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Abstract

A single postnatal exposure to the bacterial endotoxin, lipopolysaccharide (LPS), reduces the
neuroimmune response to a subsequent LPS exposure in the adult rat. The attenuated fever and
proinflammatory response is caused by a paradoxical, amplified, early corticosterone response to
LPS. Here we identify the mechanisms underlying the heightened corticosterone response to LPS
in adults after early life exposure to LPS. In postnatal LPS-treated rats, hypothalamic
corticotrophin-releasing hormone mRNA, pituitary proopiomelanocortin mRNA, and circulating
adrenocorticotrophic hormone were all increased after adult exposure to LPS without significant
modification to hippocampal or hypothalamic glucocorticoid receptor mMRNA or protein or vagally
mediated afferent signaling to the brain. Postnatal LPS administration did cause a persistent
upregulation of the LPS Toll-like receptor-4 (TLR4) mRNA in liver and spleen, but not in brain,
pituitary, or adrenal gland. In addition, cyclooxygenase-2 (COX-2), which is a prostaglandin
biosynthetic enzyme and is normally undetectable in most peripheral tissue, was constitutively
expressed in the liver. Adult immune activation of the upregulated TLR4 and COX-2 caused a
rapid, amplified rise in circulating, but not brain, prostaglandin E that induced an early, enhanced
activation of the hypothalamic-pituitary-adrenal (HPA) axis. Thus, postnatal LPS reprograms the
neuroimmune axis by priming peripheral tissues to create a novel, prostaglandin-mediated
activation of the HPA axis brought about by increased constitutive expression of TLR4 and
COX-2.

Introduction

The innate immune response provides the body’s primary defense against pathogens and an
inability to mount certain aspects of the innate immune response is associated with increased
morbidity and mortality (Kluger et al., 1998; Skitzki et al., 2007). Because of this
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association, an important observation is that early life exposure to lipopolysaccharide (LPS)
or bacterial infection alters the adult innate immune response (Boissé et al., 2004; Bilbo et
al., 2005; Ellis et al., 2005; Spencer et al., 2006a; Walker et al., 2006) as well as associated
behavioral and sensory responses to LPS (Walker et al., 2004; Boisse et al., 2005; Bilbo et
al., 2006; Harré et al., 2008).

The innate immune response occurs when pathogen-associated molecular pattern-
recognition receptors called Toll-like receptors (TLR) on macrophages and other tissues
recognize bacterial (e.g., LPS via TLR4) or viral (via TLR3) molecules. This recognition
mobilizes a cascade of events beginning with generation of complement (Blatteis et al.,
2004), prostaglandin E, (PGEy) (Li et al., 2006; Steiner et al., 2006), and the
proinflammatory cytokines, tumor necrosis factor a, interleukin (IL)-14, and IL-6 (Luheshi,
1998; Dinarello, 1999). These downstream products of TLR4 activation activate the brain
and vagal afferents (for review, see Maier et al., 1998) to induce further synthesis of
prostaglandins (Cao et al., 1997; Matsumura et al., 2000; Yamagata et al., 2001) and
cytokines within the brain that cause fever and sickness behavior (Dantzer et al., 2008). In
concert with the generation of these proinflammatory molecules, there is an activation of
anti-inflammatory pathways such as the hypothalamic—pituitary—adrenal (HPA) axis that
releases glucocorticoids that suppress the innate immune response (Goujon et al., 1997;
Rivest, 2001).

We have previously shown that a suppressed adult innate immune response brought about by
postnatal activation of TLRs is associated with reduced levels of circulating
proinflammatory cytokines (Ellis et al., 2005), resulting in decreased activation of
cyclooxygenase (COX)-2 and reduced fever (Boissé et al., 2004). In contrast to the reduced
cytokine response in postnatally treated animals, LPS causes a paradoxical early increase in
circulating corticosterone (Ellis et al., 2005) that is responsible for the reduction in
proinflammatory cytokines and the reduced fever. The question that arises, and which we
address in this study, is how postnatal LPS exposure results in an amplified corticosterone
response to LPS that persists into adulthood. We have explored possible changes in the
neural feedback mechanisms of HPA axis activity, changes in vagal afferent signaling, and
the actions of novel circulating mediators that signal the brain. Our findings indicate that
programming by postnatal LPS takes place via mechanisms different from those reported for
many other programming phenomena.

Materials and Methods

Animals

Pregnant Sprague Dawley rats (Charles River Laboratories) were kept on a 12 h/12 h light/
dark cycle (lights on at 0700 h) and had ad /ibitum access to food and water. They were
monitored daily and parturition was considered postnatal day (P)0. Seven days after birth, all
litters were culled to 12 pups per dam for standardization.

On P14 (hereafter referred to as postnatal), half of the pups in each litter were injected
intraperitoneally with pyrogen-free saline and the other half received LPS (100 tg/kg;
Escherichia coli, serotype 026:B6, L-3755; Sigma). Ambient temperature was 20-22°C.
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Ears were clipped for identification and the pups were returned to the dam. We have
previously shown that both saline- and LPS-injected pups receive similar maternal attention
(Spencer et al., 2006b), thus minimizing the possibility that maternal care is the basis for
differences between LPS- and saline-treated animals. At P21, male rats were selected,
weaned, and housed four per cage until they reached 2 months of age, at which time they
were housed two per cage for the remainder of the experiments.

Adult experimental (LPS) and control (saline) littermates were drawn from three or more
litters to preclude possible differences in individual maternal behaviors as a mitigating factor
in any subsequent long-lasting changes induced in the offspring (Meaney and Szyf, 2005).
All procedures were in accordance with the Canadian Council on Animal Care regulations
and were approved by the local University of Calgary animal care committee.

Surgical procedures

To enable body temperature to be monitored, adult animals previously given postnatal saline
or LPS were anesthetized with a mixture of ketamine:xylazine (85:15) and a data logger
(SubCue) was inserted into the abdomen through sterile laparotomy. To enable us to test the
febrile response to intracranial LPS, the skull was exposed and a thin-walled guide cannula
(23G, 14 mm long) was inserted at the level of the lateral ventricle with the following
coordinates relative to the bregma: anterior/posterior, —1.0 mm; lateral, —=1.5 mm; ventral,
-3.0 mm. After 1 week recovery, rats received LPS or sterile saline either via the
intracerebroventricular (i.c.v.) cannula (100 ng, 5 /) or systemically (50 wg/kg, i.p.).

To enable us to collect plasma for hormone level determination, adult rats under halothane
anesthesia (induced at 4%, maintained at 1.5-2%) were implanted with indwelling jugular
catheters. The catheter was drawn subcutaneously to the nape of the neck, where the
protruding end was plugged with a sterile cap. After a 4-5 d recovery period, the free end of
the catheter was connected to tubing that extended outside of the animal’s cage, allowing for
remote blood sampling from freely moving, undisturbed rats as previously described (Ellis
et al., 2006). A heparinized blood sample (~300 z4) was taken immediately before LPS
injection (time 0), then at different time points up to 3 h postinjection. Blood was
immediately centrifuged, the plasma was collected, snap frozen in liquid nitrogen, and
stored at —80°C. After each sampling, we infused 300 /4 of sterile saline to replenish the lost
blood volume.

To determine the involvement of vagal-afferent signaling in the attenuated neuroimmune
response, we performed hepatic branch vagotomies. Selective hepatic branch vagotomy,
although not restricted only to liver (Phillips et al., 1997; Berthoud, 2004), circumvents
much of the digestive and gastrointestinal dysfunction (Romanovsky et al., 1997b, 1998;
Simons et al., 1998) that accompanies total abdominal vagotomy (Louis-Sylvestre, 1983).
Under ketamine:xylazine (85:15) anesthesia, the abdomen was opened, and the hepatic
branch of the vagus was located as previously described (Simons et al., 1998; Warne et al.,
2007) and cut. In sham animals the vagus was isolated, but not cut. One week after surgery,
vagotomized animals were lighter (~20 g) than sham animals, but appeared subjectively
healthy as indicated by food and water intake, coat appearance, and general activity levels.
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Seven days postsurgery, plasma samples were collected from trunk blood 1 h after LPS
injection (50 tg/kg, i.p.) for assay of corticosterone levels.

Western blot analysis

For analysis of the effect of early inflammation on enzyme and receptor protein levels, adult
rats were deeply anesthetized (pentobarbital, 100 mg/kg, i.p.) and transcardially perfused
with cold (4°C) PBS 60 min after receiving intraperitoneal saline or LPS. The
hypothalamus, hippocampus, pituitary, dorsal medial brainstem [encompassing nucleus
tractus solitarius (NTS) and area postrema], and samples of liver and spleen were collected,
snap frozen in liquid nitrogen, and stored at —80°C until further processing, as previously
described (Mouihate et al., 2002, 2004). Proteins (30 4g) were separated by 10% SDS
PAGE, transferred to a nitrocellulose membrane, and incubated overnight at 4°C with
primary antibodies rabbit anti-COX-2 (1:2000; Cayman Chemicals) and rabbit anti-
glucocorticoid receptor (GR) (1: 1000; Santa Cruz Biotechnology), followed by secondary
goat anti-rabbit antibody (1:4000) conjugated with horseradish-peroxidase (Santa Cruz
Biotechnology) at room temperature. Protein bands were detected after application of
chemiluminescence substrate (ECL kit; GE Healthcare) using Kodak X-Omat film (Eastman
Kodak). The membrane was subsequently stripped with S-mercaptoethanol (Sigma) and
reused to detect the housekeeping protein, actin, using a rabbit anti-actin antibody (1: 10000;
Sigma). For densitometry analysis, all values were calculated as a ratio of the protein of
interest/actin and expressed as a multiple of the values in animals that received saline both
postnatally and as adults.

Real-time reverse-transcription PCR analysis

To determine whether early inflammation affected TLR4, glucocorticoid receptor,
corticotrophin-releasing hormone (CRH), or c-fos mRNA, tissues were prepared as
described above and mRNA was extracted and homogenized in TRIzol (Life Technologies)
according to the manufacturer’s guidelines. One microgram of RNA was used for the
synthesis of cDNA, and real-time reverse-transcription (RT)-PCR was performed using
primer sequences (Table 1) designed using commercially available software (Whitehead
Institute) or sequences obtained from the National Centre for Biotechnology Information
database (c-fos accession number, NM_022197.2). Semiquantitative analysis was performed
by monitoring in real time the increase in fluorescence of the SYBR green dye (Invitrogen)
on a Bio-rad i-Cycler. Real-time fluorescence measurements were performed and a threshold
cycle value for each gene was determined. All data were subsequently normalized to the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA level using the AACT method
(Livak and Schmittgen, 2001; Schmittgen and Livak, 2008) and expressed as mRNA relative
fold change (fold increase) as described previously (Harré et al., 2008; Galic et al., 2009).

Restraint stress

As an index of reactivity of the HPA axis to a stress different from that of inflammation,
adult rats that were injected with either postnatal saline or LPS were subjected to the
psychological stressor of 30 min restraint in a size-adjustable Plexiglas tube equipped with
multiple holes for aeration. A small amount of blood (50-100 z4) was sampled via tail nick
immediately before and at the end of the restraint session, and then 90 min later for
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subsequent assessment of corticosterone levels. Previous studies have shown that sampling
at this interval gives values that do not differ from those obtained by sampling from a
vascular catheter (Vahl et al., 2005).

Animals given either postnatal saline or LPS were challenged with LPS (50 tg/kg, i.p.) as
adults and jugular blood samples were taken as described above. To measure
adrenocorticotropic hormone (ACTH), we used a rat-specific ACTH ELISA kit (Peninsula
Laboratories) with interassay variability of 3.8-5.2% [coefficient of variation (CV)], intra-
assay variability of 2.6-4.9% (CV), and sensitivity of 10 ng/ml. A corticosterone ELISA kit
(R&D Systems) was used to assay the plasma samples for free corticosterone in the
following three animal groups: (1) rats that had been given either postnatal LPS (100 /g/kg,
i.p.) or saline and restraint stress during adulthood, (2) rats given postnatal LPS (100 rg/kg,
i.p), then given LPS (50 pg/kg, i.p.) as adults with or without hepatic vagotomy, and (3)
naive adult rats given LPS (50 pg/kg, i.p.) with or without a specific COX-2 inhibitor
(NS398; 3 mg/kg, i.p.) as previously described (Cao et al., 1997). The precision of this assay
is as follows: interassay variability, 7.8-13.1%, CV, intra-assay variability, 6.7-8.0%, CV;
and sensitivity, 27 pg/ml.

For prostaglandin measurements, rats that were injected with postnatal saline or LPS were
given an LPS injection (50 wg/kg, i.p.) in adulthood and trunk blood was collected in
indomethacin (10 x#M; Sigma) and heparin (<3%)-containing tubes at either 20 or 30 min
after LPS injection. The blood samples were immediately centrifuged and plasma collected
as described above. Other groups of postnatally treated rats were similarly given LPS and 20
min later the hypothalamus and hippocampus were collected, snap frozen in liquid nitrogen,
and stored at —80°C. Frozen tissues were then homogenized on ice in 1 ml of 70% ethanol,
30% 0.1 M sodium dihydrogen phosphate, then centrifuged at 10,000 rpm at 4°C. The pellet
was resuspended in 500 4 of ethanol, then centrifuged again at 10,000 rpm, after which the
supernatant from both centrifugations was combined, lyophilized, then resuspended in 400
u of assay buffer for immediate assay. Protein levels in the pellet were determined using a
BCA assay. PGE, levels were determined using a PGE, EIA kit (Cayman Chemicals)
according to the manufacturer’s instructions. This assay has a detection limit of 15 pg/ml,
intra-assay variation of <4%, and interassay variation of <15%.

Fos immunohistochemistry

Adult rats that were injected with postnatal LPS or saline were given LPS (50 wg/kg, i.p.)
and 2 h later their brains were processed to assess neuronal activation on the basis of Fos-
like immunoreactivity (Fos-IR). Rats were transcardially perfused with PBS followed by a
10% neutral-buffered formalin solution. Brains were removed from the skull, blocked and
postfixed for 48 h in the same formalin solution, then cryoprotected for at least 48 h in 20%
sucrose (in PBS at 4°C). Serial, frozen, coronal 50 xm brainstem sections were then cut and
a one-in-five series were incubated in primary Fos antibody (48 h; 1:50 000, rabbit
polyclonal; Calbiochem), then in secondary antibody (2 h; 1:300, biotinylated anti-rabbit;
Vector Laboratories) and avidin-biotin horseradish peroxidase (1 h; Vector Elite kit; \ector
Laboratories) to reveal Fos as previously described (Spencer and Day, 2004). All sections
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were processed simultaneously. An experimenter, blinded to the group treatments,
performed counts of cells positive for Fos-IR in the NTS between 1.6 mm caudal and 1.0
mm rostral to obex, at 250 m intervals.

Statistical analysis

Results

Data are presented as mean £SEM. At the conclusion of experiments, body temperature data
were downloaded and baseline temperature measurements were calculated as an average
between —60 to 0 min and compared using a Student’s unpaired ftest. With verification that
baseline values were not different, a fever index (area under the curve between 60 and 480
min after the injection-stress hyperthermia had subsided) was calculated and compared using
Student’s unpaired ftests (Mouihate et al., 2006). All assay results (RT-PCR, Western blots,
ELISAs, Fos-IR) are expressed as mean £ SEM. We used Student’s unpaired £tests to
analyze data when two treatment groups were compared. For multiple comparisons between
treatment groups, a two-way ANOVA was used, followed by Student-Newman-Keuls post
hoc tests. For data collected at multiple time points, repeated-measures ANOVA and
Student-Newman-Keuls post hoc tests were used. Where variances were found to be
significantly different, Welch’s correction was performed. The difference between groups
was declared statistically significant when p < 0.05.

HPA axis signaling is altered

The corticosterone response to LPS is greater in adult rats that were exposed to postnatal
LPS (Ellis et al., 2005), and we considered that this might be due to a direct amplified effect
of LPS at the adrenal cortex or to an increased activation of either the hypothalamus or
pituitary. If the latter occurs, there should be an increase in proteins and genes involved in
activation of the HPA axis after LPS. Levels of CRH mRNA reflect activation of CRH
neurons and release of the hormone (Herman et al., 1992), thus we measured the amount
CRH mRNA in hypothalamic tissue under both basal conditions (S) and 1 h after an LPS
challenge (L) in adult animals previously exposed to either postnatal LPS (L/S and L/L) or
saline (S/S and S/L). Basal levels of CRH mRNA are similar in adult animals previously
exposed to either postnatal LPS or saline (L/S vs S/S, p> 0.05) (Fig. 1 A) and an LPS
challenge during adulthood significantly increased CRH mRNA levels (p < 0.05) as
expected. More importantly, this CRH mRNA increase was significantly higher in those
animals that had been given postnatal LPS than those given postnatal saline (L/L vs S/L, p<
0.05).

Because hypothalamic CRH stimulates pituitary ACTH release, followed by expression of
the gene of its parent peptide, proopiomelanocortin (POMC), in the anterior pituitary, we
asked whether the enhanced CRH expression was associated with enhanced POMC
expression. Similar to the CRH data, the basal levels of POMC mRNA were not different
between adult animals given either postnatal LPS or saline (L/S vs S/S, p> 0.05) (Fig. 1 B).
Adult LPS challenge resulted in an increased POMC gene expression in both animal groups
(v < 0.05) that was significantly higher in the postnatal LPS animals than in the postnatal
saline animals (L/L vs S/L, p< 0.05) (Fig. 1 B). We also measured the plasma levels of
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ACTH at various time points after an adult LPS challenge. Following the adult LPS
challenge, animals given postnatal LPS displayed a more robust ACTH response at 30 and
60 min than that of postnatal saline animals (p < 0.05) (Fig. 1C). These results are in line
with our previous observation of an enhanced corticosterone response in postnatal LPS-
treated rats to subsequent adult LPS and indicate that the enhanced HPA axis reactivity to
LPS may contribute to the amplified corticosterone release.

GR mRNA and protein is unchanged in hypothalamus and hippocampus

The corticosterone response is under tight negative feedback regulation and an alteration of
this feedback loop could result in a dramatic change in corticosterone output. This altered
feedback regulation has been seen after some other postnatal interventions and is
characterized by reduced expression of GRs in the hippocampus and hypothalamus (Ladd et
al., 2004). For this reason, we asked whether the enhanced corticosterone response was
associated with an altered expression of GR mRNA and protein. As can be seen in Figure 2,
Aand B, postnatal LPS did not affect the adult expression of hypothalamic and hippocampal
GR mRNA or protein (o> 0.05). We also saw no differences in GRs in the pituitary, adrenal
gland, liver, or spleen (data not shown). Thus, differential negative feedback does not
account for the amplified HPA axis in our animals. As a functional confirmation of this,
postnatal LPS also did not affect the magnitude or duration of the corticosterone response to
a restraint stress experienced by adult rats (Fig. 2C).

TLR4 expression is altered in immune-competent organs

We next asked whether the amplified HPA response is due to an enhanced sensitivity to
subsequent LPS. To this end, we evaluated the long-term effect of postnatal LPS on the
expression levels of the LPS receptor, TLR4, in liver and spleen (Visintin et al., 2001;
Zarember and Godowski, 2002), where it causes proinflammatory cytokine synthesis (Luster
etal., 1994; Su et al., 2000), in hypothalamus, where it might act directly or indirectly to
activate the CRH neurons (Rivest, 2001), in pituitary, where it can influence cytokine (Layé
etal., 1994) and ACTH production (Tichomirowa et al., 2005; Iwasaki et al., 2008), and in
adrenal gland, where it can directly stimulate corticosterone production (Vakharia and
Hinson, 2005). As can be seen in Figure 34, adult rats given neonatal LPS had increased
basal expression of TLR4 mRNA in both liver and spleen (p < 0.05), but not in the
hypothalamus, pituitary, and adrenal, when compared with their counterparts given postnatal
saline. Thus, the amplified corticosterone response is unlikely to be due to a direct action of
LPS in the brain, pituitary, or at the adrenal gland, but may be due to a change in the liver or
spleen response to LPS.

To further address the possibility that postnatal LPS altered the brain’s sensitivity to LPS in
a manner not revealed by altered TLR4 mRNA levels, we monitored the febrile response to
centrally injected LPS (100 ng/rat, i.c.v.) in adult rats given either postnatal LPS or saline.
An adult saline injection did not affect body temperature in either of the early life treatment
groups (Fig. 3B). However, intracerebroventricular LPS resulted in a significant rise in the
body temperature with a similar peak fever (+1.4°C) in both LPS infused groups ~330 min
postinjection. The febrile responses (fever index) were not statistically different between
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animals given LPS or saline at P14 (S/L: 5.3 £ 0.40°C x h, n=6,vs L/L: 4.8 +0.31°C x h, n
=6; p> 0.05).

Lack of vagal involvement

The early activation of the HPA axis we observed in postnatal LPS-treated rats, along with
the enhanced TLR4 expression in the liver, prompted us to ask whether these animals
displayed an early vagally mediated activation of the brain (that would have a sufficiently
rapid time course to activate the HPA axis and thus precede the synthesis and release of
cytokines responsible for fever). However, injection of LPS (50 tg/kg, i.p.) in adult rats that
were given postnatal LPS resulted in significantly lower numbers of activated neurons (as
determined by Fos-IR) in the NTS, the primary site of termination of vagal afferents (Fig.
3C,D), than that seen in postnatal saline-treated cage mates (o < 0.05). Because visualization
of Fos protein by immunohistochemistry may not reveal quantitative differences in early
activation and might actually be a reflection of the reduced cytokine levels rather than
possible TLR4 activation of vagal afferents, we also measured c-fos mRNA expression in
the dorsal medial brainstem 20 min after intraperitoneal LPS (50 wg/kg) in adult rats.
Postnatal LPS-treated animals were not different from their saline-treated litter-mates (Fig.
3E). Thus, there was little evidence for an enhanced early vagal activation as the mechanism
responsible for the early HPA axis activation.

Further evidence to support this finding came from experiments indicating that hepatic
vagotomy did not reverse the enhanced corticosterone responses after postnatal LPS (S/L: 65
+ 32 ng/ml, n=5, vs L/L: 106 £ 15 ng/ml, n=5; p< 0.05), indicating that activation of
vagal afferents does not underlie the enhanced activation of the HPA axis.

Long-lasting effect of LPS on COX-2 expression and activity

Because COX-2 plays a pivotal role in mediating LPS effects, we tested whether the
heightened HPA axis response to LPS is related to alteration in expression and activity of
COX-2 in the liver; a primary LPS target (Bilzer et al., 2006; Li et al., 2006) and a likely
source of prostaglandins important in fever (Steiner et al., 2006; Ootsuka et al., 2008).
Livers of adult rats given postnatal saline do not express measurable COX-2. Interestingly,
postnatal LPS injection resulted in measurable, basal expression of COX-2 in the liver of
adult rats (Fig. 4 A, B). Basal expression of the constitutive COX-1 was unaltered (data not
shown). More importantly, 20 min after adult LPS injection (50 wg/kg, i.p.), PGE, plasma
levels were significantly higher in adult rats that were given LPS at P14 (p < 0.05) compared
with those that received saline early in life (Fig. 4C). This effect was transient and no longer
significant when the blood was sampled 30 min after LPS administration (S/L: 241.0
+26.68 pg/ml, n=7, vs L/L: 291.8 + 44.51 pg/ml, n=6; p> 0.05). To ascertain whether
upregulated COX-2 in the brain could be contributing to the early HPA activation through
fast synthesis of PGE,, we measured PGE> levels in the hypothalamus and hippocampus 20
min after LPS injection (50 rg/kg, i.p.) in a separate group of postnatally treated adult rats.
There was no significant difference in PGE; levels in either hypothalamus (S/L: 3.8 + 1.40
pg/mg protein, 7= 6, vs L/L: 4.4 + 1.43 pg/mg protein, 7=>5; p> 0.05) or hippocampus
(S/L: 30.8 + 4.66 pg/mg protein, 7=6, vs L/L: 23.0 = 8.46 pg/mg protein, 7=15; p> 0.05)
as a function of postnatal treatment.
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To establish a causal link between COX-2 activity and corticosterone induction, we
measured plasma levels of LPS-induced corticosterone in the presence or absence of a
specific COX-2 inhibitor. As shown in Figure 5A4, LPS injection induced a rapid increase in
plasma corticosterone levels. Specific inhibition of COX-2 by NS-398 significantly reduced
LPS-stimulated corticosterone production at the early phase (30 and 60 min after LPS
injection) of the LPS-induced corticosterone rise. LPS-induced fever, used here as a
biological assay for COX-2 inhibition, was also blocked in rats that were given the COX-2-
specific inhibitor (Fig. 55).

Discussion

We have shown that postnatal LPS amplifies the HPA axis responsiveness to subsequent LPS
administration in adult rats via a novel mechanism involving an interplay between
circulating prostaglandins and corticosterone. Postnatal LPS causes a sustained increase in
TLR4 mRNA in the liver (and spleen) and permanently enhances the expression of one of its
major targets, COX-2. In animals having upregulated TLR4 mRNA and constitutively
expressed COX-2, LPS causes a rapid rise in circulating PGE, (within 20 min) that results in
an early corticosterone surge that suppresses cytokine production and fever generation.

Enhanced HPA axis

We have asked what is responsible for the rapid rise in corticosterone seen in postnatal LPS-
treated adult rats. Our previous observations suggested that the programming effects were
related to activation of TLRs, as neither a TLR3 ligand (Ellis et al., 2006) nor interleukin-18
(Boissé et al., 2004) given to the neonate were able to alter the adult response to LPS. The
adrenal gland, which expresses TLR4 mRNA (Vakharia and Hinson, 2005) and protein
(Armstrong et al., 2004; Engstrém et al., 2008) and under some circumstances secretes
glucocorticoids independently of ACTH secretion (Bornstein et al., 2008), is unlikely to be
affected, as TLR4 mRNA in the adult adrenal was unaltered. The increased circulating
ACTH that we observed in the postnatal LPS-treated adults could be due to an enhanced
pituitary response to LPS (Parnet et al., 2003), but unchanged pituitary TLR4 mRNA and
increased hypothalamic CRH mRNA suggested a more sensitized CNS response in the
adult. Direct activation of TLR4s in brain (Laflamme and Rivest, 2001; Bsibsi et al., 2002;
Chakravarty and Herkenham, 2005) does not likely account for this, as hypothalamic TLR4
mRNA was unchanged and adult fever responses to intracerebroventricular LPS were
identical in postnatal LPS or saline-treated rats.

Given this evidence of a more responsive HPA axis after post-natal LPS, early life immune
challenge appears to replicate what has been previously seen after other early life stressors.
For example, after maternal separation and neglect (Meaney, 2001), or very early
inflammation with the first few days of life (Shanks et al., 1995, 2000; Hodgson et al., 2001;
Walker et al., 2008), adult animals also display elevated and/or prolonged corticosterone
responses associated with a more responsive HPA axis. Many of these studies linked the
enhanced HPA axis activity to a reduced corticosterone-mediated negative feedback due to
reduced expression of GRs in the hypothalamus and hippocampus (Liu et al., 1997).
However, our collective observations suggest that the heightened HPA axis responses after
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postnatal immune exposure at P14 are due to different mechanisms. First, we saw no
changes in the expression of GR in either the hypothalamus or the hippocampus.
Furthermore, adults that had been exposed to either postnatal LPS or saline displayed similar
profiles of plasma corticosterone in response to a nonspecific behavioral restraint paradigm,
suggesting similar negative feedback. A mechanism independent of altered GR feedback
would also explain our previous observations that exposure to either TLR3 or TLR4 ligands
is associated with a reduced fever and amplified corticosterone response to the same
(homotypic) challenge in adulthood, but not to the heterotypic challenge (Ellis et al., 2006).
If there were a nonspecific alteration in corticosterone feedback due to GR signaling, one
would expect an identical alteration in adult responses to heterotypic and homotypic
challenges. Thus, it is likely that the alterations in HPA responses are probably due to an
enhanced feedforward process specific to LPS actions.

Mediators of increased HPA axis activity

As our studies pointed to a critical role for TLR4 in the programming phenomenon, we
focused on its regulation. We found that postnatal LPS permanently enhances the expression
of its receptor, TLR4, in immune-competent organs such as the liver and spleen. As TLR4
MRNA and protein expression appear to be regulated in tandem (Armstrong et al., 2004;
Palazzo et al., 2008), it is possible that such increased expression of TLR4 participates in
enhanced HPA axis responsiveness.

The rapid action of LPS on ACTH)/corticosterone production (within 30 min) and the
observation that TLR4 mRNA in the liver was upregulated suggested an early, enhanced
action of LPS in the liver, perhaps on vagal afferents. Vagal afferent fibers have been
previously suggested to mediate part of the neuroimmune response to low doses of LPS
(Romanovsky et al., 1997a; Fleshner et al., 1998; Hansen et al., 2000a; Konsman et al.,
2000; Hosoi et al., 2005), but direct or indirect (Visintin et al., 2001; Zarember and
Godowski, 2002; Hosoi et al., 2005; Perlik et al., 2005) stimulation of TLR4s to activate
vagal afferents does not appear to be involved in the programming response. There was no
evidence for early activation of the NTS where vagal afferents terminate, nor did hepatic
vagotomy reduce the early corticosterone surge in the postnatal LPS-treated adult. This is in
agreement with a previous report (Hansen et al., 2000b) that the vagus is not critical for
LPS-induced corticosterone secretion.

COX-2 and HPA axis

If vagal afferent fibers are not activated differently in postnatal LPS-treated animals by
peripheral TLR4s, how might early activation of the HPA occur? There is now evidence that
corticosterone secretion induced by LPS involves prostaglandin signaling (Matsuoka et al.,
2003; Elander et al., 2009) and we have verified this in our study using a selective COX-2
inhibitor. Interestingly, the inhibition was greatest for early, rather than late, secretion,
possibly because late corticosterone secretion may be mediated by different mechanisms
(Chakravarty and Herkenham, 2005). There is now compelling evidence that LPS induces
PGE; release into the systemic circulation and that the circulating PGE; is important in the
febrile response (Rotondo et al., 1988; Steiner et al., 2006). We therefore focused upon liver-
derived prostaglandins as possible mediators of the enhanced HPA activation. As previously
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reported (Steiner et al., 2006), we verified that COX-2 is normally almost undetectable in the
liver in the absence of inflammation. However, the most notable finding here is that
postnatal LPS induces a constitutive upregulation of COX-2 in the liver, even in the absence
of inflammation. This most likely occurs in Kupffer cells (Nanji et al., 1997; Souto et al.,
2001; Ahmad et al., 2002; Steiner et al., 2006) or in hepatocytes (Martin-Sanz et al., 1998).
Although we have focused on the liver, it is possible that the other peripheral tissues such as
the lung (Steiner et al., 2006) and spleen (Turrin et al., 2001; Ellis et al., 2005) may also
show a similar constitutive COX-2 expression. There is some evidence that constitutively
expressed COX-1 is also important in the early response to LPS (Elander et al., 2009), but
we did not see any changes in the level of this enzyme as a function of postnatal LPS.

To address what occurs when LPS activates the liver (or other tissues) that contains both
elevated TLR4 and constitutively expressed COX-2, we compared the amount of PGE,
released into the circulation of postnatal LPS- and saline-pretreated rats after adult LPS. We
detected significantly greater quantities of PGE; in plasma of postnatal LPS rats within 20
min of LPS administration, an early enough time point to account for the appearance of
corticosterone in the circulation (Givalois et al., 1994) and also temporally concordant with
the increase in ACTH we see at 30 min. Whether this occurs through direct action of LPS at
TLR4s on the Kupffer cells (Li et al., 2005) or whether this involves intermediary activation
of complement is yet to be determined, although it is clear from our previous work (Ellis et
al., 2006) that TLR4 must be involved. It is unlikely to involve circulating cytokines, as they
appear later in the circulation and their possible involvement in causing an augmented rise in
PGE, would be inconsistent with the fact that their levels are reduced in early LPS-treated
animals. Whereas brain COX-2 is also upregulated in postnatal LPS-treated animals, early
brain PGE; synthesis does not appear to be responsible for the early HPA activation, as
neither hypothalamic nor hippocampal levels differed after adult LPS as a function of
postnatal treatment.

In summary, we provide the first evidence that early life exposure to LPS causes
permanently enhanced TLR4 mRNA expression and constitutive COX-2 expression,
resulting in increased PGE, synthesis and release and upregulated HPA responses to LPS.
The augmented activation of the HPA axis that occurs is brought about in a very different
manner than the downregulation of hippocampal GRs reported for early life behavioral
activation. Thus, the postnatal programming by neuroimmune activation with LPS causes a
long-lasting but specific memory for future encounters with LPS, resulting in an altered
profile of pro-and anti-inflammatory pathways. Given the increasing attention to the role of
TLRs in acquired immunity and autoimmunity (Beutler, 2004), our results may prompt
further examination into the effects of postnatal immune challenges in these aspects of
immune function. Similarly, as constitutively expressed COX-2 is also found in the CNS of
postnatal LPS-treated animals (Boissé et al., 2004, 2005), where prostaglandins play
important physiological and pathophysiological roles, early immune exposure may be
associated with alterations in multiple functions.
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Figurel.
A, Relative fold increase of CRH mRNA in the hypothalamus of animals treated neonatally

(P14) with either LPS (L) or saline (S). The basal levels of CRH mRNA are not different
between the neonatal treatment groups (L/S, n= 6 vs S/S, n= 6). Following the adult LPS
challenge, both postnatal-LPS- and saline-treated animals responded with an increase in
CRH mRNA; however, this increase was significantly higher in animals treated with
postnatal LPS compared with those treated with postnatal saline (L/L, n=5vs S/L, n=5).
B, POMC mRNA in the pituitary of animals treated with either postnatal LPS or saline.
Again, the basal levels of POMC mRNA are not different between the postnatal treatment
groups (L/S, n=6vs S/S, n=6). Following the adult LPS challenge, both postnatal LPS-
and saline-treated animals responded with an increase in POMC mRNA. However, this
increase was significantly higher in postnatal LPS animals compared with postnatal saline
animals (L/L, n=5vs S/L, n=5). C, ACTH response to the adult LPS challenge in adult
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animals that had been challenged with either postnatal LPS (@) or saline (O). Postnatal LPS
animals display a more robust ACTH response than postnatal saline animals (S/L, 7= 6 vs
L/L, n= 8), having significantly higher concentrations from 30 to 60 min following the adult
LPS challenge. S/S, postnatal saline + adult saline; L/S, postnatal LPS + adult saline; S/L,
postnatal saline + adult LPS; L/L, postnatal LPS + adult LPS. *p < 0.05; data are mean +
SEM.
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Figure2.
A, Sample gel of the amplified GR and GAPDH transcripts following real-time RT-PCR

analysis and relative fold increase of GR mRNA in the hypothalamus and hippocampus. The
levels of GR mRNA in animals treated with postnatal LPS or saline are not significantly
different under basal conditions (L/S, 7= 6 vs S/S, n= 6) in either the hypothalamus or the
hippocampus. B, Sample Western blot of GR and actin protein levels and the ratio of GR/
actin in the hypothalamus and hippocampus. The protein GR levels of postnatal LPS- or
saline-treated animals are not significantly different under basal conditions (L/S, n=4 vs
S/S, n=4) in either the hypothalamus or the hippocampus. C, Plasma corticosterone levels
before, during, and after restraint stress applied for 30 min, as indicated by the black bar
(S/S, n=6vs LIL, n=16). SIS, postnatal saline + adult saline; L/S, postnatal LPS + adult
saline; nSal, neonatal saline; nLPS, neonatal LPS. Data are mean + SEM.
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Figure 3.
Relative fold increase of TLR4 mRNA in the liver, spleen, pituitary, hypothalamus, and

adrenal gland of animals treated with either postnatal LPS or saline. A, The basal levels of
TLR4 mRNA in postnatal LPS animals were significantly higher in both liver and spleen
(L/S, n=6vs SIS, n=6). However, this basal increase was not seen in the pituitary, adrenal
gland, or hypothalamus. B, Body temperature responses to an intracerebroventricular
injection of LPS or saline in animals that had been treated with either postnatal LPS or
saline. The intracerebro-ventricular injection of saline did not alter the baseline body
temperature (S/S, n=6 vs L/S, n=6). The febrile responses to LPS were not significantly
different between animals treated with postnatal LPS or saline (L/L, 7= 6 vs S/L, n=5) (see
Results for data on fever indices). C, The rostrocaudal distribution of LPS-induced Fos-IR
cells in the NTS. Negative rostrocaudal levels indicate caudal to obex. D, Adult LPS-
induced Fos-IR cell numbers in the NTS (50 g/kg, i.p., 2 h) were significantly lower in rats
given postnatal LPS than postnatal saline (L/L, n=4 vs S/L, n= 4). E, LPS-activated c-fos
MRNA in the dorsal medial brainstem (50 tg/kg, i.p., 30 min) was not altered by postnatal
LPS treatment (L/L, n=6 vs S/L, n=6,). S/S, postnatal saline + adult saline; L/S, postnatal
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LPS + adult saline; S/L, postnatal saline + adult LPS; L/L, postnatal LPS + adult LPS. *p<
0.05; data are mean + SEM.
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Figure 4.
LPS injection at P14 enhances COX-2 expression and activity in adult rats. A, Post-natal

LPS injection induces expression of COX-2 protein in the liver of adult rats as assessed by
Western blot. B, Postnatal LPS treatment significantly increased basal (non-LPS-injected)
liver COX-2 levels in adult rats as assessed by densitometric analysis (/7= 9 in each group).
C, At 20 min after adult LPS injection, the plasma level of PGE; in rats that had been given
postnatal LPS (n7=12) was greater than that in those that received postnatal saline (7= 10).
S/L, postnatal saline + adult LPS; L/L, postnatal LPS + adult LPS; nSal, neonatal saline;
nLPS, neonatal LPS. *p < 0.05; data are mean = SEM.
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Figure5.
A, LPS induced plasma corticosterone in naive rats in the absence (n7= 7) or the presence of

a specific COX-2 inhibitor (NS 398; 3 mg/kg, i.p., 7=6). B, LPS induced fever in the
presence or the absence of the specific COX-2 inhibitor in the same animals used for
corticosterone measurements *p < 0.05; **p < 0.01; data are mean + SEM.
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Table 1

Primer sequences

Primer

Sequence

GAPDH forward
GAPDH reverse
GR forward

GR reverse
CRH forward
CRH reverse
POMC forward
POMC reverse
TLR4 forward
TLR4 reverse
c-fos forward

c-fosreverse

AGATGG TGAAGGTCGGTGT
GGAAGATGG TGATGGGTT T
CCC GGG GTA ATT AAG CAAGAG A
CAG AGC CCC CAA GGA AGT CAG
GAG GCATCCTGAGAGAGG T
ATGTTAGGGGCGCTCTCTT
CCT CAC CAC GGA AAG CA

TCA AGG GCT GTT CAT CTCC
ATT GCT CAGACATGGCAGT
ACT CGAGGT AGG TGT TTC TGC
CGG AGA ATC CGA AGG GAA AG
TGG CAATCT CGG TCT GCA AC
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