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Abstract
Healthy aged individuals are more likely to suffer profound memory impairments following a
challenging life event such as a severe bacterial infection, surgery, or an intense psychological
stressor, than are younger adults. Importantly, these peripheral challenges are capable of
producing a neuroinflammatory response, (e.g., increased pro-inflammatory cytokines). In this
review we will present the literature demonstrating that in the healthy aged brain this response is
exaggerated and prolonged. Normal aging primes or sensitizes microglia and this appears to be the
source of this amplified response. We will review the growing literature suggesting that a
dysregulated neuroendocrine response in the aged organism is skewed towards higher brain CORT
levels, and that this may play a critical role in priming microglia. Among the outcomes of an
exaggerated neuroinflammatory response are impairments in synaptic plasticity, and reductions in
key downstream mediators such as Arc and BDNF. We will show that each of these mechanisms
is important for long-term memory formation, and is compromised by elevated pro-inflammatory
cytokines.
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Introduction
By the year 2030, roughly 20% of the population will be over 65 years of age (Vincent and
Velkoff, 2010). As life expectancy continues to increase, it is important to understand the
factors underlying the decline in memory and cognition that occurs with normal healthy
aging, not just those that result from neurodegenerative disorders.

Although cognitive function declines with age, there is considerable variability among
individuals in the extent of this decline (Laursen, 1997). An important observation is that
cognitive function of otherwise normal older individuals can be severely impaired shortly
after experiencing a challenging life event such as an infection, surgery, or psychological
stress, an effect not readily observed in healthy young individuals (Bekker and Weeks, 2003;
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VonDras et al., 2005; Wofford et al., 1996). Thus, normal aging is a vulnerability factor for
the cognitive effects of these challenges (Foster, 2006; Laursen, 1997; Tsolaki et al., 1994;
Unverzagt et al., 2001). Recently, there have been several advances toward understanding a)
the mechanisms that mediate this vulnerability, b) the resulting memory impairments
associated with vulnerable individuals presented with such challenges, and c) potential
treatments and interventions to buffer against the effects of these challenges. The purpose of
this article is to review those advances.

How do peripheral challenges, such as an infection or a surgical manipulation, impact
cognitive function? In this review, we will first establish that these challenges activate innate
immune cells, thereby inducing a peripheral inflammatory response. We will then describe
how pro-inflammatory cytokines, released as part of this response, signal the brain. Next, we
will introduce microglia, the brain’s resident immune cells, that are activated upon
peripheral inflammatory signaling to the brain. Microglia have the main job of
immunosurveillance. Upon detection of a pathogen, dead cells, or other cellular debris,
microglia become activated and release a variety of inflammatory mediators including pro-
inflammatory cytokines that organize host defense and restore homeostasis. Under basal
conditions, microglia in the healthy aged brain exhibit phenotypic signs of activation, but do
not always release elevated levels of pro-inflammatory cytokines (although this is somewhat
dependent on the age and strain of the animal being studied). As we shall describe, in the
face of a challenge, these primed microglia exhibit a potentiated pro-inflammatory response.
We will then take a short detour to discuss the neuroendocrine response in normal aging, as
it will provide a useful backdrop for understanding a possible mechanism for microglial
sensitization. The exaggerated pro-inflammatory microglial response can then impact
neuronal functioning to ultimately impair hippocampal-dependent memory. We will discuss
a handful of putative mechanisms of pro-inflammatory cytokine-induced neuronal
dysfunction. Along the way, we will review pharmacological, dietary, and behavioral
interventions that have ameliorated or blocked age-related microglial sensitization, pro-
inflammatory elevations, or downstream responses, to protect against memory impairments
in the aged organism. See Figure 1 for schematic representation of the perspective described.

Communication between peripheral pro-inflammatory cytokines and the
brain

Interleukin-1 beta (IL-1β) is a pro-inflammatory protein, synthesized and released by a
variety of cell types distributed throughout the body, in response to tissue damage or on
contact with a pathogen. Upon release, IL-1β exhibits diverse and overlapping activities as
an intercellular mediator (a cytokine) in the generation of an inflammatory immune
response. Infection or injury initiates a peripheral acute phase response that involves of a
cascade of local and systemic events. As part of its role in this response, IL-1β enhances T
and B lymphocyte proliferation and stimulates natural killer cell cytocidal activity to
eliminate the injured cells or invading pathogen. IL-1β also induces the production of other
cytokines from many cell types, for example tumor necrosis factor-alpha (TNFα), and
interleukin-6 (IL-6), which in turn have secondary effects on other cells.

An important recent advance in understanding the biological basis of cognitive behavior is
the recognition that there is extensive communication between the immune system and the
central nervous system. As a result of this communication, neural activity is altered quite
dramatically during and following peripheral infection (Maier and Watkins, 1998). Both
blood-borne and neural pathways of communication have been well defined over the last
two decades (Bachstetter et al., 2009; Banks et al., 1999; Dinarello et al., 1988; Ericsson et
al., 1994; Gaykema et al., 1998; Goehler et al., 1997). Importantly, this communication
leads to de novo cytokine production within the brain parenchyma, primarily by microglial

Barrientos et al. Page 2

Horm Behav. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells (Laye et al., 1996; Nguyen et al., 1998; Turrin et al., 2001; Van Dam et al., 1995). That
is, part of the neural cascade that follows peripheral inflammation includes the activation of
the once resting microglia and a shift of these cells to an inflammatory phenotype.

Microglial phenotype in normal aging: a shift towards an immunologically
primed state

Microglia, as part of the myelomonocytic lineage, constitute the predominant innate immune
cell in the brain parenchyma and serve many functions including immunosurveillance of the
brain microenvironment for pathogen invasion, cellular debris, apoptotic cells, and
alterations in neuronal phenotype (Kreutzberg, 1996). Our focus here is on evidence
showing that microglia undergo profound immunophenotypic and functional changes with
normal brain aging. An important issue that merits attention here is the distinction between
“normal” brain aging and “pathological” brain aging. Our work, as well as the
preponderance of studies reviewed here, has focused on studying normal aging in which
obvious neurodegeneration and senescence is not a prominent feature. Here, older animals
exhibit primed neuroinflammatory and behavioral responses that require a challenge for
overt action to occur. Outside the scope of the present review, a considerable literature has
studied senescent animals, which exhibit basal behavioral and brain cytokine profiles
dramatically different from younger animals, and whose brains are generally classified
under the heading of “neurodegeneration” (Cacabelos et al., 1994; Luterman et al., 2000;
Remarque et al., 2001).

In normal brain aging, the immunophenotype of microglia is characterized by up-regulation
of glial activation markers including major histocompatibility complex II (MHC II) and
complement receptor 3 (CD11b), a finding that has been reported in several species
including human post-mortem tissue, rodent, canine, and non-human primates (Perry et al.,
1993; Rogers et al., 1988; Rozovsky et al., 1998; Sheffield and Berman, 1998; Tafti et al.,
1996). This up-regulation of MHCII occurs also at the mRNA level (Frank et al., 2006a).
Importantly, MHCII is expressed at very low levels on microglia of younger animals under
basal conditions (Perry, 1998), providing a clear baseline to detect aging-related changes in
microglia immunophenotype. A key question is how do changes in microglia
immunophenotype (up-regulated MHCII) relate to changes in microglia immune function
with normal brain aging. Increased MHCII could result from aging-induced increases in
microglia number, or from increases in antigen presentation. Although there are not a large
number of studies, they favor the idea that there is microglial sensitization. A stereological
assessment of microglia numbers in hippocampal sub-regions indicated that microglia
numbers appear to remain stable across the life span (Long et al., 1998). Moreover, flow
cytometry on microglia isolated from young and aged mice conclusively showed that
microglia MHCII expression increases on a per cell basis in aged animals (Henry et al.,
2009). Further, we have rapidly isolated microglia from hippocampus in young and aged
rats, and MHCII, CD11b, and Iba-1 gene expression were all strongly up-regulated in aged
animals, while controlling for microglia cell number (Frank et al., 2006a). A critical point to
bear in mind with regard to the use of isolated microglia is the effect the isolation procedure
may have on antigen expression. To address this concern, we have shown that the microglia
isolation procedure preserves the in vivo immunophenotype of microglia as measured by
flow cytometry and real time PCR (Frank et al., 2007; Frank et al., 2006B). Several cell
surface proteins (MHCII, CD163, and CD11b) were undetectable using flow cytometry on
isolated hippocampal microglia from young rats, suggesting the methodology per se does
not impact antigen expression (Frank et al., 2006b). Whether an age-related vulnerability
exists to elicit an up-regulation of activation antigens in these cells following this procedure
is unknown. Nevertheless, our findings using this method are consistent with the
preponderance of evidence from researchers using other methods suggesting that aging
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results in the progressive up-regulation of microglia “activation” antigens such as MHCII.
This phenotype represents a progressive shift in the state of microglia from quiescent to
primed. In the primed state, microglia are skewed towards exaggerated pro-inflammatory
immune responses to subsequent challenges.

Aging–related sensitization of the neuroinflammatory response to
challenge

Significantly elevated levels of pro-inflammatory cytokines, such as IL-1β, in key brain
regions responsible for mediating memory, such as the hippocampus, have been shown to
impair memory (Akana et al., 1999; Barrientos et al., 2002; Barrientos et al., 2003;
Barrientos et al., 2004; Gibertini et al., 1995; Hauss-Wegrzyniak et al., 1998; Hauss-
Wegrzyniak et al., 2002; Hauss-Wegrzyniak et al., 1999; Hein et al., 2010; Pugh et al., 1998;
Pugh et al., 1999). Thus, an obvious question is whether the neuroinflammatory response to
challenge is sensitized in normal aging. Though earlier we established that healthy aged
animals exhibit a marked shift in microglia activation state, it cannot be assumed that this
translates to a sensitized neuroinflammatory response to challenge. To directly answer this
question, our laboratory, along with several others, began by examining the
neuroinflammatory response of aged and young animals following a challenge with a
bacteria or virus (Abraham et al., 2008; Barrientos et al., 2009; Barrientos et al., 2006;
Godbout et al., 2005; Godbout et al., 2008; Sparkman et al., 2005), a stressor (Buchanan et
al., 2008; Sparkman and Johnson, 2008), or a surgical intervention (Rosczyk et al., 2008).
Regardless of the type of challenge, aged animals exhibited a clear and exaggerated
neuroinflammatory response compared to young adult animals; that is, a sensitized response.
Our laboratory, for example, showed that adult and aged F344xBN rats had dramatically
different cytokine responses to a live, replicating Escherichia coli (E. coli) infection. IL-1β
protein was measured 2 hours, 4 hours, 24 hours, 4 days, 8 days, and 14 days following the
infection. Both adult and aged rats had elevated levels of IL-1β in the hippocampus at 2
hours post-E. coli, with IL-1β in adult rats returning to vehicle control levels at 24 hours.
However, aged rats showed sustained elevations through day 8 post-infection, with a return
to vehicle control levels at day 14 (See Fig. 2)(Barrientos et al., 2009). A study by Godbout
and colleagues found similar results in the BALB/c mouse. A peripheral injection of
lipopolysaccharide (LPS), a cell wall component of gram-negative bacteria, resulted in both
exaggerated and prolonged elevations in IL-1β and IL-6 (both protein and mRNA) in aged
mice (Godbout et al., 2005). Importantly, in both of these studies, the exaggerated cytokine
response was restricted to the brain and did not occur in the periphery (Barrientos et al.,
2009; Godbout et al., 2005). In fact, our laboratory found this amplified response to be
particular to the hippocampus. We did not observe exaggerated or protracted responses in
hypothalamus, parietal cortex, pre-frontal cortex, spleen or serum (Barrientos et al., 2009).
Similarly, Buchanan and colleagues reported that 30 min of restraint stress repeated over
four days resulted in IL-1β mRNA expression that was exaggerated in the hippocampus of
aged mice compared to non-stressed age-matched controls (Buchanan et al., 2008). This
augmented response was not observed in hypothalamus or in peripheral plasma samples,
implicating a hippocampus-specific response. Along the same lines, Rosczyk and colleagues
found IL-1β mRNA expression in the hippocampus of aged mice to be amplified 24 hours
after abdominal surgery compared to age-matched sham controls (Rosczyk et al., 2008).
Yet, young adult mice that underwent the same surgical procedure showed no differences in
IL-1β mRNA compared to their age-matched sham controls. Taken together, these studies
provide an abundance of evidence indicating that a challenging event indeed results in a
potentiated neuroinflammatory response in the aged organism, and in many cases, this
response is specific to the hippocampal formation, a structure important for memory
function.
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From the studies above, the cellular source of this age-related potentiated
neuroinflammatory response was unknown. An early study using mixed glial cultures
demonstrated that these cells taken from aged mice exhibited greater spontaneous IL-6
mRNA expression compared to those taken from younger animals (Ye and Johnson, 1999).
Flow cytometric analysis strongly suggested that microglia were the primary cellular source
of this age-related response. In 2005, Cunningham and colleagues first demonstrated that a
compromised brain with a phenotype of chronic microglial activation and minimal
proinflammatory cytokine expression (a phenotype shared by normal aged animals) was
primed to produce exaggerated inflammatory cytokines in response to subsequent challenges
(Cunningham et al., 2005). They showed that an intracerebral administration of LPS into
prion diseased mice indeed resulted in a potentiated microglial IL-1β response compared to
the response induced by the same challenge in healthy mice. These data confirmed that
microglia produced the potentiated inflammatory response. Whether the potentiated
neuroinflammatory response was mediated by sensitized microglia per se was later
addressed by Godbout and colleagues who demonstrated that neuroinflammatory mediators,
measured from enriched microglia isolated following an in vivo, peripheral LPS challenge,
were potentiated in microglia taken from aged mice compared to those taken from adult
mice (Henry et al., 2009). These findings strongly pointed to microglia as the sensitized cell
producing the exaggerated response. It could be argued however, that the immune challenge,
administered in vivo, acted at some other cell type, whether in a central or peripheral
compartment, to deliver an exaggerated signal to the microglia in the aging subjects.
Therefore, to further address whether a potentiated neuroinflammatory response in aged
animals is mediated specifically by sensitized microglia, we isolated microglia from
unchallenged adult and aged animals and stimulated them with LPS ex vivo (Frank et al.,
2010b). Our findings supported what others had concluded. That is, we found that enriched
hippocampal microglia isolated from normal aged (but not adult) animals were sensitized, as
they produced a potentiated pro-inflammatory cytokine response (i.e. IL-1β, TNFα) when
subsequently challenged with LPS (Frank et al., 2010b).

Aging and loss of CNS immunoregulatory control of microglia
The evidence presented thus far suggests that aging is accompanied by a progressive shift in
the activation state of microglia, resulting in these cells being chronically sensitized. They
could be described as hyper-vigilant to disruptions in central homeostasis. It is as if with
aging, microglia are in a refractory state of immunologic activation and thus cannot revert to
a ground state of quiescent central housekeeping function. In other words, the functional
plasticity of microglia may be compromised with aging.

Understanding the mechanism(s) that sensitize microglia during normal brain aging is of
considerable importance in the context of understanding and attenuating neuroinflammatory-
induced cognitive impairments. There is now considerable evidence that the CNS
microenvironment expresses proteins that inhibit microglia activation as well as pro-
inflammatory immune responses (Biber et al., 2007). Our focus here will be on the age-
related decreases in two of these proteins, CD200 and fractalkine (CX3CL1), which are
expressed preferentially on neurons and function to inhibit microglia through their cognate
receptor expressed predominately on myelomonocytic cell types. We found that aging
reduced CD200 gene expression (Frank et al., 2006a). Lyons and colleagues found similar
results with CD200 protein (Lyons et al., 2007). Interestingly, CD200 knockout mice
constitutively displayed a chronically activated microglia phenotype characterized by a less
ramified morphology and increased expression of CD11b (Hoek et al., 2000), a phenotype
remarkably similar to that observed in aged animals. Likewise, young mice deficient in the
microglial fractalkine receptor (CX3CR1−/−) demonstrated long-lasting microglial
activation (Corona et al., 2010) and neurotoxicity (Cardona et al., 2006) in response to a
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peripheral LPS challenge. Normal aged animals demonstrated a failure to up-regulate
CX3CR1 24 hours after an LPS challenge, which coincided with a potentiated
neuroinflammatory response and a reduction in social behavior, which is known to be
modulated by pro-inflammatory cytokine changes (Wynne et al., 2010). The inability of
aged microglia to up-regulate CX3CR1 in the face of an immune challenge again suggests a
loss of microglia functional plasticity. The ligand, CX3CL1, also showed an age-related
decrease in the CNS (Bachstetter et al., 2009; Wynne et al., 2010). Importantly, treatment
with exogenous CX3CL1 reversed the age-related decrease in hippocampal neurogenesis
and reduced the number of MHCII+ cells in the hippocampus (Bachstetter et al., 2009). Of
note, infusion of a CX3CR1 blocking antibody resulted in a considerable increase in the
number of MHCII+ cells in the hippocampus, as well as levels of IL-1β protein (Bachstetter
et al., 2009). Moreover, co-treatment with the IL-1 receptor antagonist (IL-1RA) abrogated
the effects of CX3CR1 blockade. These studies provide compelling evidence that neuronal
inhibitory control over central pro-inflammatory processes may be compromised with
normal aging, thereby predisposing the aged brain to exaggerated pro-inflammatory
response in the face of immune challenges.

Neuroendocrine response in normal aging and interactions with
hippocampal microglia

To further explore plausible explanations for how microglia become chronically sensitized
by normal aging, we now turn to the neuroendocrine system and glucocorticoid (GC)
hormones (cortisol in primates, corticosterone in rodents), as there is a large literature
demonstrating that these hormones are chronically elevated in the aged organism, and a
growing literature suggesting that these hormones may alter microglial function.

Central to the neuroendocrine system is the hypothalamic-pituitary-adrenal (HPA) axis in
which the hypothalamus controls the secretion of adrenocorticotropic hormone from the
anterior pituitary, which in turn stimulates the secretion of corticosterone (CORT) from the
adrenal glands. CORT is one of the principal glucocorticoids released into the bloodstream
in a circadian and pulsatile fashion, and participates in the control of whole body
homeostasis (Jasper and Engeland, 1991) through the regulation of energy and metabolism,
immune reactions, and stress responses (Clark et al., 1992; Munck et al., 1984). CORT in
the bloodstream readily crosses the blood-brain-barrier, and so this hormone acts at both
peripheral and central sites to produce many adaptive responses. It should be noted however,
that approximately 90% of CORT in the bloodstream is bound to corticosteroid binding
globulin (CBG), rendering it biologically inactive, and bound CORT is unable to cross the
blood-brain barrier (reviewed in(Henley and Lightman, 2011). That is, under normal
circumstances only a small portion of the CORT that is released by the adrenal glands is free
to cross into the brain parenchyma. Unbound CORT can diffuse across the cell membrane
and once in the cytoplasm binds to two different receptors, the mineralocorticoid receptor
(MR) and the glucocorticoid receptor (GR). MRs have a ten-fold higher affinity for GCs
than do GRs. The majority of MRs are occupied under basal conditions while GRs show low
affinity for GCs and become occupied when CORT is elevated. On binding CORT, they
translocate to the nucleus where they regulate gene transcription (reviewed in (Reul et al.,
1990). Also of importance here, CORT secretion is under negative feedback control, with
CORT exerting inhibitory control at the level of the pituitary, the hypothalamus, and the
hippocampus (reviewed in (Reul et al., 1990).

The link between extensive CORT exposure and aging was first hinted at over 50 years ago
in several papers documenting the marked similarities between the pathologies of stress and
aging (Findley, 1949; Solez, 1952; Wexler, 1964; Wexler and Kittinger, 1965). Based in
part on those findings, Landfield and colleagues went on to describe a hypothesis by which
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alterations in neuroendocrine control mechanisms would lead to a “runaway” positive
feedback loop and the resulting accumulation of GCs could facilitate, or accelerate the aging
process (Landfield et al., 1978). To support their hypothesis, they demonstrated a significant
correlation between plasma CORT levels and glial reactivity in the hippocampus of aged
rodents, suggesting for the first time that aging was not only associated with elevated plasma
CORT, but that this hormonal increase was highly correlated with a marker of
neuroinflammation. Furthermore, these findings suggested that aging was a vulnerability
factor for this runaway positive feedback loop. They further showed that adrenalectomy in
the aged rodent reduced hippocampal gliosis (Landfield et al., 1981). Soon thereafter,
Sapolsky and colleagues reported an elevation in basal plasma CORT of aged rats and an
impaired capacity for their stress-induced levels of CORT to return to basal levels (Sapolsky
et al., 1983a). Taken together, these findings gave rise to the so-called “glucocorticoid
cascade hypothesis” (GCH) which proposed a gradual loss of negative feedback control
correlated with increased age, leading to an accumulation of GCs in the brain (Sapolsky et
al., 1986). Sustained exposure to elevated GCs was reported to produce potent levels of
glutamate, calcium and reactive oxygen radicals resulting in hippocampal neuron atrophy or
death (Kerr et al., 1991; Magarinos and McEwen, 1995; Sapolsky et al., 1985; Watanabe et
al., 1992). The hippocampus is a primary target site for GCs, possessing among the highest
of concentrations of GC receptors in the brain (McEwen et al., 1968; Sapolsky et al.,
1983B), and being a principle site of negative feedback control. Furthermore, the
hippocampus plays a critical role in declarative forms of memory (as measured by spatial
and contextual tasks) (Squire, 1992). Thus, according to the GCH, excitotoxic death of
hippocampal neurons caused by a dysfunction in HPA axis negative feedback control would
lead to cognitive impairments.

However, in more recent years, difficulties with the GCH have emerged. First, Alzheimer’s
patients and some strains of aged rats do not show impairments of GC negative feedback
control, despite exhibiting cognitive deficits (Meijer et al., 2005; Swanwick et al., 1998; Yau
et al., 1994). In addition, advances in stereological techniques have revealed little or no
hippocampal cell death in aged brains (Rapp and Gallagher, 1996) or brains exposed to
chronic levels of CORT (Bodnoff et al., 1995; Leverenz et al., 1999; Sousa et al., 1998).
Furthermore, it is questionable whether CORT levels in the brain reflect those in the plasma,
and early studies measured only CORT in blood. Indeed, a recent study found that in aged
Wistar rats CORT was elevated in plasma, but not in brain (Garrido et al., 2010), while
another found the opposite findings in aged F344xBN rats (Barrientos et al., 2011a). Due to
differences in collection and measurement techniques, the disparity in findings across
laboratories is not too surprising. For example, the measurement of free vs. bound vs. total
CORT can lead to very different results and interpretations, especially given that CBG levels
can vary significantly across the circadian cycle (Malisch et al., 2008), with age (van
Eekelen et al., 1992), and with shifts in body temperature (Cameron et al., 2010). Similarly,
measurement of total GC receptors rather than the distribution of receptors between
cytoplasmic and nuclear fractions can lead to varied interpretations. Moreover, without the
use of automated sampling techniques, basal CORT values are often not truly basal due to
increases associated with handling of subjects (Henley et al., 2009). Automated and frequent
sampling is required since CORT is secreted in a pulsatile fashion (Henley et al., 2009).

Despite these inconsistencies with regard to the GCH, the preponderance of evidence does
support the general idea that the aged brain is exposed to greater CORT. A recent line of
research examining the enzyme 11β-hydroxysteroid dehydrogenase (11β-HSD) further
supports this notion. There are two isoforms of 11β-HSD: 11β-HSD1 is highly expressed in
key metabolic tissues such as liver, adipose tissue, and brain, and functions to transform
cortisone (an inactive metabolite of CORT) to the active hormone CORT. 11β-HSD2, on the
other hand, is expressed in aldosterone-selective tissues, including colon, salivary and sweat
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glands, and placenta, and functions to oxidize CORT to cortisone and prevents activation of
the MR (Seckl and Walker, 2001). Elevations in 11β-HSD1 thus amplify glucocorticoid
action (Rajan et al., 1996) and interestingly, 11β-HSD1 is elevated in the hippocampus of
aged animals (Holmes et al., 2010). This is relevant here because even if plasma CORT
levels were equal between young and aged animals, elevated 11β-HSD1 levels in the brains
of aged animals would ultimately result in greater brain CORT and gene transcription.

We began by reviewing the literature on aging-related activation of hippocampal microglia
and its role in cytokine-induced memory impairments. So, how is chronic elevated
hippocampal CORT involved? The link is provided by a consideration of the findings of
Johnson and colleagues who reported that exposure to a stressor primes or exaggerates the
response to a subsequent immune challenge. In their study, they exposed young adult rats to
either an acute stressor or no stress 24 h prior to a peripheral LPS injection and found that
the stressed rats showed a sensitized pro-inflammatory cytokine response in plasma and
brain (Johnson et al., 2002). In contrast, acute stress given immediately after LPS decreases
the production of these cytokines (Goujon et al., 1995). More recently, we corroborated
these findings using exogenous CORT. CORT administered to rats 2 or 24 h prior to LPS
challenge potentiated IL-1β and TNFα expression in the hippocampus, while CORT
administered 1 h after LPS diminished the response (Frank et al., 2010c). Hippocampal
microglia are critical to this response as microglia isolated from animals pretreated with
CORT and later challenged ex vivo with LPS produced greater IL-1β and TNFα expression
(Frank et al., 2010c).

Taken together these findings suggest that chronic elevation of brain CORT could produce a
hippocampus whose microglia are in a chronic state of activation, which upon an immune
challenge would produce a potentiated pro-inflammatory response. And, as we have
reviewed earlier, aged rodents have microglia with exactly this phenotype. The next section
will discuss how a potentiated pro-inflammatory response, specifically in the hippocampus,
can produce significant and long-lasting memory impairments.

Neuroinflammatory effects on synaptic plasticity and hippocampus-
dependent memory in aging

It has been well documented that expression of pro-inflammatory cytokines above basal
levels, particularly in the hippocampus, impairs both synaptic plasticity, as assessed by long-
term potentiation (LTP) (Cumiskey et al., 2007; Curran and O’Connor, 2003; Tancredi et
al., 2000; Vereker et al., 2000a; Vereker et al., 2000b), and hippocampus-dependent memory
in adult rodents (Barrientos et al., 2002; Barrientos et al., 2003; Barrientos et al., 2004;
Gibertini et al., 1995; Hauss-Wegrzyniak et al., 1998; Hauss-Wegrzyniak et al., 2002;
Hauss-Wegrzyniak et al., 1999; Hein et al., 2010; Pugh et al., 1998; Pugh et al., 1999). Thus,
populations or individuals that have either increased peripheral inflammatory responses to
immune activating agents such as bacteria or viruses, or exaggerated brain inflammatory
responses to signaling events within the brain, such as psychological stressors, are likely to
be more susceptible to infection-induced memory impairments. Healthy, yet aging
individuals fall into that category.

LTP is a measure of synaptic plasticity and has been widely accepted as an
electrophysiological model of hippocampal learning and memory. Late-phase LTP (L-LTP)
is dependent on new protein synthesis, and is thought to play a key role in producing the
structural rearrangements that allow permanent storage of a memory (Alvarez and Squire,
1994; Nguyen and Kandel, 1996), as blocking L-LTP impairs long-term memory formation
(reviewed in (Pang and Lu, 2004; Tyler et al., 2002)). IL-1β was first shown to completely
block LTP in the CA1 region (Bellinger et al., 1993) and the dentate gyrus (Coogan and
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O’Connor, 1997; Coogan and O’Connor, 1999; Cunningham et al., 1996) in rat hippocampal
slices, and the CA3 region of murine hippocampal slices (Katsuki et al., 1990), nearly 20
years ago. In the years since, several studies have focused on examining IL-1β-induced
synaptic plasticity impairments in aging animals. Our laboratory, in collaboration with the
Patterson laboratory, recently reported that L-LTP induced in area CA1 of hippocampal
slices was not significantly different between healthy young and aged F344xBN rats.
However, several days (4–5 days) following a peripheral E. coli infection, L-LTP induced
by theta-burst stimulation was slightly reduced in young rats, but nearly obliterated in aged
animals (Chapman et al., 2010). Theta-burst stimulation is a naturalistic stimulation protocol
designed to mimic the burst firing of CA1 pyramidal cells at the theta frequency recorded in
vivo from awake behaving animals during spatial exploration. Importantly, basal and short-
term synaptic plasticity were not impaired in these animals.

Interestingly, this pattern of electrophysiological data parallels our behavioral findings. We
found that healthy aged rats performed as well as did younger rats in both a short-term and
long-term test of spatial memory using the Morris water maze. Peripheral infection did not
produce a short-term memory deficit in either young or aged rats, indicating that these
animals were capable of learning well. In contrast, the long-term memory test revealed a
large deficit in aged infected rats compared to their younger counterparts (Barrientos et al.,
2006). We found this pattern to hold true for hippocampal-dependent contextual memories
as well, using the contextual fear-conditioning paradigm. In addition, we demonstrated that
these memory deficits were restricted to memory processes uniquely dependent on the
hippocampus, as hippocampal-independent memories were spared (Barrientos et al., 2006).
Buchanan and colleagues reached similar conclusions in their report in which repeated mild
stress, which was shown to elevate hippocampal IL-1β mRNA in an exaggerated manner in
aged mice, produced spatial memory impairments in the water maze in aged, but not young
mice (Buchanan et al., 2008).

These memory deficits are consistent with the exaggerated pro-inflammatory response found
in the hippocampus of aging animals (Barrientos et al., 2006). And, in addition, the duration
of these deficits following infection parallels the duration of IL-1β increases in hippocampus
of aged rats (Barrientos et al., 2009). That is, IL-1β protein levels remained elevated 8 days
following E. coli challenge, and returned to vehicle-treated control levels at 14 days.
Similarly, hippocampus-dependent memory was significantly impaired at both 4 and 8 days
but not 14 days following infection.

Putative mechanisms of pro-inflammatory cytokine-induced hippocampal
dysfunction

As reviewed above, pro-inflammatory cytokines such as IL-1β, when elevated above basal
levels in the hippocampus, impair hippocampal-dependent memory processes. How? Many
mechanisms have been implicated in the actions of IL-1β on learning and memory
processes, and only some can be reviewed here.

As discussed earlier, elevations in hippocampal IL-1β have been shown to completely block
LTP in hippocampus (Bellinger et al., 1993; Coogan and O’Connor, 1997; Coogan et al.,
1999; Katsuki et al., 1990). In addition, blocking IL-1β action with centrally administered
IL-1receptor antagonist (IL-1RA) prevents the LTP deficit induced in aged rats by
peripheral infection (Chapman et al., 2010). The cellular mechanisms by which IL-1β
interferes with LTP is not fully understood. Elevations in IL-1β have been demonstrated to
increase reactive oxygen species (ROS) formation in the hippocampus (Vereker et al.,
2000b), and in turn, these activate members of the mitogen-activated protein (MAP) kinase
family, such as c-jun N-terminal kinase (JNK) (Minogue et al., 2003; Vereker et al., 2000b)
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and p38 (Kelly et al., 2003; Vereker et al., 2000b). While activation of other members of the
MAP kinase family, such as extracellular signal-regulated protein kinase (ERK) results in
neurite outgrowth, cell proliferation, or differentiation (Seger and Krebs, 1995), activation of
JNK and p38 has been shown to induce cell damage or cell death (Maroney et al., 1998).
Inhibition of JNK in vivo with D-JNKI1 (Minogue et al., 2003) or in vitro with SP600125
(Curran et al., 2003), blocked IL-1β-induced LTP inhibition in hippocampus. Moreover, in
vivo treatment with the p38 inhibitor, SB203580, attenuated pro-inflammatory-induced
inhibition of hippocampal LTP (Kelly et al., 2003). Furthermore, inhibiting ROS formation,
through an antioxidant diet, reversed IL-1β-induced LTP inhibition as well as IL-1β-induced
JNK and p38 activation (Vereker et al., 2000b). Together, these findings confirm that
elevated IL-1β plays a prominent role in inhibiting important cellular processes associated
with memory formation such as LTP, through activation of these stress-activated protein
kinases.

Another possibility is that IL-1β interferes with LTP or memory indirectly by modulating
downstream mediators that in turn cause the impairment. Brain-derived neurotrophic factor
(BDNF) is a plausible candidate capable of affecting memory processes due to its critical
role in late synaptic plasticity processes (Pang and Lu, 2004) and long-term memory (Hall et
al., 2000; Ma et al., 1998; Mizuno et al., 2000). Furthermore, BDNF is rapidly and
selectively induced in the hippocampus following contextual fear conditioning (Hall et al.,
2000), and the systemic administration of either IL-1β or LPS (Lapchak et al., 1993;
Richwine et al., 2008) or stress-induced elevations of IL-1β in hippocampus (Nguyen et al.,
1998; Pugh et al., 1999) decreases BDNF mRNA in the hippocampus (Barrientos et al.,
2003; Lapchak et al., 1993; Richwine et al., 2008) and results in hippocampal-dependent
memory consolidation deficits (Barrientos et al., 2004). Moreover, intra-hippocampal
administration of IL-1RA prevents both the BDNF mRNA downregulation, and the memory
impairments produced by the challenge (Barrientos et al., 2003). These findings have
recently been confirmed at the protein level. We found that mature BDNF, but not pro
BDNF was markedly reduced in hippocampal synaptoneurosomes prepared from aged
animals following infection, and a central administration (intra cistern magna, icm) of
IL-1RA prevented this reduction (Cortese et al., 2011). More recently, our laboratory
reported that physical exercise in aged rats not only prevented E. coli-induced IL-1β
elevations in the hippocampus, but also prevented BDNF reductions in CA1 of the
hippocampus and reversed memory deficits caused by the infection (Barrientos et al.,
2011b). Taken together, these studies provide strong evidence for the idea that pro-
inflammatory cytokine-induced memory impairments may involve the downregulation of
BDNF.

The immediate early gene activity-dependent cytoskeletal-associated protein (Arc) is
another mediator downstream of IL-1β that has been identified as a key modulator of
hippocampal memory consolidation (Bramham et al., 2008). Arc mRNA is rapidly and
specifically distributed throughout the dendritic arbor of the hippocampus after neuronal
activity (Link et al., 1995; Lyford et al., 1995) and localized to regions receiving direct
synaptic activation (Steward et al., 1998). Inhibiting Arc protein expression with antisense
oligodeoxynucleotides resulted in impaired long-term memory consolidation and L-LTP
(Guzowski et al., 2000). Importantly, short-term memory and E-LTP were not impaired by
Arc inhibition. This is noted because this is a pattern we have observed in E. coli-challenged
aged rats who exhibit long-lasting neuroinflammatory responses (Barrientos et al., 2006;
Chapman et al., 2010). In a separate study, our laboratory reported that a peripheral E. coli
challenge in young and aged rats resulted in a profound suppression of hippocampal Arc
mRNA expression in only aged rats (Frank et al., 2010a). This suppression correlated with
long-term memory deficits, and an elevation in hippocampal IL-6 protein. Furthermore,
administration of IL-1RA blocked all of these effects, underscoring the potential role of Arc
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in neuroinflammatory-induced memory impairments. To further support this notion,
IL-1βXAT transgenic mice with sustained hippocampal IL-1β overexpression, exhibited
significantly suppressed Arc mRNA expression and this was highly correlated with
contextual and spatial memory impairments (Hein et al., 2010). At the protein level, Arc was
recently demonstrated to be significantly reduced in aged animals that showed impairments
in spatial memory consolidation (Menard and Quirion, 2012). However, neuroinflammatory
markers were not measured. To the best of our knowledge, Arc protein expression has not
yet been examined in aged animals following an immune challenge.

Summary
Taken together, the literature suggests that the neuroinflammatory response to a peripheral
challenge is dysregulated in the aged brain, resulting in a potentiated pro-inflammatory
cytokine response, whose source appears to be sensitized microglia. A dysregulated
neuroendocrine response in the aged organism is skewed towards higher brain CORT levels,
and this may play a critical role in priming microglia to respond in an exaggerated manner
following an immune challenge. This exaggerated response appears to be most prominent in
the hippocampal formation, the critical brain region mediating contextual and spatial
memory consolidation, and may be the cause of hippocampal memory impairments in aged
individuals. Pro-inflammatory cytokines such as IL-1β may affect cognitive processes by
impairing synaptic plasticity through activation of MAP kinases JNK and p38, and/or by
inhibiting downstream mediators essential to hippocampal-dependent memory processes
such as BDNF and Arc. Blocking this exaggerated brain cytokine response
pharmacologically, or through diet and exercise modifications may effectively block the
deleterious behavioral effects, not only suggesting that these may be useful therapeutic
interventions, but also supporting the view that pro-inflammatory cytokines have a causal,
rather than merely correlational relationship with impaired long-term memory in older
individuals.
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Highlights

• Healthy aged individuals are vulnerable to memory deficits following immune
challenge.

• Following challenge, the healthy aged neuroinflammatory response is
potentiated.

• Sensitized microglia appears to be the source of this amplified response.

• Elevated glucocorticoids may play a role in sensitizing microglia.

• Potentiated neuroinflammation in the hippocampus leads to memory
impairments.
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Figure 1.
Schematic depicting our working hypothesis. Upon a peripheral inflammatory, or stressor
challenge in the young adult animal, once quiescent microglia are rapidly and transiently
activated. Pro-inflammatory cytokines are released resulting in only moderate elevations
above basal levels, and lasting no longer than 24 hours. Synaptic facilitation (LTP) and
downstream mediators such as BDNF and Arc are moderately decreased resulting in mild to
negligible memory impairments. In contrast, unchallenged aged microglia exhibit
phenotypic markers of activation (i.e., MHCII), rendering them primed for a subsequent
challenge. Upon a peripheral challenge, these microglia produce a sensitized
neuroinflammatory response. Pro-inflammatory cytokine release is exaggerated and
prolonged, lasting at least 8 days. Synaptic facilitation (LTP) and downstream mediators are
profoundly reduced, and long-term contextual, and spatial memory is significantly impaired.
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Figure 2.
IL-1β protein levels in hippocampus of young and old rats following a peripheral vehicle or
E. coli injection at 2 hours, 4 hours, 24 hours, 4 days, 8 days, and 14 days. Note that vehicle
samples were collected at 3 hours and 24 hours and because they did not differ, were pooled
to form just one vehicle control group for each age group. ^Significant difference between
E. coli-treated and vehicle-treated groups. *Significant difference between age groups. Error
bars indicate ± SEM. Modified with permission from Barrientos, et al., 2009.
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