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Abstract

In normal aging, a peripheral immune challenge induces a sensitized and protracted
neuroinflammatory response in parallel with long-term memory (LTM) impairments.
Proinflammatory mediators of neuroinflammation impair LTM, synaptic plasticity and LTP. The
immediate early gene Arc is considered a critical protein regulating LTM and synaptic plasticity.
The present investigation examined whether 1) a peripheral E. coli infection suppresses hippocampal
Arc expression, and 2) central proinflammatory cytokines (IL-1p and IL-6) mediate the effects of
peripheral E. coli infection on Arcand LTM. In 24 mo F344 x BN F1 rats, E. coli infection suppressed
basal Arc gene expression as well as contextual fear conditioning-induced Arc expression. E. coli
treatment failed to alter either basal or conditioning-induced c-Fos expression. At 24 h post-infection,
intracisterna magna (ICM) treatment with the anti-inflammatory cytokine IL-1RA blocked the E.
coli-induced suppression of hippocampal Arc and increases in IL-6 protein. At 4 d post-infection,
IL-1RA blocked the E. coli-induced LTM impairments and increases in IL-6 protein. The present
results suggest that central proinflammatory cytokines play a salient role in the suppression of Arc
and impairments of LTM by a peripheral immune challenge in older animals.
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1. Introduction

In older animals, the CNS exhibits a sensitized neuroinflammatory response to peripheral as
well as central administration of proinflammatory agents (Abraham et al., 2008; Barrientos et
al., 2009; Barrientos et al., 2006; Chen et al., 2008; Godbout et al., 2005; Huang et al., 2007).
Induction of neuroinflammatory processes or treatment with neuroinflammatory mediators/
products has profound effects on learning and memory, in particular hippocampus-dependent
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memory processes (Barrientos et al., 2009; Barrientos et al., 2006; Barrientos et al., 2002;
Barrientos et al., 2003; Barrientos et al., 2004; Gibertini et al., 1995; Hauss-Wegrzyniak et al.,
1998; Hein et al., 2007; Oitzl et al., 1993; Pugh et al., 2000; Pugh et al., 1998; Shaw et al.,
2001; Tanaka et al., 2006; Thomson and Sutherland, 2005). The time course of hippocampal-
dependent memory deficits occurs in parallel with a protracted neuroinflammatory response
to peripheral infection in aged animals (Barrientos et al., 2009; Barrientos et al., 2006). It is
important to note that peripheral infection in young animals (3 mo) does not induce a protracted
neuroinflammatory response as well as a deficit in hippocampal dependent memory (Barrientos
et al., 2009). However, how the neuroinflammatory response to peripheral infection may
compromise memory processes in older animals is unknown and is the focus of the present
investigation.

Mediators of neuroinflammation, including proinflammatory cytokines (IL-1p, IL-6, TNFa,
and IL-18), are known to modulate the putative neurobiological substrates (LTP) of memory
formation (Cumiskey et al., 2007; Curran and O'Connor, 2003; Tancredi et al., 2000; Vereker
et al., 2000). Aged animals show deficits in LTP, which are accompanied by increases in
proinflammatory cytokines (Lynch, 1998). However, the molecular mechanism(s) mediating
proinflammatory cytokine suppression of LTP has yet to be fully characterized.

Investigations into the molecular basis of LTP have yielded several genetic targets (Tzingounis
and Nicoll, 2006). Of these targets, the effector immediate early gene (IEG) Arc (activity-
dependent cytoskeletal-associated protein) exhibits several unique features, which underscore
its importance in memory consolidation (Bramham et al., 2008). Arc mRNA is rapidly and
specifically distributed throughout the dendritic arbor post-induction (Link et al., 1995; Lyford
et al., 1995) and localized to regions receiving direct synaptic activation (Steward et al.,
1998). Suppression of Arc impairs long -term memory (LTM) consolidation, whereas
acquisition and short- term memory (STM) are unaffected (Guzowski et al., 2000). This is
noted because we have previously found that a peripheral immune challenge in older animals
impairs LTM, but not STM (Barrientos et al., 2006).

To understand how the neuroinflammatory sequelae of peripheral infection may impair LTM
in older animals, we examined whether 1) a peripheral E. coli infection suppresses hippocampal
Arc expression, and 2) central proinflammatory cytokines (IL-1p and IL-6) mediate the effects
of peripheral E. coli infection on Arc as well as LTM.

2. Materials and Methods
2.1. Subjects

As in our prior investigations (Barrientos et al., 2009; Barrientos et al., 2006; Frank et al.,
2006), the present set of experiments compared 3 and 24 mo old male F344 x BN F1 rats. 24
mo was selected as the older age because at this age animals do not show major age-related
pathologies and in the absence of a peripheral immune challenge, STM and LTM processes
do not differ between 24 mo and 3 mo old animals in this hybrid strain. Therefore, differences
in basal and contextual fear conditioning-induced Arc expression should be minimized between
these age groups prior to immune challenge.

Subjects were obtained from the National Institute on Aging (Bethesda, MD). Upon arrival at
our facility, older rats were 24 mo old and had a mean weight of 573.7 g+S.D. 60.5. Younger
rats were 3 mo old and had a mean weight of 282.5 g+S.D. 31.8. Older and younger rats were
housed 2 or 4 to a cage (52 cm x 30 cm x 21 cm; L x W x H), respectively. The animal colony
was maintained at 22 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 1 week to acclimate to colony conditions before
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experimentation began. All experiments were conducted in accordance with protocols
approved by the University of Colorado Animal Care and Use Committee.

2.2. Experimental Designs

2.2.1. Experiment 1: Effect of peripheral Escherichia coli (E. coli) on basal
hippocampal Arc gene expression—The present investigation was restricted to
examining hippocampal changes in Arc because we have previously shown that 1) peripheral
bacterial infection induces pro-inflammatory cytokine changes specific to the hippocampus
(Barrientos et al., 2009) and 2) the impairment of LTM by peripheral infection is restricted to
hippocampal dependent memory processes and do not affect hippocampal independent
memory processes (Barrientos et al., 2006). 3 and 24 mo old animals were injected
intraperitoneal (i.p.) with either vehicle or E. coli. All injections occurred between 08:00 and
10:00 h. Either 2h, 4h, 24h, or 96h post-infection, animals were anesthetized with pentobarbital,
transcardially perfused with ice-cold saline (0.9%) and hippocampi collected.

2.2.2. Experiment 2: Effect of peripheral E. coli on conditioning-induced
hippocampal Arc and c-Fos gene expression—In addition to Arc, we examined the
effects of E. coli infection on the IEG c-Fos to determine whether the effect of E. coli infection
on Arc generalizes to other IEGs. The regulatory transcription factor c-Fos has been implicated
in memory processes (Davis et al., 2003; Morrow et al., 1999). In addition, c-Fos and Arc
expression are induced to a similar degree in the hippocampus 30 min after behavioral training
(Guzowski et al., 2001). 3 and 24 mo old animals were injected with either vehicle or E. coli
i.p. All injections occurred between 08:00 and 10:00 h. 96h post-treatment, animals underwent
contextual fear conditioning or served as home cage controls (HCC). 30 min post-conditioning,
animals were briefly anesthetized using halothane, rapidly decapitated and hippocampi
collected.

2.2.3. Experiment 3: Effect of exogenous IL-1 receptor antagonist (IL-1RA) on
E. coli-induced suppression of hippocampal Arc 24 h post-infection—24 mo
animals were briefly anesthetized under halothane and injected intracisterna magna (ICM) with
either vehicle or IL-1RA. IL-1RA binds to the IL-1 type 1 receptor with an affinity equal to
IL-1p without any agonist activity, thereby effectively preventing IL-1p signal transduction
(Dinarello, 1997). Substances injected ICM spread throughout the CNS (Proescholdt et al.,
2000). Immediately following ICM injection, animals were injected i.p. with either vehicle or
E. coli. 24h post-injections, animals were perfused with saline and hippocampi collected. A
single injection of IL-1RA prior to E. coli injection was employed because the signal from the
periphery to the brain after i.p. E. coli is rapid (< 2 h) and persists for < 24 h. As the duration
of action of IL-1RA in the CNS is at least 3 hr, a single injection should yield blockade of brain
IL-1 receptors for a significant part of the duration of E. coli-induced signaling to the brain.
We have previously shown that IL-1RA (100 ug) injected ICM completely blocks the stress-
induced sensitization of the hippocampal IL-1 response to peripheral LPS (Johnson et al.,
2004). This issue is more fully addressed in the Discussion below.

2.2.4. Experiment 4: Effect of exogenous IL-1RA on E. coli-induced memory
impairments—24 mo animals were briefly anesthetized under halothane and injected ICM
with either vehicle or IL-1RA. Immediately following ICM injection, animals were injected
i.p. with either vehicle or E. coli. 4 d post-injections, all animals underwent contextual fear
conditioning. 3 d post-conditioning, all animals were given a long-term memory test for the
context. 4 d post-conditioning, animals were perfused with saline and hippocampi collected.
A single administration of IL-1RA was employed for the same reasons as provided above.
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2.3. Peripheral immune challenge

3 and 24 mo animals were given a single exposure to a peripheral bacterial E. coli infection at
a concentration that we have previously shown to induce a protracted proinflammatory
response in the hippocampus of older animals relative to younger subjects, as well as
impairments in hippocampal dependent LTM only in older animals (Barrientos et al., 2006).
Hippocampal IL-1f or IL-6 protein was measured as an index of E. coli-induced
neuroinflammation. In all experiments, animals received an i.p. injection of either E. coli or
vehicle. One day prior to experimentation, stock E. coli cultures (ATCC 15746; American
Type Culture Collection, Manassas, VA) were thawed and cultured overnight (15-20 h) in 40
ml of brain-heart infusion (BHI; DIFCO Laboratories, Detroit, MI) in an incubator (37 C°, 5%
CO,). 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 concentration of 1.0 x 1010
colony forming units (CFU)/ml. A volume of 250 pul was injected i.p. regardless of body weight
for a final dose of 2.5 x 109 CFU. Thus, as in prior studies, 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. Vehicle treated rats received an injection of sterile PBS of an equal
volume (250 pl).

2.4.ICM administration of IL-1RA

Animals were briefly anesthetized with halothane. The dorsal aspect of the skull was shaved
and swabbed with 70% ETOH. A 27-gauge needle attached via PE50 tubing to a 25 pl Hamilton
syringe was inserted into the cisterna magna. To verify entry into the cisterna magna, ~ 2 pl
of fluid was drawn. In all cases, fluid was clear of red blood cells indicating the presence of
CSF and entry into the cisterna magna. IL-1RA (112 pg; Amgen, Thousand Oaks, CA) was
administered in 3ul total volume.

2.5. Contextual fear conditioning (Experiment 2)

We have utilized the conditioning procedure described below to induce robust increases in
both hippocampal Arc and c-Fos gene expression, which were measured 30 min post-
conditioning (Huff et al., 2006). Each conditioning chamber consisted of an Igloo ice chest (54
cm x 30 cm x 27 cm; L x W x H) with a white interior. A speaker and an activated 6-W clear
light bulb were mounted on the ceiling of each chest. The ice chest door was open the entire
time, and the room was illuminated by two 60-W light bulbs. The conditioning chambers (26
cm x 21 cm x 24 cm; L x W x H) placed inside the chest were made of clear plastic and had
window screen tops. The shock was delivered through a removable floor of stainless-steel rods
(model E63-23-MODO001; Coulbourn Instruments, Allentown, PA), each of which was 0.5 cm
in diameter and spaced 1.75 cm, center to center. Each rod was wired to a shock generator and
scrambler (model H13-16; Coulbourn Instruments). The chamber was cleaned with water
before each rat was conditioned.

Animals were taken in a black bucket to the conditioning chambers. Animals were allowed to
explore the conditioning context for 5 min, at the end of which a 2 s, 1.5 mA shock was
presented. After the shock, animals were immediately removed and returned to their home cage
via a black bucket where they remained for 30 min until sacrifice.

2.6. Contextual fear conditioning (Experiment 4)

The conditioning context was identical to that used in experiment 2. 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
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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
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. Rats were first tested for fear of the context and then for fear to the tone about 4 h
later. Behavior was scored by observers blind to experimental treatment.

2.7. Real time RT-PCR measurement of gene expression

Total RNA was isolated from whole hippocampus utilizing a standard method of
phenol:chloroform extraction (Chomczynski and Sacchi, 1987). For detailed descriptions of
RNA isolation, Dnase treatment, cDNA synthesis, and PCR amplification protocols refer to
prior publication (Frank et al., 2006). cDNA sequences were obtained from Genbank at
theNational Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov). Primer
sequences were designed to amplify Arc (F: 5-ACAGAGGATGAGACTGAGGCAC - 3; R:
5-TATTCAGGCTGGGTCCTGTCAC -3") and c-Fos (F: 5'-
CTTCCTTTGTCTTCACCTACC-3'; R: 5'- CCTTCTCTGACTGCTCACA-3').
Glyceraldehyde-6-phosphate dehydrogenase (GAPDH) (F: 5'-
GTTTGTGATGGGTGTGAACC-3’; R: 5-TCTTCTGAGTGGCAGTGATG-3) and 18s
ribosomal RNA (F: 5-ATGGTAGTCGCCGTGCCTA-3’; R: 5'-
CTGCTGCCTTCCTTGGATG-3') served as housekeeping genes. Primer sequences were
designed using the Qiagen Oligo Analysis & Plotting Tool
(oligos.qgiagen.com/oligos/toolkit.php?) and tested for sequence specificity using the Basic
Local Alignment Search Tool at NCBI (Altschul et al., 1990). Primers were obtained from
Sigma (St. Louis, MO). Primer specificity was verified by melt curve analysis (see Quantitative
real-time PCR).

PCR amplification of cDNA was performed using the Quantitect SYBR Green PCR Kit
(Qiagen, Valencia, CA). Formation of PCR product was monitored in real time using the MyiQ
Single-Color Real-Time PCR Detection System (BioRad, Hercules, CA).

Relative gene expression was determined using the 272ACT method (Livak and Schmittgen,
2001). Mean C+ of triplicate measures was computed for each sample. Sample mean Ct of
GAPDH or 18s rRNA (internal controls) was subtracted from the sample mean Cy of the
respective gene of interest (A Ct). The sample with the highest absolute ACt was selected as
a calibrator and subtracted from the ACt of each experimental sample (AACt). 2 2ACT yields
fold change in gene expression of the gene of interest normalized to the internal control gene
expression and relative to the calibrator sample.

2.8. Enzyme-linked immunoSorbent assay (ELISA) of IL-18 and IL-6 protein

Tissue was added to 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
HCI, 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. Sonicated samples were centrifuged at 10,000 x g at 4°C
for 10 min. Supernatants were removed and stored at —80°C until ELISA was performed.
Bradford protein assays were also performed to determine total protein concentrations in
sonication samples. Levels of IL-1B and IL-6 protein were determined using a commercially
available rat IL-1p and IL-6 ELISA kit (R&D Systems, Minneapolis, MN). The assay was
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performed according to the manufacturer's instructions. Fifty | of tissue sonicates was used for
the assay.

2.9. Statistical analysis

All data are presented as mean + SEM. Sample sizes are provided in figure captions. Statistical
analyses consisted of ANOVA followed by Bonferroni post-hoc comparisons. In text and
figure captions, Bonferroni corrected p values are reported. Threshold for statistical
significance was set at o = .05.

3. Results

3.1 Experiment 1: Peripheral E. coli reduced basal hippocampal Arc gene expression in 24
mo animals (Fig. 1)

As an initial experiment to assess whether a peripheral immune challenge differentially alters
Arc expression in 3 mo and 24 mo animals, E. coli was administered to animals at a dose that
induces increased hippocampal I1L-1p along with memory impairments in older animals 4 d
post-infection (Barrientos et al., 2006). Here, the effects of E. coli on Arc expression were
measured 2 h, 4 h, 24 h, and 96 h post-infection. In the absence of E. coli, basal Arc expression
was similar in 3 mo and 24 mo animals at each time point post-treatment. E. coli treatment
differentially suppressed Arc gene expression in 24 mo animals compared to E. coli treated 3
mo animals at different time points post-infection. E. coli treatment induced comparable
decreases in body weight in younger and older animals 24 h post-infection indicating that all
animals received an active infection (data not shown).

3.1.1. E. coli suppressed Arc 2 hours post-infection—E. Coli treatment differentially
suppressed Arc expression in 24 mo compared to 3 mo old animals (F = 10.33(gf=1,24), P = -
0037). In 24 mo animals, E. coli treatment reduced Arc expression compared to 3 mo vehicle
(4.4 fold decrease, p <.00001), 3 mo E. coli (3.9 fold decrease, p < .001) and 24 mo vehicle
(3.7 fold decrease, p < .0001) groups. All other experimental groups did not differ in Arc
expression.

3.1.2. E. coli suppressed Arc 4 hours post-infection—Similar to the effects observed
at 2 h post-infection, E. coli treatment resulted in a robust Arc reduction only in 24 mo animals
(F=11.67(g=1,21), p = .0026). E. coli significantly suppressed Arc expression in 24 mo animals
compared to vehicle treated 3 mo animals (3.7 fold decrease, p <.001), E. coli treated 3 mo
animals (3.5 fold decrease, p <.01) and 24 mo vehicle animals (3.3 fold decrease, p <.001).
All other experimental groups did not differ in Arc expression.

3.1.3. E. coli suppressed Arc 24 hours post-infection—E. coli treatment interacted
with age to modulate Arc expression (F = 11.4014¢=1 19), p = .0032). E. coli significantly
suppressed Arc expression in 24 mo animals compared to vehicle treated 3 mo animals (6.1
fold decrease, p <.00001), E. coli treated 3 mo animals (4.1 fold decrease, p <.001) and vehicle
treated 24 mo animals (5.9 fold decrease, p < .00001). 3 mo E. coli-treated animals did not
significantly differ from vehicle treated 3 mo animals (p = .13) and vehicle treated 24 mo
animals (p =.1). 3 mo and 24 mo vehicle treated animals did not significantly differ.

3.1.4. E. colidid not suppress Arc 96 hours post-infection—96 hours post-infection,

E. coli treatment did not significantly alter Arc expression compared to vehicle treatment in
either 3 mo or 24 mo animals.
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3.2. Experiment 2: Effect of peripheral E. coli on hippocampal IL-18 protein and conditioning-
induced Arc and c-Fos gene. expression 96 h post-infection

In light of the results of experiment 1 showing that a peripheral immune challenge substantially
reduces basal Arc only in older animals, we investigated whether E. coli treatment would
differentially suppress conditioning-induced Arc in 24 mo compared to 3 mo animals. 96 h
post-infection was selected as the time point to test this hypothesis because 1) our initial
experiment showed that at 96 h post-infection, basal Arc expression was similar among
experimental groups, which obviates potential floor effects and 2) at this time point post-
infection, we have previously observed not only LTM impairments, but also a protracted
proinflammatory cytokine response in 24 mo animals (Barrientos et al., 2006).

3.2.1. Peripheral E. coli treatment induced a protracted IL-1f protein response
in the hippocampus of 24 mo animals (Fig. 2A)—Previously we have demonstrated
that peripheral E. coli induces a protracted hippocampal IL-1 response only in older animals
(Barrientos et al., 2006). In the present experiment, hippocampal IL-1p was measured 30 min
post-conditioning, which occurred 4 d post-E. coli treatment. Consistent with our prior
findings, E. coli treatment differentially increased IL-1f in 24 mo animals compared to 3 mo
animals. E. coli treatment in 24 mo animals resulted in robust increases in IL-1p compared to
all other experimental groups (p <.001). IL-1p levels did not significantly differ between 3
mo vehicle, 3 mo E. coli, and 24 mo vehicle groups. E. coli treatment induced comparable
decreases in body weight in younger and older animals 24 h post-infection indicating that all
animals received an active infection (data not shown).

3.2.2. E. coli treatment suppressed conditioning-induced Arc gene expression
in 24 mo animals (Fig. 2B)—E. coli treatment, age, and conditioning interacted to alter
Arc gene expression (F = 5.8684t=1 47), p = .019). In the vehicle treated animals, conditioning
increased Arc gene expression to similar levels in 3 mo (244% of control) and 24 mo (237%
of control) animals and significantly above 3 mo and 24 mo vehicle and E. coli HCC animals
(p <.00001). In E. coli-treated 3 mo animals, conditioning-induced Arc was not altered (238%
of control) compared to 3 mo and 24 mo vehicle conditioned animals. However, in 24 mo
animals, E. coli treatment suppressed conditioning-induced Arc (174% of control) compared
to 3 mo and 24 mo vehicle conditioned animals as well as 3 mo E. coli conditioned animals (p
<.02).E. coli treatment in HCC animals did not significantly increase Arc expression compared
to vehicle treated HCC in both 3 mo and 24 mo animals.

3.2.3. E. coli treatment had no effect on conditioning-induced c-Fos gene
expression (Fig. 2C)—In light of the effects of E. coli treatment on conditioning-induced
Arc in older animals, we examined whether this effect generalized to other IEGs, which show
robust induction in response to fear conditioning (Huff et al., 2006). E. coli treatment, age, and
conditioning did not interact to modulate c-Fos expression (p = .21). In addition, none of the
2-way interactions between variables had a significant effect on c-Fos expression. However,
conditioning induced a robust increase in c-Fos expression in both 3 mo and 24 mo animals
compared to HCC animals (p <.0001).

3.3. Experiment 3: Effect of exogenous IL-1RA on E. coli-induced suppression of
hippocampal Arc 24 h post-infection

We have previously demonstrated that hippocampal IL-1p protein levels parallel the E. coli-
induced memory impairments only in 24 mo animals for 8 d post-infection (Barrientos et al.,
2009), however these findings were obscure as to whether IL-1p or other neuroinflammatory
products mediated the memory impairments in 24 mo animals. These prior findings as well as
the E. coli-induced suppression of Arc observed in experiment 1 suggest that IL-13 may play
arole in the E. coli-induced memory impairments observed in 24 mo animals. Therefore, we
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examined whether IL-1f protein mediates the suppression of hippocampal Arc in 24 mo
animals. To block the central effects of IL-1p, the anti-inflammatory cytokine IL-1RA was
administered ICM concurrent with E. coli infection. 3 mo animals were not examined because
E. coli failed to alter Arc expression in experiment 1 and E. coli does not impair memory in 3
mo animals at any time point post-infection (Barrientos et al., 2009).

3.3.1. Exogenous IL-1RA blocked the E. coli-induced increase in hippocampal
IL-6 protein (Fig. 3A)—To verify that IL-1RA blocked the neuroinflammatory effects of
peripheral E. coli, hippocampal IL-6 protein levels were measured 24 h post-infection. We
measured the effect of IL-1RA on IL-6 protein levels because IL-1p is a potent inducer of 1L-6
in the CNS (Van Wagoner and Benveniste, 1999) and therefore E. coli-induced changes in
IL-6 levels is a sensitive measure of IL-1RA anti-inflammatory effectiveness. IL-1RA
treatment interacted with E. coli treatment to significantly alter IL-6 protein levels (F =
18.7884f=1,15), P = .0006). Post-hoc comparisons show that in animals receiving E. coli i.p.
and vehicle ICM treatment, IL-6 levels were significantly increased above the vehicle ICM/
vehicle i.p. (p <.01), IL-1RA ICM /vehicle i.p. (p < .003) and IL-1RA ICM/E. colii.p./ (p <.
002) groups. In animals that received E. coli i.p., ICM treatment with IL-1RA completely
blocked the E. coli-induced IL-6 to levels that did not significantly differ from the vehicle ICM/
vehicle i.p. and IL-1RA ICM/vehicle i.p. groups.

3.3.2. Exogenous IL-1RA blocked the E. coli-induced decrease in hippocampal
Arc expression (Fig. 3B)—IL-1RA ICM treatment differentially modulated hippocampal
Arc expression in E. coli i.p. treated animals (F = 8.335(4¢=1,22), p = .0086). E. coli induced a
significant decrease in Arc expression in vehicle ICM treated animals compared to vehicle
ICM/vehicle i.p. (p <.002), IL-1RA ICM/vehicle i.p. (p <.002) and IL-1RA ICM/E. coli i.p.
(p <.004) groups. In animals treated with IL-1RA ICM and E. coli i.p., Arc levels did not
significantly differ from vehicle ICM/vehicle i.p. and IL-1RA ICM/ vehicle i.p. groups.
IL-1RA and E. coli treatment did not significantly alter c-Fos expression (data not shown).

3.4. Experiment 4: Effect of exogenous IL-1RA on E. coli-induced long-term memory (LTM)
impairments in 24 mo animals

Given the role of Arc in memory formation, the results of experiment 3 suggested that the E.
coli-induced memory impairments observed in 24 mo animals (Barrientos et al., 2009) may be
mediated by the neuroinflammatory sequelae of a peripheral infection. To investigate this
possibility, we examined whether IL-1RA ICM would block the LTM impairments induced
by E. coli in 24 mo animals.

3.4.1. Exogenous IL-1RA blocked the E. coli-induced LTM impairments in 24 mo
animals (Fig. 4A)—IL-1RA ICM treatment interacted with E. coli i.p. treatment to
significantly alter LTM (F = 8.37(4¢=1,12), p = .0135). Consistent with our prior studies
(Barrientos et al., 2009; Barrientos et al., 2006), E. coli i.p. administration in animals treated
with vehicle ICM significantly impaired hippocampus-dependent LTM (% freezing to the
context) compared to the vehicle ICM/vehicle i.p. (p <.0001), IL-1RA ICM/vehicle i.p. (p <.
03), and IL-1RA ICM/E. coli i.p. (p < .004) groups. In animals treated with E. coli, IL-1IRA
ICM treatment blocked the E. coli-induced impairment of LTM to levels similar to vehicle
ICM/vehicle i.p. and IL-1RA ICM/vehicle i.p. groups. In the tone-cued fear test, all
experimental 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 or the
tone periods (data not shown) indicating that hippocampus-independent memory processes
were unaffected by E. coli treatment.

Brain Behav Immun. Author manuscript; available in PMC 2011 February 1.



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

1duasnuey Joyiny vd-HIN

Frank et al.

Page 9

3.4.2. Exogenous IL-1RA blocked the E. coli-induced increase in hippocampal
IL-6 protein 8 d post-infection (Fig. 4B)—To verify an E. coli-induced
neuroinflammatory response as well as the anti-inflammatory effect of IL-1RA, hippocampal
IL-6 protein was measured 24 h after the LTM test (i.e. 8 d post-E. coli infection). Similar to
the results of experiment 3, there was a significant interaction between IL-1RA and E. coli
treatment (F = 16.144¢=1 12), p = .0017). E. coli i.p. treatment significantly increased IL-6
protein in vehicle ICM treated animals compared to the vehicle ICM/vehicle i.p. (p <.002),
IL-1RA ICM/vehicle i.p. (p <.02) and IL-1RA ICM/E. coli i.p. (p < .03) groups. IL-1IRA ICM
blockade of E. coli-induced IL-6 resulted in IL-6 protein levels similar to the levels observed
in the vehicle ICM/vehicle i.p. and IL-1RA ICM/vehicle i.p. groups. Thus, a single
administration of IL-1RA blocked the hippocampal IL-6 increase that is normally still present
8 days after E. coli infection in 24 mo animals.

4. Discussion

Prior work has shown that aging renders hippocampal-based LTM formation vulnerable to
disruption by peripheral immune-challenge (Barrientos et al., 2009; Barrientos et al., 2006).
At 24 mo of age, male F344 x BN F1 rats show normal memory formation in both contextual
fear conditioning and spatial water maze tasks. However, for a number of days after infection
with E. coli these subjects are impaired in forming LTM for both contextual fear and spatial
water maze escape (hippocampal). However, LTM for conditioned fear to a tone and non-
spatial water maze performance (non-hippocampal) is unaffected, as is STM for contextual
fear and spatial water maze learning. Importantly, infection with E. coli has no effect on
memory at all in young (3 mo) animals of the same strain (Barrientos et al., 2009; Barrientos
etal., 2006). Clearly, potential mediators of aging-induced vulnerability of memory to infection
have to share these properties. One such mediator is the IEG Arc (Guzowski et al., 2000). The
present set of experiments demonstrates that a peripheral bacterial infection suppresses the
expression of Arc in older animals, but not younger animals. In light of Arc's role in LTM
formation, reductions in Arc expression may underlie the LTM impairments in older animals
after exposure to a peripheral immune challenge. In the absence of infection, Arc mRNA did
not differ between older and younger animals, and contextual fear conditioning induced Arc
to similar levels in both vehicle treated younger and older animals. However, a peripheral
immune challenge induced a protracted suppression of basal Arc expression in older animals,
whereas in younger animals, E. coli infection failed to alter Arc expression. In older animals,
Arc expression was suppressed 2 h, 4 h and 24 h post-infection compared to all other
experimental groups. It should be noted that basal Arc expression was no longer suppressed
by E. coli 96 h post-infection in 24 mo animals, however at this time point post-infection,
hippocampal IL-1p remains elevated. If an ongoing neuroinflammatory process is necessary
for the suppression of Arc, why does basal Arc expression normalize in the presence of a
neuroinflammatory response? One explanation is that the normalization of basal Arc
expression is compensatory for the prolonged suppression observed within 24 h post-infection.
However, the E. coli-induced suppression of conditioning-induced Arc 96 h post-infection in
24 mo animals indicates that E. coli was still negatively regulating conditioning-induced Arc
96 h post-infection, although basal expression normalized.

Induction of Arc appears necessary for the formation of LTM, but not acquisition or STM
(Guzowski et al., 2000; Plath et al., 2006). In the present study, E. coli infection partially
suppressed conditioning-induced Arc 96 h post-infection only in older animals, but not younger
animals. The results of experiment 1 and 2 suggest that E. coli-induced suppression of Arc
could be a neural mechanism by which a peripheral immune challenge impairs LTM selectively
in older animals. The present findings are consistent with studies showing that attenuating the
behavioral induction of hippocampal Arc results in LTM deficits (Guzowski et al., 2000). It is
important to underscore here that the present set of studies was limited to examining whole
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hippocampus, which precluded examining whether Arc and IL-1f co-localized within discrete
hippocampal sub-regions.

Older animals show not only a cognitive vulnerability, but also a neuroinflammatory
susceptibility to a peripheral immune challenge. Therefore, we explored the possibility that the
neuroinflammatory response to a peripheral immune challenge impairs LTM in older animals
via the suppression of Arc. Consistent with our prior findings (Barrientos et al., 2009;
Barrientos et al., 2006), a single exposure to a peripheral bacterial infection in older animals
resulted in a prolonged neuroinflammatory response (elevated hippocampal IL-1 and IL-6
protein), which was evident 4 d and 8 d post-infection. At 4 d post-infection, a
neuroinflammatory response was not evident in young animals. We have found that peripheral
infection induces a neuroinflammatory response in young animals, however the
proinflammatory cytokine response resolves rapidly (within 24 h post-infection) compared to
the neuroimmune response in older animals (Barrientos et al., 2009). This protracted
proinflammatory response in the CNS of 24 mo animals reflects an age-related shift in the
central microenvironment from anti-inflammatory to proinflammatory as characterized by
microglial and astroglial activation and sensitization to proinflammatory stimuli (Frank et al.,
2006; Huang et al., 2008).

To test whether proinflammatory cytokines mediate the E. coli-induced suppression of
hippocampal Arc, we assessed the effects of exogenously administered IL-1RA on E. coli-
induced suppression of Arc. A single ICM administration of IL-1RA completely blocked the
E. coli-induced suppression of Arc 24 h post-infection in 24 mo animals and abrogated the E.
coli-induced increase in the proinflammatory cytokine IL-6. The ability of IL-1RA to block
E. coli-induced suppression of Arc suggested that IL-1RA had the potential to ameliorate the
LTM impairments induced by E. coli in 24 mo animals. Indeed, IL-1RA did block the LTM
impairments observed in 24 mo animals 3 d post-contextual fear conditioning (i.e. 7 d post-E.
coli infection). Of note, hippocampal-independent memory (tone fear memory) was unaffected
by E. coli treatment, which replicates our prior findings that hippocampal-dependent memory
processes are particularly vulnerable to central proinflammatory insults (Barrientos et al.,
2009). At 8 d post-infection, we found that IL-1RA administered immediately before E. coli
blocked the E. coli-induced increase in hippocampal IL-6 in those animals that underwent
contextual fear conditioning as well as a test for memory of the context.

It is important to note here that IL-1RA exhibits a terminal half-life < 2 h (Granowitz et al.,
1993), however we observed that the anti-inflammatory effects of a single administration of
IL-1RA persisted for 8 d post-E. coli infection. This raises an important question: what is the
mechanism whereby IL-1RA, a protein with a short duration of action, blocks the prolonged
proinflammatory cytokine response in the hippocampus of 24 mo animals after E. coli
infection? Several prior findings (Barrientos et al., 2009) may help explain the durability of
IL-1RA's anti-inflammatory effects observed here. First, E. coli infection induces a rapid
hippocampal proinflammatory response (< 2 h post-E. coli) in both younger and older animals.
Within the first 24 h post-infection, the hippocampal proinflammatory response is similar in
magnitude in younger and older animals. By 24 h post-infection, the neuroinflammatory
response resolves in younger animals, but remains elevated for 8 d post-infection only in 24
mo animals. Second, the E. coli-induced chronic neuroinflammation in 24 mo animals occurs
despite the resolution of the peripheral cytokine response within ~ 1 d post-infection. Third,
the peripheral immune response to E. coli does not differ in magnitude or duration between 3
and 24 mo animals. Finally, immune effector cells in the CNS of older animals, notably
microglia, exhibit a shift towards a proinflammatory state compared to younger animals. These
lines of evidence suggest that the hippocampal proinflammatory response is initiated soon after
E. coli infection in both 3 and 24 mo animals, but chronically maintained in the hippocampus
of older animals due to the presence of immunologically “primed” microglia or other immune
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effector cells. While in 3 mo animals, hippocampal neuroinflammation parallels the peripheral
immune response to E. coli, 24 mo animals exhibit a disconnect between the central and
peripheral immune response. Once set in motion, the neuroinflammatory response in older
animals becomes a central self-sufficient phenomenon and independent of the peripheral
immune response. Therefore, if an intervention can block the initial transduction of the
peripheral immune signal to the CNS, the induction of a chronic neuroinflammatory state may
be obviated in older animals. Indeed, the present results suggest that IL-1RA did serve to block
the transduction of the peripheral proinflammatory signal to the CNS within the first few hours
post-infection. This is because IL-1RA given at the time of E. coli blocked the E. coli-induced
increase in hippocampal 1L-6 protein at 24 h and 8 d post-infection, suggesting that IL-1RA
prevented the initiation of a chronic neuroinflammatory cascade in 24 mo animals. These
results are consistent with a recent report showing that a single administration of IL-1RA at a
dose (4 ug ICV) considerably lower than the dose we utilized blocks the E. coli LPS-induced
sickness and IL-13 mRNA responses in aged mice (Abraham and Johnson, 2008). However,
it is important to note that in the rat, larger doses of IL-1RA (50 — 200 ug ICV), comparable
to the dose utilized here (112 ug ICM), are required to attenuate the sickness response (fever)
to a peripheral immune challenge (Cartmell et al., 1999; Luheshi et al., 1996; Miller et al.,
1997), whereas IL-1RA (60 ug ICV) failed to attenuate the behavioral responses to peripheral
LPS (Bluthe et al., 1992).

Taken together, the effects found here of the anti-inflammatory cytokine IL-1RA on E. coli
suppression of Arc and LTM suggest that central proinflammatory cytokines play a salient role
in the suppression of Arc and impairments of LTM by a peripheral immune challenge in older
animals. The present findings are consistent with a body of evidence showing that
neuroinflammation or proinflammatory cytokines elevated above basal levels impairs memory
formation (Barrientos et al., 2002; Barrientos et al., 2004; Hein et al., 2007; Pugh et al.,
2000; Tanaka et al., 2006) and suppresses LTP in vivo and in vitro (Cumiskey et al., 2007;
Curran and O'Connor, 2003; Tancredi et al., 2000; Vereker et al., 2000). Hippocampal LTP is
impaired in aged animals in parallel with increased IL-1p (Lynch, 1998) and chronic blockade
of pro-1L-1p processing in the CNS alleviates age-related deficits in LTM (Gemma et al.,
2005).

In older animals exposed to a peripheral immune challenge, the suppression of conditioning-
induced Arc as well as the induction of a protracted neuroimmune response further illustrates
the cognitive and neuroinflammatory vulnerability to proinflammatory insults that emerges
with normal aging. The present findings observed in “middle-aged” animals are highly
consistent with a considerable body of work showing similar neuroimmune and cognitive
changes in “aged” or senescent animals (Dilger and Johnson, 2008). The present findings may
be relevant to clinical observations where, upon exposure to a challenge such as surgery, stress,
or severe infection (Bekker and Weeks, 2003; Holmes et al., 2003; Lupien et al., 1997), aged
humans develop cognitive impairments, which otherwise were not apparent pre-challenge. The
present data suggest obvious targets for intervention strategies.
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Fig. 1.

Peripheral E. Coli reduced basal hippocampal Arc gene expression in 24 mo animals. 3 mo
and 24 mo animals were administered E. coli or vehicle i.p. At 2 h, 4 h, 24 h and 96 h post-
treatment, hippocampal Arc expression was measured. E. Coli treatment reduced basal Arc
expression 2 h, 4 h, and 24 h post-E. coli in 24 mo animals compared to all other experimental
groups (**p < .01, *** p <.001). E. coli treatment did not significantly alter Arc expression
in 3 mo animals nor did Arc expression differ between vehicle treated 3 and 24 mo animals.
At 96 h post-infection, Arc expression was not altered by E. coli treatment in either 3 or 24 mo
animals. N = 5-9 animals/group.
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Fig. 2A.

Peripheral E. coli treatment induced a protracted IL-1f protein response in the hippocampus
of 24 mo animals. 3 mo and 24 mo animals were administered E. coli or vehicle i.p. 4 d post-
treatment, animals underwent contextual fear conditioning or served as HCC. 30 min post-
conditioning, hippocampal IL-1p was measured. Peripheral E. coli treatment increased IL-1
protein in 24 mo animals compared to all other experimental groups (*** p <.001). E. coli
treatment had no effect on IL-1p in 3 mo animals. N = 4 animals/group.
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Fig. 2B.

E. coli treatment suppressed conditioning-induced Arc gene expression in 24 mo animals. 3
mo and 24 mo animals were administered E. coli or vehicle i.p. 4 d post-treatment, animals
underwent contextual fear conditioning or served as HCC. 30 min post-conditioning,
hippocampal Arc was measured. E. coli- treatment suppressed conditioning-induced Arc
(174% of control) in 24 mo animals compared to 3 mo and 24 mo vehicle conditioned animals
as well as 3 mo E. coli-conditioned animals (* p < .05). In the vehicle treated animals,
conditioning increased Arc gene expression to similar levels in 3 mo (244% of control) and 24
mo (237% of control) animals and significantly above 3 mo and 24 mo vehicle and E. coli
HCC animals (*** p <.001). In E. coli treated 3 mo animals, conditioning-induced Arc was
not altered (238% of control) compared to 3 mo and 24 mo vehicle conditioned animals. E.
coli treatment in HCC animals did not significantly increase Arc expression compared to

vehicle treated HCC in both 3 mo and 24 mo animals. N = 6 - 8 animals/group.
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Fig. 2C.

E. coli treatment did not suppress conditioning-induced c-Fos gene expression in 24 mo
animals. 3 mo and 24 mo animals were administered E. coli or vehicle i.p. 4 d post-treatment,
animals underwent contextual fear conditioning or served as HCC. 30 min post-conditioning,
hippocampal c-Fos was measured. Conditioning induced a robust increase in c-Fos expression
compared to HCC (*** p <.001). E. Coli treatment had no effect on c-Fos expression. N = 6
- 8 animals/group.
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Exogenous IL-1RA blocked the E. coli-induced increase in hippocampal IL-6 protein. 24 mo
animals were injected ICM with either vehicle or IL-1RA. Immediately following ICM
injection, animals were administered vehicle or E. coli i.p. 24 h post-treatments, hippocampal
IL-6 protein levels were measured. In ICM vehicle treated animals, E. coli i.p. treatment
significantly increased IL-6 levels compared to all other experimental groups (** p <.01).
IL-1RA treatment completely blocked the E. coli-induced increase in IL-6 protein resulting in
IL-6 protein levels similar to the vehicle ICM/vehicle i.p. and IL-1RA ICM/vehicle i.p. groups.

N = 4 animals/group.
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Fig. 3B.

Exogenous IL-1RA blocked the E. coli-induced decrease in hippocampal Arc expression. 24
mo animals were injected ICM with either vehicle or IL-1RA. Immediately following ICM
injection, animals were administered vehicle or E. coli i.p. 24 post-treatments, hippocampal
Arc gene expression levels were measured. In vehicle ICM treated animals, E. coli treatment
significantly decreased Arc levels compared to the vehicle ICM/vehicle i.p. (** p < .01),
IL-1RA ICM/vehiclei.p. (** p<.01),and IL-IRA ICM/E. colii.p. (** p<.01) groups. IL-1RA
treatment completely blocked the E. coli-induced decrease in Arc gene expression resulting in
Arc levels similar to the vehicle ICM/vehicle i.p. and IL-1RA ICM/vehicle i.p. groups. N =
5-7 animals/group.
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Exogenous IL-1RA blocked the E. coli-induced LTM impairments in 24 mo animals. 24 mo
animals were injected ICM with either vehicle or IL-1RA. Immediately following ICM
injection, animals were injected i.p. with either vehicle or E. coli. 4 d post-injections, all animals
underwent contextual fear conditioning. 3 d post-conditioning, all animals were givena LTM
test for the context. In vehicle ICM treated animals, E. coli treatment resulted in a significant
impairment of LTM (% freezing to the context) compared to vehicle ICM/vehicle i.p. (*** p
<.001), IL-1RA ICM/vehicle i.p. (* p <.05), and IL-1RA ICM/E. coli i.p. (** p <.01) groups.
IL-1RA treatment completely blocked the E. coli-induced impairment in LTM resulting in
LTM similar to the vehicle ICM/vehicle i.p. and IL-1RA ICM/vehicle i.p. groups. N =4

animals/group.
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Fig. 4B.

Exogenous IL-1RA blocked the E. coli-induced increase in hippocampal IL-6 protein 8 d post-
infection. 24 mo animals were injected ICM with either vehicle or IL-1RA. Immediately
following ICM injection, animals were injected i.p. with either vehicle or E. coli. 1 d post-test
for fear of the context, hippocampal IL-6 protein was measured. In vehicle ICM treated animals,
E. coli induced a significant increase in IL-6 protein compared to vehicle ICM/vehicle i.p. (**
p <.01), IL-1RA ICM/vehicle i.p. (* p <.05), and IL-1RA ICM/E. colii.p. (* p <.05) groups.
IL-1RA blocked the E. coli-induced increase in hippocampal I1L-6 resulting in IL-6 levels that
did not significantly differ from the vehicle ICM/vehicle i.p. and IL-1RA ICM/vehicle i.p.
groups. N = 4 animals/group.
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