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Abstract

A consequence of normal aging is a greater susceptibility to memory impairments following an
immune challenge such as infection, surgery, or traumatic brain injury. The neuroinflammatory
response, produced by these challenges results in increased and prolonged production of pro-
inflammatory cytokines in the otherwise healthy aged brain. Here we discuss the mechanisms by
which long-lasting elevations in pro-inflammatory cytokines in the hippocampus produce memory
impairments. Sensitized microglia are a primary source of this exaggerated neuroinflammatory
response and appear to be a hallmark of the normal aging brain. We review the current
understanding of the causes and effects of normal aging-induced microglial sensitization,
including dysregulations of the neuroendocrine system, potentiation of neuroinflammatory
responses following an immune challenge, and the impairment of memories. We end with a
discussion of therapeutic approaches to prevent these deleterious effects.
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INTRODUCTION

It has long been noted in the clinical literature that otherwise healthy aging individuals often
suffer precipitous declines in cognitive abilities, including long-term memory function,
following an inflammatory challenge such as an infection (Anttila, 1992; Craft et al., 2012),
a surgery (Bedford, 1955; Ramaiah and Lam, 2009), or a head injury (McAllister, 1992;
Tokutomi et al., 2008; Senathi-Raja et al., 2010). Importantly, these mild cognitive
impairments have been shown to increase susceptibility to the development of dementia
later in life (Alzheimer's Association, 2014). Notably, advanced age is the highest risk factor
for suffering these mild cognitive impairments, as well as for developing dementia (Moller
et al., 1998; Alzheimer's Association, 2014). With the first of the baby boomer generation
now turning 65, by the year 2030, approximately 23% of the U.S. population will be over 65
(Wimo et al., 2013; Alzheimer's Association, 2014), a demographic phenomenon that has
earned the term “silver tsunami” to characterize its magnitude. Because our unique
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memories are what make us individuals and give our lives meaning, insults that threaten to
destroy already stored memories or disrupt our ability to form new memories can have
devastating consequences. Caring for people with dementia in the U.S. has been projected to
cost $20 trillion over the next 40 years (Alzheimer's Association, 2014). Thus, in addition to
the tremendous human suffering, the economic strain on the health care system and the
federal budget is enormous. Therefore, scientific advances in the area of aging-related
cognitive declines are of great and immediate importance. In this article, we will review the
current literature related to hippocampal-dependent memory in normal aging and how it is
negatively impacted by an inflammatory challenge. 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, focuses on studying normal
aging in which obvious neurodegeneration and senescence is not a prominent feature.
Instead, older animals exhibit primed neuroinflammatory responses that require a secondary
challenge for overt neuroinflammation or memory impairments to occur. A considerable
amount of literature has also studied senescent animals, which exhibit basal behavioral and
brain cytokine profiles dramatically different from those of younger animals, and whose
brains are generally classified under the heading of “neurode-generation” (Cacabelos et al.,
1994; Luterman et al., 2000; Remarque et al., 2001). Neurodegeneration and the memory
changes that depend on neurodegeneration are outside the scope of this review.

COMMUNICATION BETWEEN THE PERIPHERAL IMMUNE SYSTEM AND THE BRAIN

Before considering the literature concerning immune challenge-induced hippocampal
memory impairments, it is critical to understand that there is extensive bi-directional
communication between the immune system and the central nervous system. Infection or
injury initiates a peripheral acute phase response that involves a cascade of local and
systemic events. Interleukin-1 beta (IL-1p), a pro-inflammatory cytokine, is a principal
player in this cascade. As part of its role in this response, IL-1f enhances T and B
lymphocyte proliferation and stimulates natural killer cell cytocidal activity to eliminate the
injured cells or invading pathogen. IL-1p also induces the production of other cytokines
from many cell types such as tumor necrosis factor-alpha (TNF-a), and interleukin-6 (IL-6),
which in turn have secondary effects on other cells. Blood-borne and neural routes of
communication between the peripheral and central nervous systems have been well defined
over the last two decades (Dinarello et al., 1988; Ericsson et al., 1994; Goehler et al., 1997;
Gaykema et al., 1998; Banks et al., 1999; Maier, 2003; Bachstetter et al., 2011). As a result
of this communication, neural activity is altered quite dramatically during and following a
peripheral immune challenge (Maier and Watkins, 1998; Maier, 2003), leading to de novo
cytokine production within the brain parenchyma, with this response being driven primarily
by activated microglial cells (Van Dam et al., 1995; Laye et al., 1996; Nguyen et al., 1998;
Turrin et al., 2001). Conversely, acute and chronic brain injury induces significant cytokine
and chemokine expression in the liver causing leukocyte recruitment, liver damage, as well
as sickness and depressive-like behaviors (Campbell et al., 2003, 2005, 2007a), and blocking
cytokine production in the periphery, modulates the central inflammatory response, and
prevents some of the behavioral alterations (Campbell et al., 2007b; Jiang et al., 2008). As
we will discuss in more detail in the sections that follow, microglial cells in the normal
aging hippocampus become sensitized, or primed, such that in response to a peripheral
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challenge or insult, the inflammatory response in the hippocampus of aged rats is
exaggerated and prolonged compared to that in younger adult rats (Godbout et al., 2005;
Barrientos et al., 2009a; Frank et al., 2010b).

MICROGLIAL PHENOTYPE IN NORMAL AGING: A SHIFT TOWARD AN
IMMUNOLOGICALLY PRIMED STATE

Microglia, as part of the myelomonocytic lineage, constitute the predominant innate immune
cell in the brain and serve many functions including immunosurveillance of the brain
microenvironment for pathogen invasion, danger signals, cellular debris, apoptotic cells, and
alterations in neuronal phenotype (Kreutzberg, 1996). In the young adult brain, normally
quiescent microglia become activated in response to a threat (Colton, 2009). Activated
microglia undergo morphological changes, proliferate, and produce pro-inflammatory
cytokines (Kreutzberg, 1996). Once the threat is resolved, alternatively activated microglia
then produce anti-inflammatory cytokines in addition to other signaling molecules that
facilitate a return to homeostasis (Colton, 2009). For example, alternatively activated micro-
glial cells secrete growth factors such as brain-derived neurotrophic factor (BDNF), which
promotes the growth, survival, and differentiation of neurons (Nakajima et al., 2002; Wine
et al., 2009). In contrast, with normal aging, the immunophenotype of microglia is
characterized by up-regulation of glial activation markers including major histocompatibility
complex Il (MHC I11) 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 (Rogers et al., 1988; Perry et al., 1993; Tafti et al., 1996; Rozovsky et al., 1998;
Sheffield and Berman, 1998). This up-regulation of MHCII occurs also at the mRNA level
(Frank et al., 2006). 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.

Increased MHCII could result from aging-induced increases in microglia number, or from
increases in per microglial cell expression. Although there are not a large number of studies,
they favor the idea that there is increased per microglial cell expression, and therefore
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 cytometric analysis of microglia isolated from young and aged mice
conclusively showed that microglia MHCII expression increased on a per cell basis in aged
animals (Henry et al., 2009). Further, we have rapidly isolated microglia from the
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., 2006). This pheno-type represents a progressive shift in the state of micro-glia from
quiescent to primed. As we will discuss in more detail in later sections, in the primed state,
microglia are skewed toward exaggerated pro-inflammatory immune responses to
subsequent challenges, but typically do not exhibit exaggerated responses in the absence of
such challenges (Barrientos et al., 2009a, 2010, 2012, 2015b; Frank et al., 2010b), and these
exaggerated proinflammatory responses correlate with long-lasting memory deficits
(Barrientos et al., 2006, 2009a, 2011, 2012; Abraham et al., 2008; Chen et al., 2008;
Abraham and Johnson, 2009b) (See Fig. 1).
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AGING-RELATED POTENTIATION OF THE NEUROINFLAMMATORY RESPONSE TO
CHALLENGE

Significantly elevated levels of pro-inflammatory cytokines such as IL-1p, in key brain
regions responsible for mediating memory such as the hippocampus, have been shown to
impair memory in young adult rats (Gibertini et al., 1995; Hauss-Wegrzyniak et al.,
1998,1999, 2002; Pugh et al., 1998, 1999; Akana et al., 1999; Barrientos et al., 2002a, 2003,
2004; Hein et al., 2010; Jurgens et al., 2012). Thus, an obvious question is whether the
neuroinflammatory response to an immune challenge is sensitized in normal aging. Though
healthy aged animals exhibit a marked shift in microglia phenotype, it cannot be assumed
that this shift results in a potentiated neuroinflammatory response to an immune challenge.
To explore this issue, our laboratory, along with several others, have compared the
neuroinflammatory response of aged and young animals following a variety of insults and
immune challenges. Peripheral infection with bacteria or viruses (Godbout et al., 2005,
2008; Sparkman et al., 2005; Barrientos et al., 2006, 2009a, 2011, 2015a; Abraham et al.,
2008), a stressor (Buchanan et al., 2008; Sparkman and Johnson, 2008), surgical
intervention (Rosczyk et al., 2008; Cao et al., 2010; Barrientos et al., 2012), or a traumatic
brain injury (Sandhir et al., 2008; Kumar et al., 2013) all produced a clear and exaggerated
neuroinflammatory response in aged rats compared to their young adult counterparts. Our
laboratory, for example, showed that adult and aged F344xBN rats displayed dramatically
different cytokine responses to a live, replicating peripheral Escherichia coli (E. coli)
infection. IL-1f protein was measured 2, 4, 24 h, 4, 8, and 14 days following infection. Both
adult and aged rats had elevated levels of IL-1f in the hippocampus at 2 h post-E. coli, with
IL-1p in adult rats returning to vehicle control levels by 24 h. However, aged rats showed
sustained elevations through day 8 post-infection, with a return to vehicle control levels at
day 14 (Barrientos et al., 2009a). Godbout and colleagues found similar results in the
BALB/c mouse. Here, a peripheral injection of lipopolysaccharide (LPS), a cell wall
component of gram-negative bacteria, resulted in both exaggerated and prolonged elevations
in IL-1p and IL-6 (both protein and mMRNA) in aged mice (Godbout et al., 2005).
Importantly, in these and other studies, the exaggerated cytokine response was restricted to
the brain and did not occur in the periphery, suggesting that a central mechanism was the
source of this response (Godbout et al., 2005; Barrientos et al., 2009a, 2015a). Moreover,
our laboratory found this amplified response to be particular to the hippocampus. We did not
observe exaggerated or protracted responses in the hypothalamus, parietal cortex, pre-frontal
cortex, spleen or serum (Barrientos et al., 2009a). Similarly, Buchanan and colleagues
reported that 30 min of restraint stress repeated over 4 days resulted in IL-1 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
the hypothalamus or in peripheral plasma samples, implicating a hippocampus-selective
response. In addition, various surgical procedures have been reported to produce an IL-1
increase in the hippocampus of aged animals for up to several days compared to age-
matched sham controls (Rosczyk et al., 2008; Cao et al., 2010; Barrientos et al., 2012).
However, young adult animals that underwent the same surgical procedure showed no
differences in IL-1p expression compared to their age-matched sham controls. Similarly,
traumatic brain injury produced exacerbated inflammation and neurological damage in aged
mice compared to younger control mice (Kumar et al., 2013). Controlled cortical impact
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(CCI) injury caused larger lesions associated with a shift in M1/M2 balance resulting in a
pro-inflammatory profile in hippocampal microglia of aged mice compared to that of young
adult mice. Sandhir and colleagues showed that up to 28 days after CCI aged mice had
higher mRNA levels of CD11b and Iba-1, markers for microglia activation, and these
correlated with a longer-lasting neuroinflammatory response (Sandhir et al., 2008).

Taken together, these studies provide an abundance of evidence indicating that either
peripheral or central challenges with an inflammatory component indeed result in a
potentiated neuroinflammatory response in the aged animal, and in many cases, this
response is specific to the hippocampal formation. There are at least two possible reasons for
these hippocampus selective effects. First, there is high constitutive expression of I1L-1
receptors on neurons and glia in the granule cells of the dentate gyrus and the pyramidal cell
layer of the hippocampus (Takao et al., 1990; Ban et al., 1991, 1993; Rubio, 1994; Cullinan
et al., 1998). Second, the hippocampus has a particularly dense microglial population
(Lawson et al., 1990; Yang et al., 2013b). The hippocampus has been shown to exhibit
higher and faster expression of pro-inflammatory cytokines following a peripheral immune
challenge compared to other brain regions (Pitossi et al., 1997).Whether this is due to its
close proximity to the lateral ventricles and circumventricular organs, which have extensive
vasculature and lack a normal blood brain barrier (Katsuura et al., 1990), remains
controversial and requires further investigation.

The studies above did not isolate the cellular source of this age-related potentiated
neuroinflammatory response. 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 micro-glia 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 pro-
inflammatory 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). More specifically, they showed that an intracerebral
administration of LPS in prion-diseased mice indeed resulted in a potentiated pro-
inflammatory response compared to the response induced by the same challenge in healthy
mice. By double labeling activated microglia with altered morphology and pro-inflammatory
markers, their work suggested that microglia were the cells that produced the potentiated
inflammatory response. Whether the potentiated neuroinflammatory response was mediated
by sensitized micro-glia 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.
However, it could be argued 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
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sensitized microglia, our laboratory 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 hippocampal microglia isolated from
normal aged (but not adult) animals were sensitized, as they produced a potentiated pro-
inflammatory cytokine response (i.e., IL-13, TNF-a) when subsequently challenged with
LPS (Frank et al., 2010b).

EFFECTS OF POTENTIATED NEUROINFLAMMATORY RESPONSES ON HIPPOCAMPAL

MEMORY

The age-related exaggerated neuroinflammatory response to peripheral challenges such as a
bacterial infection, surgery, or head trauma does not occur without significant costs to
cognitive functions. For the purpose of this special issue review, which focuses on
hippocampal vulnerability, we will limit the scope of this section to hippocampal memory.
The hippocampus is critical for contextual and spatial learning and awareness, navigation,
and episodic memories (Morris et al., 1982; Rudy et al., 2002; Barrientos et al., 2002b;
Matus-Amat et al., 2004; Moser et al., 2008). We found that healthy aged rats performed as
well as did younger rats in both a short-term and long-term test of reference spatial memory
using the Morris water maze. A peripheral bacterial infection with live replicating E. coli 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). Importantly, these long-term memory deficits were detected well beyond the
expression of overt sickness behaviors (fever, lethargy, anorexia) had subsided (Barrientos
et al., 2009b). Similar findings were reported in a working memory version of the water
maze in aged mice injected with LPS (Abraham and Johnson, 2009b). We found this pattern
to hold true for hippocampal-dependent contextual memories as well, using the contextual
fear-conditioning paradigm (Barrientos et al., 2006, 2009a, 2011; Frank et al., 2010a). 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 work with repeated mild stress. Hippocampal IL-13 mRNA was elevated in an
exaggerated manner in aged mice, and there were spatial memory impairments in the water
maze in aged, but not young mice (Buchanan et al., 2008).

Surgery is another peripheral insult often resulting in a constellation of cognitive changes
termed post-operative cognitive decline (POCD) experienced by patients shortly following a
surgical procedure. These cognitive effects range from feeling disoriented to difficulty
remembering events, planning, or sustaining attention, to dementia. Various animal models
of POCD have demonstrated elevations in pro-inflammatory cytokines and other
proinflammatory mediators in the hippocampus (Cibelli et al., 2010; Barrientos et al., 2012;
Terrando et al., 2013; Hovens et al., 2014a,b; Zhang et al., 2014). We, and others, have
shown that hippocampal memory function was significantly more impaired by surgery in
aged animals compared to younger control animals (Barrientos et al., 2012; Hovens et al.,
2013, 2014b; Li et al., 2014; Sun et al., 2014; Yu et al., 2014). This pattern has been found
following a variety of surgical procedures including exploratory abdominal surgery
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(Barrientos et al., 2012; Hovens et al., 2014b; Li et al., 2014), stabilized tibial fracture
surgery (Sun et al., 2014), and partial hepatectomy (Li et al., 2013). Importantly,
hippocampal memory function was demonstrated to be specifically affected by the surgical
procedure and accompanying neuroinflammatory responses and not simply to the anesthesia
used during the surgery (Barrientos et al., 2012; Hovens et al., 2013; Li et al., 2013, 2014).
Traumatic brain injury (TBI) is yet another insult that has been established to induce a
potent pro-inflammatory response in the hippocampus (DeKosky et al., 1994; Knoblach and
Faden, 1998; Kinoshita et al., 2002; Lu et al., 2007; Lloyd et al., 2008; Chao et al., 2012;
Tomura et al., 2012), and produce impairments in spatial memory of experimental animals
(Scheff et al., 1997; Tajiri et al., 2013). Importantly, these inflammatory responses and
functional consequences were even greater in aged animals (Shah et al., 2006; Kumar et al.,
2013; Monti et al., 2013).

MECHANISMS OF PRO-INFLAMMATORY CYTOKINE-INDUCED HIPPOCAMPAL MEMORY
IMPAIRMENTS

As discussed in previous sections, pro-inflammatory cytokines such as IL-1p, when elevated
above basal levels in the hippocampus, impair hippocampal-dependent memory. How?
Many mechanisms have been implicated in the actions of IL-1 on learning and memory
processes. Below, we review several of these.

Elevations in hippocampal IL-1p have been shown to completely block long-term
potentiation (LTP) in the hippocampus in vitro and in vivo (Katsuki et al., 1990; Bellinger et
al., 1993; Cunningham et al., 1996; Coogan and O'Connor, 1997; Murray and Lynch,
1998a,b; Coogan et al., 1999; Vereker et al., 2000a,b; Kelly et al., 2003; Chapman et al.,
2010). LTP is the persistent strengthening of synapses based on recent patterns of activity,
and is widely considered to be one of the major cellular mechanisms underlying learning
and memory (Bliss and Collingridge, 1993). In addition, blocking IL-1f action with
centrally administered IL-1 receptor antagonist (IL-1RA) prevented the LTP deficit induced
in aged rats by peripheral infection, suggesting a causal relationship between IL-1p increases
and impairments in synaptic plasticity (Chapman et al., 2010). The cellular mechanisms by
which IL-1p interferes with LTP are not fully understood. Elevations in IL-18 have been
demonstrated to increase reactive oxygen species (ROS) formation in the hippocampus
(Vereker et al., 2000b), and in turn, these activated members of the mitogen-activated
protein (MAP) kinase family, such as c-jun N-terminal kinase (JNK) (Vereker et al., 2000b;
Minogue et al., 2003) and p38 (Vereker et al., 2000b; Kelly et al., 2003). While activation of
other members of the MAP kinase family, such as extracellular signal-regulated protein
kinase (ERK) has been proven to result in neurite outgrowth, cell proliferation, or
differentiation (Seger and Krebs, 1995), activation of JNK and p38 has been proven 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-1B-induced LTP inhibition in the hippocampus. Moreover, in vivo treatment with the p38
inhibitor, SB203580, attenuated proinflammatory-induced inhibition of hippocampal LTP
(Kelly et al., 2003). Furthermore, the inhibition of ROS formation, through an antioxidant
diet, reversed IL-1B-induced LTP inhibition as well as IL-1B-induced JNK and p38
activation (Vereker et al., 2000b). Together, these findings strongly suggested that elevated
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IL-1p plays a prominent role in inhibiting important cellular processes associated with
memory formation such as LTP, through activation of these stress-activated protein Kinases.

Excitatory amino acid transporters (EAATS), also known as glutamate transporters, serve to
regulate concentrations of the excitatory neurotransmitter glutamate at the synapse (Danbolt,
2001). Optimal gluta-mate concentrations are important for proper synaptic transmission and
plasticity, and prevent neurotoxicity (Bergles and Jahr, 1998; Tzingounis and Wadiche,
2007). Different mechanisms responsible for the increase in gluta-mate uptake during early-
and late-phase LTP (E-LTP and L-LTP) have been described (Pita-Almenar et al., 2006).
During E-LTP, new protein synthesis is not necessary, and increases in glutamate uptake are
mediated by activation of PKC and excitatory amino acid carrier-1 (EAACL), a neuronal
glutamate transporter. During L-LTP, new protein synthesis is required and is mediated by
the cAMP-PKA (protein kinase A) pathway, and it involves a different gluta-mate
transporter, glutamate transporter subtype 1 (GLT1) which is expressed on astrocytes (Pita-
Almenar et al., 2006). Reductions in the widely distributed GLT1 have been known to result
in impairments of LTP (Katagiri et al., 2001), deficits in hippocampal spatial memory (Yang
et al., 2013a), and excitotoxicity (Lievens et al., 2000). Relevant to the current review, pro-
inflammatory mediators such as IL-1p severely impair glutamate transport, further
exacerbating disease states (Takahashi et al., 2003; Zou and Crews, 2005; Tilleux and
Hermans, 2007; Brothers et al., 2013; Tan et al., 2014). Furthermore, pharmacological
treatment with Riluzole, a drug that enhances glutamate clearance by increasing GLT1
expression in the hippocampus, prevented neuroinflammation-induced memory impairments
in aged animals (Brothers et al., 2013).

IL-1p has also been shown to interfere with LTP and memory indirectly by modulating
downstream mediators that in turn cause the impairment. BDNF is a plausible candidate
capable of affecting memory processes due to its critical role in late phase synaptic plasticity
processes (Pang and Lu, 2004) and long-term memory (Ma et al., 1998; Hall et al., 2000;
Mizuno et al., 2000). BDNF has been shown to be rapidly and selectively induced in the
hippocampus following contextual fear conditioning (Hall et al., 2000). Various peripheral
immune challenges such as stress or the administration of either E. coli, IL-1f or LPS
(Lapchak et al., 1993; Nguyen et al., 1998; Pugh et al., 1998; Barrientos et al., 2006;
Richwine et al., 2008) that have been shown to induce IL-1f levels in the hippocampus have
also been shown to robustly decrease BDNF mRNA in the hippocampus (Lapchak et al.,
1993; Barrientos et al., 2003, 2004, 2011; Bilbo et al., 2008; Richwine et al., 2008; Cortese
et al., 2011; Chapman et al., 2012). Furthermore, this neuro-inflammation-induced reduction
in BDNF resulted in hippocampal-dependent memory deficits (Barrientos et al., 2004, 2006;
Bilbo et al., 2005; Barrientos, 2011). Moreover, intra-hippocampal administration of
IL-1RA prevented both the BDNF mRNA downregulation, and the memory impairments
produced by the challenge, again suggesting a causal relationship between IL-1f increases
and memory impairments (Barrientos et al., 2003). Moreover, these findings have recently
been confirmed at the protein level. Cortese et al. (2011) found that mature-BDNF was
markedly reduced in hippocampal synaptoneurosomes prepared from aged animals
following infection. It is important to note that the cleaved protein, mature-BDNF binds to
tyrosine kinase B receptors, promotes cell survival, and facilitates some forms of LTP. In

Neuroscience. Author manuscript; available in PMC 2016 September 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BARRIENTOS et al.

Page 9

contrast, the un-cleaved protein, pro-BDNF binds preferentially to the pan-neurotrophin
receptor p75NTR, activates apoptosis-related signaling pathways, and may facilitate long-
term depression in the hippocampus. Interestingly, pro-BDNF, was not reduced in the aged
inflammatory hippocampus samples. Furthermore, a central administration (intra cisterna
magna, ICM) of IL-1RA prevented the mature BDNF reduction (Cortese et al., 2011).
Similarly, our laboratory reported that physical exercise in aged rats not only prevented E.
coli-induced IL-1p elevations in the hippocampus, but also prevented BDNF mRNA
reductions in CA1 of the hippocampus and reversed memory deficits caused by the infection
(Barrientos et al., 2011). 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-1p 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 that receive direct
synaptic activation (Steward et al., 1998). The inhibition of 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 in neuroinflammatory-induced memory impairments. To further
support this notion, in a model of chronic neuroinflammation, young adult rats exhibited
activity-related alterations in Arc expression in the hippocampus and these alterations
correlated with microglial activation (Rosi et al., 2005). Also, IL-18XAT transgenic mice
with sustained hippocampal IL-1p 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 in this study. Although to the best of our knowledge Arc protein expression has
not yet been examined in aged animals following an immune challenge, one could
reasonably expect Arc protein to be dramatically blunted following a learning experience in
these animals.

CAUSES OF MICROGLIAL PRIMING

Understanding the mechanism(s) that sensitize microglia during normal brain aging is of
considerable importance in the context of developing effective treatments to attenuate
neuroinflammatory-induced cognitive impairments. Several lines of research have recently
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emerged to shed some light on this issue. The first of these lines implicates various proteins
that activate anti-inflammatory signals following ligand receptor interactions (Griffiths et
al., 2009). We will focus on two such proteins here. The ligands, CD200 and fractalkine
(CX3CL1), which are expressed preferentially on neurons, function to inhibit microglia
through their cognate receptor (CD200R and CX3CR1, respectively) expressed
predominately on microglia (Webb and Barclay, 1984). Young adult CD200 knockout mice
exhibited a chronically activated microglial phenotype remarkably similar to the phenotype
of aged animals, characterized by a less ramified morphology and increased expression of
CD11b (Hoek et al., 2000). Interestingly, CD200 protein and gene expression were reported
to be significantly reduced in the normal aging hippocampus (Lyons et al., 2007; Frank et
al., 2006), and CD200 ligand receptor interactions were shown to modulate microglial
activation via up-regulation of the anti-inflammatory cytokine IL-4 (Lyons et al., 2007).

The other of these proteins, fractalkine, is equally important in maintaining the functional
plasticity of microglia. Decreases in either the ligand or the receptor can lead to microglial
activation. Young mice deficient in the CX3C receptor (CX3CR1 ") exhibited long-lasting
microglial activation in response to an immune challenge (Corona et al., 2010), and also
exhibited decreased hippocampal neurogenesis (Vukovic et al., 2012). Interestingly, with
advanced age, both the receptor and the ligand exhibited a progressive decrease in the
hippocampus (Wynne et al., 2010; Bachstetter et al., 2011), and this was also associated
with a significant decline in hippocampal neurogenesis (Vukovic et al., 2012). Importantly,
treatment with exogenous CX3CL1 reversed the age-related decrease in hippocampal
neurogenesis and reduced the number of MHCI1+ cells in the hippocampus (Bachstetter et
al., 2011). These studies provide compelling evidence that neuronal inhibitory control over
microglial pro-inflammatory processes may be compromised with normal aging, thereby
predis-posing the aged brain to exaggerated pro-inflammatory response in the face of
immune challenges.

Another line of emerging evidence suggests that significant and prolonged elevations in
hippocampal corticosterone (CORT), the principal glucocorticoid (GC) in rodents, leads to
microglial priming. Although CORT is well-known for its anti-inflammatory and
immunosuppressant activity in both humans and animals (Selye, 1955), new evidence has
begun to emerge over the past decade that suggests that CORT can also have
immunoenhancing effects. A series of papers (Sapolsky and Pulsinelli, 1985; Sapolsky,
1999; Johnson et al., 2002; Dinkel et al., 2003; MacPherson et al., 2005; de Pablos et al.,
2006; Munhoz et al., 2006) demonstrated that chronic exposure to stress levels of CORT
exacerbated, rather than inhibited, the neuroinflammatory response to subsequent challenge.
Frank and colleagues (Frank et al., 2010c) reported that exogenous CORT administered
acutely prior to a bacterial immune challenge facilitated the inflammatory response to the
challenge, both in the periphery and in the brain. In contrast, CORT administered after the
same immune challenge resulted in suppression of the inflammatory response, suggesting
that the temporal relationship between CORT increases and an immune challenge
determines whether CORT will facilitate or suppress the inflammatory response. More
recent evidence in young adult rats has demonstrated that chronic exposure to exogenous
GCs primed hippocampal microglia, resulting in a potentiated pro-inflammatory response to
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a bacterial challenge (Frank et al., 2014). Together, these findings prompted our own
laboratory to examine whether normal aging-associated elevations in basal GCs might be
associated with microglial priming. Although circulating levels of GCs were not elevated by
aging, CORT levels within the hippocampus were indeed elevated throughout the light
phase (Barrientos et al., 2015b). The dissociation between circulating and brain levels of
CORT is thought to be driven by the enzyme 113-hydroxysteroid dehydrogenase type 1
(11p-HSD1). 11B-HSD1 has reductase activity, converting the inactive derivative of CORT
(11-dehydrocorticosterone) to biologically active CORT, thereby amplifying CORT action
locally (Seckl, 1997; Wyrwoll et al., 2011). 113-HSD1 protein and gene expression was
significantly elevated in the normal aged hippocampus (Holmes et al., 2010; Barrientos et
al., 2015b), resulting in greater CORT and greater glucocorticoid receptor (GR) activity
there (Yau et al., 2011, 2015; Barrientos et al., 2015b). Moreover, this increased GR
activation primed hippocampal microglial, as blocking GR activation prevented the bacteria-
induced potentiated pro-inflammatory response, and associated memory declines (Barrientos
et al., 2015b). Similarly, hippocampal learning and memory declines were prevented in aged
11B-HSD17/~ knockout mice (Yau et al., 2011, 2015). Taken together, there is mounting and
converging evidence that elevations of CORT in the aged hippocampus prior to an immune
challenge plays a critical role in priming microglia, amplifying the inflammatory response to
a challenge, and ultimately impairing hippocampal memory.

While the phenomenon of stress and GC-induced neuroinflammatory priming has been well
supported in recent years (de Pablos et al., 2006; Munhoz et al., 2006, 2010; Frank et al.,
2010c, 2014; Espinosa-Oliva et al., 2011; Kelly et al., 2012), mechanism(s) by which GCs
prime microglia remain largely unknown. There is a growing literature suggesting that GCs
induce the expression of the multi-protein complex known as the NLRP3 (Nucleotide-
binding domain, Leucine-Rich Repeat, Pyrin domain containing protein 3) inflammasome
(Busillo et al., 2011; Frank et al., 2014). The NLRP3 inflamma-some, expressed in
microglia (Hanamsagar et al., 2012) regulates the activation of caspase-1 and the subsequent
maturation and release of IL-1f3 (Martinon et al., 2002; Bauernfeind et al., 2011). Busillo et
al. (2011), found that GCs induce NLRP3 expression in THP-1 cells, bone marrow-derived
macrophages, and primary human monocytes in vitro, thereby priming NLRP3
inflammasome formation to a subsequent stimulus and potentiating the pro-inflammatory
cytokine response. Frank et al. (2014) found that chronic CORT exposure increased mRNA
expression of NLRP3 in the hippocampus in vivo, in a dose-dependent manner. Chronic
CORT exposure also produced a primed microglial immunophenotype (elevated Iba-1 and
MHCII gene expression), and potentiated the neuroinflammatory response to LPS. Together,
these studies suggest that GCs can operate as an endogenous danger signal by increasing
expression of the NLRP3 inflammasome. Whether GCs modulate the expression of CD200,
fractalkine, or their receptors has yet to be examined.

THERAPEUTIC INTERVENTIONS

The evidence reviewed indicates that normal aging potentiates neuroinflammatory responses
to immune challenges. The majority of studies have shown that an immune challenge in
aged animals induced exaggerated brain cytokine responses causing impairments in long-
term memory. Here we will discuss various studies demonstrating that pharmacological,
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dietary, and exercise-induced modulation of cytokines, or microglial phenotype, prior to an
immune challenge blocks the behavioral effects of such challenges in aged animals.

Some of these studies were touched upon in an earlier section, and are expanded upon here
(See Fig. 2).

Pharmacological treatments—In order to understand whether the neuroinflammatory
sequelae of peripheral infection is causal rather than merely correlated with impaired LTM
in older animals, the IL-1RA was administered ICM immediately prior to a peripheral E.
coli infection (Frank et al., 2010a) or prior to an abdominal surgery (Barrientos et al., 2012).
In the first of these studies, prior treatment with IL-1RA prevented the E. coli-induced
suppression of Arc, increases in IL-6, and long-lasting long-term memory impairments
(Frank et al., 2010a). In the second experiment, similar findings were reported. Central
administration of IL-1RA prior to abdominal surgery prevented surgery induced
hippocampal IL-1 increases, and long-term memory impairments (Barrientos et al., 2012).
These data suggest that preventing the cascade of neuroinflammatory sequelae in the aged
brain may protect against the deleterious effects of the otherwise unrestrained inflammatory
response following a challenge. Notably, ICM administration of IL-1RA treatment exerted
its effects up to 8 days post-treatment (Frank et al., 2010a, 2012; Barrientos et al., 2012),
which was remarkable given the reported short half-life (1-2 h) of peripherally administered
(i.v. or i.p.) IL-1RA (Granowitz et al., 1992). Thus, an alternative interpretation is that
IL-1RA is effective because it persists in the brain for such a long period of time.

As discussed earlier, aged animals showed deficits in LTP, which were accompanied by
increases in proinflammatory cytokines (Lynch, 1998; Chapman et al., 2010), and these
effects were further amplified by an immune challenge (Chapman et al., 2010). Chapman et
al. also examined the effects of IL-1RA and found that a single central administration of the
antagonist, at the time of a peripheral E. cali injection, abrogated the aging-associated,
infection-induced impairment of theta-burst L-LTP (Chapman et al., 2010). Consistent with
these findings, Abraham and Johnson (2009a) reported that central administration of
IL-1RA blocks LPS-induced sickness behaviors in aged mice. These studies provide
evidence that an exaggerated pro-inflammatory cytokine response in aged animals plays an
important role in their cognitive health following an immune challenge. Age-related
alterations to hippocampal microglial phenotype also play a critical role in the
neuroinflammatory and cognitive responses to immune challenge. Thus, pharmacological
interventions that control microglial activation states hold considerable promise with regard
to neuroinflammatory-induced memory impairments in the aged population. The microglia
inhibitor, minocycline, was found to attenuate the age-related increase in hippocampal
IL-1B, while partially restoring deficits in LTP (Griffin et al., 2006). It is important to note
this study was conducted in immunologically unchallenged animals. However, a study by
Henry et al. showed that pre-treating aged animals with minocycline reduced the
hippocampal pro-inflammatory response to LPS (Henry et al., 2008). Furthermore,
minocycline was also demonstrated to be effective at improving surgery-induced and
isoflurane-induced memory impairments in aged rodents (Kong et al., 2013; Jin et al., 2014).
Together these studies suggest that pharmacological treatments that aim to prevent
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hippocampal microglial priming or reduce the exaggerated neuroinflammatory response to
an immune challenge are effective at attenuating memory deficits in the aged population.

Dietary treatments—ROS are part of the neuroinflammatory cascade (McGahon et al.,
1999a,b; Cartford et al., 2002; Gemma et al., 2002; Martin et al., 2002; Godbout et al., 2004;
Wenk et al., 2004; Moore et al., 2005) and can play a prominent role in the development of
age-related declines in LTP (McGahon et al., 1999a,b; Martin et al., 2002), declines in
cognition, sickness behaviors (Perrig et al., 1997; Perkins et al., 1999; Cartford et al., 2002;
Berg et al., 2005), and other neuronal functions (Gemma et al., 2002). Several studies have
reported age-related decreases in vitamins C and E (alpha-tocopherol), and polyunsaturated
fatty acids, such as arachidonic acid in the hippocampus, and increases in hippocampal
superoxide dismutase activity, a profile indicative of compromised antioxidative defenses
(Murray and Lynch, 1998a; McGahon et al., 1999a,b; Martin et al., 2002; Moore et al.,
2005). This profile has also correlated with impaired LTP maintenance and increased
hippocampal IL-1f. Thus, a variety of studies have examined the effects of antioxidant
treatments on these age-related changes. An 8-week regimen of an alpha-lipoic acid-
enriched diet reversed increases in superoxide dismutase activity and decreases in alpha-
tocopherol levels in aged rats, as well as restored LTP deficits to levels comparable to those
observed in young animals. In addition, this dietary supplement also reduced elevated
hippocampal IL-1p levels (McGahon et al., 1999a). In a separate study, supplementing either
omega 6 or omega 3 fatty-acids in the diets of aged rats reversed levels of key
polyunsaturated fatty acids (arachidonic and docosahexanoic acids) and restored the ability
of aged rats to sustain LTP (Martin et al., 2002). Supplementing the diets of aged animals
with alpha-tocopherol ameliorated age-related (Murray and Lynch, 1998a; Murray et al.,
1999) and LPS-induced sensitized (Berg et al., 2005) responses such as LTP deficits,
decreases in membrane arachidonic acid levels, increases in IL-15, IL-6, and lipid
peroxidation, and deficits in social exploration behavior. Vitamin D3, when incorporated
into the diets of young and aged rats for 2 weeks, was shown to have significant anti-
inflammatory effects. Increased phenotypic (MHCII and CD11b expression) and functional
markers of glial activation (IL-1f elevations) found in the hippocampus of aged rats, were
abrogated by the vitamin D3-supplemented diet, while causing no change in young rats
(Moore et al., 2005).

Strawberries, blueberries, and blackberries have distinguished themselves as being potent
antioxidant fruits. As such, several laboratories have incorporated them into the diets of aged
animals to examine their ability to reverse age-related changes. Shukitt-Hale et al. found that
a 2% blackberry-enriched diet improved short-term memory of aged rats in a spatial
memory task, compared to control rats (Shukitt-Hale et al., 2009). Similarly, Joseph et al.
found that feeding aged rats for 8 weeks with diets supplemented with spinach, strawberry,
or blueberry extracts effectively reversed age-related deficits in neuronal function as well as
short-term memory on a spatial memory task (Joseph et al., 1999). Along the same lines, a
4-week diet supplemented with reseveratrol, a polyphenol found in red grapes, reduced the
potentiated IL-1p mRNA levels in the hippocampus of aged mice following an LPS
challenge (Abraham and Johnson, 2009b). Furthermore, this antioxidant treatment abrogated
the LPS-induced deficits in spatial working memory in aged animals (Abraham and
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Johnson, 2009b). Taken together, these studies suggest that dietary supplements high in
antioxidants may be an effective therapy in buffering against age-related
neuroinflammatory-induced cognitive impairments, though it should be noted that the
effectiveness of these supplements have not been tested with regard to long-term memory
paradigms.

Exercise—Many studies have recently reported robust effects of physical exercise in aged
animals on hippocampal neurogenesis and hippocampal memory performance (Kim et al.,
2010; Barrientos et al., 2011; Kohman et al., 2012; Speisman et al., 2013; Merkley et al.,
2014; Snigdha et al., 2014). For example, one study showed that 12 weeks of voluntary
wheel running reversed the aging-associated memory deficits in the hippocampal-dependent
task of place recognition (Siette et al., 2013). In addition, running restored presynaptic
density and neurogenesis in the hippocampus to levels beyond those observed in young
adults. Interestingly, they found that exercise might restore memory function by optimizing
intrahippocampal neuronal connectivity. Physical exercise has been extensively shown to
strongly increase BDNF mRNA and protein levels in the hippocampus (reviewed in Cotman
and Berchtold, 2002). Given the prominent role of BDNF in learning and memory
processes, the effects of exercise-induced BDNF in aged animals is of great interest. A
recent study showed that 28 days of voluntary wheel running in aged mice stimulated
hippocampal neurogenesis, increased BDNF, decreased IL-1f production, and improved
scores on learning and memory tasks such as Morris water maze and contextual fear
conditioning (Gibbons et al., 2014). Our laboratory found that small amounts of voluntary
exercise in aged rats were an effective therapeutic intervention to prevent E. coli-induced
BDNF blunting, neuroinflammatory responses, and long-term memory impairments. Low-
intensity, but consistent exercise, such as daily walking, was recently reported to be
associated with greater hippocampal volume in older women (Varma et al., 2014). Similarly,
another study found that not only cardiovascular, but also coordinative exercise (focused on
the improvement of complex movements for the whole body such as balance, eye-hand
coordination, leg—arm coordination as well as spatial orientation and reaction to moving
objects/persons) increased hippocampal volume in older men and women (Niemann et al.,
2014). With important implications for reducing the neuroinflammatory response, exercise
has also been demonstrated to modulate the activation state of microglia and to prevent
hippocampal microglial priming (Barrientos et al., 2011), with recent evidence suggesting
that this protection may occur through the exercise-induced downregulation of GRs in the
hippocampus (Barrientos et al., 2015b). Another study showed that exercise decreased the
proportion of CD86+ and MHCII+ microglia in the hippocampus of aged female mice
(Kohman et al., 2013). However, the same study showed that while exercise decreased the
number of CD86+ microglia, it also increased the number of MHCII+ microglia in the
hippocampus of aged male mice, indicating that modulation of microglial activation varies
not just by age but sex as well (Kohman et al., 2013).

Exercise has also been shown to ameliorate the deficits shown in rodent models of TBI and
Alzheimer's disease. In addition to rescuing impairments in learning and memory tasks,
differences in hippocampal formation and volume of lateral ventricles were decreased in
animals allowed to run after TBI (Jacotte-Simancas et al., 2014). Another study
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demonstrated that expression of hippocampal microRNAs were altered to decrease miR-21
after wheel running, something previously shown to have been upregulated in TBI models,
and was associated with improved cognitive abilities (Bao et al., 2014). Furthermore, in an
AD mouse model male and female mice exhibited increased levels of BDNF and markers
for neuroprotection and plasticity after 6 months of voluntary wheel running. This amount of
exercise was also associated with activated antioxidant signaling pathways and protected
cognitive and dementia-like behaviors (Garcia-Mesa et al., 2011, 2014). Taken together,
there is a tremendous amount of evidence to support the beneficial effects of exercise for
hippocampal function and thus cognitive health in the aged population, both from a
preventative standpoint as well as a restorative one.

SUMMARY

Taken together, the literature suggests that challenges such as a bacterial infection, surgery,
or head injury produce neuroinflammatory responses that are exaggerated in the otherwise
healthy aged brain. These exaggerated responses appear to be most prominent in the
hippocampal formation, the critical brain region mediating contextual and spatial memory,
and may be the cause of hippocampal memory impairments in aged individuals. The
primary source of this neuroinflammatory response appears to be sensitized microglia. A
dysregulated neuroendocrine response in the aged animal is skewed toward higher
hippocampal CORT levels, and this may play a critical role in priming microglia to respond
in an exaggerated manner following an immune challenge, possibly through the
upregulation of the NLRP3 inflammasome. Pro-inflammatory cytokines such as IL-13 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. Preventing microglial priming or
blocking the exaggerated brain cytokine response pharmacologically, or through diet and
exercise modifications may effectively block the deleterious effects on memory following an
immune challenge, not only suggesting that these may be useful therapeutic interventions,
but also supporting the view that proinflammatory cytokines have a causal, rather than
merely correlational relationship with impaired long-term memory in older individuals.
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Fig. 1.

Sc%ematic depiction of the current state of the literature. Upon being challenged with a
bacterial or viral infection, a surgery, or a head injury, once quiescent microglia of the
young adult animal are rapidly and transiently activated. Pro-inflammatory cytokines are
released resulting in only modest elevations above basal levels, and lasting no longer than 24
h. Synaptic facilitation (LTP) and molecular mediators of long-term memory such as BDNF
and Arc are also modestly decreased resulting in mild to negligible memory impairments. In
contrast, aged microglia exhibit immunological and morphological markers of activation
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(i.e., MHCII, CD11b, CD86), rendering them primed for a subsequent challenge. Upon a
challenge, these microglia produce a potentiated neuroinflammatory response. Pro-
inflammatory cytokine release is exaggerated and prolonged, lasting at least 8 days.
Synaptic facilitation (LTP) and molecular mediators of long-term memory are profoundly
reduced, and long-term contextual, and spatial memory is significantly impaired.
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Fig. 2.
Therapeutic interventions. Pharmaceutical (e.g., IL-1RA, minocycline) interventions,

exercise, and anti-oxidant rich diets have all been demonstrated to normalize the
immunophenotype of the aged hippocampal microglia, thus reducing neuroinflammatory
responses, and preventing long-term memory impairments.
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