglia, they limit
neuronal injury in the presence of pathogens and toxic agents, help clear debris from degenerated
cells, and restore the cerebral environment for repair. It has been shown that alteration of the natu-
ral innate immune response by microglia has direct consequences in exacerbating the damages
following acute injury to neurons. This article presents and discusses these data, supporting a
powerful neuroprotective role for microglia and their innate immune reactions in response to
pathogens and central nervous system insults.
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response in its midst must remain as contained
and inconspicuous as possible. In the case that
the CNS is compromised and neuronal death is
imminent, intrinsic mechanisms of repair and
protection must be in place to minimize the
damage and preserve neural tissue. This article
addresses some of the recent findings that
have elucidated immune-mediated mechan-
isms devised by the brain to protect itself from
damage caused by various pathological and
traumatic threats. The nature of the various
causes of CNS damage are described as well as
the different defense mechanisms available to
the brain, including a description of the blood–
brain barrier (BBB) and the innate and adap-
tive immune responses. Neuroprotection is
then discussed, focusing on the endogenous
cellular and soluble effectors involved in regu-
lating neuroprotective processes in the CNS
and various experimental models in which
these events were discovered.

The Brain Under Attack

Dealers of Neuronal Death in the Brain

The fate of neurons and oligodendrocytes
can be compromised by various insults and
disease processes; some are acute, such as
hypoxia, whereas others are more chronic,
such as amyotrophic lateral sclerosis (ALS). An
acute injury to the brain can set the stage for a
graver neurological disorder, which could
cause further damage to the CNS. For exam-
ple, the neuronal death from a single febrile
seizure episode could increase the prepond-
erance for recurrent seizures and epilepsy. Fur-
thermore, the damage caused by the insults
can either be localized, as in the case of Parkin-
son’s disease, where only the dopaminergic
neurons of the substantia nigra are targeted. In
other cases, the damaged areas can be less spe-
cific, such as in multiple sclerosis (MS), where
demyelination appears somewhat arbitrarily
in various areas of the CNS. Obviously, local-
ized insults can be exacerbated and spread
from beyond their initial point of damage. This

phenomenon is exemplified by ischemia,
where the primary infarct site is followed by a
secondary area of neuronal death, known as
the penumbra, which encompasses a far
greater area of neurodegeneration than the
original focal point (1,2).

Some of the insults that target the CNS can
directly kill neurons: neurons can be shredded
by sharp objects or bone shards, perforated by
bacterial toxins, deprived of energy stores, or
overrun by viral particles. However, even if
there are many exogenous insults that target
neurons (pathogens, toxins, trauma, etc.), it is
important to remember that most do not
directly kill the cells of the CNS per se. Instead,
they coax the neuron into initiating the intra-
cellular chain of events that leads to death.
This phenomenon occurs in cells that have
been irreparably injured (e.g., a crushed or sec-
tioned axon), deprived of energy or oxygen (as
in the case of strokes), overstimulated (during
excitotoxicity), or damaged by any other threat
that terminally challenges the integrity of the
neuron.

How Brain Cell Death Occurs

Irrespective to whether the cause of the neu-
ronal death is known, the mechanisms by
which neurons die have been well character-
ized. Factors that lead to the death of neurons
include excess calcium influx, intracellular
protein aggregates, oxidative stress, and the
action of excitatory amino acid neurotransmit-
ters, such as glutamate. Generally, neuronal
death occurs with the cooperation of multiple
factors—for example, excitotoxicity causes an
overstimulation of the glutamate N-methyl-D-
aspartate (NMDA) receptors, leading to the
disruption of calcium homeostasis. In ALS,
there is an agglomeration of certain glutamate
transporters as well as deficits in glutathione
peroxidase or superoxide dismutase action,
both of which are anti-oxidant agents.

Depending on its intensity and chronicity,
neuronal cell death is further categorized as
either necrotic or apoptotic. Necrosis involves
the rapid swelling and rupture of the neuronal
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Fig. 1. Apoptosis signaling through death receptors and mitochondrial pathways. Tumor necrosis factor (TNF)-
α binds to its type 1 receptor (TNF-R1), which is associated to a death domain comprised of TRADD), receptor
interacting protein (RIP), RIP-associated ICH-1/CED-3 homologous protein with a death domain (RAIDD) and
pro-caspases 2 and 8 to form a DISC), activating caspase 8. The initiator caspase 8 then activates the executor
caspase 3. The mitochondrial pathway is initiated through oxidative stress, hydrogen reactive species and DNA
damage and lead to the release of cytochrome c, which acts as the adaptor that couples to the apoptotic pro-
tease activating factor-1 (Apaf-1) and procaspase-9, forming the apoptosome complex during caspase-3 activa-
tion. Once activated, the executor caspase 3 precipitates the death of the cell through multiple mechanisms
including DNA degradation and RNA splicing. 



cell wall, whereas in apoptosis, the integrity of
the cell is preserved until it is wholly removed
by phagocytic cells (e.g., microglia) (3). Fur-
thermore, autophagy (the adaptive lysosomal
process by which protein and organelles are
turned over) can also cause neuronal death if it
is defective or inefficient (4). During acute neu-
rodegenerative processes, such as epileptic
seizures and ischemia, the preliminary cell death
is necrotic, because an excessively fast calcium
influx into the cells causes them to lyse. How-
ever, in the secondary cell death regions of these
conditions (such as the penumbra of an ischemic
site) or during more progressive neurodegenera-
tive processes, apoptosis prevails (5).

The initiation of the apoptotic programmed
cell death can be triggered through two path-
ways: through signaling of death receptors or
through a mitochondria-mediated pathway.
Both of these pathways ultimately lead to the
activation of caspases (see Fig. 1). Death recep-
tors belong to the tumor necrosis factor (TNF)
gene superfamily, which includes the TNF
receptor 1 (TNFR1) and CD95 (also known
as Fas). Their signal transduction machinery
induces the formation of the death-inducing
signaling complex (DISC), formed by the
association of the receptor, ligand (e.g., TNF-α
and Fas ligand), and adaptor proteins (e.g.,
TNFR- or Fas-associated death domains
[TRADD and FADD]). This is followed by the
cleavage of caspase-8 and the activation of
caspase-3, the final effector molecule that
leads to the cell’s demise.

On the other hand, oxidative stress, hydro-
gen reactive species, and DNA damage lead to
mitochondrial apoptotic signaling, for which
the main goal is the release of cytochrome c.
Cytochrome c acts as the adaptor that couples
to the apoptotic protease activating factor-1
(Apaf-1) and procaspase-9, forming the apop-
tosome complex during caspase-3 activation.
The aforementioned caspases can be divided
into two groups: initiator and executioner cas-
pases. Caspase-8 and caspase-9 are initiator
caspases that are activated through autocataly-
sis by interacting with adaptor proteins.
Downstream caspases, such as caspase-3, are

activated through their proteolytic cleavage by
initiator caspases and are referred to as execu-
tioner caspases. Once activated, executioner
caspases have several dozens of target sub-
strates involved in DNA repair, messenger
RNA (mRNA) splicing, and DNA replication
(for a short review on apoptosis, see Ekshyyan
and Aw [6]).

The Brain Fights Back

The BBB and Innate Immunity: 
The First Lines of Defense

The threats to the integrity of the CNS might
appear numerous, but the brain is well-pro-
tected through physical as well as immunolog-
ical means. First, the CNS is encased in a bony
vault and the meninges (more specifically, in
this case, the dura mater), protecting it from
blunt trauma and invasive injuries. The brain
is also bathing in cerebrospinal fluid (CSF),
which dampens gravitational, rotational, and
acceleratory forces. Additionally, the CNS is
enriched in blood and macronutrients through
an extensive vascular network.

The crosstalk between the brain and the
blood is strictly regulated by the tight and
adherent junctions that fasten the vascular
endothelial cells of the brain microvasculature.
The vessels are further covered by a basement
membrane, and astrocytic end feet spread over
the endothelia to act as ionic sinks and regulate
the transport of proteins and macromolecules
between the neurons and the blood. Finally,
perivascular macrophages (or microglia) linger
adjacent to the blood vessels to monitor the
presence of pathogens or antigenic molecules.
Together, all these cellular elements form what
is referred to as the BBB (7,8) and provide a
crucial line of defense between the brain and
the rest of the body.

On the other hand, there are areas of the
CNS that are deprived of a BBB—namely, the
subfornical and subcommissural organs,
organum vasculosum of the lamina terminalis,
median eminence, neurohypophysis, pineal
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Fig. 2. Immune stimuli that trigger the synthesis of pro-inflammatory genes through NF-κB signaling. Endoge-
nous molecules, such as the cytokines IL-1β and TNF-α, as well as the ligands for the various toll-like receptors
(TLRs) trigger the separation of NF-κB from its inhibitory molecule (inhibitory κB; IκB) and its translocation to the
nucleus of the cell. There, it binds to responsive elements in various pro-inflammatory genes and causes their
transcriptional upregulation. NF-κB also promotes the transcription of its own inhibitor, IκB. Abbreviations: AcP,
IL-1 receptor accessory protein; AP-1, activating protein-1; dsRNA, double-stranded RNA; IFN-β, interferon β;
IKK, IκB kinase; IL-1R, IL-1 receptor; IRAK, IL-1R-associated kinase; IRF3, IFN regulatory factor; LPS,
lipopolysaccharide; LTA, lipoteichoic acid; PGN, peptidoglycan; MAP3K, mitogen-activated protein kinase
kinase kinase; RIP, receptor interacting protein; TBK-1, Traf family member-associated NF-κB activator-binding
kinase 1; TIRAP, translation initiation region domain-containing adaptor protein; TNFR1, TNF-α receptor type 1;
TRADD, TNFR1-associated death domain protein; TRAF, TNFR-associated factor; TRIF, TIR-domain-containing
adaptor-inducing IFN-β; Ub, ubiquitin. (From ref. 70.  Copyright 2004 by Sage Publications. Reprinted by Per-
mission of Sage Publications Inc.)



body, and area postrema, which are collec-
tively referred to as the circumventricular
organs (CVOs). The CVOs contain fenestrated
capillaries and are mostly involved in the traf-
ficking or monitoring of hormones and neu-
ropeptides between the brain and the blood.
The CVOs also act as major sites of immune
mediation (9,10).

Indeed, the CNS is able to mount an innate
immune response during systemic infections,
which originates from the CVOs and large
blood vessels. To recognize the various threats
to the brain, resident macrophages and
microglia in the CVOs and perivascular mono-
cytes express the innate immune Toll-like
receptors (TLRs) (11). This family of receptors
recognizes pathogen-associated molecular pat-
terns (PAMPs) without having primarily been
exposed to them, thus initiating the first step of
innate immunity, also referred to as inflamma-
tion. Indeed, the individual members of the
TLR family (now numbering 13 in mice and 10
in humans) bind specific PAMPs either from
bacteria (e.g., TLR2 from Gram-positive and
TLR4 from Gram-negative bacteria), viruses
(e.g., TLR3 responds to double-stranded RNA,
whereas TLR9 recognizes the unmethylated
CpG motif on DNA), or other pathogens (e.g.,
TLR6 dimerized with TLR2 can recognize
mycoplasma). The cytoplasmic domains of
TLRs share high homology with the inter-
leukin-1 receptor (IL-1R) domain (12). There-
fore, it is not surprising that they associate
with the adaptor protein MyD88 to activate the
IL-1R-associated kinase (IRAK), ultimately
leading to nuclear factor (NF)-κB signaling (see
Fig. 2). In turn, NF-κB translocates to the
nucleus of the target cell and triggers the
expression of an array of pro-inflammatory
genes, such as acute phase proteins, cytokines,
chemokines, and the enzymes (e.g., cyclooxy-
genase-2 [COX-2], inducible nitric oxide syn-
thase). Together, these molecules are involved
in the initiation of the complex inflammatory
response to immune threats.

Although the endothelia of the brain micro-
vasculature are able to respond to circulating
immune stimuli, the main cellular regulators

of innate immunity in the brain are the
microglia. These cells of myeloid lineage
(which represent approx 5 to 10% of the adult
brain cell population) are essentially the brain
macrophages and the principal immune cells
of the CNS. They can clear unwanted debris in
the CNS by phagocytosis and produce many
cytokines, making them part of the very elabo-
rate innate immune system that serves to pro-
tect the nervous system from unwanted
pathogens. It is believed that parenchymal
microglia originate from pial macrophages and
mesenchymal progenitors from the yolk sac,
and they establish themselves in the brain dur-
ing the embryonic stage (13). However, recent
data suggest the existence of two other sub-
populations of microglial cells, each of which
may have different origins. There is an ongo-
ing debate regarding the maintenance of the
microglial population in the adult CNS
because more than 95% of all microglia are
generated after birth and the formation of the
BBB. One hypothesis states that adult micro-
glia are maintained via self-replication or by
the division of progenitor cells already present
in the brain. Another hypothesis suggests that
circulating monocytes are able to infiltrate the
CNS and differentiate into microglial cells.
Concrete evidence was recently obtained to
demonstrate the capacity of bone marrow stem
cells (BMSCs) to populate the CNS and differ-
entiate into microglial cells. The principal
method to study BMSC infiltration in the brain
is to transplant bone marrow cells from a
donor animal into an irradiated host animal.
With the use of this model, many researchers
have found donor-derived cells in the brain of
host animals, and BMSCs do have the ability to
populate the CNS and differentiate into func-
tional parenchymal microglia and perivascular
microglia (14,15).

Although bone marrow-derived cells can
enter the brain parenchyma throughout the
CNS of normal mice, it appears that they are
preferentially attracted to regions afflicted by
neurodegeneration or neurological insults. In
the case of cerebral ischemia, round donor-
derived cells (most likely blood monocytes)
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enter the brain at the site of injury. They then
migrate from the infiltration site and become
ramified microglial cells. This is also true in
models where the BBB is not compromised,
such as in the case of facial nerve axotomy (16).
In different models of brain injury, such
recruitment is preceded by a rapid prolifera-
tion of resident microglia. These findings sug-
gest the existence of various types of microglia
in the injured CNS: (a) activated resident
microglia; (b) newly differentiated microglia
derived from resident progenitors; and (c)
bone marrow-derived microglia that are able
to enter the CNS even if the BBB is intact. The
exact role of each subpopulation of microglia
in the injured CNS remains unknown.

Interestingly, tissue macrophages express
high levels of major histocompatibility com-
plex (MHC) class II and are thus good antigen-
presenting cells (APCs), whereas parenchymal
microglia express low levels of this protein,
indicating that they are poor APCs. However,
it was recently shown that microglia originating
from BMSCs expressed higher levels of MHC
class II than their residential counterparts. This
suggests that the infiltrated microglia are good
APCs and better phagocytes. In mouse models
of Alzheimer’s disease, blood-derived microglial
cells were found to be associated with amyloid
plaques. These microglia are able to prevent
the formation or eliminate the presence of
amyloid deposits (17). The newly recruited
microglia are specifically attracted to the β-
amyloid 40/42 isoforms in vivo and they par-
ticipate in the elimination of these proteins by
phagocytosis. Consequently, they may play a
critical role in removing toxic elements from
the CNS environment and restoring the milieu
for recovery and repair.

The infiltrating phagocytes may actually
enter damaged regions of the brain to clear the
cellular debris left by dying cells and help re-
establish a functional neuronal environment. To
this end, inflammation may also contribute to
restore the myelin sheath. There is a temporal
expression of neurotrophic factors that follows
the endogenous production of pro-inflamma-
tory cytokines after cerebral injury, suggesting

a role for the inflammatory response in mediat-
ing neurotrophism. Consequently, inhibiting
specific inflammatory pathways may be suit-
able during demyelinating episodes but not
during remyelination and repair. Therefore, it
is crucial to determine the role of each type of
microglia and define how these cells can be
guided to decrease damages and improve
recovery and repair. It is also important to
mention that microglia are not the only glial
cells involved in protecting the brain. Astro-
cytes and oligodendrocytes are also involved
in crucial processes that support the role of
microglia during inflammation and maintain
the integrity of the CNS during immune and
neuroprotective events. However, in depth dis-
cussion of the role of these glial cells is beyond
the scope this review (see reviews by Dong and
Benveniste [18] and Lubetzki et al. [19]).

Adaptive Immunity in the Central 
Nervous System

Microglial cells and infiltrating macrophages
are able to process and present antigen. Logi-
cally, it follows that there is the possibility of a
central adaptive immune response. Further-
more, microglia are able to produce IL-12,
which is paramount in the transfer to adaptive
immunity. However, if specific immunity is to
occur, CD4+ T-lymphocytes need to be present
to recognize antigen and perpetuate this
response. The presence of CD4+ T-cells within
the CSF has been documented, and the migra-
tion of T-cells from the blood to the CSF or
parenchyma is possible into the normal brain.
This phenomenon is greatly enhanced in the
inflamed brain through a more permissive BBB
and at privileged sites, such as the choroids
plexus, CVOs, and subarachnoid space. This is
possible through the interaction of cell-surface
proteins such as intercellular and vascular cell
adhesion molecules, as well as through the
action of cytokines (especially chemokines)
and their receptors (for a review, see Engel-
hardt and Ransohoff [20]). Therefore, the brain
is able to mount an effective adaptive immune
response but not without its drawbacks: the
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switch to adaptive immunity could be at the
heart of auto-immune central disorders, such
as MS. In such a case, an immune response is
mounted against self-antigens present in oligo-
dendrocytes, thereby demyelinating neurons
of the CNS (21).

Immunity in the Brain: Too Much 
of a Good Thing?

In the past decade, increasing evidence has
confirmed that the brain and the immune sys-
tem are on much better terms that previously
believed. The brain contains its own immune
cells (the perivascular macrophages and the res-
ident microglia) that are able to respond to dam-
ages and pathogens and initiate the proper
innate and adaptive immune responses. This
puts the CNS in an apparently more advanta-
geous position to fight off injury and infection.
However, it also makes it vulnerable to the col-
lateral damage associated to a central immune
response. For example, to eliminate pathogens
or damaged cells, the innate immune process
involves the release of reactive oxygen species
and nitric oxide (NO). These might collaborate
as noxious stimuli to healthy bystander neurons
and glial cells if their delivery is not properly
regulated (22). Furthermore, if inflammation
persists (e.g., through lack of a proper negative
feedback by glucocorticoids) and the brain is
overexposed to cytokines such as TNF-α, then
devastating damage can occur (23). The initia-
tion of innate immunity in the brain also has a
significant effect in the brain’s vasculature:
inflammation dilates the brain’s vessels and
causes hypotension; therefore, it can hinder the
transport of nutrients and oxygen to the
injured site. Furthermore, because it renders
the BBB more malleable to permit the passage
of immune cells into the CNS, there is also the
possibility that harmful blood proteins (e.g.,
antibodies to self-antigens), or opportunistic
pathogens may invade the brain to exacerbate
the current condition (24). Some of the same
considerations must be given for adaptive
immunity: humoral immunity in the brain
involves the recruitment of lymphocytes that

may aggressively kill pathogens and infected
neurons and could cause collateral damage to
the CNS. However, recent experiments have
also postulated that antibodies have the ability
to promote myelin repair in mouse models of
MS (25).

Neuroprotective Mechanisms 
in the Brain

Apparently, the immune system and CNS
have developed a wide array of strategies to
fight against pathogens and respond to
trauma. This occurs because of the vast num-
ber of endogenous failsafe mechanisms inte-
grated into the CNS immune response that
promote a well-regulated response to injury
and the initiation of recovery and repair. This
section highlights the importance of letting
most well-regulated immune responses in the
brain run their course. It also describes how
immune responses in the CNS promote not
only the elimination of cerebral insults but the
prevention of further damage and the recovery
of the nervous tissue.

Neuroprotection and Innate Immunity

Because it represents the first response
against most pathogens and injury to the CNS,
inflammation often sets the pace for the
immune events that follow it and determines
the fate of the nervous tissue under attack.
Consequently, innate immunity must be explo-
sive; this is achieved by having the microglia
recognize the injury or pathogen and quickly
initiate production of pro-inflammatory mole-
cules. These pro-inflammatory effectors mobi-
lize the immune system, help recruit the
appropriate cells to clear debris, and minimize
primary neuronal damage and the secondary
wave of neuronal death. If the innate response
is hindered, then the initial damage done by a
CNS threat could become overwhelming or
pathogen load could reach levels that cannot
be managed after. A recent experiment showed
the importance of the acute innate response in
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encouraging the recruitment of oligodendro-
cyte progenitor cells (OPCs) and, therefore, the
remyelination process (26). The enhancement
of innate immunity by infusing lipopolysac-
charide (LPS) endotoxin following a chemical
lesion caused by ethidium bromide encour-
aged remyelination at the site of the lesion in
the mouse brain. The study also showed that
anti-inflammatory treatment using dexametha-
sone enlarged the size of the lesion caused by
the surfactant Tween.

Another experiment demonstrated that alter-
ation of the microglia response to an acute neu-
ronal insult greatly exacerbated the damage in
the CNS (27). Indeed, mice lacking the pro-
inflammatory cytokine TNF-α had a dampened
initial activation of the microglia at the site of
injury 6 h following an intrastriatal sodium
nitroprusside (SNP) infusion, which was fol-
lowed by profound neurodegeneration: the
volume of neuronal death and demyelination
caused by the NO donor SNP increased five-
fold at day 4 postinjection compared to wild-
type controls (ref. 27; see Figs. 3 and 4).

The critical role of inflammation—especially
for TNF-α—has been supported for both neu-
roprotective (28) and remyelination (29)
processes. Notably, the kinetics of the TNF-α
response are key to its neuroprotective role: In
the model of SNP-induced excitotoxicity, the
additional administration of TNF-α concomi-
tantly with SNP exacerbated the damage and
inflammatory response caused by the NO
donor (30). Furthermore, the chronic infusion
of TNF-α into the brain by itself is able to cause
neurodegeneration (23). The dual role of this
cytokine may be explained through activation
of its different receptor subtypes. Dual and
opposite roles have already been suggested for
the TNFR1 and TNFR2 in mediating ischemic
neurodegeneration (31). TNFR1 is believed to
be associated with the apoptotic effects of TNF-
α, which appear to be dominant in models
where TNF-α production is overstimulated
(chronic TNF-α brain infusions, auto-immune
diseases, etc.). On the other hand, TNFR2 is
associated with neuroprotective effects through
a Akt-1/PKB-dependent pathway (31) and

appears to promote neurotrophic and remyeli-
nation mechanisms. Akt-1 has neuroprotective
properties by stabilizing the mitochondrial
membrane potential and preventing the release
of cytochrome c, thus inhibiting apoptosis
(32). Guo and colleagues (33) emphasized the
importance of TNF signaling in the brain dur-
ing excitotoxicity using chimeric mice in which
the bone marrow-derived cells (which included
infiltrating macrophages and microglia) were
replaced with cells lacking both TNF-α recep-
tors. These mice were found to be more
vulnerable to excitotoxic damage than their
nonchimeric counterparts. Furthermore, Arnett
and colleagues (29) clearly showed a role for
TNF-α and its type 2 receptor in the prolifera-
tion of oligodendrocytes and remyelination in
an acute model of demyelination. Others have
suggested that TNF-α-NMDA-dependent NF-
κB activation through TNFR2 is essential to
protect against glutamate-induced neurotoxi-
city (28).

The neuroprotective role played by NF-κB
and Akt-1 is further emphasized by other
cytokines, such as stem cell factor (SCF),
another cytokine that promotes neuroprotection
through Akt, as well as the mitogen-activated
protein kinase (MAPK) ERK (34). Erythropoi-
etin (Epo), which has only recently been charac-
terized as a cytokine (35), was first shown to
have neuroprotective roles when it was supple-
mented following ischemic episodes (36). It was
later found to protect the brain and spinal cord
during traumatic injuries (37,38) and in various
other neuropathies (for a review, see Bartesaghi
et al. [35]). Indeed, Epo was effective in treat-
ing patients suffering from stroke, decreasing
infarct size and improving outcome (39).

Similarly to TNF-α and SCF, some of the
protective actions of Epo occur through its sig-
naling via NF-κB- (40) and Akt (41)-dependent
pathways. Epo can also signal through tran-
scription factor signal transducers and activa-
tors of transcription (STAT)5, which mediates
the induction of Bcl2 and Bcl-xL, both of which
are inhibitors of apoptosis (42). Epo also causes
an intracellular calcium increase that is believed
to be related to an increase in brain-derived
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Fig. 3. Three-dimensional representation of the volume of neuronal cell death, as measured by Fluoro-Jade B (FJB)-positive
staining in wild-type, IL-1β, TNF-α, and IL-1β/TNF-α double (Dbl) knockout (KO) mice killed 4 d after an intraparenchymal
injection of the excitotoxin sodium nitroprusside. (A) These 3D reconstructions of FJB-positive regions were performed using
a C-80 Nikon microscope and super-high pressure mercury lamp (Nikon, Montréal, QC) fitted with a Retiga EXi Fast digital
camera (QImaging, Burnaby, BC) feeding to a Precision 660 workstation (Dell Computers, North York, ON). The FJB-positive
regions were traced on a Wacom pen tablet (Wacom, Vancouver, WA) using Neurolucida stereological software package (v. 6.
02. 1, Microbrightfield, Williston, VT), and 3D reconstruction and volume determination were compiled using the Neuroex-
plorer software (v. 4. 01. 1, Microbrightfield, Williston, VT). Please note the larger volumes of FJB in the TNF and Dbl KO ani-
mals compared to that of wild-type and IL-1 KO mice. (B) Quantitative analysis of the FJB volume in the brain of wild-type,
IL-1, TNF, and Dbl KO mice over time. Please note the rapid appearance of neuronal cell death 6 h following sodium nitro-
prusside injection and the marked spread of FJB staining (**p < 0.01 compared to wild-type and IL-1 KO, data presented as
mean ± SEM) in the CNS of TNF and Dbl KO 4 d following the single sodium nitroprusside infusion. (Reproduced with per-
mission of the Society for Neuroscience, copyright 2006.) 

Fig. 4. Sodium nitroprusside is highly toxic for both neurons and oligodendrocytes in the brain of TNF-α-deficient mice.
Expression of myelin basic protein (MBP) mRNA, and FJB staining in the brain of wild-type, IL-1β, TNF-α, and IL-1/TNF Dbl
KO mice 4 and 7 d after an intraparenchymal sodium nitroprusside injection. Darkfield photographs of in situ hybridization
of MBP transcript were taken from brain slices dipped into NTB emulsion milk (Kodak) exposed for 10 d. Insets show fluo-
rescent photomicrographs from representative examples of FJB staining, used here as an index of neuronal death (green neu-
rons). Both sections in each panel (MBP mRNA and FJB staining) came from the same mouse. Please note that although FJB
signals increased across the hemispheres of TNF-α and Dbl KO mice, MBP hybridization signal essentially vanished in the
same area. A decrease in MBP gene expression levels is indicative of demyelination levels (depicted by the dashed yellow
areas), which is significantly higher in TNF and Dbl KO mice compared to the other groups of animals at time 4 d (**p <
0.01, data presented as mean ± SEM). White scale bar = 250 µm. (Reproduced with permission of the Society for Neuro-
science, copyright 2006.) 
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neurotrophic factor (BDNF), which is also
stimulated by Epo through Ca2+/cyclic adeno-
sine monophosphate (cAMP)-response element-
binding protein (CREB) cellular signaling (43).
BDNF is part of the larger family of neu-
rotrophic factors and is further discussed in
the next section. Similarly, overexpression of
macrophage colony-stimulating factor (M-CSF)
in microglia enhances BDNF production and
restricts the damage of excitoxicity (44). M-CSF
acts on microglia through its receptor (M-
CSFR) and promotes the production of pro-
inflammatory cytokines and increases their
phagocytic activity, thereby promoting neural
survival (45,46).

Through its actions on its various receptors
(namely, EP1 through EP4), PGE2 is also known
to act on the brain and influence the fate of
neurons during various insults. An agonist of
the EP4 receptor was found to protect against
NMDA excitotoxicity in mice (47), and mice
lacking the EP2 receptor showed greater dam-
age following NMDA injections (48) and
ischemia (49). Furthermore, PGE2 actions
through EP2 and EP3 have been found to pro-
tect motor neurons in a culture model of ALS
through their respective G protein-dependent
pathways (50). Conversely, EP1 signaling con-
tributes to excitotoxicity, because EP1-deficient
mice exhibit smaller infarct from NMDA (51),
and EP2-deficient mice have a decreased β-
amyloid burden in mouse models of AD (52).

The discrepancies between the actions of the
different EP receptors on neuroprotection can
largely result from their different location and
role in the CNS (9). Generally, the neuroprotec-
tive actions of PGs can be attributed to their
strong induction of neurotrophins (53). Lipid
messengers other than PGs, such as docosa-
hexaenoic acid, are also implicated in neuro-
protection and employ similar anti-apoptotic
pathways, as described earlier (for a review, see
Bazan and colleagues [54]). Similarly to most
of the pro-inflammatory molecules discussed
in this section, PGE2 appears to be neuropro-
tective in acute models of neurodegeneration,
whereas the prolonged expression of the PG
promotes chronic inflammation and the neu-

ronal death associated with it. Therefore, as
much as it is important to let the CNS initiate
an innate immune response, it is essential that
this response be well-modulated and shut
down as quickly as possible.

Innate immunity is not only implicated in
neuroprotection but also promotes regeneration
of some specific axons, such as those of the optic
nerve after it has been crushed (55). In this case,
macrophages neighboring the crushed axons
promote their regeneration by synthesizing
oncomodulin (OM), a calcium binding protein
that promotes the regeneration of the mature rat
optic nerve in presence of cAMP and mannose
(56). These data warrant consideration of OM as
a legitimate and specific growth factor for the
mature optic nerve, because other growth fac-
tors were not found promote regeneration as
much as OM.

Neurotrophins: Promoters 
of Neuroprotection and Repair

As mentioned earlier, BDNF is part of a larger
family of neurotrophins characterized by their
tropomyosin-related tyrosine kinase (Trk) recep-
tors, as well as activation of the p75 neu-
rotrophin receptor (p75NTR). There have been
several in vivo studies confirming the essential
function of Trk receptors (which act through
Akt-1, MAPK-dependent pathways) and p75NTR

(which acts mostly through NF-κB) in promot-
ing neuronal survival as well as the importance
of their spatiotemporal regulation for their pro-
tective role to occur (for a review, see Kalb [57]).

Neurotrophin-4/5 (NT-4/5) was shown to
protect pyramidal cells in a model of traumatic
brain injury (58). Additionally, NT-4 (as well as
BDNF) has anti-apoptotic effects on cerebellar
neurons in response to the neurotoxin cytosine
arabinoside (59). Another neurotrophin, nerve
growth factor, protects neurons against ischemic
death and UV neurotoxicity through a p75NTR-
dependent mechanism (60). Furthermore, some
neurotrophins (namely, BDNF and insulin
growth factor [IGF]-1) are able to attenuate
blood–spinal cord barrier disruptions following
spinal cord injuries (61). However, similarly to
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TNF-α and other pro-inflammatory cytokines, it
is important to remember that these neu-
trophins can have dual effects on the brain, both
neuroprotective and neurodegenerative.

It was once believed that all the death-pro-
moting actions occurred through the p75NTR

receptor, whereas the Trk receptors mediated
the neuroprotective effects (62). As demon-
strated earlier, recent experiments have shown
that this distinction is not as clear as was first
theorized (60), because beneficial effects of
p75NTR activation and some detrimental effects
for Trk receptors have been discovered (57,63).

Another family of neurotrophic factors
includes the members of the IL-6 superfamily,
which are characterized by the presence of
gp130 as part of their receptor complex. This
family includes IL-6, ciliary neurotrophic fac-
tor (CNTF), and leukemia inhibitory factor
(LIF). These cytokines signal via the STAT3
pathway, activate Akt-1 and Bcl-xL (64), and
have similar anti-apoptotic and neuroprotec-
tive activities as ligands for the Trk receptors.
For example, CNTF-deficient mice show
greater loss of GABAergic neurons following
a septohippocampal axonal lesion (65). Fur-
thermore, T-cell-produced LIF could have a
neuroprotective role in patients with MS by
counteracting the aberrant TNF-α apoptotic
signal noted in this disorder (66) and may
help recovery in a mouse model of spinal cord
injury (67).

Finally, IL-6 interventions protected neurons
and myelin from NMDA-induced excitotoxic-
ity in hippocampal slices (68). Together, the IL-6
superfamily is yet another strategy by which
the distressed CNS can protect itself from apop-
totic processes and initiate repair mechanisms.

Help From the Periphery: Steroid
Hormones and Neuroprotection

The BBB enables the brain to have tight con-
trol over the trafficking of peripheral proteins
and macromolecules into the CNS. However,
there are essential hormones that still gain
access to the CNS and provide invaluable feed-
back and regulation for the central immune

response. First, the glucocorticoids (GCs) offer
the greatest endogenous negative feedback on
the immune response by signaling through
their intracellular glucocorticoid and mineralo-
corticoid receptors. These nuclear receptors act
directly on the promoter regions of immune
genes to repress their transcription and the
innate immune reaction (69). The HPA axis
response that culminates with these GC actions
is crucial in modulating the length and inten-
sity of the response by the CNS to inflamma-
tion (ref. 70; see Fig. 5). As shown by our group,
a well-regulated inflammatory response from
the intraparenchymal LPS injection did not
cause any cellular damage to the nervous tis-
sue (23). However, if GC feedback is inhibited
by Mifepristone (RU486), the inflammatory
response does not shut down and massive
neuronal death and demyelination occurs as
a result of the exaggerated TNF-α response
(23). Because of the ease by which steroids
cross the BBB, the neuroprotective effects of
GCs and their synthetic equivalents have
been exploited therapeutically for MS (71)
and postinfectious encephalomyelitis (72),
and they have shown promise in a mouse
model of Parkinson’s disease (73). However,
treatment of some other neurological dam-
ages with GCs or their synthetic equivalents
has met with mixed results and concern. The
efficacy of GCs or GC-like compounds for
treating spinal cord injuries has often been
overshadowed by major side effects (74,75),
and a meta-analysis of their use for treating
acute traumatic brain injuries has shown
greater mortality (76). Together, this would
suggest that interventions using exogenous
GCs are more efficacious in protecting the
brain against chronic inflammatory disor-
ders. However, acute nervous injuries benefit
from a regulated inflammatory response and
should not be interrupted by exogenous GC
treatments.

Estrogen has also emerged as playing neuro-
protective roles in the brain by having antioxi-
dant, anti-inflammatory, anti-apoptotic, and
neurotrophic effects during various neurode-
generative conditions (for an extensive review,

Innate Immunity and Brain Protection 233

Molecular Neurobiology Volume 34, 2006



234 Turrin and Rivest

Molecular Neurobiology Volume 34, 2006

Fig. 5. Systemic immune reaction and the hypothalamic–pituitary–adrenal (HPA) axis. When an immune
threat (in this case, lipopolysaccharide [LPS]) is present in the body, activated monocytes, and the pro-inflam-
matory cytokines (e.g., IL-1β, TNF-α), travel through the blood, along with LPS, and interact with the
blood–brain barrier. The endothelial cells and the associated perivascular microglia synthesize prostaglandin E2
(PGE2) using cyclo-oxygeneases (COX) and prostaglandin E synthases (PGES). The PGE2 is released in the
parenchyma and acts on the corticotropin-releasing factor (CRF)-secreting neurons of the paraventricular
nucleus of the hypothalamus (PVN). The CRF enters the portal circulation and reaches the adenohypophysis part
of the pituitary gland and causes the release of adrenocorticotropic hormone (ACTH) into the systemic circula-
tion. ACTH then reaches the adrenal gland and triggers the synthesis and release of glucocorticoids (GCs), which
may act as negative feedback on the inflammatory response. A similar response occurs at distal sites that project
to the PVN (pre-optic area ), nucleus of the solitary tract, ventrolateral nucleus of the medulla. Activation of
these circuits results in an integrated response to immune stimuli, which are directly under the control of the
final product of this neuroendocrine axis, GCs. (Used with permission of the Society for Experimental Biology
and Medicine, copyright 2004.) 



see Amantea et al. [77]). In ischemia, not only
does estrogen exert these effects, but it also
preserves the microvascular blood flow at the
site of the ischemic injury, preventing hypoxia
(78). The anti-apoptotic action of estrogens is
believed to occur through prevention of a
decrease of Bcl-2 at the site of injury (79), and
these effects occur mostly through the estrogen
receptor-α (ER-α). This receptor can activate
most of the anti-apoptotic pathways men-
tioned in earlier sections (e.g., Akt, CREB, NF-
κB, ERK) (80). Activation of the ER-α has also
been effective in preserving dopaminergic
functions in the rat nigrostriatal system through
an increase in IGF-1 and Akt activity (81,82).
The inhibition of estrogen synthesis from
androgen was also found to cause neurodegen-
eration in response to a usually nondamaging
dose of kainic acid (83). Although estrogen is
believed to exert some of its neuroprotective
actions through modulation of the innate
immune response in the CNS, ovarectomized
(OVX) female mice show an attenuated
immune response to LPS delivered into their
brain. The OVX mice also exhibit a more severe
herpes simplex virus (HSV)-2 infection and
associated neuronal damage than their sham-
operated controls. These data indicate that
estrogen is not necessarily anti-inflammatory
but favors the transfer from innate to adaptive
immunity. This may explain its neuroprotective
role during HSV-2-induced encephalitis (84).

The culminating evidence supporting the
role of estrogen in neuroprotection has
spurred research to investigate its potential as
a therapeutic agent in women suffering from
Alzheimer’s disease as well as those with
ischemic injury (85).

Although not as well-documented, there is
some evidence that testosterone can also play
neuroprotective roles in the CNS. Testosterone
was found to preserve hippocampal neurons
following adrenalectomy in rats (86). Addi-
tionally, castrated hamsters show poorer
recovery from facial nerve transection than
castrated hamsters receiving replacement
testosterone therapy (87). Clinical studies neg-
atively correlated testosterone plasma levels

with severity of illness in patients with Hunt-
ington’s disease (88). A possible mechanism of
neuroprotection by testosterone was recently
elucidated, whereby the activation of a MAPK/
ERK pathway by the binding of the steroid to
the androgen receptor spared neurons from β-
amyloid toxicity in culture (89). Testosterone
also exerted its neuroprotective effects through
the androgen-dependent extrahypothalamic
actions of vasopressin, which has been posited
as having anti-inflammatory properties (90).
Although the use of testosterone for the treat-
ment of neurodegenerative diseases appears
interesting, no significant in vivo studies have
been performed.

The Brain’s Cellular Cast: Puppets Under
the Control of Soluble Neuroprotectors
It is certain that for neuroprotection to occur,

signals must be sent from neurons in distress.
In turn, the responding soluble effectors must
bind to their receptors and/or act on gene
responsive elements in neurons or other cells
of the CNS to promote survival or prevent
death (for an overview, see Fig. 6). At the heart
of this response, the injured neuron must be
able to communicate with its environment
(and itself) to mobilize the CNS environment
for its rescue. An interesting candidate for this
signal by neurons is the fractalkine chemokine,
which is tethered to the extracellular surface of
neurons, and can be cleaved to diffuse in
response to various stressors (91). Receptors for
fractalkine in the CNS are found mostly on the
surface of microglia (92), which are usually the
first-line responders during brain injury. Upon
acting on resident microglia and activating
them, fractalkine can modulate their functions
to prevent overactivation and neurotoxicity
(93). The controlled removal of apoptotic neu-
rons is further promoted by the asymmetric
distribution of the aminophospholipid phos-
phatidylserine to the extracellular layer of the
neuronal cytoplasmic membrane, which regu-
lates microglial–neuron communications and
promotes phagocytosis of the neuron (94). Heat
shock protein (hsp) production in neurons is

Innate Immunity and Brain Protection 235

Molecular Neurobiology Volume 34, 2006



236 Turrin and Rivest

Fig. 6. The fate of neurons following injury is determined by the microglial response. In a scenario where
microglia are able to respond promptly (A) they are able to receive signals from neurons and quickly signal
other microglia and recruit blood monocytes to clear neuronal debris and resolve the CNS injury. In cases where
microglia are not able to respond properly (e.g., when TNF-α is absent), (B) the attenuated early immune
response prevents the quick clearance of the dying neurons, which leads to an exaggerated compensatory late
response resulting from increased neuronal death. This results in collateral neuronal injuries and a perpetuated
immune response at the site of the insult. 



also increased when they are in distress and
may provide the neurons with their own sig-
nals of self-preservation (95). Furthermore,
the release of hsps may trigger TLR signaling
and activation in microglia, because some
TLRs have been found to bind endogenous
hsps (96).

The early signals of distress from the CNS do
not have to come from the neurons themselves
but may also result from their demyelination.
This involves the deterioration of the oligoden-
drocytes that support them and the release of
their intracellular proteins. Upon the death of
oligodendrocytes, neighboring microglia may
phagocytose myelin and its associated pro-
teins, such as myelin basic protein (97). The
clearing of oligodendritic debris is adaptive,
but the possible presentation of myelin pro-
teins by APCs to T-cells can occur, which has
the dangerous potential of leading to auto-
immune demyelinating conditions such as MS.
Putting the inflammatory/immune response
by microglia aside, the demyelination of neu-
rons can stimulate the proliferation of OPCs,
which can promote local remyelination of the
axons (98). However, the fate of the progeni-
tors remains under debate, because they have
the tendency to differentiate into astrocytes
instead of oligodendrocytes, unless the proper
treatment is applied (99).

Discussion

This article has demonstrated how the CNS,
through the coordinated effort of many soluble
and cellular elements, is equipped with a mul-
titude of endogenous strategies to protect itself
from neuronal death and demyelination. As
we have discussed, most of the neuroprotec-
tive strategies promote survival through the
transient activation of microglia, neurotrophic
factor upregulation, NF-κB signaling, and the
activation of MAPK/ERK, Akt, and Bcl-2, Bcl-
xL in different populations of cells in the CNS.
In most cases, the fate of neurons is deter-
mined between the balance of pro- and anti-
apoptotic signals. This is adaptive, preventing

critically injured and nonfunctional neurons to
uselessly survive. Furthermore, neuroprotec-
tive signals are extremely redundant, which
permits compensation between signals to pre-
serve a coherent response. However, neuropro-
tection needs to remain under tight reins
because of the significant consequences that
accompany a chronic or exaggerated inflam-
matory response in the brain. Such a loss of
control over the CNS immune response can
lead to an exacerbation of the damage and/or
the establishment of an auto-immune state.

Even if the CNS is able to surmount most
neurodegenerative challenges it faces, there are
damages that are overwhelming because of
their severity, their compromise to the BBB, or
their slow subtle suppression that kept them
under the neuroimmunological radar. When
these cases occur, pharmacological and more
invasive  interventions (stem cells, epilepsy,
etc.) have had marginal success at best. Most
therapies have focused on the containment of
the inflammatory response, which tradition-
ally was believed only to impede neuroprotec-
tion and repair, unlike what we have outlined
in this article. Furthermore, for most progres-
sive neurodegenerative disorders such as ALS
and Alzheimer’s disease, when the neurode-
generation is finally detected, it is often too late
to prevent the chain of events that leads to fur-
ther neuronal death and/or demyelination.

Finally, because of the postmitotic state of
neurons, repair strategies can only help to halt
deterioration of these cells following injury.
Strategies to improve cytokine and neu-
rotrophic factor delivery by microglia or
invading macrophages could represent a pos-
sible solution to this problem (100) and
improve the immune response in the brain
rather than hindering it. Better diagnostic
tools that will delineate early warning or sus-
ceptibility to neurodegenerative disease will
also provide us with more efficient approaches
to prevent CNS abnormalities (protein aggre-
gates, unusual neuronal firing, reaction to
myelin antigens by T-cells, etc.) from getting
out of hand and precipitating uncontrollable
CNS cell death (101).
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