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Abstract
Neuroinflammation is a complex integration of the responses of all cells present within the CNS,
including the neurons, macroglia, microglia and the infiltrating leukocytes. The initiating insult,
environmental factors, genetic background and age/past experiences all combine to modulate the
integrated response of this complex neuroinflammatory circuit. Here, we explore how these factors
interact to lead to either neuroprotective versus neurotoxic inflammatory responses. We specifically
focus on microglia and astrocytic regulation of autoreactive T cell responses.
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1. Introduction: what is inflammation?
Throughout the body, direct injury to a tissue induces immediate local inflammatory responses
followed by systemic recruitment of immune cells [1,2]. The degree and extent of inflammation
is a function of the interplay between (a) the initiating insult (pathogen and/or tissue trauma),
(b) the local stromal cells and (c) the peripheral immune system [1,2]. A successful
inflammatory response not only eliminates any invading pathogens, but it actively promotes
wound healing and angiogenesis [1]. By contrast, chronic and/or progressive inflammatory
disease can result from a failure to remove or resolve the initiating insult or from the
dysregulated injury response of either the affected tissue or the recruited immune system [1].

Although the CNS is an immune privileged site, (reviewed in [3]), inflammatory reactions can
and do occur within the CNS [4]. Indeed, neuroinflammation is now recognized to be a
prominent feature of many classic neurodegenerative diseases including multiple sclerosis,
Alzheimer's disease, Parkinson's disease, narcolepsy and even autism [5,6]! However, in all of
these disorders, the role that neuroinflammation may be playing in wound healing (i.e., in
neurorepair/neuroprotection) has received less attention than the role it likely plays in
cytodestruction (i.e., neurodegeneration) [4,7]. Furthermore, in chronic or remitting/relapsing
neurodegenerative disorders, inflammation is unlikely to be playing a purely beneficial versus
detrimental function [3]. These distinctions are not of merely academic importance. Several
recent clinical trials have tested the efficacy of different types of immune therapies for treating
Alzheimer's disease (AD) and multiple sclerosis (MS) [8-10]. In the AD clinical trial, the goal
was to direct the immune system to targeted destruction of amyloid plaques [8]. In the multiple
sclerosis trial, the goal was to prevent T cell infiltration into the CNS [11]. Surprisingly, both
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trials were halted for unexpected forms of CNS inflammation. In the Alzheimer's trial,
approximately 6% of the patients developed encephalitis. As yet there is debate as to the
efficacy of inducing an auto-amyloid responses and even whether the induction of encephalitis
was in the final analysis detrimental or beneficial. In the MS trial, three patients succumbed to
a usually benign viral infection (PML) in a manner previously associated with immune
deficiency diseases such as AIDs.

In this review, we will discuss the consequences (neuroprotection versus neurodestruction) of
the very different types of interactions that can occur between the resident cells of the CNS
and the peripheral immune system following tissue injury or pathogen encounter. We will focus
specifically on how astrogliosis and microgliosis affect neuronal survival. Lastly, we will
review the often overlooked role of genetics in dramatically altering the ultimate consequences
of gliosis and CNS inflammation.

2. Neuroinflammation: the players
When discussing inflammation, the immediate focus generally turns to the “professional”
immune system, specifically macrophages, granulocytes and lymphocytes. However, most
cells in the body can and do contribute toward inflammatory responses following injury and/
or pathogenic insults [1,2]. The initial responses of stromal cells throughout the body play a
strong role in directing the subsequent responses of the “professional” immune system cells
[1,2].

3. Neurons as inflammatory response cells?
For most of the last century, CNS neurons were inappropriately viewed as exempt and/or
incapable of performing these immune directing functions. Recent data clearly refutes this
view. For example, NF-κB is an inducible transcription factor that initiates the subsequent
expression of several inflammatory molecules [12,13]. Several studies now indicate that
neuronal expression of NF-κB is induced by a variety of insults, including TNF and mechanical
injury and that this neuronal induction is associated with subsequent neuronal expression of
inducible nitric oxide synthase (INOS) and superoxide dismutase (SOD) [14-17].

Even more striking, separate studies now suggest the inconoclastic view that CNS neurons
have the potential to directly regulate the effector functions of CNS-infiltrating T cells in the
absence of “professional” antigen-presenting cells (macrophages, microglia, dendritic cells
and B cells) [18]. Traditional dogma indicates that T cell effector function is driven primarily
by antigen-specific interactions with cells that express major histocompatibility complex
molecules (MHC) [2]. For example, the T cell receptor (TCR) that mediates T cell recognition
of specific antigens cannot bind nor recognize free antigens. TCRs only recognize antigens
that are found within the binding cleft of MHC. Therefore, MHC class II expressing cells
(macrophages, microglia, dendritic cells and B cells) must first capture whole proteins and
process them into antigenic peptides. These peptides (antigens) are then incorporated into the
binding cleft of MHC class II and transported to the cell surface. These MHC class II expressing
cells are referred to as antigen-presenting cells (APCs). APCs can promote robust pro-
inflammatory T cell effector functions, T cell inactivation (anergy), or even
immunosuppressive T regulatory cell effector functions (Treg function). The outcome of
antigen-presentation is dependent not only on the presentation of antigen from within MHC,
but also by several additional co-stimulatory factors expressed by APCs [19]. However, since
CNS neurons rarely if ever express high levels of classic MHC class II, they cannot act as APCs
and regulate T cell effector function in an antigen-specific manner.

Suggestively, a new study by Liu et al. reveals the potential for neurons to induce antigen-
independent proliferation of CD4+T cells previously activated by “professional” APCs [18].

Carson et al. Page 2

Clin Neurosci Res. Author manuscript; available in PMC 2009 January 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In these studies, the authors provide suggestive evidence indicating that MHC class II negative
neurons can stimulate T cell proliferation entirely by co-stimulatory pathways, namely the
B7:CD28 and transforming growth factor (TGF)-β1:TGF-β receptor signaling pathways. In
contrast to T cell activation classically induced by peripheral immune cells, this form of
neuronally induced T cell activation induces the development of immunosuppressive
regulatory T cell effector function (Treg T cell function). The authors thus suggest that activated
T cells entering the CNS may be deactivated by encounters with neurons independent of their
antigenic specificity! These data while intriguing were primarily based on in vitro co-cultures
of T cells with cerebellar neurons cultured from post-natal day 7 mice. Therefore, it will be of
interest whether similar results will be obtained with studies using other neuronal populations
and whether neuronal induction of Treg phenotype is related to the age, activity or health status
of the neurons.

The extent of direct cognate interactions between neurons and lymphocyte is largely
unexplored and thus likely underestimated. In a series of studies, Zipp and colleagues have
revealed the potential for TRAIL-expressing T cells to directly promote neuronal calcium
responses and even neuronal apoptosis via neuronally expressed TRAIL receptors [20]. As yet
it is completely unexamined how the interactions described by Zipp and colleagues versus by
Liu et al. may be coordinately regulated or even simultaneously cross-regulate final T cell
function and neuronal viability [18]!

While direct neuronal: T cell interactions are still incompletely characterized and their
biological relevance still debated, neuronal regulation of gliosis has been widely examined and
is recognized to play a major role in eliciting protective versus destructive inflammatory
responses [21-24]. Indeed astrocytes and microglia appear highly specialized to detect and to
respond to neuronal health and activity.

4. Astrocytes
Astrocytes are one of the two primary types of macroglia [21-23]. They comprise nearly 35%
of the total CNS cell population and like microglia are found in all regions of the CNS.
Histologically, astrocytes can be visualized by immunolabeling with antisera specific for glial
fibrillary acidic protein (GFAP), S100b or the astrocyte specific glutamate transporters, GLT1
and GLAST [25]. Interestingly, GFAP immunoreactivity is best visualized in heavily fixed
tissues [26]. Under fixation conditions commonly used, many investigators only detect the
most robustly GFAP+ cells, and fail to visualize many astrocyte populations such as grey matter
astrocytes. Thus in the inflammatory literature, many investigators have subsequently viewed
GFAP immunoreactivity as a marker of reactive gliosis.

With these caveats in mine, astrogliosis and astroglial scar formation (usually monitored only
by increased GFAP immunoreactivity) have been found to be nearly as common a response to
CNS injury and dysfunction as microgliosis [23]. As yet, the adaptive consequences of
astroglial scar formation are still a subject of debate. Astrocytic scar formation can encyst and
wall off infected and/or damaged CNS tissue and thus prevent healthy CNS tissue from being
exposed to degenerative agents. However, astroglial scar formation also impedes axonal
regeneration and neurorepair.

5. Why focus on astrogliosis when discussing neuroinflammation?
In the healthy, uninjured CNS, astrocytes perform numerous functions absolutely essential for
neuronal function. For example, astrocytes play a critical role in modulating glutamate levels
in the extracellular space contributing both to the functional neuronal synapse and to the
prevention of glutamate-induced excitotoxic cell death of neurons [23,27,28]. In addition,
astrocyte endfeet are a key component of the blood brain barrier (BBB) [29-31]. In vitro data
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suggest that astrocyte interactions with the cerebrovasculature endothelium play a key role in
the induction and maintenance of the tight junctions characteristic of the intact BBB.
Furthermore, astrocyte production of pro-inflammatory cytokines such as TNFα play key roles
in facilitating leukocyte extravasation from the bloodstream across the BBB into the CNS
parenchyma [29-32]. Lastly, it is largely unexplored to what extent the many homeostatic
functions of astrocytes such as the buffering of pH and glutamate are significantly altered by
their cellular transition into “reactive” astrocytes. To restate, it is largely undeciphered how
much of the detrimental effects of gliosis is due to decreased activity of their normal neuronal-
support activities and how much is due to their production of cytotoxic factors.

6. Why the focus on microgliosis?
All tissues in the body are populated by tissue macrophages. Microglia are the heterogeneous
population of macrophages that populate all regions of the CNS. Microglia comprise
approximately 15% of the total CNS cell population [3]. Unlike neurons and macroglia
(astrocytes and oligodendrocytes), which are of neuroectodermal origin, all types of microglia
are of mesenchymal origin. Microglial activation is one of the earliest features of nearly any
change in neuronal physiology and often precedes overt astrogliosis. As yet there is substantial
debate as to whether microglial activation is by necessity always neurotoxic because it is
primarily designed for pathogen defense. However, several clues suggest that microglia do
play intrinsic functions required for normal CNS function and development [33]. For example,
viable mammalian mutants spontaneously lacking microglia have not been reported. Indeed
throughout evolution, the CNS has apparently co-evolved with a resident macrophage
population [33-35]. In drosophila, normal CNS development is dependent on the presence of
a hemocyte-derived macrophage population to clear the cellular debris associated with normal
programmed cell death [34].

7. Is microgliosis another name for macrophage infiltration into the CNS?
Histologically, CNS-resident microglia are indistinguishable from blood-derived macrophages
that acutely infiltrate the CNS in response to pathogenic insult [24]. Both myeloid cell types
express classic macrophage markers (Iba-1, F4/80, and mac-1) and both cell types are inducible
for MHC and co-stimulatory molecules (B7.1, B7.2, and CD40) required for antigen-dependent
activation of T cells. However, more than 15 years ago, two seminal studies demonstrated that
CNS resident microglia are not identical to macrophages that acutely infiltrate the CNS.

In the first set of studies, Hickey and Kimura observed that parenchymal microglia could be
distinguished from peripheral immune cells, perivascular microglia, pericytes, menigneal and
choroid plexes macrophages by one key characteristic [36]. Parenchymal microglia were rarely
or only slowly replaced by bone marrow derived cells while all the other macrophage and
immune cell populations were rapidly replaced by bone marrow derived cells within a few
weeks. In the second set of studies, Sedgwick and colleagues discovered that in contrast to
peripheral macrophages, parenchymal microglia expressed much lower levels of CD45, a
protein tyrosine phosphatase expressed by all nucleated cells of hemopoietic lineage [37]. This
difference in protein expression is difficult to reliably quantify histologically, but is quite
evident when microglia and macrophages are isolated from CNS tissue and analyzed by flow
cytometric analysis (Fig. 1).

The differential expression of CD45 between microglia and all other immune cells likely
reflects significant biological consequences for CNS inflammatory responses. CD45 is also an
inhibitory receptor for CD22, a molecule expressed by B cells and CNS neurons [38]! The
higher levels of CD45 expressed by peripheral immune cells suggests that neurons have a
greater potential to inhibit acutely infiltrating macrophages than CNS resident microglia!
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With the continued innovations in flow cytometry, it is now possible to largely distinguish
CD45 low/intermediate microglia from CD45 high peripheral macrophages based solely on
refined forward and side scatter parameters (i.e., based solely on flow cytometric analysis of
light scattering caused by cell size and cell granularity and not on expression of CD45).
However, it must be cautioned that the ability to distinguish CNS resident microglia from
acutely infiltrating macrophages by light scatter is not absolute (Fig. 1). These flow cytometric
based observations are consistent with previous reports by Guilian and colleagues that
microglia and macrophages isolated from CNS tissue can be distinguished by their differential
size and density of cell processes [39]. These FACs and EM detectable differences in
morphology of CNS-resident microglia and CNS-infiltrating macrophages are evident in ex
vivo analysis. However, it must be stressed that in histological sections morphology is an
unreliable marker of the recent source of a cell. For example, mature dendritic cells injected
into the CNS can display a stellate morphology similar to parenchymal microglia [26].

8. Glial heterogeneity: implications for inflammation and neuronal health
Histologically, astrogliosis and microgliosis are monitored using a very limited palate of
biomarkers coupled with imprecise gross characterizations of changes in cellular morphology.
Consequently, there is a propensity in the literature to consider all forms of gliosis as essentially
identical, varying only in intensity of cellular response. However, both molecular and
functional studies have clearly indicated that both astrocytes and microglia are heterogeneous
populations of cells [40-42]. For example, astrocytes differ in their electrophysiological
responses and their expression of glutamate transporters as a function of brain region. However,
because few markers other than GFAP are used to characterize astrocyte activation and
astrogliosis in vivo, the implications of these types of observations for CNS health and function
are still largely unexplored. Much more is know about microglial heterogeneity, in part because
a large array of reagents able to characterize macrophage phenotypes have already been
generated and characterized by studies on the peripheral immune system.

Recent experiments indicate that the homeostatic function and balance of the different
microglia and macrophage populations within the CNS parenchyma may be altered by
mechanical and ischemic damage may in ways not seen after an autoimmune or viral insult to
the CNS. Using irradiation bone marrow chimeric mice, bone marrow derived cells have been
found to take up long-term residence near the site of injury in mice with facial axotomies or
ischemic damage [43,44]. This response is in stark contrast to what occurs in healthy mice or
in mice after EAE, or virally induced demyelinating disease [36,37,45]. In these situations,
bone marrow derived cells fail to contribute to the parenchymal microglial population. While
the bone marrow derived parenchymal cells in the ischemia studies have been noted to reduce
their expression of CD45, additional studies will be needed to explore if these cells are
phenotypically different than other parenchymal microglia.

Characterizations of new molecules regulating macrophage and dendritic cell activation
provide important examples of peripheral immune characterizations lead to new insights about
the consequences of microglial heterogeneity. For example, Colonna and colleagues recently
identified a new orphan family of receptors termed triggering receptor expressed on myeloid
cells (TREMs) that is expressed by both macrophages and immature dendritic cells [46]. In
our ongoing gene profiling studies, we found that not all microglia express similar levels of
on of the TREM family members: TREM-2 [47]. TREM-2 is expressed at much higher levels
per cell and by a greater percentage of microglia in the entorhinal cortex than in the
hypothalamus. Indeed the lowest levels of expression and lowest percentage of positive cells
was detected in brain regions with leaky or incomplete BBB. While the endogenous ligand for
this receptor has not been published, Daws et al. have described a TREM-2 binding activity
expressed by astrocyte cell lines [48]. These data imply that at least some forms of astrocytes
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may express the endogenous TREM-2 ligand and trigger TREM-2 mediated activation of
microglia [48].

9. What are the potential consequences of differential TREM-2 expression?
Although the ligands for the TREM-2 have not been identified, several investigators have used
antibody mediated cross-linking of the receptors to trigger TREM-2 mediated intracellular
signaling. Using this method, several reports suggest that TREM-2 triggers cells to increase
MHC class II expression, and thus to acquire APC function for CD4+T cells [49]. Taken
together with our previous expression studies, these data imply that a subset of microglia may
have a higher potential to acquire APC function and to activate CD4+T cells. The question
then arises: why is expression high in regions such as the entorhinal cortex?

When we examined the inflammation-regulated expression of TREM-2, we initially observed
that TREM-2 expression is dramatically down-regulated by bacterial signals such as LPS
[47]. In contrast, more recently, we have found that TREM-2 expression is robustly induced
in neuropathologies associated with abundant neurodegeneration and necrosis. Does this mean
that high TREM-2 expression is neurotoxic? Studies following human families lacking
functional TREM-2 suggest otherwise.

Individuals in which this receptor pathway is disrupted by genomic deletions develop a disease
called Nasu-Hakola's disease [50]. Affected individuals lacking this microglial expressed
molecule develop early onset cognitive dementia in their 20s and die by their early 40s. Since
TREM-2 is expressed by only microglia within the CNS, these data clearly demonstrate that
microglia and TREM-2 triggered functions are essential for normal function of CNS neurons.
Considered with data presented in earlier sections of this review, it is tempting to speculate
that microglial presentation to T cells is a necessary component to maintain optimal function
of selected CNS neurons. If true, the induction of TREM-2 in degenerative diseases may not
be in of itself maladaptive, but an attempt to recruit T cell mediated neuroprotection.

10. Can inflammation be neuroprotective?
Recently, several studies have demonstrated that not all forms of CNS inflammation are
necessarily detrimental for CNS function. For example, less CNS regeneration is observed
after mechanical trauma and more severe dysfunction results after cytokine induced injury in
mice deficient for T cells or antigen-presenting cells [51-53]. As yet the mechanism of T cell
mediated protection is being explored. However, both in vitro and in vivo studies suggest the
likely contributions of T cell-produced neurotrophins.

Neurotrophins such as BDNF, NT-3, NT-4 have demonstrated potential to promote neuronal
development and regeneration both in vitro and in vivo. In particular, BDNF is particularly
potent in promoting neuronal survival and regeneration following mechanical injury [54].
Suggestively, human and rodent lymphocytes can be triggered to produce BDNF in vitro
[55], while in vivo, BDNF-positive lymphocytes can be found within some human MS lesions
[55,56]. The neuroprotective potential for lymphocytic production of these factors is further
implied by the studies of Aharoni et al. [57]. In these studies, the authors induce demyelinating
EAE and then treat their mice with Glatiramer acetate (GA), more commonly known as the
MS therapeutic, Copaxone. GA was already known to reduce the clinical severity and
histopathology of EAE. Aharoni et al. demonstrated that in GAs effectiveness correlated in
part with lymphocytic production of BDNF.
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11. What determines whether T cells are neuroprotective versus
neurodestructive?

Many factors are known to regulate T cell effector function. The most significant are the nature
and activation state of the antigen-presenting cell [1]. A recent set of experiments have revealed
that in at least one model, CD4+T cell mediated neuroprotection is dependent on microglia
acting as antigen-presenting cells [58]. Motoneuron degeneration following facial axotomy is
associated with microglial activation and CNS-infiltration of macrophages and T cells [59].
This inflammation was initially speculated to be at best benign but more likely a contributing
cause of motoneuron degeneration. Surprisingly, in the absence of CD4+T cells, motoneuron
degeneration was found to be much more rapid and severe [51]. Using bone marrow chimeric
mice, animals were generated in which either only microglia or only hematogenous immune
cells could act as antigen-presenting cells [58]. Strikingly, microglia were not able to initiate
the protective CD4+T cell response. Initiation of the T cell response was entirely dependent
on hematogenous macrophages. While macrophages could initiate the response and did
infiltrate the CNS, antigen-presentation by hematogenous macrophages was insufficient to
support CD4+T cell mediated neuroprotection of motoneurons. However, once T cell
activation was initiated by peripheral macrophages, protection of motoneurons following facial
axotomy was absolutely dependent on antigen-presentation by microglia activated by local
neurodegenerative signals [58].

12. What prevents microglia from eliciting neuroprotective T cell responses
during MS and other destructive neuroinflammatory disorders?

Destructive CNS autoimmunity is not easily induced. At least two factors must converge:
environmental cues and genetic background [1,5]. For example, T cell mediated CNS
demyelination in rodents can only be induced on specific genetic backgrounds. Even in
susceptible rodent strains, the presence of myelin-specific T cells is by itself insufficient to
induce autoimmunity. Destructive autoimmunity requires the use of strong adjuvants such
complete Freund's adjuvant containing heat-killed tuberculous mycobacterium coupled with
pertussis toxin treatment.

Outside of the experimental laboratory, the onset of is not associated with such robust adjuvant
treatment. However, adjuvant stimulation can be provided by common environmental agents.
Stromal cells throughout the body (including astrocytes) and immune cells (including
microglia) express pattern recognition receptors that bind evolutionarily conserved elements
on pathogens [1,5]. For example, the Toll-like receptors (TLRs) recognize cellular components
of gram negative and gram positive bacterial cell walls (TLR4 and TLR2), double stranded
RNA (TLR3), unmethylated prokaryotic DNA (TLR9), flagellin (TLR5). These pattern
recognition receptors have the demonstrated potential to promote production of pro-
inflammatory cytokines (IFNg, TNFa) and reactive oxygen species not only in peripheral cells
but also in astrocytes and microglia.

In the presence of strong adjuvants, antigen-presentation by peripheral macrophages and
dendritic cells is entirely sufficient to drive destructive autoimmunity [36]. Under these
conditions, antigen-presentation by microglia appears to play only a minor immunomodulatory
role.

13. Genetic background modifies response to environmental agents
The clinical symptoms, kinetics, severity and histopathology of EAE are highly dependent on
the type of adjuvant and the genetic background of the treated animal [60]. For example, the
same antigenic peptide from the myelin oligodendrocyte glycoprotein (MOG)92-106, has been
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used to immunize SJL/J and A.SW mice. These two different mouse strains express the same
MHC class II haplotype (H-2s) but have different propensities for generating CD4+T cell
phenotypes [61]. SJL/J mice lack NK1.1 T cells and are more prone to generate Th1 CD4+T
cell responses (IL-2, IFNc producing T cells), while A.SW mice have a normal complement
of NK1.1 T cells and are more prone to generate Th2 CD4+T cell responses (IL-4, IL-10
producing, T cells). Immunizing SJL/J mice with MOG in the presence of complete Freud's
adjuvant (CFA; the oil and water immersion of killed mycobacterium tuberculosis) leads to a
relapsing remitting form of EAE. By contrast, immunizing A.SW mice with the same protocol
leads to a primary progressive forms of EAE. Addition of pertussis toxin (PT) treatment to the
immunization protocol failed to alter the long term disease progression observed in the SJL/J
mice, but did convert clinical disease from a primary progressive to a secondary progressive
form in A.SW mice.

Histologically, the identical causative agents induced very different pathologies in the two
mouse strains [61]. In SJL/J mice, T cell infiltration was accompanied by only mild
demyelination. In the A.SW mice, neutrophil infiltration with only limited T cell infiltration
occurred yet large areas of demyelination developed. In immunized A.SW mice without PT
treatment, immunoglobin deposition was detected in the CNS and high titers of MOG
antibodies were detected in the serum.

14. Adjuvants, cytokines and the subsequent consequences of astrocyte
activation

In the animal models just described, astrogliosis is prominent as judged by global increases in
GFAP expression and changes in astrocyte morphology. Largely due to its co-incidence with
destructive autoimmunity, the observed astrogliosis is usually assumed to contribute to the
inflammation associated neurotoxicity. Consistent with this assumption, reactive astrocytes in
vitro do produce neurotoxic molecules such as NO, reactive oxygen species and TNFa. Bethea
and colleagues have also shown that inhibiting NF-κB expression in astrocytes was sufficient
to promote increased neuronal survival following mechanical injury [12]. Furthermore,
activated myelin-specific T cells reduce astrocytic expression of GLAST, one of the two
primary glutamate transporters used by astrocytes to buffer and protect CNS neurons from
exposure to high glutamate levels [62]. Thus, activated T cells can decrease neuronal viability
by inhibiting primary neuroprotective astrocyte functions.

In contrast, many pro-inflammatory mediators produced by both T cells and microglia promote
neuroprotective astrocyte responses. Specifically, inflammation associated prostaglandin
production is demonstrated to be directly as neurotoxic in in vitro assays. However, in the EAE
models just described, activated microglia apparently limit T cell proliferation and APC
function of infiltrating immune cells via production of high levels of prostaglandins [63,64].
In addition, the high levels of prostaglandins produced by microglia stimulates increased
astrocytic uptake of glutamate thus increased neuroprotection [65]. Similarly, intracerebral
injection of LPS leads to a rapid activation of microglia, macrophage infiltration into the CNS,
and robust induction of TNFα, NO, and MIP-2. However, we find that it also induces rapid
and sustained induction of ceruloplasmin and TLR3 by astrocytes (Fig. 2). Bsibsi et al. find
that in contrast to TLR3 induced responses in macrophages, TRL3 induces astrocytic
expression of anti-inflammatory cytokines including interleukin-9 (IL-9), IL-10, and IL-11 and
the promotion of neuronal survival in organotypic slice assays [66]. Ceruloplasmin is a copper
binding protein and thus buffers the metal co-factor required for several dismutase enzymes.
Thus, it is likely that increased production by astrocytes during inflammation serves to limit
production of free radicals implicated in neurotoxicity.
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15. Summary
Inflammation is a complex mixture of neurotoxic and neuroprotective responses. Some
putatively neurotoxic responses such as prostaglandin production also serve to limit and
terminate ongoing pro-inflammatory T cell responses. The gliotic reactions of both microglia
and astrocyte are thus complex mixtures of pro- and anti-inflammatory responses aimed at
defending neuronal function from pathogens, while simultaneously promoting neurorepair and
termination of these defense reactions. For most of us, for most of our lives, these opposing
responses remain in sufficient balance to maintain CNS function. However, age as well as
neurodegenerative disorders such as Alzheimer's disease lead to alterations in the basal levels
of microglial and astrocyte activation. In part these alterations are inherent to the glia, but they
may also in part reflect changes in neuronal health (for example, neuronal expression of CD22,
CD200, fractalkine [3]). As yet it is difficult to predict how these alterations will alter glial
based regulation of auto-reactive T cell responses and potentially lead to a decreased propensity
to elicit neuroprotective T cell responses.
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Fig. 1.
Flow cytometric analysis of microglia and macrophages isolated from LPS injected murine
CNS. (A) Microglia (MG) are defined as FcR+, CD45 low cells, macrophages (MP) are defined
as FcR+, CD45 high cells. (B) depicts the side scatter (SSC-H, SSC-W) of just the microglia
defined in (A). (C) Depicts the side scatter (SSC-H, SSC-W) of just the macrophages defined
in (A). (D) Depicts the forward scatter (FSC-H, FSC-W) of just the microglia defined in (A).
(E) depicts the forward scatter (FSC-H, FSC-W) of just the macrophages defined in (A).
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Fig. 2.
Induction of ceruloplasmin in the corpus callosum by intracerebral injection of LPS. Brain
sections depict ceruloplasmin expression in healthy adult mouse brain (A) and 24 h following
LPS injection (B). Ceruloplasmin expression is visualized by 33P labeled riboprobes (dark
emulsion grains), cell nuclei are visualized by hematoxylin (blue) and areas of inflammation
are visualized by increased labeling of microglia, macrophages and blood vessels with tomato
lectin (in brown).
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