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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. These peripheral challenges are capable of producing a neuroinflammatory response, (e.g., 

increased pro-inflammatory cytokines), and 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. Among the outcomes of this exaggerated neuroinflammatory response is impairment in synaptic 

plasticity, and a reduction in key downstream mediators such as Arc and BDNF.  Each of these mechanisms is 

important for long-term memory formation, and is compromised by elevated pro-inflammatory cytokines. 

Pharmacological, dietary and physical interventions are discussed as potential therapies to abrogate the 

challenge-induced neuroinflammatory response, thereby preventing or reducing memory deficits in aged 

subjects.  
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By the year 2030, roughly 20% of the population will 

be over 65 years of age [1]. 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 [2]. Many older individuals 

show very little decline, while others show extensive 

decline. An important observation is that the cognitive 

function of otherwise normal older individuals can be 

severely impaired if they experience what can be 

called a challenging life event such as an infection [3], 

surgery [4], or psychological stress [5].  One effect of 

normal aging is an increase in the vulnerability to the 

cognitive effects of these challenges [2, 6-8]. 

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 

functioning? The narrative will have a number of 

steps. First, we will suggest that the first step in a 

cascade of processes is that these challenges activate 

innate immune cells, thereby inducing a peripheral 

inflammatory response. Pro-inflammatory cytokines 

that are released as part of this response signal the 

brain, and so we next discuss communication between 

the periphery and the brain, as it is the key to 

understanding how an immune challenge to the 

periphery can potentially impair memory function, 

which is mediated in the brain. Next we will introduce 

the brain’s resident immune cells, microglia. This is 

because microglia become activated upon peripheral 

inflammatory signaling to the brain, and are key to the 
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memory impairments that follow. Microglia have the 

main job of immunosurveillance. Upon detection of a 

pathogen, microglia become activated and release 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, the microglia from an aged animal 

exhibit a sensitized pro-inflammatory response. This 

exaggerated pro-inflammatory response in the brain 

can then either directly or indirectly impact neuronal 

functioning to ultimately impair hippocampal-

dependent memory. We will then discuss a handful of 

putative mechanisms of pro-inflammatory cytokine-

induced neuronal dysfunction. Finally, 

pharmacological, dietary, and behavioral interventions 

will be described that have aimed to ameliorate or 

block the initial pro-inflammatory surge in the aged 

brain, to protect against memory impairments. See 

Figure 1 for schematic representation of the 

perspective described.   

 

 

 
 
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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Communication between peripheral pro-

inflammatory cytokines and the brain: 

 

An important recent advance in understanding the 

biological basis of 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 peripheral infection [9], 

implying that there must be pathways of 

communication from the immune system to the brain. 

Over the last 15 years it has become clear that this 

communication indeed occurs, and by more than one 

pathway. Both blood-borne and neural routes have 

been identified [10-15]. Pro-inflammatory cytokines 

play a key role in this communication. Pro-

inflammatory cytokines are regulators of host 

responses to infection, immune responses, 

inflammation, and reactions to trauma. Interleukin-1 

beta (IL-1) plays a principal role in immune-to-brain 

communication. It is released by a variety of cell types 

distributed throughout the periphery and brain (e.g. 

macrophages, epithelial cells, fibroblasts, endothelial 

cells, glia) in response to pathogens and injury.  IL-1 

can also induce the production of other cytokines such 

as interleukin-6 (IL-6), and tumor necrosis factor 

alpha (TNF), which in turn have secondary effects 

on other cells. These pro-inflammatory cytokines 

accumulate in the blood during infection, and have 

been shown to passively cross into the brain 

parenchyma at “leaky” areas, the circumventricular 

organs of the blood brain barrier, so to enter 

cerebrospinal fluid and interstitial fluid spaces of the 

brain and spinal cord [11, 16]. There is also active 

transport of cytokines across the barrier [16, 17], as 

well as binding of cytokines to receptors on epithelial 

cells of the brain blood vessels, with consequent 

production of mediators such as prostaglandins, that 

then diffuse into the parenchyma [18]. Neuronal 

communication is thought to involve the vagus nerve. 

IL-1 and perhaps other pro-inflammatory cytokines 

bind to receptors on vagal afferents or sensory 

paraganglia associated with vagal afferents [14], 

thereby activating afferent vagal fibers [13] that 

terminate in the nucleus tractus solitarius (NTS). A 

neural cascade of activity then ascends from the NTS 

to regions such as the hippocampus [12].  

Importantly, this immune-to-brain signaling results 

in the de novo production of pro-inflammatory 

cytokines within the brain, primarily by microglia [19-

22]. That is, part of the neural cascade that follows 

peripheral inflammation includes the activation of 

microglia and a shift of the microglia to an 

inflammatory phenotype. A determination of the 

signals to the microglia during peripheral challenge is 

a topic of current investigation. 

 

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 [23]. It is 

important to note that perivascular macrophages, 

which reside outside the brain parenchyma and are 

also of myelomonocytic origin, also serve a critical 

role in the brain’s innate immune response [24].  Our 

focus here is on evidence showing that microglia 

undergo profound immunophenotypic and functional 

changes with normal brain aging. Based on this 

evidence, we will explore the notion that the aging-

related change in microglia immunophenotype 

represents a progressive shift in the activation state of 

microglia from quiescent to primed, that is to say from 

a state of maintaining homeostasis in CNS 

microenvironments to a state skewed towards 

exaggerated pro-inflammatory immune responses to 

endogenous (e.g. sterile injury) and exogenous (e.g. 

pathogens) danger signals. Finally, we will examine 

evidence suggesting that sensitization of microglial 

pro-inflammatory responses may be a consequence of 

a loss of neuronal inhibitory control over microglia 

immune function. 

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 [25-29], 

rodent [30-35], canine, [28], and non-human primates 

[36-38]. It should be noted that astroglia also undergo 

considerable immunophenotypic changes with age 

[39], but have received little attention as to their role 

in aging-induced sensitization of pro-inflammatory 

responses. 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 



 R. M. Barrientos et al.                                                                                  Memory impairments in healthy aging 
 

Aging and Disease • Volume 1, Number 3, December 2010                                                                            215 
 

focused on studying normal aging wherein older 

animals are capable of exhibiting a sensitized 

response—be it a pro-inflammatory response, or a 

behavioral response—to challenge, compared to 

younger control animals. Outside the scope of the 

present review, a considerable literature has studied 

senescent animals, which basally typically exhibit 

behavioral and brain cytokine profiles dramatically 

different from younger animals and whose brains are 

generally classified under the heading of 

“neurodegeneration” [40-42]. 

Aging-related up-regulation of MHCII occurs also 

at the mRNA level [43]. Importantly, MHCII is 

expressed at very low levels on microglia in younger 

animals under basal conditions [44], which provides a 

clear baseline to detect aging-related changes in 

microglia immunophenotype. A key question is how 

changes in microglia immunophenotype (up-regulated 

MHCII) relate to changes in microglia immune 

function with normal brain aging. Interestingly, age-

related increases in MHCII do not reflect an increase 

in antigen presentation [44]. Of relevance here is the 

question of whether these aging-related increases in 

microglia antigens represent an increase in microglia 

number with age (microgliosis) or increased antigen 

expression on a per cell basis. An aging-related 

microgliosis could argue against the notion that aging 

sensitizes microglia. That is to say, the exaggerated 

neuroinflammatory responses observed in older 

animals, which will be reviewed in greater detail in 

the next section, may be due to increased microglia 

numbers rather than an aging-induced sensitization of 

microglia. It should be noted that microgliosis and 

microglia sensitization are not mutually exclusive 

conditions.  

Although there are not a large number of studies, 

those that have been done 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 [45]. Moreover, flow 

cytometry on microglia isolated from young and aged 

animals conclusively showed that microglia MHCII 

expression increases on a per cell basis in aged 

animals compared to young [46]. Further, we recently 

conducted a study in which hippocampal microglia 

were rapidly isolated from younger (3 mo) and older 

(24 mo) animals and several microglia antigens were 

analyzed using real time PCR. We found that 

microglia MHCII, CD11b, and Iba-1 gene expression 

were highly up-regulated in older compared to 

younger animals, while controlling for microglia cell 

number [43]. A critical point to bear in mind with 

regard to the use of isolated microglia is the effect of 

the isolation procedure on antigen expression. The 

cellular stresses induced by the isolation procedure 

may function to elicit an up-regulation of activation 

antigens on microglia from aged animals. Despite 

these caveats, the preponderance of evidence suggests 

that aging results in the progressive up-regulation of 

microglia “activation” antigens such as MHCII.  

 

Aging–related sensitization of the 

neuroinflammatory response to challenge 

 

As mentioned in the Introduction, significantly 

elevated levels of pro-inflammatory cytokines, such as 

IL-1, in key brain regions responsible for mediating 

memory, such as the hippocampus, has been shown to 

impair memory [47-57]. Thus, an obvious question is 

whether the neuroinflammatory response to challenge 

is sensitized in normal aging. A shift in microglia 

activation state does not necessarily reflect a primed 

or sensitized state. Macrophage populations show a 

high degree of functional plasticity depending on 

macrophage immunophenotype and the cytokine 

microenvironment, which underscores the difficulty in 

relating immunophenotype to functional outcomes 

[58]. To examine whether the age-related changes in 

microglia immunophenotype reflects an age-related 

change in microglia immune responsiveness 

(priming), 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 [59-64], a stressor [65, 66], or a 

surgical intervention [67]. 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-1 protein was measured 2 

hours, 4 hours, 24 hours, 4 days, 8 days, and 14 days 

following the injection. Both adult (3 months) and 

aging (24 months) rats had elevated levels of IL-1 in 

the hippocampus at 2 hours post-E. coli, with IL-1 in 

adult rats returning to vehicle control levels at 24 

hours. However, aged rats showed significant 

elevations through day 8 post-infection, with a return 

to vehicle control levels at day 14 (See Fig. 2)[61]. A 
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study by Godbout et al. [59] 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-1 and IL-6 (both 

protein and mRNA) in aged, relative to adult mice. In 

both of these studies [59, 61], the exaggerated 

cytokine response was restricted to the brain and did 

not occur in the periphery. In fact, our laboratory 

found this amplified response to be particular to the 

hippocampus. We did not observe exaggerated or 

protracted responses in either hypothalamus, parietal 

cortex, pre-frontal cortex, spleen or serum [61]. 

Similarly, Buchanan et al. [65] reported that 30 min of 

restraint stress repeated over four days resulted in IL-

1 mRNA expression that was exaggerated in the 

hippocampus of aged mice compared to non-stressed 

age-matched controls.  This augmented response was 

not observed in hypothalamus or in peripheral plasma 

samples, implicating a hippocampus-specific 

response. Along the same lines, Rosczyk et al. [67] 

found IL-1 mRNA expression in the hippocampus to 

be amplified 24 hours after abdominal surgery in aged 

mice compared to age-matched sham controls. Young 

adult mice that underwent the same surgical procedure 

showed no differences in IL-1 mRNA compared to 

their age-matched sham controls. As a group, these 

studies provide an abundance of evidence indicating 

that a challenging event indeed results in a sensitized 

neuroinflammatory response in the aged organism, 

and in many cases, this response was specific to the 

hippocampal formation, which is important for 

memory function. 

 

 

 

 

Figure 2. IL-1 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 [61]. 

 

  

While the studies reviewed indicate a sensitized 

neuroinflammatory response, they do not implicate 

microglia as the source of the inflammatory mediators 

within the CNS, or as the site of sensitization. In the 

above studies, even if microglia were the sole source 

of pro-inflammatory mediators in the CNS, it could be 

that the immune challenge 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. To address the question of whether 

aging sensitizes microglia to a pro-inflammatory 

stimulus, we have recently demonstrated that 

hippocampal microglia isolated from aged animals 

exhibit a potentiated pro-inflammatory cytokine 

response (i.e. IL-1, TNF) to LPS ex vivo [68]. It is 

important to note that this study does not exclude the 

possibility that other CNS immunocompetent cells 

(i.e., perivascular macrophages) are sensitized in aged 

animals. While it would provide valuable insights to 

study age-related sensitization of other CNS 

immunocompetent cells under ex vivo conditions, 

microglia are particularly amenable to study ex vivo 

compared to other CNS cell types. 

 

Aging and loss of CNS immunoregulatory control 

of microglia 
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The evidence presented thus far suggests that a 

progressive shift in the activation state of microglia 

occurs with aging resulting in chronically sensitized 

microglia. Microglia from the aged CNS could be 

described as hyper-vigilant or hyper-alert 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. The 

immunologically primed state of microglia may thus 

reflect a loss of plasticity, suggesting that with aging, 

microglia are less capable of shifting among 

functional states necessary for maintaining 

homeostasis in the CNS microenvironment. Clearly, if 

microglia functional plasticity is compromised with 

aging, the implications for understanding aging-

related cognitive impairments are considerable.  

At issue here is understanding the mechanism(s) of 

how microglia become chronically sensitized during 

normal brain aging. There is now considerable 

evidence that the CNS microenvironment expresses 

proteins that inhibit microglia activation as well as 

pro-inflammatory immune responses [69]. Our focus 

here will be on the age-related decreases in two of 

these proteins, fractalkine (CX3CL1) and CD200, 

which are expressed preferentially on neurons and 

function to inhibit microglia through their cognate 

receptor expressed predominately on myelomonocytic 

cell types. We found that in aged animals CD200 gene 

expression was reduced in hippocampus compared to 

young animals [43]. Lyons et al. [70] subsequently 

showed that CD200 protein was also reduced in the 

hippocampus of aged animals. Interestingly, CD200 

knockout mice constitutively display a chronically 

activated microglia phenotype characterized by a less 

ramified morphology and increased expression of the 

activation marker CD11b [71], a phenotype 

remarkably similar to microglia phenotypes observed 

in aged animals. Likewise, CX3CL1 also shows an 

age-related decrease in the CNS [15, 72]. Further, in 

addition to a decrease in CX3CL1, aged animals fail 

to up-regulate the microglia fractalkine receptor 

(CX3CR1) 24 hours after a peripheral inflammatory 

immune challenge. The failure to up-regulate 

microglia CX3CR1 in aged animals coincided with a 

potentiated neuroinflammatory response as well as 

reductions in social behavior, which are labile to pro-

inflammatory cytokine changes [72]. The inability of 

aged microglia to up-regulate CX3CR1 in the face of 

an immune challenge again suggests a loss of 

microglia functional plasticity with age. In support of 

this idea, Bachstetter et al. [15] demonstrated that 

treatment with exogenous CX3CL1 reversed the age-

related decrease in hippocampal neurogenesis and 

reduced the number of MHCII+ cells in the 

hippocampus. Of note, Bachstetter et al. [15] also 

showed that 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-1 protein. Co-treatment with the IL-1 receptor 

antagonist (IL-1RA) abrogated the effects of CX3CR1 

blockade. These studies provide compelling evidence 

that neuronal 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.  

 

Neuroinflammatory effects on synaptic plasticity 

and hippocampus-dependent memory in aged 

subjects 

 

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) 

[73-77], and hippocampus-dependent memory in adult 

rodents [47-56]. 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.  

 

Long-term potentiation 

 

Long-term potentiation (LTP) was defined when 

researchers [78] demonstrated that brief high-

frequency electrical stimulation to any one of the three 

afferent pathways to the hippocampus produced an 

increase in synaptic efficacy lasting from hours to 

days, or even weeks. As we shall explore in the 

paragraphs ahead, LTP has become a biological model 

of hippocampal-dependent learning and memory. 

Once LTP is induced, a fixed amount of pre-synaptic 

stimulation induces increased excitatory post-synaptic 

potentials. LTP may be induced in the dentate gyrus 

granule cells by stimulation of the perforant pathway 
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[78], CA3 pyramidal cells by stimulation of the mossy 

fiber pathway [79], CA1 pyramidal cells by 

stimulation of Schaffer collateral fiber pathway [79, 

80], and in the piriform [81], entorhinal [82], and 

prefrontal cortices [83]. One defining feature of LTP 

is its dependence on high levels of post-synaptic 

calcium [84]. It is widely believed that the primary 

source of calcium influx during the induction of LTP 

occurs through an ion channel that is coupled to the 

N-methyl-D-aspartate (NMDA) subtype of the 

glutamate receptor [85, 86]. This receptor is unique in 

that stimulation of the channel ionophore requires 

glutamate binding as well as a moderate level of 

depolarization. It should be noted, however, that LTP 

may be induced in the hippocampus without the 

participation of NMDA receptors, provided that titanic 

stimulation is of sufficient intensity to activate 

voltage-dependent calcium channels and thus, 

increase post-synaptic intracellular calcium 

concentrations [87].   

As mentioned earlier, LTP has been widely 

accepted as an electrophysiological model of 

hippocampal learning and memory. Hippocampal-

dependent memory can be divided into two distinct 

forms: short-term and long-term memory. These 

forms of memory differ temporally and 

mechanistically. The facilitated synaptic transmission 

involved in short-term memory formation may last 

from a few seconds to several hours, whereas in long-

term memory formation, facilitated synaptic 

transmission can last from many hours to several 

weeks and requires protein synthesis. Ultimately, 

structural changes encode permanent memory. In 

similar fashion, researchers have distinguished 

between early-phase LTP (E-LTP) and late-phase LTP 

(L-LTP) (reviewed in [88]). E-LTP requires calcium 

influx through NMDA receptors, as has been 

described above. In the longer lasting form of synaptic 

facilitation, L-LTP requires activation of cAMP-

dependent protein kinase (PKA) and the transcription 

factor CREB [18, 89]. Moreover, 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 the memory [90, 91]. It 

should be noted that L-LTP has been shown to be 

dependent on brain-derived neurotrophic factor 

(BDNF) [92, 93], a growth factor extensively studied 

for its role in facilitating learning and memory 

(reviewed in [88]). Much evidence shows that LTP is 

involved in spatial learning and memory. For 

example, blocking E-LTP with NMDA receptor 

antagonists [94-98], or by a mutation in one of the 

NMDA receptor subunits [99], impairs rats’ spatial, 

but not non-spatial learning, spatial learning being 

mediated by the hippocampus. Moreover, blocking L-

LTP impairs long-term memory formation (reviewed 

in [88, 100]).  

The pro-inflammatory cytokine IL-1 was first 

shown to completely block LTP in the CA1 region 

[101] and the dentate gyrus [102-104] in rat 

hippocampal slices, and the CA3 region of murine 

hippocampal slices [105], nearly 20 years ago. In the 

years since, several studies have focused on 

examining IL-1-induced synaptic plasticity 

impairments in aging animals, as measured by LTP. 

Given that LTP is widely believed to facilitate 

spatial learning and memory, and pro-inflammatory 

cytokines effectively inhibit LTP, populations who 

exhibit exaggerated pro-inflammatory responses, as is 

the case with normal aging following a challenge, 

would likely be more vulnerable to memory 

impairments. Much of the evidence showing that 

aging rodents exhibit a decreased ability to sustain 

LTP compared to their younger counterparts, show 

that this behavioral profile is often accompanied by 

increases in pro-inflammatory cytokines [106-110].  

Our laboratory, in collaboration with the Patterson 

laboratory, recently reported that LTP induced in area 

CA1 of hippocampal slices was not significantly 

different between healthy young (3 months) and aged 

but not senescent (24 months) F344xBN rats [111]. 

However, several days (4-5 days) following a 

peripheral E. coli infection, L-LTP induced by theta-

burst stimulation was reduced in young rats, and 

nearly obliterated in aged animals. Theta-burst 

stimulation (12 bursts of 4 pulses at 100 Hz, delivered 

200 ms apart), 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. 

These results were specific to late-phase LTP, the 

form of LTP implicated in long-term memory 

formation, as described above.  Importantly, infected 

aged animals were not impaired on basal synaptic 

transmission, or measures of short-term synaptic 

plasticity (E-LTP; 1 x 1s train, at 100 Hz). 

Furthermore, high-frequency four-train L-LTP (4 x 1s 

trains, at 100 Hz, delivered 5 min apart), which 

produces a robust activation of many plasticity-related 

signaling cascades, was also not impaired in aged and 

infected rats. Interestingly, this pattern of 

electrophysiological data mirrors the behavioral 
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results to be described in the next section.   

 

Hippocampus-dependent contextual and spatial 

memory  

 

Morris Water Maze.  The hippocampus has long been 

recognized as a critical brain structure for mediating 

contextual and spatial memory. In the following 

section, we review studies that have shown a 

neuroinflammatory-induced exacerbation of 

hippocampus-dependent memory deficits in aged 

subjects. Two of the most commonly used behavioral 

paradigms to study hippocampus-dependent memory 

are the Morris water maze [112], and contextual fear 

conditioning [113, 114].  

In the Morris water maze (MWM), an animal must 

swim in a tank of cool water to find a platform hidden 

just beneath the surface of the water that allows 

escape from the water. The animal receives multiple 

training trials per day for several days and, as the trials 

start from different locations and there are no intra-

maze cues to indicate platform location, must use 

various visual cues located outside the tank to guide 

its way to the escape platform. At the end of training, 

a probe trial is often employed, in which the platform 

is removed from the tank and the animal’s search 

pattern recorded and analyzed for latency to target 

quadrant, time spent in target quadrant, and platform 

crossings (swimming over the location where the 

platform had been). A probe trial can be given 

immediately after the last training trial, serving as a 

measure of short-term memory (STM).  Another 

probe trial can be given a day or more after the last 

training trial as a measure of long-term memory 

(LTM). Good performance on this task depends on 

intact motivational states and motor skills, as well as 

intact hippocampal function. Therefore, caution needs 

to be exercised to assure that animals are not actively 

sick or motorically impaired during training and/or 

testing of this task.   

In our studies, 3 and 24 month old F344xBN rats 

were administered a peripheral injection of E. coli or 

vehicle 7 days prior to acquisition training. Thus, by 

the time training began, sickness behaviors had 

subsided in both young and aged animals, but IL-1 

levels were still elevated in hippocampus of aged 

animals. STM and LTM for platform location were 

tested 1 and 48 hours following the last training trial, 

respectively. Neither STM nor LTM were affected by 

age alone. That is, healthy aged rats performed as well 

as did younger rats on both memory tests. Given that 

we do not observe differences in pro-inflammatory 

cytokines under basal conditions in these two age 

groups, this was not surprising. Peripheral infection 

did not produce a STM deficit in either young or aged 

rats, indicating that these animals were capable of 

learning well despite having had a peripheral infection 

a week prior to training and testing. Thus, it cannot be 

argued that the aging animals were motorically, 

motivationally, or otherwise unable to complete the 

task. In contrast, the LTM test revealed a large deficit 

in aged infected rats compared to their young 

counterparts. They showed no preference for the 

target quadrant, while all other groups continued to 

show selectivity to the target quadrant relative to the 

other quadrants [62].  Similar findings have been 

reported by Buchanan et al. [65]. Here, repeated mild 

stress (30 minutes of restraint stress over four days), 

which was shown to elevate hippocampal IL-1 

mRNA in an exaggerated manner in aged mice, 

induced MWM memory impairments in old, but not 

young mice.  

A seemingly contradictory set of findings was 

reported by Rosczyk et al. [67]. Aged mice showed 

impaired performance on basic acquisition parameters 

(they swam further and longer to locate the platform) 

compared to young animals, but these deficits were 

not exacerbated by abdominal surgery. The same was 

found in the memory test. Memory was affected by 

old age, but was not made worse by the surgical 

procedure.  Although surgery sensitized IL-1 

expression, it may have been insufficient to produce a 

cognitive impairment. Support for this possibility is 

provided by the finding that surgery-treated animals 

showed no suppression of locomotor activity despite 

being tested only 24 hours following the procedure, at 

the peak of elevated IL-1 expression. These findings 

lend support to the idea that challenge-induced 

hippocampus memory impairments in aged animals 

require exaggerated and prolonged pro-inflammatory 

cytokine expression.  

 

Contextual Fear Conditioning. Contextual fear 

conditioning is another behavioral task that is 

perfectly suited to studying hippocampus-dependent 

memory in animals as hippocampal and non-

hippocampal memory impairments can be dissociated.  

In this task, an animal is placed in a novel context 

where it is allowed to freely explore and learn the 

many features that become conjoined to make up a 

contextual representation [115]. After a few minutes, 

one or more electric shocks are delivered to the feet of 
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the subject through a metal grid floor. This is clearly 

an aversive, albeit short-lived, stimulus that becomes 

strongly associated with the context. To test memory, 

the animal is placed back in the conditioning context 

either a few hours after conditioning (to measure 

STM), or a day(s) later (to measure LTM), and the 

amount of time spent freezing in the context is 

measured. Freezing is the rat’s dominant defensive 

fear response, and is used as an index of memory for 

fear of the conditioning context. An auditory cue, such 

as a tone, is often paired with the shock at the time of 

conditioning. The animal’s freezing to the tone in a 

novel context can be tested independently from the 

test of the context. Memory for the context depends 

on the hippocampus, while memory for the tone does 

not [113, 114], thus allowing distinctions between an 

intervention that impairs hippocampus-dependent 

memory or hippocampus-independent memory. 

Because this paradigm requires only a single session 

for learning, it is ideal for the study of either 

retrograde and/or anterograde effects of an immune 

challenge on memory consolidation.  

A recent study from our laboratory examined both 

retrograde and anterograde effects of peripheral 

infection on memory formation. In the retrograde 

experiment, young and aged animals were challenged 

with an E. coli infection immediately after 

conditioning. With this procedure animals are 

unaffected at the time of conditioning, and thus if an 

impairment ensues it can be attributed to the 

infection’s affect on memory consolidation, which 

occurs after the training experiences, rather than on 

processes that occur during the training trial 

(learning).  In this experiment, we found no effect of 

aging per se. That is, vehicle-treated young and aged 

rats froze to the conditioning context equally. E. coli-

challenged aged animals however, showed a reduction 

in freezing compared to every other group (young 

infected rats were no different than vehicle-treated 

young rats), indicating impaired memory for the 

context. Freezing to the tone in a novel context, 

however, was not impaired in these animals, pointing 

to specificity of the memory impairment to the 

hippocampus. In the anterograde experiment, young 

and aged rats were administered E. coli 4 days prior to 

conditioning. In this experiment, we measured both 

STM and LTM. Again, no effect of age per se was 

observed. Memory impairments in E. coli-treated aged 

rats were restricted to LTM. E. coli had no effect on 

the STM test given 1h after training. This result 

indicates that the memory deficits could not be 

attributed to a failure of the aged E. coli-treated rats to 

properly sample and encode the environment. It also 

indicates that the effects were not caused by an 

inability to express what was learned (to freeze to the 

conditioning context). These are important 

observations because they eliminate the possible 

interpretation that overt sickness at the time of 

acquisition or testing account for the deficits in LTM.  

Strengthening these conclusions, sickness 

behaviors, including fever, subside by day 4 post-E. 

coli infection [116]. Additionally, memory for the 

tone in a novel context was not impaired in E. coli-

treated aged rats (or in any group), again confirming 

that the E. coli-induced memory impairment is 

restricted to hippocampus-dependent processes. These 

memory deficits are concordant with the exaggerated 

pro-inflammatory response found in the hippocampus 

of aging animals [62]. In a separate study, we have 

shown that the duration of contextual fear 

conditioning memory deficits parallels the duration of 

IL-1 increases in hippocampus of aged rats [61]. 

That is, IL-1 protein levels are elevated 8 days 

following E. coli challenge, returning to vehicle-

treated control levels at 14 days. Mirroring these 

results, we found that if rats were conditioned either 4 

or 8 days following infection, hippocampus-dependent 

memory was significantly impaired. However, when 

14 days were allowed to elapse between E. coli and 

learning, there was no impairment, implicating 

amplified pro-inflammatory cytokines in the 

hippocampus as the critical element in challenge-

induced memory deficits in otherwise healthy aged 

animals.  However, it should be noted that from this 

evidence alone, the relationship remains correlational, 

and not causal (see below). 

 

Putative mechanisms of pro-inflammatory 

cytokine-induced hippocampal dysfunction 

 

As reviewed above, pro-inflammatory cytokines such 

as IL-1, when elevated above basal levels in the 

hippocampus impairs hippocampal-dependent 

memory processes. How? Many mechanisms have 

been implicated in the actions of IL-1 on learning 

and memory processes, and only some can be 

reviewed here.  

 

IL-1 inhibits LTP 

As discussed in an earlier section, IL-1 has been 

shown to completely block LTP in hippocampus [101, 
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102, 105, 117].  The cellular mechanisms by which 

this inhibition occurs, is not fully understood, though 

IL-1 has been shown to inhibit release of 

acetylcholine [118] and glutamate [74, 119] in 

hippocampal synaptosomes, reduce calcium influx in 

hippocampal synaptosomes [119], and inhibit calcium 

channel currents in hippocampal neurons [120].  It 

should be recognized however, that a broader 

literature claims a neuroexcitatory role for IL-1 (e.g., 

enhancement of NMDA receptor-mediated calcium 

increase and increases in glutamate) [121-124], and 

this apparent contradiction remains to be elucidated.  

Elevations in IL-1 have been demonstrated to 

increase reactive oxygen species (ROS) formation in 

the hippocampus [74], and in turn, these activate 

certain members of the mitogen-activated protein 

(MAP) kinase family, such as c-jun N-terminal kinase 

(JNK) [74, 125] and p38 [74, 126]. 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 [127], activation of JNK and p38 has 

been shown to induce cell damage or cell death [128]. 

Inhibiting JNK in vivo with D-JNKI1 [125] or in vitro 

with SP600125 [129], blocked IL-1-induced LTP 

inhibition in hippocampus. Moreover, in vivo 

treatment with the p38 inhibitor, SB203580, 

attenuated pro-inflammatory-induced inhibition of 

hippocampal LTP [126]. Furthermore, inhibiting ROS 

formation, through an antioxidant diet, reversed IL-

1-induced LTP inhibition as well as IL-1-induced 

JNK and p38 activation [74]. Together, these findings 

confirm that IL-1 plays a prominent role in inhibiting 

important cellular processes critical to memory 

formation such as LTP, through activation of these 

stress-activated protein kinases.  

 

IL-1 down-regulates BDNF 

Another possibility is that IL-1 works indirectly by 

modulating downstream mediators that in turn cause 

the memory impairment. Brain-derived neurotrophic 

factor (BDNF) is a plausible downstream mediator 

capable of affecting memory processes due to its 

critical role in late synaptic plasticity processes [92, 

93, 100, 130-132] and long-term memory [133-135]. 

Furthermore, BDNF is rapidly and selectively induced 

in the hippocampus following contextual fear 

conditioning [133], and the systemic administration of 

either IL-1 or LPS [136, 137] or stress-induced 

elevations of IL-1 in hippocampus [20, 55] decreases 

BDNF mRNA in the hippocampus [48, 136, 137]. 

Moreover, intra-hippocampal administration of the IL-

1 receptor antagonist, IL-1RA, prevents both the 

BDNF downregulation, and the memory impairments 

produced by the challenge [48]. Taken together, these 

studies provide strong evidence for the idea that pro-

inflammatory cytokine-induced memory impairments 

may involve the downregulation of BDNF. 

 

IL-1 down-regulates Arc 

The immediate early gene activity-dependent 

cytoskeletal-associated protein (Arc) is another 

mediator downstream of IL-1 that has been identified 

as a key modulator of hippocampal memory 

consolidation[138]. Arc mRNA was found to be 

rapidly and specifically distributed throughout the 

dendritic arbor of the hippocampus after neuronal 

activity [139, 140] and localized to regions receiving 

direct synaptic activation [141]. Inhibiting Arc protein 

expression with antisense oligodeoxynucleotides 

resulted in impaired long-term memory consolidation 

and L-LTP [142]. 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 [62, 111]. That is, 

infected aged animals exhibited LTM, but not STM 

impairments and L-LTP, but not E-LTP deficits, and 

these alterations correlated with elevated levels of 

hippocampal IL-1. In a separate study, our laboratory 

reported [143] that a peripheral E. coli challenge in 

young and aged rats resulted in a profound 

suppression of hippocampal Arc expression. This 

suppression correlated with LTM deficits, and an 

elevation in hippocampal IL-6 protein. Furthermore, 

administering the IL-1 receptor antagonist IL-1RA, 

blocked all of these effects, underscoring the potential 

role of Arc in neuroinflammatory-induced memory 

impairments.   

 

Potential Therapies 

 

Pharmacologic interventions: IL-1RA and 

minocycline 

The evidence reviewed thus far indicates that normal 

aging results in potentiated neuroinflammatory 

responses to immune challenge. The preponderance of 

studies show that an immune challenge in aged 

animals induces exaggerated brain cytokine responses 

in parallel with behavioral changes such as 

impairments in LTM. Here we will review a handful 
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of studies showing that pharmacologic modulation of 

cytokines prior to immune challenge in aged animals 

blocks the behavioral effects of immune challenge. 

Some of these studies were touched upon in an earlier 

section, and are expanded upon here. In order to 

understand whether the neuroinflammatory sequelae 

of peripheral infection is causal rather than merely 

correlated with impaired LTM in older animals, we 

administered the IL-1 receptor antagonist IL-1RA 

intra-cisterna magna (ICM) immediately prior to a 

peripheral E. coli infection [143]. We assessed the 

effects of IL-1RA on E. coli-induced changes in 

hippocampal IL-6 as a measure of neuroinflammation 

and the immediate early gene Arc, as well as LTM. 

Several key findings emerged from this study. As 

noted above, we found that E. coli treatment results in 

a profound reduction in basal hippocampal Arc 

expression. Importantly, prior treatment with IL-1RA 

blocked the E. coli-induced suppression of Arc in 

parallel with blocking E. coli-induced IL-6. Next we 

found that E. coli suppressed conditioning-induced 

Arc and impaired LTM. IL-1RA treatment abrogated 

the E. coli-induced impairment of LTM. These effects 

of E. coli and IL-1RA were found only in aged, but 

not young animals. Notably, IL-1RA treatment 

exerted its effects up to 8 days post-treatment, which 

is remarkable given the reported half-life (1-2 hours) 

of IL-1RA, suggesting 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.  

As discussed earlier, aged animals show deficits in 

LTP, which are accompanied by increases in pro-

inflammatory cytokines [110, 111], and these effects 

were further amplified by an immune challenge [111]. 

Chapman et al. [111] also examined the effects of IL-

1RA and found that a single central administration of 

the anti-inflammatory cytokine, at the time of a 

peripheral E. coli injection, abrogated the aging-

associated, infection-induced impairment of theta-

burst L-LTP. Consistent with these findings, Abraham 

and Johnson [144] 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 a pivotal role in the behavioral phenotype of 

aged animals exposed to an immune challenge. 

Additional studies have shown that age-related 

changes in microglia may underlie the potentiated 

neuroinflammatory and behavioral responses to 

immune challenge. The microglia inhibitor, 

minocycline, was found to attenuate the age-related 

increase in hippocampal IL-1, while partially 

restoring deficits in LTP [145]. It is important to note 

this study was conducted in immunologically 

unchallenged animals. However, a study by Henry et 

al. [146] showed that pre-treating aged animals with 

minocycline reduced the hippocampal pro-

inflammatory response to LPS.  

 

Dietary treatments  

Reactive oxygen species are part of the 

neuroinflammatory cascade [147-154] and can play a 

prominent role in the development of age-related 

declines in LTP [148-150], cognitive and sickness 

behaviors [153, 155-157], and other neuronal 

functions [152]. Several studies have reported age-

related decreases in vitamins C and E (alpha-

tocopherol), and polyunsaturated fatty acids, such as 

arachidonic acid in hippocampus, and increases in 

hippocampal superoxide dismutase activity, a profile 

indicative of compromised antioxidative defenses 

[148-151, 158]. This profile has also correlated with 

impaired LTP maintenance and increased 

hippocampal IL-1. 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-1 levels [149].  

In a separate study, supplementing either omega 6 or 

omega 3 fatty-acids to 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 [148]. Supplementing the 

diets of aged animals with alpha-tocopherol 

ameliorated age-related [158, 159] and LPS-induced 

sensitized [155] responses such as LTP deficits, 

decreases in membrane arachidonic acid levels, 

increases in IL-1, 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-1 elevations) found in 
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hippocampus of aged rats, were abrogated with the 

vitamin D3-supplemented diet, while causing no 

change in young rats [151].   

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. [160] found that a 2% blackberry-enriched diet 

improved STM of aged rats in the MWM, compared 

to control rats.  Similarly, Joseph et al. [161], 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 STM on the MWM. 

Along the same lines, a four-week diet supplemented 

with reseveratrol, a polyphenol found in red grapes, 

reduced LPS-induced sensitized IL-1 mRNA 

expression in the hippocampus of aged mice. 

Furthermore, this antioxidant treatment abrogated the 

LPS-induced deficits in spatial working memory in 

aged animals [162]. 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 on LTM paradigms. 

 

Exercise  

Physical exercise has been extensively shown to 

profoundly increase BDNF mRNA and protein levels 

in the hippocampus (reviewed in [163]). Given the 

prominent role of BDNF in learning and memory 

processes, the effects of exercise-induced BDNF on 

learning and memory performance is of great interest 

here. Several studies [164, 165] have reported 

exercise-induced learning and memory enhancements 

on tasks dependent on the hippocampus, such as the 

MWM and contextual fear conditioning. Moreover, 

this exercise-induced memory enhancement was 

shown to be dependent on hippocampal BDNF 

induction because inhibiting BDNF activity in the 

hippocampus blocked the cognitive benefits of 

exercise [164].  

As has been discussed earlier, aging animals 

exhibit a potentiated pro-inflammatory response to a 

peripheral challenge, and elevated pro-inflammatory 

cytokine levels down-regulate BDNF expression. 

Therefore, it stands to reason that exercise may be an 

effective therapeutic intervention to elevate BDNF 

levels in aged animals, such that in the event of a 

challenge, BDNF levels are not profoundly depleted, 

thus protecting memory functions. This line of 

research, with an emphasis on aging, remains largely 

unexplored, and thus further study is needed to 

understand the role of exercise-induced BDNF 

expression in buffering against the challenge-induced 

neuroinflammatory effects on memory in aged 

subjects. 

 

Summary 

Taken together, the evidence suggests that in the aged 

brain, the neuroinflammatory response to a peripheral 

challenge is dysregulated, resulting in a potentiated 

pro-inflammatory cytokine response, whose source 

appears to be sensitized microglia. 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-1 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. 

Finally, it should be noted that the present 

perspective has broader implications than those 

involving contextual and spatial memory in the aged 

population. Brain cytokines and other inflammatory 

molecules modulate many processes other than 

memory. These have often been labeled “sickness 

behaviors” and include fever, decreased food/water 

intake, decreased motor activity and social interaction, 

increased slow-wave sleep, hyperalgesia, and 

hypothalamic-pituitary-adrenal axis activation [166]. 

In addition, changes in mood have often been viewed 

as part of this complex. At least some of these 

alterations function to facilitate the efficiency of fever, 

conserving vital energy resources for use in elevating 

core body temperature, to more effectively kill off the 

offending agent [166, 167] and these responses are 
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widely recognized as adaptive. However, when this 

response is prolonged or exaggerated, these behaviors 

take on pathophysiological characteristics, and the 

mood components resemble major depression [168]. 

As such, aging may be a vulnerability factor for these 

outcomes to challenge. In support of this idea, our 

laboratory reported a delayed, yet prolonged fever 

response in aged rats following an E. coli infection 

compared to younger cohorts [116]. In addition, the 

Godbout and Johnson laboratories have found many 

of these sickness responses to be exaggerated and/or 

prolonged in aging mice following an LPS challenge, 

compared to non-challenged age-matched controls and 

younger cohorts [46, 59, 137, 144, 146, 155, 169]. 

Together, these findings make a strong argument for 

the idea that aging individuals faced with a 

challenging life event are more vulnerable than are 

younger individuals to numerous endpoints that are 

modulated or caused by neuroinflammatory products 

such as pro-inflammatory cytokines. These may range 

from memory deficits, the focus of this review, to 

clinical depression. 
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