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Abstract

Communication between neurons and microglia is essential for maintaining homeostasis in the
central nervous system (CNS) during both physiological and inflammatory conditions. While
microglial activation is necessary and beneficial in response to injury or disease, excessive or
prolonged activation can have deleterious effects on brain function and behavior. To prevent
inflammation-associated damage, microglia reactivity is actively modulated by neurons in the
healthy brain. Age or stress-induced disruption of normal neuronal-microglial communication
could lead to an aberrant central immune response when additional stressors are applied. Recent
work suggests that both aging and stress shift the CNS microenvironment to a pro-inflammatory
state characterized by increased microglial reactivity and a reduction in anti-inflammatory and
immunoregulatory factors. This review will discuss how heightened neuroinflammation associated
with aging and stress may be compounded by the concomitant loss of neuronally derived factors
that control microglial activation, leaving the brain vulnerable to excessive inflammation and
neurobehavioral complications upon subsequent immune challenge.

INTRODUCTION

The job of the immune system is to detect and eliminate invading pathogens as well as
repair damage and maintain tissue homeostasis. Essential to an organism’s survival, the
brain must be protected, but the typical inflammatory response used to eliminate pathogens
or support healing in peripheral tissues can be destructive in the central nervous system
(CNS). Inflammation in the brain must be tightly controlled to preserve the viability of
neurons that are, for the most part, non-regenerative (Galea, et al., 2007). Although
vulnerable, increasing evidence suggests that neurons are not the defenseless victims of
excessive immune reaction, but rather are active players in CNS-immune interactions,
carefully modulating mechanisms of microglial activation to maintain CNS integrity (Biber,
et al., 2007). However, recent findings suggest that processes as ubiquitous as aging and
stress can compromise normal neuronal control of microglial reactivity, decreasing the
brain’s resiliency to potential inflammatory insult.

© 2010 Elsevier Inc. All rights reserved.

“To whom correspondence should be addressed: 4 Animal Sciences Laboratory, 1207 W. Gregory Drive, University of lllinois at
Urbana-Champaign, Urbana, IL 61801, USA. Tel: (217) 333-2118 Fax: (217) 244-2871, rwjohn@uiuc.edu .

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jurgens and Johnson

Page 2

The main focus of this review is to discuss the potential mechanisms underlying
dysregulated neuronal-microglial cross-talk during aging and stress-induced
neuroinflammation. Following a brief introduction to key concepts including immune-brain
communication and the essential role of microglia in the CNS innate immune response, we
will highlight recent findings suggesting that both aging and stress can induce microglial
“priming”, leading to an exaggerated and prolonged release of central cytokines upon
additional immune stimulation. We then turn our focus on studies demonstrating that aging,
stress and inflammation can impede neuronal regulatory mechanisms, including
constitutively expressed immunomodulatory factors such as CD200 and CX3CL1
(fractalkine), which have been shown to play an important role in downregulating
inflammatory processes. To conclude, we review evidence that aging and stress lead to
deleterious alterations in the morphology and physiology of both neurons and microglia, and
discuss how this concurrent decline in normal function can contribute to aberrant
interactions under inflammatory conditions. Determining how neuroinflammatory processes
can disrupt normal neuronal-microglia communication will contribute to a greater
understanding of how microglial reactivity may be controlled or modulated following acute
brain injury as well as during chronic neurological disease processes.

THE NEUROIMMUNE RESPONSE

Immune-Brain Communication

The bi-directional communication between the immune system and central nervous system
(CNS) is critical for mounting an appropriate immunological, physiological and behavioral
response to infection and injury. The host’s first line of defense is the innate immune
system. Innate immune cells, including macrophages in the periphery, and microglial cells in
the CNS, detect potential insults via pattern-recognition receptors (PRRs) which recognize
and respond to infectious elements (pathogen-associated molecular patterns, PAMPS), as
well as endogenous danger signals induced by tissue damage (danger-associated molecular
patterns, DAMPSs) (Akira, et al., 2006, Matzinger, 2002). Upon activation, cells of the innate
immune system synthesize and release cytokines such as interleukin (IL)-1p, IL-6 and tumor
necrosis factor-a (TNF-a) that serve as major mediators of the immune response.

Peripheral cytokines induced by the innate immune system act on the brain to induce
nonspecific symptoms of infection including lethargy, listlessness, decreased activity and
loss of interest in social interaction (Kelley, et al., 2003). This aspect of host defense has
been termed the “sickness response” and includes changes in body temperature, increased
sleep, reduction in food and water intake, and activation of the hypothalamic-pituitary-
adrenal (HPA) axis (Dantzer and Kelley, 2007, Maier and Watkins, 1998). The
physiological and behavioral aspects of the sickness response reflect the expression of an
adaptive motivational state that resets the organism’s priorities to promote resistance to
pathogens and recovery from infection (Dantzer, 2001, Hart, 1988, Johnson, 2002). To
induce a behavioral response, peripheral cytokines need to be able to exert their effects in
the brain. Cytokines can access the brain via active transport mechanisms or diffusion at
circumventricular organs (CVOs) where blood vessels lack a functional blood-brain barrier
(Banks, et al., 2002, Konsman, et al., 1999). In addition, peripheral cytokines do not need to
gain direct entry into the CNS because they can act at the blood-brain barrier to induce the
synthesis and release of inflammatory mediators (cytokines and prostaglandins) from brain
endothelial cells which then propagate the immune signal within the brain (Vitkovic, et al.,
2000, Wong and Licinio, 1994). Finally, neural pathways (afferent vagus nerve) are directly
responsive to peripheral cytokine stimulation, the signal then being transmitted to the CNS
where it activates central effects including cytokine expression and sickness behavior
(Goehler, et al., 1998, Luheshi GN, 2000). When cytokine signals from the peripheral
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immune system reach the CNS, microglia become activated and propagate the inflammatory
response throughout the brain.

Microglial Cells

Microglial cells comprise approximately 10-12% of the cells in the brain and predominate in
the grey matter, with especially high concentrations in the hippocampus, hypothalamus,
basal ganglia and substantia nigra (Block, et al., 2007, Lawson, et al., 1990, Mittelbronn, et
al., 2001). Microglia normally exist in a quiescent or “resting” state in the healthy adult
brain and are morphologically characterized by a small soma and long, thin (ramified)
processes (Hanisch and Kettenmann, 2007). Although termed “resting”, microglia in the
intact adult brain are not dormant. Highly motile microglial processes continuously scan the
CNS microenvironment with estimates that the complete brain parenchyma is monitored
every few hours (Davalos, et al., 2005, Nimmerjahn, et al., 2005). Even minor alterations in
the CNS homeostasis alert microglia, allowing these cells to provide the first line of defense
during infection, injury and disease.

In response to inflammatory stimuli, microglia are rapidly activated and undergo a
morphological transformation with shorter, stouter processes (i.e.deramified) and larger
soma size (Hanisch, 2002, Hanisch and Kettenmann, 2007, Long, et al., 1998). In addition,
microglia upregulate cell surface molecules including major histocampatibility markers
(MHC class I and I1), receptors for cytokines and chemokines, and several other cellular
markers indicative of increased reactivity (Lynch, 2009, Perry and Gordon, 1988). In
response to a variety of stimuli, microglia can transform from a quiescent state to different
activation states. The magnitude of microglial activation is influenced by the type and
duration of the stimulus, the current CNS microenvironment and exposure to prior and
existing stimuli (Perry, et al., 2007, Ransohoff and Perry, 2009, Schwartz, et al., 2006).
Activated microglia release immune mediators that coordinate the response of both innate
and adaptive immunity to control infection, remove cell debris and promote tissue repair
(Kreutzberg, 1996, Neumann, et al., 2009, Streit, 2002).

Although microglial activation is necessary for host defense and neuroprotection, increased
or prolonged activation can have detrimental and neurotoxic effects (Block, et al., 2007).
One proposed mechanism for maintaining control of microglial activation is through
interaction with neuronal signaling molecules. Healthy neurons maintain microglia in their
resting state via secreted and membrane bound signals including CD200, CX3CL1
(fractalkine), neurotransmitters and neurotrophins (Biber, et al., 2007, Pocock and
Kettenmann, 2007). A reduction in these regulatory factors can lead to a reactive microglia
phenotype, suggesting an important role for communication between neurons and microglia
in regulating neuroinflammation. During normal conditions, such signals efficiently regulate
neuroimmune responses and help return the CNS microenvironment to a homeostatic state
following insult. However, these neuromodulatory mechanisms may become deficient and/
or dysregulated under excessive or prolonged inflammatory stimulation induced by disease
and injury. While aging and stress are not considered “disease states”, both are associated
with a heightened neuroinflammatory environment which can alter reciprocal interactions
between microglia and neurons, resulting in a dysregulated response to immune stimuli.

AGING AND STRESS: A SHIFT TOWARDS NEUROINFLAMMATION

Aging

Recent experimental evidence suggests that the microenvironment of the normal aged brain
is characterized by chronic low-level inflammation and increased microglia reactivity.
Microglia with a phenotype of heightened reactivity are often referred to as “primed” or
“sensitized,” due to a more rapid induction and greater cytokine release upon activation
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when compared to normal microglia. Primed microglia appear to reside in a intermediate
activation state, characterized by evidence of morphological activation (deramification) and
upregulation of cell surface markers of activation (i.e. MHCII), but minimal basal
production of pro-inflammatory cytokines (Perry, et al., 2007). Upon further stimulation
induced by activation of the peripheral or central innate immune system, primed or
sensitized microglia respond with pronounced and prolonged release of pro-inflammatory
cytokines altering the course of action from physiological to pathological (Cunningham, et
al., 2005, Dilger and Johnson, 2008). While microglia priming was first described in
association with chronic neurodegenerative diseases including multiple sclerosis (MS),
Alzheimer’s disease (AD) and the murine ME7 model of prion disease (Perry, et al., 2003),
increasing evidence suggests that primed or “sensitized” microglia may also reside in the
normal aged brain (Bilbo, 2010, Frank, et al., 2006a, Godbout and Johnson, 2006, Sparkman
and Johnson, 2008).

Several phenotypic and functional alterations indicative of increased microglial reactivity
occur during the normal aging process. Microglial expression of MHCII, a marker of
microglial activation, is increased in the aged but otherwise healthy brain of humans, non-
human primates and rodents (Frank, et al., 2006a, Godbout, et al., 2005, Perry, et al., 1993,
Sheffield and Berman, 1998, Streit and Sparks, 1997). Other cell surface markers including
CD68, CD11b, the co-stimulatory molecules CD80 and CD86 and intercellular adhesion
molecule-1 (ICAM-1) are also increased in the normal aged brain suggesting microglia cells
acquire an activated immunophenotype (Downer, et al., 2010, Frank, et al., 2010a, Perry, et
al., 1993). It is important to note that while these markers are used as indicators of microglia
activation, they can also be expressed on other cells in the CNS, therefore up-regulation may
not reflect changes in microglia alone (Lynch, 2009). However, new methods of rapid
isolation of microglia from discrete brain regions allows for preservation of the in vivo
phenotype of microglia allowing for functional characterization of microglia ex vivo in a
controlled setting and devoid of other CNS cells (Frank, et al., 2006b). Recent studies using
this method show that indeed microglia isolated from the aged rodent brain demonstrate
basal upregulation of microglial markers of activation (MHCII, CD11b) (Frank, et al.,
2010a, Henry, et al., 2009) and constitutively increased secretion of pro-inflammatory
cytokines (Njie, et al., 2010). In addition to evidence of age-related activation, microglia
from the aged brain also showed a significantly potentiated increase in pro-inflammatory
cytokines (IL-1pB, IL-6, and TNF-a) following ex vivo immune stimulation with the bacterial
endotoxin lipopolysaccharide (LPS) (Frank, et al., 2010a, Henry, et al., 2009, Njie, et al.,
2010). Overall, these studies allow for direct evidence of microglia-specific indices of
altered reactivity and provide evidence that during normal aging a shift in the activation
state of microglia sensitizes them to subsequent immune challenge.

Along with the age-associated increase in microglial reactivity, there is also an elevation in
steady-state levels of pro-inflammatory cytokines including IL-1p, IL-6 and TNF-a in the
brain of normal aged rodents (Chen, et al., 2008, Godbout, et al., 2005, Maher, et al., 2005).
Accompanying the age-related increase in pro-inflammatory cytokines, is a decrease in anti-
inflammatory cytokines IL-10 and IL-4 (Frank, et al., 2006a, Maher, et al., 2005, Ye and
Johnson, 2001). As both IL-10 and IL-4 can counteract the effects of inflammation by
reducing the synthesis of pro-inflammatory cytokines and their receptors, a decline in these
anti-inflammatory mediators may potentiate age-related neuroinflammation (Heyen, et al.,
2000, Loane, et al., 2009, Sawada, et al., 1999, Strle, et al., 2001). These findings are
consistent with data obtained from gene expression profiles of aged human and rodent brains
showing that genes indicative of oxidative stress, inflammation and glial activation increase
with age, while genes associated with synaptic function/transport, growth factors and trophic
support decrease (Bishop, et al., 2010, Blalock, et al., 2003, Godbout, et al., 2005, Lee, et
al., 2000).
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A consequence of age-induced microglial priming is that an exaggerated inflammatory
response occurs in the healthy aged brain following challenge with peripheral or central
immune stimuli (Godbout, et al., 2005, Huang, et al., 2008). The prolonged increase in pro-
inflammatory cytokines including IL-1p, IL-6 and TNF-a in the aged brain is accompanied
by an extended sickness response, impaired cognition and depressive behaviors (Abraham,
et al., 2008, Chen, et al., 2008, Godbout, et al., 2008). Whereas sickness behavior is
normally adaptive, the excessive production of cytokines in the aged brain can lead to
pathological or maladaptive behavioral changes such as delayed recovery from sickness and
cognitive impairment. The hippocampus has a high density of pro-inflammatory cytokine
receptors, and appears to be particularly vulnerable to both aging- and inflammation-induced
disruption in cognitive processing (Mattson and Magnus, 2006, Parnet, et al., 2002, Wilson,
et al., 2002). Following activation of the peripheral innate immune system, aged rodents
have significantly increased levels pro-inflammatory cytokines in the hippocampus and
demonstrate deficits specific to hippocampal-associated learning and memory tasks when
compared to adults (Abraham and Johnson, 2009, Barrientos, et al., 2006, Chen, et al., 2008,
Rosczyk, et al., 2008). As pro-inflammatory cytokines can act directly on neurons in the
hippocampus to impair synaptic plasticity, this may provide a possible mechanism
underlying inflammation-induced cognitive impairment (Balschun, et al., 2004, Lynch,
2002, Pickering and O’Connor, 2007).

Systemic immune challenge and psychological stress provoke several common
neurochemical changes including induction of pro-inflammatory cytokines in the brain, and
activation of the hypothalamic-pituitary-adrenal (HPA) axis. While glucocorticoids, the
major mammalian stress hormones (cortisol in humans and corticosterone in rodents), are
generally considered anti-inflammatory, several studies have challenged this view.
Glucocorticoids can either enhance or suppress immune function depending on several
factors such as the concentration and duration (acute or chronic) of the stressor, as well as
the timing of stress or stress hormone exposure relative to immune activation (Dhabhar,
20009, Sorrells, et al., 2009).

The effects of stress specific to neuroimmune function are complex, with evidence of both
beneficial (neuroprotection and negative feedback on microglial activation) and detrimental
(exacerbation of various aspects of neuroinflammation) actions (Glezer and Rivest, 2004,
Sorrells and Sapolsky, 2007). In addition, recent studies have shown that cytokines and
stressors can act synergistically, in which exposure to stress on a backdrop of immune
activation, or conversely, immune challenge following a stressor, results in a potentiated
cytokine response and alterations in sickness and cognitive behaviors (Anisman, 2009,
Barrientos, et al., 2003, Frank, et al., 2010b, Gandhi, et al., 2007, Johnson, et al., 2004). For
example, both acute and chronic stress administered prior to peripheral immune stimulus
have been shown to potentiate the expression of pro-inflammatory cytokines in the
hippocampus and frontal cortex of rodents (Johnson, et al., 2002, Munhoz, et al., 2006). In
addition, both stress and administration of exogenous corticosterone have been shown to
increase microglial reactivity, including up-regulation of microglial markers of activation
(de Pablos, et al., 2006, Frank, et al., 2007, Frank, et al., 2010b) as well as proliferation
(Nair and Bonneau, 2006), and morphological transformation of microglia from a resting to
an activated state (Sugama, et al., 2007, Tynan, et al., 2010). Overall, the data suggest that
similar to aging, certain types of stress can shift the neuroimmune microenvironment
towards a pro-inflammatory state, resulting in an exaggerated response upon additional
immune stimulation.

The response of the normal adult brain to stress-induced neuroinflammation greatly depends
upon the type and duration of the stressor. Mild or naturalistic stressors such as forced swim
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(Deak, et al., 2003), and predator odor (Plata-Salaman, et al., 2000), fail to induce brain
cytokines, whereas more severe or chronic stress paradigms have been shown to activate
microglia and induce central cytokine production (Deak, et al., 2005, Frank, et al., 2007,
Nair and Bonneau, 2006, O’Connor, et al., 2003). While the neuroimmune response to stress
is adaptive under normal conditions, preexisting inflammation can increase the vulnerability
of the aged brain to the deleterious effects of even mild stressors. Recent data from our
laboratory demonstrate that even in the absence of immune stimulation, mild psychological
stress induces an amplified central cytokine response and prolonged cognitive impairment in
aged animals (Buchanan, et al., 2008). Following short-term (30 min/day for 4 days) mild
restraint stress, there was a significant increase in stress-induced microglial activation
(upregulation of MHCII) and expression of IL-1p in the hippocampus of aged mice, but not
adult mice (Figure 1). In addition, while working memory in the Morris water maze was
disrupted for both adult and aged mice after the first day of stress, only aged mice continued
to demonstrate stress-induced cognitive impairment on subsequent days of behavioral
testing. It appears that aged mice are more sensitive to the neuroinflammatory and cognitive
effects of stress and seem unable to adapt to the continued presence of a mild stressor
(Buchanan, et al., 2008). Overall, these data as a whole suggest that both the aged and
stressed brain may be primed to react to subsequent stimuli (both immunological and
psychological) in a way that results in an exaggerated inflammatory response and excessive
microglial activation.

MICROGLIA ESCAPE FROM NEURONAL CONTROL

Fractalkine

While the exact mechanisms underlying microglia priming and activation during non-
disease states remain unknown, increasing interest has turned to how universal conditions
such as aging and stress can alter the brain microenvironment in a way that hinders the
ability of neurons to control microglial activation. Microglia phenotype and function is
highly influenced by the conditions of the CNS microenvironment and in particular, by
specific interactions with surrounding neurons. While intense focus has been given to glial
cell involvement in neuroinflammatory processes, the roles of neurons have been less
examined, or even relegated to that of passive victims of overactive microglia. However,
mechanisms of immune regulation in the CNS are largely dependent on neuronal viability
and activity, providing compelling evidence that neurons themselves control microglial
reactivity (Biber, et al., 2007, Tian, et al., 2009).

Recent work has shown that the neuronally expressed chemokine, fractalkine, may be
important in maintaining microglia in a resting state in the healthy brain as well as
preventing excessive microglial activation during inflammatory conditions. Fractalkine
(CX3CL1) is the sole member of the CXC subfamily of chemokines and exists as both a
membrane-anchored ligand and a secreted glycoprotein suggesting that it can work locally,
by direct contact, as well as through distant soluble effects (Bazan, et al., 1997). Fractalkine
is one of a few chemokines that is constitutively expressed at high levels in the brain and is
unique in that it binds only one receptor, CX3CR1 (Harrison, et al., 1998, Pan, et al., 1997).
The widespread expression of fractalkine by neurons in the CNS along with complementary
expression of its receptor on microglia, suggests that fractalkine plays an important
physiological role in the communication between neurons and microglia (Cardona, et al.,
2006, Harrison, et al., 1998).

Evidence from both in vitro and in vivo experiments demonstrates that interaction of
fractalkine and its receptor contribute to attenuation of microglial activation and
neurotoxicity under inflammatory conditions. In vitro, soluble fractalkine acts as an anti-
inflammatory molecule via down-regulation of LPS-induced production of IL-1p, IL-6,
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TNF-a, nitric oxide and iNOS in microglia and mixed glia cultures (Mizuno, et al., 2003,
Zujovic, et al., 2000). Recent work has shown that both soluble and neuron-membrane
bound fractalkine attenuate the LPS-induced increase in IL-1f3 and MHCII in primary
microglial-neuronal cultures (Lyons, et al., 2009a). The addition of anti-fractalkine receptor
antibody abrogates this effect indicating the CX3CL1-CX3CR1 interaction is necessary for
modulation of microglial activation. In vivo, blocking endogenous fractalkine within the
brain using an anti-fractalkine antibody potentiates the LPS-induced increase in
hippocampal expression of TNF-a and 8-isoprostane (a marker of oxidative stress),
suggesting that normal expression of fractalkine is necessary to control microglial activation
(Zujovic, et al., 2001). Using mice lacking the microglial fractalkine receptor, it has been
shown that the absence of CX3CL1-CX3CR1 signaling dysregulates microglial responses to
both inflammatory and neurotoxic stimuli. CX3CR1-deficient mice show intense and
widespread microglial activation as well as elevated production of IL-1p in the hippocampus
in response to peripheral LPS injection (Cardona, et al., 2006)... In addition, in mouse
models of Parkinson’s disease and amyotrophic lateral sclerosis (ALS), CX3CR1-deficient
mice had more pronounced microglial activation and extensive neuronal loss compared to
wild-type controls (Cardona, et al., 2006). Overall these data suggest that during both acute
inflammation and chronic neurodegeneration, CX3CL1-CX3CR1 interactions in the CNS
function to attenuate excessive microglial activation.

Recently it has been shown that fractalkine is decreased in the hippocampus of aged rats
(Bachstetter, et al., 2009, Lyons, et al., 2009a), as well in brain homogenates of aged mice
(Wynne, et al., 2010). In these studies, decreased fractalkine corresponded with an age-
related increase in markers of microglial activation including MHCII and CD40 as well as
elevated microglial expression if IL-1p. Treatment of aged animals with central
administration of fractalkine has been shown to attenuate both the age-related increase in
microglial activation and deficit in LTP (Lyons, et al., 2009a), as well as reverse the decline
in neurogenesis associated with aging (Bachstetter, et al., 2009). As administration of
exogenous fractalkine can reduce age-associated neuroinflammation and restore
neurogenesis, alteration in fractalkine signaling during normal aging appears to be due to
reduced ligand levels. While it has been previously shown that LPS can reduce CX3CR1 in
vitro (Boddeke, et al., 1999), a recent study was the first to show in vivo that peripheral LPS
leads to a reduction CX3CR1 (both mRNA and surface expression) in microglia of both
adult and aged mice (Wynne, et al., 2010). While CX3CRL1 expression was depressed in
both ages 4 hours after LPS injection, at 24 hours post-LPS, CX3CR1 expression was
restored in adult mice while aged mice continued to show significant reduction. This
protracted downregulation of CX3CRL1 in aged mice corresponded with a prolonged
induction of IL-1p and an extended sickness response. Together these data demonstrate that
decreased fractalkine expression in the aged brain, along with failure to restore microglia
CX3CR1 expression after it has been downregulated, contribute to impaired fractalkine-
mediated regulation of microglia during normal aging (Wynne, et al., 2010).

Another factor known to play a role in modulating immune responses is the membrane
glycoprotein CD200. CD200 is expressed on a wide variety of cell types including neurons
and endothelial cells in the CNS whereas expression of its receptor, CD200R, is restricted
predominantly to cells of myeloid origin including macrophages and microglia (Barclay, et
al., 2002, Hoek, et al., 2000, Wright, et al., 2003). It has been suggested that interaction
between neuronal CD200 and microglia-bound CD200R maintain microglia in a quiescent
state (Hoek, et al., 2000, Neumann, 2001). Microglia of CD200-deficient mice
spontaneously exhibit a more reactive phenotype, including less ramified and shorter
processes, and increased expression of CD11b and CDA45, suggesting that constitutive
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interaction between CD200 and CD200R plays an important role in maintaining microglia in
a resting state (Hoek, et al., 2000). Several studies have demonstrated that disruption of the
CD200-CD200R interaction results in exaggerated and prolonged microglia activation and
increased production of inflammatory mediators following immune challenge (Deckert, et
al., 2006, Hoek, et al., 2000, Meuth, et al., 2008, Wright, et al., 2003)

In addition to its physiological role of maintaining microglia in a quiescent state in the intact
CNS, CD200 may also play a neuroprotective role in chronic neurodegenerative diseases.
While lack of CD200 signaling exacerbates neuroinflammation, enhanced CD200-CD200R
signaling either via increased neuronal expression of CD200 or administration of the
CD200R agonist CD200-Fc fusion protein, can down-regulate microglia activation, reduce
pro-inflammatory cytokine expression and maintain neuronal integrity in the rodent
experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis (MS)
(Chitnis, et al., 2007, Liu, et al., 2010). Recent findings in human patients also support the
role of CD200 in regulating microglia activation in neuropathological conditions.
Expression of CD200 has been found to be downregulated in lesions from the CNS of MS
patients suggesting that the loss of CD200 permits enhanced inflammation, which may drive
disease progression (Koning, et al., 2007, Koning, et al., 2009). Examination of postmortem
brain tissue from Alzheimer’s disease patients found that both CD200 and CD200R are
significantly decreased in regions affected by AD pathology (hippocampus and inferior
temporal gyrus) indicating an overall deficiency in the CD200-CD200R signaling system in
regions where chronic inflammation is established (Walker, et al., 2009).

During normal brain aging, the age-related upregulation of microglial MHCII expression is
accompanied by a significant decrease in the expression of CD200 in the hippocampus of
healthy aged rodents suggesting that neuronal inhibition of microglial activation may
become compromised with age (Frank, et al., 2006a, Lyons, et al., 2007). Recent evidence
suggests that neuronal CD200 expression may be modulated by 1L-4, an anti-inflammatory
cytokine shown to modulate microglial activation (Downer, et al., 2010, Lyons, et al.,
2009b). As both 1L-4 and CD200 expression is decreased in the hippocampus of aged it is
likely that the concomitant reduction in these factors contributes to increased microglial
reactivity (Lynch, 2009, Nolan, et al., 2005). In addition, treatment of aged rats with the
NCAM mimetic FG loop (FGL) peptide reverses the age-related decline in hippocampal
CD200 expression and subsequently attenuates the age-related increase in markers of
microglial activation (CD86, ICAM, CD40 and MHCII) and inflammation (IL-1p and IFN-
v) (Downer, et al., 2009, Downer, et al., 2010). In a model of postoperative cognitive
decline, aged, but not adult, rodents have increased expression of pro-inflammatory
cytokines in the hippocampus and deficits in hippocampal-dependent cognition following
abdominal surgery (Cao, et al., 2010, Rosczyk, et al., 2008). In addition, hippocampal
CD200 is downregulated postoperatively, suggesting that age-related neuroinflammation
following surgical trauma may be mediated in part by decreased immunoregulatory control
of microglia (Cao, et al., 2010).

In experiments designed to elucidate the potential mechanisms underlying stress-induced
sensitization of microglia it was found that 24 hours following inescapable stress, rats had
significantly decreased hippocampal expression of CD200, while MHCII expression and
LPS-induced cytokine production was significantly increased in hippocampal microglia
(Frank, et al., 2007). As both aging and stress reduce CD200 expression in the hippocampus
this could contribute to attenuated neuronal control of microglia resulting in a permissive
pro-inflammatory CNS microenvironment and aberrant neuroimmune response upon
additional immune stimulation.
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Similar to the CD200-CD200R interaction, the constitutive expression of CD47 and CD22
on neurons is also thought to play a role in keeping microglia quiescent via interaction with
microglial receptors SIRP-a and CD45. (Barclay, et al., 2002, Biber, et al., 2007, Mott, et
al., 2004, Tian, et al., 2009). Neurons can also secrete CD22 which acts as an anti-
inflammatory neuropeptide, reducing LPS-induced microglial activation and pro-
inflammatory cytokine production (Mott, et al., 2004). In this study it was demonstrated that
neurons must have functional axon terminals for this inhibition to occur, suggesting that
physiologically intact neurons are necessary for the regulation of microglial activation.

INFLAMMATORY DISRUPTION OF NEURONAL-MICROGLIAL INTERACTION

Neuronal Integrity

In addition to controlling microglial activity via immunomodulatory factors, the normal
physiological activity of neurons is a key negative regulator of the CNS immune response.
Functionally active neurons release a number of soluble mediators including
neurotransmitters and neurotrophic factors that keep microglia in a resting state (Neumann,
2001, Pocock and Kettenmann, 2007). Even relatively minor deviations from normal
neuronal activity seem to be sufficient to alert microglia, which express several
neurotransmitter and neurotrophic factors allowing for response to alterations in the
neuronal network integrity (Hanisch and Kettenmann, 2007, Pocock and Kettenmann, 2007,
Schwartz, et al., 2006). Control of microglial reactivity by healthy functional neurons was
demonstrated in hippocampal slice culture in which blockade of spontaneous neuronal
activity resulted in increased microglial expression of MHCII (Neumann, et al., 1996). It
was further demonstrated that brain-derived neurotrophic factor (BDNF), nerve-growth
factor (NGF) and neurotrophin-3 (NT-3) secreted by electrically active neurons can inhibit
the induction of MCHII expression in microglia (Neumann, et al., 1998).

If healthy functional neurons have a generally suppressive potential that helps to maintain
microglia in a resting state, then it follows that the loss of physiological activity due to
impaired function or atrophy of neurons could contribute to increased microglial activation
and inflammation. In several states including exposure to chronic stress, normal aging, and
in neuropathologies including Alzheimer’s disease, schizophrenia and depression, there is a
demonstrated neuroinflammatory component along with reduced neurotrophic support and
evidence of neuronal atrophy (Angelucci, et al., 2005, Dantzer, et al., 2008, Godbout and
Johnson, 2006, Lupien, et al., 2009, Smith, et al., 1995, Tapia-Arancibia, et al., 2008). A
reduction in normal neuronal function could allow microglia to escape regulatory control
leading to excessive microglial activation and increased inflammation-induced neuronal
damage (Figure 2).

Evidence for cytokine-induced dendritic atrophy comes from both in vitro and in vivo
studies. In neuron culture, supernatant from LPS-activated microglia prevented neurite
outgrowth and TNF-a was shown to induce the retraction of already extended dendrites
(Munch, et al., 2003, Neumann, et al., 2002). In mice injected centrally with LPS, there was
significant degeneration of spines and reduced dendritic branching in hippocampal
pyramidal neurons without a corresponding loss of neuron number (Milatovic, et al., 2003).
A mechanism by which inflammatory stimuli may alter hippocampal structure and function
is via inhibition of neurotrophins which are known to modulate axon and dendrite
morphology, synaptic plasticity and memory formation (Chao, 2003, Poo, 2001, Tyler, et
al., 2002). Recent data from our lab have shown that aged mice injected peripherally with
LPS have an exaggerated neuroinflammatory response that is accompanied by decreased
BDNF and NGF and dendritic atrophy of hippocampal neurons (Richwine, et al., 2008). The
association amongst increased inflammatory factors and reduced neurotrophins is not just
correlational, as it has been shown in neuron culture that IL-1p directly interferes with both
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BDNF and NT-3 signaling pathways (Soiampornkul, et al., 2008, Tong, et al., 2008).
Furthermore, in vivo, BDNF, NGF and NT-3 protein levels were significantly reduced
(20-40%) in the hippocampus and cortex for 7 days following peripheral LPS injection in
rats (Guan and Fang, 2006). As such, pro-inflammatory cytokines induced by aging, stress
or inflammation could disrupt neuronal functions that are normally maintained by
neurotrophins, thus leaving the brain vulnerable to the detrimental effects of subsequent
inflammation.

Microglial Dysfunction

The bi-directional communication between neurons and microglia plays an important role in
regulating the neuroimmune response. Therefore, any alteration in the normal function of
either of these populations could have detrimental consequences. While it is well accepted
that neuronal function can decline with age, it has been suggested that microglia “age” as
well, with concomitant degeneration of normal structure and function (Conde and Streit,
2006). As such, the role of microglia in aging and neurodegeneration may not be restricted
to a gain of inflammatory function, but may also include the loss of protective and
neurotrophic functions due to microglia senescence and dysfunction.

Microglia in both the resting and activated state serve beneficial roles including monitoring
the functional state of neuronal synapses, supporting neurogenesis and clearing tissue debris
to facilitate regeneration (Neumann, et al., 2009, Wake, et al., 2009, Ziv and Schwartz,
2008). Dysfunctional or senescent microglia are less able to carry out their neuroprotective
functions and may fail to respond appropriately or efficiently to immune stimuli, leading to
an overall less protective CNS microenvironment and increased neuronal vulnerability to
age-related neurodegeneration (Streit, et al., 2008). Whether heightened neuroinflammation
associated with aging promotes neurodegeneration or, whether insufficient immune
responses during normal aging contribute to disease progression, remains an unresolved and
fundamental issue (Lucin and Wyss-Coray, 2009). The concept of microglial dystrophy
widens the perspective on the role of microglia during aging and age-related
neurodegenerative disease in that both microglial activation, as well as microglial
dysfunction, can contribute to the dysregulated relationship between neurons and microglia
(Graeber and Streit, 2010).

CONCLUSION

Overall, it is clear that bi-directional communication between neurons and microglia is
essential in maintaining homeostasis in the CNS as well as responding appropriately to a
variety of neuroimmune challenges. However, neurons are not simply bystanders to the
effects of microglial activation but instead play an active role in modulating microglia
phenotype and function. Changes in the physiology, morphology and function of neurons
and microglia under conditions of aging, stress and inflammation disrupt the normal cross-
talk between these cells in resulting in a dysregulated neuroimmune environment with
potential deleterious consequences on brain function and behavior. While both increased
microglia activation and neuronal injury can be the result of an exaggerated neuroimmune
response, it is unknown if microglial overactivation precedes and causes neuronal damage,
or if activation occurs in response to loss of normal neuronal integrity. As opposed to simple
cause and effect, complex interactions between neurons and microglia may predominate.
While the focus of this review is on neuronal-microglial interactions, there is much evidence
that other cells of the CNS and immune system, including astrocytes and T cells, interact
with microglia and neurons in both normal and pathological states (Barres, 2008, Schwartz
and Ziv, 2008, Tian, et al., 2009). Neuroimmune function during health, aging and disease is
determined by the maintenance (or disruption) of the intricate balance of pro-inflammatory
and anti-inflammatory mediators produced by a variety of cell types. A greater
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understanding of the neuroregulatory systems governing complex cell-cell communication
in the CNS, such as the cross-talk between neurons and microglia, is of crucial interest as
clarification of the mechanisms underlying these interactions can lead to therapeutic
interventions for a number of neurological diseases.
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Figure 1.
A mild restraint stressor that had little or no effect on inflammation in adult mice elicited a

significant neuroinflammatory response in aged mice. Aged mice not only had higher basal
levels of inflammatory mediators (IL-1p, MHCII), but also showed a stress-induced increase
in these inflammatory mediators, whereas expression in adult mice was unaffected by stress.
Modified from (Buchanan, et al., 2008).
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Figure 2.

Stress and aging can alter microglial reactivity leading to overactivation of microglia when
additional immune challenges are applied. In addition, aging, stress and inflammation are
can induce deleterious changes in neuronal structure and function leaving neurons
vulnerable to inflammation-induced damage/atrophy. Excessive or prolonged inflammation
(IL-1B, IL-6, TNF-a) resulting from increased microglial activation could contribute to
neuronal damage as well as loss of neuroregulatory/neuroprotective mechanisms (CD200,
CX3CL1, BDNF, NGF). In turn, damaged neurons would no longer adequately control
microglia reactivity, thus increasing the risk of exaggerated inflammatory effects upon
subsequent activation. As a result (over time), a vicious cycle of persistent microglial
activation and loss of neuronal integrity could ensue, resulting in chronic neuroinflammation
and prolonged neurobehavioral impairment.
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