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Abstract

The aging brain is characterized by a shift from the homeostatic balance of inflammatory mediators
to a proinflammatory state. This increase in neuroinflammation is marked by increased numbers of
activated and primed microglia, increased steady state levels of inflammatory cytokines and
decreases in anti-inflammatory molecules. These conditions sensitize the aged brain to produce an
exaggerated response to the presence of an immune stimulus in the periphery or following exposure
to a stressor. In the brain, proinflammatory cytokines can have profound effects on behavioral and
neural processes. As the aged brain is primed to respond to inflammatory stimuli, infection or stress
may produce more severe detriments in cognitive function in the aged. Typically after an immune
stimulus, aged animals display prolonged sickness behaviors, increased cytokine induction and
greater cognitive impairments compared to adults. Additionally, aging can also augment the central
response to stressors leading to exaggerated cytokine induction and increased decrements in learning
and memory. This alteration in neuroinflammation and resultant sensitization to extrinsic and
intrinsic stressors can have considerable effects upon the elderly’s recovery and coping during disease
and stress.
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Introduction

The aging process is defined by a slow deterioration of homeostatic functions throughout the
lifespan of an organism. For example, in the adult brain there is a balance between
proinflammatory and anti-inflammatory cytokines, but with increased age this balance is
shifted towards a proinflammatory state. This increased state of neuroinflammation makes the
aged brain more vulnerable to the disruptive effects of both intrinsic and extrinsic factors such
as disease, infection or stress. Furthermore, this vulnerability may present as a short-term
alteration in normal cognitive function or complicate, exacerbate or hasten the progression of
underlying neuropsychological conditions. The purpose of this brief review is to discuss the
changes associated with neuroinflammation in the aged brain and how they may contribute to
behavioral and cognitive changes associated with infection or stress.
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Neuroinflammatory consequences of aging

Microglia are the resident immune cells of the central nervous system and are important
mediators of the brain’s response to trauma, disease, and infection. Normally, microglia reside
in a quiescent state but stimulation with a foreign antigen activates microglia, which induces
a phenotypic shift including changes in cell surface marker expression (e.g., MHC class 11
antigen [1-3]), retraction of processes, and release of cytokines. Increased numbers of activated
microglia in the aged brain may be indicative of increased neuroinflammation and heightened
reactivity, which may underlie age-related alterations in the way the brain responds to and
recovers from insult.

Apart from resting microglia, a subset of microglia appear to reside in an intermediate state
characterized by shortened processes and expression of cell surface markers, similar to
activated microglia, but without appreciable secretion of cytokines. This microglia subset is
referred to as ‘primed’ due to more rapid induction and greater cytokine release upon activation
compared to normally, activated non-primed microglia [4-6] (Figure 1A). A similar state of
heightened reactivity was first described in association with neurodegenerative diseases
including multiple sclerosis, Alzheimer’s disease and the murine ME7 model of prion disease
[4,5]. Presumably, abnormal proteins specific to each disease may act as priming factors for
microglia. Similar to the priming paradigm associated with neurodegenerative disease,
increasing evidence suggests that primed microglia may also reside in the normal, aged brain.
For example, Streit et al. [3] observed a 10-fold increase in microglial abnormalities in the
brain of a 68-year old human compared with the brain from a 38-year old subject. Moreover,
it has been proposed that microglial senescence and subsequent changes in microglial function
may support the development of neurodegenerative diseases such as Alzheimer’s [3,7] and
may exacerbate cognitive changes associated with normal aging.

In addition to increased numbers of activated and primed microglia, the aged brain exhibits
increased steady-state levels of inflammatory cytokines. Normally, interleukin(IL)-6 is
upregulated in the brain following peripheral immune activation or injury; however, it also
appears to be upregulated in normal aging and may be a key mediator of aged-related
neuroinflammation. For example, circulating levels of IL-6 have been shown to be consistently
increased in the elderly population, and in longitudinal studies, increased plasma IL-6 levels
were associated with increased chances of cognitive impairment later in life [8]. Kiecolt-Glaser
et al [9] examined longitudinal changes in circulating IL-6 production in spousal Alzhemier’s
caregivers (a population at risk for increased stress) and noncaregivers and saw that the
caregivers had increases in IL-6 production that were four times greater than noncaregivers.
Additionally, increased IL-6 production has been demonstrated in the hippocampus, cerebral
cortex, and cerebellum of aged mice compared to juvenile mice [10], and 10-month old
senescence-accelerated mice (SAMP8) had increased IL-6 levels in the cerebral cortex and
hippocampus compared to aged-matched control mice [11]. While circulating levels of IL-6
may have diagnostic and predictive value, the increases in central IL-6 levels seem to be a
function of increased production in the CNS rather than a product of increased circulating
levels. For example, coronal sections of the cerebral cortex taken from aged mice
spontaneously secreted more IL-6 than did sections taken from adult animals [12,13]. This
upregulation of IL-6 production in the age brain seems to be mediated by glial cells. Mixed
astrocyte and microglial cultures demonstrated that glial cultures from aged mice produced
higher steady-state levels of IL-6 mMRNA and spontaneously secreted higher levels of I1L-6
protein compared to both adult and neonate cultures [10,13]. Utilizing flow cytometric analysis,
it was demonstrated that the proportion of IL-6 positive microglia was greater in aged animals
[10]. In addition, endothelial cells, which form the blood-brain barrier, may contribute to
increased levels of 1L-6 in the aged brain. Endothelial cells cultured from the brains of aged
rhesus monkeys spontaneously secreted more IL-6 protein than those cultured from adult or
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neonatal/fetal brains [14]. Furthermore, a study demonstrated that nuclear factor kappaB
(NFkappaB) binding to the IL-6 promoter is increased in the brain of aged mice leading to
increased IL-6 production [15]. Importantly, the increase in cytokine levels may support
microglial priming and, in turn, lead to increased neuroinflammatory responses, excessive
production of cytokines and maladaptive alterations in cognition and behavior especially when
the peripheral immune system is activated [16,17].

In addition to increases in proinflammatory cytokines, the aged brain can be characterized by
ageneral reduction in levels of anti-inflammatory mediators, such as IL-10 [13,18]. Following
exposure to immunological stimulus there is normally an upregulation of proinflammatory
mediators that is accompanied by a subsequent release of anti-inflammatory mediators;
however, levels of IL-10 are significantly reduced in the aged brain [13]. Of consequence for
the aging animal, this decrease in IL-10 may predispose the CNS to increased
neuroinflammation and neuronal damage. For example, recombinant IL-10 protected primary
cortical neuron cultures from NMDA or glutamate induced damage [19]. Additionally, IL-10
knockout mice demonstrated an increased vulnerability to behavioral pathologies associated
with prion disease [20]. Also, an increased vulnerability to neurodegenerative diseases,
including Alzheimer’s, has been associated with decreased I1L-10 levels in humans [21].
Therefore, reduction of anti-inflammatory molecules in the brain may exacerbate the
neuroinflammatory status within the CNS and predispose aged individuals to a discordant
inflammatory response following peripheral immune activation or stress.

Immune-to-Brain Communication is Altered in Aged Animals

Cytokines can act on the CNS in a wide variety of ways. Because the brain receives signals
from an activated immune system it has been suggested that the immune system itself may act
as an additional “sensory pathway” that renders a central representation of the peripheral
immune status which, in turn, influences and directs behavior [22]. Changes in behavior
associated with increased central cytokine levels include reduced food and water intake,
decreased exploration, decreased social interactions, somnogenesis and global effects on mood
and cognition. These behavioral alterations in the animals with an infection have been
collectively characterized as “sickness behavior’[23].

Rather than being a simple reflection of the passive response of a debilitated organism, sickness
behavior is characterized by alterations in the motivational state of the organism, orchestrated
by interactions between the CNS and the peripheral innate immune system [23]. While these
changes in behavior may be adaptive in the short term, this response may turn pathological in
cases in which the responsiveness of the CNS has been altered such as neurodegenerative
diseases or aging [23].

While the CNS was once thought to be an immune privileged organ, we now know that the
peripheral immune system can influence the CNS through a number of different pathways.
One such means for cytokine entry into the brain is passive diffusion at the circumventricular
organs (areas of the brain lacking a blood brain barrier) through which diffusion readily occurs
[24]. However, passive diffusion accounts only for a small amount of cytokines entry into the
brain, and certain cytokines are actively transported across the blood-brain barrier [25,26]. In
addition, endothelial cells that form the blood-brain barrier are capable of secreting immune-
related molecules, including cytokines, in response to peripheral immune signals [14].
Therefore, it is possible that cytokines circulating in the periphery may elicit the secretion of
cytokines in the brain by binding to receptors on endothelial cells on the peripheral side of the
blood-brain barrier that, in turn, secrete cytokines into the CNS [14]. Additionally, studies
employing subdiaphragmatic vagotomy show that vagal afferents carry visceral sensory
information to the CNS following peripheral immune stimulation, thereby altering central gene
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expression and neural firing patterns [27]. Therefore, cytokines that are produced in the
periphery activate humoral and neural communication pathways that induce glial cells in
discrete brain regions to produce the same inflammatory cytokines that in turn produce
neurophysiological and behavioral changes [27,28].

Although, cytokines represent an important communication pathway for the brain and immune
system, they are also intimately involved in the stress response. For example, proinflammatory
cytokine production in the brain is upregulated following exposure to physiological or
psychological stressors [6]. These alterations in cytokine signaling may have important
implication for the animal’s behavior and may be modified by the neuroinflammatory status
of the CNS.

Sickness Behavior and the Aged Brain

Once transported to or produced in the brain, proinflammatory cytokines can have profound

effects on behavior. Given that the aged brain contains more activated and primed microglia

and higher steady state levels of cytokines, it may be hyper responsive and more vulnerable to
the neurobehavioral effects associated with peripheral infection.

A number of studies have examined the effects of a peripheral immune stimulus on behavior
and subsequent cytokine induction in adult and aged mice. Consistently, adult and aged mice
demonstrate similar declines in locomotor activity and social interactions during the initial
period; however, aged mice have a prolonged duration of these behavioral deficits compared
to adult animals [29]. Additionally, a number of studies have demonstrated that peripheral
lipopolysaccharide treatment (LPS; a bacterial cell wall fragment) led to increased
proinflammatory cytokines (primarily 1L-1p, IL-6 and TNFa) in the hippocampus, cerebral
cortex, and cerebellum as well as whole brain in aged mice compared to adult animals (Figure
1B&C) [29]. Micro-array analysis demonstrated significantly greater expression of genes
associated with inflammation and oxidative stress following LPS injection in brains of aged
animals compared to adults [29].

In order to better elucidate the role of the of the peripheral innate immune system and the
resident immune cells of the CNS in the aged animal, Huang et al [30] injected LPS into the
lateral ventricle of aged and adult mice. Their results demonstrated that aged mice had
protracted reductions in food intake, locomotor activity and social exploration compared to
adult mice. Aged mice also have been shown to have prolonged reductions in locomotor activity
following central administration of IL-1f. Furthermore, central administration of IL-1 receptor
antagonist (IL-1ra) attenuated reductions in locomotor activity associated with peripheral
immune activation in old but not young mice. (Abraham et al, submitted). These results support
the theory that changes within the CNS are important mediators of the dysregulated behavioral
responses to immune stimuli observed in aged animals (Figure 2A).

Neuroinflammation Exacerbates Cognitive Dysfunction in Aged Animals

Even more insidious than the behavioral alterations associated with peripheral immune
activation are the potential cognitive deficits that may accompany these changes. Although
cytokine receptors are diffusely located throughout the brain, the highest levels of cytokine
binding have been demonstrated in certain areas associated with learning and memory,
including regions of the hippocampus [31]. Furthermore, increased levels IL-1f has been
shown to disrupt long-term potentiation (LTP), a cellular mechanism believed to be important
for certain types of memory. In fact, IL-1p blocks the expression of LTP in areas of the
hippocampal formation [32]. Rachal Pugh and colleagues [33] demonstrated that post-training
injections of LPS or IL-1p impaired hippocampal-dependent memory consolidation. However,
the action of IL-1p in the brain is not entirely straight forward. More recently, research has
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demonstrated an inverted U-shaped curve in which basal levels of IL-1f support learning and
memory while perturbations that increase or decrease these levels may result in cognitive
impairment [34]. Additionally, the Morris water maze, a hippocampal-dependent test of spatial
learning, has been shown to be sensitive to disruption by infection or peripheral immune
activation and subsequent upregulation of proinflammatory cytokines [17,35].

Given that aging is associated with an exaggerated central cytokine response associated with
peripheral immune stimulation, which can have deleterious effects upon neuronal function, it
should not be surprising that neuroinflammation is associated with increased cognitive
dysfunction in the aged. For example, infection is a major risk factor for dementia in
Alzheimer’s patients [36]. Additionally, many elderly patients admitted to emergency rooms
with dementia symptoms are found to have underlying infections that when cleared alleviate
the dementia [37].

In order to examine the cognitive consequences of peripheral immune stimulation in aged mice,
Chen et al [16] trained mice to locate a hidden platform in a 5-arm radial swim maze in which
the position of the platform was varied across day. Although aged mice took longer to acquire
the task, they achieved the same level of proficiency by day 8. On day 9, both aged and adult
animals were treated with LPS or saline and tested in the maze 4 h later. Results demonstrated
that of the 4 groups, aged mice treated with LPS were significantly less effective in their ability
to locate the platform. There were no differences for distance swam between saline-treated
aged animals, LPS- or saline-treated adults (Figure 2B). The results suggests that while aged
animals have the ability to perform the task at the same efficiency as adult animals after training,
they are more vulnerable to deficits associated with peripheral immune activation [16].

A similar study utilizing a reference memory version of the water maze demonstrated that aged
rats inoculated with Escherichia coli prior to the start of training showed deficits in long-term
memory for the quadrant location, although they perform equally as well as infected- or saline-
inoculated young or saline-inoculated aged animals in acquisition and measures of short-term
memory [35]. Together these results suggest that aged animals are more vulnerable to cytokine-
related disruptions of hippocampal-associated behavioral processes and consolidation of long-
term memories.

As steady state levels of proinflammatory cytokines, notably IL-6, are altered in the aged brain,
and have been implicated in human studies of dementia in the aged, it is useful to examine the
role of this cytokine in cognitive disturbances associated with neuroinflammation. Sparkman
et al [17] demonstrated that IL-6 deficient mice were recumbent to LPS-induced deficits in
spatial working memory. Notably, this was accompanied by an attenuation of proinflammatory
cytokine induction in the neuronal layer of the hippocampus of IL-6 deficient animals that
received LPS compared to LPS-treated wild-type mice. Therefore, IL-6 seems to be an
important central mediator of neuroinflammation associated with peripheral immune activation
and may be an important determinant of the glial microenvironment. These results suggest that
the increased levels of IL-6 observed in aged animals may exacerbate cognitive deficits
associated with neuroinflammation and could serve to support increased proinflammatory
cytokine levels with the CNS following an immune stimulus.

Additionally in a complimentary study (Richwine et al, unpublished data), IL-10 deficient mice
demonstrated an LPS-induced deficit in the water maze, while LPS and saline-treated wild
type and IL-10 knockout animals did not. Furthermore, 1L-10 deficient animals showed
increased levels of proinflammatory cytokines after LPS-treatment and demonstrated
protracted sickness behaviors compared to wild type animals. This study demonstrates that
IL-10 deficiency, similar to the reduction in the aged brain, leads to increased vulnerability to
behavioral and cognitive deficits associated with peripheral immune stimulation.
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Taken together, the above studies demonstrate that the aged brain is more susceptible to
immune-related changes in cognitive function. Furthermore, they suggest that this age-related
vulnerability may be tied to key increases in levels of proinflammatory mediators and a
concurrent reduction of anti-inflammatory molecules in the aged brain.

Neuroinflammatory Consequences of Stress in the Aged Brain

As stressors have been shown to induce proinflammatory cytokines within the CNS [24] and
prior exposure to a stressor can sensitize the immune response to an immunological stimulus
[38], it as been suggested that stress may “prime” microglia leading to a sensitization of the
CNS and exacerbation of neuroinflammation [6]. Stressors are capable of activating resident
microglia and upregulating MHC class 11 [6] and certain stressors are associated with increased
IL-1p production; a cytokine associated with disruption of learning and memory and increased
behavioral deficits in aged animals. Furthermore, stress-induced disruptions of learning and
memory have been shown to be abrogated after central infusion of IL-1ra or implantation of
IL-1ra producing neural precursor cells into the dentate gyrus region of the hippocampus
[39] [40]. The studies demonstrate an important role of IL-1 in regulating behavioral and
cognitive changes associated with stress. Importantly, these findings have consequences for
the aged brain, as it may be possible for microglial priming associated with aging to exacerbate
the effects of stressors to produce profound effects upon the neuroinflammatory status of the
CNS in ways that may impede normal cognitive functions.

It is well known that stress can disrupt learning and memory [41]. As systemic immunological
stressors (e.g., LPS) have been shown to have an exaggerated impact on the aged brain and
provoke similar responses in the CNS as psychological stressors, it may be possible that effects
of psychological stressors are also exacerbated in the aged brain. For example, elderly patients
are more likely to report memory failures on days that they experience stress [41].

A recent experiment [42] examined the possibility that a repeated mild psychological stressor
(short-term, 30-min restraint) would lead to increased cytokine production in the aged brain
and exacerbate cognitive disruptions in aged mice compared to adult animals. After the first
day of stress, aged and adult mice demonstrated an impaired ability to locate the platform
compared to unstressed aged and adult mice. However, on subsequent days only aged stressed
mice demonstrated the impairment while adult stressed animals had returned to levels
comparable to the unstressed animals (Figure 2C). Restraint stress failed to induce IL-1p in
the adult brain; however, aged-stressed animals demonstrated increased levels of IL-1p in the
hippocampus compared to adult animals and aged non-stressed animals. Interestingly, the level
of cognitive impairment (i.e., distance swam) in the water maze was positively correlated with
the levels of IL-1p in aged mice but there was no such correlation in adult mice. Furthermore,
it was shown that adult mice had a stress-related decrease in MHC Il expression, while aged
mice had a stressed-related increase in MHC |1 expression in the hippocampus. As cortisol has
been shown to affect learning and memaory [43]), plasma corticosterone (CORT) levels in adult
and aged mice that had been exposed to the stressor was also examined. Both ages demonstrated
an increase in CORT across sessions of stress; however, this did not correspond with the
cognitive effects as stressed adult animals showed no impairment after the initial session of
stress. Together, the results suggest that a mild repeated stressor was able to exacerbate
neuroinflammation in aged mice and was more disruptive to learning and memory compared
to adults. These results support the theory that the aged brain may be primed to react to a variety
of stressors (psychological or immunological) in a way that leads to more profound and longer
lasting behavioral alterations compared to the adult brain.
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Conclusions

The aged brain is characterized by a homeostatic shift in which neuroinflammation is increased
and may serve to sensitize the brain to effects of infection or stress. In aged animals, including
humans there are increased numbers of activated and primed microglia that may lead to
increased production of cytokines following induction of proinflammatory mediators within
the CNS. Additionally, the reduction of anti-inflammatory mediators may make the aged brain
less able to effectively regulate perturbations to the neuroinflammatory status of the CNS. As
the responses to immune stimulation and stressors share many of the same characteristics and
pathways, it is possible that the factors associated with increased neuroinflammation in the
aged brain may underlie the behavioral responses to each of these stimuli. Therefore, aged
animals display prolonged behavioral deficits following peripheral immune activation and are
sensitized to the cognitive effects associated an immune stimulus or stress. Importantly, these
alterations in neuroinflammation and sensitization to extrinsic and intrinsic stressors may have
profound effects upon the aged patient’s recovery and coping during disease and stress.
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A) Microglial priming and activation
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B) Cytokine mRNA in hippocampal neuronal cell layers.
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C) IL-1B positive cells in regions of the hippocampus.
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Figure 1.

The aged brain is characterized by increased numbers of activated and primed microglia which
sensitize the brain to produce increased levels of proinflammatory cytokines following
peripheral immune activation. A) Microglial cells in the aged brain may be primed as
characterized by increased expression of cell-surface markers and shorter processes. In
response to stimulation, they produce an exaggerated amount of cytokines compared to
stimulation of resting microglia (modified from [Dilger & Johnson, submitted]). B) Cytokine
mRNA production in the hippocampal neuronal layer 4 h after LPS treatment in young and old
mice (modified from [16]). C) IL-1p positive cells in the CA1, CA2, CA3 and dentate gyrus
regions of the hippocampus 4 h LPS treatment in adult and aged mice (modified from [16]).
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Aging Sensitizes Mice to the Effects of
Peripheral Immune Activation or Stress

Old Age

Performance after LPS

_E 700
! BLPS £ 600

OSaline g
500
I g 400
300

@
a 200

Aged Adulit
Figure 2.

C) Cognitive Performance after
Stress
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A) Aging sensitizes mice to the effects of peripheral immune activation or stress leading to
exaggerated neuroinflammation and increased cognitive deficits in the aged animal. B)
Cognitive performance of aged and adult mice following LPS treatment. C) Cognitive
performance of aged and adult mice exposed to repeated mild psychological stressor.
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