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Preface

Up until approximately 20 years ago, the idea that the central nervous system 
(CNS) and components of the immune system were dynamically interactive was 
considered impossible (or at least highly unlikely) as the CNS was judged an 
immunosuppressive environment based upon experimental evidence highlighting 
the survival of tissue grafts within the brain. Additional evidence supporting this 
viewpoint included (i) the presence of the blood–brain barrier (BBB) which pro-
vides a physical and physiological obstruction that is difficult for cells and macro-
molecules to cross, (ii) the relative absence of MHC class I and II expression on 
CNS cells like astrocytes and neurons, and (iii) lack of abundant antigen presenting 
cells (APC) which are required for the generation of an adaptive immune response. 
However, in spite of these obstacles, it is now well-accepted that the CNS is rou-
tinely subject to immune surveillance under both normal as well as diseased condi-
tions. Indeed, activated cells of the immune system such as T and B lymphocytes 
and monocyte/macrophages readily infiltrate and accumulate within the CNS fol-
lowing microbial infection, injury, or upon development of autoimmune responses 
directed toward resident antigens of the CNS.

The importance of studying events surrounding the initiation and maintenance 
of neuroinflammation is now recognized by scientists and clinicians alike as critical 
not only in characterizing the complex mechanisms associated with host defense 
following infection but also in contributing to neurologic disease. Much of our 
understanding of neuroinflammation has been derived from numerous animal stud-
ies of neurologic disease including autoimmune models of demyelination such as 
experimental autoimmune encephalomyelitis (EAE) and transgenic mice, microbial 
e.g. virus and bacteria infections, spinal cord injuries in mice and rats, and mouse 
models of Alzheimer’s to highlight just a few. Moreover, the underlying molecular 
and cellular mechanisms governing inflammation are just now being understood 
and the importance of chemokines and chemokine receptors in recruiting targeted 
populations of leukocytes into the CNS is now appreciated. In addition, resident 
cells of the CNS e.g. microglia are recognized as important mediators in regulating 
innate defense mechanisms as well as disease.

This volume highlights important advances in our understanding of different 
aspects of neuroinflammation with a concentration on specific areas focusing on 



glial activation, molecular signals regulating inflammation and neurotoxicity, 
immune responses concentrating within the CNS, and the emergence of transgenic 
models of neurologic disease. It was the goal of the editors to provide timely and 
insightful comments on these particular aspects of neuroinflammation and disease 
while recognizing that it was impossible to adequately address other equally 
 important and relevant aspects of neuroinflammation not covered but certainly 
deserving of attention. In addition, the editors feel this text will be useful for 
researchers,  clinicians, as well as a valuable resource for students interested in the 
fascinating arena of neuroinflammation.

Thomas E. Lane
Irvine, CA
May 2006
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Microglia: A CNS-Specific 
Tissue Macrophage

Shweta S. Puntambekar, Jonathan M. Doose, and Monica J. Carson

1 Introduction

The central nervous system (CNS) is a complex integrated organ comprised of:

1. Neurons (10% of total number of CNS cells and 50% of total cell mass).
2. Glia (90% of the total cell number but only 50% of the total mass of the CNS) 

(Simons and Trajkovic, 2006; Verkhratsky and Toescu, 2006; He and Sun, 2007).

Glia can be further divided into macroglia (oligodendrocytes and astrocytes) which 
are of neuroectodermal origin and microglia which are of mesenchymal origin. 
While neurons and macroglia are endogenous cells of the CNS, microglia and/or 
their progenitors appear to invade CNS tissue very early during embryonic develop-
ment (Carson and Sutcliffe, 1999; Carson et al., 2004, 2006).

The primary function of all glia is to maintain the optimal operation of the CNS 
information circuit (the neuronal network). This involves: active regulation of the 
network’s operations, ongoing maintenance to deal with normal wear and tear as 
well as active defense and repair following injury or pathogen attack (Carson and 
Sutcliffe, 1999; Carson et al., 2004, 2006). Neurons, macroglia and microglia all 
coordinately and dynamically participate in these processes. All of these cells also 
interact with CNS-infiltrating immune cells as part of their regulation of inflamma-
tory responses in the CNS. Until recently, the importance of microglia in homeo-
static CNS function was not fully recognized.

In this chapter, we will explore the experimental basis of the many suggested ben-
eficial versus detrimental functions of microglia in both the healthy and injured/
diseased CNS. We will also explore to what extent aberrant microglial function is due 
to primary microglial dysfunction versus primary dysfunctions in neurons and glia.

2 What are Microglia?

Microglia express most common macrophage markers and are often referred to as the 
tissue macrophage of the brain. In the healthy brain, microglia have a stellate mor-
phology and are found in all areas of the brain and spinal cord (Fig. 1.1). As commonly
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2 S.S. Puntambekar et al.

used in the literature, the term microglia has been applied to at least three different 
types of myeloid cells: parenchymal microglia, perivascular microglia and acutely 
blood-derived inflammatory macrophages that display a stellate morphology within 
the CNS. In this chapter, we will operationally define microglia as parenchymal 
cells that are largely from either a self-renewing population or only rarely replen-
ished from adult bone marrow derived cells. Perivascular cells and myeloid cells 
which are acutely derived from the blood and which have the demonstrated poten-
tial to emigrate from the CNS shortly after entry (period of days to weeks), we will 
refer to as perivascular macrophages and CNS-infiltrating macrophages.

As yet there are no reagents able to distinguish acutely infiltrating macrophages 
from CNS-resident microglia in histological preparations. However, parenchymal 
microglia are unique in the adult in that they continue to express the very low levels 
of CD45 normally expressed during embryonic development of the hematopoetic 
system (Sedgwick et al., 1991; Ford et al., 1995; Carson et al., 1998). In the adult, all 
other nucleated differentiated macrophages and immune cells express high levels of 
CD45. While this is a useful biomarker to purify and separate CNS-resident microglia 
from CNS-infiltrating macrophages, it also indicates that these two populations have 
distinct functions. CD45 is an inhibitory receptor for CD22 (Mott et al., 2004; Han et al., 
2005). While this CD45 ligand was long recognized as being expressed by B cells, 
Tan and colleagues have recently demonstrated than CNS neurons secrete a soluble 
form of CD22 from axonal terminals (Mott et al., 2004). Functionally, these authors 
also found that this was the mechanism by which neurons in culture were able to 
inhibit LPS-induced TNF-alpha production by microglia. Interestingly, the differential
expression between microglia and macrophages suggests that CNS neurons may be 
more effective at inhibiting the functions of macrophages than those of microglia!

Fig. 1.1 A typical parenchymal microglia extending processes to all elements of its environment. 
Microglia and blood vessels are visualized in brown using tomato lectin. Nuclei are visualized in 
blue using hematoxylin (See Color Plates).
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To date, most research on microglial function has focused on their roles during 
injury, pathogen infection or chronic neurodegeneration (Bechmann et al., 2001, 
2005). In part, this focus is a consequence of the dramatic and rapid changes in 
microglial morphology and gene expression observed immediately following CNS 
injury or infection. Conversely, microglia in the healthy CNS have often been pre-
sumed to be quiescent and largely inactive. However, important non-defense ori-
ented functions of microglia are suggested by the human disease referred to as 
Nasu–Hakola disease (Paloneva et al., 2000, 2001; Cella et al., 2003).

Nasu–Hakola disease is a genetic disorder leading to bone spurs, early onset 
cognitive dementia in the 1920s and death in the late 1930s. Positional cloning 
identified mutations in the TREM-2 pathway as the genetic cause of the disease 
(Paloneva et al., 2000, 2001; Cella et al., 2003). A primary neuronal defect was 
long speculated to be the cause of this neurological disorder due to the early onset 
of cognitive symptoms. However, we found that in the murine CNS TREM-2 RNA 
could only be detected in microglia (Schmid et al., 2002)! These data, in conjunc-
tion with similar findings from other groups illustrate that a primary disease of 
microglia has the potential to lead to a disease with primary psychological manifes-
tations (not just primary inflammatory or autoimmune manifestations!) (Bouchon 
et al., 2001; Schmid et al., 2002; Daws et al., 2003; Melchior et al., 2006). As yet, 
it is unclear what functions are dysregulated in microglia with a dysfunctional 
TREM-2 pathway or how microglial dysfunction would lead to cognitive dementia 
after two decades of life.

3 What Do Microglia Do in the Normal CNS?

Recently, a variety of relatively non-invasive techniques, have been used to explore 
microglial function in the healthy CNS and to quantify changes in cellular activity 
upon acute injury(Davalos et al., 2005; Nimmerjahn et al., 2005). Using two-photon 
imaging of fluorescently labeled cells, Nimmerhan et al (2005) and Davalos et al. 
(2005) have monitored the extension and motility of microglia and their processes 
before and after introduction of a focal injury. In the healthy CNS, microglial cells 
had small, rod shaped cell bodies with many thin and highly ramified processes sym-
metrical extending from the cell body. Using time-lapse imaging, they observed that 
while microglial cell bodies remained relatively fixed, their processes were remark-
ably motile. The processes underwent continuous cycles of de novo formation and 
withdrawal, apparently surveying all elements of the CNS every 6 h!

As part of this analysis, the authors also noted that not all microglial processes 
were highly motile(Nimmerjahn et al., 2005). A subset of microglial processes pro-
vided a stable scaffold, perhaps anchoring the microglia in place. These data suggest 
that the branching of microglial processes may not be random and may serve to 
integrate homeostatic signals throughout the entire CNS. It is tempting to speculate 
that this may be a mechanism by which microglia help modulate the extensive 
network of neuronal synapses and functional plasticity of the healthy CNS.
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Microglia are the resident immunocompetent cell of the CNS are provide the first 
line of defense in response to pathogens and neuronal injury. As such they can produce 
a wide variety of cytokines, proteases, reactive oxygen species as well regulate CNS-
infiltrating T cells in an antigen-specific manner. Nimmerhan et al proposed that the 
constant microglial surveying of the brain is a necessary consequence of their defense 
functions (Nimmerjahn et al., 2005). Using a targeted disruption of the blood brain 
barrier (BBB), the authors demonstrated that microglial responses to injury were rapid 
(within minutes), spatially directed to the focal injury and not dependent on the pres-
ence of pathogenic molecules. Astrocytes are also an important neuronal support cell, 
playing a key role in CNS immune responses as well as in glutamate uptake in 
response to neuronal activity(Parpura et al., 2004; Volterra and Steinhauser, 2004). 
Somewhat surprisingly, these authors found that the basal motility of microglial 
processes was much higher than those of astrocytes (Nimmerjahn et al., 2005). In 
addition, while microglial processes rapidly extended toward an acute focal injury, 
astrocytic processes did not. These data provide a dramatic demonstration of the cell-
type specific support provided by microglia and astrocytes.

4 What are Microglia Monitoring in the CNS?

Microglia are known to recognize pathogens using evolutionarily conserved 
pathogen recognition receptors, such as the Toll-like receptors (TLRs) (Lee and 
Lee, 2002; Schiller et al., 2006). However, the obvious question is how do micro-
glia recognize changes in CNS function and neuronal health? And can they 
directly detect neuronal activity? Over 10 years ago, Neumann and colleagues 
demonstrated that blocking neuronal activity in slice cultures with the sodium 
channel blocker tetrodotoxin resulted in rapid microglial activation (Neumann 
et al., 1996, 1998). More recently, Nimmerjhan et al reported that application of 
the GABA receptor blocker bicucullin (resulting in an upregulation the neuronal 
activity) dramatically increased the region being sampled by microglia in the 
otherwise uninjured CNS (Nimmerjahn et al., 2005). How directly microglia 
detect neuronal activity is still a subject of debate. However, microglia do express 
inward rectifying potassium channels as well as receptors for many of the CNS 
neurotransmitters (Kettenmann et al., 1990, 1993; Schmidtmayer et al., 1994; 
Chung et al., 1999; Schilling et al., 2000).

Neuman and his colleagues found in their studies that microglia were respond-
ing in part to the neurotrophins being secreted by the neurons in these cultures 
(Neumann et al., 1996, 1998). Since then several neuronally expressed cues have 
been identified, including CD200, fractalkine, polyamines, CCL21 and ATP 
(reviewed in Carson et al., 2006, Melchior et al., 2006). Interestingly, these cues 
can be divided into those that are expressed by healthy neurons and that suppress 
pro-inflammatory microglial responses, and those that are expressed by damaged 
and/or dying neurons. These latter cues by in large augment the pro-inflammatory 
responses of microglia.



A dramatic of demonstration neuronally directed regulation is provided by the 
studies of Cardona et al. examining the function of fractalkine (Cardona et al., 
2006). Fractalkine is a chemokine expressed as a transmembrane glycoprotein. It 
can be proteolytically cleaved from the membrane to generate a soluble fragment 
retaining the ability to bind its receptor (Cook et al., 2001). Within the CNS the 
expression of the fractalkine receptor (CXCCR1) is restricted to Iba1-positive cells 
(microglia and perivascular macrophages). Neurons (NeuN + cells), oligodendro-
cytes (NG2 + cell), and astrocytes (GFAP + cells) do not express CXCCR1 nor is 
the CXCCR1 promoter active in these cells (Cardona et al., 2006).

By comparing microglial responses in Cx3cr1+/− or Cx3cr1−/− mice, Cardona et al. 
were able to demonstrate the dual role of fractalkine to limit microglial responses 
and recruit microglia to the site of injury (Cardona et al., 2006). Systemic injection 
of LPS in mice lacking the fractalkine receptor resulted in a large increase in hip-
pocampal neuronal cell death (Cardona et al., 2006). To prove that this was a conse-
quence of dysregulated microglial function, microglia were isolated from the CNS 
of LPS-treated Cx3cr1+/− and Cx3cr1−/− mice. These cells were than transferred into 
the frontal cortex of wild-type littermates. Transferred wild-type microglia were 
highly motile and trafficked along white matter tracts throughout the wild-type 
recipient CNS. Strikingly, microglia from knockout mice failed to migrate and per-
sisted at the injection site for at least 36 h following injection! Moreover, apoptotic 
neurons were observed at the site of injection only in animals injected with activated 
microglia lacking the fractalkine receptor (Cardona et al., 2006).

Cardona et al. (2006) identified IL-1B as playing a key role in the dysregulated 
responses in KO microglia. Coadministrating an IL1 receptor antagonist at the 
same time as the injection of KO microglia into wild-type mice significantly 
reduced the number of apoptotic neurons. Transfer of these microglia into the CNS 
of IL-1 receptor knock-out mice partially restored migration in Cx3cr1−/− microglia 
and completely prevented the previously observed neuronal apoptosis! Fractalkine 
is known to be a strong microglial chemoattractant. However, the restoration of 
migration suggests that fractalkine also serves to amplify microglial chemoattract-
ant responses to other injury signals that are otherwise blocked by IL-1.

Cardona et al. (2006) further demonstrated that fractalkine regulates more than 
microglial responses to bacterial components such as LPS. They also examined 
microglial responses in the MPTP model of Parkinson’s disease and in the trans-
genic SOD1G93A model of ALS. In both models, neuronal loss was much greater in 
Cx3cr1−/− mice than in Cx3cr1+/− mice.

5  Is it Important to Distinguish Between CNS-Resident 
Microglia and Acutely Infiltrating Macrophages?

Cardona et al. (2006) observed heightened cytokine responses to LPS in both 
peripheral macrophages (peritoneal macrophages) as well as in microglia from 
Cx3cr1+/− mice. Due to the experimental paradigm, they were able to specifically 
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examine the responses of microglia (the CD45low cells) separate from CNS-
infiltrating macrophages (CD45high cells). In many studies, microglia and macro-
phages are grouped together in one population and their differential functions are 
not examined. However, over the last 10 years several studies have illustrated that 
these two populations are both molecularly and functionally distinct.

Initially, CNS-resident microglia have been distinguished from those that 
acutely infiltrate the CNS by their lower expression levels of many of the mole-
cules required to interact with T cells (reviewed in Carson et al., 2006). Specifically, 
microglia tend to express lower levels of MHC and co-stimulatory molecules. As 
early as 1988, Hickey and Kimura (1988) demonstrated that antigen-specific inter-
actions between CNS-microglia and myelin-specific T cell were not required to 
initiate or sustain destructive autoimmune responses during experimentally 
induced autoimmune encephalomyelitis (EAE), a rodent model of multiple scle-
rosis. This and several subsequent studies have definitively demonstrated that 
perivascular macrophages, CNS-infiltrating macrophages and/or dendritic cells 
are by themselves sufficient to trigger the onset and progression of EAE (Greter 
et al., 2005; McMahon et al., 2005). Conversely, antigen-specific interactions 
between CNS-resident microglia and myelin-specific T cells in the absence of 
peripheral antigen-presenting cells were by themselves insufficient trigger and 
sustain EAE. In part, this inability may be due to the failure of microglia to leave 
the CNS parenchyma at the same rates as perivascular macrophages or other CNS-
infiltrating cells (Carson et al., 1999b).

6  Are Microglia Just an Incomplete or Redundant 
Macrophage Population?

From these types of studies, it may be tempting to refer to microglia as partial 
macrophages and to presume that they merely play redundant functions in CNS 
defense. Two studies, one using an EAE model and one using a facial axotomy 
model suggest otherwise.

In the first, Magnus and colleagues demonstrated that a B7 family member, B7 
homologue-1 (also known as PD-L1) is abundantly expressed on the surface of 
CNS-resident microglia (Magnus et al., 2005). Microglial expression of PD-L1 is 
dramatically upregulated during the recovery phase of MOG- and PLP-forms of 
EAE and by direct treatment with IFNg. Several studies have revealed that PD-L1 
acts in a negative feedback loop suppressing T-cell activation by decreasing IFNγ
and IL-2 production and by down-regulating the expression ICOS, a T-cell activa-
tion marker (Magnus et al., 2005). PD-L1 knock-out mice developed more severe 
inflammation in the MOG-induced EAE (Latchman et al., 2004). Thus, while 
microglia may have comparatively weak APC function as compared to dendritic 
cells, their dialogue between peripheral immune cells and microglia through PD-L1 
may not serve to amplify pro-inflammatory T cell responses. Rather, microglia may 
help to modulate local inflammation within the CNS by limiting the severity and 



spread of pro-inflammatory T cell responses. Consistent with this conclusion is the 
observation that CNS-resident microglia produce much higher levels of molecules 
such as prostaglandins and NO that repress antigen-presentation and T cell activa-
tion than infiltrating peripheral immune cells (Carson et al., 1998, 1999a).

Using the facial axotomy model, Byram et al. (2004) have demonstrated an 
essential and non-redundant function of CNS-resident microglia. In this model, the 
facial motoneuron cell body resides within the CNS brainstem, while its axon trans-
verses the skull to innervate the vibrissae in the face. Slicing the axon at the point 
it transverses the skull, causes the axon to withdraw and prevents it from subse-
quently regenerating and finding its natural target. Serpe et al. (1999) had previ-
ously shown that in this model, CD4 + T cells limits the rate of facial motoneuron 
cell death. In the study by Byram et al. (2004), the authors demonstrated that 
peripheral antigen-presenting cells (presumably macrophages and dendritic cells) 
were required to initiate a neuroprotective T cell response. While these cells clearly 
infiltrate the site of the facial motoneuron nucleus (FMN), they could not sustain 
the protective T cell response. CNS-resident cells (presumably microglia) were 
absolutely essential to either evoke or sustain the protective lymphocyte response!

7  Are CNS-Infiltrating Macrophages Always Bad 
for CNS Function?

In both the EAE and facial axotomy models just discussed, microglia express high 
levels of MCP-1/CCL2 (reviewed in Carson et al., 2006). Indeed, in many models 
of CNS injury and pathogen exposure, microglia are induced to express both MHC 
class II (a perquisite to present antigen to CD4 + T cells) and CCL2 (a potent mac-
rophage chemoattractant). Since macrophages are highly effective producers of free 
radicals AND have demonstrated pro-inflammatory roles in EAE, can this be con-
sidered a beneficial response of microglia designed to maintain optimal CNS func-
tion? Two studies using murine models of amyloid/Alzheimer’s disease (AD) 
pathology suggest that microglial production of CCL2 and thus microglial recruit-
ment of macrophages to the CNS may be an essential mechanism to impede the rate 
of AD pathogenesis (Simard et al., 2006; Khoury et al., 2007).

Microglia and macrophages surround the amyloid plaques in both human AD 
tissue and in rodent models of AD. In the first study, Rivest and colleagues sought 
to identify the relative contribution of CNS-resident versus hematogenously derived 
macrophages in the cells surrounding the plaque (Simard et al., 2006). To this end, 
the authors generated bone marrow chimeric mice, in which the hematogenously 
derived macrophages express green-fluorescent protein (GFP) while CNS-resident 
microglia did not. Not unexpectedly, the authors found that early in the formation 
of amyloid plaques, peripheral macrophages were readily recruited into the CNS. 
Somewhat surprisingly, macrophage recruitment did not continue to increase with 
age and plaque deposition, rather the reverse. The authors subsequently illustrated 
that the peripheral macrophage population was more effective at phagocytosis than 
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the resident cells. From these data, the authors conclude that the late stage failure to 
recruit peripheral macrophages contributes to the progression of AD pathogenesis.

El Khoury et al. (2007) have recently confirmed and extended these studies. In 
this study, the authors studied amyloid responses in mice lacking the CCL2 recep-
tor (ccr2 KO mice). They found that in ccr2 KO mice, fewer peripheral macro-
phages were recruited and that as a consequence amyloid pathogenesis developed 
much more rapidly, deposition within the vascular was much more severe and 
lethality occurred a much earlier ages than in mice expressing normal levels of 
ccr2. Interestingly, heterozygotes for the receptor expressed an intermediate pheno-
type, suggesting that the strength of the recruitment signal is carefully titrated in 
CNS immune responses!

8  Microglial Activation Gone Awry: Effects of Peripheral 
Infection and Aging!

In the AD studies just discussed, if may be that microglia are not effective in main-
taining a sustained recruitment of macrophages. Recently, Cunningham and col-
leagues have presented a reciprocal problem in which peripheral inflammation may 
prime microglia to respond in an overly aggressive fashion to neuronal insults 
(Perry et al., 2002; Cunningham et al., 2005).

For this study, the authors chose to examine the effects of peripheral inflamma-
tion in a mouse model for transmissible spongiform encephalopathy prion disease 
(ME7) (Perry et al., 2002; Cunningham et al., 2005). In this ME7 model, mice are 
injected with symptomatic brain homogenates within the hippocampus and develop 
vacuolation, loss of hippocampal CA1 neurons and extracellular deposition of an 
insoluble protein (PrPSc) (Perry et al., 2002; Cunningham et al., 2005). However in 
contrast to many neurodegenerative models, microglial activation is atypical and 
mostly characterized by an overexpression of the anti-inflammatory cytokine, 
TGF-b (Cunningham et al., 2005).

ME7 mice were subsequently challenged with LPS, by either direct injection 
into the CNS or into the peritoneal cavity. Microglia in control prion brains (ME7 
injected with saline) had a very similar appearance to those receiving prions and 
LPS intracerebrally (Cunningham et al., 2005) but expressed very different patterns 
of cytokine expression. Those challenged with LPS ICV expressed much higher 
levels of IL-1b and inducible nitric-oxide synthase (iNOS) (Cunningham et al., 
2005). In addition, much higher numbers of neutrophils were found in the CNS of 
mice receiving LPS icv. Strikingly, the authors found that LPS injection intraperi-
toneally (ip) exacerbated the levels of IL-1b, COX-2, and TNF. Furthermore, neu-
ronal cell death was doubled in ME7 mice receiving peripheral LPS injection. The 
precise mechanism underlying the observed exacerbation is as yet not fully defined. 
It is likely to be due to multiple mechanisms including vagal nerve stimulation from 
the spleen to the hypothalamus, induced BBB alterations and systemic increases in 
chemokine and cytokine levels.
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9  So What Goes Right and What Goes Wrong 
with Microglial Activation?

Microglia are found in all mammalian brains and spinal cords. Conversely, there are 
no spontaneous animal models in which microglia are severely deficient or absent. 
These two facts suggest an evolutionarily conserved function. However, like all 
myeloid cells, microglia are highly plastic and are able to summate cues from all 
aspects of their environment (Fig. 1.2). Thus, at any point in time, the phenotype of 
an individual microglia is determined as a function of its environmental cues. This 
observation suggests two possible outcomes:

1. Microglial phenotypes are likely to be unstable and highly heterogeneous 
throughout the CNS and throughout the lifespan of the individual as a direct 
consequence of the many different local CNS microenvironments.

2. Dysfunctional microglial responses may be a direct consequence of dysfunc-
tional neurons and macroglia.

Lastly, in contrast to most peripheral macrophage populations, CNS-resident 
microglia are relatively long-lived. Thus their dysfunction may have more long-
lasting consequences than for other peripheral macrophage populations. Recently 
Sierra et al. have demonstrated that with age, microglial pro-inflammatory 
responses do become more robust (Sierra et al., 2007). As yet it remains unex-
plored if this is a primary dysfunction of the aged microglia or a consequence of 
the aging neuronal and macroglial population providing inappropriate regulatory 
cures! In the end, it is apparent that for most of us, for most of our lives, micro-
glial activation is either a benign or a beneficial event. However, for therapeutic 
intervention, it is important to discern whether the dysfunction apparent in many 
chronic neurodegenerative diseases is due to inherent deficits in microglia or 
whether inappropriate microglial activation is a consequence of a dysfunctional 
CNS microenvironment!

Fig. 1.2 Microglial phenotype and function are not stable and are determined by their interactions 
with their environment.
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Mechanisms of Microglial Activation 
by Amyloid Precursor Protein 
and its Proteolytic Fragments

S.A. Austin and C.K. Combs

1  Reactive Microglia are a Characteristic Histopathology 
of Alzheimer’s Disease Brains

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease (Selkoe, 
2005). Histologically, it is characterized by the deposition of extracellular senile 
plaques composed primarily of beta amyloid (Aβ) peptides and intracellular inclu-
sions, termed neurofibrillary tangles, made up of primarily hyperphosphorylated 
tau protein (Braak and Braak, 1997a, b; Grundke-Iqbal et al., 1986; Selkoe, 2001). 
In addition, AD brains demonstrate significant neuron loss and abundant gliosis 
(McGeer et al., 1986). The mechanisms by which these pathology occur, however, 
is debatable. It has been hypothesized that inflammatory events contribute to both 
the histological and behavioral progression of disease (Akiyama et al., 2000). The 
histological data demonstrating gliotic changes in AD brains as compared to age-
matched controls certainly supports the notion that microglia, in particular, may 
mediate the changes that are observed. Reactive microglia with swollen bodies and 
shortened, thickened processes are histologically identified in close association 
with the fibrillar or congophilic plaques in the AD brain (Itagaki et al., 1989; 
Miyazono et al., 1991). Although the percentage of microglia associated with fibril-
lar plaques is greater, they are also localized, in a more ramified phenotype, with 
the diffuse plaques (Itagaki et al., 1989; Mattiace et al., 1990; Sasaki et al., 1997). 
These data suggest that microglia develop a specific reactive phenotype in associa-
tion with plaques as Aβ undergoes a transition from a nonfibrillar to fibrillar, con-
gophilic conformation (Sheng et al., 1997). In fact, some studies suggest that 
microglia are involved in the earliest stages of plaque deposition perhaps even 
dictating where plaques are depositing in the brain (Griffin et al., 1995; Sheng 
et al., 1995, 1998). Moreover, AD brains have increased protein levels of several 
proinflammatory mediators commonly associated with reactive microgliosis, 
including cytokines: interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α,
activated complement components, and cyclooxygenase (COX)-2 when compared 
to controls (Akiyama et al., 2000; Dickson et al., 1993; Eikelenboom et al., 1989; 
Luterman et al., 2000; Mrak and Griffin, 2000; O’Banion et al., 1997; Strauss et al., 
1992; Xiang et al., 2006;). Strikingly similar observations have been made while 
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examining transgenic mouse models of disease over the last decade. The majority 
of the mouse models that have been created over-express human mutant forms of 
the amyloid precursor protein (APP) and/or mutant forms of the proteins responsible 
for gamma secretase cleavage of APP, presenilin (PS) 1 and PS2. These animal models 
have consistently demonstrated that reactive microgliosis occurs in association with 
fibrillar plaque formation as detected histologically with multiple immuno-markers 
(Morgan et al., 2005). Collectively, a voluminous body of data strengthens the propo-
sition that APP and its proteolytic fragments are involved in not just plaque deposition 
but also the reactive microgliosis observed in AD brains.

2  Amyloid Precursor Protein and its Relationship 
to Alzheimer’s Disease

APP is a ubiquitously expressed type I transmembrane protein that structurally 
resembles a cell surface receptor (Kang et al., 1987). The x-ray and crystal structure 
of the extracellular domain suggests that the protein can homodimerize in a cis (on 
the same cell surface) or trans (opposing cell surfaces) fashion (Rossjohn et al., 
1999; Wang and Ha, 2004). Indeed, multimerization of APP occurs in neuronal cell 
lines basally (Scheuermann et al., 2001) and following ligand dependent stimula-
tion (Lu et al., 2003). Furthermore, cross-linking APP with antibodies against the 
extracellular domain stimulates changes in intracellular signaling in vitro reminis-
cent of ligand dependent-receptor activation (Hashimoto et al., 2003; Okamoto 
et al., 1995). APP binds to extracellular matrix components including collagen 
(Beher et al., 1996) and laminin (Kibbey et al., 1993) as well as proteoglycans 
(Williamson et al., 1995) suggesting a role in mediating cell adhesion. A role as an 
adhesion receptor is further supported by the fact that APP levels increase on the 
neurite surface of differentiating neurons (Hung et al., 1992) and localize to points 
of focal adhesion in cell culture (Sabo et al., 2001). The short cytoplasmic tail contains
a Y(682)ENPTY(687) (695 numbering) motif commonly employed by cell surface 
receptors as a docking site for SH2 and PTB domain containing proteins. Not sur-
prisingly, several adaptor proteins including FE65, X11, JIP-1b and Shc have 
reported associations with this domain in a variety of different paradigms further 
supporting its role as a cell surface receptor (Borg et al., 1996; Bressler et al., 1996; 
Matsuda et al., 2001; Tarr et al., 2002).

As already mentioned, clinical interest in APP derives from the fact that its pro-
teolytic processing leads to generation of the Aβ peptides that accumulate as extra-
cellular plaques in AD brains (Masters et al., 1985). Moreover, a variety of APP 
missense mutations have been identified which result in a rare, autosomal dominant 
form of AD (Cai et al., 1993; Chartier-Harlin et al., 1991; Hendriks et al., 1992; 
Mullan et al., 1992; Murrell et al., 1991). The best characterized consequence of 
these mutations is an alteration in proteolytic processing of APP leading to elevated 
secretion of the longer Aβ peptide, amino acids 1–42 (Citron et al., 1992, 1994; 
Scheuner et al., 1996; Suzuki et al., 1994;). This peptide forms the fibrillar core of 
the amyloid plaques in AD brains (Jarrett et al., 1993). Additionally, the fibrillar 
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peptide is potently toxic to neurons in a variety of paradigms (Lorenzo and Yankner, 
1996; Pike et al., 1993). These collective data led to the formulation of the amyloid 
cascade hypothesis which proposed that fibrillization of the amyloid peptide is a 
key event in the pathophysiology of disease and critically important in the death of 
neurons leading to dementia (Hardy and Higgins, 1992).

3 Fibrillar Ab is an Activating Stimulus for Microglia

Because Aβ peptide forms the fibrillar core of the senile plaques in both sporadic and 
autosomal dominant disease, it has been hypothesized that fibrillar plaque deposition 
represents a mechanistically critical process in disease progression (Hardy and 
Higgins, 1992; Jarrett et al., 1993). As already mentioned the fibrillar peptides exhibit 
a direct toxic action on neurons and the biology of this process, although certainly of 
relevance to AD, is outside of the scope of this discussion. On the other hand, the 
close association of reactive microglia with amyloid plaques as they transition from 
diffuse to fibrillar dense core (mature) plaques has suggested that fibrils are direct 
stimuli for activating microglia. Indeed, a large body of data exists demonstrating that 
fibrillar peptides stimulate microglia to acquire a reactive, neurotoxic phenotype.

Since peptide stimulation often requires interaction with a cell surface protein, 
many groups have worked to identify putative Aβ “receptors” on cells within the 
nervous system. Aβ has been shown capable of interacting with a truly diverse set 
of cell surface proteins including parent APP (Lorenzo et al., 2000; Van Nostrand 
et al., 2002; Wagner et al., 2000) the receptor for advanced glycation end products 
(RAGE) (Yan et al., 1996), scavenger receptor A (El Khoury et al., 1996), CD36 
(Coraci et al., 2002; Moore et al., 2002), CD47 (Koenigsknecht and Landreth, 2004), 
β1 integrins (Koenigsknecht and Landreth, 2004), glypican (Schulz et al., 1998), 
N-Methyl-d-Aspartate (NMDA) receptors (Bi et al., 2002), α-7 nicotinic acetylcholine
receptors (Wang et al., 2000), serpin-enzyme complex receptor (Boland et al., 1995), 
N-formyl peptide receptor-like (FPRL) 1 (Yazawa et al., 2001), and the insulin 
receptor (Xie et al., 2002a). Importantly, a number of these studies were performed 
using microglia and microglial cell lines offering some insight into the mecha-
nism by which the peptide interact with the cell surface of microglia. These studies 
demonstrate that the Aβ peptide has the potential, particularly in its fibrillar form, to 
interact with a large array of structurally and functionally distinct proteins suggest-
ing that fibril-cell interactions may be somewhat nonspecific.

An additional direction of research has focused not on the cell surface Aβ inter-
action but rather the subsequent intracellular signaling response driving acquisition 
of the reactive phenotype. Although the elucidated pathways have been determined 
from unique cell systems including primary microglial cultures, microglial cell 
lines, and monocytic cell lines, there are common aspects of the response. For 
example, fibrils stimulate a transient increase in activity of a number of tyrosine 
kinases including Fyn, Lyn, Syk, focal adhesion kinase (FAK), and pyruvate kinase 
(PYK) in stimulated THP-1 monocytes and primary rodent microglia (Bamberger 
et al., 2003; Combs et al., 1999, 2001; McDonald et al., 1997, 1998). Subsequent 
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to the increase in tyrosine kinase activities, the cells release calcium from intracellular
stores (Combs et al., 1999) and a number of serine threonine kinases are activated. 
For example, members of the mitogen activated protein (MAP) kinase family, 
extracellular signal regulated kinases (ERKs), c-Jun N-terminal kinase (JNKs), and 
p38 (Combs et al., 2001; Giri et al., 2003; McDonald et al., 1998) protein kinase 
C (PKC) (Combs et al., 1999), and RSK1/2 (McDonald et al., 1998) have all been 
reported to be activated by fibrillar stimulation of monocytes or microglia. 
In addition, subsequent changes suggestive of altered transcription occur after fibril 
stimulation including nuclear factor kappa beta (NFκB) activation, increased c-fos 
levels, and increased phosphorylation of CREB (Combs et al., 2001; McDonald 
et al., 1998).

It is not surprising, then, that fibrillar Aβ stimulation leads to increased secretion 
of several proinflammatory molecules from monocytes and microglia. Fibrils stimu-
late increased protein secretion and/or mRNA levels of several cytokines from human 
monocyte cell lines, microglial cell lines, primary rodent microglia and primary 
human, fetal and adult microglia including TNFα, IL-8, IL-6, MCSF, MIP-1α, IL-1β,
matrix metalloproteases 1, 3, 9, 10, and 12 (Combs et al., 2000, 2001, Floden and 
Combs, 2006; Franciosi et al., 2005; Gasic-Milenkovic et al., 2003; Giri et al., 2003; 
Lue et al., 2001; Twig et al., 2005; Walker et al., 2001, 2006; Yates et al., 2000). 
In addition to cytokine secretion, fibrillar Aβ also stimulates secretion of superoxide 
anion from both human and mouse microglia via increased activity of plasmalemmal 
NADPH oxidase (Bianca et al, 1999; Wilkinson et al., 2006). Fibrillar stimulation 
also increases secretion of glutamate (Floden et al., 2005; Noda et al., 1999) and 
d-serine (Wu et al., 2004) demonstrating that oxidative and excitotoxic species may 
facilitate microglial mediated neuron death.

However, the identity of the neurotoxic agent(s) generated by Aβ fibril stimu-
lated microglia appears to vary between paradigms ranging from excitotoxins, to 
cytokines, to oxidative damage dependent death (Banati et al., 1993, 1999; Combs 
et al., 2001; Floden et al., 2005; Giulian et al., 1995; Ii et al., 1996; Kingham and 
Pocock, 2001; Li et al., 2004; Monsonego et al., 2003; Tan et al., 2000; Xie et al., 
2002b). It is likely that a variety of secreted factors contribute to the eventual loss 
of neurons that occurs either in the culture paradigms or in vivo following Aβ fibril 
stimulation of microglia. It will be important to identify which factors, if any, are 
truly generated by microglia in AD brains to determine the accuracy of in vitro 
modeling of microglial-dependent inflammatory changes during disease.

4 Oligomeric Ab is an Activating Stimulus for Microglia

One of the criticisms of the amyloid cascade hypothesis, as originally proposed, has 
long been a clear lack of correlation between dementia rating and the numbers of 
fibrillar plaques in the brain (Lue et al., 1999; McLean et al., 1999; Morris et al., 
1996). Indeed, it has been suggested that synaptic loss and gliosis precede 
plaque deposition (Martin et al., 1994). A similar observation has been con-



firmed in studies employing mouse hAPP transgenic lines. For example, 
Westerman et al. (2002) observed cognitively normal aged APP

SWE
 mice in spite 

of high concentrations of insoluble Aβ aggregates leading them to suggest a 
soluble Aβ form is responsible for neuronal deficit. An additional study using 
mice overexpressing APP

IND
 and APP

SWE,IND
 demonstrated decreased presynaptic 

marker immunoreactivity and impaired synaptic transmission prior to plaque 
deposition (Hsia et al., 1999). Finally, using APP

IND
 and APP

SWE, IND
 as well as 

APP
WT

 overexpressing cells Mucke et al. (2000) demonstrated that presynaptic 
marker immunoreactivity correlates inversely with levels of Aβ and plaque load 
correlates independently of Aβ levels. Collectively these data suggest that the 
fibrillar, insoluble form of the peptide may not be the most relevant species for 
mediating neuronal death/dysfunction.

Interestingly, recent data suggests that nonfibrillar Aβ conformations may be 
more reliable indices of disease progression. An oligomeric form of Aβ has been 
shown to accumulate in vivo and, more importantly, is elevated in AD brains in 
correlation with degree of behavioral deficit (Lue et al., 1999; McLean et al., 1999). 
The oligomeric form of the peptide can vary from dimers to high molecular weight 
SDS-stable oligomers and also arises in vitro from Aβ secreted into the culture 
media (Gong et al., 2003; Podlisny et al., 1995; Xia et al., 1997). Importantly, much 
like their fibrillar derivatives, the oligomers are neurotoxic, stimulate gliosis, 
produce cognitive dysfunction, and decrease long-term potentiation (LTP) both in 
vitro and in vivo (Chromy et al., 2003; Cleary et al., 2005; Hu et al., 1998; Klyubin 
et al., 2005; Lambert et al., 1998; Roher et al., 1996; Walsh et al., 2002; Wang et al., 
2002). The low molecular weight dimeric/trimeric multimer of Aβ is reportedly 
able to mediate reversible inhibition of LTP generation (Klyubin et al, 2005; Walsh 
et al., 2005), impairment of cognitive dysfunction (Cleary et al., 2005) and microglial-
dependent neuron death (Roher et al., 1996). A similar study using monomeric-
tetrameric preparations demonstrated robust toxic effects on neuronal cell lines using
both Aβ1-40 and Aβ1-42 (Dahlgren et al., 2002). Similarly, higher molecular 
weight multimers have demonstrated direct neurotoxic effects in paradigms 
ranging from rodent hippocampal slice cultures (Chong et al., 2006) to cell 
lines (Chromy et al., 2003; Demuro et al., 2005) to human fetal neuron cultures 
(Deshpande et al., 2006). Not surprisingly, these high molecular weight multimers 
have been observed to directly bind to neurons in both diseased brains and rodent 
hippocampal neuron cultures (Kokubo et al., 2005; Lacor et al., 2004). More 
recently, a dodecamer, Aβ*56, has been specifically characterized to increase in 
vivo in the brains of Tg2576 mice correlatively with the appearance of cognitive 
deficit and induce a reversible spatial memory deficit when microinjected into rat 
brain (Cleary et al., 2005; Lesne et al., 2006). This plethora of new data has 
revised the amyloid cascade hypothesis to now state that AD is initiated by 
neurotoxic stimulation provided by soluble Aβ peptide in its oligomeric rather than 
fibrillar form (Selkoe, 2002). Unfortunately, the mechanism by which oligomers 
stimulate neuron loss and glial activation is still unclear.

There is some data demonstrating that increasing oligomer concentrations 
correlate with microgliosis in vivo in transgenic rodent brains (Gordon et al., 2002; 
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Koistinaho et al., 2002). In agreement with this observation several in vitro studies 
have begun characterizing the ability of nonfibrillar Aβ peptides to stimulate micro-
glia. Although the culture paradigms as well as multimeric state have varied between 
laboratories, a common theme with these studies is that oligomeric stimulation pro-
motes acquisition of a proinflammatory phenotype. As already mentioned, while 
many studies have characterized putative receptors for fibrillar Aβ, it remains 
unclear how the oligomeric peptides interact with microglia. Using purified cultures 
of mouse microglia we have observed increased protein phosphotyrosine levels upon 
stimulation with the low molecular weight dimer/trimer Aβ1-42 oligomers (unpub-
lished observations). This is similar but not identical to the signaling response 
initiated by stimulating microglia with fibrillar peptides (Combs et al., 1999). For 
example, we have not observed any increase in MAP kinase activities upon stimula-
tion with these dimer/trimer oligomers (unpublished observations). There is, how-
ever, still a paucity of data describing the extent of the stimulated signaling response 
in microglia following treatment with not only the low molecular weight dimer/
trimer oligomers but also the larger multimers.

On the other hand, the reactive phenotype produced by oligomer stimulation is 
better characterized. Using rat astrocyte cultures (95–98%astrocytes/2–5% micro-
glia) two different studies demonstrated that the low molecular weight oligomers 
(White et al., 2005) and soluble Aβ (Hu et al., 1998) stimulate proinflammatory 
changes including increased protein and mRNA levels of inducible nitric oxide 
synthase (iNOS) and IL1-β, increased iNOS activity, and increased TNFα secre-
tion. In a similar study Manelli et al. (2006) demonstrated that this mixed glia para-
digm produced neurotoxins when cocultured with coverslips of primary rat cortical 
neurons. Although these data do not prove that the changes in proinflammatory 
protein expression and neurotoxicity are via oligomer-microglia interaction a study 
by Roher et al. (1996) demonstrated that rat mixed hippocampal neuron-glia cul-
tures exhibited toxicity when treated with low molecular weight oligomers (dimer/
trimer) only when microglia were present.

Other studies have used purified cultures of microglia to characterize the effects 
of oligomer stimulation on activation. A recent report showed that Aβ1-42 mono-
mer-24mer preparations stimulate rat microglia cultures to secrete IL-1α and inter-
feron-γ (IFN-γ) (Lindberg et al., 2005). A similar study by Takata et al. (2003) 
showed that rat microglia cultures increase secretion of TNFα, IL-6, and nitric 
oxide upon stimulation with low molecular weight Aβ1-40 oligomers. Even the 
Aβ25-35 fragment in its nonfibrillar form has recently demonstrated the ability to 
activate rat microglia to increase TNFα secretion (Hashioka et al., 2005). Using a 
dimer/trimer preparation of Aβ1-42, we have observed a similar activating response 
using cultures of purified mouse microglia. Oligomer stimulation results in 
increased expression of CD68, increased secretion of IL-6, TNFα, keratinocyte 
chemoattractant chemokine (KC), and decreased secretion of monocyte chemoat-
tractant protein-1 (MCP-1) (Floden and Combs, 2006; unpublished observations). 
Moreover, these low molecular weight species are toxic to neurons only in the 
presence of microglia similar to prior work (Roher et al., 1996; unpublished 
observations). Therefore, although oligomeric peptides have direct effects on 
neuron activity and viability these collected studies above suggest that oligomeric 
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peptides, much like their fibrillar counterpart, may mediate a portion of their 
detrimental effects through microglia activation. It remains to be seen whether different
multimeric states have unique stimulatory abilities for microglia.

5  The N-terminal Secreted Fragment of APP, sAPP, 
is an Activating Stimulus for Microglia

It is now appreciated that additional cleavage products of APP besides the Aβ pep-
tides also mediate distinct, physiologic effects on cells. APP can be processed along 
two distinct, competing pathways to release a large secreted N-terminal portion of 
the protein (sAPP). ADAM 10 and TACE are involved in alpha secretase cleavage of 
APP resulting in generation of a soluble, 612 amino acid, N-terminal fragment 
of APP (sAPPα) which is released into the extracellular space (Esch et al., 1990; 
Haass et al., 1991; Sinha and Lieberburg, 1999; Weidemann et al., 1989). The 
aspartic proteases, BACE1 and BACE2, represent the beta secretase activities 
responsible for generation of sAPPβ required for the proteolytic processing to gen-
erate the Aβ peptides (Bennett et al., 2000; Sinha et al., 1999; Vassar et al., 1999). 
Much like, the fibrillar form of Aβ, sAPP has a host of effects on neurons. For 
example, sAPPα has direct protective effects on cultured neurons in response to 
excitotoxic challenge that is a hundred fold more protective than sAPPβ (Barger 
and Mattson, 1997; Furukawa et al., 1996). This effect involves increased guanylate
cyclase activity and increased NFkB activation as well as decreased NMDA receptor-
mediated calcium influx (Barger and Mattson, 1995, 1996; Furukawa et al., 1996; 
Furukawa and Mattson, 1998). In addition, sAPPα has a demonstrated ability to 
stimulate increased neurite outgrowth in neuronal cells via a tyrosine kinase 
stimulated signaling response (Jin et al., 1994; Mook-Jung and Saitoh, 1997).

Almost paradoxically, sAPPα also has a demonstrated ability to robustly stimu-
late microglial activation. Although the signaling pathway is not completely deter-
mined, is has been demonstrated that sAPPα stimulation of microglia involves 
increased MAP kinase activities. Specifically, treatment of rat microglia with 
sAPPα leads to increased levels of active ERKs, p38 kinase, and JNKs (Bodles and 
Barger, 2005). In addition, sAPPα or sAPPβ stimulation of primary microglia as 
well as the N9 microglia cell line increases NFκB activity (Barger and Harmon, 
1997). As might be expected, these changes lead to increased expression or activity 
of a host of proinflammatory products including iNOS and IL-1β, and reactive 
oxygen species (Barger and Harmon, 1997; Barger et al., 2000; Bodles and Barger, 
2005; Li et al., 2000). Importantly, the production of proinflammatory proteins is 
dependent upon activity of JNK and p38 kinases and not ERKs since specific 
inhibitors of JNK and p38 MAP kinases but not ERKs attenuate the sAPPα-induced
increase in iNOS protein levels and activity (Bodles and Barger, 2005). Besides 
cytokine secretion, sAPPα also stimulates microglia to secrete glutamate via the 
cystine-glutamate antiporter (Barger and Basile, 2001; Ikezu et al., 2003).

Based upon the identity of the secretory products described above, it is not sur-
prising that the secretions from sAPPα or sAPPβ stimulated microglia are toxic to 
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rodent neuron cultures (Barger and Basile, 2001; Barger and Harmon, 1997; Ikezu 
et al., 2003). The toxicity can be prevented by a superoxide dismutase (SOD) 
mimetic, MnTBP, specific inhibitors of neuronal nitric oxide synthase (nNOS), 
specific inhibitors of iNOS, and the NMDA receptor antagonist, MK-801 (Barger 
and Basile, 2001; Ikezu et al., 2003). Taken together, these data suggest that sAPP-
stimulated microglia induce neuron death via combined oxidative and excitotoxic 
mechanisms. Therefore, although alpha secretase cleaved APP, sAPPα, is a dem-
onstrated neurotrophic factor, it can also drive microglia to acquire a reactive, neu-
rotoxic phenotype. It remains to be seen which of these opposing actions will 
dominate the in vivo function of sAPP.

6  Full Length APP can Act as a Proinflammatory Receptor 
on Microglia

We have thus far reviewed the accumulating data describing the ability of APP prote-
olytic fragments to stimulate microglial activation. Far less information is available 
regarding the function of full length APP in microglia. This is somewhat surprising 
since microglia serve as the second major producer of Aβ peptides behind neurons 
(Banati et al., 1993). It is relevant to discuss microglial APP in the context of this dis-
cussion since work by ourselves as well as others has suggested that is behaves as a 
proinflammatory receptor on monocytes and microglia. It has been known for some 
time that APP mRNA can be found within microglia of human brains (Schmechel et 
al., 1988). However, it has also been reported that plaque associated microglia in the 
AD brain have no detectable APP mRNA (Scott et al., 1993). The more definitive 
assessment of protein, however, has confirmed that microglia not only express APP 
but also upregulate protein levels in response to particular stimuli. In vitro cultures of 
purified rat microglia have verified they can express all isoforms of APP (Haass et al., 
1991; LeBlanc et al., 1991). However, basal APP levels are low compared to neurons 
and very little of the protein is localized to the plasmalemma (Haass et al., 1991; 
LeBlanc et al., 1991). Not surprisingly, then, in vitro rat microglia studies have dem-
onstrated that very little to no Aβ peptide or sAPP is generated by microglia (Haass 
et al., 1991; LeBlanc et al., 1991). These data suggest that the holoprotein may func-
tion differently in microglia compared to neurons.

However, other in vitro studies have demonstrated that APP protein levels are 
readily upregulated in microglia upon specific stimulation. For instance, human 
monocytes differentiated to macrophage in vitro increase their APP protein levels 
(Bauer et al., 1991). Microglia cultures stimulated with activating ligands like 
lipopolysaccharide (LPS) or prostaglandin E2 (PGE2) also increase APP, particularly
on the cell surface (Pooler et al., 2004; unpublished observations). Using a mouse 
microglia line, BV-2, Monning et al. (1995) have demonstrated that when microglia 
express cell surface APP they are fully capable of secreting sAPP fragments. More 
importantly, this occurs in response to microglial adhesion to extracellular sub-
strates like fibronectin and poly-l-lysine (Monning et al., 1995).
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Perhaps the most compelling microglial APP data is derived from a series of in 
vivo studies demonstrating that APP immunoreactivity increases acutely and tran-
siently within microglia following a variety of insults. For instance, transection of 
facial or sciatic nerves in rats results in increased microglial APP immunoreactivity 
within 6 h post lesion not only in the affected nucleus but also in areas of afferent 
projection (Banati et al., 1993). Lesion of the entorhinal cortex in rats produced a 
similar, transient profile of increased microglial APP immunoreactivity in the dentate 
gyrus (Banati et al., 1994). However, microglial APP expression is also responsive to 
a broader range of insults beyond axotomy. Both an experimental autoimmune 
encephalomyelitis (EAE) model as well as a transient ischemia model in mice result 
in an elevation of microglial APP immunoreactivity that lasts for several days-weeks 
(Banati et al., 1995a, b). Collectively, these data, together with the observation that 
the structure of APP resembles a cell surface receptor (Kang et al., 1987), suggest that 
APP has a role in regulating acquisition of a reactive phenotype in microglia.

We have begun work in support of this hypothesis by characterizing the signal-
ing response stimulated by plasmalemmal APP in primary mouse microglia and the 
human monocytic cell-line THP-1 (Sondag and Combs, 2004, 2006). Utilizing two 
different stimulation paradigms we have found that APP is associated with a classic 
tyrosine kinase-based proinflammatory signaling response leading to acquisition of 
a reactive phenotype in these cells. By plating these cells onto a type I collagen 
substrate we have modeled β1 integrin-mediated adhesion-dependent activation. In 
addition we have used an antibody, 22C11, against the N-terminus of APP to cross-
link cell surface APP to simulate ligand binding. Both paradigms stimulate 
increased protein phosphotyrosine levels in microglia and THP-1 cells indicative 
of increased tyrosine kinase activity. APP pull-down co-immunoprecipitations 
have shown that the Src family tyrosine kinase, Lyn, and the tyrosine kinase, Syk, 
are recruited to a complex with APP upon substrate adhesion or antibody cross-linking
(Sondag and Combs, 2004). In addition, substrate adhesion but not antibody 
cross-linking recruits APP to a multireceptor signaling complex with β1 integrin 
along with Syk and Lyn (Sondag and Combs, 2004). Subsequent to increased tyrosine
kinase activity, we observed activation of the MAP kinase family following both 
adhesion and antibody cross-linking (Sondag and Combs, 2004, 2006).

Not surprisingly, adhesion-dependent activation of THP-1 cells stimulates an 
increase in protein levels of a plethora of proinflammatory markers including COX-2, 
CD36, iNOS, and IL-1β. However, the more interesting observation is that these 
changes in protein levels were dependent upon expression of APP and the subsequent 
increase in tyrosine and MAP kinase activities induced upon ligand binding (Sondag 
and Combs, 2004). We extended this observation to define the behavior of THP-1 
cells and microglia following antibody cross-linking of APP. As with the adhesion 
studies, the stimulated increase in proinflammatory protein levels was dependent 
upon recruited tyrosine and MAP kinase activities. Moreover, APP cross-linking 
increased cytokine secretion by the THP-1 cells and microglia. Most notably, cross-
linked cells increased secretion of IL-1β and IL-6 in a tyrosine kinase dependent 
manner (Sondag and Combs, 2006). Because antibody-mediated receptor cross-link-
ing is expected to influence endocytic events we also determined whether APP was 



22 S.A. Austin and C.K. Combs

cleaved into Aβ peptides following stimulation. Cross-linking stimulated a selective 
release of Αβ1–42 compared to Aβ1–40 from the monocytes. However, Αβ1–42 
secretion was independent of the increase in tyrosine and MAP kinase activities we 
had observed since inhibition had no effect on stimulated Aβ1–42 secretion. 
Therefore, secretase control of APP metabolism was independent of the tyrosine 
kinase based activation pathway. Our results thus far have suggested that APP has a 
common function in monocytes and microglia that is important in acquisition of a 
reactive phenotype. More importantly, it appears that the protein can act as an inde-
pendent receptor, as in the case of antibody cross-linking, or it can be recruited into 
a multi-receptor signaling complex, as in the case of adhesion dependent activation. 
This novel signaling mechanism by which monocytes and microglia generate Aβ
peptides could be a relevant contribution to plaque pathology in AD and vascular 
amyloidosis. Collectively, these results strengthen existing data that suggest micro-
glial-derived APP can contribute to amyloid production in AD (Bauer et al., 1991).

Although we have demonstrated a rather robust role for APP in monocyte/micro-
glial activation as a single receptor or within a multi-receptor complex, it is not clear 
how APP is involved in activating these cells in vivo. While it is easy to imagine APP 
participating in adhesion-mediated activation of microglia adhering to extracellular 
matrix, it is more difficult to envision how APP can behave as an independent proin-
flammatory receptor. This is largely due the fact that an agonist ligand for the extracel-
lular domain of APP is not yet known. One interesting possibility is that the Aβ peptide 
itself can behave in an autocrine fashion to interact with APP to mediate clustering and 
subsequent signal transduction. Interestingly, Aβ has already been demonstrated to 
bind to the extracellular region of APP (Chung et al., 1999; Lorenzo et al., 2000; 
Shaked et al., 2006; Van Nostrand et al., 2002; Wagner et al., 2000) offering the possi-
bility of a proinflammatory feed-forward pathway in which Aβ-APP interaction leads 
to increased APP-dependent proinflammatory signaling that results in further Aβ pro-
duction. Alternatively, in vitro studies have shown that membrane-bound APP can 
form homodimers leading to the speculation that full-length APP can be its own ligand 
acting in a cis (same cell) or trans (opposing cell) fashion (Lu et al., 2003; Rossjohn et 
al., 1999; Scheuermann et al., 2001; Wang and Ha, 2004). Therefore, although it is 
well accepted that APP processing to Aβ peptide is an important contribution to plaque 
formation in AD (Citron et al., 1992, 1994; Jarrett et al., 1993; Masters et al., 1985; 
Scheuner et al., 1996), it is possible that APP has a multi-faceted role in the progres-
sion of this disease particularly as a proinflammatory receptor on microglia.

In conclusion, although reactive microglia are a histological hallmark in the AD 
brain, their contribution to neuron death and cognitive decline remains unclear. In 
addition, the stimulus for their reactivity is also not defined. A large collection of 
data demonstrates that proinflammatory changes occur in not only AD brains but 
also its animal models. These data offer hope that attenuating microgliosis will 
offer benefit against disease conditions. However, before this can be approached in 
a specific fashion it is important to define not only the source of reactivity but also 
the subtle differences in activation phenotype that surely must exist in vivo. For 
example, there is a well recognized association of a certain reactive microglial phe-
notype with mature, dense core plaques and fibrillar Aβ peptides are activating lig-
ands for microglia. However, as illustrated above, it is also clear that nonfibrillar 
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forms of the peptide as well as the secreted N-terminus and full length APP itself, 
all have the capacity to stimulate microglia to acquire unique, reactive phenotypes. 
It remains to be seen which of these species, if any, has the most significant role in 
promoting microglial activation in AD.

Comparison of Modes of Microglial Actication by APP and its Proteolytic Fragments.
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Pericytes

Martin Krüger and Ingo Bechmann

1 Overview

Pericytes were first described by Rouget in 1873 and since then much has been 
speculated on their nature and role(s). They are located between the inner and outer 
vascular basement membrane of arterioles, capillaries, and venules, and are thus 
part of the vascular wall. In standard hematoxylin-eosin or Nissl-stained sections, 
pericytes are difficult to recognize, but they can be identified under the electron 
microscope and in semithin sections, where the vascular basement membranes are 
visible. Moreover several antibodies demark their unique morphology and there-
fore, allow clear-cut identification at the light microscopic level.

Much of the confusion regarding their origin, function, and phenotype derives 
from the fact that pericytes are often mixed up with adjacent populations of cells 
located within the vascular wall, the perivascular space, or the parenchyma. Moreover, 
they are difficult to study in vivo and therefore, their function is difficult to address. 
Here, we will briefly describe the topography of the vascular, perivascular, and 
juxtavascular compartment, and summarize current concepts of pericyte biology.

2 Definition by Topography and Morphology

In the brain, much of the confusion derives from the complex anatomy of the blood-
brain interface, where three compartments must be distinguished:

● The vascular wall consisting of endothelial and smooth muscle cells
● The perivascular space harboring leptomeningeal cells, macrophages and other 

antigen-presenting cells
● The juxtavascular compartment which is delineated by the glia limitans consist-

ing of endfeet of astrocytes and juxtavascular microglia

The best way to describe pericytes is already given by their name which emphasizes 
that they are wrapped around microvessels. Their long processes are oriented along 
the longitudinal axis of the blood vessel, while smaller radial arms appear to engirdle
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the vascular wall (Zimmermann, 1923; Rhodin, 1968; Rucker et al., 2000). 
Ultrastructural analysis reveals that pericytes are completely covered by the outer-
most basement membrane of the vascular wall and in vitro data suggest that both 
that both endothelial cells and pericytes contribute to its synthesis (Cohen et al., 
1980; Mandarino et al., 1993). In capillaries, the outer membrane fuses with the 
membrane of the glia limitans (“fused gliovascular membrane”), thereby occluding 
the perivascular (Virchow–Robin) space (Fig. 3.1). In histological sections of these 

Fig. 3.1 Left side: Topography of the blood-brain interface: Difference between capillaries 
and venule
Upper panel: By definition, capillaries lack a “media” of smooth muscle cells. The pericyte (green) 
is thus separated from the endothelial cells (beige) by a basement membrane (red) only. The outer 
vascular basement membrane and the one on top of the glia limitans (blue) are fused to a common 
“gliovascular” membrane. Note the intimate contact of the astrocytic endfeet and the pericytes and 
endothelial cells which may underlie certain aspects of blood-brain barrier differentiation. 
Lower panel: Less pronounced barrier function of the endothelium may be explained by the 
 following differences between venules and capillaries: 
Astrocytic endfeet cannot contact the pericytes and the endothelium due to the perivascular space 
and the smooth muscle cells of the “media” (orange); the latter also separates the pericytes from 
the endothelium. 
Pericytes are often mixed up with perivascular cells (pink), a heterogeneous population of 
 leptomeningeal cells, macrophages, and other leukocytes. 
The brain parenchyma proper (neuropil) is delineated by the astrocytic endfeet forming the glia 
limitans (blue). 
It is not clear if all pericytes are located at the outermost portion of the vascular wall (upper green 
cell). Some may engulf the endothelium or be part of the media (lower green cell).
Right side: Pericytes (green) oriented along the longitudinal axis of a capillary. The fused gliovas-
cular membrane is labeled with an antibody to laminin (red). Scale bar: 20 µm. (See Color Plates).
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areas, it is often difficult to distinguish pericytes from adjacent perivascular cells or 
even juxtavascular microglia. Moreover, even if perivascular spaces are evident, 
cells located therein are often addressed as “pericytes.” The underlying anatomical 
misconception and terminological inconsistency often renders it difficult to com-
pare or integrate data from different studies (Bechmann et al., 2007).

By definition, capillaries in contrast to pre- and postcapillary vessels lack a 
“media” consisting of smooth muscle cells. Therefore, pericytes and endothelial 
cells of capillaries are only separated by a basement membrane with an intercellular 
distance of less than 20 nm (Sims, 1986). There is also evidence for direct contact 
zones provided by gap junctions allowing direct signaling and transport of ions and 
small molecules (Cuevas et al., 1984). In non-capillary vessels, pericytes and 
endothelial cells are separated by several layers of muscle cells excluding such 
direct interaction. This may underlie the different roles pericytes appear to have in 
the different parts of the vascular tree.

The density of pericytes differs between the tissues they are situated in. The brain 
exhibits the highest density of all tissues. The ratio between pericytes and endothelial 
cells is 1:3 in the brain, 1:5 in the retina, but only 1:100 in striated muscles. However, 
their density and morphology also differs along the vascular tree. Pericytes of pre-capil-
lary and capillary sections have been reported to be more elongated and slender, while 
those of post-capillary venules are rather stubby with shorter processes. (Shepro and 
Morel, 1993). The varying density has been attributed to different hydrostatic pressure 
(Sims, 2000), but may also be a consequence of other features such as the distance to 
the endothelium and/or the glia limitans. Vice versa, the density of pericytes may impact 
on endothelial tightness and thus, influence its barrier function (Sims, 1986).

3 Phenotype and Origin

3.1 Detection

Unfortunately, the detection of pericytes at the light microscopic level is complex, 
while their clear-cut detection using electron microscopy is time-consuming and 
not applicable for quantitative analysis. Semithin sections provide an alternative, 
but are difficult to combine with immunocytochemistry.

Nevertheless, pericytes do express surface antigens for their identification, albeit 
none of them being specific [CD13, α-smooth muscle actin (SMA), desmin, vimentin, 
NG-2]. These molecules may be induced in neighboring cells by experimental manipu-
lations. Moreover, there are evident differences between pericytes of capillaries and 
larger vessels in regard to their expression of contractile elements. If present, their use 
for identification is inflicted by the simultaneous expression in the media (see below).

An antigen suitable for the detection of pericytes in their environment was 
established by the group of Dermietzel who proved its specificity at the ultrastruc-
tural level and identified the pericytic ectoenzyme aminopeptidase N (pAPN) as 
the recognized antigen (Kunz et al., 1994). This aminopeptidase occurs at day E18 
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of brain angiogenesis (Dermietzel and Krause, 1991) and belongs to the family of 
matrix metalloproteinases which are involved in zinc dependent cleavage of extracellu-
lar matrix molecules as well as non matrix substrates such as growth factors or neu-
ropeptides (Sato, 2004). Interestingly, regions devoid of a tight endothelium also lack 
pAPN expression (Kunz et al., 1994). This was further investigated during experimental 
autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis. During 
neuroinflammation, diminished pAPN expression correlated to increased permeability 
of the blood–brain barrier (BBB) (Kunz et al., 1995). Furthermore, in the process of 
inflammation invasive pAPN positive cells, which were not related to microvessels, 
could be seen in the white matter of the spinal cord. These infiltrating cells were also 
positive for ED-1, a marker of activated rat macrophages (Dijkstra, 1985), and OX-17, 
which is also strongly up-regulated on macrophages and microglia during EAE (Hickey 
et al., 1985). Unfortunately, it is still unclear whether these infiltrates resembled peri-
cytes emigrated from the vascular wall or blood-borne macrophages.

3.2 Members of the Monocytes/Macrophage Family?

Pericytes were repeatedly reported to express markers of the monocyte/macrophage 
lineage such as ED1 or CD11b (Graeber et al., 1989; Balabanov et al., 1996). In vitro, 
Dore-Duffy and colleagues showed that they respond to IFN-γ stimulation with up-
regulation of the major histocompatibility class II antigen (MHC-II) (Dore-Duffy and 
Balabanov, 1998). Their phagocytic potential has been explored using antibody-coated 
zymosan and fluorochrome-conjugated polystyrene beads (Balabanov et al., 1996). 
However, as clear-cut identification is lacking in these studies, it is possible that the 
reported observations relate to perivascular cells which are separated from pericytes 
by a basement membrane only (Fig. 3.1). In fact, perivascular cells have been shown 
to exhibit phagocytosis, to act as antigen-presenting cells, and to be supplemented by 
haematogenous cells (Hickey and Kimura, 1988; Hickey et al., 1992; Bechmann et al., 
2001; Priller et al., 2001, Greter et al., 2005). The latter has also been established for 
pericytes (Kokovay et al., 2005, Ozerdem et al., 2005), but the respective precursor and 
thus the lineage pericytes belong to remain enigmatic. Thus, the question of whether 
pericytes comprise a specialized subtype or immature form of macrophages which can 
be recruited to the neuropil under certain conditions is open.

4 Putative Functions of Pericytes

4.1 Regulation of Homeostasis and BBB Integrity

Originally, astrocytes were thought to maintain and induce BBB properties of 
endothelial cells (Stewart and Wiley, 1981; Arthur et al., 1987). However, several 
groups showed that the development of endothelial tight junctions does not directly 



depend on astrocytes (Jaeger and Blight, 1997; Felts and Smith, 1996). In GFAP-
deficient mice an increased pericyte coverage in the microvasculature was observed 
(Balabanov and Dore-Duffy, 1998) and interpreted as a possible counter-regulation 
for vascular leakage. Indeed, addition of pericytes to co-cultured monolayers of 
endothelial cells caused increased barrier function for hydrophilic molecules and 
enhanced the transendothelial resistance (Dente et al., 2001).

Transforming growth factor (TGF)-β is an established factor inducing vascu-
lar stability as well as vessel maturation. Early studies demonstrated a crucial 
role of pericytes for the activation of this cytokine (Sato and Rifkin, 1989; 
Antonelli-Orlidge et al., 1989). TGF-β and TGF-βR2 knockout mice developed 
defects of the vascular wall which have been attributed to the lack of inhibition 
of endothelial proliferation and migration (Oshima et al., 1996, Li et al., 
1999).

The two angiopoietins Ang-1 and Ang-2 and their receptor, the tyrosine kinase 
Tie-2 also impact on vessel development. Due to complementary phenotypes in 
Ang-1 or Tie-2 deficient and Ang-2 over-expressing mice an antagonistic model 
concerning the effects of these ligands has been suggested (Sato et al., 1995; Suri 
et al., 1996; Maisonpierre et al., 1997). Here, Ang-1 acts as an agonist and Ang-2 
as an antagonist of Tie-2 receptors. During development and in adult tissue the 
endothelium expresses Tie-2 whereas perivascular cells and pericytes are responsi-
ble for the production of Ang-1 (Suri et al., 1996; Davis et al., 1996). The binding 
of Ang-1 to the receptor Tie-2 on the one hand fostered vascular stabilization. This 
was done in platelet derived growth factor (PDGF)-β deficient mice that develop 
microaneurysms and endothelial leakage due to the absence of mural cells. Ang-1 
readily restored the vascular structure and function (Uemura et al., 2002). The 
reduction of BBB leakage via Ang-1 has also been shown in ischemic models 
(Zhang et al., 2002). On the other hand and quite contrary to Ang-1, Ang-2 is 
merely a destabilizing factor which is restricted to endothelial cells in areas of vas-
cular remodeling and binds to Tie-2 without inducing any signal transduction 
(Maisonpierre et al., 1997). Hypoxia also induces Ang-2 without changing the 
expression patterns of Ang-1 (Mandriota and Pepper, 1998). Therefore Ang-2 has 
a rather pro-angiogenic effect whereas Ang-1 and its source, the pericytes, act in a 
stabilizing way.

Pericyte recruitment to sites of angiogenesis is another requirement for proper 
vascular development. This recruitment is driven by PDGF-&betabdot; and the 
corresponding receptor PDGFR-β. PDGFR-β is expressed on pericytes, while its 
ligand is produced by sprouting endothelial cells (Hellstrom et al., 1999; Lindahl 
et al., 1997). Mice lacking PDGF-&betabdot; or its receptor develop identical 
phenotypes. The vessels appear to be depleted of pericyte causing neonatal 
lethality, microvascular leakage and hemorrhage (Soriano, 1994; Leveen et al., 
1994). This is supported by in vitro co-culture studies demonstrating that prolif-
erating endothelial cells produce PDGF-β which acts as a mitogen and chemoat-
tractant for mural precursors (Hirshi et al., 1998, 1999). Thus, the developing 
vasculature remains unstable and immature until pericytes are recruited (Benjamin 
et al., 1998).
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4.2 The Role in Angiogenesis and Neovascularization

A regulatory function of brain pericytes during angiogenesis and neovasculariza-
tion is also evident in models of traumatic brain injury and brain hypoxia, a strong 
simulus for angiogenesis (Dore-Duffy et al., 1999). Pericytes were shown to be the 
first population to respond to brain hypoxia in cats. While endothelial cells and 
astrocytes were not visibly changed, morphologic alterations of pericytes were evi-
dent as soon as 2 h after hypoxia. As an initial step of migration, the abluminal sur-
face of pericytes developed characteristic “spikes” pointing towards the parenchyma. 
Simultaneously, the basement membrane covering the endothelium at the luminal 
side began to thicken (Gonul et al., 2002). Vascular endothelial growth factor 
(VEGF) is produced by pericytes under hypoxic conditions and my drive the onset 
of migration (Yamagishi et al., 1999).

Similar findings have been reported after traumatic brain injury at the ultrastruc-
tural level. Thickened luminal basement membranes and ruffled borders at the 
abluminal side were observed, followed by elongation and the disappearance of the 
basal lamina at the leading edge of migrating cells. Forty percent of the population 
per section were found to be migrating (Dore-Duffy et al., 2000).

Migration normally involves the expression of urokinase plasminogen activator 
(uPA) and its receptor (uPAR) on migrating cells (Washington et al., 1996; Blasi, 
1999). These molecules are expressed at the mRNA level and the protein is found 
on the leading tips of migratory pericytes. Pericytes remaining in position exhibited 
signs of cytoplasmic and nuclear degeneration. Interestingly, pericytic processes 
were reported to interdigitate with synaptic complexes and this observation has 
been interpreted as a sign of synaptic stripping which may protect the neurons from 
excess glutamate levels The dynamic of this event remains to be visualized; an 
alternate explanation for this observation is that de-establishing of synapses is a 
solely neuronal process providing space for the processes of immigrating pericytes 
and other non-neuronal cells. However, the migration of pericytes was confirmed 
by calculating the ratio of pericytes versus endothelial cells, which dropped from 
1:5 to 1:10–12 (Dore-Duffy et al., 2000).

VEGF has also been used to investigate the interaction between pericytes and 
the endothelium. In the chicken chorioallantoic membrane assay the effect of 
VEGF on vessel formation has been studied. In this setting, VEGF induced CD31-
positive angiogenic sprouts to display α-SMA and desmin expressing cells of peri-
cytic phenotype. As CD31 is an established marker for mature and embryonic 
endothelial cells, this may indicate that endothelial cells and pericytes have a com-
mon precursor (Hagedorn et al., 2004). Maybe. All newly formed capillaries were 
covered with pericytes and their number on the vessel could be increased with 
VEGF treatment (Benjamin et al., 1998).

Finally, the role of pericytes in angiogenesis has also become evident by targeting
NG-2. This antigen (high molecular weight melanoma associated antigen 
HMW-MAA, called nerve/glial antigen 2, NG 2) is expressed by immature pericytes.
Blockage by antibodies and depletion of the gene coding for NG-2 abrogated 
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vascular growth in various models of induced angiogenesis (Ruiter et al., 1993; 
Ozerdem and Stallcup, 2003, 2004).

4.3 Pericytes as Regulators of Microvascular Blood Flow?

Since 1873, when Rouget regarded pericytes as contractile elements (Rouget 1874), 
the discussion concerning this ability has never ceased. Pericytes are likely to 
respond to vasoactive molecules such as nitric oxide, prostacyclin, angiotensin II, 
and endothelin-1, because they express respective receptors (Dehouck et al., 1997, 
Chakravarthy and Gardiner, 1999, Healy and Wilk, 1993). However, a prerequisite 
of contraction is the expression of contractile filaments of actin and myosin. 
Cerebral pericytes express both smooth muscle and non-smooth muscle isoforms of 
actin and myosin (Herman and D’Amore, 1985). In embryonic chicken, but not in 
rat and mouse, all pericytes express α-SMA (Hellstrom et al., 1999). In mice, 
pericytes surrounding capillaries with a diameter of less than 10 µm do not show 
α-SMA activity, whereas pericytes of larger vessels like arterioles or post-capillary 
venules are regularly immune positive throughout the brain (Alliott et al., 1999; 
Nehls and Drenckhahn, 1991). This may indicate functional heterogeneity, which 
is also supported by the strikingly different morphologies described above. In fact, 
considering the established interaction between endothelial cells and pericytes, it 
seems trivial to state that the distance from the endothelium, which varies along the 
vascular tree, strongly impacts on the functional state of pericytes.

Blood flow is widely believed to be regulated in precapillary arterioles, but 65% 
of the noradrenergic innervation of CNS blood vessels terminate in vicinity to cap-
illaries (Cohen et al., 1997). A recent study demonstrated that pericytes induce the 
constriction of capillaries induced by ATP and noradrenalin. Glutamate suppressed, 
while GABA fostered this process which could be observed through live-imaging 
of retinal and cerebellar slices obtained from young rats (Peppiatt et al., 2006).

5 Concluding Remarks

Studying pericytes is inflicted by the lack of a specific marker. This is apparent in 
studies addressing their immune function as a closer look often reveals that the cells 
were not unequivocally identified as pericytes. In vitro studies, besides the problem 
of an extremely altered environment also leave open the question whether pure cul-
ture can be established. Nevertheless, several lines of evidence point to a role in 
angiogenesis and control over endothelial growth. It seems also clear that they are 
capable of leaving the vascular wall to infiltrate the neuropil (Dore-Duffy et al., 
2000). Moreover, it has been established that pericytes are constantly replaced by 
haematogenous cells (Kokovay et al., 2005), but the question of a common lineage 
of endothelial cells and pericytes on the one hand, and pericytes and perivascular 
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cells and juxtavascular microglia on the other, remains open. The biggest success 
of the last years may be the formal demonstration of their impact on capillary con-
traction (Peppiatt et al., 2006). Thus, Rouget’s old idea eventually turned out to be 
true, albeit in an unexpected segment of the vascular tree. As we learn to observe 
pericytes on duty, more surprises are to come.
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Imaging Microglia in the Central Nervous 
System: Past, Present and Future

Dimitrios Davalos and Katerina Akassoglou

The development of in vivo imaging technology in mice has been a powerful tool 
to study mechanisms of physiology and pathology in both the nervous and the 
immune systems. Recent studies have revolutionized our understanding on how 
glial cells, T cells and neurons interact with each other and respond to damage in 
the nervous system. This chapter aims to summarize the advances of in vivo imag-
ing as they relate to microglial activation and present the challenges of utilizing this 
technology directly in animal models of neuroimmunologic disease.

1 In vivo Imaging

Imaging approaches have always been implemented by biologists in their efforts to 
describe cellular morphology and structure and analyze cellular functions and inter-
actions. A combination of advances in both microscopy and surgery has allowed the 
in vivo imaging of individual cellular responses as well as complex biological proc-
esses, as they occur in real time and within their natural microenvironment, in both 
health and disease. In particular, the development of two photon-excited fluores-
cence laser scanning microscopy (Denk et al., 1990) that uses low-energy light and 
penetrates deep in the intact living tissue has allowed the high-resolution imaging 
of cells located several hundred microns below the surface of various organs of living
animals, with minimal photobleaching and photodamage (Helmchen and Denk, 
2005; Svoboda and Yasuda, 2006). This has been facilitated tremendously by the 
generation of transgenic animals which express fluorescent proteins by specific cell 
types (Feng et al., 2000; Tsien, 1998), a technology that made the direct observa-
tion of cells in vivo possible in both physiological and pathological settings 
(Germain et al., 2006; Helmchen and Denk, 2005; Misgeld and Kerschensteiner, 
2006; Svoboda and Yasuda, 2006).

Prior to the development of in vivo imaging, studies were performed by either 
standard histopathological techniques or in vitro imaging of individual cultured 
cells or ex vivo preparations of tissues. Histopathological techniques have provided 
a wealth of information on the anatomical and structural features of the nervous 
system and have revealed several aspects of nervous system pathophysiology. 
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However, the analysis of a “snapshot” of a biological event might obscure the 
appreciation and understanding of ongoing cellular processes, responses to envi-
ronmental stimuli and transient cell-cell interactions. In vitro imaging of individual 
cultured cells that allows their manipulation by transfection of exogenous genes 
and the controlled addition of stimulatory agents or inhibitors has elucidated in 
detail both cellular and molecular mechanisms. Studies of cells within their micro-
environment have been conducted in the context of acutely extracted tissue. For 
example, imaging in brain slices has expanded our understanding of dendritic calcium
dynamics and the biochemical signals regulated by neural activity, as well as the 
protein-protein interactions in neuronal micro-compartments such as axons, den-
drites and their spines (Svoboda et al., 1997; Yasuda et al., 2006). However, in 
several cases cell viability and behavior within the brain slices may depend upon 
the preparation and preservation conditions of the tissue in vitro.

2 Imaging of Microglia In vivo

2.1 Microglial Subtypes

Ramon y Cajal was the first who introduced a cellular “third element” besides the 
neurons and neuroglia in the central nervous system (CNS) in 1913. Del Rio–
Hortega (1932) further identified oligodendroglia and microglia within that “third 
element” and discussed their morphological and ontogenic differences for the first 
time (Kaur et al., 2001). Microglia are unique among other cells of the nervous 
system due to (a) their origin, (b) the multiple microglia subtypes present in the 
healthy brain and (c) their differentiation upon injury that is accompanied by dra-
matic changes in both cellular morphology and gene expression.

Regarding their origin, microglia have been the subject of numerous studies by 
many investigators using several experimental systems and animal models, yet they 
remain among the least understood of all the cell types in the mammalian brain. 
Their exact origin and subclassification are matters of active debate, due to the lack 
of microglia-specific markers, their morphological polymorphism and the antigenic 
plasticity of microglial populations (Gonzalez-Scarano and Baltuch, 1999). It is 
currently thought that pial macrophages and peripheral monocytes infiltrate the 
brain during the early developmental stages (Kaur et al., 2001), where they differ-
entiate into a precursor form, the amoeboid microglia.

Besides the amoeboid microglia, there are three additional microglial subtypes. 
The parenchymal or ramified microglia, represent the resting state of the cells and 
are found throughout the healthy CNS. They bear long processes with many 
branches that define each cell’s territory in a non-overlapping manner. The reactive 
microglia, are rounded cells without processes, present around various types of 
traumatic injury. Finally the perivascular microglia are in close association with the 
vasculature, and are believed to be important for communicating with components 
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of the BBB and with peripheral immune cells in the blood circulation (Grossmann 
et al., 2002). Although these are distinct microglial subtypes, it is widely believed 
that they can all arise by interconversion within a common set of cells (Stence 
et al., 2001) depending on the presence of activating signals from the surrounding 
tissue and the severity of the tissue injury. It is well established that following brain 
damage microglia become activated (Gonzalez-Scarano and Baltuch, 1999; 
Kreutzberg, 1996; Raivich et al., 1999; Thomas, 1992). Their activation triggers a 
stereotypical series of both morphological and molecular alterations which are 
believed to be responsible for the functional differences of the emerging microglial 
subtypes (Davis et al., 1994; Petersen and Dailey, 2004; Stence et al., 2001). The acquired 
functions include cell proliferation, migration, phagocytosis and up-regulation of 
typical immunological markers and antigen-presenting cell capabilities (Aloisi, 
2001; Carson, 2002).

2.2  Studies of Microglial Morphology and Activation 
In vitro or Ex vivo

Microglia are involved in pathologies of the brain and the spinal cord, acute as well 
as chronic. They are equipped with a broad spectrum of membrane receptors and 
can release a wide variety of biologically active substances if challenged. Their 
impressive firepower puts them in the front line against a wide range of insults of 
their immune-privileged environment. On the other hand, when their involvement 
fails to produce the desirable results, they can exacerbate a pathological condition and 
accelerate the progression of a disease, doing more harm than good to the already 
weakened CNS. Due to the diversity of their abilities and the controversy about 
their actual contribution to the diseased brain, microglia are an attractive subject for 
a wide range of studies of the brain pathophysiology. At the same time, studies of 
the role of microglia represent a challenge, since they require both analysis at the 
molecular level as well as characterization of the morphological changes that these 
cells undergo in health and disease. These studies have been primarily done in 
dissociated cell cultures or in brain slices.

Dissociated cell culture studies have demonstrated that amoeboid microglia can 
perform highly active movements (Booth and Thomas, 1991; Haapaniemi et al., 
1995; Takeda et al., 1998; Tomita et al., 1996; Ward et al., 1991). In situ, the pre-
sumed sessile (Stoll and Jander, 1999) ramified microglia withdraw all of their 
“resting” processes and become highly motile upon activation, and able to migrate 
toward sites of injury, proliferate and extend new “reactive” processes in order to 
phagocytose dead or injured cells and cellular debris (Czapiga and Colton, 1999; 
Stence et al., 2001). Interestingly, the transformation between the two different 
states is described as a process that is “not immediate”, but instead requires nearly 
complete resorption of existing branches before the cells can exhibit protrusive 
motility and locomotion. Moreover, time-lapse observations of “resting” and 
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“activated” processes showed significant differences in their behavior: Following 
activation, the preexisting ramified branches seemed incapable of extension and 
only underwent a slow retraction, sometimes until their complete withdrawal (in 
< 2 h) (Stence et al., 2001). The function of microglia in organotypic slice cultures 
has been shown to vary significantly with time, animal species and medium con-
tents (Czapiga and Colton, 1999), whereas diverse microglial motility behaviors 
have been described during the clearance of dead cells in hippocampal slices over 
time (Petersen and Dailey, 2004). Since microglia are the brain’s prime responders 
to damage, the method of preparation and conditioning of the brain slice is per-
ceived as injury that inherently activates microglia. Using in vivo imaging to study 
these cells in their intact environment reveals important information about their role 
in the CNS and presents a powerful approach to investigate their interactions with 
the surrounding tissue in the injured or diseased brain.

2.3 Studies of Microglial Activation In vivo

2.3.1 Challenging the Concept of “Resting” Microglia

Microglia display a highly branched morphology in the unperturbed cerebral 
cortex, with each cell soma decorated by long processes with fine termini. For 
decades, this morphological phenotype has been considered completely sessile; 
its functional potential was found limited, compared to the activated type, which 
in the adult was only observed following tissue trauma (Davis et al., 1994; Stoll 
and Jander, 1999; Streit et al., 1988). Based solely on similarities in receptor and 
cytokine expression profiles with phagocytic macrophages, microglia were char-
acterized as “resting” and expected to perform tissue surveillance in the CNS. 
Two recent studies by Davalos et al. and Nimmerjahn et al. have challenged the 
term of “resting” microglia. By combining transcranial two-photon imaging 
(Grutzendler et al., 2002) and CX3CR1GFP/+ mice (Jung et al., 2000) in which 
brain microglia selectively express the enhanced green fluorescent protein 
(EGFP), they showed in real time a physical demonstration of their tissue sur-
veillance function. It is important to emphasize that the use of two-photon 
microscopy is ideal for the study of microglia, since it minimizes photodamage 
to the living tissue which could by itself cause activation of microglia. In these 
studies, ramified microglia demonstrated a highly motile behavior of their 
higher order processes while their main branches and cell bodies remained at 
relatively fixed positions in the tissue (Fig. 4.1). Through cycles of small exten-
sions and retractions of only their finer termini, microglia were able to patrol 
their territory without perturbing the densely packed and mostly stable neuronal 
network (Grutzendler et al., 2002). This thorough scanning of the extracellular 
space of the brain allows microglia to sample the tissue’s integrity on a continu-
ous basis and be in a constant state of readiness to respond to any challenge, 
whenever it should occur.
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2.3.2 Microglial Responses to Localized Trauma In vivo

As mentioned above, studies in brain slices are limited by the fact that the slicing 
procedure can inherently activate microglia, induce their transformation into a mor-
phologically distinct and highly reactive state (Koshinaga et al., 2000; Petersen and 
Dailey, 2004; Stence et al., 2001) and thereby obscure potentially important 
dynamic processes (Davalos et al., 2005). In order to challenge these cells in a more 
localized manner in vivo, both Davalos et al. and Nimmerjahn et al. took advantage 
of the focal properties of the two photon laser and introduced a very confined injury 
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Fig. 4.1 Transcranial two-photon imaging shows rapid dynamics of fine microglial processes. (Top)
Time-lapse imaging of the same microglial branches demonstrates rapid extension and retraction 
of fine microglial processes over seconds. Circles and rounded box indicate four representative 
processes that change in length and shape over time. (Bottom) Length changes of the four processes
marked in (a) as a function of time. Scale bar, 5 µm. Reproduced from Davalos et al. (2005). For 
timelapse imaging of baseline microglial dynamics see Supplementary Video 1 online at: http://
www.nature.com/neuro/journal/v8/n6/suppinfo/nn1472_S1.html.
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in the mouse cortex. They both observed a very rapid response of neighboring 
microglial cells within only minutes of laser-induced injury (Fig. 4.2). The micro-
glial processes moved directly towards the site of injury and appeared to surround 
and contain it while keeping their cell bodies at their original positions. Mechanical 
damage of the brain tissue introduced with a glass electrode through a small crani-
otomy demonstrated the traumatic nature of the laser ablation, while an ablation of 
two sites very close to each other showed that individual microglial processes of 
even the same cell can differentially respond to challenges in their close proximity 
(Davalos et al., 2005). When the laser ablation was performed on a blood vessel in 
the brain, microglia responded again in a very rapid manner and appeared to con-
tain the hemorrhage by wrapping their processes around the damaged vessel wall 
(Nimmerjahn et al., 2005). Although it is unclear if the actual damage of the vessel 
wall and the cellular processes around it caused the microglial response towards the 
ablated vessel, it is indeed an attractive hypothesis that the disruption of the blood-brain
barrier (BBB) and/or the release of blood factor(s) in the brain parenchyma can 
potentially activate and attract microglial processes.

Fig. 4.2 Microglial processes move rapidly towards the site of injury induced by the two-photon 
laser. (a–f) After creating a localized ablation inside the cortex (∼15µm in diameter) with a two-
photon laser (b), nearby microglial processes respond immediately with bulbous termini (b) and 
extend toward the ablation until they form a spherical containment around it (c–f). At the same 
time, the same cells retract those of their processes that lay in directions opposite to the site of 
injury (arrows in d and e). Scale bar, 10 µm. Reproduced from Davalos et al. (2005). For timelapse 
imaging of the rapid microglial responses towards a localized injury in the living mouse brain see 
Supplementary Video 2 online at: http://www.nature.com/neuro/journal/v8/n6/suppinfo/nn1472_
S1.html.
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2.3.3 Challenging the Concept of Microglial “Reactive Transformation”

It is important to note that in all injury paradigms performed in both studies, the 
onset of microglial responses showed significant differences to activation previ-
ously described in ex vivo setups. There was no microglial proliferation or migra-
tion observed toward the sites of injury for at least 10 h (Davalos et al., 2005), nor 
did pre-existing microglial processes need to retract in order for new motile ones to 
form and respond to the damage. On the contrary, the so far believed inactive 
microglial processes showed signs of morphological activation within seconds after 
they were challenged, and started to extend toward each site of injury without delay. 
Moreover, the ability of even individual microglial processes to identify, extend and 
eventually contain any tissue damage in their vicinity occurs without a morphologi-
cal transformation to a reactive state and in a much faster timescale than ever 
described before (Davalos et al., 2005). It seems that small-size damage that can be 
contained locally, does not require the massive mobilization described in brain slice 
experiments and thus the behavior of these cells in the in vivo setting is quite dif-
ferent from what was previously predicted.

Finally, the studies of microglia in the living brain revealed no morphological 
differences between microglial subtypes in the healthy, intact or locally injured 
mouse cortex. Individual microglial cells exhibited similar dynamic behaviors in all 
the in vivo experiments, namely baseline motility, laser ablation, mechanical injury 
of the brain parenchyma or the vasculature (Davalos et al., 2005; Nimmerjahn 
et al., 2005). The distinction between perivascular and other parenchymal microglia 
may also be simply conditional; although some cell bodies appeared in closer proximity
(or even in direct contact) with the vasculature compared to others, there was no 
apparent behavioral distinction between cells situated closer or further away from 
blood vessels, in both baseline and following injury microglial responses.

2.3.4 Studying Signaling Mechanisms in Microglia In vivo

Many studies performed on microglia in culture have attempted to correlate their 
molecular properties with their functional roles, often leading to conflicting conclu-
sions. Since gene expression profiles in cultured microglia differ significantly 
among cells that were extracted by using different isolation methods, and often 
even more so when compared to microglia in vivo, the interpretation of these results 
towards a functional prediction warrants extreme caution (Melchior et al., 2006). 
The surprising features of the observed microglial behaviors in vivo created the 
need to readdress the role of these cells by studying their molecular properties and 
signaling mechanisms in their natural habitat, namely directly inside the living 
brain. Questions raised focused upon the mechanism that regulates their tissue sur-
veillance function and the molecules involved in attracting microglial processes 
towards sites of damage. Several molecules have been shown to activate microglia 
in vitro, induce morphological changes and attract them in a concentration gradient 
dependent manner. However, most studies have addressed these issues on a time 
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scale of several hours to days in accordance with typical immunological response 
paradigms. The constant motility of microglial processes in unperturbed conditions 
implies a mechanism that is acutely regulated within the brain tissue.

Nimmerjahn et al. explored the possibility that neuronal or synaptic activity 
could be regulating the baseline microglial dynamics. By using the Na+-channel
blocker tetrodotoxin (TTX) to reduce neuronal activity they found no significant 
effect on microglial activity. On the other hand, enhancing synaptic activity by 
using the GABA-receptor blocker bicuculline had a slightly stimulating effect on 
microglial processes. However, since bicuculline also elicits seizure activity, the 
motility-enhancing effect that was observed could have also been due to the incipi-
ent cortical damage (Raivich, 2005). Davalos et al. reasoned that the directional 
convergence of microglial processes towards the trauma implies the presence of a 
gradient of one or more highly diffusible and abundant molecules that can mediate 
this phenomenon. Using a combination of inhibitory and activating approaches 
while imaging microglial responses in vivo they demonstrated that extracellular 
ATP and activation of P2Y receptors are necessary for the rapid microglial response 
towards injury. Interestingly, the baseline activity of microglial processes was 
shown to be also affected by pharmacological inhibitors of purinergic signaling, 
indicating that there could be a uniform mechanism in place that controls microglial 
motility under both normal and injury conditions. Moreover, these results appear to 
suggest a role of the surrounding tissue in preserving and regenerating the 
signals that fuel the observed microglial response to damage. Although neurons, oli-
godendrocytes and endothelial cells are likely to release large amounts of ATP 
upon injury and thereby contribute to microglial reaction, they provided evidence 
to suggest that astrocytes may play an important role in mediating the rapid and 
widespread microglial response (Davalos et al., 2005). The study of this phenome-
non directly inside the intact brain, where all the potential players are present and 
able to perform their roles as they are faced with an experimental challenge, 
allowed the identification of a very intriguing cell-cell interaction between astro-
cytes and microglia in an orchestrated attempt to respond to the incurred tissue 
damage (Davalos et al., 2005).

3  Challenges/Perspective: Imaging Microglia in Animal 
Models of CNS Disease

Ever since transgenic animals expressing fluorescent proteins were combined with 
two-photon microscopy our understanding of the brain’s pathophysiology has 
undergone a fundamental reform. In vivo imaging allows the observation of cellular 
processes in real time within the intact tissue microenvironment. Application of in 
vivo imaging on microglia revealed their baseline motility, their responses to stim-
uli, injury, as well as their potential for interactions with neighboring cells. In addi-
tion, direct injection of microglial activators and inhibitors in the brain parenchyma 
allowed the elucidation of molecular mechanisms that mediate microglial functions.
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The technical ability to relocate and re-image a specific area in the living brain 
revealed the progression of microglia responses, which is particularly important in 
understanding the mechanisms of disease in the nervous system.

In vivo imaging can be further applied to study the involvement of microglia in 
multiple animal models of disease pathogenesis. Microglia have been shown to be 
involved in a variety of diseases, such as Alzheimer’s disease (AD), multiple scle-
rosis (MS), HIV and other infections of the central nervous system. Overall, their 
prolonged intervention has been found to be exacerbating rather than improving the 
tissue condition (Gonzalez-Scarano and Baltuch, 1999; Stoll and Jander, 1999). 
Breakthrough studies have applied in vivo two-photon microscopy in AD, 
ischemia and seizures (for review see (Misgeld and Kerschensteiner, 2006) ). For 
example in AD, the contribution of amyloid plaques to neurodegeneration has 
been documented in a pioneering study using mice with fluorescently labeled 
neurons and transcranial two-photon imaging (Tsai et al., 2004). In this study it 
was shown that dendrites passing through or near amyloid deposits undergo spine 
loss, and nearby axons develop large varicosities, leading to neurite breakage and 
permanent disruption of neuronal connections (Tsai et al., 2004). The ability to 
repetitively image the brain in vivo allowed for the first time to study the responses 
of neurons to a toxic stimulus over time. Although correlations between neuronal 
damage and beta-amyloid had been previously made with conventional histopa-
thology, the use of two-photon microscopy allowed the assessment of the dynamics 
between neurodegeneration and a toxic stimulus in the CNS. It has been 
proposed that similar studies could be performed to observe and correlate micro-
glial activation in AD and other neurodegenerative models (Misgeld and 
Kerschensteiner, 2006).

Microglial activation is a hallmark of neuroinflammatory diseases such as 
MS. MS lesions are heterogeneous and characterized by infiltration of immune cells
into the CNS parenchyma, destruction of myelin and axonal damage (Lassmann 
et al., 2001; 2007). Microglia play a central role in this processes, due to their 
ability to phagocytose myelin via the CD11b/CD18 integrin receptor (van der Laan
et al., 1996) and secrete proinflammatory cytokines that are actively involved 
in demyelination (Platten and Steinman, 2005). Recently, the blood protein fibrino-
gen was identified as the CD11b/CD18 ligand that drives microglial activation and 
phagocytosis (Adams et al., 2007). Genetic or pharmacologic inhibition of the bind-
ing of fibrinogen to the microglial CD11b/CD18 integrin suppressed microglial 
activation and relapsing paralysis in experimental autoimmune encephalomyelitis 
(EAE), an established animal model of MS (Adams et al., 2007). These studies 
proposed fibrinogen as a “danger signal” that triggers microglial activation after 
BBB disruption (Adams et al., 2007). Interestingly, in human MS microglial 
activation in areas of demyelinating plaques correlates with areas of deposition 
of fibrinogen due to BBB disruption (Gay et al., 1997), which is one of the earliest 
histopathologic alterations in MS lesions (Vos et al., 2005). Recent studies 
have demonstrated that microglia not only act as phagocytes, but they are also 
involved in the onset of inflammatory demyelination in CNS autoimmune disease 
(Heppner et al., 2005). Overall, these studies suggest that signals, such as fibrinogen,
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that may initiate microglial activation could be crucial for the onset of disease 
pathogenesis in the CNS.

Although several imaging studies have been applied in different animal models 
of neurodegenerative disease, in vivo imaging of neuroinflammation using two-
photon microscopy has not been performed. Imaging in animal models of inflam-
matory demyelination such as EAE, has been either limited to the vasculature with 
the use of intravital microscopy (Vajkoczy et al., 2001), or performed ex vivo using 
tissue explants (Kawakami et al., 2005; Nitsch et al., 2004). Inflammatory demy-
elination is a complex pathological setting where microglia can exchange signals 
with both neuronal and immune cells (Carson, 2002). Given the immunologic prop-
erties of microglia and their complex interactions with cells on both sides of the 
BBB, imaging their functions in EAE can reveal crucial information regarding their 
dual identity as immune cells that reside within the central nervous system. For 
example, imaging microglia in EAE could identify the link between microglial 
activation and the onset of inflammatory demyelination. Overall, establishing an in 
vivo imaging technique in animal models of inflammatory demyelination could 
reshape our understanding of the pathophysiological role of microglia within 
demyelinating lesions and reveal the cell-cell interactions that could develop during 
an inflammatory attack that leads to nervous system damage.

From an imaging perspective, two-photon microscopy in demyelinated areas 
presents several challenges. First, myelin – and as a result inflammatory demyelina-
tion – is located in deep layers of the brain. In EAE, a “hot spot” for demyelination 
in the brain is the cerebellar white matter. Therefore, by contrast to animal models 
of AD where the pathology is mostly localized in the mouse cortex, inflammation 
in animal models of MS is localized deep into the brain tissue. Given the depth 
limitations of even two-photon microscopy, it would be extremely challenging to 
apply this technique for imaging demyelination (Svoboda and Yasuda, 2006). 
Second, although demyelinating lesions in the spinal cord would be an ideal site to 
study microglial responses in vivo, limited work has been performed on imaging 
the living spinal cord to date, due mainly to the movement artifacts generated by 
the heartbeat and the breathing of the animal. Regarding the brain, alternative 
approaches, such as intravital microscopy or regeneratively amplified two-photon 
microscopy (Helmchen and Denk, 2005; Theer et al., 2003) could possibly be effi-
cacious in imaging microglia located within the demyelinated white matter. 
Regarding the spinal cord, the development of novel techniques that would allow 
the stable and repetitive imaging of the mouse spinal cord using two-photon micro-
scopy would be essential to decipher the role of microglia within the demyelinated 
lesions. Therefore, due to the distinct characteristics of the location of neuroimmu-
nologic lesions, their imaging requires further advances in both microscopy and 
surgery. Future research should take into account the specific features of inflamma-
tory demyelination and aim towards the development of novel methodologies to 
access inflammatory foci in the CNS in ways that would allow their study by two-
photon microscopy. Performing in vivo imaging of microglia in the presence of 
neuronal and inflammatory stimuli can further correlate microglial functions with 
the progression of inflammation, demyelination and neuronal damage. Moreover, 
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the application of such novel imaging approaches to study neuroinflammatory 
lesions can be crucial for identifying and testing potential pharmacological targets 
and regulate microglial activation within demyelinating lesions.
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Cytokines in CNS Inflammation and Disease

Malú G. Tansey and Tony Wyss-Coray

Abstract A growing number of increasingly sophisticated studies over the past 
two decades have implicated key immune regulatory factors in CNS function and 
disease. Chief among those factors are cytokines, which were originally described 
to regulate communication between immune cells. The purpose of this chapter is 
to review what is known regarding normal expression of key cytokines and their 
receptors in the CNS as well as their roles in development and disease. We will 
focus in particular on tumor necrosis factor α (TNF), transforming growth factor 
β (TGF-β), interleukin 1 (IL-1), IL-6, IL-10 and IL-12. We will discuss how these 
cytokines modulate not only normal CNS function but how abnormal cytokine 
signaling may contribute to major acute and chronic CNS diseases. We will rely 
heavily on studies in experimental mouse models that overproduce or ablate these 
cytokines and discuss the potential therapeutic benefits from ‘proof-of-concept’ 
targeting studies of specific cytokines in the treatment of CNS diseases.

1 Introduction

For many decades it was believed that the blood–brain barrier prevented access of 
immune cells to the brain and as a result the immune and central nervous system 
were relatively independent of each other. However, it has become increasingly 
clear that the permeability of this so-called barrier can be regulated under normal 
conditions and may in fact increase or become dysregulated in disease states. The 
capacity of the brain to activate an inflammatory reaction involving central produc-
tion of cytokines in response to an immune challenge in the periphery has been 
demonstrated in recent years. In addition, inflammatory challenges may function as 
triggers for uncovering pre-existing vulnerabilities or may exacerbate previous 
functional deficits, giving rise to clinical symptoms of neurological or psychiatric 
conditions. Surprisingly, certain molecular mechanisms involved in modulating 
neuronal plasticity and cellular immunity may be shared in common as evidenced 
by the involvement of specific immune molecules in mediating intercellular com-
munication in the nervous system (Boulanger et al., 2001; Chun, 2001). The cellu-
lar processes of astrocytes make intimate contacts with essentially all areas of the 
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brain and are functionally coupled to neurons, oligodendrocytes, and other 
astrocytes via both contact-dependent and non-contact-dependent pathways to 
maintain the homeostatic environment, thus promoting the proper functioning of 
the neuronal network. Inflammation in the CNS disrupts this process either 
transiently or permanently and cytokines have important roles in reprogramming 
gene expression in glia during injury and recovery (John et al., 2003). Within the 
CNS, cytokines mediate inflammatory processes that modulate blood–brain barrier 
permeability or promote apoptosis of neurons, oligodendrocytes and astrocytes as 
well as damage to myelinated axons. Moreover, direct neurotoxic and neuroprotective 
effects of cytokines may be independent of their immunoregulating properties. 
The immune reactions initiated by viruses, bacteria and parasites may contribute 
to latent vulnerabilities which could become manifest with future stressors or 
challenges. Collectively, whether cytokine action has beneficial or harmful 
outcomes in the brain depends on the dynamics, cellular source, degree of compart-
mentalization of cytokine release, the pathophysiological context, and the presence 
of co-expressed factors.

2 Tumor Necrosis Factor-a

2.1  Signaling Pathways and Expression of TNF and its Receptors 
in Normal CNS

TNF belongs to a superfamily of ligands with pivotal roles in immune system 
function (Wajant et al., 2003; Shen and Pervaiz, 2006); many of these ligands have 
been implicated in the etiology of several acquired and genetic diseases (Locksley 
et al., 2001; MacEwan, 2002). TNF is synthesized as a monomeric 26 kD type-2 
transmembrane protein that assembles into trimers and is cleaved by TACE metal-
loprotease to a soluble circulating form (Aggarwal et al., 2000b; Idriss and 
Naismith, 2000). Both forms of TNF are biologically active and can be synthesized 
in the brain by microglia, astrocytes and subsets of neurons (Lieberman et al., 1989; 
Morganti-Kossman et al., 1997; Chung et al., 2005). TNF receptors, commonly 
referred to as type 1 receptor (R1, p55, Tnfrsf1a) and type 2 receptor (R2, p75, 
Tnfrsf1b) bind the two forms of TNF with different affinities and are constitutively 
expressed on neurons and glia in the CNS (Benveniste and Benos, 1995). R1 is 
activated equally well by soluble and membrane-bound TNF; whereas R2 is pref-
erentially activated by transmembrane (tm) TNF and to a lesser extent by soluble 
TNF (Grell et al., 1998; Aggarwal et al., 2000a). TNFR1 and R2 have a cysteine-
rich extracellular domain with 28% shared homology and have completely distinct 
transmembrane and cytoplasmic domains with no homology between them 
(Bodmer et al., 2002). Since the original identification of TNFRs about 15 years 
ago, modern molecular techniques have revealed a complex array of potential pro-
teins that may interact with TNFRs to modulate activation and interplay of a 
number of well characterized signaling pathways (for reviews see (Locksley et al., 
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2001; MacEwan, 2002; Liu, 2005) ). The death domain (DD) present in the cytoplasmic 
tail of R1 recruits TNFR1-associating death domain (TRADD) protein and at least 20 
different proteins including FADD, TRAF2 and receptor interacting protein kinase 1 
(RIP) to form a cascade leading to activation of sphingomyelinase-ceramide, 
caspases, NFkB transcription, ASK1/c-Jun kinase (JNK), and p38 MAPK pathways. 
Many of these pathways exert effects on mitochondrial function and redox balance 
and can lead to activation of apoptosis or alternatively, new gene transcription for 
promotion of cell survival, proliferation and differentiation. Depending on cellular 
context, R1 and R2 can activate many of the same downstream pathways and act 
synergistically or in opposing fashion (Haridas et al., 1998; Aggarwal et al., 2000a; 
Liu et al., 2000; Liu, 2005) but less is known regarding integration of signaling 
pathways through R2. In the nervous system, the kinetics and upstream mediators 
for activation of the NFkB pathway by R1 and R2 have been shown to be different 
and to result in opposing effects on cortical neuron survival (Marchetti et al., 2004) 
and hippocampal neurons (Yang et al., 2002; Heldmann et al., 2005). The RIP 
adaptor protein, which associates with both TNFRs, may be a molecular switch 
that allows R2 signaling to alternate between anti-apoptotic NFkB activation and 
death induction through caspase mechanisms (Kelliher et al., 1998; Pimentel-Muinos 
and Seed, 1999).

TNF-immunoreactive neurons have been reported in the hypothalamus, in the 
caudal raphe nuclei, in the bed nucleus of the stria terminalis, and along the ventral 
pontine and medullary surface. They are also found in areas involved in autonomic 
and neuroendocrine regulation, such as the hypothalamus, amygdala, parabrachial 
nucleus, dorsal vagal complex, nucleus ambiguous, and the thoracic sympathetic 
preganglionic cell column (Breder et al., 1993). TNF receptor expression has been 
detected in brainstem, cortex, cerebellum, thalamus and basal ganglia (Kinouchi 
et al., 1991). TNFR1 is expressed in many cell types, whereas TNFR2 is expressed 
less broadly and primarily by cells of the immune system including microglia 
(Dopp et al., 1997). However, R2 expression has also been reported in cardiac 
myocytes, endothelial cells (Aggarwal et al., 2000a), dopaminergic (McGuire et al., 
2001), cortical (Marchetti et al., 2004), and hippocampal (Bernardino et al., 2005; 
Heldmann et al., 2005) neurons. CNS functions which have been ascribed to TNF 
include activation of microglia and astrocytes (Selmaj et al., 1990; Merrill, 1991), 
regulation of endothelial cell permeability at the blood–brain barrier (Sedgwick 
et al., 2000), generation of the febrile response (Leon, 2002), enhancement of slow-
wave sleep (Deboer et al., 2002) and synaptic strength (Beattie et al., 2002). TNF 
exerts potent actions on glutamatergic synaptic transmission and modulates synap-
tic plasticity (Pickering et al., 2005). TNF and its downstream targets appear to 
regulate hippocampal neuron development as mice doubly deficient in R1 and R2 
(double knockout; dko) have decreased arborization of the apical dendrites of the 
CA1 and CA3 regions and accelerated dentate gyrus development (Golan et al., 
2004). Membrane-tethered TNF is critical for lymphoid organ development (Ruuls 
et al., 2001) but its role in cellular responses related to brain function is less well 
understood. It appears to be important for proliferation of oligodendrocytes and 
nerve remyelination (Arnett et al., 2001) and proliferation of hippocampal neuroblasts
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after stroke (Heldmann et al., 2005). Inflammatory signals activated by TNF are 
primarily mediated through soluble TNF binding to R1 (Pasparakis et al., 1996; 
Ruuls et al., 2001; Quintana et al., 2005); although some have proposed that under 
ischemic conditions R2 can contribute to inflammatory responses (Akassoglou 
et al., 2003). In cells that co-express R1 and R2, the functional outcome of a TNF 
stimulus in vivo (neurotoxic versus neuroprotective) may be determined by the R1/
R2 expression ratio (MacEwan, 2002); if this is true in the brain, it may be possible 
to design new pharmacological and/or gene therapy-based approaches to preferen-
tially upregulate R2 activity and/or expression to achieve neuroprotection in brain 
regions where TNF normally exerts neurotoxic effects.

2.2 Role of TNF in CNS Disease

The potent cytotoxic effects implicate TNF in the pathophysiology of inflammatory 
and autoimmune diseases. TNF levels in the brain and/or cerebrospinal fluid (CSF) 
become elevated in a wide range of CNS disorders, including ischemia (Feuerstein 
et al., 1994; Liu et al., 1994), trauma (Goodman et al., 1990), multiple sclerosis 
(Hofman et al., 1989; Selmaj et al., 1991; Sharief and Hentges, 1991; Rieckmann 
et al., 1995; Raine et al., 1998), Alzheimer’s disease (AD)(Fillit et al., 1991; 
Paganelli et al., 2002; Alvarez et al., 2007), and Parkinson’s disease (PD)(Boka 
et al., 1994; Mogi et al., 1994, 1999, 2000; Hirsch et al., 1998; Bessler et al., 1999; 
Hunot et al., 1999; Hasegawa et al., 2000; Nagatsu et al., 2000a, b; Nagatsu and 
Sawada, 2005). While there is no evidence to support a role for TNF in the etiology 
of any of these diseases, it has been suggested that TNF-dependent mechanisms act 
to modify, and typically accelerate disease progression.

Polymorphisms in inflammatory genes for interleukin 1α, interleukin 1β, inter-
leukin-6, TNF, α 2-macroglobulin, and α 1-antichymotrypsin have been investi-
gated both for CNS disease association and as markers of disease progression. In 
particular, the TNF gene has received much attention possibly because it resides 
within the MHC gene cluster. Individual studies have reported polymorphisms in 
the TNF promoter that may affect susceptibility to different CNS diseases includ-
ing cerebral malaria (Knight et al., 1999), stroke (Karahan et al., 2005), vascular 
dementia (McCusker et al., 2001), Alzheimer’s disease (McGuire et al., 1994, 
1999; Knight et al., 1999; Perry et al., 2001a, b), and Parkinson’s Disease 
(Nishimura et al., 2001). Several studies suggest that heritable differences in TNF 
production could be linked to certain HLA haplotypes within human populations 
that are over-represented in several autoimmune and inflammatory diseases 
(Wilson et al., 1993). However, consistent and reliable results on the functional 
signficance of the genetic variations have not been obtained. It is therefore possible 
that many of the reported associations between TNF alleles and susceptibility to 
disease merely reflect linkage with MHC genes or chance association.

Much of our understanding of TNF and its receptors in the CNS has come from 
detailed evaluation of the phenotypes of a number of genetic mouse models developed
in the last 15 years and their phenotypes after exposure to various toxins or pathogens
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(Table 1) (reviewed in Probert and Akassoglou, 2001; Corti and Ghezzi, 2004; 
Kollias, 2005). Consistent with a role of TNF in modulating synaptic plasticity, 
hippocampal brain slices from TNFR-deficient mice do not display long-term 
depression induced by low-frequency stimulation of Schaffer collateral axons 
(Albensi and Mattson, 2000). Whole animal studies in which TNF knockouts were 
compared to normal animals indicated TNF deficient animals performed better in 
spatial memory and learning tasks (Morris Water Maze) (Golan et al., 2004). 
Conversely, two mouse lines overexpressing hTNF show significant impairment in 
spatial learning (Aloe et al., 1999b). One obvious caveat in the interpretation of 
these studies is that the ‘substrate’ of learning and memory is not the same in 
knockout and wild-type mice since TNF deficiency affects hippocampal develop-
ment. At pathophysiological levels, TNF has been shown to have inhibitory effects 
via the p38 mitogen activated kinase pathway on hippocampal long-term potentia-
tion (LTP) (Cunningham et al., 1996; Butler et al., 2004), a long-lasting increase in 
synaptic efficacy involving glutamate receptor activation and increased intracellular 
calcium levels and thought to be an underlying mechanism of learning and memory 
formation (Bliss and Collingridge, 1993). Elevated levels of TNF, also through a 
p38 MAPK-dependent pathway, may further contribute to LTP impairment through 
upregulation of RGS7 (a regulator of G-protein signaling) expression (Benzing 
et al., 2002). Lastly, studies using TNF over-expressing mice demonstrated an 
indirect role of TNF in influencing survival of basal forebrain cholinergic neurons 
via direct regulation of the levels of nerve growth factor (NGF) (Aloe et al., 1993), 
a key survival factor for this and other neuronal populations. Genetic ablation of 
TNF or TNF receptors in rodent models of PD, which show neurotoxin induced 
loss of dopaminergic neurons yielded variable results (Table 1) (Bruce et al., 1996; 
Albensi and Mattson, 2000; Rousselet et al., 2002; Ferger et al., 2004; Leng et al., 
2005; Sriram et al., 2006a, b). However, because lack of TNF signaling during 
development results in arrested dendritic cell development (Pasparakis et al., 1996) 
and stunted microglial responsiveness in adult animals (Sriram et al., 2006b) it is 
difficult to implicate TNF directly in neurodegeneration based on these studies.

2.2.1 Multiple Sclerosis

Given that TNF was known to regulate immune function, its role in the autoimmune
dysregulation characteristic of multiple sclerosis has been extensively investigated. 
TNF and its receptors are upregulated in active MS lesions and TNF levels in the 
CSF of MS patients correlate with disease severity (Hofman et al., 1989; Selmaj 
et al., 1991; Sharief and Hentges, 1991; Raine et al., 1998). Strong evidence that 
TNF is important in the MS disease process was derived from experimental rodent 
models of MS. In particular, TNF blockade was shown to prevent or treat the devel-
opment of experimental autoimmune encephalomyelitis (EAE) in rodents (Ruddle 
et al., 1990; Baker et al., 1994; Selmaj et al., 1995; Korner et al., 1997). As indicated
in Table 1, a role for TNF in the induction phase of EAE via modulation of leuko-
cyte traffic into the CNS parenchyma (Korner et al., 1997; Kassiotis et al., 1999) 
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Table 1 CNS phenotypes resulting from genetic modulation of TNF pathway genes (listed are 
only models with CNS phenotypes)

Mouse modela

Transgene 
(promoter/target cell)b

TNF receptor 
statusc CNS phenotype

TNF tg Overexpression of mTNF 
(GFAP/astrocytes)

Wildtype Lymphocytic meningoencephalomy-
elitis and paralysis (Campbell 
et al., 1997)

↓ Kainate-induced seizures (Balosso 
et al., 2005)

Tg6074 Overexpression of mTNF-
hβ-globin
(TNF/subset of neurons)

Wildtype ↑ Inflammation, oligodendrocyte 
apoptosis, demyelination: model 
for chronic MS (Probert et al., 
1995)

↑ Grooming in the novel object 
investigation test

↓ Rearing in novel olfactory cues 
test; delayed passive avoidance 
acquisition

↑ Thermal response in hot-plate test 
(Fiore et al., 1996) 
Altered cholinergic neuron 
survival due to ↓ NGF 
(Aloe et al., 1999a); impaired 
learning and memory (MWM) 
(Aloe et al., 1999b)

Tg6074 × 
TNFR1 ko

Same as above TNFR1 ko None compared to above 
(Akassoglou et al., 1998)

Tg6074 × 
TNFR2 ko

Same as above TNFR2 ko « From Tg6074 with wildtype 
TNFRs (Akassoglou et al., 1998)

MBP-TNF Overexpression of mTNF 
(MBP/oligodendrocytes)

Wildtype No spontaneous pathology but ↑
EAE with MBP adjuvant pro-
gressing to chronic demyelina-
tion w/macrophage and microglia 
activation (Taupin et al., 1997)

TgK742 Overexpression of hTNF 
(NF-L/neurons)

Wildtype Meningeal inflammation 
(Akassoglou et al., 1997)

TgK21 Overexpression of htmTNF 
(GFAP/astrocytes)

Wildtype ↑ Inflammation, oligodendrocyte 
apoptosis, demyelination: model 
for acute MS (Akassoglou et al., 
1997, 1999)

TgK21 × 
TNFR1 ko

Same as above TNFR1 ko No CNS pathology compared to 
TgK21 with wildtype TNFRs 
(Akassoglou et al., 1997, 1999)

TgK21 × 
TNFR2 ko

Same as above TNFR2 ko « From TgK21 with wildtype TNFRs 
(Akassoglou et al., 1997, 1999)

TNF ko Constitutive deletion of 
TNF gene expression 
(all cells)

Wildtype Resistant to MPTP toxicity (Ferger 
et al., 2004)

TNFR1 ko Constitutive deletion of 
TNFR1 (all cells)

Wildtype 
TNFR2

Not resistant to MPTP (Rousselet 
et al., 2002; Sriram et al., 2002; 
Leng et al., 2005)

(continued)
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and a role for TNFR1 in demyelination were demonstrated (Probert et al., 2000) 
using TNF genetic models. Similarly, an important role for tmTNF and its pre-
ferred receptor TNFR2 in oligodendrocyte precursor proliferation and remyelina-
tion was demonstrated using TNF genetic models in the cuprizone toxin model of 
MS (Arnett et al., 2001). In fact, these data offered a mechanistic explanation for 
the unfortunate failure of lenercept, an Fc-fused p55/TNFR1, in phase I clinical 
trials with MS patients whose symptoms worsened between bouts of relapsing-
remitting episodes due to the lack of TNF-mediated remyelination (Wiendl and 
Hohlfeld, 2002).

2.2.2 Traumatic Brain Injury (TBI)

A modulatory role for TNF following traumatic brain injury as well as the impact 
of TNF neutralization on behavioral deficits has been extensively investigated in a 
number of different models, in particular fluid percussion injury (Fan et al., 1996; 
Knoblach et al., 1999; Vitarbo et al., 2004; Marklund et al., 2005), controlled corti-
cal injury (Scherbel et al., 1999), and spinal cord injury (Harrington et al., 2005) 
with a number of different outcomes depending on the timing of the intervention.

Table 1 (continued)

TNFR2 ko Constitutive deletion of 
TNFR2 (all cells)

Wildtype 
TNFR1

Not resistant to MPTP (Rousselet 
et al., 2002; Sriram et al., 
2002; Leng et al., 2005); pro-
longed kainate-induced seizures 
(Balosso et al., 2005)

TNFR1 × 
TNFR2 dko

Constitutive deletion of 
both TNFR1 and R2 
(all cells)

None present Partially resistant to MPTP toxicity 
(Sriram et al., 2002); Not
 resistant to MPTP toxicity; 
abnormal dopamine metabolism 
(Rousselet et al., 2002)

↑ Vulnerability to focal cerebral 
ischemia and excitotoxicity; 
Defective LTD (Bruce et al., 
1996; Albensi and Mattson, 
2000; Guo et al., 2004); 
prolonged kainate-induced 
seizures (Balosso et al., 2005)

Tg transgenic; CNS central nervous system; MS multiple sclerosis; EAE experimental autoimmune 
encephalomyelitis; MBP myelin basic protein; MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine;
LTD long-term depression; NF-L neurofilament L; NGF nerve growth factor; ko knockout; dko
double knockout; TACE TNF alpha-converting enzyme; MWM Morris water maze
aDetails on mouse models including expression pattern and levels, the presence of mutations, etc. 
are described in the cited papers
bTransgene or targeted deletion of indicated form (m mouse or h human) of TNF or TNF 
receptors.
cStatus of TNF receptors in mouse model
«, no change; ↑, increased; ↓, decreased
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2.2.3 Stroke (Cerebral Infarction) and Excitotoxic Injury

TNF can potentiate glutamate excitotoxicity directly by upregulating expression of 
both NMDA (Zou and Crews, 2005) and AMPA on synapses (Hermann et al., 2001; 
Beattie et al., 2002; Leonoudakis et al., 2004) and indirectly by inhibiting glial 
glutamate transporters on astrocytes (Choi, 1988). However, in animal models, the 
importance of TNF in hippocampal repair after ischemic injury is supported by the 
finding that stroke-induced hippocampal neurogenesis can be abolished in the pres-
ence of a TNF neutralizing antibody (Heldmann et al., 2005), presumably due to 
inhibition of TNFR2 signaling by tmTNF. Consistent with this finding, neuronal 
damage caused by focal cerebral ischemia and epileptic seizures were exacerbated 
in mice lacking both TNF receptors, suggesting that TNF serves a neuroprotective 
function in hippocampus under ischemic and excitotoxic conditions (Bruce et al., 
1996; Guo et al., 2004). Similarly, intrahippocampal injection of TNF or transgenic 
targeted overexpression of TNF in astrocytes has been shown to inhibit susceptibil-
ity to kainate-induced seizures whereas mice lacking TNFR2 receptors (or both 
TNFR1 and R2) displayed increased susceptibility and prolonged seizure activity, 
suggesting that the protective effect of TNF is mediated by TNFR2 (Balosso et al., 
2005). Data from these studies suggests that use of drugs that target TNF pathways 
to treat stroke or traumatic brain injury may have deleterious effects on hippocam-
pal repair and neurogenesis.

2.2.4 Alzheimer’s Disease

Interest in identifying polymorphisms in the TNF or TNF receptor genes linked to 
AD was largely fueled by the presence of this cytokine at amyloidogenic plaques 
and by results of genome-wide screening of families affected with late-onset AD. 
While a few individual studies find associations between polymorphisms in the 
TNF gene or the TNFR2 receptor gene with late-onset AD in families with no indi-
viduals possessing the APOE ε4 allele (Collins et al., 2000), others find no signifi-
cant associations of three polymorphisms in the TNFR1 gene to AD (Perry et al., 
2001b). Meta-analyses of genetic association studies will be required to assess 
overall genetic effect of genetic susceptibility loci and other cytokine genes on AD 
risk (Cacabelos et al., 2005; Wyss-Coray, 2006). Since polymorphisms in cytokine 
genes have already been linked to peripheral inflammatory disorders, such as juve-
nile rheumatoid arthritis, myasthenia gravis, and periodontitis, associations between 
cytokine gene polymorphisms and several chronic degenerative diseases may even-
tually be demonstrated (McGeer and McGeer, 2001). Dysregulated levels of TNF 
and other cytokines has been reported in AD patients and mouse models of AD, 
raising the possibility that they have disease-modifying effects and could be tar-
geted in therapies. Higher serum TNF and TNF/IL-1β ratio have been detected in 
patients with severe AD compared to mild-moderate AD (Paganelli et al., 2002) 
whereas other studies have found no significant differences between studied groups 
(Blasko et al., 2006). Further investigations are warranted to validate these findings 
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and assess their functional significance. In mouse models of AD-like pathology, 
elevated TNF and MCP-1 transcript levels were reported in entorhinal cortex of 
3-month old 3 × Tg AD mice (Janelsins et al., 2005) coincident with accumulation 
of intraneuronal Aβ in these brain regions (Billings et al., 2005). Since these mice 
carry three transgenes encoding mutant proteins linked to Familial Alzheimer’s 
Disease (FAD), these findings suggest that a sensitized genetic background may 
trigger an early chronic neuroinflammatory response that may involve (but not be 
limited to) TNF-dependent JNK activation leading to increased γ-secretase activity 
and enhanced progression of AD-like plaque and tau pathology (Janelsins et al., 
2005). Indeed, chronic exposure to systemic lipopolysaccharide (LPS) was shown 
to hasten pathology in these mice (Kitazawa et al., 2005). In other mouse models 
of AD-like pathology such as the Tg2576 mice, elevated TNF levels are detectable 
around amyloid plaques (Mehlhorn et al., 2000; Munch et al., 2003) and exposure to 
systemic LPS worsens their pathology (Sly et al., 2001). Taken together, these findings 
strongly suggest that TNF may be an important modulator of AD-associated pathology 
via multiple cellular mechanisms including modulation of microglial phenotypes and 
regulation of the various proteases that process APP through TNF-dependent molecular 
signaling pathways. Consistent with this idea, a prospective, single-center, open-label, 
clinical pilot study involving 15 patients with mild-to-severe AD receiving twice 
weekly perispinal extrathecal administration of the TNF inhibitor etanercept for 6 months 
reported improved cognitive performance with treatment (Tobinick et al., 2006). 
These promising findings will need to be confirmed and investigated further in 
randomized, placebo-controlled clinical trials.

2.2.5 Parkinson’s Disease

The levels of several cytokines, including TNF, IL-1β, and IFNγ are significantly 
increased in the substantia nigra pars compacta (SNpc) of PD patients compared to 
normal controls (Hirsch et al., 1998), particularly in the area of maximal destruc-
tion where the vulnerable melanin-containing dopamine-producing neurons reside. 
Although the genes for various cytokines, chemokines and acute phase proteins 
have been surveyed and individual reports demonstrate that certain single nucle-
otide polymorphisms in the TNF promoter that drive transcriptional activity are 
over-represented in a cohort of early onset Parkinson’s Disease patients (Nishimura 
et al., 2001), these findings have not been confirmed in replicative studies or 
reported in other populations. Once these become available, meta-analyses of mul-
tiple such association studies will be needed to assess the overall genetic effect of 
TNF gene polymorphisms.

In experimental models of PD, significantly elevated levels of TNF mRNA and 
protein can be detected in the rodent midbrain substantia nigra within hours of in 
vivo administration of two neurotoxins widely used to model parkinsonism in 
rodents, 6-hydroxydopamine (6-OHDA) (Nagatsu et al., 2000b) and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Rousselet et al., 2002; Sriram et al., 
2002; Ferger et al., 2004). Consistent with a role of TNF in contributing to 
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dopaminergic neuron death in chronic parkinsonism, plasma TNF levels were 
shown to remain elevated in MPTP-treated non-human primates 1 year after admin-
istration of the neurotoxin (Barcia et al., 2005). In addition, mice deficient in TNF 
or both TNF receptors have been reported to have altered dopamine metabolism 
and reduced survival of dopaminergic terminals (Rousselet et al., 2002) or reduced 
sensitivity to MPTP-induced neurotoxicity (Sriram et al., 2002; Ferger et al., 2004) 
(Table 1). Additional evidence that inflammation, and possibly TNF, is involved in 
nigral DA neuron degeneration comes from two recently developed endotoxin 
models of PD. In the first model, chronic low dose lipopolysaccharide (LPS) infu-
sion into SNpc of rats results in delayed, selective and progressive loss of nigral 
DA neurons (Gao et al., 2002b). In the second model, exposure of pregnant rats to 
LPS and thus, in utero exposure of embryos to the endotoxin, caused a loss of DA 
neurons in postnatal brains (Ling et al., 2002). Most importantly, chronic infusion 
of dominant negative TNF inhibitor proteins into SNpc of adult rats protected nigral 
DA neurons from LPS and 6-OHDA induced degeneration (McCoy et al., 2006). 
Given that TNF receptors are expressed in nigrostriatal dopamine neurons (Tartaglia 
et al., 1993; Boka et al., 1994) and these neurons are selectively vulnerable to TNF-
induced toxicity (Aloe and Fiore, 1997; Ling et al., 1998; McGuire et al., 2001; 
Gayle et al., 2002; Carvey et al., 2005), these early genetic studies and the more 
recent chronic inflammation models of PD strongly implicate TNF-dependent 
mechanisms and downstream targets in neurotoxin- and endotoxin-induced loss of 
nigral DA neurons and suggest that high TNF levels in the midbrain may increase 
susceptibility for PD in humans.

2.3 TNF as a Pharmacological Target

Many molecules have been shown to inhibit TNF synthesis or bioactivity with 
varying specificity. Endogenous inhibitors are particularly important for limiting 
TNF production and include soluble TNF receptors, glucocorticoids, prostaglandins,
and cAMP (reviewed in Corti and Ghezzi, 2004). In addition, ‘anti-inflammatory’
responses initiated by IL-10 and IL-4 as well as vagus nerve-mediated central 
cholinergic activation through muscarinic receptors counteract TNF action in the 
periphery independent of muscarinic receptors present on macrophages (Pavlov 
and Tracey, 2005; Pavlov et al., 2006). Engineered Fc-fused versions of soluble 
TNF receptors like lenercept (Fc-TNFR1) and etanercept (Fc-TNFR2) were subse-
quently developed and modified further by PEGylation to increase their half-life in 
the circulation and anti-TNF antibodies have been humanized (e.g. infliximab, 
adalimumab). Many of these TNF antagonists have been used successfully in 
patients with inflammatory diseases like rheumatoid arthritis and Crohn’s disease 
(reviewed in Szymkowski, 2005) and their success in the clinic underscores the 
deleterious effects of TNF overproduction in the periphery. However, the use of 
drugs like Enbrel (etanercept) and Remicade (infliximab) has been associated with 
an increased number of infections (Bongartz et al., 2006) and demyelinating dis-
ease (Arnett et al., 2001; Sukal et al., 2006) due to their ability to block not only 
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soluble TNF but also tmTNF function which is critical in host defense, innate 
immunity, and nerve myelination. The newest generation of specific TNF inhibitors
was designed by engineering a native agonistic protein (monomeric TNF) into a 
dominant negative one (DN-TNF) that does not bind TNFRs but still exchanges 
with native soluble TNF to form heterotrimers with attenuated activity; systemic 
administration of DN-TNFs reduced TNF-induced hepatotoxicity and collagen-
induced arthritis (Steed et al., 2003), and intranigral administration of DN-TNFs 
attenuated loss of midbrain dopaminergic neurons in rat models of Parkinson’s 
Disease (McCoy et al., 2006). These findings suggest that soluble-TNF selective 
and tm-TNF sparing DN-TNFs may represent a ‘safer’ second generation anti-TNF 
therapy for systemic and CNS applications.

Furthermore, since none of the currently available selective TNF inhibitors 
cross the blood–brain barrier, further modifications or development of alternative 
delivery modes will be needed if they are to be used to treat CNS diseases. The 
effectiveness of anti-TNF biologics has prompted investigations to identify small 
molecules that might be administered orally to act as TNF inhibitors. Several 
classes of drugs, including inhibitors of Nuclear Factor-kappa B (NFkB), TNF-α-
converting enzyme (TACE) metalloprotease, p38 MAPK kinase inhibitors, and 
thalidomide, have been reported to act in this manner but none are specific for 
TNF. Consistent with a role of inflammation in the pathophysiology of PD, a 
prospective study of hospital workers found that daily use of non-stereoidal anti-
inflammatory drugs (NSAIDs) for a period greater than 2 years lowered the risk 
of developing PD by 46% (Chen et al., 2003), strongly suggesting that neuroin-
flammation contributes to dopamine neuron loss and development of PD in 
humans. These findings raise the possibility that anti-inflammatory therapy could 
delay or prevent onset of PD. Thus, general anti-oxidants (Ling et al., 1999; Gao 
et al., 2002a, 2003; Isacson, 2002; Lin et al., 2003) as well as anti-inflammatory 
agents (Gao et al., 2003; Sairam et al., 2003; Cleren et al., 2005; Lund et al., 
2005; Marchetti and Abbracchio, 2005; Youdim and Buccafusco, 2005) are being 
intensely investigated for their ability to offer neuroprotection to dopamine neurons 
in experimental models of PD and other models of neurodegeneration including 
Huntington’s and AD. Early promising findings include the report that chronic 
extrathecal administration of the TNF inhibitor etancercept was able to improve 
cognitive performance in patients with mild-to-severe AD (Tobinick et al., 2006). 
These findings will need to be confirmed and investigated further in randomized, 
placebo-controlled clinical trials. On the other side of the spectrum, data from 
studies with TNF antibodies in animal models of stroke suggest that use of drugs 
that target TNF pathways to treat stroke or traumatic brain injury may have dele-
terious effects on hippocampal repair and neurogenesis; it is clear that further 
research is needed to verify these findings. Perhaps the most rational approach 
will be directing the inflammatory machinery via selective regional targeting of 
inflammatory mediators with neurotoxic effects rather than suppressing microglia 
activation in general (Wyss-Coray and Mucke, 2002; Marchetti and Abbracchio, 
2005), especially in light of the clear and unequivocal data that indicate certain 
inflammatory responses in the brain are beneficial and necessary for neural repair 
after injury.
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3 Transforming Growth Factor-b

3.1 Signaling Pathway and Expression in Normal CNS

TGF-β1 is a member of the TGF-β superfamily which consists of several groups 
of highly conserved cytokines, growth factors, and morphogens. These include 
TGF-βs, bone morphogenic proteins (BMPs), activins, growth inhibitory factors, 
and nodal; all proteins with key functions during development and in maintaining 
tissue homeostasis (reviewed in Massagué et al., 2000; Derynck and Zhang, 
2003; ten Dijke and Hill, 2004). The TGF-β subfamily includes three isoforms in 
mammals, TGF-β1, 2 and 3 which act in a highly contextual manner and depend-
ing on cell type and environment, may promote cell survival or induce apoptosis, 
stimulate cell proliferation or induce differentiation, and initiate or resolve 
inflammation. Accurate regulation of TGF-β bioactivity and signaling is key to 
control these opposing functions and essential to health and normal aging. 
Consequently, disruption of TGF-βs or TGF-β signaling molecules results in severe 
defects and usually embryonic lethality in mice (Letterio, 2000; Weinstein et al., 
2000). Gene mutations leading to dysfunction of TGF-β signaling in humans 
have been linked to certain forms of cancer (Massagué et al., 2000; Bierie and 
Moses, 2006), Camurati–Engelmann and related developmental disorders (Loeys 
et al., 2005; Janssens et al., 2006), and hereditary hemorrhagic telangiectases 
(HHTs; (Fernandez et al., 2006) ). HHT frequently affects the brain leading to 
cerebral hemorrhaging and will be discussed below.

The biological actions of TGF-βs are mediated by a receptor complex consisting 
of the TGF-β type 1 (ALK5) and type 2 (TβRII) serine/threonine kinase receptor 
subunits (reviewed in Massagué et al., 2000; Derynck and Zhang, 2003; ten Dijke 
and Hill, 2004). Endoglin and betaglycan are co-receptors or type-3 receptors that 
can modulate signaling (ten Dijke and Hill, 2004). Ligand binding results in recruitment
and phosphorylation of a receptor-regulated Smad (R-Smad) protein which is 
facilitated by the Smad anchor for receptor activation (SARA; (Tsukazaki et al., 
1998) ). R-Smads 2 and 3 transmit signals for the TGF-β and activin pathways 
while Smad1, Smad5, and Smad8 do the same for the BMP pathway. Once phos-
phorylated, these R-Smads associate with Smad4, a co-Smad which is used by 
TGF-β, activin, and BMP pathways and together, the Smad heterodimers translocate
into the nucleus where they bind to the Smad DNA-binding element (SBE) to 
regulate gene transcription (Itoh et al., 2000). The SBE is present in an estimated 
400 genes (Yang et al., 2003) and specificity is obtained by binding of the Smad 
complex to other transcription factors. In the cytosol, inhibitory Smads such as 
Smad7 for TGF-β and activin signaling, and Smad6 for BMP signaling compete 
with R-Smad binding to the type I receptor and inhibit signaling by targeting the 
receptor complex to the ubiquitin degradation pathway.

Besides this canonical Smad-dependent signaling, TGF-β1 has been shown to 
engage the type 1 receptor ALK1 together with TβRII and signal via Smad 1. This 
pathway was first described in endothelial cells where canonical signaling promotes
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basement membrane synthesis and differentiation, while ALK1 dependent signal-
ing promotes proliferation and angiogenesis (Oh et al., 2000; Goumans et al., 2002, 
2003). Interestingly, ALK1 is also expressed by neurons (Konig et al., 2005) and 
ALK1 dependent signaling after injury has been proposed to mediate neuropro-
tective effects of TGF-βs by activating NF-kB (Konig et al., 2005). In addition, 
TGF-βs can activate and crosstalk with several other signaling pathways including 
the p38 MAP kinase pathway, and the JNK or NF-kB pathways (Derynck and 
Zhang, 2003).

In the normal CNS, TGF- β1, 2, and 3, and their receptors are expressed 
within neurons, astrocytes, and microglia (Flanders et al., 1998; Buckwalter and 
Wyss-Coray, 2004). TGF-β1 appears restricted to meningeal cells, choroid 
plexus epithelial cells, and glial cells, while TGF-β2 and -β3 are expressed in 
both glia and neurons (Unsicker et al., 1991). Similarly, TGF-β receptor immu-
nostaining has been described in the CNS (Krieglstein et al., 1995). Neurons 
show immunoreactivity for both TβRI and TβRII in the human brain (Lippa 
et al., 1998; Tesseur et al., 2006b). TβRII immunoreactivity was prominent in 
the substantia nigra reticula and globus pallidus, whereas the striatum was only 
moderately stained, and the substantia nigra pars compacta lacked immunoreac-
tivity. Immunoreactivity was associated with both neurons and glial cells, but 
not with myelinated fiber tracts (Andrews et al., 2006). Expression patterns of 
Smad proteins have also been characterized in mouse embryos (Flanders et al., 
2001; de Sousa Lopes et al., 2003) or in adult mice (Huang et al., 2000). 
Evidence for an important role of TGF-β signaling in the mammalian brain 
comes from transgenic reporter mice in which luciferase is expressed under 
control of a heterologous SBE promoter (Lin et al., 2005; Luo et al., 2006). The 
brain, and within the brain the hippocampus, showed the highest baseline 
reporter activity of all major organs in the mouse indicating significant constitu-
tive TGF-β signaling in the CNS. In support of these findings phosporylated, 
active forms of Smad2 were detected predominantly in large pyramidal neurons 
in the hippocampus and to a lesser extent in the neocortex (Lin et al., 2005; Luo 
et al., 2006).

What the role of such constitutive TGF-β signaling is remains to be shown 
but studies of the TGF-β signaling pathway in Aplysia Californica and 
Drosophila melanogaster, provide evidence for a role in synaptic function, syn-
aptogenesis, and retrograde signaling (reviewed in Kalinovsky and Scheiffele, 
2004; Sanyal et al., 2004). In Aplysia, TGFβ1 induces long term facilitation at 
sensory-motor synapses (Zhang et al., 1997), which can be blocked by expres-
sion of a dominant-negative TβRII. TGF-β1 also induced phosphorylation and 
redistribution of the presynaptic protein synapsin and modulates synaptic func-
tion (Zhang et al., 1997; Chin et al., 2002). In Drosophila, TGF-β receptors and 
dSmad2 are required for neuronal remodeling (Zheng et al., 2003). Mutations in 
spinster, a multipass transmembrane protein that is a negative regulator of syn-
aptic growth, resulted in enhanced TGF-β signaling, and caused synaptic over-
growth, which could be reverted by downregulation of TGF-β signaling 
(Sweeney and Davis, 2002).
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3.2 Role of TGF-b1 in Disease

Consistent with its central role in injury responses, angiogenesis and vascular main-
tenance, immune regulation and cell proliferation, TGF-β signaling has been impli-
cated in brain injury and stroke, neurodegeneration, cerebrovascular disorders, and 
multiple sclerosis. The TGF-β1 promoter is activated by wounding, ischemia, and 
cellular stress (Kim et al., 1990; Roberts and Sporn, 1996). Accordingly, TGF-β1
increases rapidly after injury as well as with age (Finch et al., 1993). The main 
sources of TGF-β1 in the injured brain are astrocytes and microglia (Finch et al., 
1993). TGF-β2 and TGF-β3 are regulated mainly by hormonal and developmental 
signals and may be more important in CNS development (Flanders et al., 1998) 
(Dennler et al., 2002; Shi and Massague, 2003).

3.2.1 Brain Injury and Stroke

TGF-β1 protects neurons against various toxins and injurious agents in cell culture 
and in vivo (Flanders et al., 1998; Unsicker and Krieglstein, 2002; Buckwalter and 
Wyss-Coray, 2004). For example, intracarotid infusion of TGF-β1 in rabbits 
reduces cerebral infarct size when given at the time of ischemia (Gross et al., 1993). 
Rat studies also showed that TGF-β1 protects hippocampal neurons from death 
when given intrahippocampally or intraventricularly 1 h prior to transient global 
ischemia (Henrich-Noack et al., 1996). Mice infected with adenovirus that overex-
pressed TGF-β1 5 days prior to transient ischemia also had smaller infarctions than 
control animals (Pang et al., 2001). Astroglial overexpression of TGF-β1 in trans-
genic mice protected against neurodegeneration induced with the acute neurotoxin 
kainic acid or degeneration associated with chronic lack of apolipoprotein E 
expression (Table 2) (Brionne et al., 2003). Similarly, viral expression of TGF-β1
protects neurons from excitotoxic death in mice (Boche et al., 2003). In agreement 
with this protective effect, TGF-β1 knockout mice displayed spontaneous neuronal 
death with prominent clusters of TUNEL-positive cells in different parts of the 
brain (Brionne et al., 2003). In addition, unmanipulated 3-week-old TGF-β1 knock-
out mice had significantly fewer synaptophysin positive synapses in the neocortex 
and hippocampus compared to wildtype littermate controls, and showed increased 
susceptibility to kainic acid-induced neurotoxicity (Brionne et al., 2003). Primary 
neurons lacking TGF-β1 (Brionne et al., 2003) or expressing a defective, dominant-
negative TβRII (Table 2) (Tesseur et al., 2006b) do not survive as well as wildtype 
cells supporting a critical role for neuronal TGF-β signaling in cellular maintenance 
and survival.

It is not clear how TGF-β1 protects neurons, but several mechanisms have been 
postulated. For example, TGF-β1 decreases Bad, a pro-apoptotic member of the 
Bcl-2 family, and contributes to the phosphorylation, and thus inactivation, of Bad 
by activation of the Erk/MAP kinase pathway (Zhu et al., 2002). TGF-β1 also 
increases production of the anti-apoptotic protein Bcl-2 (Prehn et al., 1994) possibly 



Cytokines in CNS Inflammation and Disease 73

Table 2 CNS phenotypes resulting from genetic modulation of other cytokine and their receptors 
(listed are only models with CNS phenotypes)

Mouse modela Manipulation

Affected cell 
type (transgene 
promoter) CNS phenotype

TGF-β1 ko Deletion of TGF-β1 All cells NIH: ↑ CNS inflammation
↑ Neuronal apoptosis
↑ Synaptic deficits
↑ Neurodegeneration (Brionne et al., 

2003)
TGF-β1 tg Overexpression of 

TGF-β1
Astrocytes 

(GFAP)
High levels result in hydrocephalus 

(Galbreath et al., 1995; 
Wyss-Coray et al., 1995)

↑ Age- and injury-related neuropro-
tection (Brionne et al., 2003)

↑ Fibrosis of blood vessels 
(Wyss-Coray et al., 1995; 
Wyss-Coray et al., 2001)

↑ Inflammation (Wyss-Coray et al., 
1997a)

↑ Amyloid in blood vessels 
(Wyss-Coray et al., 1997b)

↓ Amyloid in parenchyma 
(Wyss-Coray et al., 2001)

↓ Brain tissue perfusion (Gaertner 
et al., 2005)

↓ Adult neurogenesis (Buckwalter 
et al., 2006a)

TGF-β1 tg Tet-O-TGF-β1 × 
CamKII-tTA

Neurons
(CamKII)

↑ Age- and injury-related 
neuroprotection

↑ Fibrosis of blood vessels
↑ Amyloid in blood vessels 

(Ueberham et al., 2005)
TGF-β2 ko Deletion of TGF-β2 All cells Lethal around birth: craniofacial 

malformations, neural tube 
defects (Andrews et al., 2006)

Age-related nigrostriatal dopamine 
deficits (Andrews et al., 2006)

TβRII deficient Tet-O-TβRII∆k × 
Prnp-tTA

Neurons Age-related neurodegeneration and 
Aβ deposition (Tesseur et al., 
2006a)

Endoglin deficient Heterozygous ko 
allele

All cells Sporadic telangiectases with cerebral 
hemorrhages (Bourdeau et al., 
1999, 2001)

IL-1R ko Deletion of IL-1 
receptor 1

All cells ↓ Sleep; deficits in synaptic 
plasticity; impaired spatial mem-
ory (Allan and Rothwell, 2001)

IL-1α/IL-1β dko Deletion of IL-1α
and IL-1β

All cells ↓ Ischemia-induced neuronal 
apoptosis; single ligand ko sus-
ceptible (Seripa et al., 2003)

(continued)
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GILRA2, GILRA4 Overexpression of 
human IL-1ra

Astrocytes 
(GFAP)

↓ IL-1β-induced febrile response 
(Lundkvist et al., 1999)

IL-18 ko Deletion of IL-18 All cells Lack of IL-6 production in CNS 
(Sekiyama et al., 2005)

IL-6 ko Deletion of IL-6 All cells Normal open-field behavior 
(exploratory, anxiety and 
depression-related behavior)

Resistance to MOG-induced EAE 
(Swiergiel and Dunn, 2006)

↓ Response to conditioning lesion in 
peripheral nerve (Cafferty et al., 
2004)

IL-6 tg Overexpression Astrocytes 
(GFAP)

Severe neurologic disease with 
runting, ataxia, seizures; 
neurodegeneration, astrocytosis

↑ Acute phase proteins (Campbell 
et al., 1993)

Cognitive decline (Campbell et al., 
1997)

IL-10 ko Deletion of IL-10 All cells ↑ EAE severity (Bettelli et al., 1998; 
Samoilova et al., 1998a)

↑ Damage after spinal cord injury 
(Abraham et al., 2004) and 
ischemia (Grilli et al., 2000)

↑ Susceptibility to prion disease 
(Thackray et al., 2004)

IL-12 ko Deletion of IL-
12p35 subunit

All cells ↑ EAE severity (Becher et al., 2002; 
Cua et al., 2003)

↓ Neurodegeneration and inflamma-
tion after excitotoxic brain injury 
(Chen et al., 2004)

IL-12/IL-23 ko Deletion of p40 
subunit (shared 
by IL-12 and 
IL-23)

All cells ↓ EAE severity, resistant (Segal 
et al., 1998; Becher et al., 2002; 
Cua et al., 2003)

IL-12 tg Overexpression of 
IL-12p35 and 
p40

Astrocytes 
(GFAP)

Severe inflammation and neurode-
generation in the cerebellum, 
neocortex, and hippocampus 
(Pagenstecher et al., 2000)

CNS central nervous system; EAE experimental autoimmune encephalomyelitis; MBP myelin 
basic protein; GFAP glial fibrillary acidic protein; ko knockout; dko double knockout; tg
transgenic
aDetails on mouse models including expression pattern and levels, the presence of mutations, etc. 
are described in the cited papers
↑, increased; ↓, decreased

Table 2 (continued)

Mouse modela Manipulation

Affected cell 
type (transgene 
promoter) CNS phenotype
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via ALK1 and NFkB signalling (Konig et al., 2005). In addition, TGF-β1 synergizes 
with neurotrophins and may be necessary for at least some of the effects of neuro-
trophins, fibroblast growth factor-2, and glial cell-line derived neurotrophic factor 
(reviewed in Unsicker and Krieglstein, 2000; Unsicker and Krieglstein, 2002). In 
addition, TGF-β1 increases laminin expression (Wyss-Coray et al., 1995) and is nec-
essary for normal laminin protein levels in the brain (Brionne et al., 2003). Laminin 
is thought to provide critical support for neuronal differentiation and survival and 
may be important for learning and memory (Venstrom and Reichardt, 1993; 
Luckenbill-Edds, 1997). Lastly, TGF-β1 may decrease inflammation in the infarction 
area, attenuating secondary neuronal damage (Pang et al., 2001).

3.2.2 Neurodegeneration

Abnormal TGF-β signalling has been described in AD, PD, and other neurodegen-
erative conditions of the CNS (Flanders et al., 1998; Buckwalter and Wyss-Coray, 
2004). Many reports describe changes in TGF-β expression in AD brains, CSF, and 
serum (van der Wal et al., 1993; Peress and Perillo, 1995; Wyss-Coray et al., 
1997b; Luterman et al., 2000; Wyss-Coray et al., 2001; Grammas and Ovase, 2002; 
Tarkowski et al., 2002). TGF-β1 immunoreactivity is increased in or close to amy-
loid plaques (van der Wal et al., 1993; Peress and Perillo, 1995) and around cerebral 
blood vessels (Wyss-Coray et al., 1997b; Wyss-Coray et al., 2001; Grammas and 
Ovase, 2002). Brain TGF-β1 mRNA levels vary greatly between individuals but 
are overall increased in AD brains compared with controls and correlate positively 
with the extent of cerebrovascular amyloid deposition or cerebral amyloid angio-
pathy (CAA) (Wyss-Coray et al., 1997b; Wyss-Coray et al., 2001). Interestingly, 
TGF-β1 mRNA levels are inversely correlated with parenchymal Aβ deposition 
(Wyss-Coray et al., 2001), consistent with the observation that cerebrovascular 
and parenchymal Aβ deposition are inversely correlated (Wyss-Coray et al., 2001; 
Tian et al., 2003). Additional support for a role of TGF-β1 in CAA comes from 
studies of mice that model AD and also overproduce TGF-β1 (Table 2) (Wyss-
Coray et al.). While the human amyloid precursor protein (hAPP) transgenic mice 
develop amyloid plaques mainly in the brain parenchyma, hAPP/TGF-β1 doubly 
transgenic mice accumulate amyloid overwhelmingly in blood vessels. It is con-
ceivable that this CAA phenotype is the result of abnormal TGF-β signaling in 
endothelial or smooth muscle cells and pericytes, leading to excessive accumula-
tion of basement membrane proteins in the vasculature (Wyss-Coray et al., 2000; 
Grammas and Ovase, 2002).

Interestingly, TGF-β1 overexpression in hAPP mice not only promoted CAA 
but also resulted in 60–75% reduction in the number of parenchymal plaques 
and overall Aβ levels (Wyss-Coray et al.). At least some of this reduction in Aβ
accumulation may involve innate immune mechanisms including activation of 
microglial cells (Wyss-Coray et al., 2002) and increased production of complement 
C3. Other mechanisms of action may involve the neuroprotective functions of 
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TGF-β signaling. Thus, reduced TGF-β signaling in neurons of hAPP mice 
resulted in a twofold increase in amyloid accumulation and increased neurode-
generation (Tesseur et al., 2006b). As brains from patients with AD had promi-
nently reduced levels of TβRII compared to those without disease (Tesseur et 
al., 2006b) it is possible that deficiency in TGF-β signaling may contribute to 
AD as well.

3.2.3 Multiple Sclerosis

TGF-β1 can exert either anti- or pro-inflammatory effects and initiate or resolve 
inflammatory responses through the regulation of chemotaxis, activation, and 
survival of immune cells (Luethviksson and Gunnlaugsdottir, 2003; Li et al., 
2006). This dual nature has become evident recently in EAE, a model for MS. 
TGF-β1 and its receptors are expressed in the CNS inflammatory lesions of MS 
patients and in various animal models of the disease (Johns et al., 1991; Issazadeh 
et al., 1995b; De Groot et al., 1999) suggesting a role in the disease process. In 
patients with MS, higher levels of TGF-β1 mRNA have been associated with 
reduced disability (Link et al., 1994) and MRI evidence of disease (Bertolotto et 
al., 1999) while serum levels of TGF-β1 are elevated both at the time of relapses 
and in response to IFN-γ treatment (Nicoletti et al., 1998). Consistent with these 
potentially protective effects, peripheral treatment with exogenous TGF-β1
reduced the incidence and severity of inflammation and demyelination in the 
CNS of rodents with EAE (Johns et al., 1991; Kuruvilla et al., 1991; Racke et al., 
1991) and administration of TGF-β neutralizing antibodies worsened disease 
(Johns and Sriram, 1993). In contrast, astrocyte restricted overexpression of 
TGF-β1 in brains of transgenic mice results in more severe EAE, with earlier 
disease onset and larger mononuclear cell infiltrates in the CNS (Table 2) (Wyss-
Coray et al., 1997a). In a related experiment, overexpression of TGF-β1 in hAPP 
transgenic mice resulted in increased T cell accumulation in the brain after immu-
nization with Aβ peptide, which forms the characteristic amyloid plaques in this 
model for AD (Buckwalter et al., 2006b). Thus, the effect of TGF-β1 on cere-
bral accumulation of T cells is not restricted to myelin-specific cells. Even in 
the absence of immunization, T cells accumulate with aging in unmanipulated 
TGF-β1 transgenic mice (Buckwalter et al., 2006b).

While these studies suggest that local expression of TGF-β1 in the target 
organ is responsible for its pro-inflammatory effects recent studies show that 
TGF-β1 is also necessary for the priming and expansion of autoreactive T cells. 
Strikingly, transgenic mice with CD4 T cells expressing a dominant negative 
form of the TβRII and thus, not responsive to TGF-β1, failed to generate Th-17 
cells and did not develop EAE (Veldhoen et al., 2006a). Indeed, TGF-β1 is a 
crucial factor for the differentiation of Th-17 cells (Bettelli et al., 2006; Mangan 
et al., 2006; Veldhoen et al., 2006b), a T cell subset producing IL-17 and 
believed to be autoreactive and disease promoting (Langrish et al., 2005; Park 
et al., 2005; Veldhoen et al., 2006a). In summary, the effects of TGF-β1 in 
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autoimmune encephalitis and MS seem highly dependent on temporal and 
spatial expression making this pathway a potentially challenging therapeutic 
target in this disease.

3.2.4 Hydrocephalus

Hydrocephalus and brain fibrosis are common outcomes after whole brain inflam-
mation due to bacterial meningitis, subarachnoid hemorrhage, or severe traumatic 
brain injury and TGF-β1 may have an important role in its progression (Crews 
et al., 2004). High CSF levels of TGF-β1 in patients with subarachnoid hemorrhage 
confer an increased risk of developing chronic hydrocephalus (Kitazawa and Tada, 
1994; Takizawa et al., 2001). Indeed, TGF-β1 injected into the lateral ventricles 
produces hydrocephalus in mice (Tada et al., 1994) and TGF-β1 mice with high 
levels of expression in astrocytes had persistent communicating hydrocephalus at 
birth, enlargement of cerebral hemispheres, and thinning of the overlying cerebral 
cortex (Galbreath et al., 1995; Wyss-Coray et al., 1995). Histological analysis 
showed decreased stratification of neuronal cell layers and leukomalacia-like areas 
in addition to excess basement membrane synthesis around blood vessels and in the 
meninges. Given the extensive fibrosis of the meninges in TGF-β1 mice hydro-
cephalus may be the result of decreased CSF reabsorption at fibrotic arachnoid villi 
(Crews et al., 2004).

3.2.5 Cerebrovascular Disorders

TGF-β1 has a key role in formation and maintenance of blood vessels which may be 
relevant for cerebrovascular disease. In general, low levels of TGF-β1 appear neces-
sary for endothelial cell proliferation and angiogenesis, but higher levels result in 
increased synthesis of basement membrane proteins and differentiation (Oh et al., 
2000; Goumans et al., 2002, 2003). Thus, studies in TGF-β1 knockout and other 
mice demonstrated an essential role for TGF-β1 in vasculogenesis and angiogenesis 
during development (Table 2) (Dickson et al., 1995) (Kulkarni et al., 1993) as well 
as in maintaining vascular integrity in adults (Madri et al., 1992; Pepper, 1997). Two 
TGF-β receptors on endothelial cells, endoglin and ALK1, mediate at least part of 
these effects and targeted mutations of endoglin (Li et al., 1999) or ALK1 (Oh et al., 
2000) lead to lethal defects in vasculogenesis and angiogenesis in mice. In humans, 
hereditary mutations in the genes encoding for endoglin or ALK1 cause hereditary 
hemorrhagic telangiectasia (HHT) (McAllister et al., 1994; Johnson et al., 1996), a 
disease characterized by recurrent epistaxis, telangiectasias, hemorrhages, and arte-
riovenous malformations. Many of these malformations occur in the brain and mice 
heterozygous for endoglin show that haploinsufficiency leads to HHT-like disease in 
the CNS (Satomi et al., 2003).

On the other hand, too much TGF-β1 is detrimental for the vasculature as 
well, possibly by inducing excessive extracellular matrix deposition. Transgenic 
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mice overexpressing TGF-β1 in astrocytes demonstrated an age- and dose-
dependent accumulation of thioflavin S–positive perivascular amyloid deposits 
and degeneration of vascular cells (Wyss-Coray et al., 2000). Nevertheless, the 
amyloid deposits which did not contain appreciable amounts of endogenous Aβ
had an appearance similar to those found in brains of AD patients with 
concomitant CAA. Analysis of the progression of the cerebrovascular changes 
in TGF-β1 mice showed a significant accumulation of basement membrane 
proteins perlecan and fibronectin in microvessels of young adult mice that pre-
ceded the formation of thioflavin S positive amyloid (Wyss-Coray et al., 2000). 
Consistent with these findings, inducible neuronal expression of TGF-β1 led to 
the formation of thioflavin S–positive cerebrovascular deposits which remained 
even after transgene expression was turned off (Ueberham et al., 2005). These 
pro-fibrotic effects are in line with the pathological role TGF-β1 has in fibrosis 
in the lung (Kumar et al., 1995; Pittet et al., 2001) and the kidney (Border and 
Noble, 1997). Cerebrovascular fibrosis observed in normal aging or hyperten-
sion (Suthanthiran et al., 2000) may well be the result of increased vascular 
TGF-β signaling and could be a factor in the formation of cerebrovascular amyloid 
in humans.

3.3 The TGF-b Pathway as a Pharmacological Target

Due to their potent actions not only in neurological disease but in peripheral diseases 
as well TGF-β1 and the TGF-β signaling pathway are attractive drug targets. 
However, because TGF-β1 can exert opposing actions on cellular processes depending 
on contextual factors a better understanding of the regulation of TGF-β1 activation 
and signaling may be necessary to target regulators or downstream modulators of 
TGF-β signaling. The therapeutic benefit of TGF-β protein has been tested in animal 
models or humans to promote wound healing, bone formation and a number of other 
conditions although delivery remains a major problem [for review see (Flanders and 
Burmester, 2003)]. As discussed above, TGF-βs delivered via stereotactic or viral 
means reduced ischemic damage in a number of stroke models (Gross et al., 1993; 
Henrich-Noack et al., 1996; Pang et al., 2001). TGF-β1 has also been shown to 
reduce autoimmune encephalomyelitis in a rodent model for multiple sclerosis if 
administered in the periphery (Racke et al., 1991) or via genetically engineered TGF-
β1 expressing T cells (Chen et al., 1998). A small molecule compound with TGF-β-
like activity has been described to target histone deacetylase and may be developed 
to harness some of these beneficial effects of TGF-β (Glaser et al., 2002).

To target the detrimental actions of the TGF-β pathway a number of small molecule 
inhibitors of the kinase activity of the TGF-β type I receptor ALK5 have been developed. 
These drugs are tested to inhibit fibrosis, scarring and tumor-associated angiogenesis 
among other processes (Callahan et al., 2002; Hjelmeland et al., 2004; Kim et al., 2004; 
Uhl et al., 2004; Moon et al., 2006). Based on preclinical studies ALK5 inhibitors seem 
particularly promising in the treatment of gliomas (Uhl et al., 2004).
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4 Interleukin 1 Family

4.1  Signaling Pathways and Expression of IL-1 Family 
and its Receptors in Normal CNS

Members of the IL-1 family include IL-1α, IL-1β, IL-18, and the interleukin IL-1 
receptor antagonist (IL-1ra) as well as 6 other proteins with unknown functions 
(reviewed in Allan et al., 2005). IL-1α is mostly cell-membrane associated and shares
little sequence homology with IL-1β. IL-1β and IL-18 are closely related; both 
possess a similar three-dimensional structure, and their respective precursor forms 
are inactive until cleaved by the intracellular cysteine protease caspase-1. IL-1α
and IL-1β mediate peripheral and central inflammation by binding to the IL-1 type 
I receptor (IL-1RI) and activating NFkB and stress-activated MAPK signaling 
cascades. IL-1ra binds to the same receptor and can modulate IL-1 activity. In addi-
tion, IL-1α, IL-1β, and IL-1ra bind also to IL-1R2, while IL-18 binds to IL-1R 
related protein. Recent data suggests that while IL-1α and IL-1β induce identical 
IL-1 signaling pathways, IL-1β is significantly more potent than IL-1α in stimulat-
ing IL-6 release in primary mixed glia (Andre et al., 2005); these differential 
actions in the CNS raise the possibility that there may be other IL-1 receptor(s) in 
the brain. Numerous reports have correlated the presence of increased IL-1 in the 
injured or diseased brain, and its effects on neurons and nonneuronal cells in the 
CNS, but the importance of IL-1 signaling in normal brain function has only 
recently been recognized (Basu et al., 2004). Despite their low levels in normal 
brain, the IL-1 family of proteins has now been shown to exert numerous biological 
effects in the brain, including induction of acute-phase proteins needed in neuroim-
mune responses and activation of many inflammatory processes with direct actions 
on CNS neurons. Evidence that IL-1 is higher in the brain during sleep and that 
spontaneous sleep can be reduced by IL-1ra implicate this cytokine in sleep 
physiology. In addition, increased expression of IL-1 after the induction of hippocampal
long-term potentiation (LTP) and reversal by IL-1ra establish a connection to 
synaptic plasticity (reviewed in Allan et al., 2005).

4.2 Role of IL-1 Family in Disease

A number of polymorphisms in the genes that encode IL-1α (IL-1A), IL-1β (IL-
1B) and IL-1ra (IL-1RA; IL-1RN) have been implicated in CNS diseases (reviewed 
in Allan et al., 2005), however many associations are weak or have not been 
replicated. In contrast, there is substantial evidence that IL-1 and IL-18 are 
involved in the neuronal injury that occurs in chronic neurodegenerative disorders 
and the acute damage seen after stroke and brain trauma (Allan et al., 2005). The 
molecular basis of these cytokine effects remains to be elucidated. For example, in vivo 
administration of IL-1β (60 µg/kg, i.p.) induced the phosphorylation of ERK1/2 in 



80 M.G. Tansey and T. Wyss-Coray

neurons, astrocytes and microglia in areas at the interface between brain and blood 
or cerebrospinal fluid: meninges, circumventricular organs, endothelial-like cells 
of the blood vessels, and in brain nuclei involved in behavioral depression, fever 
and neuroendocrine activation (paraventricular nucleus of the hypothalamus, 
supraoptic nucleus, central amygdala and arcuate nucleus). In addition, recent 
studies support a crucial role for IL-18 in mediating neuroinflammation and 
neurodegeneration in the CNS under pathological conditions, such as bacterial and 
viral infection, autoimmune demyelinating disease, and hypoxic-ischemic, hyper-
oxic and traumatic brain injuries (Felderhoff-Mueser et al., 2005). In psychologi-
cally and physically stressed organisms, IL-18 influences pathological and 
physiological processes by participating in stress-related disruption of host 
defenses (Sekiyama et al., 2005).

The use of transgenic and gene-knockout mice has provided the opportunity to 
substantiate the physiological significance of IL-1-family members in the CNS 
(Table 2). Mice deficient in IL-1α and IL-1β show significantly reduced ischemic 
cell death, whereas deletion of either IL-1α or IL-1β alone does not protect. It has 
also been demonstrated that IL-1 exacerbates ischemic injury in mice in the absence 
of IL-1R1, again suggesting the existence of novel IL-1 receptors in the brain. Mice 
that are deficient in IL-1R1 sleep less, show deficits in synaptic plasticity, and per-
form worse in a spatial memory task than control animals (reviewed in Allan et al., 
2005). Although most of the neurodegenerative effects of IL-1 are thought to be 
mediated through IL-1β, data from genetic models implicate IL-1α in excitotoxic 
cell death as well. Furthermore, intrastriatal administration of the excitotoxin 
AMPA in the rat brain leads to marked increases in IL-1 cytokine expression in the 
frontoparietal cortex and drastically exacerbates neuronal loss in this region. 
Enhancement of cell death pathways by IL-1 results in increased limbic seizures 
(Seripa et al., 2003). IL-1β (Cunningham et al., 1996; Curran et al., 2003) and 
IL-18 (Curran and O’Connor, 2001) have also been reported to have inhibitory 
effects on LTP. From human and animal studies, we can conclude that IL-1β
and IL-18 participate in fundamental inflammatory processes that increase during 
the aging process as well as in the febrile response (see below). Lastly, transgenic 
mouse models with astrocyte-directed overexpression of the IL-1ra have demon-
strated an important role of IL-1 signaling in the CNS. Two additional GFAP-hsIL-1ra
strains have been generated and characterized further: GILRA2 and GILRA4. 
These strains show a brain-specific expression of the hsIL-1ra at the mRNA and 
protein levels in the CSF which are 13- and 28-fold higher respectively, compared 
to wild-type (Lundkvist et al., 1999).

4.2.1 Febrile Response

Fever is a normal adaptation in response to a pyrogenic stimulus (tissue injury, 
pathogenic bacteria, etc.) resulting in the generation of cytokines and prostagland-
ins (Boutin et al., 2003). The body produces a wide array of pyrogenic cytokines 
such as interleukins (IL-1, IL-6), interferon, and TNF which are sensed by the 
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circumventricular organ system (CVOS) lying at the interface of the blood–brain 
barrier. When pyrogenic cytokines are detected by the CVOS, prostaglandin syn-
thesis, especially cyclo-oxygenase-dependent prostaglandin E2, is induced as part 
of the febrile response. Once the hypothalamus receives the signal, autonomic, 
endocrine, and behavioral processes are activated until the hypothalamic set-point 
is reset downward as a consequence of a reduction in pyrogen content or antipyretic 
therapy, with subsequent heat loss. The febrile response elicited by IL-1β (50 ng/
mouse i.c.v.) was abolished in hsIL-1ra-overexpressing animals, suggesting that 
the central IL-1 receptors were occupied by antagonist.

4.2.2 Traumatic Brain Injury and Epilepsy

Increases in IL-1 early after brain injury lead to increases in neuronal excitability 
through modulation of the balance between excitatory and inhibitory synaptic 
transmission, induction of neurotoxin production, leukocyte infiltration, activation 
of microglial cells and astrocytes (reviewed by Allan et al., 2005).

4.2.3 Ischemic Stroke and Excitotoxicity

IL-1 exerts a number of diverse actions in the brain, and it is currently well accepted 
that it contributes to experimentally induced neurodegeneration. IL-1 is one of the 
key modulators of the inflammatory response after cerebral stroke, and its activity 
is critically regulated by its receptor antagonist IL-1ra. Much of this is based on 
studies using IL-1ra, which inhibits cell death caused by ischemia, brain injury, or 
excitotoxins (Hailer et al., 2005; Pinteaux et al., 2006).

4.2.4 Inflammation in Aging

Patients with mutations in the NALP3 gene, which controls the activity of caspase-
1, readily secrete more IL-1β and IL-18 and suffer from systemic inflammatory 
diseases (Dinarello, 2006). Patients with defects in this gene have high circulating 
concentrations of IL-6, serum amyloid, and C-reactive protein, each of which 
decrease rapidly upon blockade of the IL-1 receptor, which suggests that IL-1β
contributes to the elevation of these markers as part of the inflammatory mecha-
nisms associated with aging.

4.2.5 Alzheimer’s Disease

IL-1-dependent inflammation may contribute to the pathophysiology of AD since 
it is expressed at abnormally high levels by glial cells in AD in the vicinity of amy-
loid plaques and can lead to neuronal injury and activation of p38 MAPK pathways 
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and phosphorylation of tau (Sheng et al., 2001; Li et al., 2003; Cacquevel et al., 
2004). IL-1 promoter polymorphisms were among several gene polymorphisms in 
inflammation-related genes suspected to compose a susceptibility profile for AD risk 
that also included IL-6, TNF, α-2-macroglobulin (A2M), and α-1-antichymotrypsin 
(AACT). Although several individual reports of polymorphisms in genes of various 
IL-1 family ligands (IL-1α -889, IL-1β -511, IL-1β + 3953) suggested associations 
between specific alleles and AD in that their presence appeared to increase the risk 
for AD or modified the age-at-onset of AD (Du et al., 2000; Grimaldi et al., 2000; 
Nicoll et al., 2000; Kolsch et al., 2001; Murphy et al., 2001; Ehl et al., 2003), other 
studies revealed no significant associations between these polymorphisms and AD 
(Ki et al., 2001; Green et al., 2002). Therefore, as is the case for other cytokines, fur-
ther evaluation of the association of IL-1 gene polymorphisms with AD and their role 
in pathogenesis is needed.

4.2.6 Parkinson’s Disease

The CSF of PD patients has been reported to contain high concentrations of IL-1 
(Blum-Degen et al., 1995), but the role of IL-1β in this disease is still unclear. Patients 
with AD and Lewy body dementia showed co-localization of IL-1β -expressing micro-
glia with neurons that were highly immunoreactive for β-amyloid precursor protein 
(βAPP) and contained both Lewy Bodies and neurofibrillary tangles (Grigoryan et al., 
2000), raising the possibility that the clinical and neuropathological overlap between 
AD and PD may be mediated by IL-1β (Μrak and Griffin 2007). Although numerous 
in vitro and in vivo studies have demonstrated that IL-1β contributes to the degeneration 
of neurons in SNpc (reviewed in Allan et al., 2005), a recent report suggested it may 
also have a neuroprotective role by eliciting GDNF release from astrocytes under acute 
inflammatory conditions (Saavedra et al., 2007). Consistent with this finding, IL-1β
promoter polymorphisms appear to be protective in PD (Nishimura et al., 2001, 2005); 
additional studies will be needed to confirm these findings.

4.3 IL-1 Family Members as Therapeutic Targets

Because the IL-1 family coordinates both systemic and CNS host defense responses 
to pathogens and to injury and is at or near the top of the hierarchical cytokine sig-
naling cascade in the CNS that activates neuroinflammation, it may provide an 
attractive target for therapeutic intervention in diseases where the latter contributes 
to destruction of vulnerable neuronal populations. For example, IL-1β is the major 
inducer of central cyclo-oxygenase 2 (COX2) activity and as such has an important 
role in production of prostaglandin E2 and other prostanoids which sensitize 
peripheral nociceptive terminals and produce localized pain hypersensitivity. In 
contrast, inhibiting IL-1 actions (by intracerebroventricular (i.c.v) injection of IL-1ra,
neutralizing antibody to IL-1 or caspase-1 inhibitor) significantly reduces ischemic 
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brain damage (Boutin et al., 2001, 2003). Similarly, controlling the caspase-1
activating pathway to suppress IL-18 levels may provide preventative means 
against stress-related disruption of host defenses.

5 Interleukin 6

5.1  Signaling Pathways and Expression of IL-6 
and its Receptors in Normal CNS

Cellular sources of Interleukin -6 (IL-6) are glial cells and neurons; and its receptors
are found in the CNS where they signal via the Janus kinase – signal transducer and 
activator of transcription (JAK-STAT) pathway involving STAT3 (Taga, 1996). 
Glial production of IL-6 has been studied intensively, but comparatively little is 
known about the induction of IL-6 in neurons. Interestingly, because neuronal IL-6 
expression is induced by excitatory amino acids or membrane depolarization, it 
may be an activity-dependent physiological neuromodulator of brain functions 
(Juttler et al., 2002). In fact, cytokines such as IL-1, IL-6, and TNF, previously 
thought to only have immune-related functions, have been shown to participate in 
activity-dependent structural synaptic changes in specific neurochemical circuitries 
in the normal brain (Tonelli and Postolache, 2005). These processes range from the 
refinement of synaptic connections in sensory systems to learning and memory 
storage functions of the hippocampus. Therefore, the theme emerges that mechanisms
of defense against pathogens can drastically affect brain structure and function by 
inducing changes in cognition, mood and behavior.

5.2 Role of IL-6 in CNS Disease

High levels of IL-6 along with TNF and IL-1β have been shown to impair cognition 
(Tonelli and Postolache, 2005). Insight into the role of IL-6 in chronic-progressive 
neurodegenerative disorders has come from in vivo studies with transgenic mice in 
which the cytokine ligand/receptor system has been over-expressed, deleted or 
blocked (Table 2). Specifically, astrocyte-targeted overexpression of IL-6 resulted 
in severe neurologic disease with runting, ataxia, seizures; neurodegeneration, 
astrocytosis, acute phase proteins and cognitive decline (Campbell et al., 1997). 
Yet IL-6 ko mice appear to be no different from wild-type littermates in ambulatory, 
exploratory, and stereotypic activities in home or novel cages, in an open field 
(OF), in the multicompartment chamber (MCC), or in the elevated plus-maze 
(EPM). In general, their feeding, exploratory, anxiety- and depression-related 
behaviors were normal and the plasma corticosterone and basal concentrations 
of catecholamines, indoleamines and their metabolites in several brain regions 
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were similar to those of wildtype mice (Swiergiel and Dunn, 2006). In contrast, use 
of IL-6-deficient mice in experimental models of MS suggest that this cytokine 
may be critical for the activation and differentiation of autoreactive T cells in vivo 
and that blocking IL-6 function can be an effective means to prevent EAE 
(Samoilova et al., 1998b). Although autoreactive T cells recognizing self myelin 
antigens are present in most individuals, autoimmune disease of the central nervous 
system is a relatively rare medical condition perhaps because development of 
autoimmune disease requires that autoreactive T cells actually become activated. It 
has been proposed that activation of T cells requires a minimum of two signals: an 
antigen-specific signal delivered by MHC-peptide complex and a second signal 
delivered by costimulatory molecules or cytokines. IL-6-deficient mice were com-
pletely resistant to EAE induced by myelin oligodendrocyte glycoprotein (MOG), 
whereas IL-6-competent control mice developed EAE characterized by focal 
inflammation and demyelination in the CNS and developed neurological deficits. 
Furthermore, it was demonstrated that the resistance to EAE in IL-6 ko mice was 
associated with a failure of MOG-specific T cells to differentiate into either Th1 or 
Th2 type effector cells in vivo. Polymorphisms in the IL-6 gene have been investi-
gated for links to human disease, including stroke and ischemia (Balding et al., 2004), 
intracranial hemorrhage (Pawlikowska et al., 2004; Chen et al., 2006), cerebral 
malaria (Jakobsen et al., 1994), and Parkinson’s Disease (Hakansson et al., 2005). As 
is the case with other cytokine polymorphisms, confirmation by replicative studies 
and meta-analyses of multiple such association studies will be needed to assess their 
overall genetic effect.

5.2.1 Cerebral Ischemia

IL-6 expression transiently increases in the acute phase of cerebral ischemia. 
Studies using an IL-6 receptor monoclonal antibody demonstrated that endogenous 
IL-6 plays a critical role in preventing damaged neurons from undergoing apoptosis 
in the acute phase of cerebral ischemia and that its role may be mediated by STAT 
3 activation (Yamashita et al., 2005).

5.2.2 Nerve Injury and Regeneration

Sciatic nerve injury has been shown to induce IL-6 (Bolin et al., 1995) and immunos-
taining for phospho-STAT 3 downtream of IL-6 indicated that activated STAT 3 levels 
were elevated in the nuclei of dorsal root ganglion (DRG) neurons after a conditioning 
lesion (Liu and Snider, 2001). Sciatic nerve transection resulted in a time-dependent 
phosphorylation and activation of STAT3 in DRG neurons (Qiu et al., 2005) and the 
effect appeared to be specific to peripheral injuries; it did not occur when the dorsal 
column was crushed. Infusion of the JAK2 kinase inhibitor AG490 to the proximal 
nerve stump blocked sciatic nerve-induced STAT3 phosphorylation, resulting in 
reduced neurite outgrowth in vitro and also significantly attenuated dorsal column
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axonal regeneration in the adult spinal cord. Therefore, STAT3 activation appears 
to be necessary for repair of DRG neurons and improved axonal regeneration after 
a conditioning lesion. Consistent with these observations, IL-6, along with leuke-
mia inhibitory factor (LIF), appear to be involved in the conditioning lesioning 
response of DRG neurons, as illustrated by the observation that this conditioning 
effect is significantly attenuated in sensory neurons from LIF ko mice (Cafferty 
et al., 2001) as well as IL-6 ko mice (Cafferty et al., 2004) compared to wild type. 
Conditional knockout of STAT3 revealed that this pathway impacts survival (but 
not necessary regeneration) of motor neurons (Schweizer et al., 2002). A neuronal 
regeneration associated protein that may function downstream of STAT3 is the 
small proline-rich protein 1 A (SPRR1A) given that it has been identified as a 
downstream target of gp130 signaling by IL-6 in cardiomyocytes (Pradervand et al., 
2004). It is not detectable in uninjured neurons but is induced in DRG neurons in 
culture and after peripheral axonal damage since it was identified by microarray 
profiling after sciatic nerve transaction (Bonilla et al., 2002). Reduction of SPRR1A 
function by anti-sense oligonucleotides or SPRR1A antibody in axotomized axons 
restricted axonal outgrowth. Whether IL-6 also induces SPRR1A in neurons 
remains to be confirmed, but the latter could well mediate the neurogenic function 
of the gp130 cytokines.

5.3 IL-6 as a Target for Therapeutic Intervention

Although the complex intracellular signaling cascades inside neurons initiated by 
ligand-receptor binding are only beginning to be understood, localized therapeutic 
administration of IL-6 may lead to sufficient STAT3 activation for repair of DRG 
neurons and improved axonal regeneration after a lesion whereas inhibition of IL-6 
may protect from cerebral ischemia in cases where administration of TNF inhibi-
tors would be contraindicated because of the trophic effect of TNF on hippocampal 
neurons and stroke-induced neurogenesis.

6 Interleukin 10

6.1 Signaling Pathway and Expression in Normal CNS

Interleukin-10 is an immune modulatory cytokine with potent anti-inflammatory 
and immunosuppressive properties (reviewed in Pestka et al., 2004; Zdanov, 
2004). The biologically active form is a homodimer that binds to IL-10 receptors 
R1 and R2 and signals via kinases Jak1, Tyk2 and the transcription factors Stat3 
(Pestka et al., 2004). At least eight cytokines related to IL-10 have recently been 
described including IL-19 and IL-22 and some share the IL-10R2 receptor 
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(Pestka et al., 2004; Zdanov, 2004). IL-10 is produced by T cells and monocyte/
macrophages and regulates the function of T cells, B cells, and monocytes among 
other cells in part by inhibiting cytokine synthesis and expression of costimulatory 
molecules. In the CNS, activated microglia and astrocytes can produce IL-10 
(Wu et al., 2005) and at least in vitro, these cells also express IL-10 receptors 
(Ledeboer et al., 2002).

6.2 IL-10 Signaling in CNS Disease

The effects of IL-10 in the brain seem to be overwhelmingly beneficial, involving 
anti-inflammatory and neuroprotective actions. In accord with an effect on immune 
cells, peripherally administered IL-10 ameliorated pneumococcal meningitis in rats 
while intrathecal delivery was ineffective (Koedel et al., 1996). Similarly in EAE, 
systemic administration of IL-10 reduced disease severity in rats (Rott et al., 1994) 
and mice (Crisi et al., 1995). IL-10 produced from T cells (Bettelli et al., 1998) or 
MHC class II expressing cells (Cua et al., 1999) in transgenic mice also prevented 
EAE and IL-10 ko mice showed exacerbated disease (Bettelli et al., 1998; Samoilova 
et al., 1998a) (Table 2). IL-10 producing T cells may also be responsible for mediating
protection conferred by intranasal, tolerance inducing, immunization with myelin 
peptides (O’Neill et al., 2006) but probably not with copaxone/glatiramer acetate-
induced tolerogenic T cells (Jee et al., 2006). Thus, copaxone, which is used for the 
treatment of MS in humans and results in the induction of tolerogenic T cells, was 
similarly effective in IL-10 ko as in wildtype mice (Jee et al., 2006). Interestingly, 
intravenous delivery of IL-10 can also exacerbate EAE (Cannella et al., 1996) 
indicating that the exact timing and pattern of IL-10 expression may be critical for 
its effects. While the aforementioned effects are consistent with systemic action of 
IL-10 or IL-10 produced by CNS infiltrating cells, viral delivery of IL-10 into the 
brain was sufficient to potently inhibit disease progression and prevent relapses 
(Cua et al., 2001). In contrast, virus-induced IL-10 production in the periphery, 
which led to significant increases in serum IL-10, was not protective (Cua et al., 
2001). Nevertheless, it is likely that local and infiltrating cells are important sources 
of IL-10 in autoimmune inflammation in the CNS.

Administration of recombinant IL-10 protects rats against traumatic brain injury 
most likely involving effects on peripheral immune cells (Knoblach and Faden, 
1998). Administration of IL-10 is also protective in experimental spinal cord injury 
and IL-10 ko mice show more damage, at least at early time points in this model 
(Abraham et al., 2004). Similarly, IL-10 ko mice are more susceptible to ischemia 
and primary neuronal cell cultures show that IL-10 acts directly on CNS cells, pos-
sibly even on neurons (Grilli et al., 2000). Following up on this observation, Bachis 
et al. (2001) show that IL-10 protects primary neurons exposed to excitotoxins, 
possibly by inhibiting NF-kB and caspase 3 activity.

Lack of IL-10 in knockout mice also results in increased susceptibility to prion 
disease and a shorter incubation time (Thackray et al., 2004) (Table 2). This is 
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associated with a strong increase in TNF suggesting that IL-10 inhibits inflamma-
tion in this paradigm. In conclusion, IL-10 seems to exert its protective effects in 
part on immune cells infiltrating the brain, but local synthesis by glial cells is likely 
to contribute as well. Understanding the regulation of IL-10 in the CNS and char-
acterizing its target cells will be necessary to target this pathway therapeutically in 
CNS disease.

7 Interleukin 12

7.1 Signaling Pathway and Expression in Normal CNS

Interleukin-12 is a key regulator of cellular immune responses (reviewed in Hunter, 
2005). The bioactive peptide IL-12p70 (named thereafter IL-12), is a heterodimer 
made of the p35 subunit encoded by IL12A and p40 encoded by IL12B. An 
IL-12p40 homodimer exists as well and can antagonize IL-12p70 function. While 
IL-12p70 binds to IL-12 receptors RB1 and RB2, the p40 homodimer binds only 
RB1 (Hunter, 2005). Receptor activation leads to STAT4-dependent signaling involv-
ing the kinases Jak2 and Tyk2. Importantly, two new cytokines, IL-23 and IL-27, 
have recently been added to the IL-12 family: IL-23 is a heterodimer of IL-12p40 
and IL-23p19 and uses IL-12-RB1 as one of its receptor components. IL-27 is 
structurally related to IL-12 but does not share its subunits or receptors (Hunter, 
2005). Because some of the earlier work on IL-12 involved manipulation of the p40 
subunit, IL-23 levels may have been affected as well and results should be evalu-
ated accordingly. IL-12 is produced by monocyte/macrophages, dendritic cells and 
B cells and in the CNS, by microglia and astrocytes (Park and Shin, 1996; Stalder 
et al., 1997). Its receptors are found on T cells where they promote a Th1 type 
immune response. In addition, IL-12 receptors are present on NK cells. IL-23 is 
also produced by cells of the myeloid lineage and promotes the development of 
Th17 type T cells. In the CNS, it is produced by microglia and infiltrating macro-
phages (Cua et al., 2003).

7.2 IL-12 Signaling in CNS Disease

Given its prominent role in regulating T cell responses in the periphery, IL-12 has 
been studied mostly in T cell-dependent CNS disease. IL-12p40 is increased in 
active MS lesions in humans (Windhagen et al., 1995) and CNS expression corre-
lates with disease severity in rodents with EAE (Issazadeh et al., 1995a; Smith 
et al., 1997; Bright et al., 1998). Using knockout mice it became clear recently that 
IL-23, not IL-12, is the major pro-inflammatory cytokine in EAE, probably by pro-
moting Th17 T cell subset expansion and survival. Thus, IL-12p40 knockout mice 
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(no IL-12, no IL-23; (Segal et al., 1998; Becher et al., 2002; Cua et al., 2003)) and 
IL-23p19 knockout mice were resistant to EAE while IL-12p35 knockout mice 
(no IL-12) had even more severe disease than wildtype animals (Becher et al., 
2002; Cua et al., 2003) (Table 2). Interestingly, overexpression of IL-12p35 and 
IL-12-p40 from astrocytes of transgenic mice leads to spontaneous perivascular 
and parenchymal inflammatory lesions that contain T cells and NK cells 
(Pagenstecher et al., 2000). These mice are also more susceptible to EAE 
(Pagenstecher et al., 2000) and simple peripheral administration of mycobacterial 
extracts lead to EAE-like disease (Lassmann et al., 2001). Whether these mice 
have also increased IL-23 levels as a result of p40 transgene expression has not 
been described. Antibodies against p40 are potent inhibitors of EAE in rodents 
(Leonard et al., 1995; Bright et al., 1998; Segal et al., 1998) and MS-like disease 
in nonhuman primates (Hart et al., 2005), and it may thus have therapeutic 
application in human MS as well.

IL-12 expression in the CNS is also increased by peripheral bacterial infection 
or simply by administration of bacterial toxins (Park and Shin, 1996; Stalder et al., 
1997; Lassmann et al., 2001). Of potential relevance for neurodegeneration, 
IL-12p35 knockout mice had less neuronal injury and microglial activation in an 
actute model of excitotoxicity (Chen et al., 2004) (Table 2). Furthermore, viral 
delivery of IL-12 to gliomas in mice led to infiltration of Th1 type cytotoxic T cells 
into the tumor and increased survival of mice (Liu et al., 2002).

References

Abraham KE, McMillen D, Brewer KL (2004) The effects of endogenous interleukin-10 on gray 
matter damage and the development of pain behaviors following excitotoxic spinal cord injury 
in the mouse. Neuroscience 124:945–952.

Aggarwal BB, Samanta A, Feldmann M (2000a) TNF receptors. In: Cytokine Reference
(Oppenheim JJ and Feldmann M, ed.), pp. 1620–1632. London: Academic Press.

Aggarwal BB, Samanta A, Feldmann M (2000b) TNFa. In: Cytokine Reference (Oppenheim JJ 
and Feldmann M, ed.), pp. 414–434. London: Academic Press.

Akassoglou K, Probert L, Kontogeorgos G, Kollias G (1997) Astrocyte-specific but not neuron-
specific transmembrane TNF triggers inflammation and degeneration in the central nervous 
system of transgenic mice. J Immunol 158:438–445.

Akassoglou K, Bauer J, Kassiotis G, Pasparakis M, Lassmann H, Kollias G, Probert L (1998) 
Oligodendrocyte apoptosis and primary demyelination induced by local TNF/p55TNF recep-
tor signaling in the central nervous system of transgenic mice: models for multiple sclerosis 
with primary oligodendrogliopathy. Am J Pathol 153:801–813.

Akassoglou K, Bauer J, Kassiotis G, Lassmann H, Kollias G, Probert L (1999) Transgenic models 
of TNF induced demyelination. Adv Exp Med Biol 468:245–259.

Akassoglou K, Douni E, Bauer J, Lassmann H, Kollias G, Probert L (2003) Exclusive tumor 
necrosis factor (TNF) signaling by the p75TNF receptor triggers inflammatory ischemia in the 
CNS of transgenic mice. Proc Natl Acad Sci U S A 100:709–714.

Albensi BC, Mattson MP (2000) Evidence for the involvement of TNF and NF-kappaB in hip-
pocampal synaptic plasticity. Synapse 35:151–159.

Allan SM, Rothwell NJ (2001) Cytokines and acute neurodegeneration. Nat Rev Neurosci
2:734–744.



Cytokines in CNS Inflammation and Disease 89

Allan SM, Tyrrell PJ, Rothwell NJ (2005) Interleukin-1 and neuronal injury. Nat Rev Immunol
5:629–640.

Aloe L, Fiore M (1997) TNF-alpha expressed in the brain of transgenic mice lowers central tyrox-
ine hydroxylase immunoreactivity and alters grooming behavior. Neurosci Lett 238:65–68.

Aloe L, Probert L, Kollias G, Bracci-Laudiero L, Micera A, Mollinari C, Levi-Montalcini R 
(1993) Level of nerve growth factor and distribution of mast cells in the synovium of tumour 
necrosis factor transgenic arthritic mice. Int J Tissue React 15:139–143.

Aloe L, Fiore M, Probert L, Turrini P, Tirassa P (1999a) Overexpression of tumour necrosis factor 
alpha in the brain of transgenic mice differentially alters nerve growth factor levels and choline 
acetyltransferase activity. Cytokine 11:45–54.

Aloe L, Properzi F, Probert L, Akassoglou K, Kassiotis G, Micera A, Fiore M (1999b) Learning 
abilities, NGF and BDNF brain levels in two lines of TNF-alpha transgenic mice, one charac-
terized by neurological disorders, the other phenotypically normal. Brain Res 840:125–137.

Alvarez A, Cacabelos R, Sanpedro C, Garcia-Fantini M, Aleixandre M (2007) Serum TNF-alpha 
levels are increased and correlate negatively with free IGF-I in Alzheimer disease. Neurobiol 
Aging 28(4):533–536.

Andre R, Pinteaux E, Kimber I, Rothwell NJ (2005) Differential actions of IL-1 alpha and IL-1 
beta in glial cells share common IL-1 signalling pathways. Neuroreport 16:153–157.

Andrews ZB, Zhao H, Frugier T, Meguro R, Grattan DR, Koishi K, McLennan IS (2006) 
Transforming growth factor beta2 haploinsufficient mice develop age-related nigrostriatal 
dopamine deficits. Neurobiol Dis 21(3):568–575.

Arnett HA, Mason J, Marino M, Suzuki K, Matsushima GK, Ting JP (2001) TNF alpha promotes 
proliferation of oligodendrocyte progenitors and remyelination. Nat Neurosci 4:1116–1122.

Bachis A, Colangelo AM, Vicini S, Doe PP, De Bernardi MA, Brooker G, Mocchetti I (2001) 
Interleukin-10 prevents glutamate-mediated cerebellar granule cell death by blocking caspase-
3-like activity. J Neurosci 21:3104–3112.

Baker D, Butler D, Scallon BJ, O’Neill JK, Turk JL, Feldmann M (1994) Control of established 
experimental allergic encephalomyelitis by inhibition of tumor necrosis factor (TNF) activity 
within the central nervous system using monoclonal antibodies and TNF receptor-immu-
noglobulin fusion proteins. Eur J Immunol 24:2040–2048.

Balding J, Livingstone WJ, Pittock SJ, Mynett-Johnson L, Ahern T, Hodgson A, Smith OP (2004) 
The IL-6 G-174C polymorphism may be associated with ischaemic stroke in patients without 
a history of hypertension. Ir J Med Sci 173:200–203.

Balosso S, Ravizza T, Perego C, Peschon J, Campbell IL, De Simoni MG, Vezzani A (2005) 
Tumor necrosis factor-alpha inhibits seizures in mice via p75 receptors. Ann Neurol
57:804–812.

Barcia C, de Pablos V, Bautista-Hernandez V, Sanchez-Bahillo A, Bernal I, Fernandez-Villalba E, 
Martin J, Banon R, Fernandez-Barreiro A, Herrero MT (2005) Increased plasma levels of 
TNF-alpha but not of IL1-beta in MPTP-treated monkeys one year after the MPTP administra-
tion. Parkinsonism Relat Disord 11:435–439.

Basu A, Krady JK, Levison SW (2004) Interleukin-1: a master regulator of neuroinflammation. 
J Neurosci Res 78:151–156.

Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von Zastrow M, Beattie MS, 
Malenka RC (2002) Control of synaptic strength by glial TNFalpha. Science 295: 
2282–2285.

Becher B, Durell BG, Noelle RJ (2002) Experimental autoimmune encephalitis and inflammation 
in the absence of interleukin-12. J Clin Invest 110:493–497.

Benveniste EN, Benos DJ (1995) TNF-alpha- and IFN-gamma-mediated signal transduction path-
ways: effects on glial cell gene expression and function. FASEB J 9:1577–1584.

Benzing T, Kottgen M, Johnson M, Schermer B, Zentgraf H, Walz G, Kim E (2002) Interaction 
of 14–3–3 protein with regulator of G protein signaling 7 is dynamically regulated by tumor 
necrosis factor-alpha. J Biol Chem 277:32954–32962.

Bernardino L, Xapelli S, Silva AP, Jakobsen B, Poulsen FR, Oliveira CR, Vezzani A, Malva JO, 
Zimmer J (2005) Modulator effects of interleukin-1beta and tumor necrosis factor-alpha on 



90 M.G. Tansey and T. Wyss-Coray

AMPA-induced excitotoxicity in mouse organotypic hippocampal slice cultures. J Neurosci
25:6734–6744.

Bertolotto A, Capobianco M, Malucchi S, Manzardo E, Audano L, Bergui M, Bradac GB, Mutani R 
(1999) Transforming growth factor beta1 (TGFbeta1) mRNA level correlates with magnetic 
resonance imaging disease activity in multiple sclerosis patients. Neurosci Lett 263:21–24.

Bessler H, Djaldetti R, Salman H, Bergman M, Djaldetti M (1999) IL-1 beta, IL-2, IL-6 and TNF-
alpha production by peripheral blood mononuclear cells from patients with Parkinson’s 
disease. Biomed Pharmacother 53:141–145.

Bettelli E, Das MP, Howard ED, Weiner HL, Sobel RA, Kuchroo VK (1998) IL-10 is critical in 
the regulation of autoimmune encephalomyelitis as demonstrated by studies of IL-10- and IL-
4-deficient and transgenic mice. J Immunol 161:3299–3306.

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner HL, Kuchroo VK (2006) 
Reciprocal developmental pathways for the generation of pathogenic effector TH17 and regu-
latory T cells. Nature 441:235–238.

Bierie B, Moses HL (2006) TGF-beta and cancer. Cytokine Growth Factor Rev 17:29–40.
Billings LM, Oddo S, Green KN, McGaugh JL, LaFerla FM (2005) Intraneuronal Abeta causes 

the onset of early Alzheimer’s disease-related cognitive deficits in transgenic mice. Neuron
45:675–688.

Blasko I, Lederer W, Oberbauer H, Walch T, Kemmler G, Hinterhuber H, Marksteiner J, Humpel 
C (2006) Measurement of thirteen biological markers in CSF of patients with Alzheimer’s 
disease and other dementias. Dement Geriatr Cogn Disord 21:9–15.

Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term potentiation in the 
hippocampus. Nature 361:31–39.

Blum-Degen D, Muller T, Kuhn W, Gerlach M, Przuntek H, Riederer P (1995) Interleukin-1 beta 
and interleukin-6 are elevated in the cerebrospinal fluid of Alzheimer’s and de novo Parkinson’s 
disease patients. Neurosci Lett 202:17–20.

Boche D, Cunningham C, Gauldie J, Perry VH (2003) Transforming growth factor-beta 1-mediated 
neuroprotection against excitotoxic injury in vivo. J Cereb Blood Flow Metab
23:1174–1182.

Bodmer JL, Schneider P, Tschopp J (2002) The molecular architecture of the TNF superfamily. 
Trends Biochem Sci 27:19–26.

Boka G, Anglade P, Wallach D, Javoy-Agid F, Agid Y, Hirsch EC (1994) Immunocytochemical 
analysis of tumor necrosis factor and its receptors in Parkinson’s disease. Neurosci Lett
172:151–154.

Bolin LM, Verity AN, Silver JE, Shooter EM, Abrams JS (1995) Interleukin-6 production by 
Schwann cells and induction in sciatic nerve injury. J Neurochem 64:850–858.

Bongartz T, Sutton AJ, Sweeting MJ, Buchan I, Matteson EL, Montori V (2006) Anti-TNF 
antibody therapy in rheumatoid arthritis and the risk of serious infections and malignancies: 
systematic review and meta-analysis of rare harmful effects in randomized controlled trials. 
JAMA 295:2275–2285.

Bonilla IE, Tanabe K, Strittmatter SM (2002) Small proline-rich repeat protein 1A is expressed by 
axotomized neurons and promotes axonal outgrowth. J Neurosci 22:1303–1315.

Border WA, Noble NA (1997) TGF-β in kidney fibrosis: a target for gene therapy. Kidney Int 
51:1388–1396.

Boulanger LM, Huh GS, Shatz CJ (2001) Neuronal plasticity and cellular immunity: shared 
molecular mechanisms. Curr Opin Neurobiol 11:568–578.

Bourdeau A, Dumont DJ, Letarte M (1999) A murine model of hereditary hemorrhagic tel-
angiectasia. J Clin Invest 104:1343–1351.

Bourdeau A, Faughnan ME, McDonald M-L, Paterson AD, Wanless IR, Letarte M (2001) Potential 
role of modifier genes influencing transforming growth factor-β1 levels in the development of 
vascular defects in endoglin heterozygous mice with hereditary hemorrhagic telangiectasia. Am 
J Pathol 158:2011–2020.

Boutin H, LeFeuvre RA, Horai R, Asano M, Iwakura Y, Rothwell NJ (2001) Role of IL-1alpha 
and IL-1beta in ischemic brain damage. J Neurosci 21:5528–5534.



Cytokines in CNS Inflammation and Disease 91

Boutin H, Kimber I, Rothwell NJ, Pinteaux E (2003) The expanding interleukin-1 family and its 
receptors: do alternative IL-1 receptor/signaling pathways exist in the brain? Mol Neurobiol
27:239–248.

Breder CD, Tsujimoto M, Terano Y, Scott DW, Saper CB (1993) Distribution and characterization
of tumor necrosis factor-alpha-like immunoreactivity in the murine central nervous system. 
J Comp Neurol 337:543–567.

Bright JJ, Musuro BF, Du C, Sriram S (1998) Expression of IL-12 in CNS and lymphoid organs 
of mice with experimental allergic encephalitis. J Neuroimmunol 82:22–30.

Brionne TC, Tesseur I, Masliah E, Wyss-Coray T (2003) Loss of TGF-beta1 leads to increased 
neuronal cell death and microgliosis in mouse brain. Neuron 40:1133–1145.

Bruce AJ, Boling W, Kindy MS, Peschon J, Kraemer PJ, Carpenter MK, Holtsberg FW, Mattson 
MP (1996) Altered neuronal and microglial responses to excitotoxic and ischemic brain injury 
in mice lacking TNF receptors. Nat Med 2:788–794.

Buckwalter M, Wyss-Coray T (2004) Modelling neuroinflammatory phenotypes in vivo. 
J Neuroinflammation 1:10.

Buckwalter MS, Yamane M, Coleman BS, Ormerod BK, Chin JT, Palmer T, Wyss-Coray T 
(2006a) Chronically increased transforming growth factor-beta1 strongly inhibits hippocampal 
neurogenesis in aged mice. Am J Pathol 169:154–164.

Buckwalter MS, Coleman BS, Buttini M, Barbour R, Schenk D, Games D, Seubert P, Wyss-Coray T 
(2006b) Increased T cell recruitment to the CNS after amyloid beta 1–42 immunization in 
Alzheimer’s mice overproducing transforming growth factor-beta 1. J Neurosci
26:11437–11441.

Butler MP, O’Connor JJ, Moynagh PN (2004) Dissection of tumor-necrosis factor-alpha inhibition 
of long-term potentiation (LTP) reveals a p38 mitogen-activated protein kinase-dependent 
mechanism which maps to early-but not late-phase LTP. Neuroscience 124:319–326.

Cacabelos R, Fernandez-Novoa L, Lombardi V, Kubota Y, Takeda M (2005) Molecular genetics 
of Alzheimer’s disease and aging. Methods Find Exp Clin Pharmacol 27 Suppl A:1–573.

Cacquevel M, Lebeurrier N, Cheenne S, Vivien D (2004) Cytokines in neuroinflammation and 
Alzheimer’s disease. Curr Drug Targets 5:529–534.

Cafferty WB, Gardiner NJ, Gavazzi I, Powell J, McMahon SB, Heath JK, Munson J, Cohen J, 
Thompson SW (2001) Leukemia inhibitory factor determines the growth status of injured 
adult sensory neurons. J Neurosci 21:7161–7170.

Cafferty WB, Gardiner NJ, Das P, Qiu J, McMahon SB, Thompson SW (2004) Conditioning 
injury-induced spinal axon regeneration fails in interleukin-6 knock-out mice. J Neurosci
24:4432–4443.

Callahan JF, Burgess JL, Fornwald JA, Gaster LM, Harling JD, Harrington FP, Heer J, Kwon C, 
Lehr R, Mathur A, Olson BA, Weinstock J, Laping NJ (2002) Identification of novel inhibitors 
of the transforming growth factor b1 (TGF-b1) type 1 receptor (ALK5). J Med Chem
45:999–1001.

Campbell IL, Abraham CR, Masliah E, Kemper P, Inglis JD, Oldstone MBA, Mucke L (1993) 
Neurologic disease induced in transgenic mice by cerebral overexpression of interleukin 6. 
Proc Natl Acad Sci U S A 90:10061–10065.

Campbell IL, Stalder AK, Chiang CS, Bellinger R, Heyser CJ, Steffensen S, Masliah E, Powell 
HC, Gold LH, Henriksen SJ, Siggins GR (1997) Transgenic models to assess the pathogenic 
actions of cytokines in the central nervous system. Mol Psychiatry 2:125–129.

Cannella B, Gao YL, Brosnan C, Raine CS (1996) IL-10 fails to abrogate experimental autoim-
mune encephalomyelitis. J Neurosci Res 45:735–746.

Carvey PM, Chen EY, Lipton JW, Tong CW, Chang QA, Ling ZD (2005) Intra-parenchymal injec-
tion of tumor necrosis factor-alpha and interleukin 1-beta produces dopamine neuron loss in 
the rat. J Neural Transm 112:601–612.

Chen LZ, Hochwald GM, Huang C, Dakin G, Tao H, Cheng C, Simmons WJ, Dranoff G, 
Thorbecke GJ (1998) Gene therapy in allergic encephalomyelitis using myelin basic protein-
specific T cells engineered to express latent transforming growth factor-beta1. Proc Natl Acad 
Sci U S A 95:12516–12521.



92 M.G. Tansey and T. Wyss-Coray

Chen H, Zhang SM, Hernan MA, Schwarzschild MA, Willett WC, Colditz GA, Speizer FE, 
Ascherio A (2003) Nonsteroidal anti-inflammatory drugs and the risk of Parkinson disease. 
Arch Neurol 60:1059–1064.

Chen Z, Duan RS, Q HC, Wu Q, Mix E, Winblad B, Ljunggren HG, Zhu J (2004) IL-12p35 defi-
ciency alleviates kainic acid-induced hippocampal neurodegeneration in C57BL/6 mice. 
Neurobiol Dis 17:171–178.

Chen Y, Pawlikowska L, Yao JS, Shen F, Zhai W, Achrol AS, Lawton MT, Kwok PY, Yang GY, 
Young WL (2006) Interleukin-6 involvement in brain arteriovenous malformations. Ann
Neurol 59:72–80.

Chin J, Angers A, Cleary LJ, Eskin A, Byrne JH (2002) Transforming growth factor β1 alters 
synapsin distribution and modulates synaptic depression in Aplysia. J Neurosci 22:1–6.

Choi DW (1988) Glutamate neurotoxicity and diseases of the nervous system. Neuron
1:623–634.

Chun J (2001) Selected comparison of immune and nervous system development. Adv Immunol
77:297–322.

Chung CY, Seo H, Sonntag KC, Brooks A, Lin L, Isacson O (2005) Cell type-specific gene 
expression of midbrain dopaminergic neurons reveals molecules involved in their vulnerability 
and protection. Hum Mol Genet 14:1709–1725.

Cleren C, Calingasan NY, Chen J, Beal MF (2005) Celastrol protects against MPTP- and 3-nitro-
propionic acid-induced neurotoxicity. J Neurochem 94:995–1004.

Collins JS, Perry RT, Watson B, Jr., Harrell LE, Acton RT, Blacker D, Albert MS, Tanzi RE, 
Bassett SS, McInnis MG, Campbell RD, Go RC (2000) Association of a haplotype for tumor 
necrosis factor in siblings with late-onset Alzheimer disease: the NIMH Alzheimer Disease 
Genetics Initiative. Am J Med Genet 96:823–830.

Corti A, Ghezzi P (2004) Tumor Necrosis Factor: Methods and Protocols, First Edition. Totowa, 
NJ: Humana Press.

Crews L, Wyss-Coray T, Masliah E (2004) Insights into the pathogenesis of hydrocephalus from 
transgenic and experimental animal models. Brain Pathol 14:312–316.

Crisi GM, Santambrogio L, Hochwald GM, Smith SR, Carlino JA, Thorbecke GJ (1995) 
Staphylococcal enterotoxin B and tumor-necrosis factor-alpha-induced relapses of experimen-
tal allergic encephalomyelitis: protection by transforming growth factor-beta and interleukin-
10. Eur J Immunol 25:3035–3040.

Cua DJ, Groux H, Hinton DR, Stohlman SA, Coffman RL (1999) Transgenic interleukin 10 pre-
vents induction of experimental autoimmune encephalomyelitis. J Exp Med 189:1005–1010.

Cua DJ, Hutchins B, LaFace DM, Stohlman SA, Coffman RL (2001) Central nervous system 
expression of IL-10 inhibits autoimmune encephalomyelitis. J Immunol 166:602–608.

Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, Lucian L, To W, Kwan S, 
Churakova T, Zurawski S, Wiekowski M, Lira SA, Gorman D, Kastelein RA, Sedgwick JD 
(2003) Interleukin-23 rather than interleukin-12 is the critical cytokine for autoimmune 
inflammation of the brain. Nature 421:744–748.

Cunningham AJ, Murray CA, O’Neill LA, Lynch MA, O’Connor JJ (1996) Interleukin-1 beta 
(IL-1 beta) and tumour necrosis factor (TNF) inhibit long-term potentiation in the rat dentate 
gyrus in vitro. Neurosci Lett 203:17–20.

Curran B, O’Connor JJ (2001) The pro-inflammatory cytokine interleukin-18 impairs long-term 
potentiation and NMDA receptor-mediated transmission in the rat hippocampus in vitro. 
Neuroscience 108:83–90.

Curran BP, Murray HJ, O’Connor JJ (2003) A role for c-Jun N-terminal kinase in the inhibition 
of long-term potentiation by interleukin-1beta and long-term depression in the rat dentate 
gyrus in vitro. Neuroscience 118:347–357.

De Groot CJ, Montagne L, Barten AD, Sminia P, Van Der Valk P (1999) Expression of transform-
ing growth factor (TGF)-beta1, -beta2, and -beta3 isoforms and TGF-beta type I and type II 
receptors in multiple sclerosis lesions and human adult astrocyte cultures. J Neuropathol Exp 
Neurol 58:174–187.



Cytokines in CNS Inflammation and Disease 93

de Sousa Lopes SM, Carvalho RL, van den Driesche S, Goumans MJ, ten Dijke P, Mummery CL 
(2003) Distribution of phosphorylated Smad2 identifies target tissues of TGF beta ligands in 
mouse development. Gene Expr Patterns 3:355–360.

Deboer T, Fontana A, Tobler I (2002) Tumor necrosis factor (TNF) ligand and TNF receptor defi-
ciency affects sleep and the sleep EEG. J Neurophysiol 88:839–846.

Dennler S, Goumans M-J, Dijke Pt (2002) Transforming growth factor β signal transduction. J Leukoc 
Biol 71:731–740.

Derynck R, Zhang YE (2003) Smad-dependent and Smad-independent pathways in TGF-beta 
family signalling. Nature 425:577–584.

Dickson MC, Martin JS, Cousins FM, Kulkarni AB, Karlsson S, Akhurst RJ (1995) Defective 
haematopoiesis and vasculogenesis in transforming growth factor-β1 knock out mice. 
Development 121:1845–1854.

Dinarello CA (2006) Interleukin 1 and interleukin 18 as mediators of inflammation and the aging 
process. Am J Clin Nutr 83:447S–455S.

Dopp JM, Mackenzie-Graham A, Otero GC, Merrill JE (1997) Differential expression, cytokine 
modulation, and specific functions of type-1 and type-2 tumor necrosis factor receptors in rat 
glia. J Neuroimmunol 75:104–112.

Du Y, Dodel RC, Eastwood BJ, Bales KR, Gao F, Lohmuller F, Muller U, Kurz A, Zimmer R, 
Evans RM, Hake A, Gasser T, Oertel WH, Griffin WS, Paul SM, Farlow MR (2000) 
Association of an interleukin 1 alpha polymorphism with Alzheimer’s disease. Neurology
55:480–483.

Ehl C, Kolsch H, Ptok U, Jessen F, Schmitz S, Frahnert C, Schlosser R, Rao ML, Maier W, Heun R 
(2003) Association of an interleukin-1beta gene polymorphism at position -511 with 
Alzheimer’s disease. Int J Mol Med 11:235–238.

Fan L, Young PR, Barone FC, Feuerstein GZ, Smith DH, McIntosh TK (1996) Experimental brain 
injury induces differential expression of tumor necrosis factor-alpha mRNA in the CNS. Brain 
Res Mol Brain Res 36:287–291.

Felderhoff-Mueser U, Schmidt OI, Oberholzer A, Buhrer C, Stahel PF (2005) IL-18: a key player 
in neuroinflammation and neurodegeneration? Trends Neurosci 28:487–493.

Ferger B, Leng A, Mura A, Hengerer B, Feldon J (2004) Genetic ablation of tumor necrosis 
factor-alpha (TNF-alpha) and pharmacological inhibition of TNF-synthesis attenuates MPTP 
toxicity in mouse striatum. J Neurochem 89:822–833.

Fernandez LA, Sanz-Rodriguez F, Blanco FJ, Bernabeu C, Botella LM (2006) Hereditary hemor-
rhagic telangiectasia, a vascular dysplasia affecting the TGF-beta signaling pathway. Clin Med 
Res 4:66–78.

Feuerstein GZ, Liu T, Barone FC (1994) Cytokines, inflammation, and brain injury: role of tumor 
necrosis factor-alpha. Cerebrovasc Brain Metab Rev 6:341–360.

Fillit H, Ding WH, Buee L, Kalman J, Altstiel L, Lawlor B, Wolf-Klein G (1991) Elevated circu-
lating tumor necrosis factor levels in Alzheimer’s disease. Neurosci Lett 129:318–320.

Finch CE, Laping NJ, Morgan TE, Nichols NR, Pasinetti GM (1993) TGF-β1 is an organizer of 
responses to neurodegeneration. J Cell Biochem 53:314–322.

Fiore M, Probert L, Kollias G, Akassoglou K, Alleva E, Aloe L (1996) Neurobehavioral altera-
tions in developing transgenic mice expressing TNF-alpha in the brain. Brain Behav Immun
10:126–138.

Flanders KC, Burmester JK (2003) Medical applications of transforming growth factor-beta. Clin
Med Res 1:13–20.

Flanders KC, Ren RF, Lippa CF (1998) Transforming growth factor–βs in neurodegenerative 
disease. Prog Neurobiol 54:71–85.

Flanders KC, Kim ES, Roberts AB (2001) Immunohistochemical expression of Smads 1–6 in the 
15-day gestation mouse embryo: signaling by BMPs and TGF-betas. Dev Dyn 220:141–154.

Gaertner RF, Wyss-Coray T, Von Euw D, Lesne S, Vivien D, Lacombe P (2005) Reduced brain 
tissue perfusion in TGF-beta 1 transgenic mice showing Alzheimer’s disease-like cerebrovas-
cular abnormalities. Neurobiol Dis 19:38–46.



94 M.G. Tansey and T. Wyss-Coray

Galbreath E, Kim S-J, Park K, Brenner M, Messing A (1995) Overexpression of TGF-β1 in the 
central nervous system of transgenic mice results in hydrocephalus. J Neuropathol Exp Neurol
54:339–349.

Gao HM, Hong JS, Zhang W, Liu B (2002a) Distinct role for microglia in rotenone-induced 
degeneration of dopaminergic neurons. J Neurosci 22:782–790.

Gao HM, Jiang J, Wilson B, Zhang W, Hong JS, Liu B (2002b) Microglial activation-mediated 
delayed and progressive degeneration of rat nigral dopaminergic neurons: relevance to 
Parkinson’s disease. J Neurochem 81:1285–1297.

Gao HM, Liu B, Zhang W, Hong JS (2003) Novel anti-inflammatory therapy for Parkinson’s 
disease. Trends Pharmacol Sci 24:395–401.

Gayle DA, Ling Z, Tong C, Landers T, Lipton JW, Carvey PM (2002) Lipopolysaccharide (LPS)-
induced dopamine cell loss in culture: roles of tumor necrosis factor-alpha, interleukin-1beta, 
and nitric oxide. Brain Res Dev Brain Res 133:27–35.

Glaser KB, Li J, Aakre ME, Morgan DW, Sheppard G, Stewart KD, Pollock J, Lee P, 
O’Connor CZ, Anderson SN, Mussatto DJ, Wegner CW, Moses HL (2002) Transforming 
growth factor beta mimetics: discovery of 7-[4-(4-cyanophenyl)phenoxy]-heptanohy-
droxamic acid, a biaryl hydroxamate inhibitor of histone deacetylase. Mol Cancer Ther
1:759–768.

Golan H, Levav T, Mendelsohn A, Huleihel M (2004) Involvement of tumor necrosis factor alpha 
in hippocampal development and function. Cereb Cortex 14:97–105.

Goodman JC, Robertson CS, Grossman RG, Narayan RK (1990) Elevation of tumor necrosis 
factor in head injury. J Neuroimmunol 30:213–217.

Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P, ten Dijke P (2002) Balancing 
the activation state of the endothelium via two distinct TGF-β type I receptors. EMBO J
21:1743–1753.

Goumans MJ, Valdimarsdottir G, Itoh S, Lebrin F, Larsson J, Mummery C, Karlsson S, ten Dijke P 
(2003) Activin receptor-like kinase (ALK)1 is an antagonistic mediator of lateral TGFbeta/
ALK5 signaling. Mol Cell 12:817–828.

Grammas P, Ovase R (2002) Cerebrovascular transforming growth factor-β contributes to inflam-
mation in the Alzheimer’s disease brain. Am J Pathol 160:1583–1587.

Green EK, Harris JM, Lemmon H, Lambert JC, Chartier-Harlin MC, St Clair D, Mann DM, 
Iwatsubo T, Lendon CL (2002) Are interleukin-1 gene polymorphisms risk factors or disease 
modifiers in AD? Neurology 58:1566–1568.

Grell M, Wajant H, Zimmermann G, Scheurich P (1998) The type 1 receptor (CD120a) is the 
high-affinity receptor for soluble tumor necrosis factor. Proc Natl Acad Sci U S A 95:570–575.

Grigoryan GA, Gray JA, Rashid T, Chadwick A, Hodges H (2000) Conditionally immortal neu-
roepithelial stem cell grafts restore spatial learning in rats with lesions at the source of cholin-
ergic forebrain projections cholinergic forebrain projections Conditionally immortal 
neuroepithelial stem cell grafts restore spatial leaming in rats with lesions at the source of 
cholinergic forebrain projections. Restor Neurol Neurosci 17:1.

Grilli M, Barbieri I, Basudev H, Brusa R, Casati C, Lozza G, Ongini E (2000) Interleukin-10 
modulates neuronal threshold of vulnerability to ischaemic damage. Eur J Neurosci
12:2265–2272.

Grimaldi LM, Casadei VM, Ferri C, Veglia F, Licastro F, Annoni G, Biunno I, De Bellis G, Sorbi S, 
Mariani C, Canal N, Griffin WS, Franceschi M (2000) Association of early-onset Alzheimer’s 
disease with an interleukin-1alpha gene polymorphism. Ann Neurol 47:361–365.

Gross CE, Bednar MM, Howard DB, Sporn MB (1993) Transforming growth factor-β 1 
reduces infarct size after experimental cerebral ischemia in a rabbit model. Stroke
24:558–562.

Guo Z, Iyun T, Fu W, Zhang P, Mattson MP (2004) Bone marrow transplantation reveals roles for 
brain macrophage/microglia TNF signaling and nitric oxide production in excitotoxic neuronal 
death. Neuromolecular Med 5:219–234.



Cytokines in CNS Inflammation and Disease 95

Hailer NP, Vogt C, Korf HW, Dehghani F (2005) Interleukin-1beta exacerbates and interleukin-1 
receptor antagonist attenuates neuronal injury and microglial activation after excitotoxic dam-
age in organotypic hippocampal slice cultures. Eur J Neurosci 21:2347–2360.

Hakansson A, Westberg L, Nilsson S, Buervenich S, Carmine A, Holmberg B, Sydow O, Olson L, 
Johnels B, Eriksson E, Nissbrandt H (2005) Interaction of polymorphisms in the genes encod-
ing interleukin-6 and estrogen receptor beta on the susceptibility to Parkinson’s disease. Am J 
Med Genet B Neuropsychiatr Genet 133:88–92.

Haridas V, Darnay BG, Natarajan K, Heller R, Aggarwal BB (1998) Overexpression of the p80 
TNF receptor leads to TNF-dependent apoptosis, nuclear factor-kappa B activation, and c-Jun 
kinase activation. J Immunol 160:3152–3162.

Harrington JF, Messier AA, Levine A, Szmydynger-Chodobska J, Chodobski A (2005) Shedding 
of tumor necrosis factor type 1 receptor after experimental spinal cord injury. J Neurotrauma
22:919–928.

Hasegawa Y, Inagaki T, Sawada M, Suzumura A (2000) Impaired cytokine production by periph-
eral blood mononuclear cells and monocytes/macrophages in Parkinson’s disease. Acta Neurol 
Scand 101:159–164.

Heldmann U, Thored P, Claasen JH, Arvidsson A, Kokaia Z, Lindvall O (2005) TNF-alpha anti-
body infusion impairs survival of stroke-generated neuroblasts in adult rat brain. Exp Neurol
196:204–208.

Henrich-Noack P, Prehn JHM, Krieglstein J (1996) TGF-β1 protects hippocampal neurons against 
degeneration caused by transient global ischemia. Dose-response relationship and potential 
neuroprotective mechanisms. Stroke 27:1609–1615.

Hermann GE, Rogers RC, Bresnahan JC, Beattie MS (2001) Tumor necrosis factor-alpha induces 
cFOS and strongly potentiates glutamate-mediated cell death in the rat spinal cord. Neurobiol 
Dis 8:590–599.

Hirsch EC, Hunot S, Damier P, Faucheux B (1998) Glial cells and inflammation in Parkinson’s 
disease: a role in neurodegeneration? Ann Neurol 44:S115–120.

Hjelmeland MD, Hjelmeland AB, Sathornsumetee S, Reese ED, Herbstreith MH, Laping NJ, 
Friedman HS, Bigner DD, Wang XF, Rich JN (2004) SB-431542, a small molecule transform-
ing growth factor-beta-receptor antagonist, inhibits human glioma cell line proliferation and 
motility. Mol Cancer Ther 3:737–745.

Hofman FM, Hinton DR, Johnson K, Merrill JE (1989) Tumor necrosis factor identified in multi-
ple sclerosis brain. J Exp Med 170:607–612.

Huang S, Flanders KC, Roberts AB (2000) Characterization of the mouse Smad1 gene and its 
expression pattern in adult mouse tissues. Gene 258:43–53.

Hunot S, Dugas N, Faucheux B, Hartmann A, Tardieu M, Debre P, Agid Y, Dugas B, Hirsch EC 
(1999) FcepsilonRII/CD23 is expressed in Parkinson’s disease and induces, in vitro, produc-
tion of nitric oxide and tumor necrosis factor-alpha in glial cells. J Neurosci 19:3440–3447.

Hunter CA (2005) New IL-12-family members: IL-23 and IL-27, cytokines with divergent func-
tions. Nat Rev Immunol 5:521–531.

Idriss HT, Naismith JH (2000) TNF alpha and the TNF receptor superfamily: structure-function 
relationship(s). Microsc Res Tech 50:184–195.

Isacson O (2002) Models of repair mechanisms for future treatment modalities of Parkinson’s 
disease. Brain Res Bull 57:839–846.

Issazadeh S, Ljungdahl A, Hojeberg B, Mustafa M, Olsson T (1995a) Cytokine production in the 
central nervous system of Lewis rats with experimental autoimmune encephalomyelitis: 
dynamics of mRNA expression for interleukin-10, interleukin-12, cytolysin, tumor necrosis 
factor alpha and tumor necrosis factor beta. J Neuroimmunol 61:205–212.

Issazadeh S, Mustafa M, Ljungdahl A, Hojeberg B, Dagerlind A, Elde R, Olsson T (1995b) 
Interferon gamma, interleukin 4 and transforming growth factor beta in experimental autoim-
mune encephalomyelitis in Lewis rats: dynamics of cellular mRNA expression in the central 
nervous system and lymphoid cells. J Neurosci Res 40:579–590.



96 M.G. Tansey and T. Wyss-Coray

Itoh S, Itoh F, Goumans M-J, ten Dijke P (2000) Signaling of transforming growth factor-β family 
members through Smad proteins. Eur J Biochem 267:6954–6967.

Jakobsen PH, McKay V, Morris-Jones SD, McGuire W, van Hensbroek MB, Meisner S, Bendtzen K, 
Schousboe I, Bygbjerg IC, Greenwood BM (1994) Increased concentrations of interleukin-6 
and interleukin-1 receptor antagonist and decreased concentrations of beta-2-glycoprotein I in 
Gambian children with cerebral malaria. Infect Immun 62:4374–4379.

Janelsins MC, Mastrangelo MA, Oddo S, LaFerla FM, Federoff HJ, Bowers WJ (2005) Early 
correlation of microglial activation with enhanced tumor necrosis factor-alpha and monocyte 
chemoattractant protein-1 expression specifically within the entorhinal cortex of triple trans-
genic Alzheimer’s disease mice. J Neuroinflammation 2:23.

Janssens K, Vanhoenacker F, Bonduelle M, Verbruggen L, Van Maldergem L, Ralston S, 
Guanabens N, Migone N, Wientroub S, Divizia MT, Bergmann C, Bennett C, Simsek S, 
Melancon S, Cundy T, Van Hul W (2006) Camurati–Engelmann disease: review of the clini-
cal, radiological, and molecular data of 24 families and implications for diagnosis and treat-
ment. J Med Genet 43:1–11.

Jee Y, Liu R, Bai XF, Campagnolo DI, Shi FD, Vollmer TL (2006) Do Th2 cells mediate the effects of 
glatiramer acetate in experimental autoimmune encephalomyelitis? Int Immunol 18:537–544.

John GR, Lee SC, Brosnan CF (2003) Cytokines: powerful regulators of glial cell activation. 
Neuroscientist 9:10–22.

Johns LD, Sriram S (1993) Experimental allergic encephalomyelitis: neutralizing antibody to 
TGF beta 1 enhances the clinical severity of the disease. J Neuroimmunol 47:1–7.

Johns LD, Flanders KC, Ranges GE, Sriram S (1991) Successful treatment of experimental allergic 
encephalomyelitis with transforming growth factor. J Immunol 147:1792.

Johnson DW, Berg JN, Baldwin MA, Gallione CJ, Marondel I, Yoon SJ, Stenzel TT, Speer M, 
Pericak-Vance MA, Diamond A, Guttmacher AE, Jackson CE, Attisano L, Kucherlapati R, 
Porteous ME, Marchuk DA (1996) Mutations in the activin receptor-like kinase 1 gene in 
hereditary haemorrhagic telangiectasia type 2. Nat Genet 13:189–195.

Juttler E, Tarabin V, Schwaninger M (2002) Interleukin-6 (IL-6): a possible neuromodulator 
induced by neuronal activity. Neuroscientist 8:268–275.

Kalinovsky A, Scheiffele P (2004) Transcriptional control of synaptic differentiation by retro-
grade signals. Curr Opin Neurobiol 14:272–279.

Karahan ZC, Deda G, Sipahi T, Elhan AH, Akar N (2005) TNF-alpha -308G/A and IL-6 -174 G/C 
polymorphisms in the Turkish pediatric stroke patients. Thromb Res 115:393–398.

Kassiotis G, Pasparakis M, Kollias G, Probert L (1999) TNF accelerates the onset but does not 
alter the incidence and severity of myelin basic protein-induced experimental autoimmune 
encephalomyelitis. Eur J Immunol 29:774–780.

Kelliher MA, Grimm S, Ishida Y, Kuo F, Stanger BZ, Leder P (1998) The death domain kinase 
RIP mediates the TNF-induced NF-kappaB signal. Immunity 8:297–303.

Ki CS, Na DL, Kim HJ, Kim JW (2001) Alpha-1 antichymotrypsin and alpha-2 macroglobulin gene poly-
morphisms are not associated with Korean late-onset Alzheimer’s disease. Neurosci Lett 302:69–72.

Kim S-J, Angel P, Lafyatis R, Hattori K, Kim KY, Sporn MB, Karin M, Roberts AB (1990) 
Autoinduction of transforming growth factor β1 is mediated by the AP-1 complex. Mol Cell 
Biol 10:1492–1497.

Kim DK, Kim J, Park HJ (2004) Design, synthesis, and biological evaluation of novel 2-pyridinyl-
[1,2,4]triazoles as inhibitors of transforming growth factor beta1 type 1 receptor. Bioorg Med 
Chem 12:2013–2020.

Kinouchi K, Brown G, Pasternak G, Donner DB (1991) Identification and characterization of receptors 
for tumor necrosis factor-alpha in the brain. Biochem Biophys Res Commun 181:1532–1538.

Kitazawa K, Tada T (1994) Elevation of transforming growth factor-beta 1 level in cerebrospinal 
fluid of patients with communicating hydrocephalus after subarachnoid hemorrhage. Stroke
25:1400–1404.

Kitazawa M, Oddo S, Yamasaki TR, Green KN, LaFerla FM (2005) Lipopolysaccharide-induced 
inflammation exacerbates tau pathology by a cyclin-dependent kinase 5-mediated pathway in 
a transgenic model of Alzheimer’s disease. J Neurosci 25:8843–8853.



Cytokines in CNS Inflammation and Disease 97

Knight JC, Udalova I, Hill AV, Greenwood BM, Peshu N, Marsh K, Kwiatkowski D (1999) 
A polymorphism that affects OCT-1 binding to the TNF promoter region is associated with 
severe malaria. Nat Genet 22:145–150.

Knoblach SM, Faden AI (1998) Interleukin-10 improves outcome and alters proinflammatory 
cytokine expression after experimental traumatic brain injury. Exp Neurol 153:143–151.

Knoblach SM, Fan L, Faden AI (1999) Early neuronal expression of tumor necrosis factor-alpha 
after experimental brain injury contributes to neurological impairment. J Neuroimmunol
95:115–125.

Koedel U, Bernatowicz A, Frei K, Fontana A, Pfister HW (1996) Systemically (but not intrathecally) 
administered IL-10 attenuates pathophysiologic alterations in experimental pneumococcal 
meningitis. J Immunol 157:5185–5191.

Kollias G (2005) TNF pathophysiology in murine models of chronic inflammation and autoim-
munity. Semin Arthritis Rheum 34:3–6.

Kolsch H, Ptok U, Bagli M, Papassotiropoulos A, Schmitz S, Barkow K, Kockler M, Rao ML, 
Maier W, Heun R (2001) Gene polymorphisms of interleukin-1alpha influence the course of 
Alzheimer’s disease. Ann Neurol 49:818–819.

Konig HG, Kogel D, Rami A, Prehn JH (2005) TGF-{beta}1 activates two distinct type I receptors 
in neurons: implications for neuronal NF-{kappa}B signaling. J Cell Biol 168:1077–1086.

Korner H, Lemckert FA, Chaudhri G, Etteldorf S, Sedgwick JD (1997) Tumor necrosis factor 
blockade in actively induced experimental autoimmune encephalomyelitis prevents clinical 
disease despite activated T cell infiltration to the central nervous system. Eur J Immunol
27:1973–1981.

Krieglstein K, Rufer M, Suter-Crazzolara C, Unsicker K (1995) Neural functions of the transform-
ing growth factors beta. Int J Dev Neurosci 13:301–315.

Kulkarni AB, Huh C-H, Becker D, Geiser A, Lyght M, Flanders KC, Roberts AB, Sporn M, Ward 
JM, Karlson S (1993) Transforming growth factor-β1 null mutation in mice causes excessive 
inflammatory response and early death. Proc Natl Acad Sci U S A 90:770–774.

Kumar NM, Sigurdson SL, Sheppard D, Lwebuga-Mukasa JS (1995) Differential modulation of 
integrin receptors and extracellular matrix laminin by transforming growth factor-beta 1 in rat 
alveolar epithelial cells. Exp Cell Res 221:385–394.

Kuruvilla AP, Shah R, Hochwald GM, Liggitt HD, Palladino MA, Thorbecke GJ (1991) Protective 
effect of transforming growth factor beta 1 on experimental autoimmune diseases in mice. 
Proc Natl Acad Sci U S A 88:2918–2921.

Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, McClanahan T, 
Kastelein RA, Cua DJ (2005) IL-23 drives a pathogenic T cell population that induces autoim-
mune inflammation. J Exp Med 201:233–240.

Lassmann S, Kincaid C, Asensio VC, Campbell IL (2001) Induction of type 1 immune pathology 
in the brain following immunization without central nervous system autoantigen in transgenic 
mice with astrocyte-targeted expression of IL-12. J Immunol 167:5485–5493.

Ledeboer A, Breve JJ, Wierinckx A, van der Jagt S, Bristow AF, Leysen JE, Tilders FJ, Van Dam 
AM (2002) Expression and regulation of interleukin-10 and interleukin-10 receptor in rat 
astroglial and microglial cells. Eur J Neurosci 16:1175–1185.

Leng A, Mura A, Feldon J, Ferger B (2005) Tumor necrosis factor-alpha receptor ablation in a 
chronic MPTP mouse model of Parkinson’s disease. Neurosci Lett 375:107–111.

Leon LR (2002) Invited review: cytokine regulation of fever: studies using gene knockout mice. 
J Appl Physiol 92:2648–2655.

Leonard JP, Waldburger KE, Goldman SJ (1995) Prevention of experimental autoimmune enceph-
alomyelitis by antibodies against interleukin 12. J Exp Med 181:381–386.

Leonoudakis D, Braithwaite SP, Beattie MS, Beattie EC (2004) TNFalpha-induced AMPA-receptor 
trafficking in CNS neurons; relevance to excitotoxicity? Neuron Glia Biol 1:263–273.

Letterio JJ (2000) Murine models define the role of TGF-β as a master regulator of immune cell 
function. Cytokine Growth Factor Rev 11:81–87.

Li DY, Sorensen LK, Brooke BS, Urness LD, Davis EC, Taylor DG, Boak BB, Wendel DP (1999) 
Defective angiogenesis in mice lacking endoglin. Science 284:1534–1537.



98 M.G. Tansey and T. Wyss-Coray

Li Y, Liu L, Barger SW, Griffin WS (2003) Interleukin-1 mediates pathological effects of micro-
glia on tau phosphorylation and on synaptophysin synthesis in cortical neurons through a p38-
MAPK pathway. J Neurosci 23:1605–1611.

Li MO, Wan YY, Sanjabi S, Robertson AK, Flavell RA (2006) Transforming growth factor-beta 
regulation of immune responses. Annu Rev Immunol 24:99–146.

Lieberman AP, Pitha PM, Shin HS, Shin ML (1989) Production of tumor necrosis factor and other 
cytokines by astrocytes stimulated with lipopolysaccharide or a neurotropic virus. Proc Natl 
Acad Sci U S A 86:6348–6352.

Lin S, Wei X, Xu Y, Yan C, Dodel R, Zhang Y, Liu J, Klaunig JE, Farlow M, Du Y (2003) 
Minocycline blocks 6-hydroxydopamine-induced neurotoxicity and free radical production in 
rat cerebellar granule neurons. Life Sci 72:1635–1641.

Lin AH, Luo J, Mondshein LH, Ten Dijke P, Vivien D, Contag CH, Wyss-Coray T (2005) Global 
analysis of Smad2/3-dependent TGF-{beta} signaling in living mice reveals prominent tissue-
specific responses to injury. J Immunol 175:547–554.

Ling ZD, Potter ED, Lipton JW, Carvey PM (1998) Differentiation of mesencephalic progenitor 
cells into dopaminergic neurons by cytokines. Exp Neurol 149:411–423.

Ling ZD, Robie HC, Tong CW, Carvey PM (1999) Both the antioxidant and D3 agonist actions of 
pramipexole mediate its neuroprotective actions in mesencephalic cultures. J Pharmacol Exp 
Ther 289:202–210.

Ling Z, Gayle DA, Ma SY, Lipton JW, Tong CW, Hong JS, Carvey PM (2002) In utero bacterial 
endotoxin exposure causes loss of tyrosine hydroxylase neurons in the postnatal rat midbrain. 
Mov Disord 17:116–124.

Link J, Sîderstrîm M, Olsson T, Hîjeberg B, Ljungdahl è, Link H (1994) Increased transforming 
growth factor-β, interleukin-4, and interferon-gamma in multiple sclerosis. Ann Neurol
36:379–386.

Lippa CF, Flanders KC, Kim ES, Croul S (1998) TGF-beta receptors-I and -II immunoexpression 
in Alzheimer’s disease: a comparison with aging and progressive supranuclear palsy. Neurobiol 
Aging 19:527–533.

Liu ZG (2005) Molecular mechanism of TNF signaling and beyond. Cell Res 15:24–27.
Liu RY, Snider WD (2001) Different signaling pathways mediate regenerative versus developmen-

tal sensory axon growth. J Neurosci 21:RC164.
Liu T, Clark RK, McDonnell PC, Young PR, White RF, Barone FC, Feuerstein GZ (1994) Tumor 

necrosis factor-alpha expression in ischemic neurons. Stroke 25:1481–1488.
Liu B, Du L, Hong JS (2000) Naloxone protects rat dopaminergic neurons against inflammatory 

damage through inhibition of microglia activation and superoxide generation. J Pharmacol 
Exp Ther 293:607–617.

Liu Y, Ehtesham M, Samoto K, Wheeler CJ, Thompson RC, Villarreal LP, Black KL, Yu JS (2002) 
In situ adenoviral interleukin 12 gene transfer confers potent and long-lasting cytotoxic immu-
nity in glioma. Cancer Gene Ther 9:9–15.

Locksley RM, Killeen N, Lenardo MJ (2001) The TNF and TNF receptor superfamilies: integrat-
ing mammalian biology. Cell 104:487–501.

Loeys BL, Chen J, Neptune ER, Judge DP, Podowski M, Holm T, Meyers J, Leitch CC, Katsanis N, 
Sharifi N, Xu FL, Myers LA, Spevak PJ, Cameron DE, De Backer J, Hellemans J, Chen Y, 
Davis EC, Webb CL, Kress W, Coucke P, Rifkin DB, De Paepe AM, Dietz HC (2005) A syn-
drome of altered cardiovascular, craniofacial, neurocognitive and skeletal development caused 
by mutations in TGFBR1 or TGFBR2. Nat Genet 37:275–281.

Luckenbill-Edds L (1997) Laminin and the mechanism of neuronal outgrowth. Brain Res Rev
23:1–27.

Luethviksson BR, Gunnlaugsdottir B (2003) Transforming growth factor-beta as a regulator of 
site-specific T-cell inflammatory response. Scand J Immunol 58:129–138.

Lund S, Porzgen P, Mortensen AL, Hasseldam H, Bozyczko-Coyne D, Morath S, Hartung T, 
Bianchi M, Ghezzi P, Bsibsi M, Dijkstra S, Leist M (2005) Inhibition of microglial inflamma-
tion by the MLK inhibitor CEP-1347. J Neurochem 92:1439–1451.



Cytokines in CNS Inflammation and Disease 99

Lundkvist J, Sundgren-Andersson AK, Tingsborg S, Ostlund P, Engfors C, Alheim K, Bartfai T, 
Iverfeldt K, Schultzberg M (1999) Acute-phase responses in transgenic mice with CNS over-
expression of IL-1 receptor antagonist. Am J Physiol 276:R644–651.

Luo J, Lin AH, Masliah E, Wyss-Coray T (2006) Bioluminescence imaging of Smad signaling in 
living mice shows correlation with excitotoxic neurodegeneration. Proc Natl Acad Sci U S A
103:18326–18331.

Luterman JD, Haroutunian V, Yemul S, Ho L, Purohit D, Aisen PS (2000) Cytokine gene expres-
sion as a function of the clinical progression of Alzheimer disease dementia. Arch Neurol
2000:1153–1160.

MacEwan DJ (2002) TNF receptor subtype signalling: differences and cellular consequences. Cell
Signal 14:477–492.

Madri JA, Bell L, Merwin JR (1992) Modulation of vascular cell behavior by transforming growth 
factors β. Mol Reprod Dev 32:121–126.

Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, Elson CO, Hatton RD, Wahl 
SM, Schoeb TR, Weaver CT (2006) Transforming growth factor-beta induces development of 
the T(H)17 lineage. Nature 441:231–234.

Marchetti B, Abbracchio MP (2005) To be or not to be (inflamed) – is that the question in anti-
inflammatory drug therapy of neurodegenerative disorders? Trends Pharmacol Sci
26:517–525

Marchetti L, Klein M, Schlett K, Pfizenmaier K, Eisel UL (2004) Tumor necrosis factor (TNF)-
mediated neuroprotection against glutamate-induced excitotoxicity is enhanced by N-methyl-
D-aspartate receptor activation. Essential role of a TNF receptor 2-mediated phosphatidylinositol 
3-kinase-dependent NF-kappa B pathway. J Biol Chem 279:32869–32881.

Marklund N, Keck C, Hoover R, Soltesz K, Millard M, LeBold D, Spangler Z, Banning A, Benson J, 
McIntosh TK (2005) Administration of monoclonal antibodies neutralizing the inflammatory 
mediators tumor necrosis factor alpha and interleukin -6 does not attenuate acute behavioral 
deficits following experimental traumatic brain injury in the rat. Restor Neurol Neurosci
23:31–42.

Massagué J, Blain SW, Lo RS (2000) TGF-β signaling in growth control, cancer, and heritable 
disorders. Cell 103:295–309.

McAllister KA, Grogg KM, Johnson DW, Gallione CJ, Baldwin MA, Jackson CE, Helmbold EA, 
Markel DS, McKinnon WC, Murrell J (1994) Endoglin, a TGF-beta binding protein of 
endothelial cells, is the gene for hereditary haemorrhagic telangiectasia type 1. Nat Genet
8:345–351.

McCoy MK, Martinez TN, Ruhn KA, Szymkowski DE, Smith CG, Botterman BR, Tansey KE, 
Tansey MG (2006) Blocking soluble tumor necrosis factor signaling with dominant-negative 
TNF inhibitor attenuates loss of dopaminergic neurons in models of Parkinsons Disease. 
J Neurosci 26:9365–9375.

McCusker SM, Curran MD, Dynan KB, McCullagh CD, Urquhart DD, Middleton D, Patterson 
CC, McIlroy SP, Passmore AP (2001) Association between polymorphism in regulatory region 
of gene encoding tumour necrosis factor alpha and risk of Alzheimer’s disease and vascular 
dementia: a case-control study. Lancet 357:436–439.

McGeer PL, McGeer EG (2001) Polymorphisms in inflammatory genes and the risk of Alzheimer 
disease. Arch Neurol 58:1790–1792.

McGuire W, Hill AV, Allsopp CE, Greenwood BM, Kwiatkowski D (1994) Variation in the TNF-
alpha promoter region associated with susceptibility to cerebral malaria. Nature
371:508–510.

McGuire W, Knight JC, Hill AV, Allsopp CE, Greenwood BM, Kwiatkowski D (1999) Severe 
malarial anemia and cerebral malaria are associated with different tumor necrosis factor pro-
moter alleles. J Infect Dis 179:287–290.

McGuire SO, Ling ZD, Lipton JW, Sortwell CE, Collier TJ, Carvey PM (2001) Tumor necrosis 
factor alpha is toxic to embryonic mesencephalic dopamine neurons. Exp Neurol
169:219–230.



100 M.G. Tansey and T. Wyss-Coray

Mehlhorn G, Hollborn M, Schliebs R (2000) Induction of cytokines in glial cells surrounding 
cortical beta-amyloid plaques in transgenic Tg2576 mice with Alzheimer pathology. Int J Dev 
Neurosci 18:423–431.

Merrill JE (1991) Effects of interleukin-1 and tumor necrosis factor-alpha on astrocytes, micro-
glia, oligodendrocytes, and glial precursors in vitro. Dev Neurosci 13:130–137.

Mogi M, Harada M, Riederer P, Narabayashi H, Fujita K, Nagatsu T (1994) Tumor necrosis fac-
tor-alpha (TNF-alpha) increases both in the brain and in the cerebrospinal fluid from parkin-
sonian patients. Neurosci Lett 165:208–210.

Mogi M, Togari A, Tanaka K, Ogawa N, Ichinose H, Nagatsu T (1999) Increase in level of tumor 
necrosis factor (TNF)-alpha in 6-hydroxydopamine-lesioned striatum in rats without influence 
of systemic l-DOPA on the TNF-alpha induction. Neurosci Lett 268:101–104.

Mogi M, Togari A, Kondo T, Mizuno Y, Komure O, Kuno S, Ichinose H, Nagatsu T (2000) 
Caspase activities and tumor necrosis factor receptor R1 (p55) level are elevated in the sub-
stantia nigra from parkinsonian brain. J Neural Transm 107:335–341.

Moon JA, Kim HT, Cho IS, Sheen YY, Kim DK (2006) IN-1130, a novel transforming growth 
factor-beta type I receptor kinase (ALK5) inhibitor, suppresses renal fibrosis in obstructive 
nephropathy. Kidney Int 70:1234–1243.

Morganti-Kossman MC, Lenzlinger PM, Hans V, Stahel P, Csuka E, Ammann E, Stocker R, 
Trentz O, Kossmann T (1997) Production of cytokines following brain injury: beneficial and 
deleterious for the damaged tissue. Mol Psychiatry 2:133–136.

Mrak, RE, Griffin WS (2007) Common inflammatory mechanisms in Lewy body disease and 
Alzheimer disease. J Neuropathol Exp Neurol 66(8):683–6

Munch G, Apelt J, Rosemarie Kientsch E, Stahl P, Luth HJ, Schliebs R (2003) Advanced glyca-
tion endproducts and pro-inflammatory cytokines in transgenic Tg2576 mice with amyloid 
plaque pathology. J Neurochem 86:283–289.

Murphy GM, Jr., Claassen JD, DeVoss JJ, Pascoe N, Taylor J, Tinklenberg JR, Yesavage JA 
(2001) Rate of cognitive decline in AD is accelerated by the interleukin-1 alpha -889 *1 allele. 
Neurology 56:1595–1597.

Nagatsu T, Sawada M (2005) Inflammatory process in Parkinson’s disease: role for cytokines. 
Curr Pharm Des 11:999–1016.

Nagatsu T, Mogi M, Ichinose H, Togari A (2000a) Changes in cytokines and neurotrophins in 
Parkinson’s disease. J Neural Transm Suppl:277–290.

Nagatsu T, Mogi M, Ichinose H, Togari A (2000b) Cytokines in Parkinson’s disease. J Neural 
Transm Suppl:143–151.

Nicoletti F, DiMarco R, Patti F, Reggio E, Nicoletti A, Zaccone P, Stivala F, Meroni PL, Reggio A 
(1998) Blood levels of transforming growth factor-beta 1 (TGF-beta1) are elevated in both 
relapsing remitting and chronic progressive multiple sclerosis (MS) patients and are further 
augmented by treatment with interferon-beta 1b (IFN-beta1b). Clin Exp Immunol 113:96–99.

Nicoll JA, Mrak RE, Graham DI, Stewart J, Wilcock G, MacGowan S, Esiri MM, Murray LS, 
Dewar D, Love S, Moss T, Griffin WS (2000) Association of interleukin-1 gene polymor-
phisms with Alzheimer’s disease. Ann Neurol 47:365–368.

Nishimura M, Mizuta I, Mizuta E, Yamasaki S, Ohta M, Kaji R, Kuno S (2001) Tumor necrosis factor 
gene polymorphisms in patients with sporadic Parkinson’s disease. Neurosci Lett 311:1–4.

Nishimura M, Kuno S, Kaji R, Yasuno K, Kawakami H (2005) Glutathione-S-transferase-1 and 
interleukin-1beta gene polymorphisms in Japanese patients with Parkinson’s disease. Mov 
Disord 20:901–902.

O’Neill EJ, Day MJ, Wraith DC (2006) IL-10 is essential for disease protection following intra-
nasal peptide administration in the C57BL/6 model of EAE. J Neuroimmunol 178:1–8.

Oh SP, Seki T, Goss KA, Imamura T, Yi Y, Donahue PK, Li L, Miyazono K, Dijke P, Kim S, Li E 
(2000) Activin receptor-like kinase 1 modulates transforming growth factor-β1 signaling in 
the regulation of angiogensis. Proc Natl Acad Sci U S A 97:2626–2631.

Paganelli R, Di Iorio A, Patricelli L, Ripani F, Sparvieri E, Faricelli R, Iarlori C, Porreca E, Di 
Gioacchino M, Abate G (2002) Proinflammatory cytokines in sera of elderly patients with 
dementia: levels in vascular injury are higher than those of mild-moderate Alzheimer’s disease 
patients. Exp Gerontol 37:257–263.



Cytokines in CNS Inflammation and Disease 101

Pagenstecher A, Lassmann S, Carson MJ, Kincaid CL, Stalder AK, Campbell IL (2000) 
Astrocyte-targeted expression of IL-12 induces active cellular immune responses in the cen-
tral nervous system and modulates experimental allergic encephalomyelitis. J Immunol
164:4481–4492.

Pang L, Ye W, Che X-M, Roessler BJ, Betz AL, Yang G-Y (2001) Reduction of inflammatory 
response in the mouse brain with adenoviral-mediated transforming growth factor-β1 expres-
sion. Stroke 32:544–552.

Park JH, Shin SH (1996) Induction of IL-12 gene expression in the brain in septic shock. Biochem 
Biophys Res Commun 224:391–396.

Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, Wang Y, Hood L, Zhu Z, Tian Q, Dong C 
(2005) A distinct lineage of CD4 T cells regulates tissue inflammation by producing inter-
leukin 17. Nat Immunol 6:1133–1141.

Pasparakis M, Alexopoulou L, Episkopou V, Kollias G (1996) Immune and inflammatory 
responses in TNF alpha-deficient mice: a critical requirement for TNF alpha in the formation 
of primary B cell follicles, follicular dendritic cell networks and germinal centers, and in the 
maturation of the humoral immune response. J Exp Med 184:1397–1411.

Pavlov VA, Tracey KJ (2005) The cholinergic anti-inflammatory pathway. Brain Behav Immun 
19:493–499.

Pavlov VA, Ochani M, Gallowitsch-Puerta M, Ochani K, Huston JM, Czura CJ, Al-Abed Y, 
Tracey KJ (2006) Central muscarinic cholinergic regulation of the systemic inflammatory 
response during endotoxemia. Proc Natl Acad Sci U S A 103:5219–5223.

Pawlikowska L, Tran MN, Achrol AS, McCulloch CE, Ha C, Lind DL, Hashimoto T, Zaroff J, 
Lawton MT, Marchuk DA, Kwok PY, Young WL (2004) Polymorphisms in genes involved in 
inflammatory and angiogenic pathways and the risk of hemorrhagic presentation of brain arte-
riovenous malformations. Stroke 35:2294–2300.

Pepper MS (1997) Transforming growth factor-β: Vasculogenesis, angiogenesis, and vessel wall 
integrity. Cytokine Growth Factor Rev 8:21–43.

Peress NS, Perillo E (1995) Differential expression of TGF-beta 1, 2 and 3 isotypes in Alzheimer’s 
disease: a comparative immunohistochemical study with cerebral infarction, aged human and 
mouse control brains. J Neuropathol Exp Neurol 54:802–811.

Perry RT, Collins JS, Harrell LE, Acton RT, Go RC (2001a) Investigation of association of 13 
polymorphisms in eight genes in southeastern African American Alzheimer disease patients as 
compared to age-matched controls. Am J Med Genet 105:332–342.

Perry RT, Collins JS, Wiener H, Acton R, Go RC (2001b) The role of TNF and its receptors in 
Alzheimer’s disease. Neurobiol Aging 22:873–883.

Pestka S, Krause CD, Sarkar D, Walter MR, Shi Y, Fisher PB (2004) Interleukin-10 and related 
cytokines and receptors. Annu Rev Immunol 22:929–979.

Pickering M, Cumiskey D, O’Connor JJ (2005) Actions of TNF-alpha on glutamatergic synaptic 
transmission in the central nervous system. Exp Physiol 90:663–670.

Pimentel-Muinos FX, Seed B (1999) Regulated commitment of TNF receptor signaling: a molec-
ular switch for death or activation. Immunity 11:783–793.

Pinteaux E, Rothwell NJ, Boutin H (2006) Neuroprotective actions of endogenous interleukin-1 
receptor antagonist (IL-1ra) are mediated by glia. Glia 53:551–556.

Pittet JF, Griffiths MJ, Geiser T, Kaminski N, Dalton SL, Huang X, Brown LA, Gotwals PJ, 
Koteliansky VE, Matthay MA, Sheppard D (2001) TGF-beta is a critical mediator of acute 
lung injury. J Clin Invest 107:1537–1544.

Pradervand S, Yasukawa H, Muller OG, Kjekshus H, Nakamura T, St Amand TR, Yajima T, 
Matsumura K, Duplain H, Iwatate M, Woodard S, Pedrazzini T, Ross J, Firsov D, Rossier BC, 
Hoshijima M, Chien KR (2004) Small proline-rich protein 1A is a gp130 pathway- and stress-
inducible cardioprotective protein. EMBO J 23:4517–4525.

Prehn JH, Bindokas VP, Marcuccilli CJ, Krajewski S, Reed JC, Miller RJ (1994) Regulation of 
neuronal Bcl2 protein expression and calcium homeostasis by transforming growth factor type 
beta confers wide-ranging protection on rat hippocampal neurons. Proc Natl Acad Sci U S A
91:12599–12603.



102 M.G. Tansey and T. Wyss-Coray

Probert L, Akassoglou K (2001) Glial expression of tumor necrosis factor in transgenic animals: 
how do these models reflect the “normal situation”? Glia 36:212–219.

Probert L, Akassoglou K, Pasparakis M, Kontogeorgos G, Kollias G (1995) Spontaneous inflam-
matory demyelinating disease in transgenic mice showing central nervous system-specific 
expression of tumor necrosis factor alpha. Proc Natl Acad Sci U S A 92:11294–11298.

Probert L, Eugster HP, Akassoglou K, Bauer J, Frei K, Lassmann H, Fontana A (2000) TNFR1 
signalling is critical for the development of demyelination and the limitation of T-cell 
responses during immune-mediated CNS disease. Brain 123 (Pt 10):2005–2019.

Qiu J, Cafferty WB, McMahon SB, Thompson SW (2005) Conditioning injury-induced 
spinal axon regeneration requires signal transducer and activator of transcription 3 activation. 
J Neurosci 25:1645–1653.

Quintana A, Giralt M, Rojas S, Penkowa M, Campbell IL, Hidalgo J, Molinero A (2005) 
Differential role of tumor necrosis factor receptors in mouse brain inflammatory responses in 
cryolesion brain injury. J Neurosci Res 82:701–716.

Racke MK, Dhib-Jalbut S, Cannella B, Albert PS, Raine CS, McFarlin DE (1991) Prevention and 
treatment of chronic relapsing experimental allergic encephalomyelitis by transforming 
growth factor-β

1
. J Immunol 146:3012–3017.

Raine CS, Bonetti B, Cannella B (1998) Multiple sclerosis: expression of molecules of the tumor 
necrosis factor ligand and receptor families in relationship to the demyelinated plaque. Rev 
Neurol (Paris) 154:577–585.

Rieckmann P, Albrecht M, Kitze B, Weber T, Tumani H, Broocks A, Luer W, Helwig A, Poser S 
(1995) Tumor necrosis factor-alpha messenger RNA expression in patients with relapsing-
remitting multiple sclerosis is associated with disease activity. Ann Neurol 37:82–88.

Roberts AB, Sporn MB (1996) Transforming growth factor-β. In: The Molecular and Cellular 
Biology of Wound Repair, Second Edition (Clark RAF, ed.), pp. 275–308. New York, NY: 
Plenum Press.

Rott O, Fleischer B, Cash E (1994) Interleukin-10 prevents experimental allergic encephalomyelitis 
in rats. Eur J Immunol 24:1434–1440.

Rousselet E, Callebert J, Parain K, Joubert C, Hunot S, Hartmann A, Jacque C, Perez-Diaz F, 
Cohen-Salmon C, Launay JM, Hirsch EC (2002) Role of TNF-alpha receptors in mice intoxi-
cated with the parkinsonian toxin MPTP. Exp Neurol 177:183–192.

Ruddle NH, Bergman CM, McGrath KM, Lingenheld EG, Grunnet ML, Padula SJ, Clark RB 
(1990) An antibody to lymphotoxin and tumor necrosis factor prevents transfer of experimen-
tal allergic encephalomyelitis. J Exp Med 172:1193–1200.

Ruuls SR, Hoek RM, Ngo VN, McNeil T, Lucian LA, Janatpour MJ, Korner H, Scheerens H, 
Hessel EM, Cyster JG, McEvoy LM, Sedgwick JD (2001) Membrane-bound TNF supports 
secondary lymphoid organ structure but is subservient to secreted TNF in driving autoimmune 
inflammation. Immunity 15:533–543.

Saavedra A, Baltazar G, Duarte EP (2007) Interleukin-1beta mediates GDNF up-regulation upon 
dopaminergic injury in ventral midbrain cell cultures. Neurobiol Dis 25(1):92–104.

Sairam K, Saravanan KS, Banerjee R, Mohanakumar KP (2003) Non-steroidal anti-inflammatory 
drug sodium salicylate, but not diclofenac or celecoxib, protects against 1-methyl-4-phenyl 
pyridinium-induced dopaminergic neurotoxicity in rats. Brain Res 966:245–252.

Samoilova EB, Horton JL, Chen Y (1998a) Acceleration of experimental autoimmune encephalo-
myelitis in interleukin-10-deficient mice: roles of interleukin-10 in disease progression and 
recovery. Cell Immunol 188:118–124.

Samoilova EB, Horton JL, Hilliard B, Liu TS, Chen Y (1998b) IL-6-deficient mice are resistant 
to experimental autoimmune encephalomyelitis: roles of IL-6 in the activation and differentia-
tion of autoreactive T cells. J Immunol 161:6480–6486.

Sanyal S, Kim SM, Ramaswami M (2004) Retrograde regulation in the CNS; neuron-specific 
interpretations of TGF-beta signaling. Neuron 41:845–848.

Satomi J, Mount RJ, Toporsian M, Paterson AD, Wallace MC, Harrison RV, Letarte M (2003) 
Cerebral vascular abnormalities in a murine model of hereditary hemorrhagic telangiectasia. 
Stroke 34:783–789.



Cytokines in CNS Inflammation and Disease 103

Scherbel U, Raghupathi R, Nakamura M, Saatman KE, Trojanowski JQ, Neugebauer E, Marino 
MW, McIntosh TK (1999) Differential acute and chronic responses of tumor necrosis factor-
deficient mice to experimental brain injury. Proc Natl Acad Sci U S A 96:8721–8726.

Schweizer U, Gunnersen J, Karch C, Wiese S, Holtmann B, Takeda K, Akira S, Sendtner M 
(2002) Conditional gene ablation of Stat3 reveals differential signaling requirements for 
survival of motoneurons during development and after nerve injury in the adult. J Cell Biol
156:287–297.

Sedgwick JD, Riminton DS, Cyster JG, Korner H (2000) Tumor necrosis factor: a master-regula-
tor of leukocyte movement. Immunol Today 21:110–113.

Segal BM, Dwyer BK, Shevach EM (1998) An interleukin (IL)-10/IL-12 immunoregulatory cir-
cuit controls susceptibility to autoimmune disease. J Exp Med 187:537–546.

Sekiyama A, Ueda H, Kashiwamura S, Nishida K, Kawai K, Teshima-kondo S, Rokutan K, 
Okamura H (2005) IL-18; a cytokine translates a stress into medical science. J Med Invest 52 
Suppl:236–239.

Selmaj KW, Farooq M, Norton WT, Raine CS, Brosnan CF (1990) Proliferation of astrocytes in 
vitro in response to cytokines. A primary role for tumor necrosis factor. J Immunol
144:129–135.

Selmaj K, Raine CS, Cannella B, Brosnan CF (1991) Identification of lymphotoxin and tumor 
necrosis factor in multiple sclerosis lesions. J Clin Invest 87:949–954.

Selmaj K, Papierz W, Glabinski A, Kohno T (1995) Prevention of chronic relapsing experimental 
autoimmune encephalomyelitis by soluble tumor necrosis factor receptor I. J Neuroimmunol
56:135–141.

Seripa D, Dobrina A, Margaglione M, Matera MG, Gravina C, Vecile E, Fazio VM (2003) 
Relevance of interleukin-1 receptor antagonist intron-2 polymorphism in ischemic stroke. 
Cerebrovasc Dis 15:276–281.

Sharief MK, Hentges R (1991) Association between tumor necrosis factor-alpha and disease 
progression in patients with multiple sclerosis. N Engl J Med 325:467–472.

Shen HM, Pervaiz S (2006) TNF receptor superfamily-induced cell death: redox-dependent 
execution. FASEB J 20:1589–1598.

Sheng JG, Jones RA, Zhou XQ, McGinness JM, Van Eldik LJ, Mrak RE, Griffin WS (2001) 
Interleukin-1 promotion of MAPK-p38 overexpression in experimental animals and in 
Alzheimer’s disease: potential significance for tau protein phosphorylation. Neurochem Int
39:341–348.

Shi Y, Massague J (2003) Mechanisms of TGF-beta signaling from cell membrane to the nucleus. 
Cell 113:685–700.

Sly LM, Krzesicki RF, Brashler JR, Buhl AE, McKinley DD, Carter DB, Chin JE (2001) 
Endogenous brain cytokine mRNA and inflammatory responses to lipopolysaccharide are ele-
vated in the Tg2576 transgenic mouse model of Alzheimer’s disease. Brain Res Bull
56:581–588.

Smith T, Hewson AK, Kingsley CI, Leonard JP, Cuzner ML (1997) Interleukin-12 induces 
relapse in experimental allergic encephalomyelitis in the Lewis rat. Am J Pathol
150:1909–1917.

Sriram K, Matheson JM, Benkovic SA, Miller DB, Luster MI, O’Callaghan JP (2002) Mice defi-
cient in TNF receptors are protected against dopaminergic neurotoxicity: implications for 
Parkinson’s disease. FASEB J 16:1474–1476.

Sriram K, Miller DB, O’Callaghan JP (2006a) Minocycline attenuates microglial activation but 
fails to mitigate striatal dopaminergic neurotoxicity: role of tumor necrosis factor-alpha. 
J Neurochem 96:706–718.

Sriram K, Matheson JM, Benkovic SA, Miller DB, Luster MI, O’Callaghan JP (2006b) Deficiency 
of TNF receptors suppresses microglial activation and alters the susceptibility of brain regions 
to MPTP-induced neurotoxicity: role of TNF-alpha. FASEB J 20:670–682.

Stalder AK, Pagenstecher A, Yu NC, Kincaid C, Chiang CS, Hobbs MV, Bloom FE, Campbell IL 
(1997) Lipopolysaccharide-induced IL-12 expression in the central nervous system and cul-
tured astrocytes and microglia. J Immunol 159:1344–1351.



104 M.G. Tansey and T. Wyss-Coray

Steed PM, Tansey MG, Zalevsky J, Zhukovsky EA, Desjarlais JR, Szymkowski DE, Abbott C, 
Carmichael D, Chan C, Cherry L, Cheung P, Chirino AJ, Chung HH, Doberstein SK, Eivazi A, 
Filikov AV, Gao SX, Hubert RS, Hwang M, Hyun L, Kashi S, Kim A, Kim E, Kung J, 
Martinez SP, Muchhal US, Nguyen DH, O’Brien C, O’Keefe D, Singer K, Vafa O, Vielmetter J, 
Yoder SC, Dahiyat BI (2003) Inactivation of TNF signaling by rationally designed dominant-
negative TNF variants. Science 301:1895–1898.

Sukal SA, Nadiminti L, Granstein RD (2006) Etanercept and demyelinating disease in a patient 
with psoriasis. J Am Acad Dermatol 54:160–164.

Suthanthiran M, Li B, Song JO, Ding R, Sharma VK, Schwartz JE, August P (2000) Transforming 
growth factor–β

1
 hyperexpression in African-American hypertensives: a novel mediator of 

hypertension and/or target organ damage. Proc Natl Acad Sci U S A 97:3479–3484.
Sweeney ST, Davis GW (2002) Unrestricted synaptic growth in spinster-a late endosomal protein 

implicated in TGF-beta-mediated synaptic growth regulation. Neuron 36:403–416.
Swiergiel AH, Dunn AJ (2006) Feeding, exploratory, anxiety- and depression-related behaviors 

are not altered in interleukin-6-deficient male mice. Behav Brain Res 171:94–108.
Szymkowski DE (2005) Creating the next generation of protein therapeutics through rational drug 

design. Curr Opin Drug Discov Devel 8:590–600.
t Hart BA, Brok HP, Remarque E, Benson J, Treacy G, Amor S, Hintzen RQ, Laman JD, Bauer J, 

Blezer EL (2005) Suppression of ongoing disease in a nonhuman primate model of multiple 
sclerosis by a human-anti-human IL-12p40 antibody. J Immunol 175:4761–4768.

Tada T, Kanaji M, Kobayashi S (1994) Induction of communicating hydrocephalus in mice by 
intrathecal injection of human recombinant transforming growth factor-beta 1. J Neuroimmunol
50:153–158.

Taga T (1996) Gp130, a shared signal transducing receptor component for hematopoietic and 
neuropoietic cytokines. J Neurochem 67:1–10.

Takizawa T, Tada T, Kitazawa K, Tanaka Y, Hongo K, Kameko M, Uemura KI (2001) 
Inflammatory cytokine cascade released by leukocytes in cerebrospinal fluid after subarach-
noid hemorrhage. Neurol Res 23:724–730.

Tarkowski E, Issa R, Sjogren M, Wallin A, Blennow K, Tarkowski A, Kumar P (2002) Increased 
intrathecal levels of the angiogenic factors VEGF and TGF-beta in Alzheimer’s disease and 
vascular dementia. Neurobiol Aging 23:237–243.

Tartaglia LA, Rothe M, Hu YF, Goeddel DV (1993) Tumor necrosis factor’s cytotoxic activity is 
signaled by the p55 TNF receptor. Cell 73:213–216.

Taupin V, Renno T, Bourbonniere L, Peterson AC, Rodriguez M, Owens T (1997) Increased sever-
ity of experimental autoimmune encephalomyelitis, chronic macrophage/microglial reactivity, 
and demyelination in transgenic mice producing tumor necrosis factor-alpha in the central 
nervous system. Eur J Immunol 27:905–913.

ten Dijke P, Hill CS (2004) New insights into TGF-beta-Smad signalling. Trends Biochem Sci
29:265–273.

Tesseur I, Zou K, Berber E, Zhang H, Wyss-Coray T (2006a) Highly sensitive and specific bio-
assay for measuring bioactive TGF-beta. BMC Cell Biol 7:15.

Tesseur I, Zou K, Esposito L, Bard F, Berber E, Can JV, Lin AH, Crews L, Tremblay P, 
Mathews P, Mucke L, Masliah E, Wyss-Coray T (2006b) Deficiency in neuronal TGF-beta 
signaling promotes neurodegeneration and Alzheimer’s pathology. J Clin Invest
116:3060–3069.

Thackray AM, McKenzie AN, Klein MA, Lauder A, Bujdoso R (2004) Accelerated prion disease 
in the absence of interleukin-10. J Virol 78:13697–13707.

Tian J, Shi J, Bailey K, Mann DM (2003) Negative association between amyloid plaques and cer-
ebral amyloid angiopathy in Alzheimer’s disease. Neurosci Lett 352:137–140.

Tobinick E, Gross H, Weinberger A, Cohen H (2006) TNF-alpha modulation for treatment of 
Alzheimer’s disease: a 6-month pilot study. MedGenMed 8:25.

Tonelli LH, Postolache TT (2005) Tumor necrosis factor alpha, interleukin-1 beta, interleukin-6 
and major histocompatibility complex molecules in the normal brain and after peripheral 
immune challenge. Neurol Res 27:679–684.



Cytokines in CNS Inflammation and Disease 105

Tsukazaki T, Chiang TA, Davison AF, Attisano L, Wrana JL (1998) SARA, a FYVE domain 
protein that recruits Smad2 to the TGFbeta receptor. Cell 95:779–791.

Ueberham U, Ueberham E, Bruckner MK, Seeger G, Gartner U, Gruschka H, Gebhardt R, Arendt T 
(2005) Inducible neuronal expression of transgenic TGF-beta1 in vivo: dissection of short-term
and long-term effects. Eur J Neurosci 22:50–64.

Uhl M, Aulwurm S, Wischhusen J, Weiler M, Ma JY, Almirez R, Mangadu R, Liu YW, Platten 
M, Herrlinger U, Murphy A, Wong DH, Wick W, Higgins LS, Weller M (2004) SD-208, a 
novel transforming growth factor beta receptor I kinase inhibitor, inhibits growth and invasive-
ness and enhances immunogenicity of murine and human glioma cells in vitro and in vivo. 
Cancer Res 64:7954–7961.

Unsicker K, Krieglstein K (2000) Co-activation of TGF-β and cytokine signaling pathways are 
required for neurotropic functions. Cytokine Growth Factor Rev 11:97–102.

Unsicker K, Krieglstein K (2002) TGF-betas and their roles in the regulation of neuron survival. 
Adv Exp Med Biol 513:353–374.

Unsicker K, Flanders KC, Cissel DS, Lafyatis R, Sporn MB (1991) Transforming growth factor 
beta isoforms in the adult rat central and peripheral nervous system. Neuroscience
44:613–625.

van der Wal EA, Gómez-Pinilla F, Cotman CW (1993) Transforming growth factor-β1 is in 
plaques in Alzheimer and Down pathologies. Neuroreport 4:69–72.

Veldhoen M, Hocking RJ, Flavell RA, Stockinger B (2006a) Signals mediated by transforming 
growth factor-beta initiate autoimmune encephalomyelitis, but chronic inflammation is needed 
to sustain disease. Nat Immunol 7:1151–1156.

Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B (2006b) TGFbeta in the context 
of an inflammatory cytokine milieu supports de novo differentiation of IL-17-producing T 
cells. Immunity 24:179–189.

Venstrom KA, Reichardt LF (1993) Extracellular matrix. 2: Role of extracellular matrix molecules 
and their receptors in the nervous system. FASEB J 7:996–1003.

Vitarbo EA, Chatzipanteli K, Kinoshita K, Truettner JS, Alonso OF, Dietrich WD (2004) Tumor 
necrosis factor alpha expression and protein levels after fluid percussion injury in rats: the 
effect of injury severity and brain temperature. Neurosurgery 55:416–424; discussion 
424–415.

Wajant H, Pfizenmaier K, Scheurich P (2003) Tumor necrosis factor signaling. Cell Death Differ
10:45–65.

Weinstein M, Yang X, Deng C-X (2000) Functions of mammalian Smad genes as revealed by tar-
geted gene disruption in mice. Cytokine Growth Factor Rev 11:49–58.

Wiendl H, Hohlfeld R (2002) Therapeutic approaches in multiple sclerosis: lessons from failed 
and interrupted treatment trials. BioDrugs 16:183–200.

Wilson AG, de Vries N, Pociot F, di Giovine FS, van der Putte LB, Duff GW (1993) An allelic 
polymorphism within the human tumor necrosis factor alpha promoter region is strongly asso-
ciated with HLA A1, B8, and DR3 alleles. J Exp Med 177:557–560.

Windhagen A, Newcombe J, Dangond F, Strand C, Woodroofe MN, Cuzner ML, Hafler DA 
(1995) Expression of costimulatory molecules B7–1 (CD80), B7–2 (CD86), and interleukin 12 
cytokine in multiple sclerosis lesions. J Exp Med 182:1985–1996.

Wu Z, Zhang J, Nakanishi H (2005) Leptomeningeal cells activate microglia and astrocytes to 
induce IL-10 production by releasing pro-inflammatory cytokines during systemic inflamma-
tion. J Neuroimmunol 167:90–98.

Wyss-Coray T (2006) Inflammation in Alzheimer disease: driving force, bystander or beneficial 
response? Nat Med 12:1005–1015.

Wyss-Coray T, Mucke L (2002) Inflammation in neurodegenerative disease – a double-edged 
sword. Neuron 35:419–432.

Wyss-Coray T, Feng L, Masliah E, Ruppe MD, Lee HS, Toggas SM, Rockenstein EM, Mucke L 
(1995) Increased central nervous system production of extracellular matrix components and 
development of hydrocephalus in transgenic mice overexpressing transforming growth factor-
β1. Am J Pathol 147:53–67.



106 M.G. Tansey and T. Wyss-Coray

Wyss-Coray T, Borrow P, Brooker MJ, Mucke L (1997a) Astroglial overproduction of TGF-β1
enhances inflammatory central nervous system disease in transgenic mice. J Neuroimmunol
77:45–50.

Wyss-Coray T, Masliah E, Mallory M, McConlogue L, Johnson-Wood K, Lin C, Mucke L (1997b) 
Amyloidogenic role of cytokine TGF-β1 in transgenic mice and Alzheimer’s disease. Nature
389:603–606.

Wyss-Coray T, Lin C, Sanan D, Mucke L, Masliah E (2000) Chronic overproduction of TGF-β1
in astrocytes promotes Alzheimer’s disease-like microvascular degeneration in transgenic 
mice. Am J Pathol 156:139–150.

Wyss-Coray T, Lin C, Yan F, Yu G, Rohde M, McConlogue L, Masliah E, Mucke L (2001) TGF-
β1 promotes microglial amyloid-β clearance and reduces plaque burden in transgenic mice. 
Nat Med 7:612–618.

Wyss-Coray T, Yan F, Lin AH, Lambris JD, Alexander JJ, Quigg RJ, Masliah E (2002) Prominent 
neurodegeneration and increased plaque formation in complement-inhibited Alzheimer’s 
mice. Proc Natl Acad Sci U S A 99:10837–10842.

Yamashita T, Sawamoto K, Suzuki S, Suzuki N, Adachi K, Kawase T, Mihara M, Ohsugi Y, Abe 
K, Okano H (2005) Blockade of interleukin-6 signaling aggravates ischemic cerebral damage 
in mice: possible involvement of Stat3 activation in the protection of neurons. J Neurochem
94:459–468.

Yang L, Lindholm K, Konishi Y, Li R, Shen Y (2002) Target depletion of distinct tumor necrosis 
factor receptor subtypes reveals hippocampal neuron death and survival through different sig-
nal transduction pathways. J Neurosci 22:3025–3032.

Yang YC, Piek E, Zavadil J, Liang D, Xie D, Heyer J, Pavlidis P, Kucherlapati R, Roberts AB, 
Bottinger EP (2003) Hierarchical model of gene regulation by transforming growth factor beta. 
Proc Natl Acad Sci U S A 100:10269–10274.

Youdim MB, Buccafusco JJ (2005) Multi-functional drugs for various CNS targets in the treat-
ment of neurodegenerative disorders. Trends Pharmacol Sci 26:27–35.

Zdanov A (2004) Structural features of the interleukin-10 family of cytokines. Curr Pharm Des 
10:3873–3884.

Zhang F, Endo S, Cleary LJ, Eskin A, Byrne JH (1997) Role of transforming growth factor-β in 
long-term synaptic facilitation in Aplysia. Science 275:1318.

Zheng X, Wang J, Haerry TE, Wu AY, Martin J, O’Connor MB, Lee CH, Lee T (2003) TGF-beta 
signaling activates steroid hormone receptor expression during neuronal remodeling in the 
Drosophila brain. Cell 112:303–315.

Zhu Y, Yang G-Y, Ahlemeyer B, Pang L, Che X-M, Culmsee C, Klumpp S, Krieglstein J (2002) 
Transforming growth factor-β1 increases bad phosphorylation and protects neurons against 
damage. J Neurosci 22:3898–3909.

Zou JY, Crews FT (2005) TNF alpha potentiates glutamate neurotoxicity by inhibiting glutamate 
uptake in organotypic brain slice cultures: neuroprotection by NF kappa B inhibition. Brain 
Res 1034:11–24.



Arachidonic Acid Metabolites: 
Function in Neurotoxicity and Inflammation 
in the Central Nervous System

K. Andreasson and T.J. Montine

1 Preface

Arachidonic acid (AA) is liberated from membrane phospholipids by the action of 
phospholipases upon stimulation by a variety of extracellular stimuli including 
neurotransmitters, growth factors, and cytokines (Farooqui et al., 2006). As illus-
trated in Fig. 6.1, three enzyme systems act on AA to generate prostaglandin H

2
 via 

the cyclooxygenase enzymes (COX-1 and COX-2), leukotrienes via the LOX path-
ways, and epoxyeicosatrienoic acids via the epoxygenase cytochrome P450 
pathway. These lipid products are signaling messengers and regulate a wide variety 
of physiologic functions including cerebral blood flow and synaptic function under 
basal conditions. Increases in expression and activity of enzymes in each of these 
three pathways have been documented in a wide spectrum of neurological diseases, 
including acute insults such as cerebral ischemia and trauma as well as chronic 
neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and 
amyotrophic lateral sclerosis. Of the three enzymatic pathways, the cyclooxygenase 
(COX) pathway has been most studied, and a significant body of evidence links 
activity of this pathway and downstream prostanoid products to a broad range of 
neurological diseases.

In addition to these eicosanoids generated by enzyme-catalyzed oxidation of free 
AA, similar chemistry occurs with free radical attack on AA still esterified to lipid. 
Given the indiscriminant nature of free radical reactions, multiple products can be 
formed from AA including reactive aldehydes like 4-hydroxy-2-nonenal that modify 
cellular nucleophiles in protein, nucleic acid, and lipid, as well as chemically stable 
products, such as the isoprostanes, that can be used as quantitative in vivo markers 
of free radical damage and may have receptor activating properties.
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2 COX-1 and COX-2 in the Central Nervous System

2.1 Metabolism of AA and Production of Prostaglandins

The cyclooxygenases COX-1 and COX-2 catalyze the first committed step in pros-
tanoid and thromboxane synthesis (reviewed in Breyer et al., 2001). The cyclooxy-
genases are heme-containing bis-oxygenases and convert AA to PGH

2
, which then 

serves as a substrate for a family of prostanoid and thromboxane synthases that 
generate PGE

2
, PGD

2
, PGF

2α, PGI
2
 (prostacyclin), and TXA

2
 (thromboxane). These 

prostaglandins bind to several classes of G protein-coupled receptors (GPRCs), 
some of which have more than one isoform. These GPRCs are designated EP (for 
E-prostanoid receptor), FP, DP, IP, and TP, respectively. Further complexity arises 
in that there can be more than one receptor for each prostaglandin: there are four 
EP receptors (EP1, EP2, EP3, and EP4) and two DP receptors (DP1 and DP2, aka 
CRTH2). In brain, these prostaglandin receptors have distinct cellular and anatomi-
cal distributions, are differentially regulated in response to exogenous stimuli, and 
have different downstream signaling cascades. The receptor subtypes and expres-
sion patterns in brain are summarized in Table 1. Prostaglandin receptor subtypes 
are distinguished not only by which prostaglandin they bind, but also by the spe-
cific signal transduction pathway that is activated upon ligand binding. Activation 
of PG receptors triggers intracellular signals that lead to modifications in produc-
tion of cAMP and/or phosphoinositol (PI) turnover. Within one family of receptors, 
subtypes may have opposing effects on cAMP levels, and thus have functionally 
different downstream effects. For example, EP2, EP4, DP1 and IP1 activation result 

Fig. 6.1 Arachidonic acid is metabolized by three enzyme systems: (1) the cyclooxygenases 
COX-1 and COX-2 to yield PGH

2
, which is converted by specific synthases to the five prosta-

noids, (2) the lipoxygenases 5-LOX, 12-LOX, and 15-LOX to yield leukotrienes and HETEs, and 
(3) the cytochrome P450 epoxygenases to yield epoxyeicosanotrienoic acids. AA is also non-
enzymatically oxidized by free radicals to form a large family of isoprostanes (See Color Plates).
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in increased cAMP levels. However, EP1, TP and FP receptors signal via stimula-
tion of phospholipase C to produce IP3 and di-acyl-glycerol and EP3 and DP2 
signal via inhibition of adenylyl cyclase through the inhibitory guanine nucleotide-
binding regulator protein (G

i
). Genetic knockouts for all the PG receptors have been 

generated, and phenotypes of these null mutants are listed in Table 1.

Table 1 Summary of prostaglandin receptor classes, anatomic distribution in brain, signaling 
properties, and phenotype of null mutant mice

PG
Receptor
subtype Distribution in brain Signaling Null mutant phenotype

PGF
2α FP Neurons; hippocampal 

synaptosomes
Increase IP

3
,

Ca2+

Failure of parturition 
(Sugimoto et al., 1997)

PGD
2

DP1 Meninges > thalamus, 
hypothalamus (HTH), 
brainstem > cortex, 
hippocampus

Increase
cAMP

Sleep phenotype; resistant to 
immune cell infiltration in 
asthma (Matsuoka et al., 
2000; Mizoguchi et al., 
2001)

DP2
(CRTH2)

Neurons, astrocytes: cortex, 
hippocampus, thalamus

Increase IP
3
,

Ca2+

Decreased skin inflammation 
(Satoh et al., 2006)

PGE
2

EP1 Neurons: hypothalamus/
thalamus > cortex, 
hippocampus and 
striatum

Increase IP
3
,

Ca2+

Disrupted algesia, blood pres-
sure regulation (Stock et al., 
2001); decreased stroke vol-
ume (Kawano et al., 2006)

EP2 Neurons, astrocytes: 
cortex, striatum 
hippocampus,
thalamus; inducible 
with LPS

Increase
cAMP

Abortive expansion of the ovar-
ian cumulus and impaired 
fertility (Hizaki et al., 
1999); decreased 
inflammation (Liang 
et al., 2005b; Montine and 
Milatovic et al., 2002)

EP3 Neurons >> astrocytes: 
cortex, striatum, 
hippocampus,
thalamus/HTH

Decrease
cAMP

Failure to mount febrile 
response (Ushikubi 
et al., 1998)

EP4 Neurons: HTH, thalamus > 
striatum cortex; induced 
in cortex, hippocampus 
after LPS

Increase
cAMP

Patent ductus arteriosus 
(Segi et al., 1998); impaired 
bone resorption (Miyaura 
et al., 2000)

PGI2
IP Neurons: cortex, hippocam-

pus, striatum; very high 
in n. solitary tract, dorsal 
horn, spinal trigeminal 
nucleus

Increase
cAMP

Enhanced thrombosis, 
decreased vascular 
permeability and inflamma-
tory pain response (Murata 
et al., 1997); decreased 
susceptibility to renovascular
hypertension (Fujino 
et al., 2004)

TXA
2

TP Oligodendrocytes, 
astrocytes, neurons: 
white matter tracts, 
hippocampus, cortex

Increase IP
3
,

Ca2+

Prolonged bleeding time 
(Thomas et al., 1998)
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2.2 COX-1 and COX-2: Localization and Physiologic Function

COX-1 and COX-2 are expressed in brain, albeit with significantly different cel-
lular and anatomic distributions. COX-1 is constitutively expressed at low levels 
in all cell types. COX-2 however is expressed at moderately robust levels basally 
in specific neuronal populations including dentate gyrus, hippocampal pyramidal 
neurons, efferent layers of cerebral cortex, pyriform cortex, amygdala, and in 
discrete subpopulations in hypothalamus (Breder et al., 1995; Yamagata et al., 
1993). Within neurons, COX-2 immunoreactivity is localized to post-synaptic 
sites in dendritic spines, the sites of NMDA receptor-mediated neurotransmission 
(Kaufmann et al., 1996). COX-2 expression is upregulated in neurons following 
N-methyl-d-aspartate (NMDA) receptor-dependent excitatory synaptic activity in 
paradigms of learning and memory. The fact that COX-2 is specifically localized 
to post-synaptic structures, and that its expression is increased upon excitatory 
synaptic activity points to a role for COX-2 in modulating synaptic transmission 
under physiologic conditions. Electrophysiologic and in vivo modeling in rodent 
models of learning and memory (Rall et al., 2003; Shaw et al., 2003; Teather 
et al., 2002) suggest that COX-2, and in particular PGE

2
, participate in synaptic 

plasticity (Chen and Bazan, 2005; Chen et al., 2002; Sang et al., 2005). In the 
Morris Water Maze, which tests hippocampal-dependent learning and memory, 
COX-2 inhibitors given either before or after training inhibit both acquisition and 
consolidation of spatial memory (Rall et al., 2003; Teather et al., 2002). 
Mechanisms by which COX-2 and its downstream prostaglandins might function 
in synaptic remodeling include regulation of downstream growth factors, particu-
larly BDNF (Shaw et al., 2003) and neurovascular coupling in which synaptically 
active neurons promote local hyperemia (Niwa et al., 2000).

2.3  Prostaglandins and Prostaglandin Receptors: Localization 
and Physiologic Function

2.3.1 PGF2a

Binding studies show that FP receptors are enriched in brain synaptosomes and 
PGF2α has been immunolocalized in vivo to neurons (Linton et al., 1995). Levels 
of PGF2α are induced in models of excitotoxicity (Nakagomi et al., 1990; Ogawa 
et al., 1987; Seregi et al., 1985) and following catecholamine-mediated neuro-
transmission in hippocampal mossy fibers (Separovic and Dorman, 1993). Lerea 
et al. (1997) have further demonstrated that PGF2α couples NMDA-receptor acti-
vation to induction of the immediate early gene c-fos in hippocampal neurons, 
underscoring the importance of PG signaling in the spectrum of NMDA-receptor 
mediated events ranging from neuroplastic responses to cellular injury. FP recep-
tor activation results in increased PI turnover and elevation of intracellular Ca2+
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(Kitanaka et al., 1993), and promotes neuronal death in an in vivo model of spinal 
cord injury (Liu et al., 2001).

2.3.2 PGD2

PGD
2
 immunolocalizes to all regions of the brain, notably the hippocampus and 

cerebral cortex (Watanabe et al., 1985). The DP1 receptor localizes to the leptome-
ninges (Liang et al., 2005b), and highly to diencephalon, brainstem, and to a lesser 
extent telencephalon. The DP2 receptor is also highly expressed in brain (Liang 
et al., 2005b), and is localized to neurons of hippocampus and cerebral cortex by in 
situ hybridization.

2.3.3 PGE2

The effects of PGE
2
 are complex because PGE

2
 can bind to four distinct EP recep-

tors that have distinct second messenger systems. The EP2 and EP3 receptors are 
widely expressed in neurons of cerebral cortex, hippocampus, thalamus and 
hypothalamus (Ek et al., 2000; McCullough et al., 2004; Sugimoto et al., 1994). 
EP4 and EP1 receptors are most abundant in hypothalamus (Batshake et al., 1995) 
and present at lower levels in cortex, hippocampus and striatum. Importantly, EP2 
and EP4 receptor expression is inducible after stimulation with the endotoxin 
lipopolysaccharide (LPS) or IL1β (Zhang and Rivest, 1999).

2.3.4 PGI2

PGI
2
 binds to the IP receptor which is present at moderate levels in cortex, hippoc-

ampus, striatum and thalamus, with highest concentration in sensory integration 
areas such as the nucleus of the solitary tract and dorsal horn (Matsumura et al., 
1995). In addition, specific binding of a PGI

2
 analogue to a second putative receptor 

has been described, suggesting the existence of a second IP receptor that is localized
to telencephalic structures (Watanabe et al., 1999).

2.3.5 TXA2

TP receptors are present in endothelium where they promote vasoconstriction. They 
are also expressed in neurons of hippocampus and can promote glutamate (Hsu and 
Kan, 1996) and noradrenaline release (Nishihara et al., 1999) and inhibit voltage 
sensitive Ca2+ channels (Hsu et al., 1996). In addition, TP receptors are present on 
astrocytes (Nakahata et al., 1992), oligodendrocytes and myelin tracts (Blackman 
et al., 1998), and modulate phospholipase C beta activity with activation of inositol 
triphosphate signaling. The complex effects of TXA

2
 will likely depend on the 

cross activation of TP receptors on multiple cell types.



112 K. Andreasson and T.J. Montine

2.4 COX-2 and Prostaglandins: Pathologic Function

2.4.1 Excitotoxicity and Ischemia

COX-2 neuronal expression is tightly regulated by excitatory synaptic activity via 
the NMDA receptor (Yamagata et al., 1993). This coupling of neuronal COX-2 
expression via the NMDA receptor however is deleterious in paradigms of excito-
toxicity, where there is significant release of glutamate and excessive signaling via 
the NMDA receptor resulting in death of the neuron. Multiple models of acute 
glutamate toxicity have now been associated with increased COX-2 expression 
and activity including seizures (Yamagata et al., 1993), excitotoxin injection 
(Adams et al., 1996), spreading depression (Miettinen et al., 1997) and cerebral 
ischemia. In ischemic paradigms, COX-2 expression is rapidly induced early on in 
neurons in response to massive glutamate release, and later in non-neuronal cells, 
including microglia, astrocytes and infiltrating leukocytes that participate in the 
post-ischemic inflammatory reaction. In models of cerebral ischemia, pharmaco-
logic inhibition of COX-2 enzymatic activity and genetic deletion of COX-2 pro-
duce a reduction in the infarct size (Nakayama et al., 1998; Nogawa et al., 1997). 
Similarly in a different model of acute neurological injury, a rodent model of spi-
nal cord injury, in which initial injury is mediated by glutamate toxicity and lipid 
peroxidation, inhibition of COX-2 activity results in improved functional outcome 
(Resnick et al., 1998).

The mechanism by which COX-2 activity contributes to neuronal injury has not 
been determined but may involve (1) production of reactive oxygen species (ROS) 
as a byproduct of the peroxidase activity of the COX enzyme (Hanna et al., 1997; 
Kukreja et al., 1986), (2) production of PGs and activation of selected PG receptors 
that impact negatively on neuronal viability, or (3) promotion of PGE

2
-mediated

glutamate release from astrocytes (Bezzi et al., 1998). With regard to the first 
mechanism, the extent of production of ROS by COX activity and its effects on 
neuronal viability are not fully defined. ROS species are formed during the metabo-
lism of arachidonic acid as a byproduct of the peroxidase activity of the enzyme. 
The peroxidase moiety requires a reducing co-substrate to donate a single electron 
to the peroxidase intermediate, and a co-substrate free radical is then produced for 
each reaction. Thus, increased COX-2 activity may increase the overall production 
of ROS in the setting of ischemia, adding to that generated by mitochondrial respi-
ration and nitric oxide metabolism. Older studies have linked NSAID with a reduc-
tion of ROS following hypoxia (Hall et al., 1993; Patel et al., 1993).

More recent efforts have focused on what specific prostaglandin receptors pro-
mote COX-2 neurotoxicity in cerebral ischemia. Genetic deletion of the EP1 recep-
tor or pharmacological inhibition of EP1 signaling rescues tissue in a model of 
transient focal ischemia (Kawano et al., 2006). In vitro examination of EP1 receptor 
function in cultured neurons demonstrated that the EP1 receptor enhanced the Ca2+

dysregulation induced by NMDA receptor activation by impairing Na+–Ca2+

exchange (Kawano et al., 2006). Conversely, other studies have demonstrated a 
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paradoxical neuroprotection in models of glutamate toxicity and ischemia, partic-
ularly with respect to PG receptors that are positively coupled to cAMP produc-
tion. In primary hippocampal neurons or organotypic hippocampal and spinal cord 
slices subjected to glutamate toxicity, PGE

2
 signaling via the EP2 receptor pro-

motes a paradoxical neuroprotection (Bilak et al., 2004; Liu et al., 2005; 
McCullough et al., 2004), consistent with previous studies in primary neurons 
(Akaike et al., 1994; Cazevielle et al., 1994). The neuroprotective effect of the EP2 
receptor has been confirmed in vivo in models of focal ischemia (Liu et al., 2005; 
McCullough et al., 2004). PGD

2
, signaling via its DP1 receptor similarly promotes 

neuroprotection against glutamate toxicity in dispersed hippocampal neurons, 
organotypic hippocampal slices, and spinal cord slices (Liang et al., 2005a). For 
both EP2 and DP1 mediated neuroprotection, inactivation of protein kinase A 
(PKA) abolishes neuroprotection, indicating that neuroprotection in this paradigm 
is dependent on cAMP signaling (Bilak et al., 2004; Liang et al., 2005b; 
McCullough et al., 2004). More recently, the EP4 receptor, which like the EP2 and 
DP1 receptors is coupled to Gαs

, has also been shown to be neuroprotective in 
glutamate toxicity (Ahmad et al., 2005).

2.4.2 Chronic Neuroinflammatory Diseases

Evidence is accumulating suggesting a substantial role for COX-2 activity and 
prostaglandin signaling in mediating secondary neuronal injury in chronic degen-
erative neurological diseases characterized by a predominantly inflammatory 
pathology.

Alzheimer’s disease. Alzheimer’s disease (AD) is a common cause of age-
dependent dementia, affecting nearly 1 in 3 adults over the age of 80. Hallmark 
pathological features include deposition of A-beta peptide into amyloid plaques in 
brain parenchyma, neurofibrillary tangles with extensive hippocampal and cortical 
neuronal loss, and glial activation. A central role of inflammation is postulated in 
the development and progression of AD (Akiyama et al., 2000). In support of this 
concept is the fact that in normal aging populations, chronic use of non-steroidal 
anti-inflammatory drugs (NSAIDs), which block COX activity, is associated with a 
significantly lower risk of developing AD (in t’ Veld et al., 2001; McGeer et al., 
1996; Stewart et al., 1997). Conversely, the administration of NSAIDs or COX-2 
inhibitors to patients already symptomatic with AD has little benefit (Aisen et al., 
2003). These studies indicate that in aging populations, NSAIDs may be effective 
in the prevention and not the therapy of AD, and that inflammation is an early and 
potentially reversible pre-clinical event.

Modeling the effect of NSAIDs in vivo using transgenic mouse models of 
mutant human alleles of amyloid precursor protein (APP) and presenilin-1 (PS1) 
has demonstrated that NSAIDs can reduce amyloid deposition in association with 
a reversal of behavioral deficits (Jantzen et al., 2002; Lim et al., 2000, 2001; Yan 
et al., 2003). The mechanism by which NSAIDs promote this effect has been attrib-
uted to anti-inflammatory effects through inhibition of COX and production of 
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pro-inflammatory prostaglandins. Recent in vitro studies have demonstrated that 
high concentrations of some but not all NSAIDs can alter γ-secretase activity and 
reduce the ratio of Aβ 42–38 in cultured cells (Weggen et al., 2001, 2003a, b), 
although whether this mechanism is responsible for the preventive effects of 
NSAIDs in AD is not clear (Eriksen et al., 2003; Lanz et al., 2005). Pathologic evi-
dence of significantly decreased levels of microglial activation has been described 
in patients taking NSAIDs (Mackenzie and Munoz, 1998). In transgenic models of 
Familial AD, NSAIDs reduce Aβ accumulation and markers of microglial activa-
tion including CD11b (Mac1) and CD45 (Yan et al., 2003).

Parkinson’s disease. Parkinson’s disease (PD) is another age-related neurode-
generative disease involving selective degeneration of the dopaminergic neurons of 
the substantia nigra. The predominant symptoms include motor symptoms of 
tremor, rigidity, and bradykinesia, although additional higher order cognitive and 
psychiatric symptoms frequently develop later in the disease. As in AD, a major 
role for inflammation is now suspected in PD as evidenced by significant microglial 
activation with complement activation (reviewed in McGeer and McGeer, 2004) 
evident in autopsied brains of patients with PD. Significantly, COX-2 and down-
stream prostaglandin signaling are believed to play a role in disease progression in 
rodent models of PD. In these models, inhibition of COX-2, either using genetic 
COX-2 knockout strategies or pharmacological COX-2 inhibitors protect against 
development of PD-like symptoms (Feng et al., 2002; Teismann et al., 2003).

Amyotrophic lateral sclerosis. Amyotrophic lateral sclerosis (ALS) is a devastating
neurodegenerative disease, characterized by the progressive loss of motor neurons 
in ventral spinal cord and motor cortex. Pathologic findings in ALS suggest an 
inflammatory component to this disease involving activated microglia, and astrocytes 
(McGeer and McGeer, 2002), and increased COX-2 expression (Maihofner et al., 
2003; Yasojima et al., 2001; Yiangou et al., 2006) and CSF PGE

2
 levels (Almer 

et al., 2001, 2002), but see (Cudkowicz et al., 2006). An extensively characterized 
familial form of ALS is caused by mutations in the copper/zinc superoxide 
dismutase (SOD1) gene (Bruijn et al., 1998; Gurney et al., 1994; Wong et al., 
1995). Transgenic mice that express mutant forms of SOD1 recapitulate the human 
disease, and develop paralysis associated with loss of motor neurons and premature 
death. Levels of COX-2 mRNA and PGE

2
 are increased in mutant SOD mice 

(Almer et al., 2001; Klivenyi et al., 2004) and administration of COX-2 inhibitors 
beginning before onset of hindlimb paralysis reduces levels of CSF PGE

2
 and 

extends survival (Drachman et al., 2002; Klivenyi et al., 2004; Pompl et al., 2003). 
These observations have suggested that COX-2, via its downstream prostaglandin 
products, can promote motor neuron injury in this model.

2.4.3 Prostaglandin Receptor Signaling and Inflammatory Injury

Brain inflammation underlies a large number of neurodegenerative diseases as well 
as normal aging. The prostaglandin products of COX-1 and COX-2 enzymatic 
activity are important mediators of the inflammatory response. The identification 
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of which prostaglandin receptors promote COX-2 toxicity is currently an active 
area of investigation. Because of the number of prostaglandin receptor signaling 
systems and the complexity of cellular distributions, inducibility, and downstream 
signaling cascades, this undertaking is likely to be quite complex. However, recent 
studies using genetic mouse models are beginning to uncover important neurotoxic 
and pro-inflammatory functions of selected prostaglandin receptors. Significant 
headway has been made in examining the function of the PGE

2
 EP2 receptor in the 

LPS model of innate immunity and in a transgenic model of Familial AD and 
amyloid deposition.

PGE
2

and the innate immune response to LPS. A first line of defense in the CNS 
against injury or infection is the innate immune response, in which activated micro-
glia produce cytotoxic compounds such as ROS and nitric oxide and phagocytose 
the offending agents. Injection of the endotoxin LPS constitutes a primary model 
of innate immunity, and has been used to study mechanisms of immune activation, 
including microglial activation and production of ROS, nitric oxide, cytokines and 
chemokines, as well as phagocytosis. LPS is a potent and specific stimulus of 
innate immune response that binds the co-receptors CD14 receptor and TLR4; this 
is followed by activation of mitogen-activated protein kinases and NFkappaB 
which regulate transcription of pro-inflammatory genes such as COX-2 and iNOS 
that function in microglial activation. LPS stimulation also leads to activation of 
microglial NADPH oxidase, a major source of superoxide in inflammation. LPS-
induced inflammatory changes can enhance cognitive decline in aging rodents 
(Hauss-Wegrzyniak et al., 2002); ROS-induced injury leads to abnormal aging, and 
impairments in learning-impaired aged rats are associated with higher levels of 
oxidative damage as compared to normal aged controls (Nicolle et al., 2001).

The EP2 receptor functions prominently in the elaboration of oxidative damage 
in innate immunity triggered by intraventricular (ICV) injection of LPS (Milatovic 
et al., 2004, 2005; Montine et al., 2002a). In wild type (wt) mice, ICV LPS activates 
glial innate immunity, leading to transient elevation of cerebral F2-IsoPs (discussed 
below), a stable measure of oxidative damage (Montine et al., 2002a). We found 
that this LPS-induced cerebral oxidative damage is abolished in EP2 null mice 
(Montine et al., 2002b). This protective effect is not associated with changes in 
cerebral eicosanoid production, but is partially related to reduced induction of nitric 
oxide synthase (NOS) activity. We further observed that mice lacking EP2 are com-
pletely protected from CD14-dependent synaptodendritic degeneration (Milatovic 
et al., 2004, 2005). Following ICV LPS injection, hippocampal CA1 pyramidal 
neurons undergo a delayed, reversible decrease in dendrite length and spine density 
without neuron death that reaches its nadir at approximately 24 h and recovers to 
near basal levels by 72 h; no change in these endpoints is seen in EP2 null mice 
under the same conditions.

PGE
2

signaling in the APPSwe-PS1DE9 model of Familial AD/amyloidosis.
Mouse transgenic models of Familial Alzheimer’s disease (FAD) consist of overex-
pression of mutant APP and PS1 proteins. These mice develop age-dependent 
amyloid accumulation in concert with significant microglial activation, production 
of inflammatory cytokines and increased ROS. In aging APPSwe-PS1∆E9 mice, 
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deletion of the EP2 receptor results in marked decreases in lipid peroxidation, with sig-
nificant reductions in neuronal lipid peroxidation (Liang et al., 2005a). The effect of 
EP2 deletion on lipid peroxidation in this model parallels what is seen in the simpler 
LPS model. In spite of the significant complexity of the amyloid model, the CD14-
dependent innate immune response to LPS nevertheless is relevant to the immune 
response to accumulating Aβ peptide because microglial activation and elaboration of 
inflammatory mediators are in part CD14-dependent (Fassbender et al., 2004; Milatovic 
et al., 2004). In aged APPSwe-PS1∆E9 mice, deletion of the EP2 receptor is also asso-
ciated with lower levels total Aβ 40 and 42 peptides and accumulated amyloid deposits 
(Liang et al., 2005a). This finding raises the question of whether the lower oxidative 
damage in the EP2−/− background results in a delayed and less severe accumulation of 
Aβ, or conversely, whether transgenic Aβ production fails to elicit a vigorous oxidative 
response, which in turn results in a decreased accumulation of Aβ over time. The tem-
poral and causal relationship of inflammatory oxidative stress and Aβ peptide accumu-
lation is of central relevance to the pathogenesis of AD, where oxidative stress may 
precede and possibly trigger Aβ deposition (Pratico et al., 2001).

The hypothesis that the EP2 receptor functions in the innate immune response to Aβ
peptides is supported by evidence in non-neuronal systems. Expression of the EP2 
receptor is upregulated in models of innate immunity in peripheral macrophages and 
antigen presenting cells (Harizi et al., 2003; Hubbard et al., 2001) where the EP2 recep-
tor regulates expression of inflammatory mediators, including TNF-α (Akaogi et al., 
2004; Fennekohl et al., 2002; Vassiliou et al., 2003), IL-6 (Akaogi et al., 2004; Treffkorn 
et al., 2004), MCP-1 (Largo et al., 2004), ICAM (Noguchi et al., 2001), and iNOS 
(Minghetti et al., 1997). Separate studies point to additional roles of EP2 receptor in 
modulating macrophage migration (Baratelli et al., 2004), and inhibiting phagocytosis 
of bacterial components by lung alveolar macrophages (Aronoff et al., 2004). Regarding 
its function in phagocytosis, an intriguing recent study demonstrates that EP2−/− 
microglia exhibit a strong phagocytic response to deposited Aβ not observed in wild 
type microglia (Shie et al., 2005). These studies are consistent with others that dem-
onstrate that PGE

2
 inhibits phagocytosis by macrophages by a process that is dependent 

on increased cAMP levels (Aronoff et al., 2004; Borda et al., 1998; Canning et al., 1991; 
Hutchison and Myers, 1987). Conversely, NSAIDs potentiate phagocytosis by macro-
phages in many studies (Bjornson et al., 1988; Gilmour et al., 1993; Gurer et al., 2002; 
Laegreid et al., 1989). Thus the anti-amyloidogenic properties of NSAIDs in transgenic 
mutant APP models (Jantzen et al., 2002; Lim et al., 2000; Yan et al., 2003) might be 
explained by indirect interruption of PGE

2
 signaling via the EP2 receptor with COX 

inhibition, resulting in reduced oxidation and increased phagocytosis and clearance of Aβ.
Similarly, in APPSwe-PS1∆E9 mice, deletion of the EP2 receptor may decrease 
oxidative stress and increase clearance of Aβ, resulting in the final picture of decreased 
Aβ load. Taken together, these studies suggest a possible dual role for the EP2 receptor 
in promoting oxidative damage and inhibiting phagocytosis of Aβ. In AD and in models 
of Familial AD, an imbalance develops with aging between the accumulation and clear-
ance of Aβ. This might be occuring because the microglial clearance of Aβ does not 
keep up with the fibrillization and accumulation of Aβ, which are themselves acceler-
ated by the increased oxidative stress elicited by increasing levels of Aβ. An important 
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question in the in vivo development of pathology is whether defective phagocytosis 
leads to further inflammation, oxidative damage and secondary neurotoxicity, and 
whether EP2 receptor activation promotes this.

3 LOX Metabolism of AA and Bioactivity of HPETEs

3.1 Products of LOXs and Their Bioactivity

LOXs are a family of cytosolic enzymes that catalyze the oxygenation of polyunsatu-
rated fatty acids (PUFAs) to form lipid hydroperoxides; for AA, these are called 
hydroperoxyeicosatetraenoic acids (HPETEs) (Campbell and Halushka, 2001). 
Different LOXs vary in the placement of the hydroperoxy group and are so named. 
Thus 5-LOX catalyzes the formation of 5-HPETEs, 12-LOXs the formation of 
12-HPETEs, and so on. HPETEs are unstable intermediates, like PGH

2
, and are con-

verted to potent autocrine and paracrine factors, their corresponding hydroxyl 
(HETEs), either non-enzymatically or by peroxidases. Products of 5-LOX may be 
further metabolized to leukotriene (LT) A

4
, which can be subsequently hydrolyzed to 

LTB
4
 or LTC

4
. LTC

4
 is metabolized via the mercapturic acid pathway to the cysteintyl-

LT’s (CysLTs): LTD
4
, LTE

4
, and LTF

4
. Elements in this arm of LT biosynthesis are 

well known potent components of local inflammatory response and indeed comprise 
the “slow reacting substance of anaphylaxis”. The CysLTs activate two classes of 
receptors, CysLT

1
 and CysLT

2
, that are targets for antagonists being evaluated for 

efficacy in inflammatory diseases such as asthma (Norel and Brink, 2004). In addition 
to LTs, LOX can catalyze the formation of lipoxins that function in the resolution of 
inflammatory responses and act via the ALX receptor (Norel and Brink, 2004).

Unlike the COX pathway for which there is epidemiologic and mechanistic data 
in support of a pathogenic role in neurodegenerative diseases, we are unaware of 
any epidemiologic, pharmacologic, or animal model data that yet point to a signifi-
cant contribution of LOX pathway metabolites in these diseases; however, inhibi-
tors of LT formation or receptor activation have not been in use for very long, so it 
is too early to discount this pathway. Nevertheless, 5-LOX is expressed in neurons, 
including the hippocampus, and its expression may increase with age (Sugaya et al., 
2000). One autopsy-based study has associated increased activity in 12/15-LOX 
pathways with late-stage AD (Pratico et al., 2004).

4 The Epoxygenase System

In addition to the COX and LOX pathways described above, AA and other PUFA’s 
are substrates for enzyme-catalyzed oxidation by cytochome P450’s, the epoxyge-
nase pathway. While the biological role for these eicosanoid products is less clear 
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than products of COX or LOX, there is growing evidence that at least some prod-
ucts in this pathway play important roles in vascular physiology (Fisslthaler et al., 
1999). Along this line, it has been proposed that glial generation of oxygenated 
lipids by this pathway functionally contributes to neurovascular coupling (Lovick 
et al., 2005; Metea and Newman, 2006). We are unaware of reports connecting this 
pathway to specific elements in the pathogenesis of neurodegenerative diseases.

5 Non Enzymatic Metabolites for AA

5.1 Free Radical Damage to AA

A central hypothesis for the pathogenesis of several neurodegenerative diseases is 
that increased free radical damage contributes to the initiation and progression of 
disease (Montine et al., 2002b). It is critical to note that unlike enzyme-catalyzed 
reactions described above, free radical damage is an indiscriminate process that will 
simultaneously modify multiple targets including nucleic acid, protein, and lipids 
(Montine et al., 2003). PUFAs including AA are among the most vulnerable targets 
for free radical damage, a process termed lipid peroxidation (Porter et al., 1995). 
This complex process directly damages membranes and generates a number of 
oxygenated products that can be classified as either chemically reactive or stable 
products (Esterbauer and Ramos, 1996).

5.1.1 Reactive Products of Lipid Peroxidation and Their Bioactivity

Recently, considerable progress has been made in understanding the potential con-
tribution of chemically reactive products of lipid peroxidation to neurodegenera-
tion. The presumed mechanism of action of all of these electrophilic products is 
adduction of nucleophilic groups in protein or nucleic acid. For example, adduction 
of a critical amino acid residue in an enzyme or transporter may lead to its dysfunc-
tion (Esterbauer and Ramos, 1996; Keller et al., 1997; Mark et al., 1997). However, 
interpreting experiments that investigate the contribution of reactive products of 
lipid peroxidation to disease pathogenesis is limited by their lack of biochemical 
specificity.

Despite this limitation to understanding the precise biochemical mechanisms of 
action, many studies in a variety of model systems and autopsy-derived tissue have 
implicated reactive products of lipid peroxidation in the pathogenesis of AD (Ando 
et al., 1998; Lovell et al., 1997; Markesbery and Lovell, 1998; McGrath et al., 2001; 
Montine et al., 1997, 1998; Sayre et al., 1997). One class of chemically reactive 
products of lipid peroxidation that has been studied in great detail is diffusible low 
molecular weight aldehydes. By far, the most extensively studied of these are 
4-hydroxy-2-nonenal (HNE), generated by peroxidation of ω-6 PUFAs like AA 
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(Esterbauer et al., 1991). While the pathophysiologic consequences of overproduc-
tion of HNE have been highlighted in numerous studies, it is noteworthy that these 
reactive aldehydes also are generated at low levels in all cells and appear to have a 
role in normal physiologic signaling (Forman and Dickinson, 2004). Indeed, sev-
eral highly polymorphic enzyme systems have evolved apparently to metabolize 
specifically these lipid peroxidation products and thereby terminate their signaling 
or detoxify them (Picklo et al., 2002); two of these have been tentatively associated 
with an increased risk of AD (Kamino et al., 2000; Li et al., 2003). Recently, 
another class of chemically reactive lipid peroxidation products has been identified: 
γ-ketoaldehyde isoketals (IsoKs) derived from AA (Bernoud-Hubac et al., 2001). 
These γ-ketoaldehydes are much more reactive with cellular nucleophiles than 
HNE and, unlike the structurally similar COX-derived levuglandins, IsoKs remain 
esterified to phospholipids. In light of the ability of LGs to significantly accelerate 
oligomerization of Aβ peptides in vitro (Boutaud et al., 2002), IsoKs are now being 
explored for related mechanisms of neurotoxicity (Davies et al., 2002).

5.1.2 Stable Products of Lipid Peroxidation and Their Bioactivity

In the early 1990’s, Morrow and colleagues demonstrated that free radical-mediated
damage to AA followed by oxygen insertion and cyclization generated products 
that were isomeric to PG products of COX. These newly discovered compounds 
were termed isoprostanes (IsoPs) (Morrow et al., 1990). There are three important 
differences between PGs and IsoPs. First, IsoPs are a large class of molecules con-
sisting of 64 enantiomers contained within four regioisomeric families. Second, 
IsoPs are formed in situ while esterified to phospholipids and may be subsequently 
released by hydrolysis. Third, while some IsoPs do activate G protein-coupled 
receptors, the extent of their receptor-mediated activity remains unclear. What is 
clear is that predicting receptor activity based on similarity to isomeric PGs is lim-
ited. Since the discovery of potent renal vasoconstrictor activity for 15-F

2t
-IsoP, 

there has been an explosion of interest in the PG receptor-mediated activity of 
IsoPs, especially effects of 15-F

2t
-IsoP in vasculature, kidney, lungs, and platelets 

(Morrow and Roberts, 1997). Much of the receptor-mediated activity of 15-F
2t
-IsoP

occurs via TP (Audoly et al., 2000). The contribution of IsoP-mediated receptor 
activation to neurodegenerative diseases is not known.

5.1.3 Quantitative In vivo Biomarkers of Lipid Peroxidation

A final aspect to consider for lipid oxidation products is their use as quantitative 
biomarkers of free radical-mediated damage in vivo. Every lipid peroxidation prod-
uct discussed above has been used as a measure of oxidative damage. Since we 
have reviewed this topic recently, we will not go into great detail here, however, an 
important point must be kept in mind (Montine et al., 2002b). The goal of a biomar-
ker is to quantitatively reflect changes in free radical mediated damage. Interpretation 
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of biomarkers that are chemically reactive or that are extensively metabolized has 
inherent limitations. Consider HNE: although several robust methods exist for its 
quantification, how do you interpret a change in its concentration? Was it due to a 
change in lipid peroxidation, a change in the concentration or availability of intrac-
ellular nucleophiles like glutathione, a change in the rate of its metabolism by one 
of several highly efficient enzymes, or some combination of these?

Exquisitely sensitive assays have been developed for IsoPs and, because of the 
chemical stability and relatively limited metabolism of F

2
-IsoPs in situ, they have 

emerged as a leading quantitative biomarker of lipid peroxidation in vivo (Morrow 
and Roberts, 1994). F

2
-IsoPs can be measured in tissue samples where this product 

of lipid peroxidation remains esterified to phospholipids. Several groups have used 
measurements of hydrolyzed F2-IsoPs in body fluids in an attempt to quantify the 
magnitude of oxidative damage in vivo. In AD, there is broad agreement that CSF 
F

2
-IsoPs are increased in patients with mild dementia and even in individuals with 

prodromal dementia (Montine et al., 1999a, b, c, 2001; Pratico et al., 2000, 2002). 
Similar to the attempts to identify peripheral biomarkers of other neurodegenerative 
diseases, attempts to use plasma or urine F

2
-IsoPs in AD patients have not yielded 

reproducible results across centers using a variety of techniques (Bohnstedt et al., 
2003; Feillet-Coudray et al., 1999; Montine et al., 1999b, 2000, 2001; Pratico et al., 
2000, 2002; Tuppo et al., 2001). This is perhaps not surprising given the small 
amounts of brain-derived F

2
-IsoPs relative to peripheral organ-derived F

2
-IsoPs and 

the many systemic, dietary, and environmental factors that modulate peripheral 
F

2
-IsoPs independent of disease.
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Pattern Recognition Receptors in CNS Disease

Pamela A. Carpentier, D’Anne S. Duncan, and Stephen D. Miller

1 Introduction

Pattern recognition receptors (PRRs) are germline encoded receptors utilized by 
cells of the innate immune system for pathogen recognition. PRRs are classically 
activated by pathogen-associated molecular patterns (PAMPs) present in whole 
classes of pathogens, but not in mammalian cells, termed the “infectious nonself 
model” (Medzhitov and Janeway, 2002). It has also been recent appreciated that 
there are self-derived products released upon tissue injury or necrotic cell death that 
can activate PRRs (Morgan et al., 2005). PRR activation leads to opsonization, 
activation of complement and coagulation cascades, phagocytosis, activation of 
proinflammatory signaling pathways, and the induction of apoptosis (Janeway and 
Medzhitov, 2002; Matzinger, 2002). Additionally, activation of the innate immune 
system is crucial for the induction of adaptive immune responses and the eventual 
clearance of pathogens (Janeway and Medzhitov, 2002).

The CNS has long been considered to be an immunologically ‘privileged’ organ, 
largely due to early studies showing that rejection of allografts placed within the 
CNS was delayed or deficient in comparison to rejection of grafts placed at periph-
eral sites (Geyer et al., 1985; Head and Griffin, 1985). In recent years however, it 
has become clear that the CNS should be more accurately described as an immu-
nologically ‘specialized’ organ. The CNS is constitutively monitored by the 
immune system, but at low levels compared to other sites (Hickey, 2001), making 
it crucial that CNS-resident cells be capable of rapidly recognizing and responding 
to infection. In this chapter, we discuss PRRs expressed by CNS resident cells and 
how they contribute to pro-inflammatory responses during CNS infection. We also 
discuss recent studies demonstrating that PRRs may contribute to neurodegenera-
tive diseases when chronically activated, but their controlled activation may actu-
ally have neuroprotective functions.
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2  Expression and Regulation of Pattern Recognition Receptors 
by CNS Resident Cells

2.1 Toll-like Receptors (TLRs)

TLRs are a large family of PRRs in the vertebrate immune system and are highly 
evolutionarily conserved, providing evidence of their importance in host defense 
(Roach et al., 2005). At least 13 TLR genes have been identified in mice, and the 
family is even larger in other vertebrate species, although ligands have not been iden-
tified for all of them and some may be pseudogenes in various species (Kawai and 
Akira, 2005; Roach et al., 2005). All known TLRs with the possible exception of 
TLR3 are believed to signal through the adaptor protein MyD88, which also is critical 
for interleukin-1 (IL-1) receptor signaling, and all lead to the activation of the tran-
scription factor nuclear factor κ B (NFκB) (Kawai and Akira, 2005). TLR3 and TLR4 
can signal through an MyD88-independent pathway dependent on the adaptor TRIF 
and activate both NFκB and interferon response factor 3 (IRF3) (Kawai and Akira, 
2005). Many of the most well known PAMPs signal through TLRs, including lipopol-
ysaccharide (LPS) and double stranded RNA (dsRNA) or its synthetic mimic 
polyinosinic-polycytidylic acid (poly I:C) signal through TLRs. The complete signal-
ing mechanisms have been reviewed elsewhere (Roach et al., 2005; Zuany-Amorim 
et al., 2002) and the ligands for the known TLRs are summarized in Table 1.

In the resting CNS, TLRs1-9 have been detected by quantitative real time PCR, 
with particularly strong expression of TLR3 (Bottcher et al., 2003; McKimmie et al., 
2005). In order to determine regional variation in TLR expression, in situ hybridiza-
tions have been performed for TLR2 and TLR4 and demonstrated constitutive 
expression primarily in circumventricular organs (CVOs) and meninges, areas with 
direct access to the circulation (Laflamme and Rivest, 2001; Laflamme et al., 2001). 
More recent studies suggest that TLR4 may also be expressed in the parenchyma 
throughout the brain as well, although at lower levels (Chakravarty and Herkenham, 
2005). Expression of TLRs are upregulated in the CNS in response to circulating 
LPS, bacterial and viral infections, and other neuroinflammatory diseases, although 

Table 1 Summary of mammalian TLRs with some known ligands [summarized from (Kawai and 
Akira, 2005; Zuany-Amorim et al., 2002)]

Toll-like receptor Ligand(s)

TLR1/2, TLR2/6 Peptidoglycans, diacyl and triacyl lipopeptides, LPS, zymosan
TLR3 dsRNA, poly I:C
TLR4 LPS, respiratory syncitial virus proteins, saturated and unsaturated fatty 

   acids, hyaluronic acid fragments
TLR5 Flagellin
TLR7, TLR8 Imidazoquinolines, ssRNA
TLR9 Unmethylated CpG DNA
TLR11 Uropathogenic bacteria
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the extent to which this is due to the CNS infiltration of TLR-expressing immune 
cells is unknown (Bottcher et al., 2003; Bsibsi et al., 2002; Laflamme and Rivest, 
2001; Laflamme et al., 2001; McKimmie et al., 2005; Zekki et al., 2002).

Studies using purified cultured CNS cells have demonstrated TLR expression on 
multiple cell types, most commonly microglia and astrocytes. Primary murine 
microglia in vitro constitutively express TLRs1-9, while human microglia express 
robust levels of TLRs1-8 but low TLR9 levels (Bsibsi et al., 2002; Dalpke et al., 
2002; Kielian et al., 2002; Olson and Miller, 2004). In comparison, astrocytes 
express much lower levels of TLRs, but also express a wide variety (Bowman et al., 
2003; Carpentier et al., 2005; Olson and Miller, 2004). Human astrocytes express 
TLRs1-5 and 9 and primary murine astrocytes reportedly express TLRs1-9, 
although a fair amount of controversy still exists with regards to the particular 
TLRs expressed by astrocytes and at what levels (Bsibsi et al., 2002; Carpentier 
et al., 2005; Farina et al., 2005; Jack et al., 2005; McKimmie and Fazakerley, 2005). 
It is apparent however that astrocytes express particularly high levels of TLR3 
(Bsibsi et al., 2002; Carpentier et al., 2005; Farina et al., 2005), suggesting that 
astrocytes may be particularly important for anti-viral responses in the CNS. 
Microglia and astrocytes in vitro significantly upregulate TLRs upon treatment 
with cytokines, TLR agonists, and following infection with various pathogens 
(Bowman et al., 2003; Carpentier et al., 2005; Esen et al., 2004; Kielian et al., 2002; 
McKimmie and Fazakerley, 2005; Olson and Miller, 2004), providing a mechanism 
for amplification of inflammatory responses to pathogens infecting the CNS. This 
amplification of receptor expression may particularly important in astrocytes and in 
the CNS parenchyma, where constitutive expression of TLRs is quite low.

Although several studies describe TLR expression on astrocytes and microglia, 
few report TLR expression on other CNS resident cells. Human oligodendrocytes 
constitutively express TLR2 and 3 in vitro (Bsibsi et al., 2002). Human NT2-N 
cells, a neuronal cell line, express TLRs1-4 in vitro, and upregulate TLR3, inter-
leukin-6 (IL-6), interferon-β (IFN-β), tumor necrosis factor (TNF), and CCL5 
transcripts in response to viral infection or treatment with poly I:C (Prehaud et al., 
2005), but this observation has yet to be confirmed in primary cells or in the intact 
CNS. A murine cerebral endothelial cell line (MB114EN) constitutively expresses 
TLRs 2, 4, and 9 (Constantin et al., 2004), and human brain microvessel endothelial 
cells in vitro are able to respond to LPS with the upregulation of adhesion mole-
cules and chemokines, suggesting a key role of TLR signaling in promoting leuko-
cyte extravasation into the CNS (Shukaliak and Dorovini-Zis, 2000; Wong and 
Dorovini-Zis, 1992, 1995).

2.2 Non-TLR Recognition of Virus

All cells express machinery to recognize and respond to viral infection through the 
activation of ubiquitously expressed viral PRRs. The serine/threonine kinase 
dsRNA-activated protein kinase R (PKR) is constitutively expressed at low levels 
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in most cell types including CNS resident cells under normal physiological 
conditions and is activated by dsRNA, which may be present in viral genomes 
or produced during viral replication (Williams, 1999). Upon dsRNA binding, 
PKR autophosphorylates and also phosphorylates a number of substrates, the 
best characterized of which is the α subunit of eukaryotic initiation factor 2 
(EIF-2α), leading to translation inhibition in the infected cell. Other functions 
of PKR include the induction type I IFNs, cytokines, and chemokines and the 
promotion of apoptosis (Williams, 1999). DExD/H box-containing RNA 
helicases retinoic acid inducible gene 1 (RIG-1) and melanoma differentiation 
associated gene 5 (Mda5) are also ubiquitously expressed PRRs activated by 
dsRNA and have reported roles in viral-induced upregulation of type I interferons 
(Yoneyama et al., 2004).

2.3 Non-TLR Recognition of Bacteria

There are also non-TLR PRRs which recognize various components of bacteria. 
CD14, a receptor which coordinates with TLR4 and TLR2 for signaling, is 
expressed on microglia in vitro and in vivo (Becher et al., 1996; Esen and Kielian, 
2005; Laflamme and Rivest, 2001). The mannose receptor is a type I transmem-
brane C-type lectin that recognizes mannose-containing carbohydrate structures 
found on bacteria (Apostolopoulos and McKenzie, 2001). Its functions include 
receptor-mediated endocytosis and phagocytosis, microbicidal activity, and induc-
tion of cytokines, cell adhesion molecules, and major histocompatibility complex 
class II (MHC II) molecules (Apostolopoulos and McKenzie, 2001). Both primary 
rodent microglia and astrocytes constitutively express mannose receptors in vitro, 
and mannose receptors can be detected in the adult CNS in perivascular microglia/
macrophages as well as a subset of neurons and astrocytes (Burudi and Regnier-
Vigouroux, 2001; Burudi et al., 1999; Marzolo et al., 1999). Interestingly, mannose 
receptor expression on perivascular macrophages is upregulated in the CNS after 
injury, but its expression on microglia and astrocytes in vitro is downregulated in 
response to pro-inflammatory cytokines or LPS (Burudi et al., 1999; Galea et al., 
2005; Marzolo et al., 1999). The functional importance of the downregulation of 
this receptor in the presence of inflammatory and infectious stimuli is unclear.

Originally characterized on macrophages for their ability to bind low-density 
lipoproteins, scavenger receptors type A and BI (SR-A and SR-BI) and CD36 also 
recognize a variety of PAMPs including LPS and lipoteichoic acid, as well as whole 
bacteria (Husemann et al., 2002). The main roles of SRs in the immune system are 
in mediating phagocytosis and uptake of pathogens, although their activation may 
also induce antigen presentation functions and reactive oxygen species (ROS) formation
(Mukhopadhyay and Gordon, 2004). Murine microglia express SR-A, SR-BI, and 
CD36 in vitro although resting expression in vivo is low or undetectable (Husemann 
et al., 2002). However, these receptors can be upregulated by microglia in response 
to LPS or CNS injury (Bell et al., 1994; Husemann et al., 2002). Astrocytes may also
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express SR-BI, but lack SR-A and CD36 expression (Husemann et al., 2002; 
Husemann and Silverstein, 2001).

Nucleotide-binding oligomerization domain (NOD) molecules recognize 
bacterial peptidoglycans (PGNs) and LPS and are able to induce apoptosis and 
regulate inflammatory responses (Inohara and Nunez, 2003). Primary murine 
astrocytes constitutively express low levels of NOD1 and robust NOD2 mRNA. 
Following exposure to LPS, flagellin, CpG DNA, and bacterial pathogens astro-
cytes upregulate NOD2 in vitro (Sterka et al., 2006). Primary microglia express 
low levels of NOD1 mRNA, but NOD2 expression on microglia is undetermined 
(Sterka et al., 2006).

3  Role of CNS Pattern Recognition Receptors in Response 
to Infection

The limited immune surveillance of the CNS makes it crucial that resident cells be 
able to rapidly recognize and respond to infection. Glial cells express TLRs 
and other PRRs and respond to their ligation by upregulating a variety of pro-
inflammatory functions. The immune functions of these cells are important for the 
early control of pathogen replication and direct the recruitment and activation of 
cells of the adaptive immune system.

3.1  PRR Stimulation Activates Innate Immune Functions 
of Glia Cells

It is well known that both astrocytes and microglia have the potential to contribute 
to innate immune functions in the CNS following exposure to pathogens or PAMPs, 
and many of these functions have direct anti-microbial consequences. LPS, poly I:
C as well as viral infection induce type I IFN expression by microglia and astro-
cytes, important for control of infection through the inhibition of translation, deg-
radation of dsRNA and upregulation of MHC class I and class II antigens required 
for antigen presentation in the CNS (Carpentier et al., 2005; Olson et al., 2001; 
Olson and Miller, 2004; Palma et al., 2003; Samuel, 2001). Engagement of TLR 
ligands also induce cultured glia to produce iNOS, leading to high levels of nitric 
oxide production which has microbicidal activity (Boje and Arora, 1992; Carpentier 
et al., 2005; Dalpke et al., 2002; Galea et al., 1994; Olson et al., 2001; Olson and 
Miller, 2004). Both microglia and astrocytes express iNOS in vivo in response to 
CNS infection as well (Mack et al., 2003; Oleszak et al., 1997; Sun et al., 1995). 
Additionally, LPS can induce human astrocytes to express β-defensin, a small anti-
microbial molecule effective at killing Gram-negative bacteria, some viruses, and 
fungi (Hao et al., 2001).
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In response to TLR stimulation, glia also express chemokines, adhesion mole-
cules, and cytokines important for the recruitment, infiltration and activation of 
peripheral leukocytes. The anatomic proximity of astrocytic endfeet to CVEs 
producing chemokines may render astrocytic production of chemokines particu-
larly potent. Pathogens, as well as isolated PAMPs LPS, poly I:C, PGN and CpG 
DNA can stimulate the production of the chemokines CCL2, CCL3, CCL4, 
CCL5 and CXCL10 in astrocytes and microglia (Aravalli et al., 2005; Carpentier 
et al., 2005; Esen et al., 2004; Hayashi et al., 1995; Hua and Lee, 2000; Kielian et al., 
2002; Olson et al., 2001; Olson and Miller, 2004; Palma and Kim, 2001; 
Takeshita et al., 2001). Importantly, both astrocytes and microglia have been 
implicated as a major source of these chemokines in vivo during a variety of 
neuroinflammatory diseases [reviewed in (Ambrosini and Aloisi, 2004)].

Astrocytes also promote leukocyte invasion of the CNS via their expression of 
VCAM-1 and ICAM-1, which are known to be crucial for leukocyte infiltration 
(Ransohoff et al., 2003). Astrocytes in vitro express low constitutive levels of these 
molecules, that can be upregulated by LPS, poly I:C, or CpG DNA (Carpentier 
et al., 2005; Lee et al., 2004; Pang et al., 2001) Interestingly, when CVE expression 
of VCAM-1 is intact, but astrocytic expression is selectively lost, T cells accumu-
late perivascularly but do not penetrate into the CNS parenchyma (Gimenez et al., 
2004) suggesting that astrocytic expression of adhesion molecules is crucial for the 
penetration of leukocytes into the CNS parenchyma. Microglia can also express 
high levels of adhesion molecules after stimulation via TLRs, although it is 
unknown how they contribute to leukocyte invasion (Dalpke et al., 2002; Olson and 
Miller, 2004).

Glial cells are also sources of cytokines that may impact developing adaptive 
immune responses in the CNS. Stimulation of astrocytes with flagellin, PGN, 
LPS, CpG, or poly I:C is effective in inducing IL-6, IL-1 and TNF production, the 
cytokines most frequently expressed by activated astrocytes (Bowman et al., 2003;
Carpentier et al., 2005; Esen et al., 2004; Farina et al., 2005; Sharif et al., 1993; 
Takeshita et al., 2001). These cytokines are also produced by astrocytes in vivo 
during neuroinflammation (Maimone et al., 1997; Sun et al., 1995). Microglia 
also express TNF, IL-6, and IL-1β in response to the TLR agonists LPS, poly I:
C, PGN and CpG DNA (Kielian et al., 2002; Lee et al., 1993; Olson and Miller, 
2004; Takeshita et al., 2001). All of these molecules have the potential to activate 
a pro-inflammatory response in the both the CNS and the periphery and have also 
been implicated in mediating BBB damage (de Vries et al., 1996) and promoting 
efficient leukocyte entry into the CNS. Microglia in vitro produce IL-12, IL-18, 
and IL-23, potent cytokines involved in Th1 differentiation, in response to many 
of these stimuli (Constantinescu et al., 1996; Dalpke et al., 2002; Li et al., 2003; 
Olson and Miller, 2004; Stalder et al., 1997; Takeshita et al., 2001). Astrocytes 
have been reported to express these molecules as well (Constantinescu et al., 
1996, 2005; Stalder et al., 1997), although it is generally thought that microglia 
are the major CNS resident source of IL-12 and IL-23 (Wheeler and Owens, 
2005). The complete roles of cytokines during CNS inflammation is discussed 
elsewhere in this volume.
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TLR stimuli also promote the phagocytic activity of microglia which become 
bactericidal upon stimulation with CpG DNA, E. coli DNA, and S. aureus in vitro 
(Dalpke et al., 2002; Kielian et al., 2002). Increased phagocytic activity promotes the 
processing of antigens for presentation to T cells. Upon LPS, poly I:C, or CpG DNA 
stimulation, murine microglia upregulate cell surface expression of both costimula-
tory molecules and MHC I and II, which are critical for T cell activation (Dalpke 
et al., 2002; Kielian et al., 2002; Olson and Miller, 2004). Microglia become capable 
of processing and presenting antigen to CD4+ and CD8+ T cells following TLR ligand 
and IFN-γ exposure, indicating microglia may be relevant for activating CD4+ and 
CD8+ T cells infiltrating the CNS (Dalpke et al., 2002; Dhib-Jalbut et al., 1990; Frei 
et al., 1987; McMahon et al., 2005; Olson and Miller, 2004).

Although PAMPs are efficient at inducing innate immune functions of astro-
cytes, they are not effective at inducing antigen presenting cell functions of 
astrocytes (Carpentier et al., 2005). LPS or poly I:C stimulated astrocytes are not 
able to efficiently activate CD4+ T cells due to a deficiency of MHC class II 
expression, indicating that astrocytes are likely not involved in activation of T cells 
infiltrating the CNS early after infection. In contrast, astrocytes constitutively 
express low levels of MHC I which is increased by poly I:C stimulation or virus 
infection and these cells can therefore possibly activate or be lysed by CD8+ T 
cells (Carpentier et al., 2007; Cornet et al., 2000; Suzumura et al., 1986).

Several investigators have confirmed the necessity of TLRs for responses of glial cells 
to these ligands as well as to pathogens. As expected, CD14 and TLR4 are required for 
glial responses to LPS (Kitamura et al., 2001; Qin et al., 2005). Similarly, TLR3 is neces-
sary for full glial activation by poly I:C (Park et al., 2006; So et al., 2006; Town et al., 
2006) and TLR2 mediates glial responses to PGN (Esen et al., 2004; Kielian et al., 
2005a). Interestingly, TLR2 also mediates astrocyte responses to intact S. aureus, but it 
is dispensable for microglial activation by the same bacteria (Esen et al., 2004; Kielian 
et al., 2005a), indicating that microglia, but not astrocytes, have multiple mechanisms by 
which recognition of this bacteria occurs. We have also noted that while TLR3−/− astro-
cytes display reduced responses to poly I:C, their responses to direct infection with 
Theiler’s virus are normal. Rather, it appears that PKR is the more important mediator of 
inflammation in virus-infected astrocytes (Carpentier et al., 2007). It is not surprising that 
responses to intact pathogens do not depend on a single TLR, but rather multiple path-
ways can be activated and compensate for loss or lack of another. Such redundancy is 
necessary for protective immunity, since so many pathogens have evolved mechanisms 
to block innate immune signaling pathways as a mechanism of immune evasion.

3.2  CNS Cells are Activated by Peripherally 
Administered PAMPs

It has long been recognized that peripheral infection has profound effects in the 
CNS, resulting in fever and stimulation of the hypothalamic-pituitary-adrenal axis. 
Peripheral infection or injection of LPS also causes a set of behavioral symptoms 
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collectively termed “sickness behavior”, including anorexia, modification of sleep 
patterns, decreased locomotor activity, libido, social and exploratory behavior (Roth 
et al., 2004). Peripheral injection of LPS results in a variety of molecular changes in 
the CNS, particularly the upregulation of pro-inflammatory cytokines like IL-6, IL-1β,
and TNF, (Breder et al., 1994; Chakravarty and Herkenham, 2005; Vallieres and 
Rivest, 1997). Many of these effects can be mimicked by the intravenous injection of 
high levels of the recombinant cytokines, and blocking cytokine action in the periph-
ery or CNS can partially inhibit the induction of fever and sickness behavior (Roth 
et al., 2004), suggesting that many of the infection-induced CNS effects result from 
the production of pro-inflammatory cytokines by peripheral immune cells. However, 
cytokine-targeting strategies to prevent LPS-induced fever are only partially effective, 
and the early response to LPS is often intact (Roth et al., 1998), indicating that other 
mechanisms must also be involved. The CNS response to pyrogens is thought to be 
initiated in the CVOs, which lack a blood–brain barrier and therefore are accessible 
to large circulating molecules. CVOs express high levels of TLR4 and CD14 in com-
parison to the rest of the CNS parenchyma (Chakravarty and Herkenham, 2005; 
Laflamme and Rivest, 2001), demonstrating the possibility that these organs can 
directly respond to circulating LPS. Recently, TLR4 expression on CNS resident cells 
was shown to be crucial for the induction and maintenance of pro-inflammatory 
cytokine expression in the CNS using bone marrow chimeras in which TLR4 was 
intact in the periphery, but absent on CNS resident cells (Chakravarty and Herkenham, 
2005). Although best characterized for LPS, peripheral administration of other TLR 
ligands also induces sickness behavior and activation of CNS resident cells 
(Cremeans-Smith and Newberry, 2003; Katafuchi et al., 2003; Zhang et al., 2005).

3.3 In vivo Roles of PRRs in Control of CNS Infection

Recently, use of mice genetically deficient for various PRRs has allowed the study 
of their in vivo role during CNS infection. This field of study is still in its infancy, 
and the potential differential contributions of PRR signaling in the periphery vs. the 
CNS has not yet been thoroughly assessed. Even so, there appear to be some 
intriguing differences in how the CNS and periphery use PRRs in response to infec-
tion. MyD88−/− or TLR2−/− mice are more susceptible to fatal meningitis induced by 
Streptococcus pneumoniae or Listeria meningitis (Echchannaoui et al., 2002; 
Koedel et al., 2003, 2004). Two separate groups have reported increased clinical 
severity of S. pneumoniae-induced meningitis in TLR2−/− mice, associated with 
increased bacterial load in the CNS, massive although delayed leukocyte infiltration,
and increased BBB permeability. In the first study by Echchannaoui et al. (2002), 
the authors found no differences in bacterial titer or cytokine production in the 
periphery of TLR2−/− and wild type mice, while Koedel et al. (2003) noted an 
increase in blood, but not splenic bacterial load in TLR2−/− mice. The differences 
between these two studies could potentially be explained by the route of infection: the 
former used an intracerebral route of infection with lower levels of bacteria, while 
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the latter infected intracisternally with higher numbers of bacteria, which led to 
higher peripheral bacterial load and faster onset of clinical symptoms.

Studies of the role of TLR2 in Staphylococcus aureus infection also demonstrate 
differences between peripheral and CNS responses. TLR2−/− mice are highly suscepti-
ble to intravenous S. aureus infection, resulting in increased mortality and increased 
bacterial titers in the blood (Takeuchi et al., 2000). In contrast, there was no difference 
between TLR2−/− and wild type mice in the survival, clinical symptoms or bacterial load 
associated with S. aureus-induced brain abscess (Kielian et al., 2005b). Despite the lack 
of clinical effect, TLR2−/− mice in this model displayed decreased TNF, CXCL2 and 
iNOS production in the brain, with a paradoxical increase in IL-17 (Kielian et al., 
2005b). In accordance with these observations, it has been reported that TLR2 is impor-
tant for the induction of cytokines from macrophages, but not microglia, incubated with 
intact S. aureus (Kielian et al., 2005a; Takeuchi et al., 2000). The additional mecha-
nisms by which microglia recognize S. aureus have not yet been determined.

TLR2 is also important for mediating responses to herpes simplex virus 1 (HSV-1), 
as TLR2−/− mice show decreased peripheral inflammatory responses and serum cytokine 
levels after HSV-1 infection (Kurt-Jones et al., 2004). Interestingly, these mice are pro-
tected from lethal encephalitis which correlates with decreased CNS inflammation. 
Similarly, TLR3−/− mice are protected from lethal West Nile virus encephalitis (Wang 
et al., 2004). In the periphery, these mice have increased viral loads and decreased 
inflammatory responses. The decreased inflammatory response in the periphery failed 
to damage the BBB, and the virus was unable to access the CNS and cause fatal disease. 
In contrast, intracerebral infection of West Nile virus had identical effects in wild type 
and TLR3−/− mice, indicating that TLR3 in the CNS may not be important for responses 
to this virus (Wang et al., 2004). Mice which constitutively express a dominant negative 
PKR also show protection from fatal poliovirus infection associated with decreased 
inflammation but normal viral replication (Scheuner et al., 2003). These studies dem-
onstrated that host inflammatory responses in the CNS during infection may be more 
responsible for self tissue damage than direct effects of the pathogen itself. Determination 
of the roles of TLRs specifically in CNS-resident cells during infection will require the 
use of bone marrow chimeric animals in which CNS resident cells and peripheral 
immune cells are mismatched with respect to TLR expression, studies which are 
ongoing in our and other laboratories.

4  Role of CNS Pattern Recognition Receptors 
in Neurodegeneration

4.1  PRR Stimulation Induces Neuron and Oligodendrocyte Death

Although the stimulation of TLRs on glial cells activate functions that are important 
for the elimination of pathogens, these same functions can be toxic to cells of the 
CNS that have limited regenerative capacity. Injection of poly I:C into the CNS 
causes strong glial activation and profound neurodegeneration in the surrounding tissue 
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(Melton et al., 2003). Injection of LPS also causes profound and long lasting glial 
activation (Hartlage-Rubsamen et al., 1999; Herber et al., 2006) associated with oli-
godendrocyte death, demyelination and increased vulnerability of neurons to injury, 
dependent on TLR4, MyD88 and CD14 (Lehnardt et al., 2002, 2003; Milatovic et al., 
2004). Neural precursor cells appear to be exquisitely sensitive to the effects of LPS, 
as peripheral injection of even low levels of LPS reduces neurogenesis in the hippoc-
ampus and olfactory bulb and induces apoptosis of progenitor cells in the rostral 
migratory stream (Monje et al., 2003; Mori et al., 2005). The effects of LPS on neu-
rogenesis can be blocked by the anti-inflammatory drug indomethacin, indicating the 
disruption of neurogenesis is due to inflammation in the CNS (Monje et al., 2003).

Many of these studies have implicated a role for glial cell-derived inflammatory 
mediators in the CNS damage induced by TLR stimuli. Cytokines produced directly 
by activated glial cells or by peripheral immune cells activated in the CNS can be 
toxic to CNS resident cells, which is highlighted by the observation that mice with 
transgenic overexpression of IL-6, TNF, or IFN-γ in the CNS develop severe 
neurologic disease (Wang et al., 2002). IFN-γ and TNF are also directly toxic to 
oligodendrocytes in culture (Selmaj and Raine, 1988; Vartanian et al., 1995).

The production of iNOS by TLR-stimulated glia has potential to be toxic in the 
CNS. Peroxynitrite (ONOO−.), the product of NO reacting with superoxide anions, 
is a potent oxidizing and nitrating agent, thought to mediate most of the damage 
observed in the presence of high levels of NO (Smith et al., 1999). Reactive oxygen 
species (ROS) are particularly damaging to neurons and oligodendrocytes, due to 
their low levels of antioxidant defenses and the high lipid to protein ratio (Smith 
et al., 1999). As previously discussed, iNOS is induced in microglia or astrocytes 
treated with a variety of TLR stimuli which subsequently produce high levels of NO. 
TLR-stimulated glial cultures are therefore toxic to cultured neurons and oligodendro-
cytes, and this toxicity can be blocked by pharmacologic inhibitors of NOS 
(Bal-Price and Brown, 2001; Boje and Arora, 1992; Iliev et al., 2004; Merrill 
et al., 1993). Inhibition of iNOS by aminoguanidine results in decreased inflam-
mation, demyelination, axonal damage and necrosis after CNS viral infection 
(Rose et al., 1998), but whether this is a direct effect on cell death or an indirect 
effect on the immune response, BBB permeability, or other factors is unclear.

Cytokine and NO production can also enhance CNS injury from glutamate exci-
totoxicity. Levels of extracellular glutamate are normally tightly controlled by astro-
cytes which express high levels of glutamate transporters (Sonnewald et al., 2002). In 
oligodendrocytes and neurons, excess glutamate causes calcium overload, which 
leads to mitochondrial dysfunction, formation of ROS, activation of toxic proteases, 
and ultimately apoptosis (Arundine and Tymianski, 2004; Matute et al., 2001) 
Cytokines produced by TLR-stimulated glia such as IL-6 and TNF can enhance 
glutamate excitotoxicity in cultured neurons (Chao and Hu, 1994; Qiu et al., 1998). 
In vitro, glutamate uptake by astrocytes is inhibited in the presence of cytokines or 
poly I:C, which causes the accumulation of extracellular glutamate (Fine et al., 1996; 
Scumpia et al., 2005; Takahashi et al., 2003). Glutamate excitotoxicity is a major 
mechanism of CNS damage in vivo, since glutamate receptor antagonism can reduce 
virus-induced neurodegeneration (Nargi-Aizenman et al., 2004).
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4.2 PRRs in Multiple Sclerosis

The neurodegeneration and demyelination induced by CNS administration of PAMPs has 
advanced the hypothesis that the activation of PRRs and ensuing inflammation may be 
involved in a variety of neurodegenerative diseases. Multiple sclerosis (MS) is believed to 
be a CD4+ T cell-mediated autoimmune demyelinating disease of the CNS (Sospedra and 
Martin, 2005). Although its exact etiology is unknown, it has been hypothesized that it 
may have an infectious trigger and infections are known to exacerbate disease episodes 
(Kurtzke, 1993). The principal murine model of MS is experimental autoimmune enceph-
alomyelitis (EAE), in which an autoimmune response is primed in the periphery by the 
administration of myelin peptides or proteins emulsified in complete Freund’s adjuvant 
(CFA), which contains heat killed Mycobacteria tuberculosis, or by adoptive transfer of 
activated myelin-specific CD4+ T cells. In EAE and MS lesions, the expression of multiple 
TLRs are increased (Bsibsi et al., 2002; Prinz et al., 2006; Zekki et al., 2002), probably 
due to both increases in expression by CNS-resident cells as well by CNS-infiltrating 
peripheral TLR-expressing leukocytes. TLR and/or IL-1 signaling is crucial for the devel-
opment of EAE because MyD88−/− mice do not develop EAE under the typical immuniza-
tion protocol (Prinz et al., 2006). TLR9−/− and TLR4−/− mice also show decreased clinical 
disease after peripheral priming, although the effect is less dramatic than the loss of all 
MyD88-dependent pathways (Prinz et al., 2006). At least some of this effect is probably 
due to the inability to effectively prime Th1 responses, which is severely defective in mice 
with compromised TLR signaling (Schnare et al., 2001). Similar deficiency in priming 
likely occurs in encephalitogenic Th17 cells. Additionally, it was recently demonstrated 
that TLR4 is required for the action of pertussis toxin, which promotes leukocyte rolling 
and adhesion to CNS microvessels and CNS infiltration (Kerfoot et al., 2004). Not all 
roles for TLR signaling in EAE, however, are due to effects on the peripheral immune 
system, as MyD88−/− mice also developed decreased clinical disease after the transfer of 
activated wild-type, myelin-specific, CD4+ T cells and because chimeric mice specifically 
deficient in CNS expression of MyD88 also exhibit reduced clinical disease (Prinz et al., 
2006). Mice deficient specifically in TLR9 in the CNS also develop delayed and reduced 
disease compared to wild type mice, with decreases in leukocyte infiltration as well as 
axonal and myelin damage (Prinz et al., 2006). These studies define important roles for 
both TLR9- and other MyD88-dependent pathways in CNS-resident cells during EAE-
associated neurologic damage.

4.3 PRRs in Alzheimer’s Disease

Alzheimer’s disease (AD) is a devastating neurodegenerative disease characterized 
by progressive memory loss, cognitive decline and neuronal loss. Although there is 
no known infectious component, neuroinflammation is a major feature of disease 
(McGeer and McGeer, 2003). One pathologic hallmark of AD is the amyloid 
plaque, which consists of deposits of Aβ peptide, activated microglia and astro-
cytes, and dystrophic neurites (Nagele et al., 2004). A great deal of research has 
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focused on how Aβ deposits may lead to glial activation, and a variety of PRRs 
have been hypothesized to play a role.

Although no TLR to date has been identified which is directly activated by Aβ,
CD14, which coordinates with either TLR4 or TLR2 for signaling, can bind to fibril-
lar Aβ and mediate its induction of nitrates, IL-6, and TNF (Fassbender et al., 2004). 
Whether TLR4 also contributes to CD14 signaling in response to Aβ has not yet been 
determined, but it is interesting to note that a human polymorphism in TLR4, but not 
CD14, has been linked to AD risk (Combarros et al., 2005; Minoretti et al., 2006).

The murine formyl peptide receptor 2 (mFPR2) is classically expressed in neu-
trophils and other phagocytic leukocytes and is activated by N-formylated peptides 
produced by bacteria (Le et al., 2002). This PRR is also expressed in microglia and 
CNS-infiltrating leukocytes of AD patients and in vitro is important for chemotaxis 
and oxidative stress induced by Aβ peptides (Le et al., 2001; Tiffany et al., 2001). 
Interestingly, while resting microglia express little or no mFPR2, the activation of 
TLRs on microglia by LPS, PGN or CpG induces its upregulation and function 
(Chen et al., 2006; Cui et al., 2002; Iribarren et al., 2005).

Finally, scavenger receptors are also upregulated in AD brains and have been 
reported to be expressed by both microglia and astrocytes (Christie et al., 1996; 
Husemann and Silverstein, 2001). SR-A was the first SR demonstrated to promote 
microglial adhesion to and uptake of Aβ fibrils and mediate production of ROS (El 
Khoury et al., 1996; Paresce et al., 1996). However, the generation of transgenic 
mice which develop AD and are deficient in SR-A did not reveal any differences 
in plaque formation or neurodegeneration (Huang et al., 1999), leading to questions 
of the in vivo relevance of these observations. Shortly thereafter, it was shown that 
SR-BI can mediate Aβ adhesion and internalization by microglia, although its abil-
ity to do so was only revealed in the absence of SR-A (Husemann et al., 2001; 
Paresce et al., 1996). CD36 may also bind fibrillar Aβ and is crucial for the induc-
tion of ROS, cytokines and chemokine in microglial cell lines or primary microglia 
stimulated with fibrillar Aβ (Bamberger et al., 2003; Coraci et al., 2002; El Khoury 
et al., 2003). CD36 also mediates Aβ-induced chemotaxis of microglia in vitro and 
in vivo after intracerebral injection of fibrillar Aβ, the first demonstration of the in 
vivo role of PRRs in microglial responses to Aβ (El Khoury et al., 2003).

5 Neuroprotection Mediated by PRR activation

Although chronic or dysregulated innate immunity in the CNS is potentially damaging 
to this tissue, its controlled activation may also have neuroprotective effects. Astrocytes 
stimulated with poly I:C or LPS induce the expression of ciliary neurotrophic factor 
(Bsibsi et al., 2006), a potent oligodendrocyte survival factor and a major protective 
factor in CNS demyelinating disease (Barres et al., 1993; Linker et al., 2002). 
Astrocytes stimulated with poly I:C, but not LPS, express a variety of other neutrophic 
factors, including vascular endothelial growth factor, neurotrophin-4, brain derived 
neurotrophic factor, and glial growth factor 2, as well as the anti-inflammatory cytokines 



Pattern Recognition Receptors in CNS Disease 143

transforming growth factor-β and IL-10 (Bsibsi et al., 2006). Accordingly, conditioned 
media from poly I:C-stimulated astrocytes can promote endothelial cell growth and 
survival of brain slices in vitro.

Additionally, IL-6 and TNF produced by astrocytes and microglia stimulated with 
PAMPs, although potently pro-inflammatory in the periphery, also have been dem-
onstrated to have neuroprotective functions in the CNS (Wang et al., 2002). Cerebral 
infusion of IL-6 is neuroprotective in models of ischemia and excitotoxicity, perhaps 
through its induction of nerve growth factor by astrocytes (Kossmann et al., 1996; 
Loddick et al., 1998; Toulmond et al., 1992). TNF can also promote neuronal survival 
in vitro, even after a variety of challenges by glutamate or kainic acid, glucose depri-
vation, excess iron or Aβ (Barger et al., 1995; Bruce et al., 1996; Cheng et al., 1994). 
Mice deficient in TNF and lymphotoxin-α show worse outcome after traumatic brain 
injury, kainic acid lesions, and middle cerebral artery occlusion (Bruce et al., 1996; 
Scherbel et al., 1999). These mice also develop enhanced EAE, although this appears 
to be dependent on the genetic background and/or immunizing antigen (Eugster et al., 
1999; Frei et al., 1997; Liu et al., 1998). Interestingly, the neuroprotective effects of 
TNF appear to be mediated specifically by the p75 receptor, since p75-deficient mice, 
but not p55 deficient mice, show exacerbated EAE and cuprizone-induced demyeli-
nation (Arnett et al., 2001; Eugster et al., 1999; Suvannavejh et al., 2000). This could 
be due to a direct effect on oligodendrocytes, since p75-deficient mice exhibit 
decreased oligodendrocyte progenitor proliferation and decreased remyelination after 
cuprizone withdrawal (Arnett et al., 2001). In accordance with a regenerative func-
tion, MS patients who underwent anti-TNF therapy, an effective treatment against 
other autoimmune disorders, exhibited exacerbations of their clinical disease 
(Lenercept Multiple Sclerosis Study Group, 1999).

Another surprising role for innate immunity in myelin repair has emerged from 
recent studies co-infusing LPS with neurotoxins. Ethidium bromide injection into 
the corpus callosum causes demyelination and loss of oligodendrocytes. LPS 
co-injection promoted the survival and/or regeneration of oligodendrocytes as 
measured by an increase in the number and broader distribution of cells expressing 
oligodendrocyte-specific genes (Glezer et al., 2006). LPS co-injection with Tween 
into the brain also limited tissue damage and promoted debris clearance from the 
site of injury (Glezer et al., 2006). Although the exact mechanism is unknown, it is 
possible that LPS activates phagocytic activities of microglia, induces cytokines 
with pro-regenerative properties, and/or neurotrophin expression by astrocytes. 
Collectively, these studies highlight that a properly controlled and limited innate 
immune response can be beneficial to protect cells of the CNS.

6 Conclusions

CNS resident cells, particularly microglia and to a lesser extent astrocytes, express 
a variety of PRRs that allow them to respond to almost any pathogen invading the 
CNS. The ligation of PRRs activates a host of pro-inflammatory responses from 
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these cells, including the production of type I interferons, nitric oxide, cytokines 
and chemokines. Additionally, microglia exposed to pathogens upregulate their 
ability to acquire, process and present antigen resulting in more efficient activation 
of activated T cells. In the CNS, PRRs are important for pro-inflammatory 
responses to pathogens. Interestingly, the inhibition of these pro-inflammatory 
responses can be beneficial or detrimental to host survival, depending on the par-
ticular pathogen and disease. Similarly, the chronic activation of PRRs may lead to 
neurodegeneration, but limited or controlled activation may be neuroprotective. 
These results suggest that the manipulation of PRR activation in the CNS may be 
a viable approach both in the treatment of CNS infections and neurodegenerative 
diseases, while dysregulation of this process may contribute to neuronal or oli-
godendrocyte cell death. This is a burgeoning field of research, and clearly more 
research is needed to determine the full range of PRR functions in the CNS.
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The Complement System in the CNS: Thinking again

Andrea J. Tenner and Karntipa Pisalyaput

The immune system has evolved numerous mechanisms to protect the host 
against perceived danger, as well as regulatory mechanisms for the resolution of 
inflammation and/or repair of the host. While the adaptive immune responses that 
include specific antibody and T cells are critical in eliminating many pathogenic 
organisms, the first immune responses are provided by the innate immune system. 
This immediate response is critical in assessing the level of “danger” or injury 
and consequently directing the subsequent recruitment of other immune system 
components. These responses are rapid, and include both cellular elements 
(phagocytic cells, natural killer cells) and protein elements (the complement system, 
defensins). Some components of the host response to danger if insufficiently 
regulated can result excessive inflammation and tissue damage including neuro-
toxicity in the central nervous system (CNS). Thus, a balance between generating 
a toxic environment for pathogens while providing reparative functions to the 
tissues must be maintained, and thus requires monitoring systems and appropriate 
modulation of immune response mediators. This is certainly the case for the 
generally proinflammatory complement cascade, a powerful effective mechanism 
of the immune system.

The complement system has been implicated in several neurological diseases 
(reviewed in (Gasque et al., 2000) ). In this chapter we review the basis for the 
damaging role of complement in diseases of the CNS, but also focus on the more 
recent evidence for neuroprotective responses triggered by complement proteins 
and activation fragments (Wyss-Coray and Mucke, 2002; Rus et al., 2006; Dhib-
Jalbut et al., 2006; Tenner and Fonseca, 2006). Such mechanisms appear to be 
induced to offset the effects of neuronal injury and facilitate repair. Since these 
neuroprotective mechanisms are induced rapidly in response to neurotoxic events, 
it is sometimes difficult to separate the components of the detrimental events from 
those signaling pathways inducing neuroprotection. Thus, precise knowledge of the 
signaling molecules, cell surface receptors and biochemical pathways involved are 
necessary to permit design of therapeutic interventions to inhibit the detrimental 
responses while promoting beneficial or reparative functions.
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1 The Complement System

The complement (C’) system is a powerful effector mechanism of the immune system 
that protects the host by generating activation fragments and molecular assemblies that 
result in elimination of pathogens, immune complexes or other activating species 
(Gasque, 2004; Rus et al., 2005b). The complement system can be activated via three 
distinct recognition pathways: the classical pathway via C1q, the lectin pathway via 
mannose binding lectin (MBL), or the alternative pathway via C3 (two of which are 
depicted in Fig. 8.1). All three pathways converge at C3. In addition to their functions 
in the C’ activation cascade, C3b, C4b and C1q can opsonize (target to professional 
phagocytes for ingestion) pathogens or cellular debris, facilitating their rapid clearance 
(Bobak et al., 1987; Taylor et al., 2000; Sahu and Lambris, 2001). C’ activation prod-
ucts of enzymatic cleavage, C3a and C5a, initiate the local inflammatory response 
through both increasing the permeability of the local vasculature and recruitment of 
leukocytes to the site of infection or injury. These recruited cells are often activated to 
produce potent inflammatory mediators and toxic free radicals or macromolecules, 
ideally targeted to the pathogen. The terminal stage of complement activation is the 
assembly of the membranolytic membrane attack complex (MAC or C5b-9), a mem-
brane pore that results in the demise of pathogens via membrane lysis. While host cell 
damage from the complement system is inhibited by cell surface complement regula-
tory molecules (CD59, CD46, CD55, CR1) (Song, 2004) and extracellular inhibitors 
and inactivators (Factor H, Factor I, C4bBP) (Pangburn, 2000; Blom et al., 2001), 
tissue damage can result from chronic activation of the complement system by 
antibody-antigen complexes, specific pathogens, cellular debris or misfolded proteins
which may persist due to overproduction or reduced clearance (Walport, 2001; Van 
Beek et al., 2003). In the brain, activation of complement can result in recruitment 
to the site of damage and stimulation of microglia and astrocytes (Yao et al., 1990). 
These activated glial cells can be phagocytic but can also secrete proinflammatory 
cytokines as well as reactive oxygen species and nitric oxide, essentially creating 
a local inflammatory reaction that can ultimately accelerate the pathology and 
neuronal dysfunction (Streit, 2004) seen in human disease (Akiyama et al., 2000; 
Kulkarni et al., 2004).

There has been a surge in research into the role of complement in age-related 
degenerative diseases since the 2005 description of the association of complement 
Factor H (and subsequently Factor B as well) polymorphisms with 50–70% of the 
risk for age related macular degeneration (Maller et al., 2006; Haines et al., 2005; 
Hageman et al., 2005; Klein et al., 2005). It had been reported earlier that complement
protein (C1q and C3 cleavage products) deposition was associated with the drusen 
deposits in the eye of patients with age-related macular degeneration (Baudouin et 
al., 1992; Johnson et al., 2002). While effects of complement activation are likely 
secondary to the initiating events of this disorder (Hageman et al., 2001), these 
data suggest that the magnitude of local inflammation caused by inefficiently 
controlled complement activation (via Factor H polymorphisms) or more efficient 
activation (via Factor B polymorphisms) can have serious consequences in chronic 
degenerative disease.
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2 Synthesis of Complement Proteins

While the liver was originally considered the primary site of synthesis for the com-
plement proteins, it is now apparent that these proteins are synthesized by multiple 
cell types, particularly of myeloid origin, including induced synthesis of C’ proteins

Fig. 8.1 Schematic diagram of complement activation by fibrillar β-amyloid. Fibrillar Aβ can 
activate the classical complement pathway in the absence of antibody or the alternative pathway. 
These two pathways converge at C3 activation with end results including opsonization (C3b 
deposits on fibrillar Aβ) and engulfment (of Aβ), leukocyte recruitment (by anaphylatoxins C3a and 
C5a) and potential bystander lysis by the membrane attack complex (MAC) (See Color Plates).
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in the CNS in certain disorders (Walker and McGeer, 1992; Barnum, 1995; Morgan 
and Gasque, 1997; Strohmeyer et al., 2000). For example, synthesis of most 
complement factors has been shown to occur within the AD brain (Johnson et al., 
1992; Shen et al., 1997), and receptors for complement activation products are 
found on neurons as well as on microglia and astrocytes (reviewed in (Nataf et al., 
1999) ). Thus, there is no requirement for a compromised blood–brain barrier to 
initiate complement activity in the brain.

Data from several studies have indicated that C1q can be synthesized in the 
absence of subcomponents C1r and C1s (components that are required for classical 
complement activation) (Bensa et al., 1983; Reboul et al., 1985). In an in vivo 
approach employing microarray analysis of mRNA induction in a murine model of 
oxidative stress during aging (Lee et al., 2000), C1q (and C4) was among the most 
highly induced genes detected in both neocortex and cerebellum as a consequence 
of aging. While C1q was upregulated, there was no evidence for induction of other 
C1 subcomponents, C1r and Cls, or C3. Interestingly, this induction of C1q was not 
seen in aged mice that were maintained on caloric restriction diet (and thus 
presumably under less oxidative stress). In other injury models, CNS synthesis of 
C1q has been observed following viral infection, kainic acid treatment, cuprizone 
model of demyelination and remyelination and ischemia/reperfusion (Dandoy-Dron 
et al., 1998; Arnett et al., 2003; Goldsmith et al., 1997; Lampert-Etchells et al., 
1993; Dietzschold et al., 1995; Huang et al., 1999). Synthesis of C1q has also 
been detected in Alzheimer’s disease brain (Afagh et al., 1996; Shen et al., 1997; 
Johnson et al., 1992) and other human neurodegenerative diseases, such as 
Huntington’s disease (Singhrao et al., 1999), or mouse models of diseases such 
as Sanfilippo syndrome (Ohmi et al., 2003). These observations suggest that C1q 
may be upregulated as a response to injury and may possibly serve additional 
functions in addition to complement activation and the induction of proinflamma-
tory events that often follow.

3  Complement Proteins Induce and Regulate 
Inflammatory Events

As indicated above, C1q is the recognition component of the classical complement 
cascade, which can lead to a proinflammatory environment upon activation. 
However, C1q has also been shown to enhance phagocytic activity of monocytes, 
macrophages and microglia both independently (as reviewed in (Bohlson et al., 
2007) and in conjunction with deposited C3 activation products, C3b and iC3b. In 
addition, C1q plays a role in the clearance of apoptotic cells both in vivo and in 
vitro (Botto et al., 1998; Bohlson et al., 2007; Ogden et al., 2001). C1q binds to 
apoptotic cells and cellular debris through its globular heads (Korb and Ahearn, 
1997; Navratil et al., 2001), directly facilitating the rapid removal of damaged cells 
and thus limiting the release of potentially damaging intracellular components. 
While there are several apoptotic cell markers (such as phosphatidylserine) and 
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proteins that bind to apoptotic cells and signal through receptors on phagocytic 
cells to induce rapid clearance [as described in reviews (Savill and Fadok, 2000; 
Grimsley and Ravichandran, 2003)], in mammalian systems only a few (for exam-
ple, C1q, SP-D, CD93, MFG-E8, MBL) have been confirmed thus far to have a 
nonredundant role in this process in vivo as demonstrated by gene knock out 
experiments (Stuart et al., 2005; Hanayama et al., 2004; Scott et al., 2001; Botto 
et al., 1998; Norsworthy et al., 2004). Since C1q enhances clearance of apoptotic 
cells, one possible protective function for C1q induction following neuronal injury 
as described above, may be to flag damaged neurons and/or neuronal blebs for 
rapid clearance and thus prevent release of neurotoxic levels of intracellular com-
ponents (such as glutamate) in initial stages of CNS injury.

More recently, C1q has been shown to modulate proinflammatory cytokine 
expression in peripheral monocytes (Fraser et al., 2006), down regulating the level of 
mRNA and protein of inflammatory cytokines including IL-1α and IL-1β, while 
increasing mRNA and protein secretion of anti-inflammatory IL-10. While signaling 
pathways induced in monocytes by C1q involve the generation of the “decoy” p50p50 
NFkB dimer and CREB phosphorylation (Fraser et al., 2007), which are known to be 
involved in the regulation of cytokine gene expression, whether these factors lead to 
the C1q-induced regulation of cytokines and to what extent these responses are simi-
lar in microglia or brain macrophages remain to be formally demonstrated. A regula-
tory pathway that results in suppression of proinflammatory cytokines would be 
beneficial in resolving inflammation and/or avoiding autoimmunity to cell constitu-
ents in the CNS. Thus, a hypothesis under current investigation is that induction of 
C1q synthesis may be a response to injury that promotes rapid clearance of apoptotic 
cells and/or concomitant suppression of inflammation by microglia.

The small peptides C3a and C5a (78 and 74 amino acids, respectively) that are 
produced by activation of all complement pathways (Fig. 8.1) diffuse from the site 
of activation and bind to G protein-coupled receptors C3aR and C5aR (CD88), 
respectively, on neutrophils, endothelial cells, glial cells, and neurons (O’Barr et 
al., 2001), inducing directed chemotaxis (Yao et al., 1990), Ca++signaling 
(Möller et al., 1997), and other cell type-specific responses (reviewed in (Ember et 
al., 1998) ). In vivo, C5a promotes the margination, extravasation, migration, and 
activation of leukocytes. It also can induce increases in vascular permeability, and 
ultimately vascular hemorrhage. Many of the detrimental inflammatory effects of 
complement can result from the influx and activation of inflammatory myeloid-
derived cells (neutrophils, macrophages, microglia).

Seemingly paradoxically, C5-deficient mice showed enhanced neurodegenera-
tion in response to some excitotoxic stimuli (Pasinetti et al., 1996; Tocco et al., 
1997), and the presence of C5 limited detrimental responses to neurodegenerative 
stimuli in other injury models (Rus et al., 2005a). In addition, Kohl and colleagues 
describe the C5a downregulation of LPS-stimulated IL-12p70 in murine macro-
phages, which correlates with priming (or directing) for a limited Th1 and enhanced 
Th2 response to TLR-4 mediated cell triggering. This response was dependent on 
C5aR/CD88 (i.e., C5a had no effect on this signaling in CD88−/− mice) (Hawlisch 
et al., 2005). Furthermore, C5a, as well as C3a, has been reported to provide direct 
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neuroprotection (Van Beek et al., 2001; O’Barr et al., 2001; Benard et al., 2004; 
Osaka et al., 1999; Mukherjee and Pasinetti, 2001) suggesting that this peptide may 
have neuroprotective roles as well as proinflammatory activity.

An early report that C3a induces NGF expression (Heese et al., 1998) in human 
microglial cell cultures suggested that this activation fragment may facilitate repair 
as well as contribute to damage in the brain (see below). Fontaine and colleagues 
reported that both C3a and C5a triggered increases in the nerve growth factor (NGF)
mRNA levels in astrocytes that resulted in increased NGF secretion upon costimu-
lation with IL-1β (Jauneau et al., 2006). In a separate report, C3a and C5a primed 
cells for responsiveness to reparative/regenerative growth factors (Markiewski 
et al., 2004), further supporting the possibility that complement activation fragments
influence neurotrophin function, and thus survival of neurons.

Three specific examples of central nervous system disorders in which comple-
ment appears to influence disease progression will be discussed here to demonstrate 
the need for clear understanding of both the detrimental and beneficial effects of 
complement system so that therapies may be optimized to inhibit the detrimental 
events and enhance the protective or reparative activities of these proteins. However, 
there are other CNS disease scenarios which have been reviewed recently (Mocco 
et al., 2006) that also support the notion that complement activation in the CNS can 
be advantageous as well as detrimental.

4 Complement and Inflammation in Alzheimer Disease

Several hypotheses for the underlying causes of the cognitive loss that is identified 
as the major characteristic of Alzheimer Disease have been proposed and are con-
sistent with observations described over the past two decades for both human AD 
and transgenic mouse models of AD. One hypothesis states that Aβ, which is a 
39–42 amino acid peptide derived from the cleavage of amyloid precursor protein 
(APP), plays a major role in the progressive pathology and cognitive dysfunction 
seen in AD. Genetic evidence for this “amyloid hypothesis” includes the presence 
of mutations in various genes that result in the accumulation of amyloid or APP 
gene duplication in cases of familial AD (Golde, 2005; Tanzi and Bertram, 2005). 
However, there are distinct pools of amyloid peptide, including intraneuronal accu-
mulations, soluble oligomeric structures, as well as prominent fibrillar extracellular 
plaques, and the precise relationships between different pools of amyloid and the 
major learning and memory deficits are still being investigated. Various amyloid 
peptide preparations are correlated with cognitive deficiencies in mice and have 
been shown to induce neuronal degeneration in primary neuron cultures and LTP 
dysfunction upon exogenous injection into rodent brain (Walsh et al., 2002, 2005). 
Several transgenic mouse models have shown synaptic and cognitive deficits prior 
to plaque detection suggesting that soluble multimeric Aβ assembly states and/or 
intraneuronal Aβ are responsible for early synaptic loss (Walsh et al., 2002; 
Takahashi et al., 2002; Koistinaho et al., 2001; Oddo et al., 2003).
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Extensive in vitro studies by this laboratory and others have shown that C1q, 
both alone and in the classical complement initiation complex C1 (Fig. 8.1), binds 
to fibrillar Aβ (beta sheet conformation) and in C1 activates the classical comple-
ment pathway (Rogers et al., 1992; Jiang et al., 1994; Chen et al., 1996). Activation 
of the alternative complement pathway by interaction of Aβ with C3 has also been 
documented in vitro (Bradt et al., 1998; Watson et al., 1997). Importantly, colocali-
zation of C1q and C3 with neuritic plaques was the first suggestion that comple-
ment may contribute to the progression of Alzheimer Disease (Eikelenboom et al., 
1989) particularly at late stages of the disease when the amyloid plaques contain 
the fibrillar (complement-activating) form of the peptide (Afagh et al., 1996). 
Detection of the complement membranolytic complex, C5b-9, in areas containing 
the fibrillar plaques in AD (Webster et al., 1997) indicate that the complete cascade 
is activated in the AD brain. Reactive microglia and astrocytes also surround these 
fibrillar amyloid containing plaques, as would be predicted as a result of recruit-
ment by complement C5a. Elevated pro-inflammatory cytokines including IL-1β,
TNF-α, IL-6, and IL-8 have been found in the AD brain, with IL-1β perhaps being 
the earliest to be induced (Akiyama et al., 2000; Griffin and Mrak, 2002). The 
proinflammatory complement activation products recruiting in glia to the plaque 
could initiate a secondary wave of inflammatory cytokines as well as toxic free 
radicals that accelerate local neuronal damage, loss, and decline of cognitive func-
tion in AD. Interestingly, in transgenic mouse models of AD, C1q is also associated 
with fibrillar amyloid plaques (Fonseca et al., 2004; Matsuoka et al., 2001). The 
contribution of complement to amyloid-induced inflammation and pathology in 
animal models has been convincingly demonstrated in transgenic mice expressing 
mutant APP (Tg2576) in the presence and absence of classical complement path-
way activation. Tg2576 mice deficient in C1q, demonstrated a 50% reduction in 
microgliosis and astrocytic activation and significantly less decrease (60–65%) in 
neuronal integrity (Fig. 8.2) relative to the complement sufficient transgenic APP 
mice (Fonseca et al., 2004). Further supporting the hypothesis of complement- 
mediated neuropathology, Bergamaschini, et al. tested the effect of Enoxaparin, a 
low molecular weight heparin that inhibits Aβ-induced complement activation and 
activation of the contact system, in the APP23 transgenic mouse, another model of 
amyloid toxicity/AD. Treatment with this compound 3 times a week for 6 months, 
resulted in a greater than 2-fold decrease in amyloid deposits, total amyloid load 
and decreased astrogliosis at the end of treatment (Bergamaschini et al., 2004). As 
in human AD, it is evident that an inflammatory environment exists in these animal 
models and that combinations of cytokines, costimulatory ligands, and innate sign-
aling molecules synergize in this disease to produce a toxic environment which 
likely contributes to neuronal functional/synaptic deficits (Akiyama et al., 2000; 
Todd et al., 2004; Tan et al., 1999). Fig. 8.3 illustrates a model in which comple-
ment mediated enhancement of both glial inflammation and direct neurotoxicity 
may be contributing to progression of Alzheimer Disease at a stage in which fibrillar
amyloid plaques accumulate.

In contrast to the detrimental effects of complement in this mouse model of AD, 
work in a different murine model of amyloid induced neuropathology suggests that 
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Fig. 8.2 APPQ−/− mice show less neuronal degeneration. The hippocampus from 16 month old 
wild type mice (B6/SJL), mice transgenic for the human mutant APP protein which confers amy-
loid plaque accumulation and neuropathology (APP), and APP with a genetically ablated C1q 
gene (APPQ−/−) were immunostained with antibody to MAP2, a neuronal microtubule associated 
protein indicative of neuronal integrity. APPQ−/− mice show higher MAP2 immunostaining in the 
pyramidal neurons of the CA3c area of hippocampus than the complement sufficient APP trans-
genic mouse. Additional photomicrographs and image analysis of results from multiple animals 
and ages have been published (Fonseca et al., 2004). Scale bar: 20 µm (See Color Plates).

Fig. 8.3 Model of complement activation and inflammation induced damage in Alzheimer 
Disease. Complement activation in AD has a variety of consequences and activators. C’ activation
results in activation of glia, which can be induced to produce proinflammatory cytokines and 
neurotoxic substances, and formation of the lytic MAC complex, which may contribute to neuron 
damage and death.
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at least some of the complement factors can decrease neuropathology (Wyss-Coray 
et al., 2002). That is, when the cleavage of complement component C3 was inhib-
ited in a transgenic APP model by over expressing the soluble Crry protein (which 
inhibits formation of the enzyme that amplifies the cleavage of C3 to C3b), Aβ
deposition was higher than in comparable mice that did not over-express Crry and 
was accompanied by less microgliosis but elevated loss of NeuN relative to the APP 
wild type (Wyss-Coray et al., 2002). One explanation provided by the investigators 
was that the lack of microglia (and/or lack of C3b as an opsonin to enhance phago-
cytosis) prevented clearance of Aβ and thus ultimately led to an increase in the 
number of degenerating neurons. The caveats of this model are the systemic nature 
of the complement inhibition and the lifetime inhibition of the transgenic over 
expression of Crry (Wyss-Coray et al., 2002). Nevertheless, at this point the mecha-
nisms resulting in the difference in outcome between the APP C1q−/− mouse 
described by us and that of the Crry transgene are unknown. However, the data do 
suggest that a balance of complex interactions is involved.

Interestingly, in at least two other dementias, familial British dementia (FBD) 
and familial Danish dementia (FDD) (the Chromosome 13 dementias), deposits of 
fibrillar conformations of abnormal proteins are also associated with complement 
components C1q, C4d and C5b-9, glial recruitment and inflammation (Rostagno 
et al., 2002, 2005). In vitro studies demonstrated that both classical and alternative 
complement pathways are activated by the abnormal proteins (which are distinct 
from the beta amyloid in AD) (Rostagno et al., 2002). Similar to the Alzheimer 
Disease pathologic peptides, the oligomeric form of these peptides induce neuronal 
death directly in in vitro models, but the contribution of this toxicity to the dementia 
seen in patients has yet to be determined (Gibson et al., 2004; El-Agnaf et al., 
2001). As with AD, there may be multiple pathways leading to cognitive dysfunc-
tion, and thus therapeutic intervention including regulation of complement-induced 
inflammation may improve patient outcome.

5 Complement in Multiple Sclerosis

Multiple sclerosis (MS) is a demyelinating CNS disorder which is considered an 
autoimmune disease with myelin and oligodendrocytes as the target. Many studies 
into the mechanisms responsible for MS pathology have relied on use of the experi-
mental autoimmune encephalitis (EAE) mouse model in which immunization with 
myelin oligodendrocyte glycoprotein (MOG) is used to induce demyelination. 
Early studies using the EAE mouse model implicated a role for complement in 
pathology, since animals treated with Cobra Venom Factor (CVF), which depletes 
serum complement, demonstrated an attenuated form of the disease when com-
pared to controls (reviewed in (Barnum and Szalai, 2006) ). Pioneering studies by 
Moon Shin demonstrated in vitro that myelin basic protein activated the classical 
complement pathway in the absence of antibody, suggesting that complement may 
amplify tissue injury, as well as participate in clearance of damaged cells (Vanguri 
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et al., 1982). Use of sCR1 to inhibit complement activation by inhibiting C3 and C5 
convertases resulted in attenuated disease in EAE mouse (reviewed in (Barnum and 
Szalai, 2006) ) demonstrating that in this model the detrimental effects of comple-
ment outweighed any protective effect. However these early studies, which involved 
inhibiting the all downstream components of complement, were broad and there-
fore may be difficult to apply as a clinical treatment.

More recently several researchers have utilized a targeted approach to studying 
the role of complement in the development of EAE through the use of mice geneti-
cally altered for complement protein expression or activity. The contribution of 
C3a, a cleavage product of C3 generated upon complement activation, was exam-
ined using C3a receptor knock-out mouse (C3aR−/−). EAE was induced in these 
animals by injection of MOG, and while onset of disease was not affected by dele-
tion of C3aR, disease severity in terms of clinical score and macrophage and T cell 
infiltration, was reduced in C3aR−/− when compared to that of control mice (Boos 
et al., 2004). In the same study, transgenic mice expressing C3a in the CNS (under 
the control of the GFAP promoter) were generated and EAE induced. Again, onset 
of disease was similar in the C3a expressing transgenic as in the control mice, but 
here disease severity increased significantly over controls with a larger mortality 
rate in the C3a expressing transgenic animals. Given that neither C3aR deletion nor 
C3a expression affected disease onset and differences were only observed around 3 
weeks post-immunization, it has been suggested that the contribution of C3aR/C3a 
is during the chronic phase of EAE. Similar attenuation of disease was previously 
observed in C3−/− mice (Nataf et al., 2000). Possible functions for C3a/C3aR 
include modulation of cytokine profile and or/chemoattraction of encephalitogenic 
cells into the CNS, two factors which are capable of influencing the extent of dis-
ease. In contrast to the protective effects observed in C3−/−, no effect on EAE onset 
or progression has been observed in C4−/− mice (Boos et al., 2005), suggesting that 
the alternative pathway of complement can be activated in this model.

C5a is another cleavage product resulting from complement activation which 
has been examined for a possible role in EAE. This fragment of C5 is extensively 
studied in CNS disorders due to its chemoattractant and inflammatory properties. 
The classical C5a receptor (C5aR/CD88) is up-regulated in EAE on neurons, glial 
cells and infiltrating T-cells, however inhibition of C5aR with a small molecule C5a 
receptor antagonist (Morgan et al., 2004) or use of a C5aR −/− (Reiman et al., 
2002) did not affect the development of EAE. A transgenic mouse that produces 
C5a exclusively in the brain was also studied, but expression of C5a was found to 
have no effect on the progression of EAE (Reiman et al., 2005). Together, these 
data suggest that neither C5a nor C5aR are essential for EAE development and that 
neither contribute significantly to disease severity. In separate studies, the role of 
C5 was examined using a C5 knockout and no difference in EAE development of 
clinical signs was observed in these mice when compared to controls (Barnum and 
Szalai, 2006).

While these studies are consistent with those involving C5aR−/− and C5a 
expressing transgenic mice, other studies focused on the role of the C5b-9 suggest 
that the other cleaved fragment of C5, C5b, does have a role in EAE. The C5b-9 
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complex is the end result of complement activation and its formation on a cell 
membrane can result in lysis of the target cell. Colocalization of C5b-9 with 
oligodendrocytes in MS lesions has been observed and it has been suggested that 
the lytic complex contributes to demyelination in vivo. However, in vitro studies 
have shown that sublytic amounts of C5b-9 can induce cell cycle activation in 
oligodendrocytes and prevent them from dying by apoptosis (Rus et al., 2005a). In 
vivo, greater remyelination were observed in C5 sufficient mice, compared to C5 
deficient mice (Niculescu et al., 2004). Also, fewer TUNEL + oligodendrocytes 
were observed in C5 sufficient mice than in C5 deficient mice, findings which are 
consistent with the in vitro studies demonstrating inhibition of oligodendrocyte 
apoptosis. This inhibition of apoptosis by sublytic complement was shown to 
involve activation of signaling pathways that phosphorylate BAD and reduce its 
association with Bcl-X

L
 (reviewed in (Rus et al., 2005a) ). These data suggest that 

C5b-9 could play a role in neuroprotection by preventing oligodendrocyte cell 
death (via the mitochondrial pathway of apoptosis), thereby promoting remyelina-
tion and allowing damaged cells to recover.

6 Complement in Spinal Cord Injury/Demyelination

Previous studies have demonstrated that inflammation plays a central role in contu-
sion-induced spinal cord injury (Carlson et al., 1998; Streit et al., 1998; Popovich 
et al., 1997) and that inhibition of inflammation with methylprednisolone after SCI 
results in an improved function outcome for patients (Bracken, 2000). As part of 
the inflammatory process, complement activation has been implicated in spinal 
cord demyelination. This hypothesis was supported by studies which demonstrate 
that serum complement is required to induce demyelination in an immunological 
intraspinal infusion protocol involving infusion of myelin-specific IgG with serum 
complement (Dyer et al., 1998, 2005). Use of complement deficient serum in this 
model demonstrated that while activation of the classical complement cascade is 
sufficient for demyelination, activation of the alternative pathway is not necessary. 
Additionally, demyelination was unaffected when formation of MAC was elimi-
nated by using C5 or C6 deficient serum. Since the terminal component of comple-
ment activation is not required for injury, it can be suggested that a large contribution 
to injury resulting from complement activation lies in induction of the inflamma-
tory response. That is, anaphylatoxins (C3a, atleast) produced following comple-
ment activation may recruit and activate microglia, which can then secrete cytotoxic 
substances themselves and/or phagocytose opsonized myelin.

In an experimental rat model of SCI, complement activation was observed 1 day 
following SCI and then again 6 weeks after injury (Anderson et al., 2004). 
Immunohistochemistry showed reactivity for C1q, C4, Factor B, and C5b-9 in the 
gray and white matter of injured spinal cords at 1–42 days following injury. In a 
follow up study using the same experimental paradigm, increased staining for fac-
tor H and clusterin were observed at 1–42 days following injury (Anderson et al., 
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2005). While the biological significance of the presence of these proteins has not 
been determined, factor H and clusterin are regulators of complement activity and 
therefore may be important targets for therapies aimed at regulation of complement 
activation following injury. The results from these immunohistochemical studies 
are supported by data from a gene expression profiling of contused rat spinal cords 
(Aimone et al., 2004). Microarray analysis of tissue samples from the injury epi-
center and surrounding tissue show that C1q mRNA was induced by 24 h post-SCI 
and persisted through 35 days post-SCI. C3 mRNA was also increased at 7 days 
post-SCI. This observed up-regulation of complement RNA and evidence of com-
plement activation following SCI strongly implicate a role for complement in spinal 
cord injury. However, it is not clear what the functional consequences of this com-
plement up-regulation are. While complement activation can lead to damaging 
results, such as formation of the lytic MAC complex and induction of inflammatory 
phagocytes, there exists an unexamined possibility that induced synthesis of com-
plement proteins in these SCI models may be occurring as a protective response to 
injury. As mentioned above, C1q has been shown to enhance uptake of apoptotic 
cells (Vandivier et al., 2002; Botto et al., 1998) and its upregulation may be impor-
tant to help clear cells damaged by injury and prevent further inflammation from 
occurring. Additionally, recent reports have implicated that complement activation 
products, such as C3a, may be important in stimulating neuroregeneration 
(Rahpeymai et al., 2006). Thus, the increase in C3 cleavage via complement activa-
tion following SCI may aid in repair of damaged tissue by providing a source for 
C3a. In conclusion, while it is clear that complement activation can exacerbate 
spinal cord injury and play a role in demyelination, it still remains to be determined 
what other consequences, possibly beneficial, follow complement induction. 
Delineating the precise mechanisms involved in SCI induced pathology will help 
direct strategies for therapeutic intervention.

7 Therapeutic Strategies

In each case described here and reviewed by others (Mocco et al., 2006; Guo and 
Ward, 2005), there is evidence that complement activation has both proinflamma-
tory and neuroprotective roles. In view of evidence indicating varying outcomes, 
complete and long term inhibition of complement may not be optimal. Drugs that 
target specific effector functions and/or that modulate complement activation may 
be more advantageous, with the goal of preserving and/or enhancing the potential 
protective/reparative effects of specific complement components.

Since different complement activation fragments may induce detrimental effects 
in different diseases, more precise analysis of the role of isolated components is 
required. Thus far, tissue-specific responses and the differentiation state of the cell 
have been used to explain the proinflammatory vs. anti-inflammatory effects of 
complement, but the molecular pathways involved (critical for identifying thera-
peutic targets) are only beginning to be defined. One approach to discerning these 
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disease-specific components is to use the combination of ligand and receptor 
knockout mice (tissue specific ablation being optimal) and antagonists or inhibitors 
of the different complement activation fragments or enzyme complexes respec-
tively, similar to that described above in animal models of EAE.

Developing inhibitors of C5a activation of myeloid cells and/or receptor antago-
nists of C5a has been targeted as a major mechanism for inhibiting acute C5a-
induced inflammatory disorders as well as chronic peripheral disorders (systemic 
lupus erythematosus [SLE], rheumatoid arthritis, and adult respiratory disease syn-
drome) (Konteatis et al., 1994). If early complement activation products (C3b, C3a) 
have beneficial effects (such as enhanced clearance and/or priming for neurotrophin 
activity), C5a receptor antagonists that provide the inhibition of the complement 
system downstream of these events would be beneficial. Such inhibitors are begin-
ning to be explored in CNS disorders. For example, a C5aR antagonist (AcF-
[OPdChaWR] (AcPhe [Orn-Pro-D-cyclohexylalanine-Trp-Arg]) ), has been shown 
to reduce disease activity in several rat models [for example, (Proctor et al., 2004; 
Woodruff et al., 2003, 2004)], including a brain trauma model (Sewell et al., 2004), 
and most recently an in vivo model of Huntington’s Disease (Woodruff et al., 
2006). This C5a receptor antagonist has additional favorable characteristics in that 
this compound was effective in a model of inflammatory bowel disease when given 
orally to rats (Woodruff et al., 2004), and most recently its transdermal administra-
tion inhibited C5a-mediated responses in a rat model (Proctor et al., 2006), suggest-
ing the possibility of an oral route or a “C5aR antagonist patch” for drug delivery 
if proven efficacious. Alternatively, a C5a mutant peptide constructed by Kohl and 
colleagues has also been shown to be effective in an animal model of ischemia/
reperfusion and immune complex disease (Heller et al., 1999). While the blood–
brain barrier may hinder access of this peptide to the brain, this peptide can be valu-
able in defining pathogenic mechanisms.

Recently, a novel transmembrane C5a binding protein (C5L2) was identified and 
originally proposed to be a “decoy” receptor that binds or “scavenges” C5a, but 
does not signal cell activation (Ohno et al., 2000; Okinaga et al., 2003) (Gao et al., 
2005). Consistent with this discovery, a C5L2 knockout mouse has been generated 
and shown to have greatly increased inflammatory responses to immune complex-
induced injury (Gerard et al., 2005). Inhibition of C5L2 expression has recently 
been shown to lead to iNOS upregulation (Gavrilyuk et al., 2005), presumably due 
to the increased availability of C5a to its signaling receptor, CD88. Thus, some of 
the effects of C5a may be modified by modulated C5L2 expression, as well as pos-
sible modulation of C5aR (CD88) expression, providing additional opportunities 
for fine-tuning of therapeutic targeting (Ohno et al., 2000; Gerard et al., 2005; 
Gavrilyuk et al., 2005). Thus, it will be essential to have knowledge of the expres-
sion of these receptors in healthy and diseased brain and of the factors that modu-
late their expression.

Two additional strategies involve targeting complement inhibitors specifically to 
areas of injury. One example of this approach is CR2-Crry, a chimeric molecule 
composed of the mouse C3 convertase inhibitor, Crry, fused to an extracellular por-
tion of complement receptor 2, CR2. CR2 is normally a membrane receptor that 
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binds the cleavage fragments of C3 that become deposited at sites of complement 
activation. In this soluble fusion protein, the CR2 localizes the inhibitor to the 
activated C3 complex that is to be inhibited, and the Crry portion of the molecule 
prevents amplification of the complement cascade at the site. This inhibitor has 
proven effective in reducing neutrophil infiltration and tissue pathology and 
improving locomotion in a mouse model of spinal cord injury (Qiao et al., 2006). 
Since Crry is the functional homolog of the human CR1, these data suggest com-
parable results may be feasible in humans. A second approach (also being tested 
in mice) involves using a retroviral vector to express in vivo a fusion protein con-
sisting of Crry and a single chain monoclonal antibody to a tissue specific antigen 
(which can also be placed under the control of a tissue specific promoter) (Spitzer 
et al., 2004). In a proof of principal in vivo experiment, Crry fused to a single 
chain anti mouse glycophorin A (a red cell marker) antibody was shown to 
improve survival of IgM coated red blood cells in a Crry knock out mouse, 
thereby demonstrating that this fusion protein can be synthesized and localized to 
the target cell in levels that functionally prevent complement-mediated cell lysis 
(Spitzer et al., 2006).

Finally, recent reports have implicated C3a and possibly C5a in stem cell regen-
eration and directed migration of stem cells (Reca et al., 2003; Mastellos et al., 
2001; Markiewski et al., 2004). A more recent report provides evidence for positive 
effects of C3a on neurogenesis in adult and injured brain (Rahpeymai et al., 2006). 
While further investigations are needed, the possibility of using complement to 
influence regeneration in the injured brain is intriguing.

8 Summary

Complement activation, and the subsequent induction of inflammation, does occur 
in the CNS. In addition however, as summarized here, recent data support protec-
tive functions for complement which are distinct from the detrimental consequences 
of dysregulated complement activation. What remains to be determined is the rela-
tive contribution of complement to inflammation and subsequent loss of neuronal 
function, and additionally the specific biochemical pathways through which the 
different complement activation products play counterbalancing roles in injury and 
repair in each disease. Therapeutic interventions in murine models of Alzheimer’s 
Disease targeting inflammation and oxidative stress have proven successful in 
reducing amyloid plaque burden/pathology as well as the proinflammatory cytokine 
IL-1β and other indicators of oxidative stress (Yao et al., 2004). If complement 
does contribute to the exacerbation of inflammation and neuronal loss as suggested 
in murine models of the disease, specific complement inhibitors that would block 
pathogenic activation but not the systemic protective functions of the complement 
system could be valuable therapeutics. While there are multiple potential targets for 
therapeutic intervention in neurodegenerative studies, different approaches will 
likely be beneficial at different stages of each disease, and thus a cocktail 
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of therapeutic reagents, including targeted complement inhibitors rather than a single 
drug, may be more successful in preventing or slowing CNS degeneration.
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Chemokines and Autoimmune Demyelination

Michaela Fux, Jason Millward, and Trevor Owens

1 Introduction

Autoimmune attack on the nervous system is considered the basis for multiple 
sclerosis (MS) (Compston and Coles, 2002), and is also implicated in peripheral 
neuropathies such as Guillain–Barré Syndrome (GBS) (Kiefer et al., 2002). Myelin 
is probably the major target of autoimmune attack in both diseases, although 
non-myelin antigens are also recognized by infiltrating T cells and antibodies. 
Destruction of myelin (demyelination) is a central feature of MS and GBS, with 
accompanying inflammation viz. infiltrates of T cells and macrophages, neutrophils 
(depending on the subtype of disease), and B cells, again depending on disease 
subpathology. A working definition of inflammation is the presence of leukocytes 
where they don’t belong, and it is instructive to consider how leukocytes in demy-
elinating diseases get to be ‘where they don’t belong’. This chapter will attempt to 
review the role of chemokines in this inflammatory process and how they contrib-
ute to the autoimmune pathology in demyelinating diseases. We will focus primarily
on central nervous system (CNS) demyelinating disease.

2 Demyelinating Disease

2.1 Multiple Sclerosis

The most common demyelinating disease, which is also the most common neuro-
logical disease of young adults, is MS. MS presents as a heterogeneous spectrum 
of symptoms and progressions (Compston and Coles, 2002), though the majority of 
cases in Europe and North America fall into the relapsing-remitting (RR-MS) or 
secondary-progressive (SP-MS) categories. Primary progressive MS shares many 
pathological features with both, while differing in progression and not showing 
the same gender bias. The etiology of MS is unknown although many aspects of the 
disease suggest a link to infection - this remains unproven. There are also genetic 
associations, multiple genes conferring risk for disease or severity of progression. 
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One of the stronger associations is with MHC (Noseworthy et al., 2000; Compston 
and Coles, 2002; Keegan and Noseworthy, 2002; Dyment et al., 2004). 
Generalizations are helpful to understanding the role of chemokines in MS, and 
they include that immune infiltration of the CNS accompanies demyelinating 
pathology and axonal damage. However, heterogeneous patterns of neuropathology 
have been described in MS, based on analysis of autopsy and biopsy material. The two 
most commonly-represented patterns show immune pathology, with infiltrates of T 
cells and macrophages/microglia, differing principally from each other in the 
degree of B cell and antibody involvement (Lucchinetti et al., 2000). Less common 
pathologic patterns show hypoxia-like injury or oligodendrocyte injury, and may 
reflect endogenous rather than immune-mediated disease processes. The relative 
role of immune infiltration versus glial migration and activation is of obvious rele-
vance to discussion of the action of specific chemokines in MS.

Remyelination is evidenced in MS by so-called ‘shadow plaques’ containing 
thinly remyelinated axons (Lassmann et al., 1997; Noseworthy et al., 2000; 
Compston and Coles, 2002). Remyelination in adult CNS has been studied in 
animal models of demyelination induced by toxins such as lysolecithin and 
cuprizone (Ludwin, 1981; Blakemore et al., 2000). The process is dependent on 
oligodendrocyte precursor cells (OPC) which can be identified partly by expres-
sion of growth factor receptors (PDGF-alpha receptor) or other markers (eg. the 
NG2 proteoglycan) (Zhao et al., 2005). Such precursor cells, of rodent and human 
origin, have been shown capable of remyelinating experimental lesions in mice 
and rats (Keirstead et al., 2005; Zhao et al., 2005). Transplants of such human 
adult neural-derived precursors were effective in remyelination of mouse brain 
(Windrem et al., 2004). Whether OPC’s originate entirely from intra-CNS 
sources is debated. Despite occasional reports that OPC’s may derive from bone 
marrow (Bonilla et al., 2002), and the observation that neurosphere-derived 
neuronal precursors can enter the CNS from blood (Pluchino et al., 2003), the consensus 
view holds that OPC’s originate from the subventricular zone and the hippocampal 
dentate gyrus, like neuronal precursors (Gage et al., 1998; Marshall et al., 2003). 
Importantly, both origins would require directed migration and cellular ‘stay-or-
go’ decision-making. Populations of OPC have been shown in MS brain, proxi-
mal to demyelinated plaques, and it has been suggested that the persistence of 
plaques at least partly reflects failure of OPC’s to remyelinate demyelinated 
axons (Chang et al., 2002; Dubois-Dalcq et al., 2005). Whether and how this 
failure of OPC’s to remyelinate can be ascribed to negative effects (or lack of 
positive effects) of inflammatory mediators such as cytokines and chemokines 
will be discussed in this chapter.

2.2 Animal Models for Demyelinating Disease

The two most commonly-used animal models for MS are Experimental Autoimmune 
Encephalomyelitis (EAE) and Theiler’s Murine Encephalomyelitis Virus (TMEV). 
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Both target T cell responses to the CNS, either by deliberate immunization (EAE) 
or by viral infection (TMEV), and in both there is immune infiltration, demyelina-
tion and axonal damage. The immune response against the picornavirus in TMEV 
infection spreads to recognition of myelin antigens (Olson et al., 2004). The degree 
to which either demyelination or axonal damage occur varies depending on species 
and strain of animal, and specifics of immunization. EAE in mice is intrinsically 
less demyelinating than in other models, and Lewis rats do not show demyelination 
without additional intervention (vide infra) (Gold et al., 2006). But, as for MS, the 
generalization that both EAE and TMEV are immune-mediated myelin-targeted 
diseases is useful. The relative merits of both as models for MS have been dis-
cussed elsewhere (Oleszak et al., 2004; Friese et al., 2006; Gold et al., 2006), and 
will not be discussed further in this chapter.

There are a number of spontaneous models for demyelinating disease. These 
include T-cell receptor transgenics in which the majority of T cells are specific for 
myelin epitopes (Goverman et al., 1993; Owens et al., 2001; Bettelli et al., 2003). 
In some cases additional stimuli have been transgenically engineered into T-cell 
receptor transgenic models, such as autoantibodies (Litzenburger et al., 2000), or 
xeno-MHC and CD4 for presentation of antigen to a human TCR (Madsen et al., 
1999). Transgenic mice in which the costimulator ligand CD86 has been overex-
pressed on microglia show a CD8-dominated demyelinating disease (Zehntner 
et al., 2003). Transgenic mice in which the myelin proteolipid protein (PLP) DM20 
gene has been over-expressed in oligodendrocytes develop adult onset demyelina-
tion (Mastronardi et al., 1993). Because of its non-inflammatory nature this may 
represent a model for pattern IV MS pathology (Lucchinetti et al., 2000). There are 
also a number of transgenic and knockout models in which chemokines have been 
targeted. In large part, these represent experimental tests of postulates deriving 
from the findings that will be discussed herein. In some cases, they have yielded 
unexpected insights, as will be discussed.

2.3 Immune Cell Infiltration to the CNS

The immune cells that infiltrate the CNS in demyelinating disease predominantly 
include T lymphocytes and macrophages.

2.3.1 T Cells

Both CD4 + (MHC II-restricted) and CD8 + (MHC I-restricted) T cells are found 
associated to MS lesions (Traugott et al., 1983). There is evidence that CD8 + cells 
may be more actively involved in demyelinating pathology (Babbe et al., 2000), but 
that is not to say that CD4 + T cells have no function. The association of MS 
susceptibility to HLA-DR/DQ points to a CD4 + T cell involvement, as well as a 
multitude of findings showing myelin specificity of CD4 + T cells in MS (Compston 
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and Coles, 2002). It is probably most realistic to allow a role for both types of T 
cells in MS. In EAE, by contrast, the weight of evidence has been towards CD4 + T 
cells as critical for disease. However, this may reflect the use of adjuvants in 
immunization, and there are some reports that CD8 + T cells can induce and medi-
ate EAE (Friese and Fugger, 2005), as well as dominance of CD8 + T cells in 
CD86-induced spontaneous disease in transgenic mice (Brisebois et al., 2006). 
Target cells of potential immune attack in the CNS include oligodendrocytes and 
neurons, both of which more easily upregulate or induce MHC I than MHC II. 
Nevertheless, it is the case that the vast majority of analyses of EAE reflect opera-
tion of CD4 + T cells, and specifically directed experiments are needed for use of 
EAE in analysis of the role of CD8 + T cells. The CD8 + T cell is functionally 
associated with antiviral cytotoxicity so it is not unexpected that there are more 
reports of CD8 + T cell involvement in TM EV-induced demyelination than in EAE 
(Oleszak et al., 2004). This is somewhat dependent on strain of mouse and virus, 
and mice deficient in CD8 + T cells remain susceptible to TMEV demyelination 
(Begolka et al., 2001; Ransohoff et al., 2002).

2.3.2 Macrophages

Co-infiltration of macrophages with T cells not only occurs in EAE but is 
required for T cell entry and subsequent disease (Brosnan et al., 1981; Tran et al., 
1998). Macrophages deriving from blood have been shown to play a critical role 
in directing CNS infiltration, via their depletion using toxin-loaded liposomes 
(Tran et al., 1998). Essentially similar observations have been reported for TMEV 
demyelination, where macrophages are required for persistent infection with 
virus (Rossi et al., 1997). Macrophages deriving from blood monocytes are iden-
tifiable in MS lesions. Transmigration of monocytes across in vitro models of 
blood–brain barrier endothelia has been extensively studied (Becher et al., 2000). 
The cytolytic and phagocytic capability of macrophages makes them candidate 
mediators of actual demyelination. Targeting by myelin-specific antibodies has 
been suggested to play a role in directing such cytotoxicity. Microglial cells, nor-
mally resident in CNS, share bone marrow origin and myeloid lineage markers 
with macrophages, and can exert many of the same functions. Microglial migra-
tion within the CNS has been described, towards lesions and sites of local injury 
response (Raivich and Banati, 2004).

2.3.3 Neutrophils

Infiltration of neutrophils to the CNS occurs in EAE (Zehntner et al., 2005), but has 
not been described in RR- or SP-MS. In EAE, neutrophils co-infiltrate with other 
leukocytes, with a perivascular distribution in white matter, under normal circum-
stances, whereas in the absence of interferon-gamma (IFNγ) they disseminate 
through grey and white matter more indiscriminately (Tran et al., 2000b; Zehntner 



Chemokines and Autoimmune Demyelination 179

et al., 2005). It has been suggested that the adjuvants used in EAE promote 
neutrophilia (Matthys et al., 2001), although neutrophils are also found in adop-
tively transferred EAE without adjuvants. Neutrophils are detected in cerebrospinal 
fluid (CSF) in severe subtypes of MS, notably in Devic’s Disease (O’Riordan et al., 
1996). There are no reports of neutrophils in TMEV, although astrocyte production 
of the neutrophil-attracting chemokine CXCL2 correlated to genetic susceptibility 
(Rubio et al., 2006).

2.3.4 B Cells

B cells have been described in MS lesions (Traugott et al., 1983), as has entry 
of B cells to the CNS (Knopf et al., 1998). Elevated CSF immunoglobulin titer is a 
diagnostic for inflammatory brain disease. In the case of MS characteristic oligo-
clonal banding has been used in confirmation of diagnosis. The specificity of one 
such band, from CSF of a patient with neuromyelitis optica, was recently identified 
as anti-aquaporin, pointing to a pathological role for antibody against a blood–brain 
barrier antigen (Lennon et al., 2005). The oligoclonality of these bands demon-
strates that the elevated immunoglobulin titers in CSF are not a consequence of 
leakage from serum eg. through a disrupted blood–brain barrier, but represent com-
partment-specific synthesis. This calls attention to processes guiding the entry of B 
cells to the CNS, as will be discussed.

Anti-myelin antibodies can enhance demyelination in certain models of EAE, 
notably in Lewis rat (Linington et al., 1992). Nonetheless, the pathology associated 
with EAE can be induced in mice which lack B cells (Oliver et al., 2003), suggest-
ing that whatever role antibody may play in EAE, it is not required. Entry of B cells 
to CNS in EAE has not been frequently described. Antibody responses to TMEV 
do not play a major role in disease. Anti-myelin antibodies in TMEV disease are 
more commonly associated to therapeutic remyelinating responses than to disease 
progression (Warrington et al., 2000).

The above brief description of essential features of major demyelinating 
diseases in the CNS identifies as critical steps:

1. Transmigration of macrophages/monocytes, neutrophils, B cells, CD4 + and 
CD8 + T lymphocytes from blood to CNS parenchyma

2. Control of intra-CNS distribution of infiltrated leukocytes (this also includes 
trans-glia limitans migration)

3. Migration of glial cells within the CNS (includes neuronal glial interactions)

3 Role of Chemokines

The role of chemokines in these stages of evolution of brain disease must now be 
considered.
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Chemokine biology has been described elsewhere and the reader is referred to 
excellent reviews on the topic (Cyster, 1999; Rossi and Zlotnik, 2000). The CC and 
CXC families contain by far the most of the known chemokines and so predominate 
in discussion of chemokines in inflammatory and demyelinating disease. The CC 
and CXC chemokines act through G-protein coupled 7-transmembrane CCR and 
CXCR receptors, respectively, and chemokine involvement in disease and develop-
mental processes is divined both through analysis of receptor expression and of 
chemokines themselves.

The by-now classic concept underlying the role of chemokines in cellular entry 
to tissues includes that CC or CXC chemokines are presented on endothelium to 
attract specific cell types to targeted locations. These chemokines act on cells in 
blood via specific receptors and this induces upregulation and activation-dependent 
conformational change of adhesion ligands, leading to arrest and migration at the 
site of chemokine expression and adhesion receptor upregulation. Response to 
chemokines is concentration-dependent and a gradient effect ‘guides’ cells towards 
the source of their production (reviewed in (von Andrian and Mackay, 2000) ).

To understand how this operates in the context of entry of immune cells to the 
CNS, we must first define those chemokines that are candidate players in these 
immune processes. Then their induction and presentation to leukocytes at the 
blood–brain barrier will be discussed, particularly in experimental models for this, 
including transgenic and knockout animals.

3.1 Chemokines that Drive T Cell Entry

The migration of T cells in inflammatory responses is predominantly guided by 
receptors for CC chemokines. Mature activated T cells express CCR1, CCR2 (pri-
marily a receptor for MCP-1 or CCL2), CCR3, CCR4 and CCR5 (reviewed in 
(Moser et al., 2004) ). It is noteworthy that the chemokine receptors expressed by 
T cells that participate in tissue responses tend to be those that are ‘promiscuous’in 
their ligand binding, allowing such T cells to respond to a broad range of potential 
chemoattractants. Many of the CC receptors we have listed bind CCL5/RANTES, 
though CCR3 and CCR5 are the receptors most commonly associated to CCL5 
response. CCR4 binds CCL3/MIP-1α and CCL2/MCP-1, as well as CCL5/
RANTES, and is more associated to the Th2 subset (see below).

The precise pattern of receptor expression can be used to sub-classify T cells and 
has functional correlates. Th1 and Th2 CD4 + T cells can be distinguished by their 
reciprocal expression of CXCR3 (Th1) and CCR3 (Th2) (reviewed in (Baggiolini, 
1998; Moser et al., 2004) ). Th1 T cells, most strongly associated with inflammation, 
express CXCR3, which binds the ELR-CXC chemokines CXCL10/IP-10, 
CXCL9/I-TAC and CXCL11/MIG. Th1 cells also express CCR1 and CCR2. The 
chemokines CCL2, CCL5 and CXCL10 are of particular interest because of their 
regulation (eg. IP-10 = interferon-regulated protein-10), and because they are upregu-
lated in the inflamed CNS (Engelhardt and Ransohoff, 2005). The Th2-associated 
CCR3 binds CCL11/eotaxin, CCL8/MCP-2, CCL7/MCP-3 and CCL13/MCP-4.
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The chemokines listed so far fall into a general category of inflammatory 
chemokines. The alternate category is homeostatic, whose members act on rest-
ing leukocytes or at initiation of responses (Moser et al., 2004). These have a 
potentially important role to play in autoimmunity. Two homeostatic chemokines 
deserve consideration in demyelinating disease. Naive T cells in circulation 
respond to CXCL12, also known as SDF (stromal cell-derived factor), via 
CXCR4. The functionally-related chemokine CXCL13/BCA-1 or BLC is best-
known for effects in the lymph node where it directs CXCR5 + B and T cell 
migration to enter follicles. However, CXCL12 and CXCL13 have also been 
detected in MS CSF and may act on T cells in CNS (Krumbholz et al., 2006).

3.2 Chemokines in B Cell Entry to CNS

There are essentially no B cells in the normal CNS and relatively few even in MS. 
The B cells that are found in the CNS in MS include plasmablasts (CD19 + CD138+)
and plasma cells (CD19-, CD138+), as well as memory phenotype B cells (eg. CD27+)
and cells with a centroblast-like phenotype (CD19 + , CD38high, CD77 +, 
Ki67+) (Meinl et al., 2006). The latter are associated with germinal center-like 
follicular aggregates (Serafini et al., 2004), that are especially prominent in pro-
gressive disease. Nevertheless, because oligoclonal Ig bands are a diagnostic for 
MS, it is obvious that B cell entry and activation occur early. The mechanism 
underlying B cell migration to the CNS has not been as thoroughly examined as 
that for T cells, but processes analogous to those guiding T cell entry operate. 
TNFα and TNF-family members (BAFF, APRIL) are identified as B cell factors 
which promote B cell survival in the CNS. It remains to be established whether they 
play an analogous role in induction of B cell-tropic chemokines, as TNFα does for 
T cells. The chemokines CXCL12 and CXCL13 are detected at elevated levels in 
EAE and MS CSF (Columba-Cabezas et al., 2003; Magliozzi et al., 2004; 
Krumbholz et al., 2005), and their receptors CXCR5 and CXCR4 respectively are 
expressed on plasmablasts and on B cells. These chemokine are best-known for 
directing B cell migration within lymph nodes and entry to follicles, and their 
expression in MS CNS is consistent with such activity. The inflammatory chemok-
ine CXCL10 or IP-10, whose expression is strongly elevated in MS and EAE, also 
acts on B cells, via the CXCR3 receptor, and is implicated in entry of plasmablasts 
to the CNS (Meinl et al., 2006).

3.3 Chemokines that Drive Macrophage and Neutrophil Entry

Monocytes and macrophages express a wide range of chemokine receptors. The 
very naming of macrophage chemoattractant protein’s (MCP’s) and macrophage 
inflammatory proteins (MIP’s) identifies a role for CCL2/MCP-1, CCL3/MIP-1α,
CCL4/MIP-1β, CCL9/MIP-1γ, to list a few of these CC chemokines, in regulating 
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macrophage migration. Macrophages also express receptors for CCL5/RANTES, 
and for the CXC chemokine CXCL10. Other CXC chemokines are associated with 
neutrophil trafficking. Predominant among these are CXCL1, CXCL2 (or KC) 
and CXCL8/IL-8, all acting through the CXCR2 receptor (reviewed in Rossi and 
Zlotnik, 2000).

3.4 Chemokines in MS

Studies on chemokine expression in MS patients have revealed that the composition
of chemokines expressed depends on the subtypes of MS. By measuring chemokine 
expression in PBMCs via real-time PCR and applying a multivariate statistical 
analysis it was possible to distinguish healthy individuals versus MS patients as 
well as primary progressive versus RR-MS, respectively (Furlan et al., 2005). 
Interestingly chemokines (CCL2/MCP-1,CCL3/MIP-1α, CCL4/MIP-1β, CCL8/
MCP-2 and CCL7/MCP-3) and their receptors (CCR2, CCR3, and CCR5) driving 
T cell and macrophage infiltration, were shown to be upregulated in CSF and 
lesions of RR-MS patients during relapse (McManus et al., 1998a; Simpson et al., 
1998, 2000a; Bartosik-Psujek and Stelmasiak, 2005).

At anatomical sites like vascular endothelium, perivascular space and paren-
chyma, chemokines are differently expressed, (reviewed in (Muller et al., 2004) ) 
indicating their putative functions to guide leukocytes through different possible 
migration routes to CNS as e.g. (1) from blood to CSF across the choroid plexus, 
(2) from blood to subarachnoid space and (3) from blood to parenchymal perivas-
cular space (Ransohoff et al., 2003). The expression of CCL21/SLC on choroid 
plexus epithelium and the detection of CCR7 positive T cells in CSF of MS patients 
speaks for a direct entry of T cells to CFS from systemic circulation (Kivisakk 
et al., 2004), a process which is dependent on P-selectin expression (Kivisakk et al., 
2003). Furthermore Simpson et al. (1998) reported selective expression of CCL5/
RANTES in blood vessel endothelium, perivascular cells and glial limitants indi-
cating that CCL5/RANTES is functional during transmigration from blood to 
parenchyma via the perivascular space. In vitro studies analyzing transmigration of 
ex vivo leukocytes of MS patients across human brain-derived endothelial cells 
(HBECs) revealed that endothelial cells produce CCL2/MCP-1 which drives leu-
kocyte movement (Prat et al., 2002; Seguin et al., 2003). CCL2/MCP-1 was shown 
to be present in CSF of MS patients, however at reduced levels during relapse of 
the disease (Mahad et al., 2002; Bartosik-Psujek and Stelmasiak, 2005). This 
apparent contradiction between HBECs in vitro and chemokine expression studies 
in MS respectively was solved by the study of Mahad et al. showing that leukocytes 
consume CCL2/MCP-1 during migration across the blood-brain barrier (BBB) 
(Mahad et al., 2006). CCL2/MCP-1 is produced by parenchymal glial cells in 
active lesions of MS patients as well (Simpson et al., 1998). While expression of 
CCL2/MCP-1 by endothelial cells may be responsible for leukocyte transmigration 
across BBB, its expression within the parenchyma may result in augmenting local 



Chemokines and Autoimmune Demyelination 183

inflammation. CCL2/MCP-1 represents therefore an example that the same 
chemokine fulfils different functions depending at which anatomical site it is 
expressed.

It is known that chemokines not only contribute in triggering leukocyte 
movements. This counts among others for the homeostatic chemokines CXCL12/
SDF-1 and CXCL13/BCA-1. Functions of CXCL12/SDF-1 have been studied 
using New Zealand Black/New Zealand White mice, expressing a self-reactive 
repertoire resulting in lupus associated nephritis. Administration of anti-
CXCL12/SDF-1 antibodies repressed lymphocyte activation and autoantibody 
production in these mice (Balabanian et al., 2003). Furthermore CXCL12/SDF-1 
was shown to partially inhibit spontaneous apoptosis of adenotonsillar memory T 
cells (Pajusto et al., 2004). Considering the homeostatic functions and the pres-
ence of CXCL12/SDF-1 in active MS lesions (Calderon et al., 2006; Krumbholz 
et al., 2006) it may be assumed that this chemokine is not only responsible to 
attract leukocytes to CNS but more importantly regulates the subsequent autoim-
mune reaction. Coricone et al. detected CD19+ CD38highCD77+ Bcl2− B cells in 
CSF of MS patients together with CXCL12/SDF-1 and CXCL13/BCA-1 expres-
sion on the outer layer of capillaries. As these B cells are normally exclusively 
present in secondary lymph nodes and CXCL12/SDF-1 together with CXCL13/
BCA-1 is known to be key mediator of lymphoneogenesis the authors concluded 
that B cell differentiation occurs within the CNS (Corcione et al., 2004). This is 
supported by the detection of lymphoid follicle-like structures containing B cells 
and CXCL13/BCA positive dendritic cells within cerebral meninges of second-
ary progressive MS patients (Serafini et al., 2004) and in mice with EAE 
(Magliozzi et al., 2004). Furthermore lymphoid chemokines like CCL19/MIP-3α
and CCL21/SLC have been described in EAE (Alt et al., 2002; Columba-Cabezas 
et al., 2003) and in MS (Pashenkov et al., 2003). Coeval expression of their 
receptor CCR7 was demonstrated on T cells infiltrating the parenchyma during 
EAE (Alt et al., 2002). However CCR7 expression on T cells within the paren-
chyma could not be confirmed in MS patients (Kivisakk et al., 2004). Therefore, 
the mechanisms of the local induction and maintenance of autoimmunity through 
the formation of lymphoid follicle-like structures within the CNS needs to be 
further analyzed.

4  Regulation of Chemokines by Inflammatory 
Cytokines in CNS

Given the central roles described for IFNγ and TNFα in MS and other inflammatory 
diseases, it is not surprising that they should emerge as key controllers of 
chemokine production and response. Both have been shown to be critical for 
chemokine-directed immune responses in the CNS. Below we will review the 
regulation of chemokine responses in autoimmune demyelinating disease by 
IFNγ and TNFα.
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4.1 TNFa-Regulated Chemokines in CNS

TNFα is produced within active demyelination lesions of MS patient by T cells, 
microglia and subtypes of peripheral macrophages (Bitsch et al., 1998; Bitsch et al., 
2000). In addition a correlation between severity and progression of disease and ele-
vated levels of TNFα in CSF of MS patients have been found (Sharief and Hentges, 
1991; Drulovic et al., 1997). Mice overexpressing TNFα in astrocytes develop spon-
taneous inflammatory demyelinating disease underscoring the pathological role of 
TNFα (Probert et al., 1995; Akassoglou et al., 1997). Furthermore induction of EAE 
in mice transgenic for TNFα under the control of MBP promoter resulted in a pro-
longed demyelinating disease (Taupin et al., 1997). TNFα production in TMEV-
induced demyelination has been reported as well (Inoue et al., 1996). TNFα mRNA 
expression during the peak of disease is less evaluated during TMEV infection than 
during EAE (Sato et al., 1997). Interestingly, by in vivo and in vitro studies it has been 
shown that susceptible (DBA/2J, SJL/J) as well as resistant (BALB/cByJ, C57BL/6J) 
strains produce TNFα upon TMEV infection (Sierra and Rubio, 1993; Sato et al., 
1997; Chang et al., 2000). However, while Sato et al. reported no statistical signifi-
cant difference of TNFα production between susceptible and resistance strains during 
early disease, Chang et al. observed such a difference (Sato et al., 1997; Chang et al., 
2000). Nevertheless, during late disease continuous expression versus abrogation of 
TNFα production in susceptible and resistant strains respectively, has been observed 
in both studies (Sato et al., 1997; Chang et al., 2000).

Up to now it is well accepted that TNFα is involved in demyelination (reviewed 
in (Kollias et al., 1999) ). It has been shown that TNFα bears immunomodulatory 
functions as well (reviewed in (Kollias et al., 1999; Owens et al., 2001) ), e.g. while 
TNFα deficient B6 mice immunized with MOG showed prolonged demyelination 
5 weeks after immunization, wild type mice were in remission by that time point 
(Kassiotis and Kollias, 2001). This may be a reason why anti-TNFα treatment in 
MS patients not only did not have significant beneficial effect but this therapy, 
while generally safe, and effective against other inflammatory autoimmune dis-
eases, was associated with incidence of encephalitis (van Oosten et al., 1996). The 
multifunctional effects of TNFα have been attributed to the different biological 
activities of its receptors p55 and p75, respectively (reviewed in (MacEwan, 
2002) ). Furthermore the soluble and transmembrane forms of TNFα are proposed 
to contribute in different biological events (Grell et al., 1995). While the transmem-
brane form is thought to have beneficial effects, soluble TNFα is supposed to have 
pro-inflammatory activities in EAE (Ruuls et al., 2001).

Induction of EAE by immunization with MOG and MBP in mice deficient for 
TNFα-resulted rather in a delay than an abrogation of EAE (Korner et al., 1997a; 
Riminton et al., 1998; Kassiotis et al., 1999) indicating that although TNFα is not 
required for the development of EAE, it accelerates the onset of disease. This is 
supported by studies using a p55-TNFα-IgG fusion protein to block the effect of 
TNFα. They demonstrated inhibition or reduced severity of EAE in rats only if the 
fusion protein was administrated prior to onset of disease (Korner et al., 1995, 
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1997b). In addition a failure of leukocyte movement into CNS parenchyma was 
observed in these TNFα-deficient mice (Korner et al., 1997a; Riminton et al., 1998; 
Kassiotis et al., 1999). CCL1/TCA-3, CCL2/MCP-1, CCL3/MIP-1α, CCL4/MIP-
1β, CCL5/RANTES and CXCL2-3/MIP-2 are produced within the spinal cord 
upon TNFα, TNFβ, LTβ, INFγ and TGFβ1 expression (Glabinski et al., 2003a) 
during EAE. One may therefore speculate that TNFα together with other pro-
inflammatory cytokines accelerates the onset of EAE via the induction of chemok-
ines within CNS parenchyma. While intracerebral injection of TNFα induced 
CCL5/RANTES, CCL3/MIP1α, CCL4/MIP-1β and IL-8/MIP-2 production within 
CNS, leukocyte infiltration into parenchyma could not be observed (Glabinski 
et al., 2003b). In addition in vitro studies showed CXCL10/IP-10, CCL2/MCP-1 
and CXCL8/IL8 production by HBECs upon stimulation with supernatants derived 
from MBP specific TH1 cells. This effect was not observed upon stimulation with 
TNFα or INF γ alone (Biernacki et al., 2004). These studies demonstrated that 
TNFα alone is not responsible for the induction of the chemokine cocktail needed 
for cell entry to parenchyma.

The work of Matejuk et al. provided some further insights in the dependency 
of chemokine production on TNFα presence. They demonstrated missing and 
reduced expression of CCL3/MIP-1α CXCL2-3/MIP-2 and CCL5/RANTES, 
CXCL10/IP-10, respectively within spinal cord of TNFα deficient EAE mice 
(Matejuk et al., 2002). In addition Glabinski et al. (2004) published decreased 
expression of CCL3/MIP-1α and CCL4/MIP-1β in murine CNS after blockade of 
TNFα with soluble recombinant fusion construct of TNF receptor:Fc. These studies 
were confirmed by in vitro studies showing CCL2/MCP-1, CCL3/MIP-1α,
CCL4/MIP-1β and CCL5/RANTES production by rat astrocytes and human 
microglia, respectively, upon TNFα stimulation (Guo et al., 1998; McManus et 
al., 1998b). Furthermore, abolition of CCL2/MCP-1 expression in spinal cord of 
mice deficient for the TNF receptor p55 has been observed (Gimenez et al, 2006). 
Taken together these studies point out the interaction between TNFα and the 
chemokines CCL2/MCP-1, CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RANTES. 
Interestingly, infiltrating TH1 cells and macrophages express the receptor for 
CCL3/MIP-1α and CCL5/RANTES, CCR1, during EAE (Glabinski et al., 2002; 
Sunnemark et al., 2003) and CCR1 deficient mice are resistant to the onset of 
EAE (Rottman et al., 2000).

By analyzing chemokine expression in TNFα deficient mice upon EAE 
induction at different time points Murphy et al. delivered some more comprehen-
sion of the relationship between TNFα and chemokine production. They published 
that 2 days before onset of disease the production of CCL1/TCA-3, CCL2/MCP-1, 
CCL6/C10, CCL7/MCP-3, CCL17/TARC and CXCL10/IP-10 was dependent on 
TNFα, while the production of other chemokines was sustained or completely 
independent of TNFα (CCL5/RANTES, CXCL9/Mig and CCL3/MIP-1α, CCL4/
MIP-1β, ˜CCL19/MIP-3β, CCL20/MIP-3α, CCL22/MDC, XCL1/Lymphotactin, 
respectively). Those chemokines which were dependent on TNFα reached almost 
normal levels at the day of onset in TNFα deficient mice compared to wild type 
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(Murphy et al., 2002), indicating that the absence of TNFα is compensated during 
development of EAE.

Nevertheless, the ability of TNFα to induce chemokine production within 
CNS as well in the periphery (Goebeler et al., 1997; Ngo et al., 1999; Janatpour 
et al., 2001) is well accepted. However TNFα and its receptors are expressed by 
infiltrating leukocytes as well as by CNS resident cells (Renno et al., 1995). 
Analysis of the source of TNFα during the development of EAE over time has 
shown that early in disease development, TNFα was mainly produced by micro-
glia with coeval T cell infiltration and CCL5/RANTES, CCL2/MCP-1 and 
CXCL10/IP-10 production. With ongoing development of disease a switch 
occurred where macrophages were the main source of TNFα. The authors con-
cluded that TNFα produced by microglia is the critical stimulus to induce glial 
chemokine production and T cell infiltration (Juedes et al., 2000). However by 
using radiation bone marrow chimeras Murphy et al. demonstrated that TNFα
produced by infiltrating peripheral leukocytes is the essential source for rapid 
induction of chemokine production and EAE (Murphy et al., 2002). Furthermore 
the publication of Gimenez et al. revealed that irradiated TNF receptor p55 defi-
cient mice did not develop EAE after passive transfer of wild type bone marrow 
whereas wild type recipient of TNF receptor p55 deficient bone marrow devel-
oped EAE comparable to non- irradiated mice. The authors concluded that the 
TNFα receptor essential to induce EAE is expressed on glial cells (Gimenez et al., 
2006). One may therefore speculate that blood-derived TNFα stimulates TNF 
receptor positive glial cells to produce chemokines, which results in attracting 
peripheral immune cells to sites of brain inflammation. However, TNFα may also 
synergize with other cytokines to induce the chemokines essential to trigger rapid 
development of EAE. One such candidate is IFNγ, whose expression in CNS is 
itself regulated via TNFRI signaling (Wheeler et al., 2006).

4.2 Interferon-g Regulated Induction of Chemokines in the CNS

Interferon-γ is produced by T cells and natural killer cells, and is generally 
regarded as being absent from the CNS except during inflammation, when 
immune cells enter the CNS in appreciable numbers. In this context, IFNγ can 
promote inflammatory events by inducing expression of a wide variety of genes, 
including other cytokines, adhesion molecules and co-stimulatory molecules, as 
well as chemokines (Boehm et al., 1997). Binding of IFNγ to its receptor induces 
oligomerization and phosphorylation of JAK1 and JAK2, which then phosphor-
ylate STAT-1α. Phosphorylated STAT-1α homodimers bind to DNA elements, 
the IFNγ-activated sites (GAS), upstream of target genes (Ransohoff and Tani, 
1998; Huang et al., 2000). The genetic response to IFNγ signalling is rendered 
more complex by contributions of additional upstream regulators (interferon-
stimulated response elements, ISRE) and intermediary factors (ie. interferon 
regulatory factor-1). These elements are directly implicated in the transcription 
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of multiple chemokines, including CXCL10 (interferon-inducible protein of 
10 kDa) (Ohmori and Hamilton, 1993), CXCL9 (monokine induced by IFNγ)
(Ohmori et al., 1997) and CXCL11 (interferon-inducible T cell α chemokine) 
(Cole et al., 1998). There is evidence that IFNγ can also enhance expression of 
certain chemokine receptors, for example CXCR4 and CCR5 (Croitoru-Lamoury 
et al., 2003), and CXCR3 (Nakajima et al., 2002). IFNγ can act with other inflam-
matory signals to further drive induction of chemokine expression, as shown by 
the example of synergy with TNFα to induce CXCL10 expression via p48/
STAT-1α complexes and NFκB (Majumder et al., 1998). This emphasizes that 
during CNS inflammation IFNγ does not act in isolation, but rather in concert 
with a multitude of other inflammatory signals.

4.2.1 IFNg in MS

IFNγ in the CNS has generally been regarded as playing a pro-pathogenic role in 
CNS inflammation. IFNγ is detectable in MS lesions (Traugott and Lebon, 1988), 
and in a clinical trial with MS patients, treatment with IFNγ was associated with an 
increased relapse rate (Panitch et al., 1987). The IFNγ-inducible chemokines 
CXCL9 and CXCL10 and their receptor CXCR3 (Simpson et al., 2000b) are 
expressed in MS lesions. IFNγ is also present in the CNS during TMEV (Rubio and 
Torres, 1991; Kohanawa et al., 1993), along with several IFNγ-inducible chemok-
ines (Hoffman et al., 1999; Murray et al., 2000; Theil et al., 2000; Ransohoff et al., 
2002). In vitro, CXCL10 and CCL5 were induced in primary rat astrocytes infected 
with TMEV, and this result could be replicated by applying IFNγ to uninfected 
cultures (Palma and Kim, 2001).

4.2.2 IFNg in EAE

IFNγ production in the CNS correlates with the severity of EAE, appearing prior 
to onset of clinical symptoms, and declining during remission (Renno et al., 
1995; Juedes et al., 2000). Numerous reports have described expression of a mul-
titude of chemokines during EAE (Ransohoff et al., 1993; Tani and Ransohoff, 
1994; Godiska et al., 1995; Eng et al., 1996). Given the complex milieu of 
immune signals present during CNS inflammation, it is difficult to understand the 
contribution of any single component to the inflammatory process. Several stud-
ies have attempted to address the question of whether a given chemokine or 
receptor is redundant or essential for the inflammatory process using antibody 
blockade and knockout animals. These studies have sometimes led to contradic-
tory and confusing results. For example, antibody blockade of CCL2 was shown 
to inhibit EAE, but CCL2 knockout mice were just as susceptible to disease as 
wild types (Karpus et al., 1995; Tran et al., 2000a). Nevertheless, despite the 
wealth of studies associating IFNγ and IFNγ-induced chemokines with inflamma-
tory processes, there is evidence that IFNγ may play a regulatory, disease-limiting 
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role in CNS inflammation. Greater numbers of IFNγ-secreting T cells are present 
in the CNS of TNFα-receptor-I knockout mice with EAE, compared to wild 
types, despite the fact that disease in the knockout is more mild, with delayed 
onset (Wheeler et al., 2006). Antibody depletion of IFNγ exacerbated EAE 
(Billiau et al., 1988; Duong et al., 1992). Antibody depletion of IFNγ also ren-
dered resistant C57Bl/6 mice susceptible to TMEV infection and exacerbated 
disease in SJL mice (Pullen et al., 1994; Rodriguez et al., 1995). TMEV-resistant 
129Sv mice lacking the IFNγ receptor developed severe demyelination and 
neurological signs (Fiette et al., 1995).

4.2.3 Studies of EAE in Mice Lacking IFNg or its Receptor

Striking evidence of an immunoregulatory role for IFNγ has come from studies of 
EAE in mice lacking IFNγ or its receptor. IFNγ−/− (GKO) mice are more suscepti-
ble to EAE than WT mice, and develop a severe lethal disease, with disseminated 
immune cell infiltration dominated by neutrophils (Ferber et al., 1996; Krakowski 
and Owens, 1996; Tran et al., 2000b). The characteristic phenotype of EAE in the 
GKO mouse is associated with differences in chemokine expression. The T cell-
attracting chemokines CXCL10, CCL5 and CXCL11 were expressed at low levels 
or were undetectable in CNS of GKO mice with EAE, despite being strongly 
induced in EAE in the wild-type (Glabinski et al., 1999; Tran et al., 2000b; 
Hamilton et al., 2002). Conversely, neutrophil-attracting CXCL2 and CCL1 were 
substantially upregulated in CNS of these mice during disease (Tran et al., 2000b; 
Hamilton et al., 2002). A similarly severe disease phenotype, with a similar shift in 
chemokine expression is seen during EAE in mice lacking the IFNγ receptor 
(Willenborg et al., 1996; Tran et al., 2000b). These findings suggest that expression 
of certain chemokines during CNS inflammation is dependent on IFNγ signalling. 
The fact that this result persists despite differences in the background strain 
used in different studies argues for a central role for IFNγ in shaping chemokine 
responses.

Recent work from our lab has involved the administration of IFNγ to the CNS 
with the use of a viral vector administered intrathecally via the cisterna magna, to 
examine the influence of IFNγ on chemokine expression without the confounding 
effects of the multitude of other signals present during inflammation. Using this 
approach we have demonstrated that IFNγ can induce expression of selected 
chemokines (CXCL10 and CCL5) in meningeal and ependymal cells as well as 
astrocytes and microglia in the CNS parenchyma [Millward et al., 2007]. This 
IFNγ-induced expression of chemokines in the CNS was not associated with 
inflammation. When an infectious stimulus, pertussis toxin, was administered intra-
peritoneally, there was a significant increase in influx of immune cells to the CNS, 
as detected by flow cytometry, but this increase was not associated with histologi-
cally-detectable foci of inflammation. This argues for synergy between central 
IFNγ-directed chemokine expression and peripheral stimuli to promote entry of 
immune cells into the CNS.
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4.3 Transgenic Models

Another elegant example of a peripheral infectious stimulus synergizing with 
central production of a chemokine to promote immune cell entry into the CNS is 
offered by transgenic mice expressing CCL2 in the CNS. Expression of CCL2 
(a chemokine which can be induced by IFNγ (Zhou et al., 2001) ) in oligodendro-
cytes under the control of the MBP promoter led to a dramatic accumulation of 
mononuclear cells, confined to the perivascular regions of the CNS, and not pen-
etrating into the parenchyma, which could be augmented by intraperitoneal injec-
tion of LPS (Fuentes et al., 1995). Mice expressing CCL2 in astrocytes under the 
control of the GFAP promoter showed dramatic leukocyte infiltration, but only 
upon peripheral administration of pertussis toxin and complete Freund’s adjuvant 
(CFA) (Huang et al., 2002). A similar theme is echoed in the example of trans-
genic expression of a another IFNγ-inducible chemokine, CXCL10, in astrocytes. 
GFAP promoter-driven expression of CXCL10 was associated with perivascular, 
meningeal and periventricular infiltration of predominantly neutrophils, but with-
out overt pathology or clinical impairment (Boztug et al., 2002). When CFA and 
pertussis toxin were administered peripherally, there was a marked increase in the 
extent of immune infiltration, and a transient increase in the expression of 
cytokine and chemokine genes (Boztug et al., 2002). These results suggest that 
other factors may be required to fully activate the immune cells recruited to the 
CNS by CXCL10, and that the presence of CXCL10 in the CNS does not per se 
have a direct negative consequence on CNS cells.

Transgenic expression of another IFNγ-inducible chemokine in the CNS also 
led to neutrophil infiltration of the CNS. MBP promoter-driven expression of 
KC/CXCL1 in oligodendrocytes led to perivascular, meningeal and parenchymal 
infiltration of neutrophils (Tani et al., 1996). In this case mice demonstrated 
neurological signs, including postural instability and rigidity, ataxia, terminal 
wasting and ultimately decreased lifespan (Tani et al., 1996). Histopathology 
revealed microglial activation and disruption of the blood–brain barrier, but no 
evidence of axon disruption or dysmyelination (Tani et al., 1996). By contrast, 
transgenic expression of CCL21 in the CNS had profound consequences on 
myelin. Expression of CCL21 in oligodendrocytes led to severe neurological 
disease and death by 4 weeks of age (Chen et al., 2002). Histopathology 
revealed scattered leukocyte infiltration consisting mainly of neutrophils and 
eosinophils (but not lymphocytes), along with astrocyte and microglial activa-
tion. These mice showed hypomyelination and evidence of myelin breakdown 
producing spongiform myelinopathy (Chen et al., 2002). The severity of these 
effects and their relatively early onset reveal that chemokines can play a 
substantial role in facilitating normal developmental processes such as myelina-
tion, as well as their roles in directing leukocyte traffic during inflammation. 
The fact that transgenic expression of CCL19, a chemokine very similar to 
CCL21, did not produce any results underscores the exquisite specificity of the 
chemokine system (Chen et al., 2002).
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Results from the transgenic studies emphasize that chemokines play a role in 
promoting the migration of immune cells into the CNS. In some cases this can lead 
to pathological consequences (CCL21, CXCL1/KC) but for other chemokines, 
additional immune stimuli such as pertussis toxin or CFA are required to produce 
pathological consequences. Similarly, virally-driven expression of IFNγ in the CNS 
can promote chemokine expression, and can synergize with pertussis toxin to drive 
immune cell entry into the CNS, but this also does not necessarily lead to inflam-
matory pathology. Data obtained from studies of EAE in the absence of IFNγ or its 
receptor indicate that IFNγ can have a disease-limiting role, likely due at least in 
part to its regulation of chemokine expression, and subsequent influence on leukocyte 
trafficking into the CNS.

5 Chemokines in Myelination

There is evidence that chemokines and their receptors are evolutionarily con-
served, and that their chemotactic actions play a vital role in developmental 
processes (Huising et al., 2003; DeVries et al., 2006). In particular, chemokines 
are involved in helping to orchestrate the migration, proliferation and differen-
tiation of oligodendrocyte precursor cells (OPCs) to myelinate axons in the 
developing CNS. CXCL1/KC enhanced proliferation of OPCs in culture, and 
spatial and temporal correlation of CXCL1/KC expression with developing 
myelin was observed in the ventral and dorsal postnatal spinal cord (Robinson 
and Franic, 2001). It is proposed that CXCL1/KC produced in a targeted man-
ner by astrocytes and neurons acts synergistically with the principle OPC 
mitogen platelet-derived growth factor, which is present throughout (Robinson 
and Franic, 2001). CXCL1/KC was shown in vitro to inhibit spinal cord OPC 
migration and enhance cell-cell interaction, and this effect could be suppressed 
by antibody blockade of the receptor for CXCL1/KC, CXCR2 (Tsai et al., 
2002). CXCL1/KC inhibited embryonic OPC migration when applied to rat 
E14 slice cultures, and wild-type OPCs microinjected into postnatal slice cul-
tures arrested migration, while OPCs from CXCR2 knockouts (or wild-type 
cells in the presence of anti-CXCR2 blocking antibody) dispersed throughout 
the tissue (Tsai et al., 2002). Spinal cords of CXCR2 knockouts had reduced 
numbers of mature oligodendrocytes, which were abnormally distributed in the 
peripheral regions, accompanied by reduced and abnormal distribution of 
MBP-positive myelin (Tsai et al., 2002).

Other chemokines are also reported to influence OPCs. CXCL1/KC, CXCL8/
IL-8, CXCL12/SDF-1α, and CCL5/RANTES (but not CCL2-MCP-1) increased 
proliferation of a murine OPC-like cell line Oli-neu, as well as mixed primary corti-
cal cultures (Kadi et al., 2006). CXCL1/KC, CXCL8/IL-8 and CXCL12/SDF-1α
also promoted MBP synthesis in these cultures in a dose dependent manner (Kadi 
et al., 2006). Nevertheless, some apparently contradictory reports have yet to be 
resolved. Maysami et al. (2006) reported that rat primary OPCs express CXCR4, 
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and that CXCL12 blocked migratration, and while Dziembowska et al. (2005) 
showed CXCR4 expression on mouse OPCs, they reported that CXCL12 promoted 
migration.

Understanding the involvement of chemokines in regulating normal myelin 
development may lead to greater understanding of how to promote remyelination 
in the context of disease. For example, rapid demyelination can be induced experi-
mentally by injection of lysophosphatidylcholine into mouse spinal cord. In 
response to this intervention, there was rapid transient induction of CCL2/MCP-1 
and CCL3/MIP-1α, as well as GM-CSF and TNFα (Ousman and David, 2001). 
Administration of function-blocking antibodies to these molecules suppressed 
recruitment of T cells, neutrophils, monocytes, and phagocytic macrophages, and 
reduced the extent of demyelination after lysophosphatidylcholine injection 
(Ousman and David, 2001).

Fig. 9.1 Schematic to summarize the major points covered in this chapter. Demyelinating disease 
results primarily from entry of leukocytes to the CNS, which is directed by chemokines acting on 
receptors specifically expressed by leukocyte subsets such as T cells, B cells and macrophages. 
Neutrophils are not shown in the figure, for greater simplicity. The cytokines TNFα and IFNγ
induce selected chemokines, these are indicated in boxes for each cytokine. Remyelination is 
portrayed as an intra-CNS event, the role of chemokines being to direct migration of oligodendro-
cyte precursor cells (OPC) (See Color Plates).
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6 Conclusions

One of the potential pitfalls of reviewing a biological field as complex as the world 
of chemokines, is that whatever aspect one sets out to cover, there are multiple others 
that also play an important role. The more one attempts to isolate chemokines from 
the myriad other players in immune infiltration, neuroimmune demyelination and 
neurobiological myelination and remyelination, the less completely one can treat 
the topic. Furthermore, we are aware that we could not cite all of the relevant literature
for reasons of space and we apologize to those colleagues whose work we were not 
able to include. The issues we hope to have shone some light on in this chapter 
relate to the role played by chemokines in directing cellular migration and activa-
tion, not just of immune cells but also of cells resident in the CNS, and the role of 
cytokines in directing the expression of those chemokines and their receptors. The 
major points that we have covered are summarized in Fig. 9.1. Chemokines clearly 
play a pivotal role in the CNS, represent an obvious target for therapeutic interven-
tions and are likely to generate as much if not more interest in the coming decade 
as in the last.
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Chemokine Actions in the CNS: Insights 
from Transgenic Mice

Marcus Müller and Iain L. Campbell

1 Introduction

Historically the central nervous system (CNS) has been viewed as a relatively 
immune sheltered tissue. Under physiological conditions the CNS is devoid of 
leukocytes, including professional antigen presenting cells (APC), is deficient in 
key immune accessory molecules such as major histocompatibility molecules 
(MHC) and is protected by an effective blood brain barrier. Significantly, however, 
in numerous pathological states including infectious diseases and autoimmune 
disorders (e.g. multiple sclerosis) immune cells are effectively recruited to and 
infiltrate in the CNS. This immune response can be a two-edged sword required on 
the one hand to control infection and facilitate tissue repair and regeneration but 
on the other causing tissue injury that can result in life threatening complications. 
Therefore, understanding the mechanisms that control the trafficking of leukocytes 
to the CNS and the subsequent interactions between these cells that contribute to 
tissue injury has significant implications.

Key to our understanding of the mechanisms that govern leukocyte trafficking 
has been the relatively recent discovery of a large super-family of mostly small 
proteins (termed chemokines) that are leukocyte chemoattractant molecules (for 
reviews see (Rot and von Andrian, 2004; Charo and Ransohoff, 2006). The chem-
okines are grouped in four subfamilies, CXC, CC, C, and CX3C, based on the 
arrangement of NH2-terminal cysteine amino acids. It is now clear that chemokines 
have major roles in regulating leukocyte migration to the brain in inflammatory 
disease states (Engelhardt, 2006; Rebenko-Moll et al., 2006). The chemokine gene 
super-family can be further divided into two broad groups based on their gene expression
properties. The first group are the constitutively expressed chemokines of which 
the CXC family chemokine CXCL12 (SDF-1) and the CX3C family member 
CX3CL1 (fractalkine) are the best characterized. In contrast to the constitutively 
expressed chemokines, a second larger group of chemokines consisting of many 
members of both the CXC and CC families, are not detectable under normal conditions
in most non-immune tissues including the brain. However, abundant CNS production
of chemokines belonging to this second group is found following a variety of insults
including trauma, ischemia, infection and inflammation. The induction of these 
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chemokines following such insults can be mediated by a number of factors including 
microbial products (e.g., LPS) and host defense molecules such as cytokines (e.g., 
IL-1, IFN-γ and TNF). Cells intrinsic to the nervous system, including neurons, the 
macroglia and microglia, all have the ability to produce different chemokines 
(reviewed in Asensio and Campbell (1999) and Ubogu et al. (2006) ). Moreover, 
the surfaces of these same cells are decorated with a variety of different chemokine 
receptors. Thus, the CNS seemingly has its own chemokine ligand/receptor network,
which is consistent with the growing awareness that the function of chemokines 
could extend well beyond the regulation of leukocyte trafficking in the brain 
(Asensio and Campbell, 1999; Mennicken et al., 1999).

So it can be seen that the CNS biology of the chemokines is likely to extend well 
beyond the singular function of leukocyte chemotaxis. A number of important 
questions are therefore raised concerning the functions of the chemokines in the 
CNS. Some key questions include: (1) Do the presence of chemokines in different 
disordered states reflect their primary involvement or is an epiphenomenon? (2) Is 
there a cause and effect relationship between the production of a particular 
chemokine (or chemokines) and the development of specific molecular and cellular 
neuropathological alterations? (3) What are the mechanisms that underlie chemokine-
mediated actions in the CNS? (4) Could manipulation of the chemokines or their 
receptors be used as a rational means for therapeutic intervention? To begin to 
address these questions experimental approaches are required that are non-invasive 
and organism-based. Of particular significance in this regard has been the application
of genetic engineering technology that has permitted the germline transmission of 
foreign genes (transgenes) in the mouse. This is accomplished via a fusion gene 
construct (transgene) in which the gene of interest is placed under the transcriptional
control of a cell-specific promoter. The transgene is then introduced (most commonly
by microinjection) into the pronucleus of fertilized eggs, which are then implanted 
in the oviduct of pseudopregnant recipient mice. The transgenic approach has a 
number of advantages over other approaches such as intracerebral infusion or in 
vitro cell culture. Transgenic modeling allows the prolonged, reproducible delivery 
of a specific pure protein to specific cells in the intact CNS. The actions of the 
transgene product are exerted and can be assessed in a milieu where the anatomic 
and physiologic interactions of the CNS are preserved. Moreover, individual lines 
of mice in which the transgene is stably integrated into the genome can be developed
and provide an unrestricted source of animals identical for the introduced genetic 
and molecular alteration, hence permitting systematic multi-level analysis of patho-
logical, electrophysiological, neuroendocrinological and behavioral manifestations. 
For more detailed reviews of these techniques see (Galli-Taliadoros et al., 1995; 
Campbell and Gold, 1996; Campbell et al., 1998).

The application of genetically-manipulated animal models to study the CNS 
biology of the chemokines and their receptors has emerged as an important experi-
mental approach. In this chapter, we will discuss findings from studies based on 
the use of CNS-chemokine transgenic models. In particular, we will focus on the 
contribution that these models have made to our understanding of the basic functions
and mechanisms of actions of chemokines in the CNS.
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2 Transgenic Production of Chemokines in the CNS

As mentioned in the preceding, a great many chemokines belonging in particular to 
the CXC and CC families are known to be induced in the brain during a variety of 
different pathologic states (Asensio and Campbell, 1999; Ransohoff, 2002; 
Rebenko-Moll et al., 2006; Ubogu et al., 2006). The consequences of chemokine 
expression in the unmanipulated CNS and in some cases in stimulus-evoked 
disease models have been examined in transgenic mice with CNS-targeted expression
of specific chemokines. A summary of the salient features of transgenic models in 
which CNS-specific promoter constructs were used to drive expression of a specific 
chemokine gene is given in Table 1 and will be outlined in more detail in the 
following commentary.

2.1 CXCL1(GRO-a /KC/N51)

The chemokine CXCL1 (also known as GRO-α/KC/N51) contains an N-terminal 
ELR-amino acid motif and belongs to the CXC-chemokine family. CXCL1 binds 
to the CXCR2 receptor found predominantly on the surface of neutrophils. Not 
surprisingly, CXCL1 is a potent neutrophil chemoattractant. That this chemokine 
has a wider function in the CNS is supported by numerous studies. Cells intrinsic 
to the CNS including neurons (Horuk et al., 1997), astrocytes (Danik et al., 2003; Flynn
et al., 2003), microglia (Filipovic et al., 2003; Flynn et al., 2003), oligodendrocyte 
precursor cells (Nguyen and Stangel, 2001) and mature oligodendrocytes (Omari 
et al., 2006) have been reported to have the CXCR2 receptor. A role for CXCR2/
CXCL1 interaction is documented in rodents in the development and maintenance 
of the oligodendrocyte lineage, myelination, and white matter in the neonatal and 
adult CNS (Padovani-Claudio et al., 2006).

The CNS function of this chemokine was examined in transgenic mice by plac-
ing the CXCL1 gene under the transcriptional control of the myelin basic protein 
(MBP) promoter (Tani et al., 1996). In the resulting transgenic mice (termed MBP-
KC) transgene-encoded mRNA levels were coincident with the developmentally-
regulated pattern of endogenous MBP, peaking at 2–3 week of age, before declining 
to low levels characteristically seen in adult brain. During the period of maximal 
transgene expression, the brain of MBP-KC mice was heavily infiltrated with 
neutrophils that accumulated in perivascular, meningeal and parenchymal sites. At 
this time, despite loss of blood brain barrier (BBB) integrity and focal gliosis, there 
was no evidence of brain tissue destruction nor did affected animals display abnormal
neurological signs. These results underscore the ability of CXCL1 to promote 
neutrophil migration to and extravasation in the CNS. However, the absence of any 
tissue destruction suggests that this chemokine does not activate the neutrophils.

Curiously, in one high transgene expressing line, from > 40 days of age, mice 
exhibited a syndrome of progressive neurological dysfunction consisting of slowing 
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of the righting reflex, clumsiness, increase of rigidity of the hindlimbs and tail and 
profound truncal instability. The major neuropathological findings were florid 
microglial activation and BBB disruption without dysmyelination. Despite the 
severity of this neurological disorder (which resulted in premature death), there was 
no histological evidence of damage to neurons, myelin or axons. Although the basis 
for the neurological dysfunction developing in the MBP-KC mice is unknown, Tani 
et al. (1996) speculated that this might be due to the glial and BBB perturbations. 
It is also possible as the authors suggested that chronic exposure of neurons to the 
chemokine may directly compromise their function. In support of such a mecha-
nism, CXCL1 can enhance both stimulus-evoked and spontaneous postsynaptic 
currents (Ragozzino et al., 1998), and increase neurotransmitter release and reduce 
long-term depression (Giovannelli et al., 1998), in Purkinje neurons. On the other 
hand, despite accumulating evidence that CXCL1 influences oligodendrocyte pre-
cursor cell and differentiated oligodendrocyte function both in vitro and in vivo, 
surprisingly, MBP-KC mice were reported to exhibit normal CNS myelination both 
in the acute and chronic disorders (Tani et al., 1996).

2.2 CXCL10 (IP-10)

CXCL10 (also known as IP-10) belongs to a sub-family of chemokines that include 
CXCL9 (MIG) and CXCL11 (ITAC) within the CXC family. Unlike CXCL1, 
the chemokines in this sub-family lack the N-terminal ELR-amino acid motif. Expression 
of the CXCL9, CXCL10 and CXCL11 genes is induced by the cytokine IFN-γ and 
all three chemokines bind to a common receptor, CXCR3. High levels of CXCR3 
can be found principally on activated CD4+ Th1 and CD8+ T-cells and NK-cells 
(Taub et al., 1993, 1996a; Hopkins and Rothwell, 1995; Liao et al., 1995; Loetscher 
et al., 1996; Cole et al., 1998). In keeping with this cellular receptor distribution, 
CXC9, CXCL10 and CXCL11 all promote the trafficking of these immune cells in 
vitro and are strongly implicated in the generation of type I immune responses 
associated with anti-viral host defense, transplant rejection and autoimmunity 
(Liu et al., 2005). Evidence from rodent studies indicate that a functional CXCR3 
receptor exists on microglia (Rappert et al., 2004) and neurons (Nelson and Gruol, 
2004). Descriptive studies confirm the presence of high levels of CXCL10 RNA 
and protein, particularly in astrocytes and neurons, in a variety of experimental and 
human neurological diseases including viral infection and autoimmune diseases
(Klein, 2004; Liu et al., 2005).

A transgenic mouse model was developed in which the GFAP promoter was 
used to accomplish astrocyte-targeted production of CXCL10 (see Fig. 10.1) 
(Boztug et al., 2002). Astrocyte-localized production of the GFAP-transgene 
encoded CXCL10 RNA was confirmed while production of CXCL10 at the 
protein level was demonstrated by immunoblotting. The levels of these trans-
gene-encoded products were shown to be similar to levels of the endogenous 
CXCL10 induced following viral infection of the mouse brain confirming the 
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pathophysiological relevance of this model. These GFAP-CXCL10 transgenic 
mice bred normally and appeared physically unimpaired. Histological evaluation 
of the brain revealed a predominantly subarachnoidal and meningeal accumulation 
of mixed leukocytes with only minor parenchymal infiltration (see Fig. 10.2). 
The accumulation of leukocytes in the brain of these transgenic mice was mark-
edly amplified by systemic immune challenge after immunization with complete 
Freund’s adjuvant and pertussis toxin. Immunophenotypic characterization of 
these infiltrates revealed surprisingly, that the majority of infiltrating leukocytes 

Fig. 10.1 Generation of transgenic mice with CXCL10 gene production targeted to astro-
cytes. A cDNA encoding murine CXCL10 was inserted downstream of the murine GFAP pro-
moter and upstream of a human growth hormone (hGH) polyadenylation signal sequence. This 
transgene construct was microinjected into the germ line of mice to generate a stable transgenic 
line. The presence of CXCL10 gene expression in astrocytes (lower panel) was confirmed by in 
situ hybridization for CXCL10 RNA combined with immunohistochemistry for GFAP protein. 
Note that some CXCL10 RNA positive astrocytes (black arrows) extend processes (blue arrows) 
to a blood vessel (asterisk) that is close by (See Color Plates).
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were neutrophils and macrophages with a minority being represented by CD+ T-
cells. These observations suggest that constitutive astrocyte production of 
CXCL10 in the CNS does not provide an effective signal for the recruitment 
of T-cells from the periphery. This conclusion is in keeping with the findings 
from more recent reports that found that mice deficient for CXCL10 exhibit simi-
lar clinical and pathological outcomes as wild type controls for experimental 
autoimmune encephalomyelitis (EAE-a CD4 + T-cell-mediated disease) (Klein et 
al., 2004) as well as murine hepatitis virus encephalitis (Stiles et al., 2006).

The finding that neutrophils were preferentially recruited to the CNS of the 
GFAP-CXCL10 transgenic mice was unexpected since these cells were not known 
to have CXCR3. This point was confirmed by the studies of Boztug et al. (2002) 
who used fluorescence activated cell sorting analysis to show that the neutrophil 
population present in the CNS of the GFAP-CXCL10 transgenic mice were 
CXCR3 negative. Moreover, the results of a survey of the cerebral expression of a 
large number of other chemokines including ELR-CXC chemokines known to have 
neutrophil chemoattractant properties proved unremarkable. Therefore, the basis 
for the preferential accumulation of neutrophils in the brain of the transgenic mice 
is unknown. In all, these findings argue for a CXCR3-independent chemoattractant 
mechanism mediated by CXCL10 for the recruitment of neutrophils to the brain. It 
is interesting to note that an alternative receptor for CXCL10 has been reported on 
endothelial and epithelial cells (Soejima and Rollins, 2001). However, the identity 
of this novel CXCL10 binding moiety and its functional signature is currently 
unknown.

Of further note in these GFAP-CXCL10 transgenic mice was the lack of any 
gliosis or degenerative features that would be expected if there existed a destructive 
immunoinflammatory response in the CNS. So while constitutive, astrocyte-targeted
production of CXCL10 can promote the recruitment of leukocytes to the CNS, this 
chemokine lacks the ability to further influence these cells, in particular, to drive 

Fig. 10.2 Histological evaluation of the brain from GFAP-CXCL10 transgenic mice. A. appearance 
of a perivascular leukocyte infiltrate in the meninges (haematoxylin and eosin stained section; 
original magnification ×100). B. numerous neutrophils were observed (arrows) in the leukocyte 
infiltrates, (haematoxylin & eosin stained section; original magnification ×1,000) (See Color Plates).
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a functional immune response. Moreover, although there are reports that a func-
tional CXCR3 exists on neurons (Nelson and Gruol, 2004) and microglia (Rappert 
et al., 2004) in the rodent CNS, there would seem to be little effect of CXCL10 on 
these cells in this transgenic model. A possible explanation for this lack of effect of 
CXCL10 is that there is desensitization to the chemokine through CXCR3 
downregulation. In support of this idea, hippocampal slices from wild type but 
not GFAP-CXCL10 transgenic mice in response to acute exposure to recombinant 
CXCL10 protein were shown to exhibit altered synaptic plasticity that was CXCR3-
dependent (Vlkolinsky et al., 2004).

Interestingly, the role of CXCL10 as an effective T-cell chemoattractant may 
depend on the tissue in which the chemokine is produced. In contrast to the CNS, 
transgenic production of CXCL10 targeted to the beta cells of the islets of 
Langerhans induced spontaneous infiltration of large numbers of CD4 + and CD8 
+ T-cells around the islets (Rhode et al., 2005). Moreover, islet CXCL10 production 
markedly accelerated a stimulus-evoked autoimmune process by enhancing the 
migration of antigen-specific T-cells to the islets resulting in the development type 
I diabetes.

2.3 CCL2 (MCP-1)

The chemokine CCL2 (also known as MCP-1 and JE) was first identified as a 
monocyte attracting chemokine (Rollins, 1991; Rollins et al., 1991) but also has 
been shown to attract a wide variety of other leukocytes, including, activated 
T-cells, dendritic cells, mast cells and basophils (Taub et al., 1996b; Gunn et al., 
1997; Siveke and Hamann, 1998). Although CCL2 binds to a number of CC recep-
tors the primary receptor for this chemokine is CCR2. Cells within the CNS including 
astrocytes and microglia have been shown to be positive for CCR2 (Banisadr et al., 
2002), while the ligand is produced by astrocytes (Ransohoff et al., 1993; Glabinski 
et al., 1996). CCL2 is implicated in the pathogenesis of a wide variety of experi-
mental and human neurodegenerative and immune-mediated disorders (Cartier 
et al., 2005).

The first transgenic model developed to achieve CCL2 production in the CNS of 
mice employed the MBP-promoter to drive expression of the CCL2 gene in 
oligodendrocytes (Fuentes et al., 1995). Temporal expression of transgene-encoded 
CCL2 RNA followed that of endogenous MBP peaking between the second and 
third post-natal week before declining. In addition, CCL2 protein was demon-
strated to be present in the brain of the transgenic but not wild type mice during 
peak transgene gene expression. In concordance with the temporal profile of trans-
gene-encoded CCL2 production, discrete monocytic cell infiltrates were observed 
throughout the brain predominantly in perivascular sites in the meninges, choroid 
plexus, and brain parenchymal white matter. The intensity of these infiltrates could 
be increased as well as further parenchymal infiltration stimulated, following systemic
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LPS administration to the MBP-MCP1 transgenic mice. Importantly, there was no 
evidence of either spontaneous or stimulus-evoked CNS injury, particularly in 
white matter, in these transgenic mice. The observations in this model confirmed 
the potent monocyte chemoattractant properties of CCL2 and further indicate that 
while CCL2 can provide a signal for the recruitment of these cells to the CNS, 
the chemokine does not directly stimulate these cells to engage in an active inflam-
matory process.

However, a more recent study using these transgenic mice revealed that a 
systemic injection of pertussis toxin can induce a reversible encephalopathy with 
clinical signs, including tremor, inactivity, limb clasping and weight loss (Toft-
Hansen et al., 2006). Encephalopathic signs were correlated with a more diffuse 
distribution of monocytes, which were less restricted to the perivascular space sug-
gesting a role for the inflammatory process in the clinical symptoms. However the 
pathological basis for the physical impairments in these mice was not determined 
and it therefore remains unclear whether tissue injury was also involved. Increased 
levels of metalloproteinases were found in pertussis toxin treated MBP-CCL2 trans-
genic mice, suggesting a critical need for metalloproteinases for the parenchymal 
infiltration of the monocytes. Weight loss and parenchymal infiltration, but not 
perivascular accumulation, were markedly resolved by the broad-spectrum metal-
loproteinase inhibitor BB-94/Batimastat. The findings suggest that a critical event 
in inducing disease in this model is metalloproteinase-dependent leukocyte migration
across the astroglial basement membrane of the blood–brain barrier, which is 
induced by pertussis toxin.

As noted above, astrocytes but not oligodendrocytes have been found to be a 
major source of CCL2 in various CNS pathologies. The production of CCL2 
under the control of the MBP-promoter follows a similar temporal pattern as the 
endogenous gene and produces a spike of CCL2 activity. The delivery of maximal 
transgene-derived CCL2 in this model occurs during a developmentally sensitive 
period before subsiding making this model less relevant for studying the effects 
of CCL2 on the adult brain. In order to address these issues, Huang and co-workers 
generated transgenic mice with astrocyte-targeted expression of the CCL2 gene 
driven by the human GFAP promoter (Huang et al., 2002, 2005). These GFAP-
CCL2 transgenic mice produced CCL2 in the CNS at levels similar to those pro-
duced during EAE, yet, these animals exhibited little spontaneous inflammation. 
This contrasts with the MBP-CCL2 transgenic mouse model in which widespread 
and marked perivascular accumulation of monocytes was seen. The explanation 
for this difference between these models is not clear but it may reflect the chronic 
and more generalized production of high levels of CCL2 in the case of the GFAP-
CCL2 transgenic mice. However, systemic immunization with complete Freund’s 
adjuvant and injection of pertussis toxin induces a transient encephalopathy with 
elevated levels of IFN-γ and IL-2 in the GFAP-CCL2 transgenic mice. Interestingly, 
the encephalopathy was less severe in CCL2 transgenic mice on a T-cell deficient 
background, indicating the involvement of T-cells and not only monocytes in the 
observed encephalopathy (Huang et al., 2002). Moreover, this phenotype was 
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shown to be dependent on CCR2 indicating that under these conditions CCR2 is 
the principal receptor for CCL2 in the murine CNS. Although a number of studies 
have suggested that CCR2 activation in the periphery downregulates Th1-T-cell 
development and can augment Th2-T-cell development (Daly and Rollins, 2003), 
the findings in the GFAP-CCL2 transgenic mouse indicate that in the CNS, CCL2 
may recruit Th1 T-cells or direct T-cell polarization toward type 1 cytokine pro-
duction. This concept is also supported by the finding that mice deficient for the 
CCL2 receptor, CCR2, are resistant to the development of the CD4+ T-cell-medi-
ated autoimmune disease, EAE (Fife et al., 2000). However, in findings that are 
difficult to reconcile with these conclusions, it has been reported that GFAP-CCL2 
transgenic mice developed significantly milder EAE disease than littermate controls 
(Elhofy et al., 2005). Antigen-specific T-cells recovered from the GFAP-CCL2 
transgenic mice showed decrease proliferative response to autoantigen and 
secreted less IFN-γ and had lower levels of IL-12 receptor RNA. These studies 
suggest that rather than augmenting Th1 cells, that chronic CCL2 production in 
the CNS impairs the function of these cells.

Although it has been possible to produce stimulus-evoked encephalopathy in 
MBP- and GFAP-CCL2 transgenic mice by systemic innate immune challenge 
these disorders are largely transient and therefore do not model the increased 
levels of CNS CCL2 that have been reported to occur in chronic neurological 
diseases such as human immunodeficiency virus type 1-associated dementia, 
amyotrophic lateral sclerosis, and multiple sclerosis. However, Huang et al. 
(2005) report from a more recent study that GFAP-CCL2 transgenic mice develop 
a spontaneous, delayed encephalopathy from > 7 months of age. These mice pre-
sented with loss of weight, a hunched posture, slow response to tactile stimuli and 
a flaccid tail. Some animals even developed a hind-limb paralysis at > 12 months 
of age. The brain exhibited perivascular infiltrates made up of activated macro-
phages, microglia with morphological activation, and impaired BBB. Surprisingly, 
no evidence was found for demyelination or of reduced neurons, axons, or synapses
of neural components. Microglia in the GFAP-CCL2 transgenic mice, despite the 
appearance of activation and increased CD45 immunoreactivity, were found to 
be defective in their response to environmental stimuli in vitro. The Authors 
propose that chronic elevation of CCL2 in the CNS leads to desensitization of 
CCR2 and microglial dysfunction.

Further support for the notion that chronic CCL2 leads to microglial dysfunction 
comes from a study by Yamamoto et al. who generated bigenic GFAP-CCL2/tg 
2576 mice that, in addition to chronic CCL2, also overproduce a mutant amyloid 
precursor protein (APP) in the CNS (Yamamoto et al., 2005). These workers 
found a significant increase in amyloid deposition in CCL2/APP bigenic mice 
compared with APP singly transgenic mice. Despite being accompanied by an 
increase in lesion-associated macrophages/microglia, evidence is provided suggesting
that these cells show reduced phagocytic function leading to accelerated amyloid 
deposition. These findings underline the importance of considering the participa-
tion of chemokines and chemokine driven monocyte accumulation and function in 
the pathogenesis of degenerative CNS diseases.



Chemokine Actions in the CNS: Insights from Transgenic Mice 213

2.4  CCL19 (MIP-3b /ELC/exodus-3) and CCL21 
(6Ckine/.SLC/exodus-2)

The chemokines CCL19 and CCL21 have been implicated in the migration of 
lymphocytes and are produced in secondary lymphoid organs such as the lymph 
nodes. Both these chemokines bind to CCR7 and CCR11. Mice lacking CCR7 
have impaired migration of lymphocytes into secondary lymphoid organs 
(Forster et al., 1999). CCL21 but not CCL19 has also been reported to bind to 
CXCR3 (Rappert et al., 2002). CCL19 and CCL21 are localized in venules sur-
rounded by CCR7 positive inflammatory cells in the brain and spinal cord of 
mice with EAE and functional studies suggest that CCL19 and CCL21 are 
involved in T lymphocyte migration into the central nervous system during 
EAE (Alt et al., 2002). However, recent studies in CCR7 deficient mice suggest 
that CCL19 and CCL21 function may be dispensable in EAE (Pahuja et al., 
2006). This interpretation is complicated in the case of CCL21 since this chem-
okine could still play a role in EAE in CCR7 deficient mice via CXCR3 on 
encephalitogenic T-cells. Moreover, CCL21 was reported to be produced by 
neurons in the murine brain following ischemic insult, highlighting the exist-
ence of an intrinsic source of this chemokine in the CNS that could interact 
with microglia via CXCR3 (Biber et al., 2002).

To study the biological role of the chemokine ligands CCL19 and CCL21, 
transgenic mice were developed that expressed either CCL19 or CCL21 in 
oligodendrocytes of the CNS using an MBP-promoter construct (Chen et al., 
2002a). As expected, transgene-encoded CCL19 and CCL20 mRNA was develop-
mentally regulated and peaked at 2–3 weeks of age. Expression of CCL19 or 
CCL21 protein in the CNS of the transgenic mice was confirmed by immunohisto-
chemical staining. CCL19 producing transgenic mice did not show any clinical or 
histological phenotype, which led to the conclusion that CCL19, at least from dif-
fuse cerebral expression, is not able to attract leukocytes into the brain or cause a 
CNS pathology. In contrast, transgenic mice with MBP-promoter driven produc-
tion of CCL21 developed a rapid onset encephalopathy with tremor, ataxia and 
weight loss. Most of the CCL21 producing animals died within 4 weeks. Studies 
in vitro documented a chemotactic effect of CCL21 for thymocytes, naïve T cells, 
dendritic cells and B cells and not for macrophages and neutrophils (Hedrick and 
Zlotnik, 1997; Nagira et al., 1997; Kellermann et al., 1999). However, cerebral 
infiltrates in CCL21 producing transgenic mice consisted almost exclusively of 
neutrophils and eosinophils. These infiltrates were associated with gliosis, microglial
activation and demyelination. Infiltrating lymphocytes were not observed-even in 
areas in which the BBB was disrupted. The lack of lymphocyte infiltration is a 
notable finding because transgenic expression of CCL21 in the pancreas induced 
lymphocyte influx and led to the formation of lymph node like structures (Fan 
et al., 2000; Chen et al., 2002b). It would thus appear that tissue-specific factors 
that might include for example, specific adhesion molecules and other cofactors, 
are required for CCL21 to induce lymphocyte recruitment.
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As pointed out by the Authors the phenotypic differences observed between 
MBP-CCL21 and MBP-CCL19 transgenic mice is very interesting given that 
these chemokines are functionally related and bind to the same cell surface receptors, 
CCR7 and CCR11. However, and as noted above CCL21 but not CCL19 also 
binds to CXCR3, which in the case of murine microglia produces functional altera-
tions in these cells (Rappert et al., 2002). Interestingly, the same workers have 
reported that neurons in the ischemic brain produce CCL21 (Biber et al., 2001). 
These observations have led to the suggestion that CCL21 and CXCR3 may mediate 
neuron-glia interactions during disease conditions. It is speculated that CCL21 
derived from transgenic oligodendrocytes in the brain of the MBP-CCL21 mice 
may have interacted with CXCR3 on microglia inducing an inflammatory response 
that led to the influx of inflammatory cells into the CNS. While further studies, 
such as crossing the MBP-CCL21 transgenic mice with CXCR3 deficient animals, 
would help to clarify this mechanism, as noted in the preceding discussion, trans-
genic mice with astrocyte-targeted production of the primary CXCR3 ligand 
CXCL10 do not share the severe neurological phenotype of the MBP-CCL2 mice.

3 Concluding Discussion

An important constraint with the transgenic approach that needs to be considered 
relates to the spatial and temporal control of transgene expression. The production 
of chemokines in pathologic states such as in EAE is regulated in a temporal fashion
that precedes and then overlaps with the severity of the disease process. Moreover, 
the spatial pattern of expression of chemokines such as CXCL10 is focally 
restricted to the immunoinflammatory lesions. The production of chemokines 
achieved in pathologic states therefore would favor the establishment of highly 
localized chemoattractant gradients that then guide the trafficking of leukocytes. In 
contrast, in the transgenic model the chemokine is produced more chronically and 
more diffusely throughout the CNS. In addition to the potential for receptor 
down-regulation and desensitization of the ligand response, it is likely that any 
chemoattractant gradient in this milieu would be much weaker in strength and more 
widely distributed. Technically achieving more acute and focal expression of the 
chemokine to better replicate pathologic states in the adult brain using transgenic 
modeling is clearly desirable but difficult to achieve at this time. Although constructs
have been engineered that permit the temporal control of transgene expression in 
the CNS, more precise spatial targeting that would allow for highly localized 
production of the chemokine in neural cells such as astrocytes is not yet possible.

Despite the drawbacks noted in the preceding discussion, it is clear that development
of molecular genetic methods that allow for the targeted manipulation of gene 
expression in an intact organism has been important in contributing to our under-
standing of the actions of chemokines in the CNS in physiologic and pathologic 
states (see Table 1). Promoter-driven expression of different biologically relevant 
chemokines in the CNS of transgenic mice highlight the ability of some but not all 
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of these molecules to stimulate the recruitment but commonly not the functional 
activation of specific subsets of leukocytes to the CNS. With certain chemokines 
such as CXCL10 and CCL21, their transgenic production in the CNS led to the 
accumulation of unexpected leukocyte phenotypes that could not have been 
predicted based on either in vitro chemotaxis assays or the known cellular distribu-
tion of the receptor. This to some extent reflects the complexity of the actions and 
interactions between chemokines and their receptors many of which we know to be 
promiscuous for the ligands they bind. Moreover, differences in the immunophenotype
of leukocytes recruited to the CNS versus peripheral tissues following organ-
specific transgene driven chemokine production indicates that tissue-specific influences
can clearly determine how a chemokine will behave in that milieu. There are still 
considerable gaps in our understanding of chemokine biology and neurobiology. 
However, ongoing and future studies employing approaches such as transgenic
modeling no doubt will begin to fill these gaps.

Acknowledgements The authors studies referred to in this article were funded by USPHS grants 
MH 62231 and NS044905.

References

Alt, C., Laschinger, M. and Engelhardt, B. (2002). Functional expression of the lymphoid 
chemokines CCL19 (ELC) and CCL 21 (SLC) at the blood–brain barrier suggests their 
involvement in G-protein-dependent lymphocyte recruitment into the central nervous system 
during experimental autoimmune encephalomyelitis. Eur J Immunol, 32, 2133–2144.

Asensio, V. C. and Campbell, I. L. (1999). Chemokines in the CNS: plurifunctional mediators in 
diverse states. Trends Neurosci, 22, 504–512.

Banisadr, G., Queraud-Lesaux, F., Boutterin, M. C., Pelaprat, D., Zalc, B., Rostene, W., Haour, 
F. and Parsadaniantz, S. M. (2002). Distribution, cellular localization and functional role of 
CCR2 chemokine receptors in adult rat brain. J Neurochem, 81, 257–269.

Biber, K., Sauter, A., Brouwer, N., Copray, S. C. and Boddeke, H. W. (2001). Ischemia-induced 
neuronal expression of the microglia attracting chemokine secondary lymphoid-tissue 
chemokine (SLC). Glia, 34, 121–133.

Biber, K., Dijkstra, I., Trebst, C., De Groot, C. J., Ransohoff, R. M. and Boddeke, H. W. (2002). 
Functional expression of CXCR3 in cultured mouse and human astrocytes and microglia. 
Neuroscience, 112, 487–497.

Boztug, K., Carson, M. J., Pham-Mitchell, N., Asensio, V. C., DeMartino, J. and Campbell, I. L. 
(2002). Leukocyte infiltration, but not neurodegeneration, in the CNS of transgenic mice with 
astrocyte production of the CXC chemokine ligand 10. J Immunol, 169, 1505–1515.

Campbell, I. L. and Gold, L. H. (1996). Transgenic modeling of neuropsychiatric disorders. Mol
Psychiatry, 1, 105–120.

Campbell, I. L., Stalder, A. K., Akwa, Y., Pagenstecher, A. and Asensio, V. C. (1998). Transgenic 
models to study the actions of cytokines in the central nervous system. Neuroimmunomodulation,
5, 126–135.

Cartier, L., Hartley, O., Dubois-Dauphin, M. and Krause, K. H. (2005). Chemokine receptors in 
the central nervous system: role in brain inflammation and neurodegenerative diseases. Brain 
Res Brain Res Rev, 48, 16–42.

Charo, I. F. and Ransohoff, R. M. (2006). The many roles of chemokines and chemokine receptors 
in inflammation. N Engl J Med, 354, 610–621.

Chen, S. C., Leach, M. W., Chen, Y., Cai, X. Y., Sullivan, L., Wiekowski, M., Dovey-Hartman, B. J., 
Zlotnik, A. and Lira, S. A. (2002a). Central nervous system inflammation and neurological 



216 M. Müller and I.L. Campbell

disease in transgenic mice expressing the CC chemokine CCL21 in oligodendrocytes. J Immunol,
168, 1009–1017.

Chen, S. C., Vassileva, G., Kinsley, D., Holzmann, S., Manfra, D., Wiekowski, M. T., Romani, 
N. and Lira, S. A. (2002b). Ectopic expression of the murine chemokines CCL21a and 
CCL21b induces the formation of lymph node-like structures in pancreas, but not skin, of 
transgenic mice. J Immunol, 168, 1001–1008.

Cole, K. E., Strick, C. A., Paradis, T. J., Ogborne, K. T., Loetscher, M., Gladue, R. P., Lin, W., 
Boyd, J. G., Moser, B., Wood, D. E., Sahagan, B. G. and Neote, K. (1998). Interferon-inducible 
T cell alpha chemoattractant (I-TAC): a novel non-ELR CXC chemokine with potent activity 
on activated T cells through selective high affinity binding to CXCR3. J Exp Med, 187, 
2009–2021.

Daly, C. and Rollins, B. J. (2003). Monocyte chemoattractant protein-1 (CCL2) in inflammatory 
disease and adaptive immunity: therapeutic opportunities and controversies. Microcirculation,
10, 247–257.

Danik, M., Puma, C., Quirion, R. and Williams, S. (2003). Widely expressed transcripts for chem-
okine receptor CXCR1 in identified glutamatergic, gamma-aminobutyric acidergic, and 
cholinergic neurons and astrocytes of the rat brain: a single-cell reverse transcription-multiplex 
polymerase chain reaction study. J Neurosci Res, 74, 286–295.

Elhofy, A., Wang, J., Tani, M., Fife, B. T., Kennedy, K. J., Bennett, J., Huang, D., Ransohoff, 
R. M. and Karpus, W. J. (2005). Transgenic expression of CCL2 in the central nervous system 
prevents experimental autoimmune encephalomyelitis. J Leukoc Biol, 77, 229–237.

Engelhardt, B. (2006). Molecular mechanisms involved in T cell migration across the blood–brain 
barrier. J Neural Transm, 113, 477–485.

Fan, L., Reilly, C. R., Luo, Y., Dorf, M. E. and Lo, D. (2000). Cutting edge: ectopic expression 
of the chemokine TCA4/SLC is sufficient to trigger lymphoid neogenesis. J Immunol, 164, 
3955–3959.

Fife, B. T., Huffnagle, G. B., Kuziel, W. A. and Karpus, W. J. (2000). CC chemokine receptor 2 
is critical for induction of experimental autoimmune encephalomyelitis. J Exp Med, 192, 
899–905.

Filipovic, R., Jakovcevski, I. and Zecevic, N. (2003). GRO-alpha and CXCR2 in the human fetal 
brain and multiple sclerosis lesions. Dev Neurosci, 25, 279–290.

Flynn, G., Maru, S., Loughlin, J., Romero, I. A. and Male, D. (2003). Regulation of chemokine 
receptor expression in human microglia and astrocytes. J Neuroimmunol, 136, 84–93.

Forster, R., Schubel, A., Breitfeld, D., Kremmer, E., Renner-Muller, I., Wolf, E. and Lipp, M. 
(1999). CCR7 coordinates the primary immune response by establishing functional microen-
vironments in secondary lymphoid organs. Cell, 99, 23–33.

Fuentes, M. E., Durham, S. K., Swerdel, M. R., Lewin, A. C., Barton, D. S., Megill, J. R., Bravo, R. 
and Lira, S. A. (1995). Controlled recruitment of monocytes and macrophages to specific 
organs through transgenic expression of monocyte chemoattractant protein-1. J Immunol, 155, 
5769–5776.

Galli-Taliadoros, L. A., Sedgwick, J. D., Wood, S. A. and Korner, H. (1995). Gene knock-out 
technology: a methodological overview for the interested novice. J Immunol Methods, 181, 
1–15.

Giovannelli, A., Limatola, C., Ragozzino, D., Mileo, A. M., Ruggieri, A., Ciotti, M. T., Mercanti, D., 
Santoni, A. and Eusebi, F. (1998). CXC chemokines interleukin-8 (IL-8) and growth-related 
gene product alpha (GROalpha) modulate Purkinje neuron activity in mouse cerebellum. 
J Neuroimmunol, 92, 122–132.

Glabinski, A. R., Balasingam, V., Tani, M., Kunkel, S. L., Strieter, R. M., Yong, V. W. and 
Ransohoff, R. M. (1996). Chemokine monocyte chemoattractant protein-1 is expressed by 
astrocytes after mechanical injury to the brain. J Immunol, 156, 4363–4368.

Gunn, M. D., Nelken, N. A., Liao, X. and Williams, L. T. (1997). Monocyte chemoattractant 
protein-1 is sufficient for the chemotaxis of monocytes and lymphocytes in transgenic mice 
but requires an additional stimulus for inflammatory activation. J Immunol, 158, 376–383.



Chemokine Actions in the CNS: Insights from Transgenic Mice 217

Hedrick, J. A. and Zlotnik, A. (1997). Identification and characterization of a novel beta chemokine
containing six conserved cysteines. J Immunol, 159, 1589–1593.

Hopkins, S. J. and Rothwell, N. J. (1995). Cytokines and the nervous system. I: expression and 
recognition [see comments]. Trends Neurosci, 18, 83–88.

Horuk, R., Martin, A. W., Wang, Z., Schweitzer, L., Gerassimides, A., Guo, H., Lu, Z., 
Hesselgesser, J., Perez, H. D., Kim, J., Parker, J., Hadley, T. J. and Peiper, S. C. (1997). 
Expression of chemokine receptors by subsets of neurons in the central nervous system. J Immunol,
158, 2882–2890.

Huang, D., Tani, M., Wang, J., Han, Y., He, T. T., Weaver, J., Charo, I. F., Tuohy, V. K., Rollins, 
B. J. and Ransohoff, R. M. (2002). Pertussis toxin-induced reversible encephalopathy depend-
ent on monocyte chemoattractant protein-1 overexpression in mice. J Neurosci, 22, 
10633–10642.

Huang, D., Wujek, J., Kidd, G., He, T. T., Cardona, A., Sasse, M. E., Stein, E. J., Kish, J., Tani, M., 
Charo, I. F., Proudfoot, A. E., Rollins, B. J., Handel, T. and Ransohoff, R. M. (2005). Chronic 
expression of monocyte chemoattractant protein-1 in the central nervous system causes delayed 
encephalopathy and impaired microglial function in mice. FASEB J, 19, 761–772.

Kellermann, S. A., Hudak, S., Oldham, E. R., Liu, Y. J. and McEvoy, L. M. (1999). The CC 
chemokine receptor-7 ligands 6Ckine and macrophage inflammatory protein-3 beta are 
potent chemoattractants for in vitro- and in vivo-derived dendritic cells. J Immunol, 162, 
3859–3864.

Klein, R. S. (2004). Regulation of neuroinflammation: the role of CXCL10 in lymphocyte infiltra-
tion during autoimmune encephalomyelitis. J Cell Biochem, 92, 213–222.

Klein, R. S., Izikson, L., Means, T., Gibson, H. D., Lin, E., Sobel, R. A., Weiner, H. L. and Luster, 
A. D. (2004). IFN-inducible protein 10/CXC chemokine ligand 10-independent induction of 
experimental autoimmune encephalomyelitis. J Immunol, 172, 550–559.

Liao, F., Rabin, R. L., Yannelli, J. R., Koniaris, L. G., Vanguri, P. and Farber, J. M. (1995). Human 
mig chemokine: biochemical and functional characterization. J Exp Med, 182, 1301–1314.

Liu, L., Callahan, M. K., Huang, D. and Ransohoff, R. M. (2005). Chemokine receptor CXCR3: 
an unexpected enigma. Curr Top Dev Biol, 68, 149–181.

Loetscher, M., Gerber, B., Loetscher, P., Jones, S. A., Piali, L., Clark-Lewis, I., Baggiolini, M. 
and Moser, B. (1996). Chemokine receptor specific for IP10 and mig: structure, function, and 
expression in activated T-lymphocytes. J Exp Med, 184, 963–969.

Mennicken, F., Maki, R., de Souza, E. B. and Quirion, R. (1999). Chemokines and chemokine 
receptors in the CNS: a possible role in neuroinflammation and patterning. Trends Pharmacol 
Sci, 20, 73–78.

Nagira, M., Imai, T., Hieshima, K., Kusuda, J., Ridanpaa, M., Takagi, S., Nishimura, M., 
Kakizaki, M., Nomiyama, H. and Yoshie, O. (1997). Molecular cloning of a novel human CC 
chemokine secondary lymphoid-tissue chemokine that is a potent chemoattractant for lym-
phocytes and mapped to chromosome 9p13. J Biol Chem, 272, 19518–19524.

Nelson, T. E. and Gruol, D. L. (2004). The chemokine CXCL10 modulates excitatory activity and 
intracellular calcium signaling in cultured hippocampal neurons. J Neuroimmunol, 156, 
74–87.

Nguyen, D. and Stangel, M. (2001). Expression of the chemokine receptors CXCR1 and CXCR2 
in rat oligodendroglial cells. Brain Res Dev Brain Res, 128, 77–81.

Omari, K. M., John, G., Lango, R. and Raine, C. S. (2006). Role for CXCR2 and CXCL1 on glia 
in multiple sclerosis. Glia, 53, 24–31.

Padovani-Claudio, D. A., Liu, L., Ransohoff, R. M. and Miller, R. H. (2006). Alterations in the 
oligodendrocyte lineage, myelin, and white matter in adult mice lacking the chemokine recep-
tor CXCR2. Glia, 54, 471–483.

Pahuja, A., Maki, R. A., Hevezi, P. A., Chen, A., Verge, G. M., Lechner, S. M., Roth, R. B., 
Zlotnik, A. and Alleva, D. G. (2006). Experimental autoimmune encephalomyelitis develops 
in CC chemokine receptor 7-deficient mice with altered T-cell responses. Scand J Immunol,
64, 361–369.



218 M. Müller and I.L. Campbell

Ragozzino, D., Giovannelli, A., Mileo, A. M., Limatola, C., Santoni, A. and Eusebi, F. (1998). 
Modulation of the neurotransmitter release in rat cerebellar neurons by GRO beta. Neuroreport,
9, 3601–3606.

Ransohoff, R. M. (2002). The chemokine system in neuroinflammation: an update. J Infect Dis,
186 Suppl 2, S152–S156.

Ransohoff, R. M., Hamilton, T. A., Tani, M., Stoler, M. H., Shick, H. E., Major, J. A., Estes, 
M. L., Thomas, D. M. and Tuohy, V. K. (1993). Astrocyte expression of mRNA encoding 
cytokines IP-10 and JE/MCP-1 in experimental autoimmune encephalomyelitis. FASEB J, 7, 
592–600.

Rappert, A., Biber, K., Nolte, C., Lipp, M., Schubel, A., Lu, B., Gerard, N. P., Gerard, C., 
Boddeke, H. W. and Kettenmann, H. (2002). Secondary lymphoid tissue chemokine (CCL21) 
activates CXCR3 to trigger a Cl- current and chemotaxis in murine microglia. J Immunol, 168, 
3221–3226.

Rappert, A., Bechmann, I., Pivneva, T., Mahlo, J., Biber, K., Nolte, C., Kovac, A. D., Gerard, C., 
Boddeke, H. W., Nitsch, R. and Kettenmann, H. (2004). CXCR3-dependent microglial recruit-
ment is essential for dendrite loss after brain lesion. J Neurosci, 24, 8500–8509.

Rebenko-Moll, N. M., Liu, L., Cardona, A. and Ransohoff, R. M. (2006). Chemokines, mononu-
clear cells and the nervous system: heaven (or hell) is in the details. Curr Opin Immunol, 18, 
683–689.

Rhode, A., Pauza, M. E., Barral, A. M., Rodrigo, E., Oldstone, M. B., von Herrath, M. G. and 
Christen, U. (2005). Islet-specific expression of CXCL10 causes spontaneous islet infiltration 
and accelerates diabetes development. J Immunol, 175, 3516–3524.

Rollins, B. J. (1991). JE/MCP-1: an early-response gene encodes a monocyte-specific cytokine. 
Cancer Cells, 3, 517–524.

Rollins, B. J., Walz, A. and Baggiolini, M. (1991). Recombinant human MCP-1/JE induces chem-
otaxis, calcium flux, and the respiratory burst in human monocytes. Blood, 78, 1112–1116.

Rot, A. and von Andrian, U. H. (2004). Chemokines in innate and adaptive host defense: basic 
chemokinese grammar for immune cells. Annu Rev Immunol, 22, 891–928.

Siveke, J. T. and Hamann, A. (1998). T helper 1 and T helper 2 cells respond differentially to chemokines.
J Immunol, 160, 550–554.

Soejima, K. and Rollins, B. J. (2001). A functional IFN-gamma-inducible protein-10/CXCL10-
specific receptor expressed by epithelial and endothelial cells that is neither CXCR3 nor gly-
cosaminoglycan. J Immunol, 167, 6576–6582.

Stiles, L. N., Hardison, J. L., Schaumburg, C. S., Whitman, L. M. and Lane, T. E. (2006). T cell 
antiviral effector function is not dependent on CXCL10 following murine coronavirus infec-
tion. J Immunol, 177, 8372–8380.

Tani, M., Fuentes, M. E., Peterson, J. W., Trapp, B. D., Durham, S. K., Loy, J. K., Bravo, R., 
Ransohoff, R. M. and Lira, S. A. (1996). Neutrophil infiltration, glial reaction, and neurologi-
cal disease in transgenic mice expressing the chemokine N51/KC in oligodendrocytes. J Clin 
Invest, 98, 529–539.

Taub, D. D., Lloyd, A. R., Wang, J. M., Oppenheim, J. J. and Kelvin, D. J. (1993). The effects of 
human recombinant MIP-1 alpha, MIP-1 beta, and RANTES on the chemotaxis and adhesion 
of T cell subsets. Adv Exp Med Biol, 351, 139–146.

Taub, D. D., Longo, D. L. and Murphy, W. J. (1996a). Human interferon-inducible protein-10 
induces mononuclear cell infiltration in mice and promotes the migration of human T lym-
phocytes into the peripheral tissues and human peripheral blood lymphocytes-SCID mice. 
Blood, 87, 1423–1431.

Taub, D. D., Ortaldo, J. R., Turcovski-Corrales, S. M., Key, M. L., Longo, D. L. and Murphy, 
W. J. (1996b). Beta chemokines costimulate lymphocyte cytolysis, proliferation, and lymphokine
production. J Leukoc Biol, 59, 81–89.

Toft-Hansen, H., Buist, R., Sun, X. J., Schellenberg, A., Peeling, J. and Owens, T. (2006). 
Metalloproteinases control brain inflammation induced by pertussis toxin in mice overexpress-
ing the chemokine CCL2 in the central nervous system. J Immunol, 177, 7242–7249.



Chemokine Actions in the CNS: Insights from Transgenic Mice 219

Ubogu, E. E., Cossoy, M. B. and Ransohoff, R. M. (2006). The expression and function of 
chemokines involved in CNS inflammation. Trends Pharmacol Sci, 27, 48–55.

Vlkolinsky, R., Siggins, G. R., Campbell, I. L. and Krucker, T. (2004). Acute exposure to CXC 
chemokine ligand 10, but not its chronic astroglial production, alters synaptic plasticity in 
mouse hippocampal slices. J Neuroimmunol, 150, 37–47.

Yamamoto, M., Horiba, M., Buescher, J. L., Huang, D., Gendelman, H. E., Ransohoff, R. M. and 
Ikezu, T. (2005). Overexpression of monocyte chemotactic protein-1/CCL2 in beta-amyloid 
precursor protein transgenic mice show accelerated diffuse beta-amyloid deposition. Am J 
Pathol, 166, 1475–1485.



Chemokines and Spinal Cord Injury

Maya N. Hatch and Hans S. Keirstead

Abstract The immune system plays a critical role in CNS disorders and spinal 
cord injury (SCI). Primary trauma to the adult mammalian spinal cord is immediately
followed by secondary degeneration in which the inflammatory response is thought 
to be detrimental. This inflammatory response is mediated by small, chemotropic 
cytokines, called chemokines, which are secreted by a variety of cell types in the 
CNS including neurons, glia, and vascular cells. Here, we review studies which 
provide insight into the functional role of chemokines in neuroinflammation and 
disease, with an emphasis on SCI. More specifically, this review emphasizes studies
which indicate that ablation of the T cell chemotactic CXC chemokine ligand 
10 (CXCL10) results in diminished neuropathology associated with decreased 
immune cell infiltration into the CNS. Importantly, these findings reveal that targeting
chemokines such as CXCL10 may offer a powerful therapeutic approach for the 
treatment of neuroinflammatory diseases.

1 Spinal Cord Injury

Traumatic injury to the spinal cord is a combination of primary and secondary 
phases resulting from some form of mechanical insult. The direct tissue damage 
caused by the injury, known as the primary phase, initiates a cascade of events that 
lead to a detrimental secondary phase. Secondary degeneration is defined by a cas-
cade of chemical and physiological events which include activation of voltage 
(dependent or agonist) gated channels, ion leaks, activation of calcium-dependent 
enzymes such as proteases, lipases, and nucleases, mitochondrial dysfunction, vas-
cular changes and cellular infiltration and activation (Hausmann, 2003; Ramer 
et al., 2005). These processes lead to cell death, progressive tissue loss and cystic 
cavitation evolving away from the initial trauma site (Schwab and Bartholdi, 1996; 
Beattie et al., 2002) which can ultimately result in the functional deficits seen after 
SCI. Primary tissue damage is often irreversible, whereas secondary degeneration 
is amenable to pharmacological treatment. Although it is unclear which particular 
component of secondary degeneration is most significant to SCI severity, it is 
widely accepted that attenuating secondary degeneration would be beneficial.
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A number of different strategies for treating SCI have been attempted over the 
years including rehabilitation, the use of exercise to enhance axonal regeneration 
(Neeper et al., 1995; Gomez-Pinilla et al., 2001; Cotman and Engesser-Cesar, 2002; 
Cotman and Berchtold, 2002; McDonald et al., 2002; Van Meeteren et al., 2003), 
and surgical decompression and/or fusion (Fehlings and Tator, 1999; Fehlings 
et al., 2001; Tator, 2006). These treatments are often costly, labor intensive and 
induce minimal improvement (Tator, 2006). On the other hand, neuroprotective 
agents targeting secondary injury mechanisms offer greater promise and have been 
more widely used. Two of the most widely used agents are high-dose methylpred-
nisolone (Bracken et al., 1998; Ramer et al., 2005) and GM1 gangliosides (Geisler, 
1993; Geisler et al., 2001; Ramer et al., 2005). GM1 gangliosides have been shown 
to enhance recovery rate from SCI, but did not improve overall functional outcome, 
and methylprednisolone has been shown to have limited effect on the outcome of 
CNS trauma in clinical trials (Hall, 2001; Bracken et al., 1992; Ramer et al., 2005). 
However, to date no pharmacological treatment targeting secondary degeneration 
has been shown to fully prevent the complicated pathological cascade triggered by 
SCI, and the efficacy of methylprednisolone, currently the standard of care for 
 spinal cord injured patients, has been questioned (Hurlbert, 2000; Hugenholtz, 
2003; Kwon et al., 2004; Ramer et al. 2005; Tator 2006). Clearly, more research is 
needed to identify a better suited therapeutic target.

Animal models are invaluable for SCI research because they allow for precise 
manipulations and measurements, as well as a means to evaluate potential thera-
peutic interventions. Important aspects of animal models include clinical relevance, 
reliability, sensitivity, and feasibility of use. Several different animal models for 
SCI have been developed, but most fall into one of two major injury categories, 
contusion or laceration. Typically, the characteristics of the nervous system 
architecture, biochemistry, and physiology are conserved across species, allowing 
for reliable and valid comparisons. However, it should be noted that some differ-
ences may exist that can produce varying results, such as a reduced sensitivity to 
excitotoxic damage in some strains of mice, and the atypical absence of gross 
cavitation following SCI in mice (Sroga et al., 2003). Strain differences in rats 
may not affect histological damage, but can influence the behavioral recovery 
(Mills, Hains et al., 2001). Such interspecies differences are critical when considering
translation of animal findings to human treatment. There are significant genetic 
differences between rodents and humans, which underlie the species specificity of 
antibodies, probes, and drugs. Thus, in some instances it is not possible to extrapolate
directly from rodent to human.

2 Inflammation Following Spinal Cord Injury

Studies of the etiology of MS and related animal models, in which pro-inflammatory 
cells are considered central to the development of disease, indicate that the immune 
response can be detrimental to a compromised CNS (Olsson, 1995; Schulze-Koops 
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et al., 1995; Lane et al., 2000). Likewise, immune cell infiltration to SCI sites is a 
major contributor to secondary degeneration (Blight, 1985; Dusart and Schwab, 
1994; Blight et al., 1995; Popovich et al., 1997; Bethea and Dietrich, 2002; Gonzalez 
et al., 2003; Glaser et al., 2004). After primary insult to the spinal cord, there is 
 immediate blood brain barrier disruption and cell death of local neurons, astrocytes, 
 oligodendrocytes, and endothelial cells (Blight, 1985; Bethea and Dietrich, 2002; 
Hagg and Oudega, 2006). During this acute phase of injury signals are released that 
lead to massive neutrophil influx (Schnell et al., 1999; Saville et al., 2004; Hagg and 
Oudega, 2006), vascular damage and subsequent inflammatory responses involving 
T lymphocyte and macrophage/microglia infiltration, which have been shown to 
 produce neurotoxic and pro-inflammatory compounds that lead to further cell death 
and secondary disease pathology (Giulian et al., 1993; Martiney et al., 1998; 
Popovich, 2000; Hausmann, 2003; Hagg and Oudega, 2006).

Several studies have indicated that attenuation of the pro-inflammatory response to 
CNS injury reduces the incidence and/or severity of disease, underscoring the  
pro-inflammatory response as a key target for therapeutic intervention (Lane et al., 2000; 
Fife et al., 2001; Moalem et al., 1999; Popovich et al., 1999; Hauben et al., 
2000; Ghirnikar et al., 2001; Gris et al., 2004). For example, selective depletion of 
peripheral macrophages in spinal cord injured rats resulted in marked improvements 
in overground locomotion (Popovich et al., 1999), and blockade of the CD11d/CD18 
integrin with monoclonal antibodies decreased neutrophil influx to the injured spinal 
cord and delayed the entry of hematogenous macrophages, improving behavioral 
function (Gris et al., 2004). Along these lines, administration of antibodies against 
CD81 (Dijkstra et al., 2006) and IL-6 receptor (Okada et al., 2004) have induced 
improved functional recovery and reduced astrogliosis as well as influx of inflamma-
tory cells. In a slightly different approach, administration of minocycline, a second 
generation tetracycline, induced a reduction in secondary degeneration and improved 
locomotor function by decreasing microglia/macrophage activation and diminishing 
oligodendrocyte and microglial/macrophage death (Stirling et al., 2004). Although all 
of the aforementioned treatments seem effective in reducing inflammation, they may 
have too widespread effects for SCI clinical use. Therefore, a more complete under-
standing of the molecular and cellular mechanisms governing leukocyte trafficking 
and accumulation within the CNS is needed.

3 Chemokines and Inflammation

Chemokines are small 8–10 kda heparin-binding proteins that regulate leukocyte 
trafficking during injury or inflammation. They were originally studied due to their 
role in cell regulation and localization during development and are now also known 
to be critical players in inflammation and adaptive immune responses during a 
variety of CNS pathologies. Due to their relatively specific actions as well as their 
malleability, chemokine and chemokine receptor targeting make an attractive thera-
peutic approach for neuroinflammatory diseases.
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Four families of chemokines have been identified based on relative positions of 
their cysteine residues and functional characteristics. The two major subfamilies 
of chemokines include the alpha chemokines, or CXC chemokines, and the beta 
chemokines, or CC chemokines. The CC chemokines, named due to two adjacent 
cysteine residues, are generally associated with promoting both NK cell and mono-
nuclear cell migration like microglia/macrophages during inflammation. The CXC 
chemokines, denoted due to two cysteine residues separated by any amino acid, can 
attract multiple cell types and are further subdivided into ELR (Glu-Leu-Arg) 
 containing and non-ELR containing motifs (Baggiolini et al., 1997; Clark-Lewis 
et al., 1991). ELR containing CXC chemokines induce the directional migration of 
neutrophils, whereas the non-ELR CXC chemokines are able to attract various cells 
types like natural killer cells as well as activated T cells (Th1 subset) by signaling 
through the CXCR3 receptor (Farber, 1997; Hildebrant et al., 2004).

Chemokines are activated by binding to their respective CXC or CC receptors 
thereby eliciting intracellular signaling cascades that regulate the movement of the 
cell. These receptors are G-protein coupled with seven transmembrane regions and 
are often capable of binding more than one CC or CXC chemokine, respectively. 
A variety of cell types express chemokine receptors, including endothelial cells, 
lymphocytes, macrophages, and resident CNS cells such as neurons, astrocytes and 
microglia (Taub and Oppenheim, 1994; Luster, 1998).

Chemokine secretion has been detected in a number of different diseases and 
their presence caused the activation and accumulation of leukocytes (Baggiolini 
et al., 1994). This initial phase of leukocyte invasion is thought to be especially 
destructive, and is preceded by the expression of chemokines (Ghirnikar et al., 1998; 
Luster, 1998; McTigue et al., 1998; Ransohoff and Tani, 1998; Liu et al., 2001; 
Gonzalez et al., 2003). Indeed, the upregulation of various chemokines has also 
been associated with many neuroinflammatory pathologies (Galimberti et al., 2004; 
Banisor et al., 2005; Bartosik-Psujek and Stelmasiak, 2005; Charo and Ransohoff, 
2006; Ubogu et al., 2006). While the expression patterns of many  chemokines during 
CNS inflammatory diseases have not yet been thoroughly investigated, a few non-
ELR CXC chemokines are the current focus of several  studies. More specifically, the 
chemokines Mig/CXCL9 (monokine inducible by interferon gamma), CXCL10/IP-
10 and CXCL11 are related interferon (IFN)-γ-inducible chemokines that play crucial 
roles in Th1 inflammatory mediated diseases such as allograft rejection and multiple 
sclerosis (Gerard and Rollins, 2001; Liu et al., 2001). They all act by binding to the 
CXCR3 receptor on CD8 + T lymphocytes, activated CD4 + T lymphocytes, and 
natural killer cells (Baggiolini et al., 1997; Bonecchi et al., 1998; Lane et al., 2000; 
Ogasawara et al., 2002; Liu et al., 2001). Although all three of these chemokines are 
induced by IFN-γ, and bind the CXCR3 receptor, they appear to have distinct biologi-
cal roles in vivo (Liu et al., 2005).

The T lymphocyte chemoattractant chemokine CXCL10 is the most widely 
studied of the three CXCR3 binding chemokines and is known to be expressed 
during neuroinflammatory disorders (Luster et al, 1995; McTigue et al., 1998; 
Liu et al., 2001; Sui et al., 2004). In addition to its role as a chemoattractant, 
CXCL10 has been shown to enhance IFN-γ release and is involved in the 
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 development of antigen-driven T-cell responses, suggesting that it plays an 
important role in the overall evolution of Th1 immune responses (Dufour et al., 
2002; O’Garra et al., 1998; Tsunoda et al., 2004).

The role of CXCL10 in lymphocyte trafficking into the CNS has been well 
documented utilizing the rodent animal model of MS, EAE and MHV (Dufour 
et al., 2002; Liu et al., 2001; Tsunoda et al., 2004). Studies have found elevated 
levels of CXCL10 in the cerebral spinal fluid (CSF) of MS patients during 
 periods of clinical attack (Sorensen et al., 1999) as well as in astrocytes within 
active plaque lesions in the CNS (Balashov et al., 1999; Sorensen et al., 2002). 
Additionally, the majority of T cells and macrophages infiltrating the CNS of MS 
patients express the receptor for CXCL10, CXCR3 (Sorensen et al., 2002; 
Simpson et al., 2000). Indeed, it has been demonstrated that when CXCL10 levels 
are decreased, there is a corresponding reduction in inflammation and disease 
severity (Balashov et al., 1999). Furthermore, in Liu et al (2001) antibody 
neutralization of the chemokine CXCL10 reduced inflammatory cell invasion and 
demyelination, and improved neurological function in a viral model of MS (Liu 
et al., 2001). Together, these studies demonstrate an important role for CXCL10 
in the pathogenesis of neuroinflammatory disorders such as MS and they support 
chemokine targeting as a means for therapeutic intervention (Sorensen et al., 
1999, 2002; Balashov et al., 1999; Liu et al., 2001; Fife et al. 2001).

Aside from its role in neuroinflammation, CXCL10 is also recognized to have 
potent angiostatic activity in vivo and in vitro (Belperio et al., 2000; Strieter et al., 
2002; Angiolillo et al., 1995; Glaser et al., 2004) where it inhibits angiogenesis by 
tumor-associated vasculature and promotes tumor necrosis (Maione et al., 1990; 
Arenberg et al., 1996; Belperio et al., 2000; Strieter et al., 2002). CXCL10 exerts 
these angiostatic effects by inhibiting endothelial cell growth, proliferation and 
chemotaxis as well as inhibiting angiogenic activities such as basic fibroblast 
growth factor-induced neovascularization (Angiolillo et al., 1995).

The link between CXCL10’s dual activating (neuroinflammatory) and inhibiting 
(angiostatic) activities had not been elucidated until 2003 when Lasagni et al. (2003) 
found a different, unrecognized CXCR3 receptor, named CXCR3B. They found 
that the CXCR3 receptor is alternatively spliced into two variants, CXCR3A (the 
classically known receptor) and CXCR3B (newly found receptor). Binding of 
CXCL10 to CXCR3A causes the activation of proliferation and chemotaxis to the 
target cell, as shown in its role in neuroinflammation, while binding of CXCL10 to 
CXCR3B has inhibitory, angiogenic effects (Lasagni et al., 2003).

All of the above studies show that CXCL10 is strongly involved in neuroinflam-
matory diseases (Liu et al., 2000; Dufour et al., 2002), and is implicated in 
 angiogenesis as well (Belperio et al., 2000; Strieter et al., 2002; Angiolillo et al., 
1995; Glaser et al., 2004). In addition to this, CXCL10 has also been found to play 
an important role in other CNS disorders including demyelinating neuropathies 
(Kieseier et al., 2002) and human immunodeficiency virus dementia (Sui et al., 2004) 
where it has a prominent role in apoptosis of neurons in the brain (Sui et al., 
2004, 2006). Collectively, all of these studies show CXCL10’s crucial role in 
triggering T lymphocyte infiltration and pathology within the CNS.
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4 Chemokines and Spinal Cord Injury

Although the role of chemokines in various CNS diseases has been well docu-
mented (Liu et al., 2000; Dufour et al., 2002; Kieseier et al., 2002; Sui et al., 2004, 
2006; Bendall, 2005; Charo and Ransohoff, 2006; Ubogu et al., 2006), their role 
in SCI specifically, has not. The few existing studies presented below clearly illus-
trate the important role of chemokines in spinal cord pathology and the potential 
for chemokine-directed therapies in treating SCI.

A few studies have delineated the expression pattern of specific chemokines after 
SCI. In 1997, Bartholdi and Schwab documented for the first time the upregulation 
of the cytokines TNF-α, and IL-1 and the chemokines macrophage inflammatory 
protein-1α (MIP-1α) and MIP-1β 1 h after SCI (Bartholdi and Schwab, 1997). 
Following this study two other groups showed that in addition to MIP-1, other 
 chemokines such as GRO-α and LIX (neutrophil chemoattractants), monocyte 
 chemoattractant protein-1 (MCP-1), MCP-5 and inducible protein 10 (IP-10) were 
also upregulated at varying times after SCI (McTigue et al., 1998; Lee et al., 2000). 
Further implicating a role for chemokines in SCI, Ghirnikar et al. (2000) demon-
strated that infusion of a broad chemokine receptor antagonist, vMIPII, suppressed 
gliotic reactions, reduced neuronal damage and dramatically halted inflammatory 
cellular infiltration following SCI. These changes were also accompanied by 
increased levels of an endogenous apoptosis inhibitor, thereby reducing neuronal 
apoptosis (Ghirnikar et al., 2001). Notably in a follow up study, infusion of vMIPII 
also lead to lower hematogenous infiltration, reduced axonal degeneration and 
increased neuronal survival (Ghirnikar et al., 2001).

In a more specified targeting of chemokines following SCI, a group from Ohio 
found increased production of MCP-1 and MCP-3 1 day following SCI; MCP-1 
receptor CCR2 knockout led to reduced macrophage infiltration and myelin accu-
mulation at the lesion epicenter 7 days post injury (Ma et al., 2002). In addition, 
these animals also showed reduced expression of the chemokine receptors CCR1 
and CCR5, both receptors for MIP-1 and RANTES (CCL5), supporting the hypoth-
esis that MCP-1 interactions affect other chemokine expression patterns that further 
lead to SCI damage. In addition, Jones et al. (2005) demonstrated that intraspinal 
T cell accumulation was accompanied by dramatic increases in the chemokines 
CXCL10 (IP-10) and CCL5 (RANTES) mRNA expression (Jones et al., 2005). 
These chemokines were expressed 2- to 17-fold higher in transgenic mice with 
myelin basic protein (MBP)-reactive T cells, and were associated with faster T cell 
influx and enhanced macrophage activation within the spinal cord.

Elevated levels of the chemokine CXCL10 have been found in the spinal cords of 
various SCI models and have been shown to be upregulated for as long as 14 days 
following SCI (Gonzalez et al., 2003; Jones et al., 2005; Lee et al., 2000; McTigue 
et al., 1998). We have demonstrated that the chemokine CXCL10 is upregulated by 
6 h following SCI and remains above basal levels 14 days post-injury (Gonzalez et al., 
2003). Moreover, the upregulation of CXCL10 also  correlated with an exacerbated 
immune cell infiltration into the damaged spinal cord (Jones et al., 2005). Further 
supporting a role for CXCL10 in inflammation are studies that show the upregulated 
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expression of CXCL10 in the cerebral spinal fluid (CSF) of patients with MS 
(Sorensen et al., 1999), the CSF of patients with Guillen-Barre syndrome and 
 demyelinating polyradiculoneuropathy (CIDP) (Kieseier et al., 2002), and within the 
CNS of spinal cord injured animals (Jones et al., 2005). Pathogenic Th1 T cells 
 preferentially express the receptor for CXCL10, CXCR3 and these CXCR3 express-
ing T cells predominate in MS, EAE and SCI alike (Balashov et al., 1999; Sorensen 
et al., 1999; Jones et al., 2005). Therefore, selective manipulation of the chemokine 
CXCL10, which recruits/activates T cells, may be an attractive therapeutic target for 
secondary degeneration following SCI.

Work from our laboratory has further demonstrated that administration of a 
 neutralizing antibody against CXCL10 (anti-CXCL10 antibody) into mice with 
SCI resulted in a pronounced reduction in neuroinflammation (Gonzalez et al., 
2003). In addition, anti-CXCL10 antibody treatment also decreased the infiltrating 
 activated macrophage response. These findings are particularly important to our 
understanding of SCI, as activated leukocytes are known to release a wide variety 
of reactive oxygen and nitrogen species, and activated mononuclear phagocytes are 
known to release neurotoxins, all of which contribute to the detrimental secondary 
degenerative cascade of SCI (Giulian et al., 1993; Martiney et al., 1998; Satake 
et al., 2000; Bao et al. 2004, 2005). Although microglia have been shown by others 
to express the CXCL10 receptor CXCR3 in vitro and in vivo, hematogenous 
 macrophages have not (Van Der Meer et al., 2001; Biber et al., 2002). Therefore, it 
is likely that the decrease in infiltrating hematogenous macrophages that results 
from anti-CXCL10 treatment is a downstream effect of the decrease of infiltrating 
lymphocytes, as activated CD4 + T lymphocytes secrete RANTES, a chemoattract-
ant for hematogenous macrophages (Fransen et al., 2000).

Most importantly, in addition to the reduction in neuroinflammation, anti-CXCL10 
antibody treatment has been shown to significantly ameliorate locomotor deficits 
(Gonzalez et al., 2003). Although the mechanisms of action remains elusive, the 
 treatment did lead to significant increases in tissue sparing (Glaser et al., 2004) as 
well as a reduction in neuronal loss and apoptosis, a key component in the secondary 
degenerative cascade that is ultimately linked to locomotion (Glaser et al., 2006). 
Apoptosis has been shown to contribute to cell death following SCI, a fact that has 
resulted in the development of many therapeutic approaches for SCI (Li et al., 2000; 
Demjen et al., 2004; Casha et al., 2005). Likewise, other studies in HIV dementia 
have demonstrated that CXCL10 plays a neurotoxic role in the disease (van Marle 
et al., 2004), and that neuronal apoptosis is mediated by CXCL10 over-expression 
(Sui et al., 2004). These observations support the notion that CXCL10 is detrimental 
in the CNS. Thus, glial and neuronal cell survival may be adversely affected by 
CXCL10 recruited/activated T cells, yet it remains to be determined if CXCL10 has 
a direct neurotoxic effect on neurons following SCI.

CXCL10 has also been shown to inhibit angiogenesis in vitro and in vivo 
(Strieter et al., 1995; Angiolillo et al., 1995; Luster et al., 1995) as mentioned in the 
previous section. Data from our laboratory has demonstrated that anti-CXCL10 
treatment significantly enhanced blood vessel formation after SCI in vivo (Glaser 
et al., 2004). In this study, anti-CXCL10 antibody treatment led to a significant 
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increase (182%) in the number of blood vessels at the injury epicenter following 
SCI. Increased blood flow restores oxygen and nutrients to tissue, creating a 
 supportive environment for cell survival and growth. Indeed, angiogenesis has been 
shown to precede nerve regeneration (Zhang and Guth, 1997; Weidner et al., 2001; 
Kwon et al., 2002). Nerve regeneration does not necessarily imply that functional 
synaptic connections are being made, and may not contribute to behavioral 
 recovery. Rather, it is an indicator that the environment is growth permissive. Thus, 
angiogenesis is believed to be crucial for wound healing and may be an important 
factor in establishing the proper environment for nerve regeneration. This study 
clearly demonstrated that CXCL10 plays a critical role in vasculature remodeling 
following SCI, and that angiogenesis is enhanced following anti-CXCL10 
treatment.

Further supporting the theory that anti-CXCL10 treatment establishes a growth 
permissive environment following SCI, is a recent report from our laboratory 
demonstrating that neutralization of CXCL10 in spinal cord injured animals led to 
significant changes in genes involved in nervous system development and regen-
erative responses (Glaser et al., 2006). Moreover, quantification of biotinylated 
dextran amines (BDA) labeled corticospinal axons indicated a significant increase 
in the amount of axons caudal to the injury site in mice treated with anti-CXCL10 
as compared to untreated mice (Glaser et al., 2006). Since revascularization occurs 
prior to nerve regrowth (Zhang and Guth, 1997; Weidner et al., 2001; Kwon et al., 
2002), and anti-CXCL10 antibody treatment promotes angiogenesis (Glaser et al., 
2006), these data clearly support the idea that our treatment renders a growth 
 permissive environment that facilitates CNS repair.

Collectively, all of the studies above document that immune cell infiltration can 
be extremely detrimental to CNS disorders and to SCI specifically. Immune medi-
ated damage is guided in part by chemokines and their specific expression and action
can dictate the level of disease pathology. Therefore, targeting chemokine 
action following SCI represents a viable therapeutic strategy.
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The Usual Suspects: Chemokines 
and Microbial Infection of the Central 
Nervous System

Michelle J. Hickey, Linda N. Stiles, Chris S. Schaumburg, 
and Thomas E. Lane

1 Introduction

For many years, the central nervous system (CNS) was considered an “immuno-
logically privileged site” – a perspective based on limited immune surveillance 
when compared to peripheral tissue, muted expression of MHC molecules in 
the context of an apparent lack of professional antigen presenting cells, and the 
absence of a classical lymphatic drainage system. Together, these observations 
supported the notion that the CNS was unable to mount and/or support an immune 
response. However, over time this view evolved and it is now clear that CNS tissue 
is neither immunologically inert nor privileged, rather, its immune response is 
exquisitely sensitive to antigenic challenge. Indeed, overwhelming evidence now 
indicates that upon microbial infection of the CNS there is often a dynamic and 
orchestrated  localized immune response that culminates with infiltration of anti-
gen-specific  lymphocytes, usually resulting in control and elimination of the 
invading pathogen. It is important to note that not all effective immune responses 
originating in the CNS are completely beneficial to the host; alternatively, there 
are instances where immune cell infiltration following infection is associated with 
severe neuropathology resulting in death or chronic neurodegenerative disease.

The signaling events governing leukocyte infiltration into the CNS in response 
to infection are complex and depend on many factors including type of pathogen, 
e.g. intracellular or extracellular, the route of infection, cellular tropism (neuron 
and/or glial cells), and genetic background of the host. Nevertheless, it is now 
apparent that leukocyte trafficking is partially dependent on a class of small 
(7–17 kDa) chemotactic cytokines known as chemokines (chemotatic cytokine). 
Chemokines represent a family of over 40 proteins, which for the most part are 
secreted into the environment and function by binding to chemokine receptors in 
the form of G protein-coupled receptors (GPCRs) that are expressed on numerous 
cell types. Four sub-families of chemokines have been identified and defined 
based on structural criteria relating to the location of conserved cysteine residues 
within the amino-terminus of the protein. Chemokines were initially discovered 
close to 30 years ago and their strong association with various human inflamma-
tory diseases led some researches to theorize, and later confirm, that they influence
leukocyte recruitment into inflamed tissue. In fact, it is now accepted that this 
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superfamily of proteins plays an important role in numerous biological processes 
ranging from maintaining the organizational integrity of secondary lymphoid 
tissue to participating in various aspects of both innate and adaptive immune 
responses following microbial infection. For excellent reviews on chemokine and 
chemokine receptor signaling as well as a comprehensive overview of identified 
chemokine receptors and their ligands, please see (Charo and Ransohoff 2006; Le 
et al., 2004; Luster 1998).

This chapter will focus on highlighting recent insights into chemokine and 
chemokine receptor expression in both host defense and disease following either 
viral or bacterial infections of the CNS. In all cases, we have tried to provide 
information pertaining to regulation of chemokine expression and functional roles 
within the context of animal models of disease as well as clinical disease. We cer-
tainly acknowledge that other microbial pathogens e.g. fungi and parasites are 
capable of infecting and replicating within the CNS and chemokines/chemokine 
receptors have been suggested to participate in host responses. However, our focus 
was weighted by the fact that the overwhelming majority of clinical infections 
involving the CNS relate to viral or bacterial infection.

2 Viral Infection of the CNS

Evaluation of the immune response following viral infection of the CNS is impor-
tant as a number of viruses are capable of infecting the CNS (Table 1). Indeed, 
exposure to a neurotropic virus at some point during the course of a normal human 
lifespan is almost inevitable. While the majority of these encounters will result in 
a benign and clinically silent course of infection often associated with life-long 

Table 1 Diseases associated with Viral Infection of the CNS

Pathogen Primary host cell(s) Disease

Virus

RNA
LCMV Neurons, astrocytes, glia Meningitis, meningoencephalitis
Measles Neurons Meningitis, demyelination, encephalitis
West Nile Neurons Meningitis, encephalitis
Coronavirus Glia; neurons Encephalomyelitis, demyelination
TMEV Microglia, macrophages Encephalomyelitis, demyelination

DNA
HSV Neurons Blindness, corneal scarring
CMV Astrocytes Encephalitis

Retrovirus
HIV Microglia HAD, HIVE
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persistence of virus, others can be quite severe and potentially life-threatening. A 
common pathological feature of many neurotropic viruses is acute meningitis and/
or encephalitis that occur as a result of neuroinflammation due to chemotactic sig-
nals derived within the CNS in response to infection. While immune cell infiltration 
may be beneficial by attracting antigen- specific T cells required for reducing viral 
load, in many of these cases, the amplified inflammatory responses can also be 
dangerous and lead to permanent, immune-mediated neurologic damage and/or 
death. It is now widely accepted that resident cells of the CNS are quite capable of 
secreting a number of different chemokines that undoubtedly contribute to directing 
distinct subsets of leukocytes into the CNS based upon surface expression of chem-
okine receptors (Lane et al., 2006). Therefore, defining chemokine/chemokine 
receptor expression  profiles within the CNS of viral-infected hosts provides impor-
tant information on potential targets for therapeutic intervention.

2.1 Lymphocytic Choriomeningitis Virus (LCMV)

LCMV is an ambisense RNA virus and a member of the Arenaviridae family 
(Emonet et al., 2006). It is a rodent-borne viral infectious disease in humans that 
presents as aseptic meningitis, encephalitis or meningoencephalitis (Jahrling and 
Peters 1992). Infection of the murine CNS with LCMV results in a well-established 
model of viral meningitis (Buchmeier et al., 1980; Buchmeier and Zajac 1999). 
LCMV infection of the CNS of adult, immunocompetent mice results in a 
monophasic disease characterized by leukocyte infiltration into distinct anatomic 
regions of the brain and ultimately death between 6–8 days post-infection (p.i.) 
(Buchmeier et al., 1980). Specifically, infiltrating CD8 + T cells are essential in 
contributing to cell damage and death in LCMV-infected mice. Instillation of LCMV 
into the CNS of immunocompetent mice reveals that expression of chemokine
RNA in the CNS precedes the infiltration of immune cells (Asensio and Campbell 
1997). Transcripts for CXCL10, CCL2, CCL4, CCL5, and CCL7 are apparent in 
the CNS of LCMV infected mice 3 days p.i. and increase by day 6, correlating with 
accumulation of activated T cells (Asensio and Campbell 1997). Astrocytes are, in 
part, responsible for expression of certain chemokines including CXCL10 follow-
ing LCMV infection (Asensio et al., 1999). These early results suggested that 
chemokine expression in the CNS represents an early host response to intracranial 
(i.c.) infection with LCMV and drives subsequent immunopathology.

Characterization of chemokine receptors has revealed that CCR5 and CXCR3 are 
readily detected on infiltrating T cells present within the CNS of LCMV-infected 
mice (Christensen et al., 2004; Nansen et al., 2000, 2002). Studies using CCR5-
 deficient mice (CCR5−/− mice) suggested that CCR5 signaling on T cells is dispen-
sable with regards to regulating T cell migration into the CNS, as LCMV-infection 
of CCR5−/− mice results in a lethal T cell-mediated meningitis with no change in 
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the composition of the cellular infiltrate within the CNS of CCR5−/− mice compared 
to controls (Nansen et al., 2002). In contrast, LCMV infection of the CNS in 
CXCR3−/− mice results in a dramatic increase in survival that correlated with 
 paucity in CD8 + T cells migrating into the parenchyma from the meninges; 
 however, no alterations in the distribution of viral antigen between infected 
CXCR3−/− mice and wildtype control mice were observed (Christensen et al., 
2004). Importantly, reconstitution of LCMV-infected CXCR3−/− mice with CXCR3 
+ / + CD8 + T cells restored susceptibility to viral-induced meningitis (Christensen 
et al., 2004). These data highlight the importance of CXCR3 in allowing positional 
migration of effector T cells to sites of infection during on-going viral-induced 
neuroinflammation.

Ligands capable of binding to CXCR3 include the non-ELR CXC chemokines 
CXCL9, -10, and -11. These chemokines lack the ELR motif that is a common 
 feature in the amino terminus of the other members within the CXC subfamily. 
Subsequent studies indicated that CXCL10, but not CXCL9 or CXCL11, is the key 
signaling molecule responsible for recruiting effector T cells into the CNS of LCMV-
infected mice (Christensen et al., 2006). However, given the overlapping chemokine 
expression profiles that exist within the CNS of LCMV-infected mice there is the 
possibility of functional redundancy as well as compensatory mechanisms that may 
be employed in the absence of specific chemokine signaling pathways. Indeed, 
LCMV-infection of mice deficient in both CXCR3 and CCR5 (CXCR3/CCR5-
 deficient mice) indicated that lack of both receptors does not impair generation of 
virus-specific T cells suggesting that signaling through these receptors is not critical 
in generating virus-specific T cells (de Lemos et al., 2005). Although T cell infiltra-
tion into the CNS of either CXCR3−/− or CXCR3/CCR5-deficient mice was reduced 
compared to wild-type mice, there were greater numbers of CD8 + T cells present in 
the neural parenchyma of double-deficient mice compared to CXCR3−/− mice, 
 indicating that CCR5 may function to negatively regulate the antiviral CD8 + T cell 
response (de Lemos et al., 2005).

2.2 West Nile Virus (WNV)

West Nile Virus (WNV) is a flavivirus that cycles between primary and secondary 
hosts, including avian/mosquito vectors and humans/mammals, respectively (Sejvar 
and Marfin 2006). WNV was first isolated from an infected patient in Uganda in 
1937 and has caused sporadic outbreaks in Africa and Asia. WNV represents a  
re-emerging viral pathogen as the virus was isolated from a flamingo in New York 
City in 1999. Subsequently, the virus spread west and, in the process, has had sig-
nificant impact on specific populations of birds. In addition, humans are susceptible 
to infection, which can range from mild flu-like symptoms (West Nile Fever) to 
more serious neurological disease characterized by meningitis and encephalitis.

Peripheral infection of susceptible mice (C57BL/6) with neurotropic clinical 
isolates of WNV results in viral entry and disease that recapitulates many of the 
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viral and pathological parameters of the human disease. Neurons are the primary 
targets of viral infection resulting in multifocal encephalitis characterized by infil-
trating T cells and macrophages. Upon WNV infection, neurons secrete CXCL10 
that presumably serves to attract CXCR3 + T cells into the CNS. In support of this 
are studies indicating that either antibody neutralization of CXCL10 or infection of 
CXCL10−/− mice results in diminished infiltration of CXCR3 + CD8 + T cells into 
the brain accompanied by an increase in virus and disease severity (Klein et al., 
2005). These data support a protective role for CXCL10 in host defense against 
WNV infection by attracting virus-specific effector T cells into the CNS.

Studies by Murphy and colleagues suggest an alternative chemokine signaling 
pathway is important in host defense (Glass et al., 2005, 2006; Lim et al., 2006). 
WNV infection of CCR5−/− mice resulted in a rapid and uniformly fatal infection 
characterized by an impaired ability to clear virus from the brain and reduced 
numbers of T cells compared to infected CCR5 + / + mice (Glass et al., 2005). 
Adoptive transfer of WNV-immune splenocytes into infected CCR5−/− mice restored 
protection that correlated with increased T cell infiltration into the CNS. Supporting 
the importance of CCR5 signaling in host defense against WNV-induced neurologic 
disease are findings that indicate humans harboring the CCRDelta32 deletion have 
increased susceptibility to WNV-induced disease (Glass 2006). Indeed, CCR5Delta32 
homozygosity was significantly associated with fatal outcome after WNV infection 
in one patient cohort examined highlighting the importance of this receptor in defense 
following viral infection of the CNS.

In addition, another mosquito-borne flavivirus, Japanese encephalitis virus 
(JEV), induces an acute encephalitis, in which the role of the host immune response 
with regards to either host defense and/or disease has not been well-characterized 
(Solomon and Winter 2004). However, animal models of JEV-induced encephalitis 
suggest that disease severity correlates with increased expression of proinflamma-
tory genes (Chen et al., 2004, 2000; Suzuki et al., 2000; Winter et al., 2004). 
Chemokines, including CCL5 (a ligand for CCR5) are expressed within the CNS 
of JEV-infected humans suggesting a potential role in controlling leukocyte infiltra-
tion into the CNS (Chen et al., 2000; Suzuki et al., 2000). While levels of IgM and 
IgG were higher within the cerebral spinal fluid (CSF) of survivors of JEV infec-
tion, expression of chemokines CCL8 and CCL5 were elevated in nonsurvivors, 
implying a potential role in disease pathogenesis (Winter et al., 2004).

2.3 Herpes Simplex Viruses (HSV)

Herpes simplex viruses (HSV) are extremely prevalent human pathogens with 
 seroconversion rates approaching 60% worldwide (Carr and Tomanek 2006; 
Looker and Garnett 2005). Infection by HSV type 1 (HSV-1) is the leading cause 
of blindness in the industrialized world due to corneal infection that leads to 
the disease herpetic corneal keratitis. The inflammatory response associated with 
these viruses strongly correlates with morbidity as a result of the development of 
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lesions and subsequent scarring. Therefore, understanding the signals regulating 
inflammation in response to HSV-1 infection of the cornea may provide insight into 
relevant targets for immunotherapy.

The first thorough study to characterize the chemokine gene expression profile 
within the cornea of HSV-1-infected mice was performed in 1996 using PCR 
(Su et al., 1996). Chemokines detected included CXCL1, CXCL2, CXCL9, CXCL10 
and CCL5 (Su et al., 1996). With the exception of CXCL10, expression of chemok-
ines as well as proinflammatory cytokines is transient and occurs during the innate 
immune response. Recent investigations into molecular signaling pathways involved 
in initiating chemokine gene expression in response to HSV-1 infection of the CNS 
have revealed differential requirements for members of the TLR family with regards 
to chemokine gene expression. TLR2 is required for production of various proin-
flammatory cytokines as well as chemokines, including CXCL1, CXCL2, CXCL4, 
and CXCL5 (Aravalli et al., 2005). In contrast, increased production of CXCL9 and 
CXCL10 required both TLR9 as well as type I interferon signaling pathways 
(Wuest et al., 2006). HSV-1 infection of either TLR2−/− or TLR9−/− mice resulted 
in an attenuated inflammatory response highlighting a previously unappreciated 
role for TLR signaling pathways in regulating viral neuropathogenesis (Aravalli 
et al., 2005; Wuest et al., 2006). Additional studies by various groups employing 
either neutralizing antibodies or chemokine/chemokine receptor knock-out mice 
have also aided in defining the functional contributions of these molecules to dis-
ease. CXCL2 promotes neutrophil trafficking by signaling through the receptor 
CXCR2 expressed on the cell surface. Administration of anti-CXCL2 antibody to 
HSV-1-infected mice or infection of CXCR2−/− mice revealed limited neutrophil 
accumulation within the cornea (Maertzdorf et al., 2002; Yan et al., 1998). Blocking 
CXCL10 during the acute phase of HSV-1 ocular infection resulted in increased 
viral titers within the stroma and trigeminal ganglion, but limited corneal pathology, 
although spread of virus from the cornea stroma into the retina was markedly 
restricted in anti-CXCL10 treated mice (Carr et al., 2003). In addition, viral antigen 
was co-localized with infiltrating CD11b + cells suggesting that viral infection of 
inflammatory cells facilitates spread of the virus to other restricted anatomical 
regions of the eye (Carr et al., 2003). These findings led investigators to hypothesize 
that upon HSV-1 infection of the cornea, CXCL10 serves to orchestrate inflamma-
tory responses that function to control viral replication, but also may serve to 
 disseminate virus to other regions of the eye by enabling infection of inflammatory 
cells (Carr et al., 2003). HSV-1 infection of CXCR3−/− mice revealed somewhat 
surprising results as mice deficient in CXCR3 signaling exhibited an overall 
increase in survival rate compared to infected wildtype mice, which was associated 
with a 2-fold increase in the frequency of infiltrating T cells within the trigeminal 
ganglion (Wickham et al., 2005). Similarly, HSV-1 infection of mice lacking CCR5 
allowed for characterization of the contributions of CCR5 ligands CCL3 and CCL5 
to defense and/or disease. HSV-1 infection of CCR5−/− mice resulted in no differ-
ence in mortality despite deficiencies in controlling viral replication in the eye (Carr 
et al., 2006). This approach highlights the potential overlapping compensatory 
mechanisms that are inherent within the chemokine family.
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2.4 Measles Virus (MV)

Measles virus is an enveloped negative-strand RNA virus, and a member of the 
paramyxovirus family (Griffin and Bellini 1996). Infection with MV typically 
results in an acute febrile illness and rash due to viral replication first in mono- and 
lymphocytic cells, and then in a variety of tissues (Katz 1995). MV infection is 
typically self-limiting due to the generation of the virus-specific immune response 
(Griffin and Bellini 1996). In the rare case, however, MV re-emerges in fully 
immunocompetent individuals in the CNS months to years following the resolution 
of the acute infection resulting in a fatal disease known as subacute sclerosing 
panencephalitis (SSPE) (ter Meulen et al., 1983). The pathological hallmarks of 
SSPE include demyelination, gliosis, and T lymphocyte infiltration into the CNS 
accompanied by expression of chemokines and cytokines (Anlar et al., 2001; 
Hofman et al., 1991; Nagano et al., 1994; Schnorr et al., 1997). As infiltration of 
activated immune cells into the CNS is important in disease pathogenesis in SSPE, 
understanding the signals regulating leukocyte invasion is critical to potential 
 disease intervention. Infection of human astrocyte cultures with MV (either live 
virus or ultraviolet-inactivated) results in production of mRNA transcripts for 
CCL2, CCL3, CCL4, and CCL5 (Noe et al., 1999; Xiao et al., 1998). Addition of 
cytokines IFN-γ and TNF-α to viral-infected cultures did not result in a synergistic 
effect with regards to chemokine transcript expression, but rather selectively inhib-
ited CCL2 and CCL4 transcript levels (Xiao et al., 1998). These intriguing results 
suggest localized expression of cytokines may regulate chemokine gene expression 
and modulate disease by altering the composition of the cellular infiltrate. Analysis 
of the cerebral spinal fluid (CSF) of SSPE patients contained elevated levels of 
chemokines, in which CXCL10 was predominantly expressed (Saruhan-Direskeneli 
et al., 2005).

The receptor for MV, CD46, is expressed at low levels on neurons, oligodendro-
cytes, and astrocytes in normal brains (McQuaid and Cosby 2002). Mouse models 
for MV pathogenesis have been hampered by the fact that mice do not express CD46 
and are normally not infected by MV. However, a transgenic mouse expressing 
human CD46 on neurons under the control of the neuron-specific enolase promoter 
(NSE) is susceptible to infection and replication of human MV strains (Rall et al., 
1997). Intracranial infection of transgenic NSE-CD46 neonate (day 1) mice with 
MV results in widespread viral replication in neurons that leads to acute encephali-
tis, seizures, weight loss and ataxia, with death occurring by day 15–20 p.i. (Rall 
et al., 1997). T and B lymphocytes enter the CNS and are found in association with 
MV-antigen expressing neurons following MV infection in NSE-CD46 mice 
(Manchester et al., 1999). The contribution of these cells to host defense was 
 determined using adoptive transfer of immune cell subsets into transgenic CD46-
expressing mice. These studies revealed that CD4 + T lymphocytes in combination 
with CD8 + T lymphocytes or B cells are necessary for protection during MV 
 infection (Tishon et al., 2006). Additionally, neurons contributed to chemokine 
expression in the CNS following MV infection of NSE-CD46 mice (Patterson et al., 
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2003). In these experiments chemokine transcripts for CXCL10 and CCL5 were 
elevated in CNS tissues isolated from MV infected immunodeficient NSE-CD46/
Rag-2 knock-out (ko) mice, as well as from MV-infected primary hippocampal 
 neuron cultures established from embryonic NSE-CD46 mice (Patterson et al., 
2003). Neutralization of CXCL10 and CCL5 with polyclonal neutralizing antisera 
resulted in significant reductions in CD4 + and CD8 + T cell infiltration into the 
CNS following MV infection of NSE-CD46 mice (Patterson et al., 2003). Therefore, 
these findings highlight the functional relevance of chemokines in the neuropatho-
genesis of MV infection and reveal potential targets for therapy in SSPE patients.

2.5 Cytomegalovirus

Cytomegalovirus (CMV) infection of humans can result in pathological manifesta-
tions within the CNS that include microglial nodule formation and ventriculoen-
cephalitis (Arribas et al., 1995). Glial cells are sensitive to CMV infection and are 
capable of secreting chemokines. For example, CMV infection of astrocytes did not 
result in the production of antiviral cytokines but does generate chemokines CCL8 
and CCL2 (Cheeran et al., 2001). However, CMV infection of microglial cells 
 promoted production of anti-viral cytokines TNF-α and IL-6, in addition to 
 chemokines, such as CXCL10 (Cheeran et al., 2003). It is possible that CMV-
infected astrocytes attract microglial cells to sites of infection to aid in host defense 
via secretion of anti-viral cytokines. In support of this possibility are data demon-
strating an ~60% reduction in viral gene expression in CMV-infected astrocytes 
co- cultured with microglia (Cheeran et al., 2001). CXCL10 expressed from CMV-
infected microglia may aid in host defense by attracting T cells into the CNS 
(Cheeran et al., 2004). Infection of immunodeficient mice with murine CMV 
(MCMV) resulted in unrestricted viral replication within the brain and ultimately 
death (Cheeran et al., 2004). In addition, there were elevated levels of CCL2 and 
CXCL10 within the brains of MCMV-infected immunodeficient animals, which 
likely reflect the increase in viral burden. Transfer of splenocytes obtained from 
MCMV-primed animals into infected immunodeficient mice resulted in protection 
from lethal disease. These findings indicate that localized expression of chemokines 
is not sufficient to control viral replication in the absence of an adaptive immune 
response (Cheeran et al., 2004). Further, these findings suggest that expression of 
T cell chemoattractant chemokines, such as CXCL10, may exert a protective effect 
by attracting T cells to sites of viral replication (Cheeran et al., 2004).

2.6 Human Immunodeficiency Virus (HIV)

Human immunodeficiency virus-1 (HIV-1) induces severe damage to the immune 
system, as it is tropic for both CD4 + T cells and for cells of the monocyte/ 
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macrophage lineage. Ultimately, significant depletion of effector memory CD4 
+ T cells leads to acquired immunodeficiency syndrome (AIDS) in which suscep-
tibility to opportunistic infection is increased due to a limited adaptive immune 
system (Brenchley et al., 2006; Grossman et al., 2006). Infection with HIV can 
also result in damage to the CNS resulting in dementia. HIV-associated dementia 
(HAD) affects approximately 20% of individuals with advanced HIV disease, and 
is characterized clinically by numerous neurological and psychiatric symptoms 
with cognitive and motor impairments being the most prevalent (Albright et al., 
2003; Janssen et al., 1991; Marder et al., 1996; Navia et al., 1986). HIV-1 
encephalitis (HIVE), the histological correlate of HAD, occurs in the majority of 
HAD cases and the pathological hallmarks include blood–brain barrier (BBB) 
damage, productive viral infection, inflammatory infiltrates consisting of lym-
phocytes and macrophages, astrogliosis, microgliosis and neuronal loss (Budka 
1991; Cartier et al., 2005).

Chemokines and chemokine receptors are implicated in both disease pathogene-
sis and protection during HAD, however, the precise mechanisms governing the 
damage are presently under investigation. Several chemokine receptors are directly 
involved in the infection, serving as CD4 coreceptors for viral entry into target cells 
(Cartier et al., 2005). CCR5 and CXCR4 are predominantly utilized, but additional 
studies support CCR2a (splice variant), CCR3, CCR8, CXCR6 and CX3CR1 as 
minor coreceptors for HIV-1 (Cartier et al., 2005).

The initial entry of HIV into the brain is thought to occur via migration of 
infected monocytes and CD4 + T lymphocytes across the BBB (Cartier et al., 
2005; Speth et al., 2005). Although the molecular mechanisms are currently 
unknown, chemokines are thought to be central regulators of this process (Cartier 
et al., 2005; Speth et al., 2005). For example, recent studies demonstrate that the 
presence of CCL2 within the brain promotes migration of HIV-infected leuko-
cytes into the CNS (Eugenin et al., 2006). CXC3CL1 and CXCL12 have also 
been implicated in the transmigration of lymphocytes and monocytes across the 
BBB (Nottet 1999). Once HIV enters the brain, virus-host interactions and viral 
protein release lead to altered chemokine expression that can result in activation 
or proliferation of microglia and astrocytes or activation of neuronal chemokine 
receptors resulting in neuronal dysfunction or death (Speth et al., 2005). High 
CCL2 concentrations in the CSF of SIV-infected macaques correlate with a 
 significantly higher expression of macrophage/microglia and astrocyte activation 
markers suggesting involvement of CCL2 in microgliosis and astrocytosis (Zink 
et al., 2001). As an inducer of astrocyte proliferation, enhanced expression of 
CXCL12 during HIV encephalitis likely contributes to astrocytosis as well 
(Bonavia et al., 2003). Factors released by activated microglia and astrocytes may 
indirectly or directly contribute to neuronal damage. Additionally viral proteins 
such as gp120 can act as chemokine agonists and activate signaling pathways in 
astrocytes and neurons resulting in neurodegeneration (Kaul et al., 2005). Taken 
together, these studies support the notion that chemokines and chemokine recep-
tors are serving, in part, as mediators of disease leading to the pathogenesis 
 associated with HAD.
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The duplicitous nature of chemokines and chemokine receptors is highlighted by 
studies demonstrating the protective abilities of these molecules during HAD. 
Among the protective functions that chemokines and chemokine receptors play are 
competition for HIV binding, modulation of astrocyte and microglia activation and 
protection from HIV-induced neurotoxicity (Speth et al., 2005). Corasaniti et al., 
(2001a, b) showed that CXCL12 elicits protection against gp120-induced neuronal 
apoptosis in rats and suggests that this protection is conferred through a shift in the 
competition of gp120 and CXCL12 binding to CXCR4 in favor of CXCL12. 
Regarding protection from neurotoxicity, studies support a role for CCL2 and 
CX3CL1 in protecting neurons from Tat-induced apoptosis (Eugenin et al., 2003; 
Tong et al., 2000). Diminished microglial production of proinflammatory cytokines 
and reactive oxygen species following CX3CL1 treatment has been observed, yet 
the mechanism is currently under investigation (Mizuno et al., 2003).

2.7 Coronavirus

Coronaviruses are enveloped positive-strand RNA viruses with a genome rang-
ing from 30–34 kb in size (Masters 2006). Coronaviruses infect numerous 
 vertebrate hosts including humans, chickens, pigs, and mice causing a wide 
variety of disorders involving a number of different organ systems; however, 
there are specific tropisms for the CNS, lungs, gastrointestinal tract and liver 
(Holmes and Lai 1996; McIntosh 1996; Perlman et al., 1999). Receptor use 
among the varied coronaviruses is restricted to several well-defined proteins. 
Human coronavirus infections result in acute enteritis as well as 15% of com-
mon colds indistinguishable from those caused by other viruses (Holmes and 
Lai 1996; McIntosh 1996; Perlman et al., 1999). More recently, a human 
 coronavirus (CoV) has been indicated to be the etiologic agent for Severe Acute 
Respiratory Syndrome (SARS). SARS is a potentially lethal disease and is 
 recognized as a health threat internationally (Holmes 2003). Although normally 
considered an upper respiratory tract pathogen, SARS CoV was recently 
 isolated from brain tissue of a SARS patient with significant neurologic 
 symptoms and neuropathology associated with neuronal necrosis and glial 
hyperplasia (Xu et al., 2005). Analysis of blood samples revealed a dramatic 
increase in CXCL9 and CXCL10 protein levels (Xu et al., 2005). Moreover, 
immunostaining showed discrete patterns of CXCL9 expression by glial cells 
that was associated with infiltrating T cells and macrophages. These findings 
demonstrate that SARS CoV is capable of infecting the CNS and is  associated 
with neurologic disease characterized by immune cell infiltration in which 
chemokine signaling may be important.

Supporting this possibility are studies utilizing a murine coronavirus, mouse 
hepatitis virus (MHV), to characterize the functional contributions of chemok-
ine signaling in leukocyte trafficking and accumulation within the CNS 
(reviewed in Glass et al., 2002; Lane et al., 2006). Instillation of MHV into the 
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CNS of susceptible mice results in an acute encephalomyelitis characterized by 
viral infection and replication in either neurons and/or glial cells (Lane et al., 
2006). Mice that survive the acute disease often develop a chronic demyelinat-
ing disease with virus persisting in white matter tracts and infiltrating T cells 
and macrophages contribute to myelin damage. MHV infection results in an 
orchestrated expression of chemokines including CCL2, CCL3, CCL4, CCL5, 
CXCL9, and CXCL10 (Lane et al., 1998). Analysis of the temporal expression 
profiles of chemokine transcripts revealed that at all stages of disease examined 
e.g. acute and chronic, CXCL10 was the prominent chemokine detected.

Inhibition of chemokine signaling through use of genetic knock-out mice or 
 neutralizing antibodies has provided a powerful approach to designate both 
redundant and non-redundant roles for chemokines in MHV-induced CNS dis-
ease. Indeed, MHV infection of CCL3−/− mice results in deficient activation and 
accumulation of myeloid dendritic cells into draining cervical lymph nodes that 
results in muted activation of virus-specific T cells (Trifilo et al., 2003; Trifilo 
and Lane 2004). For example, virus-specific CD8 + T cells are unable to undergo 
egress from lymphatic tissue and migrate into the CNS as a result of impaired 
expression of tissue-specific homing receptors e.g. chemokine receptors CXCR3 
and CCR5 (Trifilo et al., 2003). In addition, virus-specific CD4 + T cells derived 
from MHV-infected CCL3−/− mice produce increased levels of IL-10 and dimin-
ished IFN-γ when stimulated with viral antigen (Trifilo and Lane 2004). 
Therefore, these data indicate that early expression of chemokines such as CCL3 
serve an important role in linking innate and adaptive immune responses follow-
ing MHV infection of the CNS.

Blocking either CXCL9 or CXCL10 during acute disease resulted in 
increased mortality that correlated with reduced infiltration of CXCR3 + T cells 
into the CNS and increased viral titers, demonstrating an important role for 
these chemokines in host defense by attracting T cells into the CNS (Dufour 
et al., 2002; Liu et al., 2000, 2001a). However, blocking CXCL10 during 
chronic disease was beneficial as  animals recovered locomotor activity that 
was associated with reduced T cell infiltration into the CNS and extensive 
remyelination (Liu et al., 2001b). Therefore, CXCL10 is either protective or 
contributes to disease depending on the stage of  disease. Further support for the 
importance of CXCL10 in modulating disease is derived from studies demon-
strating that antibody-targeting of CXCR3 improves clinical outcome during 
chronic disease by reducing T cell accumulation within the CNS (Stiles et al., 
2006b). Importantly, the influence of blocking CXCL10 signaling appears to be 
at the level of trafficking rather than muting specific T cell effector functions 
e.g. cytokine secretion or proliferation (Stiles et al., 2006a). In addition to 
CXCL10, the chemokine CCL5 also promotes protection during acute disease as 
well as amplifies disease severity during chronic disease (Glass et al., 2004, 
2001). CCL5 is capable of recognizing the receptors CCR1 and CCR5, which are 
surface receptors present on activated macrophages and T cells. MHV  infection 
of CCR5−/− did not significantly impact host defense, but demyelination was 
reduced and this correlated with paucity in macrophage accumulation within the 
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CNS (Glass et al., 2001). These findings suggest that CCR5 signaling promotes 
macrophage trafficking but does not significantly impact T cell  migration. 
However, MHV infection of mice deficient in CCR1 signaling (CCR1−/− mice) 
did not affect viral clearance from the brain, although there was a reduction in 
CD8 + T cell accumulation (Hickey et al., 2007). Further, MHV-infected 
CCR1−/− mice ultimately succumbed to fatal disease during the chronic stage of 
infection in the absence of any significant change in the composition of the cel-
lular infiltrate (Hickey et al., 2007). Therefore, these data demonstrate that nei-
ther CCR1 nor CCR5 signaling alone is necessary for optimal host defense during 
acute disease, but both receptors influence the disease pathogenesis during chronic 
disease.

2.8 Theiler’s Murine Encephalomyelitis Virus (TMEV)

Theiler’s Murine Encephalomyelitis Virus (TMEV) is a positive-strand RNA 
picornavirus that does not infect humans, but does induce an acute encephalo-
myelitis and chronic demyelinating disease following instillation into the CNS 
of mice (Oleszak et al., 2004). Importantly, TMEV infection serves as an 
excellent model for the human demyelinating disease MS due to similarities in 
neuropathology. TMEV infection results in activation of various chemokine 
genes within the CNS including CCL2, CCL3, CCL4, CCL5, CXCL9, and 
CXCL0 that precedes and accompanies leukocyte infiltration into the CNS and 
is associated with onset of clinical disease (Hoffman et al., 1999; Ransohoff 
2002). In vitro studies have revealed that TMEV infection results in a dramatic 
increase in the synthesis of chemokine mRNA transcripts (Palma and Kim 
2001; Palma and Kim 2004; So et al., 2006). Chemokine gene activation was 
largely independent of type I IFN signaling but completely dependent upon 
NFκB and IRF/ISRE pathways (Palma and Kim 2004; So et al., 2006). More 
recently, induction of chemokine gene expression was found to occur in a 
TLR3-dependent manner (Palma and Kim 2004; So et al., 2006). Functional 
studies have ruled out CXCL10 as important in either host defense or disease 
following TMEV infection, indicating that alternative signaling pathways pro-
mote these separate events (Tsunoda et al., 2004). Moreover, antibody target-
ing of either CXCL9 or CCL5 results in increased viral antigen expression 
within the CNS and increased spinal cord pathology, suggesting that these 
chemokines serve to restrict viral gene expression (Ure et al., 2005). Therefore, 
the TMEV model of viral-induced neurologic disease is distinct from others 
with regards to chemokines participating in leukocyte infiltration into the CNS 
and/or disease progression. Indeed, CNS-derived chemokine gene expression 
in TMEV-infected mice during chronic disease appears to be dictated primarily 
by viral persistence and is independent of genetic factors related to susceptibility, 
severity of neuropathology, and the presence or absence of regulatory T cells 
(Ransohoff 2002).
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3 Bacterial Infections of the CNS

Several different types of bacteria infect the CNS and cause severe and often fatal 
diseases, thus highlighting the importance of studying the host immune response 
 following infection (Table 2). Unlike viruses, the majority of these bacteria do not 
require a host cell for survival and replication within the CNS. Rather, many bacterial 
infections of the CNS stem from the colonization of the CSF. In general, these patho-
gens gain access to the CNS following septicemia, which facilitates passage of the 
bacterium and immune cells across the BBB, culminating in diseases such as menin-
gitis, encephalitis and brain abscess. Notably, bacterial meningitis accounts for one of 
the top ten infectious causes of death throughout the world (Nau and Bruck 2002; 
Scheld et al., 2002). The high mortality rate associated with these infections and the 
prevalent neurologic damage incurred by survivors is the result of pathological 
changes within the CNS due to (1) direct damage elicited by the pathogen itself 
and (2) the strong host inflammatory response within the CNS during the bacterial 
infection. For instance, gram-positive bacteria induce a robust neuroinflammatory 
response via immunoreaction to the peptidoglycan-techoic acid that constitutes the 
bacterial cell wall. Similarly, the lipopolysaccharide (LPS) contained within the outer 
membrane of gram-negative bacteria is highly antigenic and contributes to bacterial-
mediated CNS pathogenesis. The resulting host inflammatory response contributes to 
CNS damage at the site of infection due to the toxic effects of immune mediators 
including cytokines, chemokines, oxidative agents and proteolytic enzymes (Koedel 
et al., 2002; Pfister and Scheld 1997). Similar to the viral infections discussed in the 
first section of this chapter, recruitment and activation of leukocytes is a hallmark of 
acute inflammation in response to bacteria and it is evident that chemokines also play 
a vital role in this process. Therefore, understanding the role of chemokine/chemok-
ine receptor expression within the CNS of bacteria-infected hosts may uncover poten-
tial targets for therapeutic intervention.

Despite the dramatic clinical impact of the neurotropic bacterial pathogens on 
morbidity and mortality, work dedicated to understanding the mechanisms govern-
ing immune cell infiltration following infection are limited compared to viral-based 

Table 2 Bacteria-Induced CNS Disease

Pathogen Disease

Bacteria

Gram-positive
Streptococcus pneumoniae Meningitis, meningoencephalitis, brain abscess
Listeria monocytogenes Meningitis, meningoencephalitis, brain abscess
Staphylococcus aureus Brain abscess

Gram-negative
Neisseria meningitidis Meningitis, meningoencephalitis
Haemophilus influenza Meningitis

Spirochetes
Borrelia burgdorferi Meningitis, encephalitis
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studies. Nonetheless, several important studies are beginning to shed light on the 
subject. From this work it is apparent that bacterial infections within the CNS tend 
to result in similar chemokine profiles compared to virus (Kielian 2004b; Lahrtz et al.,
1998). Indeed, in many instances the level and duration of chemokine expression 
in response to bacterial infection surpasses what is often observed  following viral 
infections. Presumably, the presence of higher levels of antigens, including cell 
wall products and/or various secreted virulence factors likely contribute to this 
feature of the bacteria-induced inflammation. Targeted studies have revealed the 
presence of elevated levels of CXCL8, CXCL1, CCL2, CCL3, CCL4 and CCL5 in 
the cerebrospinal fluid (CSF) of patients with bacterial meningitis compared to 
controls (Lahrtz et al., 1998; Spanaus et al., 1997; Sprenger et al., 1996). More 
recently, global screening for a broad range of chemokines in the 
CSF of similar patients has also demonstrated significantly enhanced levels of 
CXCL5, CXCL7, CXCL10, CCL8 and CCL20 (Kastenbauer et al., 2005). 
Importantly, CXCL8 expression correlates well with neutrophil infiltration, which 
are the  predominant leukocytes present during bacteria-mediated CNS infections 
(Halstensen et al., 1993; Lahrtz et al., 1998; Mastroianni et al., 1998; Spanaus 
et al., 1997; Sprenger et al., 1996). However, the frequent presence of chemokines, 
such as, CCL2, CCL3 and CCL4, in the context of comparatively low monocyte 
infiltration during CNS infections caused by bacteria suggests that these chemok-
ines play a broader role in the host anti-bacterial response beyond leukocyte 
 trafficking, and emphasizes the importance of future research dedicated to this 
field (Inaba et al., 1997; Lahrtz et al., 1998; Mastroianni et al., 1998; Spanaus 
et al., 1997; Sprenger et al., 1996). The following section of this chapter is intended 
to highlight the common bacteria associated with CNS disease that have been 
studied in the context of chemokine regulation and signaling.

3.1 Streptococcus pneumoniae

Streptococcus pneumoniae (S. pneumoniae) is a gram-positive pathogenic bacte-
rium that is the primary causative agent of otitis media and bacterial pneumoniae 
(Bridy-Pappas et al., 2005). Importantly, it is also the primary cause of bacterial 
meningitis in adults, accounting for nearly 50% of all reported cases (Bridy-Pappas 
et al., 2005; Robinson et al., 2001). S. pneumoniae commonly resides within the 
nasopharynx of healthy individuals, but in many cases, colonization in other areas 
of the host results in septicemia, subsequent breaching of the BBB and infection of 
the meninges. Pneumococcal meningitis has a nearly 30% mortality rate and in the 
majority of cases a high frequency of neurologic defects in survivors (Bohr et al., 
1984; Bridy-Pappas et al., 2005; Edwards et al., 1985; Pfister et al., 1993). The high 
rate of fatal cases is speculated to be a result of an initial suboptimal host immune 
response against S. pneumoniae. The poor immune response can be attributed in 
part to the polysaccharide capsule surrounding S. pneumoniae that has been shown 
to facilitate immune evasion, thus giving it the advantage of reaching high bacterial 
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titers, which ultimately contributes to an unfavorable inflammatory environment 
(Musher 1992).

Indeed, chemokine expression is a hallmark of S. pneumoniae infection and 
several chemokines, such as CXCL1, CXCL8, CCL2, CCL3, CCL4 and CCL5 are 
expressed in the CSF of patients with meningitis (Lahrtz et al., 1998; Spanaus 
et al., 1997; Sprenger et al., 1996). A similar chemokine protein profile was seen 
in resident mouse microglia stimulated with the highly immunogenic cell wall 
components from S. pneumoniae (Hausler et al., 2002). In a mouse model of 
pneumococcal meningitis that mimics the natural route of infection in humans, 
CXCL2 was highly expressed following intranasal infection (Zwijnenburg et al., 
2001). These and other studies have focused on determining the function and 
 regulation of chemokines in the context of pneumococcal meningitis. For instance, 
CSF from pneumococcal meningitis patients was chemotactic for neutrophils and 
mononuclear leukocytes (Lahrtz et al., 1998; Spanaus et al., 1997; Sprenger et al., 
1996). Given that neutrophils are the predominant immune cell infiltrate during 
acute disease, other groups have taken a closer look at the function of CXCL8, and 
its mouse homolog, CXCL2. In a rabbit model of LPS induced meningitis, CXCL8 
blockade resulted in reduced leukocyte recruitment (Dumont et al., 2000). 
Likewise, intravenous treatment with anti-CXCL8 antibody in a rabbit model of 
S. pneumoniae-induced meningitis impaired leukocyte accumulation in the CSF 
(Ostergaard et al., 2000). CXCL2 expression in mice appears to be dependent on 
toll-like receptor (TLR) signaling. Mice deficient for MyD88, an integral signal 
transduction molecule involved in TLR signaling, exhibited a reduced inflamma-
tory host response, including significant reduction in CXCL2 expression, which 
resulted in higher bacterial titers in the CNS and increased aggravation of disease 
compared to wild-type mice (Koedel et al., 2004). While these results are interest-
ing with regards to CXCL8, it is apparent that more work needs to be focused on 
understanding the role of the other chemokines expressed during pneumococcal 
meningitis. Recent work has demonstrated an even broader array of chemokine 
protein expression including CXCL5, CXCL7, CXCL10, CCL8 and CCL20 in 
CSF of meningitis patients (Kastenbauer et al., 2005); and at least one study impli-
cates the cytokine IFN-γ in differentially modulating chemokine production in 
resident CNS macrophages in response to components of the S. pneumoniae cell 
wall (Hausler et al., 2002). In summary, these studies suggest that inflammation in 
the CNS following S. pneumoniae infection is dynamically regulated by a distinct 
chemokine profile and highlights the importance of microglia as key mediators of 
this active process.

3.2 Neisseria meningitidis

Neisseria meningitidis (N. meningitidis) is known best as a primary pathogen of 
meningitis that has the potential to cause epidemic outbreaks (Manchanda et al., 
2006). N. meningitidis is gram-negative bacterium that elicits a robust host immune 
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response through its LPS-rich cell wall. In fact, the severity of clinical presentation 
appears to correlate with the level of LPS within the CSF (Moller et al., 2005). Like 
S. pneumoniae, N. meningitidis resides within the human nasopharynx and is 
 transmitted by respiratory spread. Its antiphagocytic capsule also gives N. meningitidis
the advantage of evading immune clearance, which can result in high titers of the 
pathogen in the blood that ultimately facilitates breaching of the BBB. Upon infec-
tion of the CNS, meningeal cells appear to be a prominent source of chemokine 
production during meningococcal infection (Fowler et al., 2006). Binding of 
N. meningitidis to these cells results in high levels of CCL2, CCL5 and CXCL8 
expression (Fowler et al., 2006), BBB damage and access to the CNS. Targeted 
studies, have demonstrated that the chemokines, CCL2, CCL3, CCL4, CCL5, 
CXCL1 and CXCL8 are expressed in the CSF from patients with meningococcal 
meningitis (Moller et al., 2005; Spanaus et al., 1997). Importantly, CSF from these 
patients is also chemotactic for inflammatory immune cells (Spanaus et al., 1997), 
supporting the functional role of chemokines for positional migration of immune 
cells in the context of bacterial meningitis. Additional evidence lies in the observa-
tion that the CSF from similar patients infected with N. meningitidis also contained 
significant levels of CCL2, CCL3, CCL5 and CXCL8, which had an inverse 
 correlation with the relative bacterial load (Moller et al., 2005), and in vivo and 
ex vivo studies demonstrated that LPS was the major mediator of chemokine secretion
(Moller et al., 2005). Enhanced CCL2, CCL3 and CXCL8 protein production was 
associated with increasing concentrations of LPS; however, the plasma CCL5 
 levels were inversely related (Moller et al., 2005), suggesting that CCL5 does not 
play a major role in leukocyte recruitment to the site of CNS infection. Meningeal 
cells appear to be a prominent source of chemokine production during a meningo-
coccal infection, as CCL2, CCL5 and CXCL8 are each highly expressed following 
in vitro binding studies with N. meningitidis (Fowler et al., 2006). This robust host 
neuroinflammatory response elicited at the site of CNS infection may indeed have 
consequences beyond direct damage to CNS tissue. Leukopenia is a common 
 feature in patients with systemic meningococcal infections often resulting in fatal 
septic shock (Flaegstad et al., 1995; Kornelisse et al., 1997). It is interesting to 
speculate that strong expression of chemokines at the site of infection may effec-
tively deplete the levels of circulating leukocytes, ultimately contributing to high 
bacterial titers and the resulting fatal disease outcome.

3.3 Haemophilus influenza

Pathogenic strains of the gram-negative bacterium Haemophilus influenza (H. influenza)
are defined by the presence of a capsule and are grouped into six types (A-F) that 
cause a variety of diseases affecting the ear, upper respiratory tract and CNS 
(Murray et al., 2005). H. influenza type B (HiB) was the number one cause of 
acute meningitis in infant and young children in the United States until wide-
spread use of the HiB vaccine reduced reported cases to less than 10% since 1990 
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(Schuchat et al., 1997). Similar to S. pneumoniae and N. meningitidis, the CSF 
from patients with Hib contains significant amounts of CCL2, CCL3, CCL4, 
CCL5, CXCL1 and CXCL8 (Spanaus et al., 1997). In addition, similar findings 
were observed in a rat model of Hib, as significant levels of CCL2, CCL3, CCL5 
and CXCL2 were expressed within 24–48 h post infection (Diab et al., 1999). 
Importantly, expression of these chemokines correlated well with the recruitment 
of infiltrating neutrophils and macrophages into the meninges, and also with dis-
ease severity (Diab et al., 1999). CXCL2 and CCL3 expression was detected in 
neutrophils and macrophages in the subarachnoid space that separates the menin-
geal cells from the lateral ventricles. CCL2 expression localized to infiltrating 
neutrophils and macrophages, and to some extent, astrocytes, whereas CCL5 
expression occurred predominantly in astrocytes and resident microglia. The 
functional roles of CXCL2, CCL2 and CCL3 in immune cell trafficking during 
HiB infection were also determined by using neutralizing antibody studies (Diab 
et al., 1999). Treatment with anti-CCL2 significantly reduced macrophage 
 infiltration into the subarachnoid space, while anti-CXCL2 treatment impaired 
neutrophil trafficking. It is important to note that this study was the first to show 
that  anti-CCL3 also abrogated neutrophil recruitment, despite the observation 
that this chemokine is not capable of neutrophil recruitment in vitro. However, 
other studies are starting to show a role of CCL3 in neutrophil trafficking in vivo 
(Ajuebor et al. 2004; Ramos et al. 2005; Standiford et al. 1995). Interestingly, 
selective chemokine blockade also modulated the expression of the other chem-
okines; e.g. anti-CCL3 administration resulted in downregulation of CCL5, but 
simultaneous upregulation of CCL2 and CXCL2 (Diab et al. 1999). Therefore, it 
is possible that blocking CCL3 expression may have an indirect effect on neu-
trophil recruitment by modulating the expression of other chemokines, again 
highlighting the complex interplay between the regulatory events controlling 
chemokine regulation and immune infiltration during infection.

3.4 Listeria monocytogenes

Listeria monocytogenes (L. monocytogenes) is a gram-positive bacterium that is an 
important human pathogen, causing diseases ranging from mild gastroenteritis to 
fatal septicemia, encephalitis and up to 15% of the reported cases of meningitis 
in adults (Calder 1997). Transmission of L. monocytogenes and the pathogenesis 
of listeriosis are facilitated by several key features (Murray et al. 2005). For 
instance, it is a hardy bacterium that survives in soil, high heat and is able to 
 replicate at low temperatures, thus facilitating transmission as a food-borne pathogen. 
Furthermore, it is a facultative intracellular bacterium that evades immune sur-
veillance by surviving within macrophages and endothelial cells and can move 
from cell-to-cell via actin-based motility without exposure to other immune 
 factors, such as antibodies and complement. In fact, Listeria can infect a variety 
of cell types, including  neurons, astrocytes and meningeal cells. Chemokine 
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signaling is considered important for controlling intracellular replication of 
Listeria by recruiting activated monocytes across the BBB and into the subarach-
noid space (Frei et al. 1993). In an experimental mouse model, Seebach, et al. 
(1995) showed that the immune cell infiltration to the meninges is temporally 
regulated following intracerebral infection with L. monocytogenes. Within 24 h 
p.i., roughly 80% of the infiltrating cells were neutrophils, with monocytes mak-
ing up approximately 50% of the inflammatory cells after 72 h p.i. (Seebach et al., 
1995). The immune cell influx correlated well with time-dependent chemokine 
expression, as CCL3 and CCL4 were expressed predominantly by neutrophils 
within the meninges early in the infection (12 h p.i.), and CXCL2, CCL3 and 
CCL4 were expressed by both neutrophils and monocytes by 24–48 h p.i. 
Furthermore, CCL3, CCL4 and CXCL2 were present in CSF from infected mice 
and in vitro antibody treatment with anti-CXCL2 or  anti-CCL3 showed that these 
chemokines were partly responsible for neutrophil and monocyte recruitment, 
respectively. In light of the in vitro results it is interesting that the temporal 
expression of CCL3/CCL4,  followed by CXCL2/CCL3/CCL4 is associated with 
a switch from a neutrophil-rich to a monocyte dominant immune cell environ-
ment. As we have seen, the in vivo inflammatory environment and in vitro model 
are often not correlated and can represent two widely distinct situations. The in 
vivo findings suggest that CCL3 is capable of either directly or indirectly recruit-
ing neutrophils to areas inflammation, including the sites of bacterial-induced 
meningitis, once again emphasizing the importance of the dynamic regulatory networks 
that likely modulate chemokine and chemokine receptor function and signaling.

3.5 Borrelia burgdorferi

Borrelia burgdorferi (B. burgdoferi) is an obligate intracellular, spirochete bacterium, 
known best as the causative agent of Lyme’s disease (Murray et al., 2005). It is most 
commonly transmitted to humans by an infected tick. Lyme borreliosis can also affect 
the CNS, generally manifesting as meningitis. In fact, other spirochetes have long 
been associated with CNS infection, including the causative agents of syphilis 
(Treponema pallidum) and leptospirosis (Leptospira) (Pachner 1986). In the case of 
borreliosis, host immune evasion is mediated through the ability of B. burgdorferi to 
constantly modify its surface structure by modulating lipoprotein expression. 
However, the surface structure of borrellia can also induce a strong and often damag-
ing inflammatory response (Morrison et al., 1997), which is mediated in part by 
chemokine expression. As we have seen, inflammatory changes in the CSF mediate 
breaching of the BBB and infiltration of immune cells within the CNS, causing sub-
sequent pathogenesis. Indeed, the CSF of patients with neuroborelliosis contained 
significant amounts of CCL3, CCL4 and CCL8 compared to control patients 
(Grygorczuk et al., 2003). Furthermore, human monocytes infected with Borrelia
strongly expressed and secreted CCL2, CCL5, CCL8, CXCL1 (Sprenger et al., 
1997). It appears that activated CD8 + T cells expressing the chemokine receptor, 
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CCR5, may be directed to the CNS via these or other unidentified chemokines during 
the early phase of neuroborreliosis (Jacobsen et al., 2003). Interestingly, CCR5 sign-
aling on CD8 + T cells during Borrelia infection is also speculated to contribute to 
chronic autoimmune driven disease (Hemmer et al., 1999).

3.6 Staphylococcus aureus

Staphylococcus aureus is a gram-positive bacterium that is well known for causing 
food poisoning, skin infections and acute endocarditis (Murray et al., 2005). It resides 
within the human nasal mucosa and/or the skin and is transmitted by skin-to-skin 
contact and by sneezing. S. aureus is a common hospital-acquired infection and 
methicillin-resistant strains of S. aureus (MRSA) complicate effective drug treat-
ment strategies. For example, S. aureus represents a significant nosocomial infec-
tion and is a prominent cause of brain abscesses, a disease that affects roughly 1 out 
of every 10,000 hospital-admitted patients in the U.S. (Kielian 2004a; Townsend 
and Scheld 1998). In addition, S. aureus is able to survive intracellularly within 
neutrophils and endothelial cells further interfering with the success of host-
immune clearance (Gresham et al., 2000). Chemokine signaling in response to CNS 
infection with S. aureus has been studied in a murine experimental brain abscess 
model. Using this model, Keilan, et al. (2001) demonstrated that CCL1, CCL2, 
CCL3, CCL4, CXCL2 were expressed within 6 h post bacterial exposure. Microglia 
and astrocytes appear to play a prominent role in immune cell recruitment in this 
model system as the primary reservoirs for chemokine production and secretion. 
CCL1, CCL2, CCL3, CCL4, CXCL2 were expressed on primary cultures of murine 
microglia and astrocytes infected with S. aureus (Kielian et al., 2001), and micro-
glia or astrocytes stimulated with heat inactivated S. aureus or gram-positive pepti-
doglycan expressed CCL1, CCL2, CCL3, CCL4, CCL5, CXCL10 (Kielian et al., 
2002), and CCL2, CCL4 and CXCL2 (Esen et al., 2004). The functional role of 
chemokine signaling was further examined using CXCR2 ko mice, which had 
impaired neutrophil trafficking and increased bacterial burden within the CNS 
(Kielian et al., 2001), indicating that CXCR2 ligands provide the main chemotactic 
signal driving neutrophil influx into the CNS. In addition, CXCL2 is chronically 
expressed in the experimental brain abscess model and correlated with continued 
infiltration of neutrophils in the presence of low bacterial titers within the CNS 
(Baldwin and Kielian 2004). It appears that CXCL2 expression in microglia is 
dependent on MyD88 signaling, suggesting that S. aureus-mediated microglia acti-
vation and chemokine production are dependent on TLR recognition, in part by 
TLR2 (Esen and Kielian 2006). These studies indicate that CXCL2:CXCR2 signal-
ing is the dominant cue for neutrophil recruitment to sites of S. aureus infection, 
which in themselves may be the primary mediators of CNS damage. To gain a 
 better understanding of the mechanisms that induce tissue injury within the CNS 
it is of interest in the future to determine the functional importance of the other 
 chemokines expressed during the course of S. aureus infection.
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4 Perspectives

Microbial infection of the CNS often results in a tightly regulated inflammatory 
immune response in which chemokine signaling helps to control leukocyte entry and 
positional migration to sites of infection. Although functional redundancy is associ-
ated with many chemokine ligands as a result of receptor promiscuity, chemokine 
expression profiles often significantly shape the immune response to infection of the 
CNS based on various criteria including pathogen, route of infection, and cellular 
tropism. Careful consideration of chemokine and chemokine receptor expression 
during the course of disease could help in the derivation of treatments for patients 
infected with CNS invading pathogens with the ultimate goal of limiting inflamma-
tion/pathology without muting specific anti-microbial effector responses. Indeed, 
numerous treatments have been developed to control inflammation within the 
 context of infection and autoimmune diseases by targeting specific proinflammatory 
molecules. With this in mind, various approaches are currently being developed 
and/or are in various stages of clinical trials to disrupt chemokine ligand interactions 
with specific signaling receptors with the hopes of improving disease outcome 
(Charo and Ransohoff 2006). Given the relatively rapid pace at which our under-
standing of the biology of chemokines and chemokine receptors has progressed over 
the past decade, it is likely that successful clinical approaches will be developed to 
mute specific chemokine signaling pathways and improve clinical outcome in 
response to microbial infection of the CNS.
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1 Introduction – MS and EAE

Multiple sclerosis (MS) is a multi-factorial disease associated with chronic 
autoimmune inflammation of the central nervous system (CNS). In MS, and the 
relevant animals models experimental autoimmune encephalomyelitis (EAE), and 
Theiler’s murine encephalitis virus-induced demyelinating disease (TMEV-IDD), 
myelin destruction is mediated by neuroantigen-specific CD4+ T cells (Gonatas 
et al., 1986; Miller et al., 1997; Wekerle, 1991). MS and EAE share clinical and 
histopathological similarities. Mononuclear cells (MNCs) accumulate in demyeli-
nated lesions in the white and grey matter of the brain and spinal cord. Infiltrates 
are composed of CD4+ and CD8+ T cells, B cells, macrophages and dendritic cells 
(DCs). CD4+ T cells and DCs are critical for the initiation and progression of EAE 
as CD4+ T cell depletion renders mice resistant to EAE (Jameson et al., 1994; 
McDevitt et al., 1987; Sedgwick and Mason, 1986; Waldor et al., 1985), and DCs 
from the CNS uniquely activate naïve myelin-specific T cells by acquiring and 
processing endogenous myelin peptides (Bailey et al., 2007). The initiating events 
in MS are unknown, but studies in the EAE and TMEV-IDD animal models 
 indicate that CNS damage is caused by direct and indirect effects of inflammatory 
cytokines and chemokines (e.g. TNF, IFN-γ, IL-17, CCL2, etc.) (Begolka et al., 
1998; Chen et al., 2006; Karpus et al., 1995; Powell et al., 1990), that induce the 
activation and recruitment of monocyte/macrophages and resident microglia, that 
cause axon damage and demyelination by bystander mechanisms (Cammer et al., 
1978; Rivers and Schwentker, 1935).

EAE can be induced in a variety of mouse strains by immunizing with mouse 
spinal cord homogenate or myelin proteins and peptides in complete Freund’s 
adjuvant (CFA), or by the transfer of activated CD4+ T cells expanded in the 
lymph nodes of myelin/CFA immunized donor mice. For initiation of EAE, 
 activated CD4+ T cells must encounter myelin peptides presented by MHC class 
II-expressing cells in the CNS (Hickey and Kimura, 1988; Tompkins et al., 2002). 
T cell activation/re-activation in the CNS is quickly followed by the recruitment 
of other peripheral immune populations, and subsequently clinical symptoms 
ranging from tail tone loss and hind weakness to hind and fore-limb paralysis. 
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In this review, we discuss the current understanding of the CNS DCs subsets that 
drive pathogenic CD4+ T cell activation, responsible for progression of relapsing-
remitting EAE (R-EAE).

2  CD4+ Th17 Cells are Critical for the Induction 
and Progression of EAE

Since the description of CD4+ T helper cells producing either IFN-γ (Th1) or pro-
ducing IL-4, IL-5, IL-10 (Th2) (Mosmann and Coffman, 1989), EAE was thought 
to be a Th1-mediated disease because the majority of CD4+ T cells in the inflamed 
CNS produced IFN-γ, and Th-2 cells, which suppress Th-1 function, were found to 
be protective for EAE (Cua et al., 1995). However, controversy existed in that mice 
deficient for critical components of the Th1 pathway such as IFN-γ, IFN-γ receptor, 
IL-12 receptor β2 and IL-12 p35 (Becher et al., 2002; Ferber et al., 1996; Gran 
et al., 2002; Willenborg et al., 1999; Zhang et al., 2003) developed an exacerbated 
course of EAE, implying that Th1 cells may have a regulatory role. More recently, 
IL-23, an IL-12 family member, was found to be a critical cytokine for EAE 
 development and progression. Mice deficient in the IL-23 subunits p40 or p19 are 
resistant to EAE induction (Becher et al., 2003; Cua et al., 2003), and transfer of 
adenovirus expressing IL-23 restored EAE susceptibility to p19/p40 deficient mice 
(Cua et al., 2003). Cua and colleagues went on to perform gene expression analysis 
on CD4+ T cells that had been activated in the presence of IL-12 or IL-23, and 
IL-17A and IL-17F were shown to be specifically and highly up-regulated in the 
presence of IL-23 (Langrish et al., 2005). IL-17 is a T cell derived cytokine that 
until that time had been associated with allograft rejection (Antonysamy et al., 
1999), and the inflammatory diseases rheumatoid arthritis (Nakae et al., 2003), and 
asthma (Nakae et al., 2002). IL-17 producing T cells have been shown to be a 
 separate Th lineage, distinct from Th1 and Th2 cells, and as a discrete effector 
T cell subset have been termed Th17 cells (Park et al., 2005). IL-23 supports the 
expansion of IL-17+ TNF+ T cells from LNs isolated from mice immunized with 
myelin peptides in CFA, and these Th17 cells are highly pathogenic, inducing 
severe EAE when transferred into naïve animals (Langrish et al., 2005). Further 
investigations have supported a critical role for IL-17 in EAE pathogenesis as 
 neutralizing antibodies against IL-17 ameliorated EAE in animals with established 
disease (Chen et al., 2006; Langrish et al., 2005; Park et al., 2005).

In vitro studies investigating the activation of IL-17 production during primary 
stimulation of naïve CD4+ T cells, demonstrated the surprising finding that DCs + 
TLR stimuli + natural occurring T regulatory cells (Tregs) induced IL-17+ cells 
(Veldhoen et al., 2006). Using neutralizing antibodies, the cytokines TGF-β and 
IL-6 were identified as critical for inducing Th17 evolution. IL-23 was found 
to support the expansion and survival of differentiated Th17 cells, whereas IL-2 
pushed the Th17 cells to the IFN-γ-producing Th1 phenotype (Veldhoen et al., 
2006). Importantly, the Th1 and Th2 cytokines, IFN-γ and IL-4 inhibit the 
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 differentiation of Th17 cells (Harrington et al., 2005; Mangan et al., 2006; Park et al., 
2005; Veldhoen et al., 2006), providing an explanation why IFN-γ-deficient ani-
mals develop severe EAE, i.e. an absence of Th17 regulation. TGF-β alone acts on 
naive T cells to induce Foxp3 expression and Tregs that suppress immune responses 
(Bettelli et al., 2006; Chen et al., 2003), but in the presence of the acute phase 
cytokine IL-6, TGF-β induces differentiation of Th17 cells. T cells from TGF-
β1-deficient animals cannot be induced by mitogen to produce IL-17 (Mangan 
et al., 2006). One of the IL-17-inducing functions attributed to TGF-β is through 
the up-regulation of IL-23R on activated T cells (Mangan et al., 2006). Immunization 
of mice with MOG

35–55
 and CFA in a transgenic system where TGF-β1 expression 

is driven by the IL-2 promoter in CD4+ T cells that are specific for MOG
35–55

,
induces a rapid and severe EAE, associated with CNS infiltration of that is highly 
enriched in Th17 cells and reduced Foxp3+ Treg cells, compared with non-
TGF-β1-transgenic controls (Bettelli et al., 2006). Similarly, transgenic mice with 
dominant negative version of TGF-βRII driven by the CD4+ promoter to limit TGF-β1
non-responsiveness to T cells only, are resistant to EAE (Veldhoen et al., 2006). 
Blocking Th17 priming with local TGF-β antibody prevented EAE, whereas TGF-β
neutralization after Th17 evolution had no affect, demonstrating that differentiated 
Th17 cells do not require further TGF-β signaling and the primary Th17 population
is sufficient to induce clinical EAE (Veldhoen et al., 2006). Together these studies 
show that preventing the generation of Th17 cells, or neutralizing IL-17 after EAE 
induction protects from EAE induction and progression. Restricting the activation 
of Th17 cells is an attractive therapeutic target (Schreiner et al., 2007), to avoid 
immune compromising the patient. We have worked to understand the factors that 
trigger pathogenic T cell activation during progressive R-EAE and TMEV-IDD, 
and discuss crucial check points of T cell activation, and the APC that drives 
pathogenic T cell responses in R-EAE below.

3 Epitope Spreading Drives Pathogenesis of Relapsing EAE

Broadening of autoreactive B cell, CD8+ and CD4+ T cell responses have been 
described in EAE, where reactivity to myelin epitopes distinct to the inducing 
epitope develop and have a major role mediating clinical relapses (Katz-Levy et al., 
2000; Lehmann et al., 1992; McRae et al., 1995; Neville et al., 2002; Vanderlugt 
et al., 2000; Yu et al., 1996). CD4+ T cell epitope spreading is crucial for chronic 
demyelination in both the R-EAE and TMEV-IDD models of MS in susceptible SJL 
mice as antigen-specific tolerance directed against MHC II-restricted, relapse-
 associated epitopes halts disease progression (Neville et al., 2002; Vanderlugt et al., 
2000). Intramolecular epitope spreading was demonstrated in SJL mice with R-EAE 
induced with PLP

139–151
, where CD4+ T cells reactive to PLP

1781–191
 were found in 

the spleens and CNS. T cells reactive to the spread epitopes are pathogenic, because 
splenic T cells from mice primed with PLP

139–151
, re-stimulated in vitro with PLP

178–191
,

induce EAE when transferred to naive SJL mice. Moreover, tolerization of mice 
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during clinical remission with PLP
178–191

, but not the inducing PLP
139–151

, prevents 
clinical relapses (Vanderlugt et al., 2000). Intermolecular epitope spreading was 
demonstrated by the development of PLP

139–151
 T cell responses following the acute 

phase of EAE induced by MBP
84–104

. Therefore, T cell responses in EAE are dynamic 
and diversify over time, where pathogenicity of the initial T cell reactivity often 
 disappears (Steinman, 1999; Tuohy et al., 1999). The hierarchy of T cell reactivity 
in epitope spreading correlates with the extent of frequency of the T cell repertoire 
(Vanderlugt et al., 2000) and the processing and MHC II-binding efficiency of 
encephalitogenic epitopes by APCs (Anderton et al., 2002).

4 Epitope Spreading Initiates in the CNS

Given the driving pathogenic force of T cell epitope spreading for clinical relapses, 
we asked where CD4+ T cells specific for relapse associated epitopes were being 
initially activated during the acute clinical phases of R-EAE and TMEV-IDD 
(McMahon et al., 2005). Possible anatomic locations for the activation of T cells 
specific for endogenous myelin epitopes were the spleen or cervical lymph nodes, 
where myelin debris may accumulate due to disruption of the blood brain barrier 
during the acute phase of CNS inflammation (de Vos et al., 2002; Hochwald et al., 
1988; Ling et al., 2003; Yamada et al., 1991), and the CNS itself where myelin 
epitopes may be presented by local APCs such as resident microglia, or peripher-
ally-derived macrophages or DCs (Hickey and Kimura, 1988; Katz-Levy et al., 
2000; Mack et al., 2003; Serafini et al., 2000). Naïve transgenic (Tg) Thy1.1+ CD4+

T cells specific for PLP
139–151

 (139TCR cells) were used as reporters for epitope 
spreading in PLP

178–191
 primed R-EAE (McMahon et al., 2005). CFSE-labeled 

139TCR cells were transferred into PLP
178–191

 primed mice, and control mice 
primed with OVA

323–339
 or PLP

139–151
, and after 3–8 days, the spleen, cervical lymph 

nodes, peripheral lymph nodes and CNS analyzed for proliferating T cells. The 
reporter 139TCR cells did not infiltrate the CNS or proliferate in any organ of the 
healthy OVA

323–339
 primed mice, but proliferated strongly in the peripheral lymph 

nodes, and spleen, cervical lymph nodes and CNS of PLP
139–151

 primed mice. 
However, during the acute phase and primary relapse of R-EAE induced with 
PLP

178–191
, 139TCR cells proliferated only in the CNS, not in any of the peripheral 

lymphoid organs analyzed. Similar results were found when the 139TCR cells were 
a component of the immune system, using a mixed bone marrow chimera strategy, 
i.e. in SJL mice engrafted with a 1:1 mix of wild type and TCR Tg bone marrow 
followed by EAE induction with PLP

178–191
. TCR cells were identified with Thy1.1 

staining, and by measuring CD44, CD45RB, CD49d, CD62L, and CD69 were 
 activated in the CNS, and not spleen or lymph nodes. PLP

139–151
-specific Tg T cell 

activation and proliferation were also evident in the CNS only of mice with TMEV-
IDD, 25 and 50 days after primary infection. These data demonstrate the CNS as 
the primary site of the activation of naïve T cells specific for relapse-associated 
antigens. Thus, the CNS can apparently function as a neolymphoid organ, and 
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 contains APCs which can present myelin fragments capable of activating naïve 
T cells (McMahon et al., 2005).

Candidate APCs that express MHC II and co-stimulatory molecules in the 
inflamed CNS during acute R-EAE include resident microglia, and macrophages 
and DCs that are also recruited to the CNS during EAE, where they could uptake 
myelin peptides to present to CD4+ T cells. Highly purified microglia, macrophages 
and myeloid DCs, and non-myeloid DCs isolated from the CNS of mice with peak 
acute PLP

178–191
 primed were cultured with a fixed number of CFSE labeled naïve 

139TCR cells, or a PLP
139–151

-specific CD4+ T cell line at different APC:T cell ratios, 
in the presence or absence (to measure presentation of endogenous antigen) of exog-
enous PLP

139–151
. When PLP

139–151
 was added to the cultures, DCs, macrophages and 

microglia induced the proliferation of naïve 139TCR cells at the high APC:T cell 
ratio of 1:1, the microglia only affective at 1:1, macrophages at 1:1 and 1:10, and 
DCs as the most efficient, inducing naive T cell proliferation at 1 DC: 100 T cells. 
However, only the DCs induced the proliferation of the naïve Tg T cells with PLP 
acquired in vivo, no proliferation was seen with macrophages and microglia even at 
the high APC: T cell ratio’s. However, macrophages, microglia and DCs activated a 
T cell line with endogenously acquired peptides, with microglia being the least 
 efficient, and macrophages and DCs being equivalent. Corroborating analysis also 
showed DCs in the inflamed CNS, with internalized PLP debris, in close association 
with CD4+ T cells. The data is consistent with the hypothesis that the CNS can act 
as a neolymphoid organ, supporting the activation of primary CD4+ T cell responses, 
and that the inflamed CNS contained DCs that phagocytize myelin proteins and 
present them to autoreactive T cells that then drive clinical disease. Crucial questions 
arose as to the ontogeny of the DCs, and their characteristics that distinguish them 
from microglia and macrophages for activating T cells in the CNS.

5  CNS DC Susbsets Differentially Activate Th17 
Cells during Relapsing EAE

DCs provide sentinel function of tissues and organs, are rare in secondary lymphoid 
organs, yet are potent inducers of T cell activation being proficient at presenting 
antigens to naïve T cells to induce T cell proliferation and effector differentiation 
at DC:T cell ratios of 1:100 (Ingulli et al., 1997; Steinman, 1991; Zammit et al., 
2005). DCs are a heterologous population of cells, with discrete subtypes that are 
thought to have distinct precursors (Liu, 2001; Shortman and Liu, 2002). Th cell 
differentiation is determined, in part, by cytokines produced by the DC presenting 
peptides to a T cell. The critical factors for DC instruction are the type and amount 
of antigen processed and presented, innate immune signals received, tissue of resi-
dence and stage of DC maturity [reviewed in (McMahon et al., 2006)]. However, 
DC populations have been attributed with inducing particular types of T-effector 
cell differentiation. CD11b+ myeloid DCs have been associated with promoting 
Th2 differentiation and recruitment (Maldonado-Lopez et al., 1999; Penna et al., 
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2001; Yasumi et al., 2004), while CD8 DCs promote Th1 differentiation which 
correlates with high production of IL-12p70 (Hochrein et al., 2001; Maldonado-
Lopez et al., 1999; Pulendran et al., 2001; Yasumi et al., 2004). Plasmacytoid DCs 
(pDC) are potent anti-viral circulating cells that produce high levels of type I inter-
ferons during viral infection or stimulation with CpG DNA that mimic viral/bacterial
DNA sequences (Asselin-Paturel et al., 2001). pDCs have also been associated with 
the generation of regulatory T cells (Bilsborough et al., 2003) and may function to 
support peripheral T cell tolerance (Bilsborough et al., 2003; Martin et al., 2002).

The healthy CNS contains few DCs, and these are situated in vessel-rich areas 
such as the meninges and choroid plexus (Fischer et al., 2000; Rosicarelli et al., 
2005; Serafini et al., 2000; Suter et al., 2000). These few DCs may be sufficient to 
present endogenous myelin peptides to auto-reactive myelin T cells resulting in the 
initiation of EAE (Greter et al., 2005). DC numbers in the CNS are enhanced by 
infection and inflammation (Abreu-Silva et al., 2003; Fischer et al., 2000; Fischer 
and Reichmann, 2001; Matyszak and Perry, 1996; McMahon et al., 2005), but their 
role for activating T cells during CNS inflammation has been a contentious issue 
(Greter et al., 2005; McMahon et al., 2005; Suter et al., 2003).

We identified three discrete populations of CD11c+ DCs in the CNS of mice 
during peak acute R-EAE (Bailey et al., 2007). The most abundant were CD11b+

F4/80+ myeloid DCs (mDC) comprising 10.8% of the mononuclear cells (MNC) 
isolated from the CNS; B220+ PDCA-1+ plasmacytoid DCs (pDCs) made up 5.4% 
of CNS cells, and a rare (0.8% of MNCs) population of CD8+ CD205+/− DCs CD8 
DCs. The DCs in the inflamed CNS during the acute phase of EAE could arise 
from two places, the inflamed CNS itself, deriving from resident precursor cells 
(Fischer and Bielinsky, 1999; Santambrogio et al., 2001), or infiltrate from a 
peripheral bone marrow precursor population (Newman et al., 2005). To determine 
ontogeny of the CNS DCs, we employed bone marrow chimeras with non-allogeneic 
bone marrow donor (C57Bl/6) expressing CD45.2 into a mixed hybrid (SJL × 
C57Bl/6)F

1
 expressing CD45.1/2 double positive cells. In these chimeras, CNS 

cells, which are radio-resistant retain the host CD45.1/2 phenotype, while bone 
marrow cells express donor CD45.2. During the acute phase of PLP

178–191
-induced

R-EAE 84% of mDCs and 98% of non-myeloid pDCs and CD8 DCs were of bone 
marrow origin. Similar results were obtained in experiments using two other chi-
mera strategies (Bailey et al., 2007). Thus, the majority of DCs in the inflamed 
CNS infiltrate from a peripheral population. Using immunohistochemistry, staining 
of the DC populations in frozen sections of cerebellum and lumbar spinal cords of 
mice during the acute phase of R-EAE revealed the DC populations accumulate in 
discrete locations. mDCs took a central position in demyelinated lesions and 
perivascular cuffs of inflammatory cells. In mixed bone marrow chimera mice, 
with 50% of the bone marrow from Thy1.1 139TCR Tg mice, mDCs were visual-
ized surrounding 139TCR cells in the spinal cord during the acute phase of PLP

178–191
-

induced R-EAE. Importantly, 61% of the 139TCR cells had down-regulated 
CD45RB and were activated. Therefore, the majority of mDCs in the inflamed 
CNS transverse the blood brain barrier from the periphery, and are found in the 
center of demyelinated lesions interacting with pathogenic CD4+ T cells specific 
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for spread epitopes. We next purified CNS mDCs, pDCs, CD8 DCs and macro-
phages during the acute phase of PLP

178–191
-induced R-EAE, and cultured the APCs 

with naive 139TCR cells with or without added PLP
139–151

, to measure presentation 
of endogenous PLP

139–151
 (Table 1). The extent of 139TCR proliferation in the 

 cultures revealed CNS mDCs as highly efficient at presenting endogenous and 
exogenous peptides to naive T cells, presenting endogenous PLP

139–151
 to induce 

44-fold and 16-fold expansion of the naive 139TCR cells at APC/T cell ratio’s of 
1:5 and 1:50, respectively. CNS CD8 DCs were the next most efficient, inducing 
sixfold proliferation with endogenous peptide, and pDCs similar with fivefold 
expansion of the 139TCR cells. Macrophages were the least effective at activating 
naïve T cells with endogenous peptides, but were similar to pDCs and CD8 when 
PLP

139–151
 was added to the cultures. Moreover, macrophages were more effective 

than pDCs at activating a CD4+ PLP
139–151

-specific T cell line with endogenous 
peptides, indicating it was not a lack of peptide presentation that accounted for the 
macrophages being the poorest at activating the naive 139TCR cells ex vivo. To 
further investigate myelin uptake sorted CNS mDCs, pDCs, CD8 DCs and macro-
phages were permeabilized and stained for PLP and all were found to have inter-
nalized PLP protein to similar degrees.

We analyzed the supernatants of the naive 139TCR cells activated with the CNS 
APC populations presenting endogenous PLP for a panel of cytokines and chem-
okines. Splenic APCs presenting exogenous PLP

139–151
 to the naive 139TCR cells 

induced 70 pg/ml IL-17 and 834 pg/ml IFN-γ (IL-17/IFN-γ ratio = 0.09), but when 
activated with an equivalent number of CNS mDCs presenting endogenous PLP, 
the 139TCR cell cytokine profile changed to 207 pg/ml IL-17 and 155 pg/ml/IFN-γ
(IL-17/IFN-γ ratio = 1.3). The other CNS APC populations induced Th1 polarized 
cytokines from the 139TCR cells: pDCs induced a IL-17/IFN-γ ratio of 0.6, 
whereas macrophages induced a IL-17/IFN-γ ratio of 0.13. mDCs induced the 
highest levels of cytokines and chemokines including IL-2, TNF, IL-10, CCL3, 
CCL2, CCL5 and CXCL10. This ex vivo assay revealed mDCs as being highly 
efficient at activating naive CD4+ T cells with relapse associated spread myelin 
epitopes, and inducing a Th17-biased phenotype. This data supports mDCs as the 
major drivers of epitope spreading in EAE. To confirm our findings in vivo, 
139TCR cells were transferred at the onset of the acute phase of EAE induced by 

Table 1 Relative efficiency of antigen presenting cells from the inflamed CNS to present endog-
eneous and exogenous peptides to naïve and activated T cells

 Microglia Macrophages CD8 DCs pDCs mDCs

Endogenous presentation — + ++ ++ +++++
to Naïve T cells

Peptide presentation — +++ ++ ++ +++++
to Naïve T cells

Endogenous presentation — +++ ND ++ +++++
to Effector T cells

Peptide presentation +++ +++ ND ++ +++++
to Effector T cells



270 S.L. Bailey and S.D. Miller

PLP
178–191

, and recovered from the CNS in late acute EAE. Intracellular staining for 
IFN-γ and IL-17 revealed the 139TCR cells to have a Th17 polarized phenotype 
with a IL-17/IFN-γ ratio of 2.1, whereas, host, acute phase CNS CD4+ T cells were 
Th1 polarized with a IL-17/IFN-γ ratio of 0.44.

In an attempt to distinguish the properties that make mDCs uniquely able to 
activate naive T cells as compared with pDCs and macrophages, the cells were 
analyzed expression for expression of costimulatory molecules required for CD4+

T cell activation, and for B7-H1 and B7-DC which may have stimulatory or inhibi-
tory functions on T cell activation (Greenwald et al., 2005). Macrophages, mDCs 
and CD8 DCs infiltrating the inflamed CNS during acute R-EAE display a mature 
phenotype, expressing high levels of MHC class II, CD80, CD86, CD40, B7-H1 
and B7-DC, comparable to their expression in peripheral lymphoid organs (Bailey 
et al., 2007). pDCs, however, display an immature phenotype in the inflamed CNS 
characterized by low expression of MHC II, CD80, CD86, CD40, B7-H1 and 
B7-DC, unlike in peripheral lymphoid compartments such as peripheral and cervical 
lymph nodes and spleen. Thus, the enhanced ability of mDCs to activate naïve and 
activated CD4+ T cells is not due to differential expression of co-stimulatory 
 molecules. To determine if mDCs uniquely produced cytokines required for 
 differentiation and survival of Th17 cells, DC subsets and macrophages were 
 purified from the CNS during the acute phase of R-EAE and the production of 
TGF-β1, IL-6 and IL-23 was determined. As measured directly ex vivo by real-
time PCR, TGF-β1 was expressed twofold higher by mDCs than macrophages or 
pDCs. Upon CD40 ligation, mDCs also secreted more IL-6 than macrophages, 
whereas all of the CNS DC subsets as well as macrophages produced significant 
levels of IL-23 following CD40-triggering. Thus, the enhanced ability of mDCs 
for driving Th17 generation correlates with high production of TGF-β and IL-6. 
TGF-β production by mDCs has been associated with supporting Treg functions 
and CD4+ T cell tolerance (Ghiringhelli et al., 2005). However, in the inflamed 
CNS, mDCs clearly function as inducers of Th17 cells. The dichotomy of Treg vs. 
Th17 differentiation has been the focus of a series of recent high profiles studies 
[reviewed in (Bettelli et al., 2007)], and our data is the first to implicate the mDCs, 
as critical inducers of Th17 differentiation.

6 Summary

CD11c+ DCs play a major role in both the initiation and progression of autoimmune 
inflammatory disease in the CNS. Since the CNS serves as the primary site where 
activation of pathogenic Th1/Th17 cells specific for endogenous myelin epitopes 
(i.e., epitope spreading), which play a critical role in driving progressive autoim-
mune disease, the current data suggests that the inflamed CNS can function as a 
neo-lymphoid organ. In support of this our recent unpublished data indicates that 
expression of genes encoding multiple receptor:ligand pairs involved in lymphoid 
organogenesis (including LTα1β2/LTβR, CXCL12/CXCR4, CSCL13/CXCR5, 
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CCL21/CCR7, and CCL19/CCR7) are highly upregulated in the CNS. Further, 
mDCs are the main drivers of epitope spreading displaying the unique ability to 
acquire and present endogenous myelin peptides, to cluster specifically with naïve 
CD4+ T cells in the inflamed CNS and to polarize towards a Th17 phenotype when 
presenting endogenous myelin peptides. In conclusion, understanding the cues that 
determine DC signals to T cells will be crucial to understanding the fate of patho-
logical (auto)immune inflammation in different tissues and diseases. Moreover, 
strategies targeting inhibition of the migration of myeloid DCs to the CNS may be 
an effective therapy for chronic immune-mediated CNS demyelinating diseases 
including MS.
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MHC Class I Expression and CD8 T Cell 
Function: Towards the Cell Biology 
of T-APC Interactions in the Infected Brain

Cornelia Bergmann and Pedro Lowenstein

1 Introduction

Antigen presentation by major histocompatibility complex class I (MHC-I) and 
class II (MHC-II) molecules is a prerequisite for T cell engagement during the acti-
vation as well as the effector phase. The central nervous system (CNS) is unique in 
that cells resident in the parenchyma, glia and neurons, do not constitutively (or 
very sparsely at best) express MHC molecules (Aloisi et al., 2000; Sedgwick and 
Hickey, 1997; Xiao and Link, 1998), making them invisible to T cells. Additional 
restrictions on T cell surveillance are imposed by the absence of classical lymphatic 
drainage, the blood–brain barrier (BBB), and the unique anatomy of the brain 
microvasculature (Bechmann et al., 2007; Galea et al., 2007; Hickey, 2001; Xiao 
and Link, 1998; Lowenstein, 2002). Infiltrating cells not only have to cross the 
vascular wall to penetrate into the perivascular space, but more importantly over-
come the barrier formed by the glia limitans to access the CNS parenchyma. While 
the first step is generally not associated with pathology, penetration from the 
perivascular space of postcapillary venules into the parenchyma is more restricted 
and once overcome, associated with clinical consequences (Bechmann et al., 2007). 
In the resting state, perivascular macrophages are maintained by replacement with 
circulating monocytes. However the glial limitans is not breached, and thus, these 
cells are considered to be located outside the confines of the BBB. While diffusion 
of soluble factors and antibodies is restricted by the BBB, especially by the tight, 
continuous, unfenestrated capillary epithelium, leukocyte infiltration preferentially 
occurs at distal sites in postcapillary venules (Bechmann et al., 2007). BBB permea-
bility and leukocyte infiltration are thus not necessarily functionally nor physically 
linked. The barriers separating CNS parenchyma from the circulation explains the 
rare presence of T cells in the normal CNS parenchyma, despite the ability of periph-
erally activated and memory T cells to traffic to non lymphoid tissues independent 
of antigen presentation (Masopust et al., 2004). Nevertheless, T cells activated dur-
ing an infection or auto-immune response, are able to enter into, and migrate within 
the brain parenchyma, even in the presence of an intact, non-inflamed BBB 
(Cabarrocas et al., 2003; Chen et al., 2005; Evans et al., 1996; Hickey, 2001). 
However, although entry of activated T cells into the CNS is independent of their 
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antigen specificity, only those T cells that recognize antigen are retained. Thus, 
barriers limiting T cell surveillance of the brain are rapidly overcome following 
CNS infections and other inflammatory conditions (Griffin, 2003; Ransohoff et al., 
2003). Under such conditions, it is also likely that a number of non-activated, 
bystander T cells, as well as other leukocytes, including B cells are able to penetrate 
into the brain parenchyma. Mechanisms propagating protective versus pathogenic 
potential of T cells in varying disease models are complex and require more in 
depth exploration. This chapter highlights recent advances relating to antigen pres-
entation functions by resident CNS cells and effects exerted by CD8 T cells in vivo 
with an emphasis on anti-viral functions.

2  Requirement of MHC-I Antigen Recognition 
for CD8 T Cell Induction and Function

CD8 T cells are present in the CNS during many inflammatory diseases including 
infections and autoimmune diseases (Dorries, 2001; Neumann et al., 2002). They 
are primary mediators in clearing viral infections, in anti tumor defense, and trans-
plant rejection. However, they are also associated with a number of pathologies, 
including demyelinating and degenerative diseases. Physiological and pathological 
consequences are sometimes inextricably intertwined. Examples of T cell induced 
pathology are multiple sclerosis (Neumann et al., 2002; Sospedra and Martin, 
2005), as well as experimental models of demyelination (Brisebois et al., 2006; 
Evans et al., 1996; Huseby et al., 2001; Ip et al., 2006), while examples of viral 
clearing and associated pathology are brain atrophy in Borna virus encephalitis 
(Bilzer and Stitz, 1994), Rasmussen’s encephalitis (Bauer et al., 2002; Bien et al., 
2002), and HTLV-1 myelopathy (Nakamura, 2000). Trafficking of CD8 T cells into 
the CNS is antigen independent and regulated by both chemokines and activation 
state of the T cells. However, their accumulation and retention is dependent on 
MHC-I restricted antigen recognition (Cabarrocas et al., 2003; Carson et al., 1999; 
Chen et al., 2005; Reuter et al., 2005). As constitutive MHC-I expression is 
restricted to the meninges, choroid plexus, and perivascular spaces, engagement of 
CD8 T cells in the parenchyma requires induction of MHC-I on parenchymal cells. 
This is generally thought to be transcriptionally regulated resulting in de novo 
expression of MHC-I molecules.

2.1 Class I Antigen Processing Pathways

Class I surface expression involves numerous proteolytic, transport, and assembly 
events, which are prominently influenced by type I and type II IFNs and TNFα
(Garbi et al., 2005; Koch and Tampe, 2006; Strehl et al., 2005; Trombetta and 
Mellman, 2005). In the quiescent, constitutive state, the major pool of peptides are 
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derived from short lived nascent proteins in the cytoplasm, which are ubiquitinated 
and targeted to a multicatalytic protease complex, designated the 26S proteasome 
(Strehl et al., 2005). The proteasome complex, located within the cytoplasm, 
releases peptide precursors with a length and composition suitable for transport into 
the endoplasmic reticulum (ER). Transport is conducted by members of the ABC 
transporter family, TAP1 and TAP2, which form a heterodimer. However, 99% of 
peptides are degraded by aminopeptidases resident in the cytosol prior to transport 
into the ER (Reits et al., 2003). In the ER, nascent class I heavy chains, β2
microglobulin (β2 m), and peptides for presentation are assembled in a complex 
process involving further N-terminal peptide trimming for optimal class I binding 
and cellular chaperones, including tapasin (Garbi et al., 2005). Once a stable tri-
partite complex is formed, it is transported through the secretory pathway to the cell 
surface. The quantity and quality of peptides presented by MHC molecules thus 
reflects cellular protein turnover, proteolytic specificities of the proteasome and 
activity of aminopeptidases (Strehl et al., 2005; Yewdell et al., 2003).

The 26S proteasome is composed of a catalytic 20S core complex and two 19S 
regulator complexes (Strehl et al., 2005). The building blocks for the 20S proteasome 
are four rings, each formed by seven α or β subunits, respectively. Proteolytic 
activities and specificities are conferred by three β subunits localized to the two 
inner rings. The 19S regulator serves as a gate controlling entry into the proteolytic 
chamber. A second regulator is the IFNγ inducible PA28 complex, which also 
forms a ring composed of PA28α and PA28β subunits. Antigen processing and 
presentation is significantly increased in the presence of IFNγ, which enhances 
transcription of multiple genes associated with the processing machinery. 
Importantly, IFNγ induces a distinct subset of 20S proteasomal β immunosubunits, 
which can replace their β1, β2 and β5 homologs during assembly to form immuno-
proteasomes. Altered cleavage site preferences of IFNγ-induced immunoproteasomes 
result in enhanced formation of peptides carrying an optimal C-terminus compatible 
with class I binding, and an extended N-terminus that facilitates TAP transport. 
Independent of immunoproteasome β subunits, P28 can also modulate presentation 
of epitopes, albeit in a more restricted, epitope dependent manner. Additional 
IFNγ upregulated modulators of the antigen processing machinery are POMP, 
a facilitator of proteasome maturation, the transporters TAP1 and TAP2, and a subset 
of cytosolic and ER-specific aminopeptidases. The relative expression of all 
these components thus determines the efficiency and epitope diversity presented 
by MHC-I.

Not surprisingly, different tissues and cell types display a distinct array of con-
stitutive and immunoproteasomes in the quiescent state, which is altered during 
inflammation. Lymphoid organs, e.g. thymus, lymph nodes and spleen, in normal 
adult mice contain high levels of immunoproteasomes and reduced levels of consti-
tutive subunits, while constitutive subunits predominate in the brain, with little 
expression of immunosubunits (Stohwasser et al., 1997). Although beneficial for 
presentation of microbial epitopes, immunoproteasomes appear strictly controlled. 
Their half life is ∼5-fold shorter than that of constitutive proteasomes, and they 
rarely completely replace constitutive proteasomes (Heink et al., 2005). Nevertheless, 
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at sites of infection subunit exchange can be very prominent, leading to an almost 
complete exchange as shown during hepatotropic lymphocytic choriomeningitis 
virus (LCMV) and bacterial Listeria monocytogenes infection (Khan et al., 2001). 
Replacement of constitutive by immunoproteasomes serves to focus immune 
reactivity towards anti-infectious CD8 T cell responses.

While the role of IFNγ in enhancing class I Ag processing and presentation effi-
cacy is well established, other factors regulating the cell-type specific and/or 
processing kinetics are less well studied. For example, IFNα/β does not signifi-
cantly impact immunoproteasomes in liver during murine LCMV infection, but 
does stimulate generation of immunoproteasomes in hepatocytes in vitro and in 
vivo following hepatitis C virus (HCV) infection (Shin et al., 2006). TNFα is also 
an inducer of immunoproteasomes in vitro and may contribute to IFNγ independent 
induction of immunoproteasomes early during infection (Khan et al., 2001).

In addition to the endogenous class I antigen processing pathway used by 
infected cells to present microbial epitopes, antigen can also be processed and 
presented following cellular uptake from exogenous sources, a process termed 
cross-presentation (Rock and Shen, 2005; Trombetta and Mellman, 2005). The 
mechanisms can involve both TAP-dependent, or endocytic loading of class I mol-
ecules. The capture and subsequent presentation of exogenous antigen may be an 
effective pathway for dendritic cells to prime naïve CD8 T cells if they are not 
directly infected (Chen et al., 2004). Peptides can also access the cytoplasm of 
adjacent cells through gap junctions formed by connexins (Neijssen et al., 2005). 
These intercellular channels are used for transport of nutrients and second mes-
sengers, but also allow diffusion of 4–10 amino acid peptides. Neighboring cells 
connected by gap junctions may thus provide an alternative peptide source for 
dendritic cells or activated monocytes to present peptide during the priming or the 
effector phase.

2.2 MHC Class I Regulation on Parenchymal CNS Cells

The paucity of class I surface expression on quiescent CNS cells in adult rodents, 
non-human primates and humans, suggests strict control of class I heavy chains and 
components of the antigen processing machinery compared to nucleated cells in 
other non lymphoid tissues and the vasculature. However, despite extensive charac-
terization of the molecules involved in the regulation of expression of class I anti-
gen presentation in other cell types, little is known about regulation of MHC-I 
expression in vivo in mature resident CNS cells, and their consequent capacity to 
present antigens to CD8 T cells. The mechanisms regulating MHC expression and 
T cell engagement have largely been studied using glial or neuronal cultures 
derived from neonatal rodents or immortalized cell lines (Aloisi et al., 2000; Dong 
and Benveniste, 2001; Sedgwick and Hickey 1997). Even when the cells studied are 
obtained from normal animals, placing glial cells in culture already acts as a stimu-
lus for their activation even in the absence of any further stimuli, and this is likely 



MHC Class I Expression and CD8 T Cell Function 281

to determine their reactivity with immune cells. Furthermore, the majority of these 
data pertain to MHC class II presentation based on the association of demyelinating 
autoimmune disease with CD4 T cells (Bailey et al., 2006; Dong and Benveniste, 
2001). Nevertheless, there is ample evidence for a role of CD8 T cells in demyelinat-
ing and neurodegenerative disease, as well as microbial infection (Neumann et al., 
2002; Dorries, 2001). In vitro studies have revealed that resident CNS cells including 
microglia, astrocytes, oligodendrocytes and neurons are susceptible to CD8 T cell 
mediated killing (Neumann et al., 2002; Sedgwick and Hickey 1997; Xiao and Link, 
1998). CD8 T cells are thus considered prime suspects in propagating CNS pathology. 
However, in vitro killing assays necessitate the use of cells derived from neonatal 
brains. CNS cells in their natural environment are more stringently regulated in their 
ability to express MHC and this is age dependent. Furthermore, regulation of MHC-I 
antigen presentation as well as susceptibility to CD8 T cell function is distinct among 
parenchymal CNS cell types in vitro and in vivo. Neurons are the most restricted in 
their capacity to express MHC-I (Neumann et al., 1995, 1997a, 1997b; Sedgwick and 
Hickey, 1997). Furthermore, even overexpression of MHC-I in the CNS did not 
trigger detectable killing in vivo, although cell death of cultured neonatal neurons in 
vitro could be demonstrated (Rall et al., 1995). Thus, the conditions under which cell 
killing in vitro has been detected, does not allow to draw conclusions on the potential 
immune-killing in the adult brain.

The capacities of glia and neurons to present antigens and engage CD8 T cells 
in vivo are not only dictated by MHC expression, but also by processing compo-
nents and activating and inhibitory interactions. The nature of the insult, cell types 
infected, innate and bystander responses thus all contribute in shaping a protective 
or detrimental response. On one hand, the success of adaptive T cell responses in 
clearing intracellular pathogens is governed by processing and recognition of anti-
gen in the context of MHC molecules and subsequent release of antimicrobial fac-
tors, including IFNγ, TNFα, perforin and granzymes (Harty et al., 2000). On the 
other side, excessive activation and dysregulation of CD8 T cell function contrib-
utes to pathology (Armstrong and Lampson, 1997; Barmak et al., 2003; Brisebois 
et al, 2006; Neumann et al., 2002; Stitz et al., 2002). Despite their capacity to act 
as targets for effector CD8 T cells in vitro, neuronal and glia susceptibility to 
“direct, not indirect destruction” by CD8 T cells in vivo remains to be determined 
beyond reasonable doubt. Concomitantly, the contribution of antigen processing 
components in antigen presentation and expression of MHC-I in vivo in different 
types of brain cells needs to be determined. A set of complementary experimental 
approaches (e.g. immunohistochemistry, flow cytometry, molecular) will be 
required, since single experimental approaches can be inconclusive.

2.2.1 Regulation of Antigen Processing in Glia

Among resident cells of the CNS parenchyma, microglia are implicated as the most 
potent efferent APC to brain infiltrating, activated CD8 T cells, with regard to MHC 
and costimulatory molecule expression. Quiescent mouse microglia in vivo do not 
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or only sparsely express surface MHC-I and do not express MHC-II (Sedgwick and 
Hickey, 1997). In vitro and in vivo activation of microglia by inflammatory 
cytokines upregulates expression of MHC-I and MHC-II molecules, as well as 
costimulatory molecules (Aloisi et al., 2000). During viral infection in vivo, surface 
MHC-I upregulation precedes MHC-II upregulation and does not require IFNγ
(Bergmann et al., 2003).

Regulation of MHC-I at the level of processing genes following inflamma-
tion in vivo has not been explored. However, analysis of proteasomes from pri-
mary mouse microglia cultures revealed that expression of constitutive 
proteasomes resembles that of fibroblasts or lymphoblastoid cells (Stohwasser 
et al., 2000). The immunoproteasome subunits iβ1/LMP2 and iβ5/LMP7, but 
not iβ2/MECL1, were also detectable at low levels, contrasting with their 
absence from control cell lines. IFNγ as well as LPS treatment both induced 
immunoproteasome subunits concomitant with a decrease in incorporated con-
stitutive subunits, although at distinct levels (Stohwasser et al., 2000). While 
LPS also induced TNFα, IL-6 and KC, the individual roles of these cytokines/
chemokines in modulating proteasomes were not determined in this study. 
Analysis of the expression signature of either unstimulated or IFNγ stimulated 
primary rat microglia revealed expression of TAP1, class I heavy chains, con-
stitutive proteasome subunits and the protease activator PA28a subunit in 
unstimulated cultures. Transcript levels of these genes were further upregulated 
by IFNγ, predominantly TAP 1 (Moran et al., 2004). De novo transcribed genes 
included the immunoproteasome subunits iβ1/LMP2 and iβ5/LMP7, the protea-
some activator PA28 β chain and 26S components, heterologous MHC-I heavy 
chains and the MHC-II invariant chain.

Similar to microglia, expression of MHC-I and -II is undetectable in astrocytes 
from naïve animals. Whereas MHC-I is upregulated during inflammation, 
detection of MHC-II has been more controversial (Sedgwick and Hickey, 1997). 
In vitro, neonatal astrocytes spontaneously express MHC-I in culture and are 
readily induced to express MHC-II upon IFNγ treatment or virus infection 
(Massa et al., 1993; Sedgwick and Hickey, 1997). Similar to microglia, microarray 
analysis of primary murine astrocyte cultures revealed that a large proportion 
of genes upregulated by IFNγ were immune response genes (Halonen et al., 
2006). Specifically, genes involved in MHC-I and MHC-II antigen processing, 
e.g. TAP1, proteasome components, class I heavy chains and β2 m, MHC-II 
molecules, invariant chains, and costimulatory molecules were most strongly 
induced.

The regulation of antigen processing and MHC-I expression on oligodendrocytes
is also important in elucidating their role as targets of antimicrobial or autoimmune 
CD8 T cell cytolysis during demyelinating diseases, but also in glial graft rejection 
during remyelination therapies. Nevertheless, studies on MHC regulation and 
processing capabilities in this glia subset are limited. Oligodendrocytes in naïve 
adult mice do not express detectable surface MHC-I. However, IFNγ stimulates 
MHC-I expression dramatically in vitro and in vivo (Popko and Baerwald, 1999; 
Sedgwick and Hickey, 1997). Interestingly, transgenic expression of class I heavy 
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chains beyond a certain threshold leads to their accumulation in the ER and severe 
defects in myelination (Baerwald et al., 2000; Popko and Baerwald, 1999). This may 
be due to low basal levels of proteins involved in antigen processing, thus impeding 
assembly and transport of MHC molecules to the cell membrane. The concerted 
regulation of antigen processing genes may thus be particularly important in 
oligodendrocytes to allow continued deployment of MHC-I at the cell membrane, 
while securing a functional secretory pathway for the myelination process. However, 
regulation of components of the antigen processing machinery have only been 
sparsely studied in oligodendrocytes.

Analysis of Schwann cells from sciatic nerve revealed no MHC surface 
expression (Tsuyuki et al., 1998). Although mRNA encoding class I heavy chains 
was faintly detected, mRNA for β2 m, TAP-1, and LMP2 was undetectable 
(Tsuyuki et al., 1998). Similar to neonatal derived microglia and astrocytes, IFNγ
predominantly induced transcripts associated with genes of the MHC-I antigen 
processing machinery. Consistent with these data, IFNγ also induced strong 
MHC-I surface expression. It is interesting that no induction of MHC expression 
was mediated by TNFα in Schwann cells. Unlike MHC-I expression, MHC-II
remained undetectable both at the level of surface expression as well as mRNA 
after IFNγ treatment. Consistent with the IFNγ inducible MHC-I expression, 
mouse Schwann cells are susceptible to CD8 T cell mediated cytolysis in vitro 
(Steinhoff et al., 1990). Of note, CD8 T cells primed to mycobacterial antigen 
displayed crossreactivity to host determinants displayed by Schwann cells, sug-
gesting a possible role for molecular mimicry. Supporting MHC-I upregulation 
under conditions of IFNγ supplementation, MHC-I is also upregulated on oli-
godendrocytes and Schwann cells during virus induced inflammation (Pereira 
et al., 1994; Ramakrishna et al., 2006; Redwine et al., 2001). However, similar to 
microglia and astrocytes, the relative roles of IFNα/β and IFNγ in MHC-I regula-
tion in vivo have not been elucidated. Thus, rather than focusing exclusively on 
MHC expression, future studies may have to address the concerted expression of 
components of the antigen presenting machinery, as well as their kinetics of 
induction, since the quality, quantity and longevity of presented antigens is likely 
to determine microbial control and disease outcome.

MHC-I expression in vivo is also observed on oligodendrocytes in adult mice 
mildly overexpressing the myelin component proteolipid protein (PLP) (Ip et al., 
2006). These mice develop a late onset progressive demyelination associated with 
axonopathic changes and infiltrating CD8 T cells and CD11b macrophage like 
cells. Whereas MHC-I expression was undetectable in wt mice, PLP mutants 
exhibited substantial increase in MHC-I expression in white matter. Closer analy-
sis co-localized MHC expressing structures with myelin markers but not neuronal 
markers. Importantly, as the vast majority of T cells were CD44+ CD62L– CD69+

effector CD8 T cells, localization of ∼25–30% of T cells in close proximity to 
MHC–I suggested direct interaction of CD8 T cells with targets (Ip et al., 2006). 
Whether CD69 expression on T cells reflects MHC-I driven activation or pro-
vides a signature for CD8 T cells that have entered non lymphoid parenchymal 
organs is unclear (Bergmann et al., 1999; Hawke et al., 1998). Furthermore, the 
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mechanisms underlying MHC-I surface expression and a role of T cell receptor 
(TCR) mediated CD8 contact and/or stress responses also remain to be elucidated 
in this model.

Relevant to oligodendrocyte transplant mediated remyelination, both the haplo-
type combination and cellular graft composition determined graft survival and effi-
cacy of remyelination (Tepavcevic and Blakemore, 2005, 2006), suggesting a role 
for MHC mediated rejection. Using a rat model of toxin induced demyelination, 
grafts enriched for oligodendrocyte precursor cells (OPCs) persisted longer in allo-
geneic recipients than unenriched glial cultures. Persisting remyelination was 
attributed to undetectable MHC-I expression on OPC cultures under basal condi-
tions. MHC-I was only induced on OPC following IFNγ treatment, whereas MHC-II 
was never detected on OPC or oligodendrocytes. By contrast, MHC-I expression 
was constitutive on astrocytes and microglia in the implant cultures, reducing graft 
survival and remyelinating potential.

Another intriguing role for MHC-I expression in brain synaptic function has 
been proposed by a number of authors (Boulanger and Shatz, 2004; Corriveau et 
al., 1998; Goddard et al., 2007; Huh et al., 2000; Oliveira et al., 2004). MHC-I 
expression has been found in neurons of the visual, and olfactory system, and in 
dorsal root ganglion neurons. Results from β2 m deficient mice have shown that 
these animals have alterations in the development of visual connectivity, synaptic 
remodeling in response to insults in dorsal root neurons, and hippocampal neuron 
synaptic function. In addition, MHC peptides have been shown to modulate the 
function of olfactory system neurons (Leinders-Zufall et al., 2004). Taken 
together, these results suggest the hypothesis that MHC-I expression in the CNS 
may regulate wider aspects of brain physiology and behavior. If so, MHC-I 
expression may provide a further link between immune reactivity and brain 
function through structural and synaptic effects of MHC-I expression. Although 
the precise mechanisms on how this may occur remains to be explored, how 
MHC-I expression in normal brain physiology relates to the function of MHC-I 
during inflammatory and immune brain diseases opens up further exciting avenues
for future research.

3  Priming of Adaptive Responses and CD8 Effector 
Function in Response to Viral CNS Infection

3.1 Location Determines Brain Immune Reactivity

There are two fundamentally different immune compartments in the brain. The 
brain ventricles, meninges and choroid plexi contain all cellular, vascular and lym-
phatic components necessary for immune function that are also associated with 
most other organs. This includes the dendritic cells (DC), the major cell type capa-
ble of inducing primary T cell responses, which can be found within the meninges, 
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choroid plexus and cerebrospinal fluid (CSF) under non inflammatory conditions 
(McMenamin, 1999; McMenamin et al., 2003; Pashenkov et al., 2003). These ana-
tomical sites are strategic for capture of foreign or self antigens, which can trigger
their migration to deep cervical lymph nodes (CLN), the primary lymph nodes 
draining the brain and CSF (Cserr and Knopf, 1992). However, the brain paren-
chyma itself is devoid of DC in its naive state, lacks classical lymphatic drainage, and 
its endothelial cells form a tight diffusion barrier between the vascular and brain 
compartment (Bechmann et al., 2007). In addition to these structural differences a 
number of molecular mechanisms intervene in the brain parenchyma to display a 
very peculiar type of ‘dampened’ immune reactivity.

Administration of antigens into either CNS immune-compartment demon-
strated profound differences in immunogenicities. Injection of a particulate 
antigen or infectious agent (e.g. live influenza virus, BCG, non-replicative adenoviral 
vectors) exclusively and selectively into the brain parenchyma only causes 
innate inflammatory responses, but fails to stimulate systemic adaptive immune 
responses (Cartmell et al., 1999; Lowenstein, 2002; Matyszak and Perry, 1996; 
Stevenson et al., 1997; Thomas et al., 2001). By contrast, injection of the same 
type of antigen into the ventricular system, nonetheless, induces both an innate 
inflammatory and a systemic adaptive immune response (Matyszak, 1998; 
Matyszak and Perry, 1996; Stevenson et al., 1997). However, injection of a sol-
uble diffusible antigen (e.g. OVA) into either compartment, does induce a systemic 
B cell response (Knopf et al., 1998).

This differential immune-reactivity is thought to reside, at least partly, in the 
distribution of DC. DC localize predominantly to lymphoid tissue, where they 
take up antigen and mature to potent antigen presenting cells (APC). 
Alternatively they acquire antigen at inflamed sites and traffic back to lymphoid 
tissue to activate T cells (Caux et al., 2000). Recent data has also suggested that 
monocytes recruited to sites of acute inflammation can acquire the phenotype 
of DC and present antigen to primed T cells thus propagating T cell responses 
(Leon et al., 2007). DC uptake of foreign antigen in the ventricular system is 
likely to trigger migration of DCs to CLN. Alternatively, antigens can drain 
directly into deep CLN. An explanation for differential priming of lymphocytes 
in the distinct CNS compartments may reside in the inability of particulate 
antigen to drain from the brain parenchyma, either through a cellular or diffusi-
ble route. Thus, particulate antigens injected into the brain parenchyma cause 
inflammation, but are never transported to the lymph nodes to prime a systemic 
immune response. Soluble antigen can diffuse from the brain to the ventricles, 
and thus, eventually reach the lymph nodes, where it will stimulate a systemic 
immune response.

Irrespective of the antigen transport and delivery mode, naïve T cells are primed 
in the CLN, expand and traffic to the site of insult, where they exert effector func-
tion upon antigen re-encounter. Thus, although DCs can enter the CNS parenchyma 
during inflammation to sustain T cell function, initial T cell activation preceding 
disease onset likely occurs in the CLN. The role of DCs during chronic inflamma-
tion is discussed in more detail in Chap. 13.
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3.2  Cell Type Dependent CD8 Effector Functions 
During CNS Infection

3.2.1 Immune Control of Neuronal Infections

T cells are critical anti-viral effectors in controlling replication of various RNA 
and DNA viruses infecting the CNS and PNS (Dorries, 2001; Griffin, 2003; Divito 
et al., 2006). However, evidence in the past decade revealed that anti viral mecha-
nisms depend on viral tropism for neuronal as well as glia subsets. As in other tis-
sues, viral clearance can be achieved via perforin or Fas ligand dependent lytic 
pathways resulting in cell death, or through the release of ‘curative’ antiviral 
cytokines which clear virus, while sparing the infected cells (Guidotti and Chisari, 
2001). Although CNS recruitment of CD8 T cells is MHC-I independent, local 
expression of perforin mediated killing, as well as secretion of perforin, IFNγ,
TNFα and CCL5 (Rantes), are dependent on MHC-I/T cell receptor (TCR) inter-
actions (Slifka et al., 1999; Slifka and Whitton, 2000). Interruption of cell-cell 
interactions by physical separation leads to rapid down-regulation of IFNγ, and 
TNFα, but not perforin at the transcriptional level (Slifka et al., 1999). These data 
suggest that expression of T cell effector function also requires continuous TCR 
engagement in vivo. Successful control of CNS pathogens may thus depend on 
prolonged MHC dependent target cell contact. Whereas perforin/granzyme can 
only act directly on the infected target cells through physical contact with T cells, 
soluble mediators can potentially act distally on adjacent cells, irrespective of their 
ability to physically engage T cells directly (Guidotti and Chisari, 2001). At least 
in theory, the curative pathway is thus especially beneficial for the host in preserv-
ing non regenerative cells vital for host function such as neurons and the cells 
which synthesize and maintain myelin.

Both cytolytic and noncytolytic mechanisms are employed by T cells to control 
virus infected CNS cells (Dorries, 2001; Griffin, 2003). Nevertheless, noncytolytic 
mechanisms would be favored to avoid extensive cell destruction. This is most evi-
dent in non-lytic neuronal infections, which establish viral persistence without kill-
ing the host cell, e.g. LCMV or herpes simplex virus (HSV-1). Neurons persistently 
infected by LCMV can be cured by adoptive transfer of LCMV specific CD8 
T cells without suffering detectable cell loss (Oldstone et al., 1986; Tishon et al., 
1993). By contrast, infection of cells in the leptomeninges during the acute infec-
tion leads to severe neurological disease following CD8 T cell transfer (Mucke and 
Oldstone, 1992). In the LCMV study the acute phase infection was associated with 
class I expression, whereas persistence was not.

Class I surface expression has also been detected on neurons infected with 
Sindbis virus (Kimura and Griffin, 2000), and during acute, but not persistent HSV 
infection (Pereira and Simmons, 1999). CD8 T cells contribute to reduction of 
Sindbis viral RNA from neurons, although humoral immunity is credited with 
primarily clearing Sindbis virus from neurons (Kimura and Griffin, 2000). In antibody 
deficient mice Sindbis virus infection of neurons is also primarily controlled by T cell 
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derived IFNγ mediated noncytolytic mechanisms (Binder and Griffin, 2001). It is 
interesting that motor neurons were more sensitive to antiviral IFNγ mediated 
effects compared to cortical neurons, indicating regional differences in IFNγ sus-
ceptibility. Measles virus CNS disease is also controlled by non cytolytic, IFNγ
mediated mechanisms without apparent neuronal loss (Patterson et al., 2002). 
CD8 T cells are also critical in controlling HSV-1 replication in a non-cytolytic 
manner in trigeminal ganglia sensory neurons and establishing latency (Divito et 
al., 2006). Latent infection is associated with ongoing CD8 T cell stimulation 
(van Lint et al., 2005) and reactivation from latency is inhibited in an MHC-
restricted and antigen specific manner without notable neuronal loss or pathology 
(Khanna et al., 2003; Theil et al., 2003). In this case CD8 T cells require both 
perforin and IFNγ to block reactivation in TG cultures ex vivo. Nevertheless, the 
lytic pathway is tempered by expression of the inhibitory receptor CD94-NKG2a 
on CD8 T cells and its major ligand Qa-1b on a subset of neurons (Suvas et al., 
2006). In addition to distinct regulation of CD8 T cell function by latently 
infected neuronal populations, protection in neurons is mediated by viral anti-apoptotic 
activity and IFNγ mediated blockade of HSV genes playing a role in reactivation 
(Divito et al., 2006).

Contrasting the preferential non cytolytic clearance in these infections, perforin 
is essential to clear a virulent West Nile virus from neurons in an MHC-I dependent 
manner (Shrestha et al., 2006a). IFNγ plays a role in limiting viral spread in the 
periphery and dampening CNS infection (Shrestha et al., 2006b). The fact that 
clearance of a less virulent strain of WNV is perforin independent supports the 
concept that damage may predispose infected neurons to an enhanced capacity for 
MHC-I surface expression and thus susceptibility to CD8 T cell mediated lysis 
(Neumann et al., 1995, 1997a).

A role for both perforin and IFNγ is evident during Theilers’s murine encepha-
lomyelitis virus (TMEV) infection, an experimental model of virus induced demy-
elinating disease (Drescher et al., 1997). Infection by TMEV, a picornavirus family 
member, is characterized by two types of diseases. In ‘resistant’ C57BL/6 mice the 
viral DA strain primarily infects neurons. These mice develop acute encephalitis 
and clear virus within 2 weeks with no pathological sequelae. In ‘susceptible’ SJL 
mice acute virus infection in gray matter is controlled, but persists in white matter 
of the spinal cord mainly in macrophages, but also oligodendrocytes and astrocytes 
(Drescher et al., 1997). MHC- I restricted CD8 T cells are the effectors providing 
protection from chronic disease in resistant mice. Perforin deficiency in resistant 
mouse strains is associated with mortality within 20 days, decreased viral clearance 
with virus spread to motor neurons in the spinal cords, and tissue destruction (Rossi 
et al., 1998). Lytic mechanisms targeting neurons thus play a dominant role in controlling 
early neuronal infection in the gray matter. Nevertheless, IFNγ plays an equally critical 
role in protection from chronic TMEV demyelinating disease, as evidenced by the 
failure to clear virus, extensive demyelination, and severe neurological symptoms in 
the absence of IFNγ signaling in mice normally resistant to chronic infection 
(Drescher et al., 1997; Pullen et al., 1994; Fiette et al., 1995; Rodriguez et al., 2003). 
Although a direct comparison is tentative due to administration of different virus 
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doses in different laboratories, survival rates were significantly enhanced in IFNγ
deficient compared to perforin deficient mice (Rodriguez et al., 1995; Rossi et al., 
1998). The protective IFNγ effects clearly reside in the ability of CNS resident cells 
to respond to IFNγ (Murray et al., 2002). Results from adoptive CD8 T cell trans-
fers into Rag−/− mice were consistent with bone marrow chimeras harboring somatic 
cells intact for IFNγR reconstituted with bone marrow cells deficient in IFNγ sign-
aling and vice versa. Although virus antigen positive cells were similar in Rag−/−

recipients of IFNγ deficient CD4 or CD8 T cells, demyelination was significantly 
enhanced in the CD4 T cell recipient group (Murray et al., 2002). How prevention 
of IFNγ mediated downregulation of T cells or distinct T cell functions contribute 
to disease remains unresolved.

Establishment of TMEV persistence in H-2Db MHC-I deficient mice, in addition 
to the detection of MHC-I molecules on infected neurons in TMEV infected 
brains of resistant mice supports MHC-I dependent viral clearance mechanisms 
(Azoulay-Cayla et al., 2000; Fiette et al., 1993; Njenga et al., 1997a, b). 
Surprisingly, in contrast to MHC-I sufficient susceptible mice, class I deficiency 
results in the absence of neurological deficits despite extensive demyelination, 
implicating a detrimental role of MHC-I in development of neurological deficits 
(Rivera-Quinones et al., 1998).

CD8 T cells also contribute to TMEV clearance and control of acute disease in 
susceptible SJL mice (Begolka et al., 2001). The inability of CD8 T cells to effec-
tively control acute infection in β2 m deficient SJL mice not only results in an ear-
lier onset of acute disease, but also a more rapid onset of chronic demyelinating 
disease, and epitope spreading associated with the autoimmune nature of the 
chronic disease (Begolka et al., 2001). In both resistant and susceptible strains of 
mice, virus specific CD8 T cells comprise over 50% of CD8 T cells within the CNS 
(Johnson et al., 1999; Kang et al., 2002). The inability to prevent persistent infec-
tion and disease in susceptible mice, despite similar magnitudes of CD8 responses 
has been speculated to reside in less efficient presentation of Ks vs Db restricted 
epitopes in the respective hosts (Kang et al., 2002).

Borna disease virus (BDV) is another highly neurotropic virus causing persistent 
CNS infection associated with severe tissue destruction (Planz et al., 1993; Stitz 
et al., 2002). Similar to LCMV, BDV is a noncytolyic virus in which immune pathology 
is mediated by CD8 T cells. Neurons and astrocytes are primary targets for 
infection. MHC-I is expressed in BDV infected rat brains (Stitz et al., 1991) and on 
infected neurons propagated in vitro from infected rats (Planz et al., 1993). CD8 
T cells isolated from infected rat brains during acute infection have vigorous cytolytic
activity ex vivo (Planz et al., 1993); however, similar to other CNS infections, the 
CD8 T cells loose cytolytic activity and ability to suppress infectious virus during 
persistence (Sobbe et al., 1997). Therefore, viral persistence appears to be related 
to the inability of CD8 T cells to exert anti-viral function rather than the lack of 
MHC-I target structures on infected cells. Following transfer of T cells isolated from
brains of infected rats into immunosuppressed BDV infected recipients, degenera-
tive disease corresponded to CD8 T cell entry into the parenchyma and detection 
of CD8 and perforin RNA (Sobbe et al., 1997). By contrast, CLN and splenic T cells
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only induced neurological symptoms if re-stimulated in vitro with BDV antigen. 
Irrespective of the implication of CD8 T cells in BDV-induced brain atrophy in rats, 
similar pathogenesis in BDV infected perforin deficient and wt mice indicates perforin 
plays no role in viral control nor development of neurological disease in the mouse 
model (Hausmann et al., 2001). Nevertheless, adoptive transfer of activated CD4 
T cells prior to infection mediated protection and virus clearance. Protection coincided 
with earlier and enhanced parenchymal infiltration of CD8 T cells (Noske et al., 1998). 
An antiviral and protective role for CD8 T cell secreted IFNγ was also demonstrated 
in mice vaccinated with vectors expressing the nucleocapsid protein to establish 
CD8 memory T cells (Hausmann et al., 2005). IFNγ not only eliminated virus 
from neurons, but also limited pathological damage mediated by immune responses 
in unvaccinated animals.

These data highlight the diverse responses of T cells to primarily neuronotropic 
infections and consequences of ineffective early control resulting in viral persistence 
and pathology. In conclusion, susceptibility of neurons to perforin mediated lysis 
appears to be dependent on virulence, neuronal subpopulations affected, and the 
presence of IFNγ. Neuronal damage mediated by virus replication itself and high 
IFNγ make infected neurons more susceptible to CD8 mediated cytolysis rather 
than curative mechanisms of clearance. This balance is beneficial to the host to 
block rapidly spreading virulent viruses at the sacrifice of few neurons. Nevertheless, 
rapidly spreading viruses such as BDV may not be susceptible to CD8 effector 
function after a threshold of viral spread has been exceeded. The curative process 
during LCMV persistence is rather slow (Oldstone et al., 1986), suggesting a pau-
city in IFNγ production in vivo, or low sensitivity to the effects of IFNγ. Irrespective 
of the mechanisms, the signals triggering IFNγ secretion by CD8 T cells in the 
absence of detectable class I expression in persistently infected neurons remains an 
enigma. Possible explanations may reside in class I independent IFNγ secretion 
observed in unconventional CD8 T cells (Braaten et al., 2006) or dysregulated 
CD8 T cells as observed in anti-tumor responses (De Geer et al., 2006; Maccalli
et al., 2003). Alternatively, viral epitopes may be presented by cell types other than 
the primary targets of infection via crosspriming (Rock and Shen, 2005; Neijssen 
et al., 2005; also see Chapter 13). This mechanisms has been demonstrated for 
CNS recruitment of tumor-specific CD8 T cells (Calzascia et al., 2003). An exami-
nation of this problem at the cellular level will allow to determine whether IFNγ is 
being secreted by T cells in direct contact with infected neurons or by T cells 
contacting other brain cells. The recent demonstration of the existence of immuno-
logical synapses between CD8 T cells and infected astrocytes during the clearance 
of virally infected astrocytes provides a direct cellular approach to the questions 
discussed above (Barcia et al., 2006, 2007). From a teleological point of view it 
would make sense that the immune system clears brain infections by a non-cytolytic
mechanism. It will be important to examine this hypothesis more thoroughly 
utilizing detailed combined anatomical and molecular approaches. If virus is truly 
cleared by non-cytolytic mechanisms, stimulating anti-viral brain immune responses 
would be acceptable as therapeutic intervention; however, if the immune system 
were to indeed kill infected brain cells, a therapeutic approach would have to take 
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potential direct brain toxicity into account. Also, it is possible that the mechanisms 
of clearance may differ for RNA vs. DNA viruses, depending on viral virulence or 
potential for latent infection, level of T cell activation, antigen presentation capacity
of infected CNS cells, as well as infected cell type and/or neuroanatomical location. 
While strong evidence exists in favor of non-cytolytic clearing mechanisms, we 
believe that the potential existence of brain cytotoxicity ought to be reexamined 
in detail.

3.2.2 Immune Control of Glial Infections

Cell type dependent and pathogen specific mechanisms of CD8 T cell effector func-
tion are also evident in infections primarily targeting glial cells in the acute phase 
of infection. Glial tropic coronaviruses, represented by neurotropic mouse hepatitis 
virus strains, are controlled by CD8 T cells during the acute phase (Bergmann 
et al., 2003, 2004; Lin et al., 1997); nevertheless virus persists in the form of RNA 
for the life of the mouse, indicating escape from T cell effector function (Bergmann 
et al., 2006). Is it not known how the RNA genomes persist. Persisting infectious 
virus cannot be recovered from CNS explants or from immunosuppressed mice 
perfused to remove neutralizing antibody prior to explant. Nevertheless, persist-
ence in a replication competent form is indicated by the necessity of intrathecal 
humoral immune responses to maintain infectious virus below detection thresholds 
(Bergmann et al., 2006; Ramakrishna et al., 2002, 2003; Tschen et al., 2006). The 
cell types harboring persisting virus are astrocytes and oligodendrocytes (Perlman 
and Ries, 1987; Ramakrishna et al., 2003; Gonzalez et al., 2006). Virus-specific 
CD8 T cells are enriched in the CNS comprising at least up to 50% of total CD8 
T cells (Bergmann et al., 1999), similar to acute TMEV infection. The vast majority 
express a CD44hi, CD62L−/lo, CD11ahi, and CD49d+ (VLA-4) activation/memory 
phenotype. Consistent with their activated effector phenotype, virus-specific CD8 
T cells from the acutely inflamed CNS exert cytolytic effector function and produce 
IFN-γ and to a lesser degree TNFα upon short term antigen stimulation ex vivo 
(Bergmann et al., 1999; Ramakrishna et al., 2004, 2006). Expression of granzyme 
B and high levels of CD43 are consistent with expression of effector function in 
vivo. Studies in mice genetically deficient for CD8 effector molecules demonstrate 
that antiviral activity is mediated by both a perforin-dependent and an IFNγ
dependent pathway (Lin et al., 1997; Parra et al., 1999). However, IFNγ played a 
more prominent protective role compared to perforin, as demonstrated by dimin-
ished virus control and enhanced mortality in the absence of IFNγ function. Mice 
deficient for both functions were even more susceptible to viral-induced disease 
and were unable to control infection, despite increased expansion and recruitment of 
CD8 T cells to the CNS (Bergmann et al., 2003). Immunohistochemical analysis 
revealed that perforin sufficed to control replication in astrocytes and microglia, 
while oligodendrocytes appeared insensitive to perforin mediated cytolysis in the 
absence of IFN-γ (Parra et al., 1999). By contrast, mice deficient in perforin control-
led replication in oligodendrocytes, but could not eliminate virus from astrocytes 
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and microglia (Lin et al., 1997). Adoptive transfer of virus specific memory CD8 +

T cells deficient in either cytolytic activity or IFN-γ secretion into infected immuno-
deficient hosts confirmed distinct susceptibilities of glial cell types to T cell antiviral 
functions in vivo (Bergmann et al., 2003, 2004). Even though detection of class 
I expression on astrocytes during MHV infection has been inconsistent (Redwine 
et al., 2001; Hamo et al, 2007), perforin-mediated control of virus replication in 
astrocytes and microglia supports direct MHC-I/TCR interactions in these cells.

Mechanisms of T cell mediated control of intracerebral murine cytomegalovi-
rus (MCMV) replication are controversial. Adoptive transfer studies using spleno-
cytes from MCMV primed donors revealed that CD8 T cell mediated perforin, but 
not IFNγ function, is critical in reducing virus from adult, immune-compromised 
SCID mice (Cheeran et al., 2005). In this experimental model MCMV replicates 
productively in astrocytes, but other CNS cell types have not been ruled out. By 
contrast, reconstitution of SCID mice with CD4 T cells, but not CD8 T cells from 
immunized mice reduced virus and provided protection from disease, without 
preventing establishment of latency in another study (Reuter et al., 2005). These 
distinct outcomes have not been reconciled, but may reside in distinct virus strains 
utilized. Brains from fetal and perinatal mice are most susceptible to MCMV with 
the predominant infected cells localized to the subventricular zone (Tsutsui et al., 
2005). This region primarily harbors undifferentiated neural stem/progenitor 
cells, giving rise to neuronal and glial cells during brain development. Prominent 
susceptibility of neural stem cells to MCMV infection may thus lead to differen-
tial expression of viral genes in the developing brain, depending on differentia-
tion into immature glial cells or neurons. Both glial cells and neurons may be 
sources of latent infection.

So far, interactions between immune cells and target brain cells have been studied 
at the population level. Thus, there is relatively little information on the in vivo cell 
biology of T cell interactions with infected brain cells studied at the single cell level 
(Barcia et al., 2006; McGavern et al., 2002). Over the last 10 years immunological 
synapses have been characterized as the cellular substrate of intercellular communi-
cation in the immune system. Immunological synapses that form at the junction 
between T cells and antigen presenting cells consist of a rearrangement of membrane 
proteins (i.e., intercellular adhesion molecules [e.g. ICAM-1], TCR), intracellular 
TCR downstream signaling tyrosine kinases, as well as cytoskeletal structures, and 
intracellular organelles of the secretory pathway of the T cells (Cemerski et al., 2007; 
Davis et al., 2007; Dustin and Cooper, 2000; Friedl et al., 2005; Grakoui et al., 1999; 
Huppa and Davis, 2003; Huse et al., 2006; Lee et al., 2002; Monks et al., 1998). 
Although various types of arrangements of T cell proteins have been found at these 
intercellular junctions, a canonical structure, known as the mature immunological 
synapse has been described as consisting of the following arrangement: a peripheral 
supramolecular activation cluster (pSMAC), consists of a ring of adhesion molecules that 
anchor the membrane of the T cell to the membrane of the APC, while a central-SMAC 
(cSMAC), consists of a higher concentration of TCR and signaling molecules. 
Immunological synapses have been described for both CD4 and CD8-T cells, and NK 
cells in contact with various types of APCs, e.g. dendritic cells, B cells, or target cells.
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Evidence for multi-cellular CD8 T cell engagement has been provided in the 
LC MV-infected CNS (McGavern et al., 2002), although target cells were not iden-
tified. Furthermore, it was recently shown that anti-adenoviral CD8 T cells infiltrat-
ing the brain form classical mature immunological synapses with class I expressing 
astrocytes (Barcia et al., 2006, 2007). These immunological synapses were charac-
terized through the formation of the classical supramolecular activation clusters 
(SMACS), which constitute the hallmark of immunological synapses (Fig. 14.1). In 
this model a non-replicating adenoviral vector was used to predominantly target 
astrocytes in the rat brain, resulting in a fixed number of astrocytes harboring viral 
genomes. This virus is replication-defective and thus unable to directly kill infected 
cells. As the parenchymal CNS infection itself does not induce significant inflam-
mation nor a systemic anti-adenoviral immune response, systemic anti-adenoviral 
immunization was induced with a different Ad vector injected systemically. Systemic 

Fig. 14.1 Immunological synapses in the brain in vivo during an antiviral immune response. This 
figure shows an immunological synapse formed between CD8 T cells and an adenovirally infected 
astrocyte. (a) shows the synapse as seen under the confocal microscope; the infected cell is 
detected through its expression of a marker gene expressed from the viral genome (i.e. HSV1-TK; 
white), and the CD8 + T cell is detected through its expression of LFA-1 (red) and TCR (green). 
(b) shows the relative quantification of fluorescence across the yellow arrow in (a); 1,2, 3 are the 
areas indicated in the fluorescence intensity graph in (b). Notice the typical distribution of 
increased intensity of LFA-1 at the p-SMAC (in red), and the peak of TCR intensity at the 
c-SMAC. (c) shows the view from the 3-D reconstruction of the image stack illustrated in (a). The 
view shown in (c) is viewed from the white triangle and white arrow in (a). (d) illustrates sche-
matically the distribution of molecules at the p-SMAC and c-SMAC, and also illustrates the 
intracellular re-distribution and potential secretion of T cell effector molecules either towards the 
immunological synapse (i.e. IFN-γ), or outside the immunological synapse (i.e. TNF-α). (d) is 
based on results from Huse et al. (2006), and Lowenstein et al. (2007) (See Color Plates).
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anti-adenoviral immunization triggered a systemic anti-adenoviral immune response, 
which led to brain inflammation. Brain inflammation consisted mainly in an infil-
tration of the brain parenchyma of CD8 T cells and macrophages, and a perivascu-
lar infiltration of CD4 T cells.

The systemic anti-adenoviral immune response resulted in a significant reduction 
in the number of brain astrocytes that express adenoviral proteins, and a concomitant 
reduction in the number of viral genome copy numbers present in the CNS. Loss of 
infected cells was dependent on both CD4 and CD8 T cells. The presence of CD8 
T cells within the brain parenchyma suggested the operation of direct cytolytic 
mechanisms in the elimination of infected cells. Although no direct evidence for 
apoptotic astrocytes was obtained, macrophages containing remains of infected 
astrocytes were found throughout the area of the brain that had been cleared of 
infected cells. This suggested that the formation of immunological synapses may 
represent the microanatomical substrate underlying CD8 T cell effector functions in 
the CNS, and mediate the anti-viral clearing of CD8 T cells. The importance of these 
studies is the demonstration that immunological synapse do form indeed in vivo in 
the brain during the clearing of virally infected astrocytes by the adaptive immune 
response. Their in vivo description in the context of an anti-viral immune response 
highlights their physiological role as the structure underlying neuroimmune interac-
tions in vivo. Also, the existence of immunological synapses in the brain during the 
clearing of virally infected brain cells opens up the examination of neuroimmune 
interactions at the single cell level.

3.2.3 Immune Clearing of Infected Oligodendrocytes

The apparent resistance of oligodendrocytes to perforin mediated clearance mecha-
nisms in coronavirus-brain infections is not resolved. Nevertheless, glial tropic 
coronavirus infection of mice with an IFN-γ signaling defect selectively in oli-
godendroglia directly confirmed the importance of IFN-γ signaling in this cell type 
for controlling oligodendroglial viral clearance (Gonzalez et al., 2005, 2006). Virus 
clearance was delayed and viral antigen almost exclusively localized to oligodendro-
cytes resulting in at least tenfold higher antigen load compared to wt mice in the 
waning period of acute infection. These data implied either differences in antigen 
presentation by glial cell subsets and/or inherent resistance of oligodendrocytes to 
contact dependent CD8 T cell function. Although previously controversial, MHC-I 
upregulation on oligodendrocytes has recently been demonstrated in two independent
models of neurotropic MHV infection (Redwine et al, 2001; Ramakrishna et al., 
2006) and in mice expressing IFNγ as a transgene in the CNS (Horwitz et al., 1999). 
However, the kinetics of class I upregulation during infections may be delayed 
compared to other glia. Both IFNα/β and IFNγ can favor MHC-I antigen process-
ing by inducing expression of proteasomal subunits and peptide transporters TAP1 
and TAP2. Microglia upregulate surface MHC-I as early as 3–4 days following 
glial tropic MHV infection, prior to detection of significant amounts of IFNγ
(Bergmann et al., 2003; Zuo et al., 2006). Expression on microglia is indeed reduced and 
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more transient in the absence of T cell produced IFNγ (Bergmann et al., 2003). 
Although IFNγ independent MHC upregulation can be mediated on cultured glial 
cells by type I IFNs, TNFα or IL-6 in vitro, their contribution in vivo is unknown. 
Similar to neurons, oligodendrocytes may have more stringent regulation of class I 
presentation to sustain their vital function in maintaining myelin. Preliminary anal-
ysis indeed suggests that class I is not upregulated on oligodendrocytes in IFNγ defi-
cient mice (Bergmann, unpublished). Furthermore, surface expression is associated 
with vigorous de novo induction of mRNA species encoding antigen processing 
genes (Malone et al., 2006). More detailed studies are required to assess the possi-
bility of impaired antigen processing, distinct thresholds of oligodendrocytes to 
initiate and sustain antigen presentation, or regulation by inhibitory receptors.

An antigen specific model of chronic CD8 T cell inflammation is provided by 
transgenic mice constitutively expressing a viral protein in oligodendrocytes 
(Evans et al., 1996). Transgenic mice expressing the LCMV protein nucleopro-
tein or glycoprotein under the MBP promoter exhibit no clinical or pathological 
abnormalities. Peripheral LCMV infection is cleared similar to wt mice, with no 
apparent involvement of CNS infection. However, although transient accumula-
tion of CD8 T cells in meninges and ventricular linings was similar in both 
infected mice, CD8 T cells accumulated to significantly higher levels in the CNS 
of transgenic mice compared to wt mice, in which CD8 T cells waned by 3 weeks 
p.i. CD8 T cells persisted at constant levels throughout 1 year p.i. and was associated 
with MHC-I expression. A second viral challenge resulted in enhanced CD8 and 
CD4 T cell inflammation, and upregulation of proinflammatory cytokines including 
IFNγ, leading to demyelination and enhanced clinical disease. These data implied 
chronic CD8 T cell inflammation was triggered by class I mediated oligodendrocyte 
CD8 T cell interactions.

3.3 Long Term CD8 T Cell Survival in the CNS

Following successful T cell mediated control of acute viral replication, T cells 
decline but significant numbers are nevertheless maintained in the CNS for many 
months or life span of infected mice. This is observed both following primary 
responses or recall responses (Hawke et al., 1998; Marten et al., 2000b; van der 
Most et al., 2003). After infectious virus is eliminated in the glial tropic corona-
virus model, both CD4 and CD8 T cells persist concomitantly with detectable, 
persisting viral mRNA, but undetectable viral protein or infectious virus titers 
(Bergmann et al., 1999, 2006; Marten et al., 2000b). Despite the drop in total 
T cell numbers, the percentages of virus specific T cells within the CD8 T cell 
compartment within the CNS remain remarkably stable throughout infection 
(Bergmann et al., 1999; Marten et al., 2000b; Ramakrishna et al., 2004). This 
suggests that survival/retention signals do not discriminate between virus specific 
CD8 T cell populations and populations of unknown specificities potentially 
recruited as bystander cells.
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There is no evidence that T cells exert antiviral function during coronavirus 
persistence. Cytolytic activity by primary virus-specific CD8 T cells is readily 
detected ex vivo during acute virus replication, but barely, if at all detectable by 
2 weeks p.i., after clearance of infectious virus (Bergmann et al., 1999; Marten et 
al., 2000a; Ramakrishna et al., 2004). IFN-γ mRNA levels also decline, as virus is 
cleared (Parra et al., 1997; Zuo et al., 2006). Loss of cytolytic function is independ-
ent of demyelination associated factors (Marten et al., 2000a). Ex vivo cytolysis can 
also not be recovered during virus recrudescence in B cell deficient mice 
(Ramakrishna et al., 2002), despite MHC-I expression on microglia and oli-
godendrocytes (Ramakrishna et al., 2006). However, there is no evident impairment 
of IFN-γ secretion upon antigen re-exposure in vitro, suggesting CD8 T cells are 
not anergized (Bergmann et al., 1999; Ramakrishna et al., 2002). Comparison of 
coronavirus-specific primary versus memory CD8 T cells in response to CNS chal-
lenge revealed that CNS derived CD8 T cells from immunized mice exhibit 
enhanced cytolysis at a single cell level as well as increased IFN-γ and granzyme 
B production, compared to naïve mice after challenge (Ramakrishna et al., 2004). 
Importantly, reactivated memory CD8 T cells retained cytolytic function coincident 
with increased granzyme B levels for prolonged periods compared to primary CD8 
T cells. Retention of cytolytic activity in reactivated memory cells persisting in the 
CNS was first demonstrated in a model of neurotropic influenza virus challenge 
(Hawke et al., 1998). The lethality of this influenza virus infection in naïve mice 
prevented longitudinal analysis of primary CD8 T cell function. Loss of virus-specific 
cytolytic function thus reflects distinct differentiation states of primary compared 
to memory CD8 T cells rather than an intrinsic property of the inflamed CNS 
environment. Importantly, despite retention of a cytolytic phenotype, there was no 
evidence for ongoing pathology in either challenge model.

Enhanced effector function by reactivated memory CD8 T cells directly trans-
lated to more effective virus control upon challenge compared to naïve mice in both 
the coronavirus and neurotropic influenza virus models. Nevertheless, despite a 
nearly 3 week phase of apparent clearance during which infectious virus remained 
undetectable, CD8 T cell persistence at higher numbers and a pre-armed state was 
insufficient to prevent coronavirus reactivation in the absence of antiviral antibody 
(Ramakrishna et al., 2006). Interestingly, MHC expression was significantly down-
regulated during the period of apparent virus clearance. At the time of recrudescence 
MHC expression on microglia and oligodendrocytes was low compared to the acute 
response, suggesting too few if any target MHC molecules presenting viral epitope 
to re-initiate IFNγ mediated class I upregulation and trigger antiviral function. 
Despite being fully armed to exert anti-viral activity upon antigen exposure in vitro, 
memory T cells in the CNS in vivo may thus not be responsive in an environment in 
which too few cells are persistently infected to engage antiviral T cell function. 
These observations highlight the functional controversies encountered upon the 
comparative analysis of CNS CD8 T cell function in vitro and in vivo. Furthermore, 
they emphasize the complex regulation of MHC-I/TCR interactions and a potential 
feedback loop involving IFNs in sustaining or downregulating MHC-I. As viral 
clearance progresses fewer MHC- I microbial antigen complexes are recognized 
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during viral control, IFNγ levels drop, resulting in decreased transcription of genes 
associated with MHC-I antigen processing and presentation.

The mechanisms of prolonged T cell persistence in the CNS in the absence of 
overt chronic inflammation and CNS disease have not been extensively explored. 
Comparison of the fate of T cells following infection with a persisting and non 
persisting glial tropic coronavirus variant suggested a role for persisting viral RNA 
in sustaining T cell retention (Marten et al., 2000b). Active maintenance is also 
supported by selection of CD8 T cell populations with limited T cell receptor 
specificities during the persistent phase of coronavirus infection compared to the 
acute phase (Marten et al., 1999). By contrast, following challenge of T cell 
immune mice with a neurovirulent influenza virus infection, residual virus was 
undetectable, demonstrating that retention of CD8 T cells in the CNS was inde-
pendent of persisting viral antigen as measured by PCR analysis for viral RNA 
(Hawke et al., 1998). MHC expression within the CNS was not analyzed in either 
study. It is possible that immunological synapses provide an anatomical substrate to 
sustain long term T cell survival in the CNS even after MHC expression drops. The 
longevity of immunological synapses in vivo during the clearing of viral infections is 
currently being examined.

The contribution of local homeostatic proliferation or ongoing recruitment to 
T cell maintenance in the CNS remains unclear. Memory cells traffic poorly into 
the quiescent CNS (Masopust et al., 2004) and activated T cells are only retained 
within the CNS upon cognate antigen recognition (Hickey, 2001; Chen et al., 
2005). In the influenza virus model, memory CD8 T cells retained in the CNS after 
viral clearance had very slow turnover compared to peripheral memory CD8 T cells 
(Hawke et al., 1998). The memory T cell survival factor IL-15, which regulates 
homeostasis of CD8 memory cells in lymphoid organs (Masopust and Ahmed, 
2004), does also not appear to be required for prolonged CD8 T cell survival in the 
coronavirus persistently infected CNS (Zuo and Bergmann, unpublished), supporting 
low turnover.

Persisting infection is associated with prolonged detection of CXCR3 ligands, 
potentially mediating ongoing lymphocyte recruitment (Tschen et al., 2006; also 
see Chap. 12). However, blockade of CXCR3 signaling early during persistence 
selectively reduces CD4 but not CD8 T cells (Stiles et al., 2006). These observations
suggest that neither peripheral chemokine-mediated recruitment nor local division 
contribute significantly to CNS CD8 T cell maintenance. These findings implied 
that a small subpopulation of T cells responding to infection are recruited into a 
long lived, persisting pool with enhanced survival in the CNS. It is unknown 
whether T cell retention within the CNS is associated with enhanced expression of 
anti-apoptotic factors and/or survival factors in the CNS environment. Higher 
propensity for apoptosis by T cells in lymphoid compared to non lymphoid tissues 
(Wang et al., 2003) suggests that CD8 T cells surviving a selection process during 
the decline phase may have a prolonged lifespan in the CNS. Thus although T cells 
are the primary cells undergoing apoptosis during acute antiviral responses in the 
CNS (Gonzalez et al., 2006), those that do not become susceptible to antigen 
induced cell death may survive long term in the CNS.
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4 Concluding Remarks

The communication between CD8 T cells and resident cells of the CNS appears 
highly sophisticated, yet our understanding is still very limited. Major limitations 
reside in the unique interactions and crosstalk between CNS cells amongst them-
selves, their fully differentiated state in mature individuals, and their anatomical 
location. This network amongst a very large number of different cells types makes 
it difficult to extrapolate results obtained from in vitro studies using primary cul-
tures from neonatal tissue to events in vivo. Although glial cells and neurons are 
capable of expressing MHC-I in vitro and thus acting as targets for in vitro stimu-
lated CD8 T cells, the mode of CD8 T cell function in vivo has largely been 
deducted from indirect evidence, such as viral clearance, loss of detection of viral 
genomes, demyelination or tissue atrophy. How T cells eliminate viral infections 
from the CNS remains contested. It is likely to depend crucially on the individual 
virus, its capacity to remain latent or persistent in CNS cells, the exact nature of the 
infected cell type, the anatomical region infected, and the level of T cell activation. 
Additional characteristics, such as sex and age are also likely to be crucial determi-
nants of the outcome of T cell mediated clearing of viral infections. While teleo-
logically, non-cytolytic clearing of non-dividing infected brain cells may be 
preferable to killing of postmitotic neurons, the alternative needs to be thoroughly 
examined. Direct contact or even proximity of class I expressing cells and CD8 
T cells in situ has only been demonstrated in isolated reports. Similarly, the notion 
of curative rather than cytolytic virus clearance should be regarded critically, as 
demonstration of apoptotic or dead CNS resident cells in situ, especially if the 
numbers are sparse are technically challenging. The technical challenge of deter-
mining cell death in vivo is substantial. Immune-mediated killing cell assays rely 
on removing T cells from the target organ and exposing them to artificial target 
cells in vitro. While such studies have demonstrated the capacity of T cells isolated 
from infected brains to kill pre-selected target cells, this comes short of demonstrating 
that these cells indeed kill brain cells in vivo. In vivo killing assays using CFSE 
labeled target cells have been developed, yet their application to CNS tissue has not 
yet been achieved. While such assays come closer to demonstrating that T cells can 
kill within the animal, whether T cells can directly kill CNS target cells in situ, 
remains to be explored further. It is likely that novel methods will need to be developed
to examine directly the capacity of T cells to do so.

The involvement of activating and inhibitory receptors on T cells and expression 
of their ligands in the CNS is not well understood. Similarly, regulation of 
anti-apoptotic factors requires further investigation. A better understanding of the 
relative kinetics of MHC presentation, T cell accumulation, and regulation of 
effector function at the target site during inflammatory reactions may lead to novel 
preventive and therapeutic intervention in enhancing, microbial clearance, while 
minimizing pathological damage. Finally, it is likely that a combination of novel 
microanatomical imaging techniques will encourage new analyses of T cell activity 
in the CNS. We believe that a novel examination of the interactions of T cells with 
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target cells at the individual cellular level in vivo, will allow new perspectives on 
T cell function in the CNS. Until now, even quantitative assays on T cell function 
in the CNS have relied on studies of the whole population of brain infiltrating 
T cells. Many times, due to unavoidable technical constraints, functional analysis 
has relied on the ex vivo functional analysis of brain infiltrating T cells. Equally, 
the examination of target brain cell function has relied on the analysis of large 
populations of cells, for which their past direct interactions with effector cells 
remained unknowable. New morpho-functional approaches, such as the study of 
immunological synaptic function in vivo utilizing confocal microscopy, or direct in 
vivo analysis of T cell – CNS cell interactions using two photon microscopical 
approaches will usher in further understandings of T cell function in the brain in 
vivo, either during the beneficial clearing of viral infections, immunopathology in 
response to brain infection, or autoimmune attack.
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Fig. 1.1 A typical parenchymal microglia extending processes to all elements of its environment. 
Microglia and blood vessels are visualized in brown using tomato lectin. Nuclei are visualized in 
blue using hematoxylin.
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Fig. 3.1 Left side: Topography of the blood-brain interface: Difference between capillaries and 
venule. Upper panel: By definition, capillaries lack a “media” of smooth muscle cells. The peri-
cyte (green) is thus separated from the endothelial cells (beige) by a basement membrane (red) 
only. The outer vascular basement membrane and the one on top of the glia limitans (blue) are 
fused to a common “gliovascular” membrane. Note the intimate contact of the astrocytic endfeet 
and the pericytes and endothelial cells which may underlie certain aspects of blood–brain barrier 
differentiation. Lower panel: Less pronounced barrier function of the endothelium may be 
explained by the following differences between venules and capillaries: Astrocytic endfeet cannot 
contact the pericytes and the endothelium due to the perivascular space and the smooth muscle 
cells of the “media” (orange); the latter also separates the pericytes from the endothelium. 
Pericytes are often mixed up with perivascular cells (pink), a heterogeneous population of lep-
tomeningeal cells, macrophages, and other leukocytes. The brain parenchyma proper (neuropil) is 
delineated by the astrocytic endfeet forming the glia limitans (blue). It is not clear if all pericytes 
are located at the outermost portion of the vascular wall (upper green cell). Some may engulf the 
endothelium or be part of the media (lower green cell). Right side: Pericytes (green) oriented along 
the longitudinal axis of a capillary. The fused gliovascular membrane is labeled with an antibody 
to laminin (red). Scale bar: 20 µm.
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Fig. 6.1 Arachidonic acid is metabolized by three enzyme systems: (1) the cyclooxygenases 
COX-1 and COX-2 to yield PGH

2
, which is converted by specific synthases to the five prosta-

noids, (2) the lipoxygenases 5-LOX, 12-LOX, and 15-LOX to yield leukotrienes and HETEs, and 
(3) the cytochrome P450 epoxygenases to yield epoxyeicosanotrienoic acids. AA is also non-
enzymatically oxidized by free radicals to form a large family of isoprostanes.
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Fig. 8.1 Schematic diagram of complement activation by fibrillar β-amyloid. Fibrillar Aβ can 
activate the classical complement pathway in the absence of antibody, or the alternative pathway. 
These two pathways converge at C3 activation with end results including opsonization (C3b 
deposits on fibrillar Aβ) and engulfment (of Aβ), leukocyte recruitment (by anaphylatoxins C3a 
and C5a) and potential bystander lysis by the membrane attack complex (MAC).
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Fig. 8.2 APPQ−/− mice show less neuronal degeneration. The hippocampus from 16-month-old 
wild type mice (B6/SJL), mice transgenic for the human mutant APP protein which confers amy-
loid plaque accumulation and neuropathology (APP), and APP with a genetically ablated C1q 
gene (APPQ−/−) were immunostained with antibody to MAP2, a neuronal microtubule associated 
protein indicative of neuronal integrity. APPQ−/− mice show higher MAP2 immunostaining in the 
pyramidal neurons of the CA3c area of hippocampus than the complement sufficient APP trans-
genic mouse. Additional photomicrographs and image analysis of results from multiple animals 
and ages have been published (Fonseca et al., 2004). Scale bar: 20 µm.

Fig. 9.1 Schematic to summarize the major points covered in this chapter. Demyelinating disease 
results primarily from entry of leukocytes to the CNS, which is directed by chemokines acting on 
receptors specifically expressed by leukocyte subsets such as T cells, B cells and macrophages. 
Neutrophils are not shown in the figure, for greater simplicity. The cytokines TNFα and IFNγ
induce selected chemokines, these are indicated in boxes for each cytokine. Remyelination is 
portrayed as an intra-CNS event, the role of chemokines being to direct migration of oligodendro-
cyte precursor cells (OPC).
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Fig. 10.1 Generation of transgenic mice with CXCL10 gene production targeted to astro-
cytes. A cDNA encoding murine CXCL10 was inserted downstream of the murine GFAP pro-
moter and upstream of a human growth hormone (hGH) polyadenylation signal sequence. This 
transgene construct was microinjected into the germ line of mice to generate a stable transgenic 
line. The presence of CXCL10 gene expression in astrocytes (lower panel) was confirmed by in 
situ hybridization for CXCL10 RNA combined with immunohistochemistry for GFAP protein. 
Note that some CXCL10 RNA positive astrocytes (black arrows) extend processes (blue arrows) 
to a blood vessel (asterisk) that is close by.
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Fig. 10.2 Histological evaluation of the brain from GFAP-CXCL10 transgenic mice. A. appearance 
of a perivascular leukocyte infiltrate in the meninges (haematoxylin and eosin stained section; 
original magnification ×100). B. numerous neutrophils were observed (arrows) in the leukocyte 
infiltrates, (haematoxylin & eosin stained section; original magnification ×1,000)
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Fig. 14.1 Immunological synapses in the brain in vivo during an antiviral immune response. This 
figure shows an immunological synapse formed between CD8 T cells and an adenovirally infected 
astrocyte. (a) shows the synapse as seen under the confocal microscope; the infected cell is 
detected through its expression of a marker gene expressed from the viral genome (i.e. HSV1-TK; 
white), and the CD8 + T cell is detected through its expression of LFA-1 (red) and TCR (green). 
(b) shows the relative quantification of fluorescence across the yellow arrow in (a); 1,2, 3 are the 
areas indicated in the fluorescence intensity graph in (b). Notice the typical distribution of 
increased intensity of LFA-1 at the p-SMAC (in red), and the peak of TCR intensity at the 
c-SMAC. (c) shows the view from the 3-D reconstruction of the image stack illustrated in (a). The 
view shown in (c) is viewed from the white triangle and white arrow in (a). (d) illustrates sche-
matically the distribution of molecules at the p-SMAC and c-SMAC, and also illustrates the 
intracellular re-distribution and potential secretion of T cell effector molecules either towards the 
immunological synapse (i.e. IFN-γ), or outside the immunological synapse (i.e. TNF-α). (d) is 
based on results from Huse et al. (2006), and Lowenstein et al. (2007).
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