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Abstract: Recent studies suggest that activation
of the peripheral immune system elicits a discor-
dant central (i.e., in the brain) inflammatory re-
sponse in aged but otherwise healthy subjects com-
pared with younger cohorts. A fundamental differ-
ence in the reactive state of microglial cells in the
aged brain has been suggested as the basis for this
discordant inflammatory response. Thus, the aging
process appears to serve as a “priming” stimulus
for microglia, and upon secondary stimulation with
a triggering stimulus (i.e., peripheral signals com-
municating infection), these primed microglia re-
lease excessive quantities of proinflammatory cyto-
kines. Subsequently, this exaggerated cytokine re-
lease elicits exaggerated behavioral changes
including anorexia, hypersomnia, lethargy, de-
creased social interaction, and deficits in cognitive
and motor function (collectively known as the sick-
ness behavior syndrome). Whereas this reorgani-
zation of host priorities is normally adaptive in
young subjects, there is a propensity for this re-
sponse to be maladaptive in aged subjects, resulting
in greater severity and duration of the sickness
behavior syndrome. Consequently, acute bouts of
cognitive impairment in elderly subjects increase
the likelihood of poor self-care behaviors (i.e., an-
orexia, weight loss, noncompliance), which ulti-
mately leads to higher rates of hospitalization and
mortality. J. Leukoc. Biol. 84: 000–000; 2008.
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INTRODUCTION

Although the immune system and brain are in constant
communication, transfer of information between these sys-
tems increases during peripheral infection. Upon stimula-
tion of the innate immune system, brain microglial cells
react to signals from the periphery and produce inflamma-
tory cytokines to coordinate a complementary behavioral
response that is normally adaptive [1]. Excessive production
of proinflammatory cytokines in the brain, however, can

produce severe behavioral deficits and promote neurotoxic-
ity. For instance, in the murine ME7 model of prion disease,
administration of lipopolysaccharide (LPS) to activate the
peripheral innate immune system induces an aberrant
proinflammatory cytokine response by brain microglial
cells, elicits excessive sickness behavior, and accelerates
progression of the neurodegenerative disease [2, 3]. A sim-
ilar interaction between peripheral infection and other
chronic neurodegenerative diseases has also been reported
in rodent models [4]. Therefore, it was proposed that ele-
ments unique to the neurodegenerative disease provide a
priming or sensitizing stimulus for microglia, while subse-
quent signals from peripheral immune stimulation provide a
secondary triggering stimulus [5]. The result of combining
the priming and triggering stimuli is an overall response that
is greater in magnitude than the sum of responses to indi-
vidual stimuli alone. This interaction may help to explain
why infection serves as a risk factor for relapse in multiple
sclerosis patients or dementia in patients with Alzheimer’s
disease [6, 7].

Similar to chronic neurodegenerative diseases, aging was
recently proposed to prime microglial cells [8 –10]. Specif-
ically, major histocompatibility complex (MHC) class II, a
marker for activated microglia, was increased in the brain of
healthy aged mice [10] and i.p. administration of LPS re-
sulted in an exaggerated inflammatory cytokine response in
the aged brain [10, 11]. Similar findings have been reported
in older rats inoculated with Escherichia coli [12], and the
discordant cytokine response in the brain was shown to be
separate from peripheral immune signals, because intrace-
rebroventricular injection of LPS elicited the same discor-
dant response in aged mice [13]. Consistent with an exag-
gerated proinflammatory cytokine response in the brain,
aged mice were shown to exhibit more severe anorexia,
depression-like behaviors, and deficits in hippocampal-de-
pendent learning and memory compared with younger co-
horts after i.p. LPS injection [10, 11, 14].
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These observations from rodent studies are noteworthy be-
cause acute cognitive impairments are common in elderly
human patients and often occur in association with peripheral
infection [15, 16]. Moreover, demented elderly patients are
routinely screened for bladder infections because of the close
association between infection and cognitive disorders. It is also
interesting that elderly patients suffering from pneumonia often
present symptoms consistent with delirium [17]. Thus, an
inflammatory response initiated during infection that is nor-
mally adaptive may elicit severe behavioral deficits in elderly
individuals, ultimately leading to prolonged recovery periods.
How aging affects the central cytokine response and subse-
quently behavior is critical given the rapid growth of the human
population aged 65 years or older. Therefore, the purpose of
this review is to explain microglial cell priming, discuss evi-
dence suggesting a link between normal aging and neuroin-
flammation, and detail several discordant responses that result
when physiological processes turn pathological in the aged
brain.

Cross-talk between the immune system and
brain

While central neurons and innate immune cells (e.g., micro-
glia, astrocytes, etc.) possess toll-like receptors capable of
directly detecting bacteria and viruses [18, 19], it is interesting
that the discrete presence of foreign pathogens in the periphery
still causes a sickness behavior syndrome in animals that
includes, e.g., fever, anorexia, and lethargy. Because periph-
eral innate immune cells also have receptors capable of de-
tecting these noncognitive stimuli, how the immune system
transmits a message to the brain has been studied to under-
stand why behavior is altered in sick animals. Somehow, the

brain must sense, process, and coordinate peripheral signals to
maintain homeostasis during infection. A major dilemma to
understanding how peripheral immune signals access the brain
has been determining the role of the blood-brain barrier (BBB),
since the BBB is a physical impediment that restricts the
movement of humoral molecules. Indeed, the brain was tradi-
tionally considered an "immune-privileged" site due to its
seclusion by the BBB. This dilemma has been partially solved,
as at least four mechanisms by which the immune system
communicates with the brain have been described, and it now
appears that the brain forms a representation of the peripheral
immune status with only minimal direct contact [20]. The
signals necessary to convey this information originate with
inflammatory mediators (i.e., cytokines) by virtue of their type
and concentration. While discussed here in brief, the reader is
referred to the elegant review of brain-immune communication
pathways by Quan and Banks [21] for more detailed informa-
tion.

Figure 1 depicts the redundant pathways by which the
peripheral immune system communicates with the brain. First,
there is good evidence to suggest that cytokines can passively
diffuse from the blood into the brain via circumventricular
organs [22, 23], which are specialized regions lacking a con-
tiguous BBB. These circumventricular organs are located in
close proximity to the hypothalamus, which is a key area for
maintaining homeostasis. Thus, entry of cytokines into the
central nervous system (CNS) allows the peripheral signals to
act directly on hypothalamic neurons involved in thermoregu-
lation, neuroendocrine secretions, and behavior. Perhaps more
importantly, however, is the propensity for these peripheral
cytokines to induce production of proinflammatory mediators
by microglia. Second, in brain regions containing an intact
BBB, there is compelling evidence to suggest an energy-
dependent, saturable, carrier-mediated transport system for

Fig. 1. Parallel communication routes
between the immune system and brain.
The neural pathway involves rapid com-
munication of immune signals via primary
afferent nerves. For instance, peripherally
produced cytokines directly stimulate va-
gal afferents from the liver to elicit central
responses. In the diffusion pathway,
blood-derived cytokines passively tra-
verse the blood-brain barrier at “leaky”
brain regions, including the circumven-
tricular organs. Transportation of periph-
eral cytokines occurs by an energy-depen-
dent, saturable process involving trans-
porters integral in the blood-brain barrier.
A fourth route of communication currently
being investigated involves endothelial
cells composing the blood-brain barrier. It
is believed that circulating cytokines bind
to endothelial receptors to elicit the re-
lease of immune molecules (e.g., cyto-
kines, NOS, etc.) directly into brain re-
gions. Regardless of the pathway, inflam-
matory mediators released into the CNS
activate brain microglial cells to release inflammatory cytokines, which subsequently bind neuronal receptors in specific brain regions (e.g., hippocampus)
to initiate the sickness behavior syndrome.
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cytokines. To provide evidence of such a pathway, Banks and
Kastin [24] intravenously injected radiolabeled, recombinant
human IL-1� into rodents and were able to detect both radio-
activity and intact IL-1� protein within the CNS parenchyma.
Since this initial discovery, active transport systems integral in
the BBB have been characterized for IL-1, IL-6, and TNF
[24–26]. One limitation of this transport system is that putative
transporter proteins are yet undefined, and it remains unclear
whether the quantity of cytokines transported via this mecha-
nism is actually sufficient to mediate behavioral responses.
Third, endothelial cells forming the BBB are themselves capa-
ble of secreting immune-related molecules (including NO,
prostaglandins, IL-1, and IL-6) when stimulated by peripheral
signals [27]. In this scenario, circulating cytokines bind to
specific endothelial receptors which, in turn, initiate release of
one or more cytokines into the CNS without physical entry of
the blood-derived constituents. Recent evidence for this path-
way comes from studies wherein the expression of endothelial
IL-1 type 1 receptors was specifically knocked-down in mice
[28]; this research concluded that IL-1 administered by intra-
venous, intracerebroventricular, or intraperitoneal routes at
least partially required the presence of IL-1 type 1 receptors on
endothelial cells to elicit sickness behavior responses.

The three aforementioned routes of communication all re-
quire blood-derived stimuli (e.g., cytokines) to increase cyto-
kine concentrations in the CNS and ultimately elicit behavioral
responses. The fourth known route of neuroimmune communi-
cation is different because it involves transmission of periph-
eral immune signals via the autonomic nervous system (i.e., via
the vagus nerve). Peripheral cytokines are thought to directly
stimulate vagal afferents which, in turn, rapidly activate central
pathways involving sickness behavior [29, 30]. Bluthe et al.
[31] demonstrated that sectioning of the vagus nerve was
sufficient to block communication between the periphery and
brain and thus, to mitigate centrally-mediated LPS-induced
sickness behavior. Whereas the central response to LPS ad-
ministration was blocked by subdiaphragmatic vagotomy, the
peripheral immune response was unabated, and peripheral
blood cytokine concentrations were elevated as expected. Sub-
stantial evidence has now been amassed to support the essen-
tial role of vagal afferents in rapid communication of peripheral
signals to the brain. Supporting this essential role are studies
confirming the presence of IL-1 receptors on vagal paraganglia
in close proximity to hepatic and lymph tissue [32] and the
observation of timely expression of both IL-1 and IL-1 recep-
tors on vagal paraganglia upon intraperitoneal injection of LPS
[33].

Overall, immune-to-brain communication involves a com-
plex and somewhat redundant system that requires careful
coordination. It appears that activation of the rapid afferent
neural pathway precedes the slower signaling of the cytokine-
dependent humoral pathway [1], but ultimately, these conver-
gent pathways culminate in production of inflammatory cyto-
kines by microglial cells in the brain (i.e., neuroinflammation).
This point is extremely important, because it appears to be the
presence of central cytokines that relays a peripherally derived
immune signal to neurons within the CNS. Thus, regardless of
where central cytokines originate, it is the direct interaction of

cytokines with their neuronal targets that elicits behavioral
modifications in the brain. It is still unclear whether periph-
erally or centrally derived cytokines play a larger role in
eliciting central responses, but it may be speculated that
reactive microglia in the brain have the potential to release
greater quantities of cytokines in a more rapid fashion than
peripheral cytokine can enter the brain simply due to the
proximity and reactivity of activated brain microglial cells.
Regardless, microglial cells and the cytokines they produce are
key components of both the central and overall immune re-
sponse, and mounting evidence suggests that dysregulation of
microglial cell activity may be responsible for a discordant
central response to peripheral immune signals.

Normal aging as a microglial priming factor

Recent evidence suggests the aged brain resides in a chronic
state of neuroinflammation, characterized by increased reac-
tivity upon immune stimulation and low-level production of
central cytokines. One working hypothesis suggests that this
hyper-reactivity is due to priming of brain microglial cells,
which parallels circumstances known to occur in peripheral
macrophages. In the classic sense, activation of macrophages
requires both a "priming" stimulus (i.e., IFN-� [34]) and a
secondary "triggering" stimulus (e.g., LPS) [34, 35]. The prim-
ing effect of IFN-� is required to cause a phenotypic shift
toward a more sensitized state characterized by increased
expression of cell-surface antigens, including MHC class II.
This "primed" macrophage will then respond to a secondary
"triggering" stimulus more rapidly and to a greater degree than
would be expected from a nonprimed macrophage [36]. Re-
cently, this priming concept has been applied to brain micro-
glial cells due to an observation that peripheral infection elicits
exacerbated inflammatory responses in models of neurodegen-
erative disease. In such disease states, the effects of a discor-
dant central inflammatory response can be devastating due to
severe behavioral deficits and neurotoxicity caused by exces-
sive cytokine release in the brain.

Microglial cells residing in a state of heightened reactivity
were first suggested as being associated with neurodegenera-
tive diseases, including multiple sclerosis, Alzheimer’s dis-
ease, and the murine ME7 model of prion disease [37]. Acti-
vation of the peripheral innate immune system by LPS in the
murine prion model caused a discordant release of cytokines
by brain microglia, excessive sickness behavior, and rapid
progression of the neurodegenerative disease. In this case, a
component of the prion disease presumably served to prime
microglial cells, and only after LPS administration (i.e., the
triggering stimulus) were excessive quantities of IL-1� re-
leased [2, 38]. A similar parallel between hyper-responsive
microglia and chronic LPS administration was drawn while
studying another chronic neurodegenerative disease, amyotro-
phic lateral sclerosis. Nguyen et al. [4] concluded that chron-
ically activated microglial cells were responsible for the exac-
erbated disease progression and progressive motor axon degen-
eration in a transgenic mouse model expressing a mutant form
of superoxide dismutase 1. Thus, it appears that one or more
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unknown elements unique to various neurodegenerative dis-
eases provide a priming stimulus to brain microglia. However,
it is possible that other immune effector cells play a role in
priming microglial cells.

Using a model of kainic acid-induced seizures, Somera-
Molina et al. [39] reported evidence of chronic glial activation
in the hippocampus of rats following a rise in proinflammatory
cytokines (namely IL-1� from microglia and S100B from as-
trocytes) early in life. Apart from the potential role of astrocytes
to directly prime microglia, it may be speculated that a loss of
inhibition by astrocytes or other immune effector cells under-
lies the occurrence of primed microglia. Dendritic cells and T
lymphocytes have also been implicated in eliciting heightened
reactivity of microglia and astrocytes [40], and mounting evi-
dence suggests T cells (especially CD8� T cells) may play a
larger role than previously suspected in regulating central
immune function [41]. Although evidence suggesting a specific
route of microglial priming in the aged brain has remained
somewhat elusive, lessons can undoubtedly be learned from
studies of neurodegenerative diseases. Namely, subsequent
stimulation of the peripheral immune system causes primed
microglial cells to be triggered, which culminates in a central
response greater in both magnitude and duration than what
would be predicted from classically activated microglia [5, 7].
Thus, microglia in subjects with neurodegenerative disease
have undergone a phenotypic shift toward a primed or more
sensitized state. These microglia chronically express low levels
of proinflammatory cytokines, but they are similar to classically
activated microglia in terms of morphology and cell-surface
antigen expression.

Under normal circumstances, nonprimed microglial cells are
transformed into activated immune cells upon stimulation of
the innate immune system, with concomitant changes in dis-
tribution, morphology, immunophenotype, and metabolism.
Swelling of the microglial cell body, a thickening of the prox-
imal processes, and a reduction in the number and complexity
of distal processes are key morphological signs of this activa-
tion [42, 43]. Additionally, cell surface expression patterns are
altered such that CD45, CD68, complement receptors, TLR,
and MHC class I and II are up-regulated. Ultimately, these
activated microglia release proinflammatory mediators in the
brain which, in turn, elicit behavioral modifications designed to
speed recovery from sickness [44]. Overall, this innate immune
response is designed to be rapid and reversible, although the
regulated fate of activated microglial cells remains a conten-
tious point (i.e., whether activated microglia remaining after
removal of the foreign insult are able to return to a ramified
resting state or whether these microglia undergo apoptosis [45,
46]). Primed microglia are also activated upon stimulation of
the innate immune system, but the end result is a discordant
release of central cytokines, which changes the course of action
from physiological to pathological. It is important to note that
cell-surface antigen expression provides key indicators to dis-
tinguish nonprimed and primed microglial cells.

Paralleling the phenotypic alterations of microglia that occur
in neurodegenerative diseases, the normal aging process may
constitute a physiological event associated with increased in-
cidence of primed microglia [9, 10, 37], as depicted in Fig. 2.

Evidence suggests that aged, but otherwise healthy, brains of
animal and humans exhibit gene expression profiles indicative
of increased microglial cell activation and neuroinflammation
[9, 10, 47–49]. As such, microglia in the brain of aged humans,
nonhuman primates, canines, and rodents exhibit increased
expression of MHC class II, complement receptors, TLR4, and
CD14 [10, 13, 48, 50]. Subsequent to peripheral innate im-
mune stimulation, microglial cells in aged brains respond with
an exaggerated inflammatory response compared with younger
cohorts [10, 11]. However, it should be noted that the precise
priming stimulus of aging has yet to be identified.

In the case of neurodegenerative diseases, abnormal pro-
teins specific for each condition (e.g., �-amyloid) have long
been implicated as microglial activating factors [45], so it may
be speculated that low levels of these proteins may serve as
microglial priming stimuli in the early stages of disease pro-
gression. It is also widely accepted that substances released
from damaged CNS cells elicit microglial activation, and thus
it may be possible that constant elimination of cellular debris
over the lifetime of an organism may serve to prime microglial
cells. Additionally, because injured neurons are capable of
directly activating microglia, it is possible that aberrant control
over this process occurs in the aged brain, ultimately leading to
primed microglia. Whereas other microglial activating signals
have been identified (e.g., ATP), it is difficult to speculate on
the importance of such factors for microglial priming due to the
(presumed) requisite chronic nature of such a stimulus. Inter-
estingly, studies have suggested that IFN-� concentrations are
increased in the aged brain [51], which may implicate IFN-� as
a candidate molecule for microglial priming. To this end, the
treatment of human microglial cell cultures with IFN-� results
in microglial activation, as evidenced by increased production
of reactive oxygen species (i.e., superoxide) [52]. This scheme
parallels the activation process of peripheral macrophages,
wherein classical activation of macrophages requires IFN-�
prior to a secondary antigenic trigger [53]. Other studies indi-
cate that aging is associated with a reduction in anti-inflam-
matory cytokines; for example, down-regulation of IL-4 signal-
ing in the hippocampus of aged rats contributes to deficits in
long-term potentiation [54]. Therefore, research focusing on the
precise mechanism by which microglial cells are primed in the
aged brain is certainly warranted, but regardless, currently
available evidence supports the working hypothesis that pro-
gressive age is associated with priming of brain microglial
cells.

Discordant central response to peripheral
immune signals

Regardless of whether aged microglia are technically primed or
merely sensitized, it is difficult to ignore the amplified central
inflammatory response to peripheral infection that occurs in
aged organisms. This central response is mediated primarily
through the release of cytokines, especially IL-1�, IL-6, and
TNF-� [55–58]. Ye and Johnson [59] showed that IL-6 was
elevated not only in whole brain of aged mice, but also in
discrete brain regions, including the hippocampus, cerebral
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cortex, and cerebellum, when compared with younger cohorts.
Low-grade neuroinflammation has been suggested to be in-
volved in cognitive aging and may facilitate neurodegenerative
diseases [60]. In the case of Alzheimer’s disease, pathological
changes in the suprachiasmatic nucleus disrupt circadian
rhythms, which consequently induce cognitive abnormalities.
Normal diurnal variations in cytokine patterns (including IL-
1�), specifically in the hippocampus, hypothalamus, and cor-
tical regions have long been implicated in modulating sleep
patterns [61]. This point begs the question of whether discor-
dant cytokine variations are natural and unavoidable events.
Fluctuating cytokine concentrations have been implicated in
the sundown syndrome associated with Alzheimer’s disease;
sundowning is defined as the appearance or exacerbation of
behavioral disturbances associated with the afternoon and/or
evening hours [62, 63]. Thus, studies providing evidence of
discordant or dysregulated cytokine patterns are useful in
comprehending behavioral abnormalities associated with neu-
rodegenerative diseases and possibly aging. Also interesting is
the crucial role that cytokines play in altering sickness-asso-
ciated behaviors. The release of cytokines in the brain during
infection culminates in behavior modifications collectively
known as the sickness behavior syndrome [44]; it includes
behavioral outcomes such as anorexia, hypersomnia, lethargy,
decreased social interaction, and deficits in cognitive and
motor function [64, 65]. These behavioral changes are designed
to protect the organism from further harm while the immune
system mitigates peripheral infection; duration of disease can
be lessened by succumbing to these behavioral modifications.
Whereas sickness behavior is normally adaptive and revers-
ible, the overproduction of cytokines in the aged brain may
lead to pathological or maladaptive behavioral changes. Over-
all, assessment of these behavioral outcomes provides an ob-

jective and pertinent measure of immunological responses
when characterizing age-related differences in experimental
animals.

Using a murine model of aging, our laboratory has focused
on the effects of i.p. LPS administration on sickness behavior
in adult (4-6 months) vs. aged (22-24 months) animals. Inter-
estingly, adult and aged mice show similar sickness behavior
both in extent and timing of response (maximal response �2 h
after LPS injection). However, adult mice begin recovering
from LPS-induced effects after 4 h and are fully recovered by
24 h, whereas aged mice begin the recovery phase after 8 h and
do not fully recover by 24 h [10, 11, 14]. These observations
support the general consensus that immunological processes
may not function properly with progressive age. To elucidate
whether prolonged sickness behavior in aged animals resulted
from an aberrant peripheral signal or increased CNS respon-
siveness, Huang et al. [13] administered intracerebroventricu-
lar LPS and observed that aged mice still exhibited an ex-
tended reduction in food intake, locomotor activity, and social
exploration compared with younger mice. Thus, direct activa-
tion of the central innate immune system appears to occur even
in the absence of peripheral signals, suggesting that regulation
of periphery-to-brain communication cannot fully explain the
discordant inflammatory response; these changes may be re-
flective of a persistent neuroinflammatory state in the aged
brain. Importantly, we recently found IL-1ra given intracere-
broventricularly to old mice reduced the depression in social
behavior caused by peripheral LPS and facilitated recovery
(unpublished data).

Brain regions including the hippocampus, cerebral cortex,
and cerebellum are necessary for integration of functions,
including learning and memory, spatial navigation, and motor
coordination. Interestingly, a number of cytokine receptors

Fig. 2. Microglial cells in the aged brain elicit
a discordant inflammatory response upon activa-
tion by the peripheral innate immune system. (A)
Similar to the priming paradigm proposed for
peripheral macrophages, microglial cells in the
aged brain may be primed as characterized by
phenotypic alterations (e.g., increased expres-
sion of cell-surface markers). Upon receiving a
triggering stimulus, these primed microglia re-
lease excessive concentrations of inflammatory
cytokines in the CNS. (B) Evidence suggests the
aged mouse brain responds to peripheral infec-
tion with a more exaggerated cytokine response
compared with the adult mouse brain. Subse-
quent to peripheral immune stimulation with li-
popolysaccharide (LPS), the release of IL-1� is
higher in the aged vs. adult mouse brain [10]. (C)
Both priming and triggering stimuli appear nec-
essary to cause a discordant response by micro-
glial cells in the aged brain. Cytokines released
by microglia normally initiate an adaptive sick-
ness behavior syndrome that includes anorexia,
fever, and decreased social exploration. How-
ever, excessive cytokine release by primed and
activated microglia elicits a discordant, mal-
adaptive sickness behavior syndrome in the aged
animal.
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have been characterized in these brain regions [66–69], which
provides a direct link between discordant neuroinflammation
and deficits in cognitive processing. As such, IL-1� has been
shown to directly interrupt long-term potentiation [54, 70, 71],
a neural process that seems to be an important substrate for
learning and memory. Additional evidence of this point comes
from studies investigating cytokine effects in animal behavioral
models. Administration of IL-1� neutralizing antibodies miti-
gated the acute cognitive deficits caused by Legionella pneu-
mophila infection in rodents tested in the Morris water maze
test [72], while direct administration of IL-1� impaired spatial
navigation learning in a similar behavioral task [73]. Therefore,
cytokines appear to be important regulators of cognitive dys-
function associated with peripheral infection.

Not surprisingly, proinflammatory cytokine production is
significantly greater in the hippocampus of aged mice com-
pared with adult animals following treatment with a peripheral
immune stimulus [11]. Additionally, LPS treatment induced
deficits in spatial working memory in aged mice, while cogni-
tive function was unaffected in young adult cohorts [11]. A
similar finding was reported in an aged rat model, wherein
Escherichia coli inoculation elicited an immune response and
consequently impaired memory consolidation in a spatial mem-
ory task [12]. Additionally, recent evidence from our laboratory
suggested that systemic absence of IL-6, a proinflammatory
cytokine up-regulated during normal aging, prevented LPS-
induced impairments of spatial working memory in mice [74].
The discordant inflammatory response and consequent depres-
sion in social exploration due to peripheral LPS administration
in aged animals can also be mitigated through intracerebro-
ventricular administration of IL-1ra (unpublished data). There-
fore, strong evidence suggests that aberrant release of cyto-
kines by primed microglial cells in the CNS is at least partly
responsible for the exaggerated behavioral modifications ob-
served in aged subjects exposed to peripheral infection. It is
also likely that the importance of the aforementioned findings
in rodent models will extend to elderly human subjects. A
strong correlation exists between peripheral infection and dis-
ruptions in cognitive processing, as suggested by studies in
humans and animals [12, 75–78]. Thus, a discordant central
inflammatory response to peripheral infection in the aged brain
may underlie acute cognitive impairments (i.e., delirium) com-
monly experienced by elderly patients [15]. Consequently,
bouts of delirium increase the likelihood of poor self-care
behaviors (i.e., anorexia, weight loss, noncompliance), and
ultimately lead to increased rates of hospitalization and mor-
tality [79, 80]. Therefore, the association between normal aging
and exaggerated immunological responses in otherwise healthy
individuals will remain an important area of research, espe-
cially given the rapid expansion of the segment of the human
population aged 65 years and older.

CONCLUSION

Reduced immunological functioning in the elderly makes this
population particularly susceptible to infection. Therefore, the
concept that a discordant inflammatory response may result

from fundamental differences in the sensitivity of brain micro-
glia in old vs. young subjects is important. Controlling severity
and duration of the behavioral response following a peripheral
infection is paramount to improving health and quality of life of
afflicted individuals. Thus, development of therapeutic strate-
gies to counteract the effects of aging will only be possible after
characterizing the basis for the aberrant regulation of centrally
mediated neuroinflammation.
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