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Abstract

We previously reported that aging BNXF344 rats are more vulnerable to disruptions of memory
consolidation processes following an injection of E. coli than are young rats. Furthermore, this
disruption was specific to hippocampal-dependent memory. In the present study we examined the
time course of the level of the proinflammatory cytokine IL-1p in young and old rats following a
peripheral injection of E. coli. Compared to young rats, aging rats treated with E. coli showed an
exaggerated and prolonged up-regulation of IL-1p protein in the hippocampus, but not in
hypothalamus, parietal cortex, prefrontal cortex, serum or spleen. Aging rats showed greater
hippocampal IL-1p protein levels than their young counterparts 4h after E. coli, and these levels
remained significantly elevated for 8 but not 14 days after E. coli. In a second experiment, aging rats
exhibited anterograde memory consolidation impairments 4 and 8 days after an E. coli injection, but
not after 14 days. A third experiment revealed that following an E. coli injection, bacterial clearance
from the spleen and peritoneum was not impaired in aged rats, suggesting that elevations in
hippocampal IL-1p were not mediated by impaired clearance in the periphery in aging rats. These
data suggest that the exaggerated and prolonged elevation of IL-1p, specifically in the hippocampus,
may be responsible for hippocampal-dependent memory impairments observed in aging rats
following a bacterial infection.
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1. Introduction

There has been increasing interest in the role of proinflammatory cytokines in modulating
learning and memory processes (Barrientos et al., 2006a; Barrientos et al., 2002; Bilbo et al.,
2005; Cunningham et al., 1996; Godbout et al., 2005; Hauss-Wegrzyniak et al., 1998; Pugh et
al., 1998; Yirmiya et al., 2002). In large part, this attention comes from findings that
Alzheimer’s disease is associated with significantly elevated levels of the proinflammatory
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cytokines interleukin-1 beta (IL-1f), IL-6 and TNF-a and/or decreased levels of the anti-
inflammatory cytokines IL-1ra, and IL-10 (Griffin et al., 1989; Lombardi et al., 1999; Lue et
al., 2001; Mrak and Griffin, 2005; Paganelli et al., 2002; Tarkowski et al., 2001). These altered
cytokine levels have been found both peripherally and centrally. This is important because
peripheral cytokines are capable of signaling the brain via both blood-borne and neural routes
(Dantzer, 2004) and can lead to de novo production of pro-inflammatory cytokines within the
brain (Van Dam et al., 1995). Thus, bacterial infections that are initiated in the periphery have
the potential to result in inflammation in the brain.

Elevated levels of IL-1p in the brain, particularly in the hippocampus, are especially relevant
to memory function because it has been shown to impair hippocampal long term potentiation
(LTP) (Cunningham et al., 1996; Vereker et al., 2000a; Vereker et al., 2000b), a form of
synaptic plasticity that is characterized by a persistent increase in synaptic efficacy following
titanic stimulation (Bliss and Lomo, 1973). Importantly, inhibition of LTP results in
hippocampal-dependent memory impairments (Morris et al., 1986; Shimizu et al., 2000), and
elevated levels of IL-1p in the hippocampus have been repeatedly shown to impair
hippocampal-dependent memory (Barrientos et al., 2002; Barrientos et al., 2003; Barrientos et
al., 2004; Bilbo et al., 2005; Hauss-Wegrzyniak et al., 1998; Hauss-Wegrzyniak et al., 2002;
Hauss-Wegrzyniak et al., 1999; Pugh et al., 1998; Pugh et al., 1999). It should be emphasized
that we are referring here to IL-1p elevated above basal levels, as basal levels of IL-1B have
been shown to be necessary for plasticity and hippocampal-dependent memory performance
(Yirmiyaetal., 2002). It is important to note that the literature is muddled with inconsistencies
pertaining to basal levels of IL-1p in young vs. old subjects. Some laboratories report basal
differences (Gemma et al., 2005; Godbout et al., 2005; Riancho et al., 1994), while others do
not (Beloosesky et al., 2002; Fagiolo et al., 1993; Gayle et al., 1999; Gee et al., 2006;
Kyrkanides et al., 2001). Whether these inconsistencies are due to differences in species
(human, rat, mice, etc.), and/or strains of animals used or the age of the “aged” subject is unclear
at this time. We have never observed a basal difference in IL-1p levels in any tissue samples
between our young and old subjects. However, it is worth noting that we are using 24 mo.
F344xBN rats which are considered to be a “younger” than, say, a 24 mo. old F344 rat, which
is considered to be senescent at this age. We purposely chose the older group to be at an age
below senescence (perhaps 36 mos. in this strain) to minimize memory impairments between
young and old rats in the absence of an immune challenge.

Because a) peripheral cytokines induce the production of brain cytokines, and b) brain
cytokines can interfere with hippocampal memory consolidation, individuals that have either
increased peripheral inflammatory responses to immune activating agents such as bacteria, or
exaggerated brain proinflammatory responses to signaling events within the brain, are likely
to be more susceptible to infection-induced memory impairments. Aged individuals fall into
this vulnerable category. Healthy aged animals show antigenic and morphological markers of
glial activation (Frank et al., 2006; McGeer et al., 1987; Perry et al., 1993; Smith et al.,
2001; Wagner et al., 1993). This is noted because glia are the predominant source of cytokines
induced within the brain parenchyma (Van Dam et al., 1995), and were found to be the source
of proinflammatory cytokines observed in the brains of AD patients (Lue etal., 2001). As stated
earlier, basal proinflammatory cytokine levels in healthy aged subjects are not always found
to be elevated (Beloosesky et al., 2002; Fagiolo et al., 1993; Kyrkanides et al., 2001). It has
been suggested that glial cells with this profile may be sensitized, or primed, so that they show
morphological markers of activation, but do not express elevated levels of proinflammatory
cytokines unless the organism is challenged and glia therefore signaled (Perry et al., 2003).
When the organism with primed glial cells is challenged, the resulting expression of
proinflammatory cytokines is exaggerated (Cunningham et al., 2005), thus exacerbating local
brain inflammation.
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In the current study, we 1) determined the duration of brain and peripheral IL-1p protein
changes after a peripheral administration of E. coli in young and aging rats. This timecourse
is not known. Assessments were made 2h, 4h, 24h, 4d, 8d, and 14d after E. coli. 2) Determined
whether the duration of memory impairment in aging animals after E. coli parallels the duration
of hippocampal IL-1p elevation. To do this we measured long-term memory for contextual
fear conditioning. The duration of any such effect is not known. 3) Examined aging rats’ ability
to clear the E. coli bacteria from the peritoneal cavity, spleen, hippocampus, and blood,
compared to that of young rats. This was done to determine whether the effects of aging on E.
coli-induced increases in IL-1p and memory impairments could be explained by decreased
clearance of E. coli.

2. Materials and Methods
2.1. Subjects

Subjects were male F344xBN F1 rats obtained from the National Institute on Aging (Bethesda,
MD). Upon arrival at our facility, old rats were 24 mo. old and weighed approximately 575 g.
Young rats were 3 mo. old and weighed approximately 280 g. All rats were housed 2 to a cage
(52 L X 30 W X 21 H, cm), in a standard animal colony shared by several experimenters. The
animal colony was maintained at 23°C on a 12-h light/dark cycle (lights on at 07:00 h). All
rats were allowed free access to food and water and were given at least 1 week to acclimate to
colony conditions before experimentation began.

All experiments were conducted in accordance with protocols approved by the University of
Colorado Animal Care and Use Committee. All efforts were made to minimize the number of
animals used and their suffering.

2.2. Immune challenge

In all experiments, animals received an intraperitoneal (i.p.) injection of either Escherichia coli
(E. coli), or vehicle (PBS). Treatments were the same between cage mates, to avoid
contamination of E. coli from one rat to the other. One day prior to experimentation, stock E.
coli cultures (ATCC 15746; American Type Culture Collection, Manassas, VA) were thawed
and cultured overnight (15-20 hr) in 40 mL of brain-heart infusion (BHI; DIFCO Laboratories,
Detroit, MI) in an incubator (37°C, 95% air + 5% CQO2). The number of bacteria in cultures
was quantified by extrapolating from previously determined growth curves. Cultures were then
centrifuged for 15 min at 4°C, 3000 RPM, supernatants discarded, and bacteria resuspended
in sterile phosphate buffered saline (PBS). Bacteria were resuspended with a volume of PBS
to achieve a dose of 1.0 x 101 CFU. A volume of 250 uL was injected i.p., regardless of body
weight, for a final concentration of 2.5 x 10°. Thus, the older rats received a lower “dose” than
did the younger subjects relative to body weight, a procedure that was adopted as a conservative
measure. The amount of E. coli injected could have been made proportional to body weight,
but there is no reason to believe that body weight would be the correct determining factor. This
led us to use the most conservative procedure possible. We have previously shown that this
concentration of E. coli induces a sickness response including fever and significant body weight
loss in both young and old rats (Barrientos et al., 2006b; Campisi et al., 2003). Briefly, we
found that young rats showed a robust fever 2hr after E. coli injection lasting 7 hr before
returning to baseline temperatures. Old rats exhibited a fever about 6hr after E. coli injection
followed by a hypothermic response during the active (dark) phase. Fever continued on days
2 and 3, during the inactive phase, but the active phase temperatures returned to baseline levels
by the second day. Also, both groups lost an equivalent percentage of body weight (~4%) one
day after E. coli injection. Vehicle-treated rats received an injection of sterile PBS of an equal
volume (250 pL).
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2.3. Tissue dissection and detection of IL-1B protein

For experiment 1, rats were euthanized at the following time points following E. coli injection:
2h, 4h, 24h, 4d, 8d, and 14d. To minimize the use of animals, we assessed vehicle controls at
only two time points, 3h and 24h following vehicle injection, for each age group. However, it
should be noted that, in order to minimize any contributions made by varying colony
conditions, we spread out the collection of these tissues across the entire experiment, so that
for example, some 3h vehicle-treated rats were euthanized on the same day as the 14 day E.
coli-treated rats. Rats were anesthetized with sodium pentobarbital (50mg/kg, i.p.). Blood was
collected from the heart and then rats were transcardially perfused with ice-cold 0.9% saline
to minimize the contribution of peripheral blood to tissue samples. Spleens and brains were
quickly removed, and hippocampus, hypothalamus, prefrontal cortex, and parietal cortex were
dissected from brains. All dissections were performed on an ice-cold frosted glass plate and
tissues quickly frozen in liquid nitrogen. Tissue samples were stored at —70°C until the time
of sonication. To prepare the tissue for the assay, each tissue was added to 0.25-0.5 mL of
Iscove’s culture medium containing 5% fetal calf serum and a cocktail enzyme inhibitor (100
mM Amino-n-caproic acid, 10 mM EDTA, 5 mM Benzamidine HCL, and 0.2 mM
Phenylmethyl sulfonyl fluoride). Total protein was mechanically dissociated from tissue using
an ultrasonic cell disrupter (Fisher Scientific, Pittsburgh, PA). Sonication consisted of 10 s of
cell disruption at setting #10. Sonicated samples were centrifuged at 10,000 g at 4°C for 10
min. Supernatants were removed and stored at 4°C until ELISA was performed. Bradford
protein assays were also performed to determine total protein concentrations in sonication
samples.

Levels of IL-1p protein were determined using a commercially available rat IL-1p ELISA kit
(R&D Systems, Minneapolis, MN). The assay was performed according to the manufacturer’s
instructions. IL-1p protein levels were determined and normalized to total protein (pg/100 pg
total protein).

2.4. Contextual fear conditioning

To determine how long after the E. coli injection aging rats would still show hippocampal-
dependent memory impairments, we conducted a contextual fear conditioning experiment at
several time points after the immune challenge. Rats received an i.p. injection of E. coli or
vehicle either 4, 8, or 14 days prior to conditioning. Since we previously found that young rats
are not impaired 4 days after E. coli (Barrientos et al., 2006a), in this experiment we included
young rats in the 4 day group for replication purposes only, but we did not include them in the
later time points, as there is no reason to believe they would show an impairment at 8 and/or
14 days post-infection when there was no impairment present at 4 days. The conditioning
context was one of two identical Igloo ice chests (54 L x 30 W x 27 H, cm) with white interiors.
A speaker and an activated 24-V DC light bulb were mounted on the ceiling of each chest. The
conditioning chambers (26 L x 21 W x 24 H, cm), placed inside each chest, were made of clear
plastic and had window screen tops. A 2 s, 1.5 mA shock was delivered through a removable
floor of stainless steel rods 1.5 mm in diameter, spaced 1.2 cm center to center. Each rod was
wired to a shock generator and scrambler (Colbourn Instruments, Allentown, PA). Chambers
were cleaned with water before each animal was conditioned or tested. Rats were taken two at
atime from their home cage and each was placed in a conditioning chamber. Rats were allowed
to explore the chamber for 2 min before the onset of a 15 s tone (76 dB), followed immediately
by a 2 s footshock (1.5 mA). Immediately after the termination of the shock, rats were removed
from the chamber and returned to their home cage. Three days later, all rats were tested for
fear of the conditioning context--a hippocampal-dependent task, and then for fear of the tone--
a hippocampal-independent task. That is, the hippocampus is required to form a long-term
memory of fear of the context, but not for fear of the tone (Kim and Fanselow, 1992). Fear of
the context was assessed by placing the rat in the conditioning context for 6 min. Fear of the
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tone was assessed by placing the rat in an altered context for 3 min, followed by a 3 min
presentation of the tone. Scoring began approximately 10 s after the animal was placed into
the chamber. Every 10 s each rat was judged as either freezing or active at the instant the sample
was taken. Freezing, the rat’s dominant defensive fear response, is a complete suppression of
behavior that is accompanied by immobility, shallow breathing, and a variety of other
autonomic changes including an increase in heart rate and pilo-erection (Fanselow and Lester,
1988). Rats exhibit the freezing response when they are in a potentially harmful situation such
as those when the threat of predation is high and it is a common measure of conditioned fear
(Kim and Fanselow, 1992). Rats were first tested for fear of the context and then for fear to
the tone about 4h later. This order is appropriate because fear during the tone test can be the
result of fear produced by the tone plus generalized contextual fear from the training context.
Testing first for fear of the training context should greatly diminish generalized fear because
there should be some extinction of fear to training context. Thus, this order should result in a
more pure measure of conditioned fear supported just by the tone.

It may be useful for readers to know that the contextual fear conditioning paradigm requires
the rat to explore his environment, sampling the many features that make up the whole context.
During the test for fear of the context, it could be that the rat is sampling somewhat different
features of the context than those that were sample during conditioning. Therefore, percent
freezing during this test can be variable. In contrast, the tone is being imposed upon the rat
both during conditioning and during test, therefore, there is little chance of the animal missing
its presence. Thus, freezing to the tone is robust and less variable.

Behavior was scored by observers blind to experimental treatment and inter-rater reliability
exceeded 97% for all experiments.

2.5. Bacterial clearance

3. Results

To determine whether young and old rats are equally efficient at clearing live E. coli bacteria,
we cultured both peripheral and central tissue samples using agar plates and counted new
bacterial growth from those samples. Whole blood was collected at 4h (tail nick) and at either
24h or 48h (cardiac puncture) following the (i.p.) E. coli injection, and plated onto McConkey
agar plates (0.1 mL). Either 24 or 48 hr following the challenge all rats were anesthetized with
50mg/kg of sodium pentobarbital. Their abdomens were rubbed with 70% alcohol to reduce
the probability of their fur contaminating the samples. A small incision was made in the
peritoneal cavity and 10mL of cold sterile PBS was pipetted in. The incision was then clamped
using large hemostats, and the peritoneal cavity was roughly massaged for 30 sec. The
hemostats were carefully unclamped and a sterile serological pipet inserted to collect as much
fluid as possible, usually about 8 mL. Intraperitoneal lavage fluid was diluted 10E-1 and 10E-2
and 0.1 mL was plated on McConkey agar plates. Rats were then transcardially perfused with
cold 0.9% saline to eliminate the contribution of peripheral blood to spleen and brain. Spleens
were then dissected out, homogenized in 3 mL PBS, filtered, diluted (10E-1 and 10E-2) and
0.1 mL was plated on agar plates. To examine the possibility that E. coli had entered the brains
of the aged rats, (possibly due to a leaky blood brain barrier) hippocampus was dissected out
and homogenized in 3 mL cold PBS, and plated on agar plates, undiluted. All agar plates were
incubated (37°C, 95% air + 5% CO2) overnight and colony forming units (CFU) were counted
the next day.

3.1. Experiment 1

In this experiment we examined the influence of a peripheral infection on the production of
the pro-inflammatory cytokine interleukin-1 beta (IL-1p) in both the periphery as well as the
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brain at several different time points following bacterial challenge. Among our vehicle-injected
rats, there was no significant difference between the 3h and 24h time points (data not shown)
for any of the tissues sampled. This lack of an effect of vehicle injection further justified
omitting examination of cytokines at even more remote times from the vehicle administration.
Therefore, we pooled these two vehicle control groups to form just one control group per age
group. Furthermore, for each tissue, there was no significant difference between vehicle-treated
young and old groups (hippocampus (F (1, 21) = .328, p > .05); hypothalamus (F (1, 23) =
1.354, p > .05); parietal cortex (F (1, 24) = 2.828, p > .05); prefrontal cortex (F (1, 23) = .747,
p >.05); serum (F (1, 21) = .078, p > .05); spleen (F (1, 24) = 4.07, p > .05)). For each tissue,
a2 x 2 (challenge x age) ANOVA was conducted at each time point (data are shown in Fig.
1a—f). Because the same vehicle control group was employed for each time point analysis, we
calculated a Bonferroni correction for the six analyses, making our rejection alpha level .008.

In the hippocampus (Fig. 1a) we found that both young and old E. coli-treated rats had
significantly elevated levels of IL-1 compared to vehicle control rats from 2h to 24h.
Furthermore, old rats continued to show elevated levels of IL-1f at 4 and 8 days post-infection,
while young rats did not. Finally, at 14 days post-infection, both young and old E. coli-treated
rats exhibited IL-1p levels that were no different from vehicle controls. A 2x2 ANOVA showed
there was a significant main effect of the challenge at 2h (F (1, 37) = 22.54, p <.0001), 4h
(F (1, 37) = 20.00, p <.0001), and 24h (F (1, 33) = 14.05 p =.0007). At these time points E.
coli-treated rats had significantly higher IL-1p levels than did vehicle control rats. However,
there was no main effect of age at these time points: 2h (F (1, 37) =.014, p = .91); 4h (F (1,
37) = 1.761, p = .19); 24h (F (1, 33) = 2.729, p = .11). Furthermore, there were no significant
interaction effects at these time points: 2h (F (1, 37) = .28, p =.60); 4h (F (1,37) =2.86,p =.
10); 24h (F (1, 33) = 5.48, p = .03). At 4 days, there was no main effect of age (F (1, 34) =
5.20, p = .03), but there was a significant main effect of the challenge (F (1, 34) =10.74,p =.
002), and a significant interaction (F (1, 34) = 7.68, p = .008). Fisher’s PLSD post hoc tests
revealed E. coli-treated old rats had significantly higher levels of IL-1 compared to vehicle-
treated old rats (p = .008). Furthermore, E. coli-treated old rats had significantly higher levels
of IL-1B compared to E. coli-treated young rats (p = .03). Young E. coli-treated rats however,
were not different than young vehicle-treated rats (p = .33). At 8 days, there was no main effect
of age (F (1, 32) = 7.22, p = .01), but there was a significant main effect of the challenge (F
(1, 32) =13.12, p = .001), and a significant interaction (F (1, 32) = 10.53, p =.003). Similar
to the 4d data, post hoc tests revealed E. coli-treated old rats had significantly higher levels of
IL-1B compared to vehicle-treated old rats (p = .005), and E. coli-treated old rats had
significantly higher levels of IL-1 compared to E. coli-treated young rats (p = .01). And again,
young E. coli-treated rats were not different than young vehicle-treated rats (p = .58). At 14
days, there was no main effect of age (F (1, 31) = .06, p =.81), no main effect of the challenge
(F (1, 31) = 1.23, p = .28), and no interaction (F (1, 31) =.92, p = .35). Thus, E coli increased
IL-1p levels in the hippocampus in young and aging rats, but this increase persisted for only
between 4 and 24h in young rats, while it persisted for between 8 and 14d in the aging subjects.

In the hypothalamus (Fig. 1b) and parietal cortex (Fig. 1c) we found that both young and old
E. coli-treated rats had significantly elevated levels of IL-1p compared to vehicle control rats
only at 4h post-infection (and 24h in hypothalamus only). Elevations at other time points were
not significantly different from vehicle controls, and there were no age differences at any time
point. In the prefrontal cortex (Fig. 1d) there were no significant elevations of IL-1p compared
to vehicle control rats in either young or old, at any time point. 2x2 ANOVAs showed that in
the hypothalamus (F (1, 36) = 12.64, p =.001) and parietal cortex (F (1, 38) = 10.87, p =.002),
there was a significant main effect of challenge at the 4h time point. All other main effects
were not significant in these tissues. In the prefrontal cortex, there were no significant main
effects, at any time point.
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In the serum (Fig. 1e), we found that both young and old E. coli-treated rats had significantly
elevated levels of IL-1p compared to vehicle control rats at 2h, 4h, and 24h post-infection, but
not at later time points. However, there were no differences between young and old rats at any
time point. A 2x2 ANOVA showed that there was a significant main effect of the challenge at
2h (F (1, 38) = 34.19, p <.0001), 4h (F (1, 36) = 27.26, p <.0001), and 24h (F (1, 34) = 9.41,
p =.004), but not at 4d (F (1, 35) =5.19, p =.03), 8d (F (1, 31) = .65, p = .43), or 14d (F (1,

33) =.006, p = .94). There were no significant main effects of age at any time point, nor any
significant interactions. Thus, aging did not potentiate the increase in plasma IL-1f produced
by E. coli.

In the spleen (Fig. 1f), we found that both young and old E. coli-treated rats had significantly
elevated levels of IL-1p compared to vehicle control rats at 2h, 4h, and 24h post-infection, but
not at later time points. Aberrantly, 4h post-infection, young E. coli-treated rats showed a
significantly higher level of IL-1p than old E. coli-treated rats, however there were no
differences between young and old rats at any other time points. A 2x2 ANOVA showed that
there was a significant main effect of the challenge at 2h (F (1, 40) = 16.90, p = .0002), 4h
(F (1, 40) = 37.70, p < .0001), 24h (F (1, 37) = 33.53, p <.0001), but not at 4d (F (1, 37) =
6.20, p =.02), 8d (F (1, 35) = 1.87, p =.18), or 14d (F (1, 36) = 2.68, p = .11). There was a
significant main effect of age only at 4h (F (1, 40) = 10.03, p = .003), with young rats exhibiting
higher IL-1 levels compared to old rats. At no other time point was there a significant main
effect of age. In addition, there were no significant interactions at any time point.

3.2 Experiment 2

We have previously reported (Barrientos et al., 2006a) that an E. coli injection 4 days prior to
acontextual learning episode significantly impairs hippocampal memory consolidation in older
rats, but not in young rats. Therefore, for replication purposes only, we included young rats in
the 4 day experiment in the current study, however we did not include them in the 8 or 14 day
experiments. Here we sought to determine how long this E. coli-induced deficit persists in
aging rats. We conditioned rats 4, 8, or 14 days following a peripheral E. coli injection and
tested them for fear of context and fear of tone 3 days later. It is worth noting that in all of our
contextual fear conditioning experiments none of the rats, young or old, freeze upon
presentation of the tone during conditioning (data not presented). That is, prior to the tone being
paired with the shock, there is absolutely no baseline freezing to the tone alone.

In the first of the behavioral experiments (Fig. 2a & b), we found that an E. coli infection
interfered with contextul fear memory formed 4 days later in old, but not in young subjects.
Moreover, this deficit was restricted to the hippocampal-dependent memory test (fear to the
context), as they did not show any impairment on the hippocampal-independent memory test
(fear of the tone). These data replicate our previous findings (Barrientos et al., 2006a). A 2 X
2 ANOVA (age x immune challenge) revealed no significant main effect of age (F (1, 16) =.
91, p = .35), no significant main effect of challenge (F (1, 16) = .12, p =.74), but a significant
age x challenge interaction (F(1, 16) = 6.608, p =.02). Fisher’s PLSD post-hoc tests revealed
that young and old vehicle-treated rats did not differ (p > .05). However, old E. coli-treated
rats froze significantly less than did young E. coli-treated rats (p < .05). Also, old E. coli-treated
rats froze significantly less than did old vehicle-treated rats (p < .05), but young E. coli-treated
rats did not differ from young vehicle-treated rats (p > .05). In the tone-cued fear test, during
the pre-tone session, there was no main effect of age (F (1, 16) = .33, p =.57), or challenge
(F (1, 16) = .01, p = .91), and no interaction (F (1, 16) = .33, p = .57). During the tone, there
was an increase in the amount of freezing overall, compared to the pre-tone session, but there
was no main effect of age (F (1, 16) = .14, p =.72), or challenge (F (1, 16) = 2.56, p = .13),
and no interaction (F (1, 16) = 1.23, p = .28).
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In the second behavioral experiment (Fig. 3a & b), we found that an E. coli infection continued
to interfere with contextual fear memory formed 8 days later in old subjects. As in the 4-day
experiment, their deficit was restricted to the hippocampal-dependent memory test (fear to the
context), as they did not show any impairment on the hippocampal-independent memory test
(fear of the tone). An ANOVA revealed a significant reduction in freezing during the context
fear test in old E. coli-treated rats compared to vehicle-treated rats (F(1, 12) = 22.03, p <
0.0005). In the tone-cued fear test, both groups showed robust fear of the tone, relative to the
pre-tone testing session, however there were no significant differences between the groups
during the pre-tone (F(1, 13) = .34, p = .57) or the tone periods (F(1, 13) = .06, p = .82).

In the last of the behavioral experiments (Fig. 4a & b), we found that an E. coli infection did
not interfere with contextual fear memory formed 14 days later in old subjects. Likewise, they
did not show any impairment on the tone-cued memory test either. An ANOVA revealed no
significant differences in freezing during the context fear test between the two groups (F(1,
10) = .37, p = .56). In the tone-cued fear test, both groups showed robust fear of the tone,
relative to the pre-tone testing, however there were no significant differences between the
groups during the pre-tone (F(1, 10) = 1.6, p = .23) or the tone periods (F(1, 10) =.02,p =.
89).

3.3 Experiment 3

Bacterial clearance as assessed by number of colony forming units (CFU) in agar plates
revealed that following an E. coli injection neither young nor old rats had any CFUs in blood
at any time point (4, 24, or 48h). Likewise, no CFUs were detected in hippocampal
homogenates of young or old rats at any time point.

In the spleen (Fig 5a), both young and old rats had equally robust numbers of CFUs at 24h
post-infection. There was a significant reduction in CFUs from 24h to 48h, but there was no
difference between young and old rats at either time point. A 2 x 2 ANOVA (age x time point),
revealed that there was no main effect of age (F(1, 26) = .96, p = .34), a significant main effect
of time point (F(1, 26) = 9.02, p = 0.006), and no significant age x time point interaction (F
(1, 26) = .33, p = .57).

In the PLF (Fig 5b), young rats had significantly higher CFUs than did old rats at 24h post-
infection. This difference was no longer present at 48h, as there was a significant reduction in
CFUs in the young subjects between the two time points. A 2 x 2 ANOVA revealed there was
a significant main effect of age (F(1, 24) =4.632, p = .04), a significant main effect of time
point (F(1, 24) = 26.04, p <.0001), and a significant age x time point interaction (F(1, 24) =
7.03 p =.01). Post hoc analyses revealed that young rats exhibited significantly higher CFUs
at 24h than old rats at the same time point (p < .05). Young rats also showed a significant
reduction in CFUs between 24h and 48h (p < .0002). CFUs in old rats however, did not differ
between 24h and 48h (p > .05). Furthermore, at 48h, there was no significant difference in
CFUs between young and old rats (p > .05).

4. Discussion

Results from Experiment 1 showed that following a peripheral E. coli administration, aging
rats had an exaggerated and longer lasting IL-1p response, specifically in the hippocampus,
relative to young rats. E. coli treatment led to increases in hippocampal IL-1 levels from 2 h
to 24 h in both age groups. It was not until 4 days after E. coli that the age groups differed
significantly. At 4 and 8 days, old E. coli-treated rats exhibited significantly elevated levels of
IL-1B compared to E. coli-treated young rats as well as vehicle-treated control rats. Young E.
coli-treated rats were not different than vehicle-treated control rats at 4 or 8 days, and by 14
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days, both old and young E. coli-treated rats were no longer different from each other, or their
vehicle-treated controls.

IL-1p levels in hypothalamus, parietal cortex, serum, and spleen did rise after E. coli compared
to vehicle-treated controls, usually from 2h to 24h later, but these elevations were not different
between the two age groups at any time point. In the prefrontal cortex, there was no significant
E. coli-induced elevation in IL-1p in either age group at any time point. These data show that
a peripheral bacterial infection does produce an exaggerated and persistent IL-1p response in
the aging rats, and that this exaggerated response is specific to the hippocampal formation.
There was no unusual or long-lasting IL-1p response in other brain tissues or in the periphery.
Such an elevation in hippocampal IL-1p is important because elevated hippocampal IL-1p has
been shown to impair synaptic plasticity (Hauss-Wegrzyniak et al., 2002; Vereker et al.,
2000a; Vereker et al., 2000b), and severely reduce learning-produced changes in brain-derived
neurotrophic factor (BDNF) (Barrientos et al., 2003; Barrientos et al., 2004; Bilbo et al.,
2008), and signal transduction (Tong et al., 2007). These mechanisms are critical for
hippocampal memory consolidation and, in fact, elevated IL-1p in the hippocampus has been
well documented to impair hippocamapal-dependent memory (Barrientos et al., 2006a;
Barrientos et al., 2002; Bilbo et al., 2008; Hauss-Wegrzyniak et al., 1998; Pugh et al., 1998;
Pugh et al., 1999). While we did not measure cytokines other than IL-1, it is likely that other
proinflammatory cytokines are also elevated in hippocampus of aged rats following an E.
coli injection, as several lines of research show a high correlation between IL-1p, IL-6 and
TNFa elevations (Dinarello, 1991).

In Experiment 2 we found that young rats showed no memory impairments when conditioned
4 days following an E. coli injection. This replicates previous findings (Barrientos et al.,
2006a). Furthermore, we found that aging rats were significantly impaired when conditioned
both 4 and 8 days following E. coli, but were no longer impaired after 14 days. These data
parallel the data in Experiment 1 showing that IL-1 is still elevated at 8 days, but not 14 days
post-E. coli in the hippocampus in the aging animals.

Importantly, aging rats conditioned 4 and 8 days after E. coli showed significant memory
impairments only on the hippocampal-dependent test (fear of context), not the hippocampal-
independent test (fear of tone). This dissociation fits well with the finding that aging
exaggerates E. coli-induced brain IL-1p increases only in the hippocampus. It is worth noting
that we have previously shown (Barrientos et al., 2006a) that aging rats treated with E. coli
either immediately after conditioning (retrograde paradigm) or 4 days prior to conditioning
(anterograde paradigm) were impaired on the contextual fear test, a hippocampal-dependent
task. In contrast, they were not impaired on the auditory-cued test, a hippocampal-independent
task, in either the retrograde or the anterograde versions of the task. These findings showed
that the memory effects are independent of generalized effects upon encoding or reductions in
signal strength. Furthermore, we tested short-term memory on both contextual fear
conditioning and on water maze tasks, and showed that while old E. coli-treated rats were
significantly impaired on the long-term hippocampal-dependent memory tests (but not on
hippocampal-independent tasks), they were unimpaired on the short-term memory tests,
indicating that E. coli had not interfered with the acquisition of the task, but rather the
consolidation of the memory. This is an important point because since old rats have a prolonged
fever lasting 3 days, it could be that these animals are simply sick during acquisition of the
tasks and thus, showing impaired memory. However, since we have shown that these animals’
short-term memory is not impaired after E. coli, this cannot explain the old animals’ long-term
memory impairments.

Experiment 3 showed that bacteria clearance between young and aging rats differed in only
the peritoneal lavage fluid 24h following the E. coli injection. Surprisingly, it was the young
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rats that had more CFUs in the PLF than did aging rats. At the present time, we have no clear
explanation for this result. There is a remote possibility that some aspect of innate immunity
may be working more effectively in aging rats. However, with the present data, this is only
speculation. This difference between young and aging rats was no longer present at the 48h
time point. Furthermore, no differences in bacterial clearance were found between young and
aging rats at any time point in the spleen. No CFUs whatsoever were found in either the blood
or the hippocampus of either young or aging rats. This is important because it had been
suggested that the aging rats may have a compromised blood brain barrier (Chaney et al.,
2003) thus possibly allowing live bacterial to enter the brain, thereby producing an
inflammatory response from within the CNS. Because bacterial clearance in the old rats does
not seem to be compromised, the long-lasting IL-1p response in the hippocampus is not likely
to be mediated by uncleared bacteria in the periphery.

Even though aging did not retard bacterial clearance, it is possible that aging increases the
peripheral innate immune response to the E. coli, thereby leading to enhanced production of
the molecules that signal the brain. If this were so, then the mediator of the exaggerated
IL-1p response in the hippocampus need not be in the brain, but could be in the periphery. That
is, the cells in the brain that produce IL-1p would not be altered or sensitized, but rather would
simply receive an enhanced signal from the periphery. IL-1B has proved to be the major
molecule produced by the innate immune system that signals the brain that an infection is
present (Bluthe et al., 1992; Dinarello, 1991). Therefore, blood levels of IL-1p were measured,
and the serum IL-1p response to E. coli was not exaggerated by age. Furthermore, aging did
not exaggerate the E. coli-induced increase of IL-1p in other peripheral tissues. Thus, it is
unlikely that E. coli produced an elevated signal to the brain in the aging subjects.

The implication of the data as a whole is that the source of the exaggerated hippocampal
IL-1p in the aging rats represents an age-related change within the brain. Since microglial cells
are the primary source of IL-1p within the brain (Van Dam et al., 1995), an age-related change
in microglia is a likely source. Since aging alone did not increase basal levels of IL-1p, the
microglia in the aging rats would not be considered “activated” in the traditional sense, meaning
fully pro-inflammatory. However, it has been proposed (Cunningham et al., 2005; Perry et al.,
2003) that diseases and conditions which have chronic microglial activation characteristics,
can have minimal cytokine expression, but then over-respond to an additional challenge. This
description would appear to fit the present data, suggesting that normal aging is one such
condition in which the microglia are so-called ‘primed’. In support of this conclusion, we have
previously shown that normal brain aging is characterized by a shift towards a pro-
inflammatory microenvironment in the brain that is largely microglia-dependent (Frank et al.,
2006). Furthermore, others have shown age-related priming of microglia associated with
exaggerated neuroinflammatory responses, as well as more intense sickness behaviors in aging
rodents compared to young adult rodents (Abraham et al., 2008; Godbout et al., 2005; Perry
et al., 2003).

The pattern of these data also supports the conclusion that peripheral infection leads to
hippocampal-dependent memory impairments in aging subjects because aging potentiates the
IL-1p increase that occurs in the hippocampus. This is because the duration of the hippocampal
IL-1p increase paralleled the duration of the memory impairment following E. coli. Thus, it
adds a converging line of support with other approaches that lead to this conclusion (Abraham
et al., 2008; Barrientos et al., 2006a; Godbout et al., 2005; Godbout and Johnson, 2006; Streit
et al., 2005). Finally, it can be noted that the possibilities that a) aging primes microglia in the
hippocampus, and b) IL-1f secreted from microglia within the hippocampus impairs the ability
of the hippocampus to produce long-term memory consolidation and perhaps other cognitive
functions, may be involved in a frequently described aspect of human aging. There are
numerous reports of instances in which aging individuals function quite well, but then suffer
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a precipitous decline in cognitive function following surgery, heart attack, or pneumonia
(Bekker and Weeks, 2003; Dunn et al., 2005). Post-operative cognitive dysfunction, as it is
called (Bekker and Weeks, 2003), is observed in a significant percentage of elderly patients,
as is pneumonia-induced delirium (Dunn et al., 2005; George et al., 1997). Events such as
surgery and pneumonia induce peripheral inflammatory responses that can provoke the
enhanced synthesis of inflammatory mediators in the brain, just as occurs in the rats in the
present studies given E. coli. Thus, glial priming and a consequent exaggerated
neuroinflammatory response may be at the core of this sort of age-related cognitive decline.
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cortex, d) serum, and f) spleen. Note that vehicle samples were collected at 3h & 24h and
because they did not differ, were pooled to form just one vehicle control group. ~ = significant
difference between E. coli-treated and vehicle-treated groups. * = significant difference
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Brain Behav Immun. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barrientos et al. Page 16

a

80 I |

60
X
en Vehicle
E 40 u
ot [0 E.coli
=

204

0- |

Young Old

Fig. 2a 4-day Context fear test

b
100
75 -
[0 Vehicle PreTone
X
e [l Vehicle Post Tone
£ 50
8 [0 E. coliPreTone
S 9
BN E. coliPostTone
254
0-

Young Old

Fig. 2b 4-day Tone fear test

Figure 2.

An E. coli or vehicle injection was administered four days prior to contextual fear conditioning.
E. coli produced a significant memory impairment in old rats but not in young rats in the test
of fear of context (a), a hippocampus-dependent task. Old E. coli-treated rats exhibited
significantly less freezing than did old vehicle-treated rats, and young E-coli-treated rats.
Young rats showed no difference in freezing between vehicle and E. coli treatments. In the test
of fear of the tone (b), a hippocampal-independent task, there were no significant differences
between any of the groups during the pre-tone testing session, nor during the post-tone testing
session. * = p < .05. Error bars indicate + SEM.
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5 Figure 3.

) AnE. coli or vehicle injection was administered eight days prior to contextual fear conditioning.
= E. coli produced a significant memory impairment in old rats compared to those who received
% only a vehicle injection. Again, this impairment was limited to hippocampal-dependent
S memory as measured in a test for fear of the context (a). However, there were no differences
o between the groups in the test for fear of the tone (b), a hippocampal-independent task. * = p
T <.05. Error bars indicate + SEM.
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) An E. coli or vehicle injection was administered 14 days prior to contextual fear conditioning.
= E. coli produced no memory impairment in old rats compared to those who received only a
% vehicle injection. This was true for both hippocampal-dependent memory as measured in a test
= for fear of the context (a), and hippocampal-independent memory as measured in a test for fear
@) of the tone (b). Error bars indicate £ SEM.
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Figure 5.

Colony forming units (CFUs) from cultured spleen homogenates (a) or peritoneal lavage fluid
(b) either 24h or 48h following a peripheral E. coli injection in young and old rats. No
differences were found between young and old rats in spleen homogenates. However, young
rats showed elevated CFUs in the peritoneal lavage fluid at 24h compared to old rats. However,
this difference was no longer significant at 48h. * = p < .05. Error bars indicate = SEM.
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