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Long-Term Alterations in Neuroimmune Responses after
Neonatal Exposure to Lipopolysaccharide

Lysa Boissé, Abdeslam Mouihate, Shaun Ellis, and Quentin J. Pittman
Calgary Brain Institute, Department of Physiology and Biophysics, University of Calgary, Calgary, Alberta T2N 4N1, Canada

Fever is an integral part of the host’s defense to infection that is orchestrated by the brain. A reduced febrile response is associated with
reduced survival. Consequently, we have asked if early life immune exposure will alter febrile and neurochemical responses to immune
stress in adulthood. Fourteen-day-old neonatal male rats were given Escherichia colilipopolysaccharide (LPS) that caused either fever or
hypothermia depending on ambient temperature. Control rats were given pyrogen-free saline. Regardless of the presence of neonatal
fever, adult animals that had been neonatally exposed to LPS displayed attenuated fevers in response to intraperitoneal LPS but unaltered
responses to intraperitoneal interleukin 13 or intracerebroventricular prostaglandin E,. The characteristic reduction in activity that
accompanies fever was unaltered, however, as a function of neonatal LPS exposure. Treatment of neonates with an antigenically dissim-
ilar LPS (Salmonella enteritidis) was equally effective in reducing adult responses to E. coli LPS, indicating an alteration in the innate
immune response. In adults treated as neonates with LPS, basal levels of hypothalamic cyclooxygenase 2 (COX-2), determined by
semiquantitative Western blot analysis, were significantly elevated compared with controls. In addition, whereas adult controls re-
sponded to LPS with the expected induction of COX-2, adults pretreated neonatally with LPS responded to LPS with a reduction in COX-2.
Thus, neonatal LPS can alter CNS-mediated inflammatory responses in adult rats.
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Introduction

There are significant differences among individuals in the sever-
ity and duration of illness caused by infectious disease, and a
similar phenomenon has been observed in rats (Wachulec et al.,
1997). Although some of this difference may be due to genetic
and immunological diversity, other factors undoubtedly influ-
ence the capacity to combat infection. The ability to generate a
fever may be one such factor.

Fever is a phylogenetically ancient response to infection that is
an integral part of the host defense response (Hart, 1988). If
animals are prevented from developing fever during infection,
they have greater morbidity and mortality than those permitted
to develop fever (Kluger etal., 1998; Jiang et al., 2000). Thus, fever
(Jiang et al., 1999b) is thought to have “survival value” (Klein and
Cunha, 1996), most likely because of its ability to modify cytokine
expression and to reduce bacterial loads (Jiang et al., 1999a,b).

Fever is part of a physiological, hormonal, and behavioral
response to inflammation that is orchestrated by the CNS. It
occurs when host cells of the immune system respond to
pathogen-associated molecular patterns to initiate innate im-
mune responses. Among the best understood of these processes is
that resulting from exposure to lipopolysaccharide (LPS), a com-
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ponent of the outer membrane of Gram-negative bacteria (for
review, see Blatteis et al., 2000). When exposed to LPS, immune
cells synthesize inflammatory mediators such as the cytokines
interleukin 183 (IL-1), IL-6, and tumor necrosis factor . These
cytokines induce cyclooxygenase 2 (COX-2) to synthesize pros-
taglandin E, (PGE,) within the CNS. PGE, acts within the
ventral-medial preoptic area and anterior hypothalamus to acti-
vate heat conservation and production mechanisms to generate
fever.

Stress experienced by a neonatal rat can markedly alter its
response to behavioral stress in adulthood. Even relatively subtle
differences in maternal care and grooming can change a rat’s
stress response for its entire lifetime (for review, see Caldji et al.,
2000; Meaney, 2001). Similarly, there is now intriguing evidence
that some CNS-mediated immune responses can be influenced
by early neonatal stressful experience. For example, physiological
and behavioral stress in the neonatal period can profoundly affect
the hypothalamic-pituitary-adrenal (HPA) response to noise
stress and to LPS in adults (Shanks et al., 1995, 2000). This can
result in altered expression of experimental arthritis (Shanks et
al.,, 2000), altered reactivity of the hypothalamic-pituitary-
gonadal axis (Nilsson et al., 2002), and persistent changes in CSF
neurotransmitter levels (Coplan et al., 1996; Mathew et al., 2002)
and receptor phenotypes (Hsu et al., 2003; Zhang et al., 2004).

As components of the behavioral stress response are altered by
neonatal LPS, it is conceivable that neonatal exposure to the im-
munological stressor LPS might also alter the febrile response in
adulthood. Given the importance of fever to the host—defense
response to infection, experiences early in life that alter fever may
have a significant impact on an individual’s response to infection
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well into adulthood. In this study, we test the hypothesis that
neonatal immune exposure will alter febrile and neurochemical
responses to LPS in adult rats.

Materials and Methods

Animals. Pregnant female Sprague Dawley rats (Charles River) were
maintained at 22°C on a 12 hr light/dark cycle (8 A.M.—8 P.M.), and rat
chow and water were available ad libitum. On the day of birth [postnatal
day 0 (P0)], litters were culled to 12 pups and randomly distributed
among the dams. For longitudinal experiments, all litters were weaned at
21 d, and male rats were housed four to six animals per cage until they
reached 8—12 weeks of age. 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.

Early life manipulations: neonatal body temperature measurements. To
determine the dose of LPS and the ambient condition favorable for fever
induction in neonatal rat pups, several groups of rat pups were surgically
implanted with small wax-coated, precalibrated mini temperature trans-
mitters (model XM-FH; Mini-Mitter Co., Sun River, OR) 10 d after birth
(P10) under halothane anesthesia (0.5-1.5%). All pups were given a 4 d
recovery period, and experiments were performed on P14. On P13, dams
and their pups (in their home cages) were brought into a temperature-
controlled room to acclimatize for a 24 hr period. The following day
(P14), each pup carrying a transmitter was placed in a cage with three
nonimplanted littermates. Baseline body temperatures were recorded for
a minimum of 1 hr. The pups were then subjected to intraperitoneal
injections of different LPS doses (50 or 100 ug/kg Escherichia coli, sero-
type 026:B6, L-3755; Sigma, St. Louis, MO) at different ambient room
temperatures (22 and 30°C). Body temperature was recorded for a min-
imum of 6 hr after the injection.

Early life manipulations: neonatal treatment for longitudinal study. Pups
were culled and randomly distributed as above, although they did not
undergo surgical mini transmitter placement. When the pups reached
P13, they were brought to the temperature-controlled room with their
dam and allowed to acclimatize to the new environment. On P14, six
pups per litter were randomly selected, and LPS was administered intra-
peritoneally in sterile saline (1 ul/g of pup weight). Six control pups from
the same dam were administered an equal volume of sterile, pyrogen-free
saline. The dam was replaced in the home cage with her pups, and the
animals were kept in the temperature-controlled room for another 24 hr.
Once the 24 hr period was over, the animals were returned to the animal
care facility.

Ata minimum, 10 different litters were used for these experiments on
a minimum of four separate occasions. In addition, the neonatal treat-
ments were performed with different rat pup litters under different con-
ditions. In one condition, P14 pups were administered E. coli LPS (100
ug/kg, i.p.) at an ambient temperature of 22°C (as opposed to 30°C). In
another condition, P14 rat pups were administered Salmonella enteritidis
LPS (100 ug/kg, i.p.) rather than E. coli LPS. The rat pups were then
replaced with their dams and treated identically to the previous groups
described above.

Body temperature measurements in adulthood. At 2-3 months of age,
adult rats were anesthetized with halothane (induced at 4% and main-
tained at 2%), and wax-coated, precalibrated temperature transmitters
(model VM-FH; Mini-Mitter Co.) or silicone-coated temperature data
loggers (SubCue Dataloggers, Calgary, Alberta, Canada) were surgically
implanted into the abdominal cavity. After a 5-7 d recovery period, at
11:30 A.M.—1 P.M,, the rats received 50 ug/kg E. coli LPS intraperitone-
ally dissolved in sterile saline, and body temperature was recorded over a
24 hr period. This dose of LPS has been used previously in our laboratory
to elicit fevers in adult rats (Mouihate and Pittman, 1998, 2003). Control
animals received an equivalent volume of sterile, pyrogen-free saline.
Unless otherwise specified, LPS fevers in adulthood were always elicited
with this protocol (i.e., 50 ug/kg E. coli LPS, i.p.). Body temperature data
were recorded automatically every 5 min and were averaged over 15 min
intervals. The LPS fever experiments were repeated a minimum of four
times.

The telemetry transmitter also transmits activity data. Activity is de-
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fined as the number of gross motor movements made by the animal every
5 min, and these values were averaged for two periods. The first value was
taken from averaging 1 hr of baseline immediately before LPS injection.
The second activity value was taken by averaging the activity from 2 to 3
hr after injection. The second period corresponded to time at approxi-
mately the peak of the febrile response.

In a separate set of experiments, IL-1f3 fevers were induced with an
intraperitoneal injection of human recombinant IL-18 (1 ug/kg, 10°
U/mg; Immunex, Seattle, WA) in sterile saline, a protocol used previ-
ously in our laboratory to induce IL-1p fevers (Mouihate et al., 1998).
IL-1p fever experiments were performed on two separate occasions, 2
years apart.

A final series of adult experiments involved treating 6-week-old adult
rats with intraperitoneal 100 ug/kg E. coli LPS or intraperitoneal saline,
after which the rats were left undisturbed for 2 months, at which time
they were outfitted with data loggers as described above. After a 5-7 d
recovery period, all rats received 50 ug/kg E. coli LPS intraperitoneally
dissolved in sterile saline, and body temperature was recorded over a 24
hr period.

PGE, fevers. Rats were deeply anesthetized with sodium pentobarbital
(Somnotol, 65 mg/kg, i.p.), and a temperature transmitter was inserted
into the abdominal cavity (as above). Under aseptic conditions, a 12 mm
stainless steel guide cannula (23 gauge thin wall) was implanted ster-
eotaxically above the upper floor of the lateral cerebral ventricle (LCV;
coordinates from bregma, lateral, —1.5 mm; anterior, +0.8 mm; and
vertical, —3.7 mm) and fixed in place with jeweler’s screws and dental
cement. A stainless steel stylus was inserted into the cannula to occlude it
until experimentation. After a 7 d recovery period, two different series of
experiments were performed to determine PGE, responses. In one series,
rats were anesthetized with urethane (1.5 gm/kg, i.p.), and their body
temperatures were stabilized at 36-37°C as previously described
(Malkinson et al., 1988; Chen et al., 1999). After baseline body tempera-
ture had been stable for a minimum of 1 hr, a 30 gauge hollow stylet
connected to polyethylene tubing was lowered through the guide cannula
into the LCV, and 25 ng of PGE, in 5 ul of sterile saline was allowed to
flow by gravity into the LCV. Body temperature was recorded over 1 hr.
In a second series, the animals were unanesthetized, and the stylet was
inserted at the beginning of the experiment. Identical infusions of PGE,
were given without the animal being aware of the intervention.

COX-2 Western blot. Two hours after adult rats were administered LPS
(50 pg/kg, i.p.) or saline, they were deeply anesthetized with sodium
pentobarbital (80-100 mg/kg, i.p.) and perfused with PBS at 4°C via the
left cardiac ventricle. The hypothalamus and preoptic area were quickly
removed over ice and flash-frozen in liquid nitrogen. Brain tissue was
homogenized; proteins were extracted; and 30 ug aliquots were sepa-
rated by 10% SDS-PAGE as previously described (Mouihate et al., 2002).
Proteins were then transferred to a nitrocellulose membrane and incu-
bated for 2 hr at room temperature in a 1:2000 dilution of affinity-
purified rabbit a-COX-2 antibody (Ab) (catalog #160126; Cayman
Chemical, Ann Arbor, MI) in solution with a 1:40,000 dilution of
affinity-purified rabbit a-actin Ab (catalog #A2066; Sigma) The antibod-
ies were diluted in 5% fat-free milk in Tris-buffered saline containing
Tween 20 (TBS-T). Previous work in our laboratory has shown that
preabsorption with the specific peptides eliminates band staining, and
the two antibodies do not interfere with each other. The membrane was
then washed for 30 min in TBS-T and incubated for 1 hr in 1:4000 goat
anti-rabbit IgG-horseradish peroxidase conjugate (SC-2004; Santa Cruz
Biotechnology, Santa Cruz, CA) at room temperature. Bound antibodies
were revealed using an enhanced chemiluminescence assay (Pierce,
Rockford, IL). All samples were run twice.

Data analysis. Maximum fever temperatures were subjected to one-
way ANOVA followed by Student-Neuman—Keuls post hoc analysis to
reveal differences among groups. Where only two measurements were
compared, an unpaired ¢ test was used. Baseline temperature means
(time, —1 to 0 hr) were also compared statistically using ANOVAs. Pro-
teins were quantified by densitometry to give COX-2/actin ratios to pro-
vide a semiquantitative value according to the amount of the housekeep-
ing protein actin in each sample. Immunoblot data were compared using
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Figure 1.  Body temperature responses (mean = SEM) of neonatal rat pups to 50 or 100

g/kg E. coli LPS, given intraperitoneally at time 0, at an ambient temperature of 22 or 30°C
(n = 6for 50 wg/kg at 22°C;n = 10 for 50 wg/kg at 30°C; n = 10for 100 eg/kg at 22°Gn =
20 for 100 g/kg at 30°C).

an unpaired ¢ test. All data are presented as means = SEM. Significance
was accepted at the p = 0.05 level.

Results

Early life manipulations: neonatal body

temperature measurements

In four different groups of rat pups, baseline temperatures were
identical for all treatment groups whether the ambient tempera-
ture was 22 or 30°C (ANOVA, p > 0.05). None of the groups
displayed the stress-induced fever after the injection that is nor-
mally seen in adult rats. Body temperature responses to E. coli LPS
varied as a function of LPS doses and ambient temperature (Fig.
1). Although 50 ug/kg E. coli LPS elicited ~1°C fevers at both 22
and 30°C, responses to 100 ug/kg LPS differed as a function of
ambient temperature. At 30°C, pups developed a robust fever
after a latency of 2 hr; it peaked (1.5°C) at ~3 hr, and the tem-
peratures had returned to baseline by 6 hr. In contrast, 100 ug/kg
LPS at 22°C caused hypothermia, which had both latency and a
nadir slightly earlier than the febrile responses seen to the same
dose of LPS at the higher ambient temperature. On the basis of
these results, all subsequent experiments used 100 ug/kg E. coli
LPS at 30°C for neonatal pup treatment unless otherwise
indicated.

Neonatal exposure to LPS attenuates the febrile response

in adulthood

As can be seen in Figure 2, baseline temperatures of adult rats at
2-3 months of age were identical whether their neonatal treat-
ment had been saline or LPS (ANOVA, p > 0.05). All rats dis-
played the expected stress-induced fever that peaked at ~30 min
after the injection. In LPS-injected rats but not saline-injected
rats, this was followed by an increase in body temperature regard-
less of the neonatal treatment. However, the magnitude of the
febrile response to LPS differed as a function of neonatal treat-
ment. In adult rats, LPS fevers were significantly attenuated if the
rats had been neonatally treated with LPS rather than saline (Fig.
2) [mean peak values, 38.16 = 0.24°C (neonatal LPS) vs 38.75 *
0.17°C (neonatal saline); p < 0.05]. Although the data displayed
in Figure 2 are from one representative group of rats, this exper-
iment was repeated four times in different groups of rats over 3
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Figure 2.  Body temperature responses (mean = SEM) to intraperitoneal LPS or saline at

time 0 of adult rats treated neonatally with either saline or £. coli LPS. LPS fever magnitude in
adult rats was significantly reduced in rats that had been treated neonatally with LPS compared
with rats that had received saline in the neonatal period ( p << 0.05; n = 6 for each group).
Adult rats given saline displayed unchanged body temperatures regardless of the neonatal
treatment.

years. The fact that the results were similar each time indicates
that this is a robust and reproducible response.

In contrast to the marked reduction seen in the response of
adult rats treated neonatally with LPS, rats that received 100
pg/kg LPS as adults and then challenged 2 months later with 50
pg/kg LPS displayed fevers identical to those of controls that had
been pretreated with saline alone (mean peak values, saline-
pretreated, 38.56 *+ 0.24°C; vs LPS-pretreated, 38.57 = 0.21°C;
p > 0.05).

The febrile response in adulthood is attenuated
independently of fever in the neonatal period

We wished to determine whether the attenuation of fever in
adulthood required a neonatal fever or whether it was sufficient
for the rat pups to merely be exposed to LPS. This question can be
addressed because a dose of 100 ug/kg LPS at 30°C elicits a fever
in neonatal rat pups whereas the same dose at an ambient tem-
perature of 22°C results in hypothermia (Fig. 1). To determine
whether neonatal fever resulted in attenuated fever in adulthood,
we compared adult fevers of rat pups that were administered 100
pg/kg LPS at either 22 or 30°C (i.e., fever absent or present in the
neonatal period). Adult rats that had been exposed to neonatal
LPS without fever displayed attenuated fevers identical to those of
the pups that had been permitted to develop fevers (22 vs 30°C)
(mean peak values, 38.25 = 0.26 vs 38.16 = 0.17°C; p > 0.05).
Thus, neonatal exposure to LPS, even in the absence of febrile
hyperthermia, is sufficient to blunt fever in response to LPS in
adulthood.

The febrile response in adulthood is attenuated
independently of LPS origin

We wished to know whether attenuation of fever in adulthood
required exposure to the same LPS in adulthood as in the neona-
tal period. As illustrated in Figure 3, rats administered 100 ug/kg
LPS of either E. coli or S. enteritidis origin in the neonatal period
had equally attenuated fevers in response to E. coli LPS in adult-
hood. Fevers in response to E. coli LPS were identical in these two
groups in adulthood (38.25 * 0.26 vs 38.14 = 0.13°C; p > 0.05)
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Figure3. Body temperature responses (mean = SEM) to £. coli LPS given at time 0 of adult

rats that had been treated neonatally with saline, £. coli LPS, or S. enteritidis LPS. There is no
statistically significant difference in the fevers as a function of the origin of LPS given in the
neonatal period ( p > 0.05). Both E. coliand S. enteritidis LPS pretreatment in neonates resulted
in attenuated £. coli LPS fevers in adults compared with the fevers of adult rats that had been
treated neonatally with saline ( p << 0.05; n = 5 for saline; n = 6 for £. coli LPS; n = 7 for S.
enteritidis LPS).
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Figure 4.  Activity response to 50 pg/kg in adult rats pretreated as neonates with either

E. coli LPS or saline. Baseline values are cumulative counts over the 1 hr period before
the injection. Activity responses are the cumulative counts between hours 2 and 3 (*p < 0.05,
paired t test; n = 9 each group). Values for both baseline and for the febrile period were
unchanged ( p > 0.05, unpaired ¢ test) as a function of the neonatal treatment.

and were both significantly lower than fevers in response to E. coli
LPS of rats that were neonatally given saline (Fig. 3) (39.0 *
0.10°C; p < 0.05). These results suggest that, regardless of the
origin of LPS administered in the neonatal period, fever in re-
sponse to E. coli LPS in adulthood is attenuated.

Neonatal exposure to LPS does not alter LPS-induced
reductions in activity during adulthood

Before receiving LPS, adult animals of both the neonatal LPS and
neonatal saline groups showed identical numbers of movements.
In response to intraperitoneal injection of 50 ug/kg E. coli LPS,
both groups of animals displayed identical reductions in activity
to ~25% of baseline levels (Fig. 4).
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Figure 5. A, Sample Western blot indicating expression of COX-2 and actin in the hypothal-
amus of intraperitoneal saline (Sal)- or LPS-injected adult rats that had been treated neonatally
with saline or LPS. B, Densitometric ratio (mean = SEM) of COX-2/actin from four separate
experiments. Adult rats treated neonatally with saline had low basal expression of COX-2 (i.e.,
afteran injection of saline) thatincreased 2.5 hrafter aninjection of LPS (*p << 0.05,). Adult rats
treated neonatally with LPS had high basal COX-2 expression (after saline) that decreased 2.5 hr
after an injection of LPS (*p << 0.05). Basal levels of COX-2 were significantly higher in rats
treated neonatally with LPS (*'p << 0.05) than in rats treated neonatally with saline.

Neonatal exposure to LPS does not alter IL-1 fever

In this series of experiments, rats were again treated neonatally
with either LPS or saline; as adults, the baseline body tempera-
tures were identical in the two groups (37.17 * 0.09 vs 37.20 =
0.08°C; p > 0.05). In response to IL-183, both groups of rats
developed robust fevers with a latency at 75 min and a peak at 130
min. There was no difference in the IL-13 fevers between the
two groups (maximum fever, 38.49 = 0.14 vs 38.59 * 0.08°C;
p > 0.05).

Neonatal exposure to LPS does not alter fever in response to
PGE, in adulthood

To test the sensitivity of neuronal prostaglandin (EP) receptors of
rats treated neonatally with saline or LPS, we infused PGE, (25
ng) into the lateral cerebral ventricle of unanesthetized adult rats.
From identical baseline temperatures, body temperature rose in
both groups of animals to reach a peak at ~30 min after the
injection. There was no significant difference between the two
groups in the peak response to PGE, as a function of neonatal
treatment [A0.86 = 0.17°C (n = 4) vs A0.80 = 0.20°C (n = 6);
p > 0.05]. To obviate possible contributions of behavioral stress
responses in contributing to the PGE, fevers, these experiments
were repeated in anesthetized rats (n = 5, saline-pretreated; n =
6, LPS-pretreated) and, again, fever heights were identical in the
two groups.

Neonatal exposure to LPS alters expression of

hypothalamic COX-2

Levels of COX-2 in the hypothalami of adult rats were assessed as
ameasure of the capacity to produce prostaglandin in response to
LPS. Semiquantitative Western blot analysis indicated that adult
rats treated neonatally with saline had low constitutive expres-
sion of COX-2 that increased 2.5 hr after an injection of LPS (Fig.
5) (p < 0.05). In contrast, rats treated neonatally with LPS dis-
played elevated levels of basal COX-2 when compared with
saline-pretreated littermates (Fig. 5) (p < 0.05). Furthermore,
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COX-2 decreased from these high levels 2.5 hr after treatment
with LPS in adulthood (Fig. 5) ( p < 0.05) in rats treated neona-
tally with LPS. These differences were not attributable to changes
in the amount of actin that were used to standardize the COX-2
In single blots, all actin bands (n = 8) had densitometry values
that were within 4% of each other whether the animal had re-
ceived LPS or saline as a neonate or as a challenge 2.5 hr earlier.

Discussion

Our results show that neonatal exposure to LPS results in atten-
uation of the febrile response to Gram-negative pyrogens but not
to IL-1PB or to intracerebroventricular PGE,, in adulthood. In
contrast, the reduction in activity that follows LPS injection was
unaltered by the neonatal treatments. Furthermore, neonatal
treatment with LPS results in significantly elevated basal COX-2
in the adult hypothalamus compared with saline-pretreated lit-
termates. Most remarkable was that, whereas saline-pretreated
animals displayed the expected induction of COX-2 in response
to LPS administration as adults, the animals that received LPS as
neonates displayed a reduction in COX-2 after LPS.

Alteration in the innate immune response

The O antigen portion of the LPS molecule varies from one spe-
cies of Gram-negative bacteria to the next and is responsible for
acquired or Ab-mediated immunity. The lipid A portion of the
LPS molecule induces innate immune responses, including fever,
sickness behavior, and HPA axis activation (Neter et al., 1966).
This portion is highly conserved between Gram-negative species
(Alexander and Rietschel, 2001). The reduction in fever and
COX-2 induction that we report here may result from an alter-
ation in the innate immune response, a novel mechanism of im-
munological plasticity. In support of this is the fact that neonatal
administration of Gram-negative LPS from antigenically unre-
lated E. coli and S. enteritidis (but with similar lipid A compo-
nents) results in equal attenuation of the adult febrile response to
E. coli LPS.

Possible mechanisms for the reduced febrile response

The attenuation of febrile and neurochemical responses to LPS as
a consequence of neonatal LPS treatment could result from a
number of adaptations in the immune response. We considered
the possibility that neonatally treated rats were unable to mounta
thermogenic response to elicit fever. However, this would appear
unlikely because our LPS-treated rats had body temperatures, as
adults, identical to those of saline-treated controls, even at 22°C,
a temperature below thermoneutral for rats (Romanovsky et al.,
2002). Second, both groups of animals displayed identical stress-
induced fevers to the injection as adults, indicating their ability to
acutely activate thermogenesis. Finally, the febrile response to
both IL-18 and the downstream mediator PGE, was unaltered
between LPS and control groups. These observations point to an
alteration upstream to both thermoregulatory effector pathways
(Nagashima et al., 2000) and the IL-13 (Malinowsky et al., 1995)
and EP (Ushikubi et al., 1998; Nakamura et al., 2000) receptors
thought to be involved in fever.

There was a marked reduction in LPS-induced levels of
COX-2. COX-2 is the rate-limiting enzyme of PGE, synthesis,
and its induction is strongly correlated with PGE, generation in
the brain (Imai-Matsumura et al., 2002; Ivanov et al., 2003). This
suggests that neonatally LPS-treated rats are unable to produce
PGE, or at least produce less PGE, in their brains in response to
adult LPS exposure. The mechanism responsible for the reduced
COX-2 activation is still unknown. One possibility is an en-
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hanced HPA response to the LPS, which is known to exist in
adults treated neonatally with LPS (Shanks et al., 1995; Hodgson
et al,, 2001). Enhanced HPA axis activation could suppress
COX-2 action (and fever) via the inhibitory effect of corticoste-
roids, possibly through inhibition of nuclear factor kB transloca-
tion (Auphan et al., 1995) or through inhibition of the COX-2
transcription factor activating protein 1 (Umland et al., 2002).
However, an action solely at the level of COX-2 activation would
be expected to interfere also with IL-18 action, yet IL-18 fevers
were unchanged in the LPS-pretreated animals. Thus, a more
proximal target in the cascade of cellular events would seem a
more likely site of action. Glucocorticoids also block transcrip-
tion of the mRNA of proinflammatory cytokines (Barber et al.,
1993; Chai et al., 1996; Tatro, 2000; Franchimont et al., 2003),
making it possible that there is an alteration in the profile of pro-
and anti-inflammatory cytokines that is generated in adults after
LPS. For example, either a reduction in IL-183 and IL-6 or an
increase in such anti-inflammatory cytokines as IL-10 (Cartmell
et al., 2003) and IL-1ra (Cartmell et al., 2001) could alter the
ability of LPS to activate the endothelial cells where the COX-2 is
generated.

Basal COX-2

A very curious aspect of the adult response to neonatal LPS ad-
ministration is the elevated level of COX-2 in the absence of LPS.
Currently, we have no explanation for this. It would seem that the
balance between inducible and basal COX-2 has changed in some
manner. The baseline body temperatures of these animals were
not elevated over those of the neonatal saline-treated animals,
suggesting that they were not constitutively generating PGE, as a
pyrogen. Whether the activity of the COX-2 has changed so that
it is no longer generating PGE,, or there is continuous induction
attributable to an unknown stimulus in a different cellular com-
partment, is open to investigation. It may also be that there is a
change in the profile of cells secreting inducible versus constitu-
tive COX-2 because inducible COX-2 is synthesized primarily in
perivascular endothelial cells, whereas constitutive COX-2 ex-
pression in found in neurons (Cao et al., 1997; Matsumura et al.,
1998; Yamagata et al., 2001).

Important aspects of the neonatal immune response

Previous work has shown that fever is attenuated in neonatal
lambs (Pittman et al., 1973) and guinea pigs (Blatteis, 1975), and
neonatal rats are also known to display an attenuated response to
LPS (Dent et al., 1999; Dallman, 2000). We found that, at least in
14 d neonatal rats, they were well able to develop a fever when
maintained at a thermoneutral temperature. However, by expos-
ing the neonates to LPS under different environmental condi-
tions, we were able to manipulate the temperature response such
that we could administer LPS to neonatal rats yet prevent the
animals from developing a fever. We were thus able to ask
whether the presence of fever and the realization of a critical
threshold temperature in the neonates were important in the
attenuated febrile response seen in the adults. However, such
neonatally LPS-treated but afebrile animals showed reductions in
fever in the adults that were identical to those displayed by neo-
nates that developed a fever.

Our neonatal injections of LPS were given at a single time
point, 14 d postnatally, an age at which we were able to allow
sufficient recovery after implantation of temperature recording
devices. Now that we know that fever per se is not a critical feature
of the neonatal response, it will be interesting to determine
whether there is a critical age for treatment. It is most likely a
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feature of the neonatal period because adult rodents subjected to
repetitive injection of either LPS or of cytokines display tolerance
for only a few days to weeks (Beeson, 1947), and there was no
evidence of tolerance in our experiments in which adult animals
were subjected to LPS at a 2 month interval. The attenuated fever
response we have observed after a 2-3 month interval also con-
trasts with the sensitized responses to cytokines (Hayley et al.,
1999; Schmidt et al., 2001, 2003) or LPS (Hayley et al., 2001) seen
after much shorter periods in adult animals. Whether the neona-
tal LPS exposure causes an enhanced manifestation of a response
that is present in the adult, or whether it is an entirely different
phenomenon, remains to be seen.

In addition to fever, LPS induces a constellation of adaptive
behavioral responses, including a reduction in activity levels
(Hart, 1988; Konsman et al., 2002). In contrast to the marked
reductions in febrile responses of adult animals pretreated neo-
natally with LPS, the LPS-induced reduction in activity was un-
altered. A similar dissociation between febrile and activity re-
sponses to LPS has been previously reported in a chronic model
of inflammation (Boissé et al., 2003). It is possible that the im-
mune signal activates the various components of the host defense
response differently.

Clinical and functional relevance

In this study, we provide evidence that the innate immune system
can be modified well into adulthood after exposure to LPS as a
neonate. Our finding of attenuated fever in neonatally challenged
rats sets the stage for a number of future investigations. The early
activation of the neuroimmune response could alter, in the adult,
the many CNS pathways and mechanisms that are known to be
involved in fever as well as other autonomic and behavioral func-
tions affected by LPS or cytokines (Oladehin and Blatteis, 1995;
Elmquist et al., 1996; Tkacs et al., 1997; Dantzer et al., 1998;
Zhang et al., 2000; Xia and Krukoff, 2001; Reyes and Sawchenko,
2002). These responses remain to be investigated. There are also
marked gender-related differences in the responses of neonates to
early manipulations (Cushing et al., 2003; El Khodor and Boksa,
2003; Park et al., 2003). For this reason, we chose to work exclu-
sively with males. However, it will be important in future exper-
iments to determine whether females show an identical attenua-
tion of the response to LPS.

Most importantly, our work demonstrates how an early im-
mune challenge in a neonate may “set the tone” for the future
health of the individual as reflected by the capacity to develop
fever. In particular, it would be valuable to know whether the
ability to handle a bacterial infection is altered in neonatally
immune-exposed animals. Because fever is such an integral part
of a host’s defense against infection, it may well be that any
change to the febrile response could alter an animal’s ability to
combat infectious disease later in life. The data from our experi-
ments lay the groundwork for such studies. Given the importance
that early antigenic experience is now speculated to play in in-
flammatory disease states, it is likely that elucidation of the con-
tribution of early life events in the development of the neuroim-
mune response could be equally important. It could provide
guidance about how infection and fever should be treated in
infants.
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