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Abstract
Both early-life stress and immune system activation in adulthood have been linked independently to
depression in a number of studies. However, the relationship between early-life infection, which may
be considered a “stressor”, and later-life depression has not been explored. We have reported that
neonatal bacterial infection in rats leads to exaggerated brain cytokine production, as well as memory
impairments, to a subsequent peripheral immune challenge in adulthood, and therefore predicted that
stressor-induced depressive-like symptoms would be more severe in these rats as well. Rats treated
on postnatal day 4 with PBS or E. coli were as adults exposed to inescapable tailshock stress (IS),
and then tested for sucrose preference, social exploration with a juvenile, and overall activity, 1, 3,
5, and 7 days following the stressor. Serum corticosterone and extracellular 5-HT within the
basolateral amygdala were measured in a second group of rats in response to the IS. IS resulted in
profound depressive-like behaviors in adult rats, but, surprisingly, rats that suffered a bacterial
infection early in life had blunted corticosterone responses to the stressor and were remarkably
protected from the depressive symptoms compared to controls. These data suggest that early-life
infection should be considered within a cost/benefit perspective, in which outcomes in adulthood
may be differentially protected or impaired. These data also suggest that the immune system likely
plays a previously unsuspected role in “homeostatic” HPA programming and brain development,
which may ultimately lend insight into the often-contradictory literature on cytokines, inflammation,
and depression.
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Introduction
Research in human and non-human animals has suggested that events occurring early in life,
such as stress, may predispose individuals to the development of mood disorders such as
depression in adulthood (Kessler and Magee, 1993; Brewin et al., 2000; Ladd et al., 2000;
Heim and Nemeroff, 2001). Glucocorticoids, the primary stress hormone, are critical for many
aspects of normal development and thus are good candidates for so-called “programming” of
brain and behavior during prenatal or early postnatal life (Owen et al., 2005). In support of this
hypothesis a number of studies in rodents and humans have demonstrated a link between early-
life stress, altered hypothalamic-pituitary-adrenal (HPA) activity, and increased depressive-
like symptoms later in life (Heim and Nemeroff, 2001; Aisa et al., 2007; Lee et al., 2007;
Lippmann et al., 2007).

An important and completely unexplored question is whether immune system activation early
in life, such as occurs during infection, may influence the development of depression in
adulthood. A significant relationship is not unexpected, as there is considerable crosstalk
between stressors and immune system activation. For instance, administration of the pro-
inflammatory cytokine interleukin [IL]-1 in neonatal mice leads to increased HPA reactivity
in adulthood (del Rey et al., 1996). Similarly, tail shock stress in adult rats increases levels of
IL-1 within the brain (Nguyen et al., 1998). Furthermore, prior stressor exposure can potentiate
cytokine responses to a subsequent peripheral immune challenge (Johnson et al., 2002).
Cytokines and immune-related pathology have also been linked to depression in a large number
of studies (Dantzer et al., 1999; Pollak and Yirmiya, 2002; Hayley et al., 2005; Schiepers et
al., 2005; Raison et al., 2006; Irwin and Miller, 2007), although not always (Whooley et al.,
2007), and this is an area that remains controversial (see Glassman and Miller, 2007). Notably,
elevation in brain IL-1 levels was recently shown to mediate the depressive-like symptoms
induced by chronic mild stress, an established model of depression in mice (Goshen et al.,
2007). Whereas the mechanisms underlying cytokine-associated depression remain unclear,
the available data do suggest that stress, immune, and affective systems may all interact via
influences on common neuromodulatory systems, such as serotonergic pathways (Leonard,
2005; Lee et al., 2007; Lowry et al., 2007).

It is estimated that up to 1/3 of pregnancies suffer complications involving infections or trauma
of the uterus or newborn (Newton, 1993; Garnier et al., 2003), and an increasing body of
evidence indicates that perinatal events involving the immune system may contribute to the
development of behavioral or neuropsychiatric disorders (Rantakallio et al., 1997; Hornig et
al., 1999; Shi et al., 2003; Zuckerman and Weiner, 2003). We have reported that bacterial
infection on postnatal day 4 in rats, a developmental stage relatively comparable to the third
trimester in humans during which significant brain growth occurs (Dobbing and Sands,
1979; Rodier, 1980), increases both peripheral and brain cytokines, as well as corticosterone
for several hours (>48) following the infection (Bilbo et al., 2005a). Furthermore, as adults,
these rats exhibit exaggerated cytokine production (IL-1) within the brain, as well as profound
memory impairments, to a subsequent peripheral immune challenge in adulthood (Bilbo et al.,
2005a; Bilbo et al., 2006; Bilbo et al., 2007). Importantly, preventing the synthesis of brain
IL-1 prior to the immune challenge completely prevents the memory impairment, indicating a
causal role for this cytokine in the impairment (Bilbo et al., 2005a). Collectively, these data
led to the hypothesis that stressor-induced depressive-like behavior would be more pronounced
in these rats compared to controls. Here we report that inescapable stress (IS) resulted in
profound depressive-like behaviors in adult rats, but that, surprisingly, rats that suffered a
bacterial infection early in life had blunted corticosterone responses to the stressor and were
remarkably protected from depressive-like symptoms compared to controls.
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Materials and Methods
Animals

Adult male and female Sprague-Dawley rats (70 days) were obtained from Harlan
(Indianapolis, IN) and housed in same sex pairs in polypropylene cages with ad libitum access
to food and water. Male juvenile Sprague-Dawley rats (21 days) to be used in social exploration
tests were obtained from Harlan (Indianapolis, IN) and housed in groups of 4 in the colony
room. The colony was maintained at 22°C on a 12:12-h light:dark cycle (lights on at 0600
MST), unless otherwise noted. Following acclimation to experimental conditions, males and
females were paired into breeders. Sentinel animals were housed in the colony room and
screened periodically for the presence of common rodent diseases (all screens were negative).
All experiments were conducted with protocols approved by the University of Colorado
Animal Care and Use Committee.

Neonatal Manipulations
Female breeders were visually examined daily for confirmation of pregnancy, and male
breeders were removed from cages prior to the birth of pups (=postnatal day [P] 0). Litters
were culled on P4 to a maximum of 10 pups/litter, retaining two female and as many male pups
as possible. All studies were limited to males.

Bacterial Culture—E. coli culture (ATCC 15746; American Type Culture Collection,
Manassas, VA) vial contents were hydrated and grown overnight in 30 ml of brain-heart
infusion (BHI) (Difco Labs, Detroit, MI) at 37°C. Cultures were aliquoted into 1 ml stock vials
supplemented with 10% glycerol and frozen at -20°C. One day before injections, a stock culture
was thawed and incubated overnight in 40 ml of BHI at 37°C. The number of bacteria in cultures
was read using a microplate reader (Bio-Tek Instruments, Inc., Winooski, VT) and quantified
by extrapolating from previously determined growth curves. Cultures were centrifuged for 15
min at 4000 rpm, the supernatants were discarded, and the bacteria were re-suspended in the
dose-appropriate volume of sterile Dulbecco’s PBS (Invitrogen Corp., Carlsbad, CA).

Bacterial Injections—Male pups were injected subcutaneously (30G needle) on P4 with
either 0.1 × 106 colony forming units (CFU) of live bacterial E. coli/g suspended in 0.1 ml
PBS, or 0.1 ml PBS alone. All pups were removed from the mother at the same time and placed
into a clean cage with bedding, injected individually, and returned to the mother as a group.
Elapsed time away from the mother was less than 5 min. All pups from a single litter received
the same treatment due to concerns over possible cross-contamination from E. coli. All
injections were given between 1530 and 1600 hr. The infection results in acute weight loss
(Bilbo et al., 2005b) and a localized inflammatory response within the skin (redness, swelling,
heat) that is resolved within several days (unpublished data). All pups are monitored visually
daily. Any pups that present with significant tissue damage (e.g., open sore or lesion) or obvious
weight loss or weakness (e.g., difficulty nursing or walking, lethargy) are removed from the
study and euthenized if necessary. Such cases are rare and did not occur in the current
experiment. Notably, the infection does not significantly alter maternal care (Bilbo et al.,
2007). Pups were weaned on P21 into sibling pairs and remained undisturbed until adulthood.
To control for possible litter effects, a maximum of two pups/litter were assigned to a single
experimental group.

Experiment 1
Adult rats (2 mo) from each neonatal group were assigned randomly to stress or control groups
(n=10/grp). Pair-housed rats from a single cage were assigned to the same group. Rats were
transferred into a colony room with a reverse light:dark cycle (lights off at 0800 MST) and
maintained on this cycle throughout the study in order to measure sucrose intake and social
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exploration during the active phase of their cycles. Rats were allowed 2 weeks to acclimate to
the altered light cycle prior to subsequent procedures.

Sucrose Preference—Rats were habituated to a 2% sucrose solution for 3 days prior to the
stressor in order to establish a baseline of sucrose preference. Each rat was transferred into an
individual cage at 0900 MST and was given access to rat chow and one standard drinking bottle
containing tap water, and a second identical bottle containing tap water with 2% sucrose. Rats
were allowed to eat and drink undisturbed for 4 hours. Bottles and food were weighed before
and after in order to measure consumption of each. The position of water versus sucrose bottles
in the cage was rotated daily in order to prevent a place preference. This procedure was repeated
for 3 consecutive days prior to the stressor, using the same individual cages for each rat
throughout the experiment. Baseline sucrose preference did not differ between neonatal groups.

Inescapable Stress—All rats were weighed to establish a baseline. Each rat in the stress
group was placed into a Plexiglas box (14 × 11 × 17 cm) with a Plexiglas rod protruding from
the rear. The rat’s tail was secured to the rod with tape and affixed with copper electrodes. Rats
received a single session of 100 tail shocks progressing from low to high intensity (1/3 at 1.0
mA, 1/3 at 1.3 mA, and 1/3 at 1.6 mA) with an average 60 s intertrial interval. Rats were
returned to their home cages after the stressor. Non-shocked home cage (HC) rats remained
undisturbed in the colony.

Social Exploration—On days 1, 3, 5, and 7 post-stressor, rats were transferred into their
individual cages, and sucrose, water, and food intake were measured as described previously.
After 4 hours, individual cages were taken individually into an adjacent room for social
exploration testing, in which a male juvenile (P21-P28) conspecific was placed into the cage
for 3 min. During this time, an observer blinded to the experimental conditions of the study
recorded the total time in contact with the juvenile, but only contact that was directly initiated
by the experimental rat, and defined as “social exploration” (e.g., sniffing, licking, or grooming,
play behavior, etc.). Thus, leaning against or incidental side-by-side touching was not counted.
Rats were also rated visually by the observer for overall activity. For this, a 4-point scale was
used as follows: 4= very active/exploratory, 3= somewhat active/exploratory, 2= somewhat
lethargic, and 1= very lethargic/unresponsive. Tail shock stress is a relatively severe stressor,
and rats often exhibit symptoms of sickness behavior (Hart, 1988) in the days following (e.g.,
reduced grooming, piloerection, lethargy) (personal observations). Rats were weighed and
returned to their home cages at the end of each test. Rats received a different juvenile stimulus
rat for each test day, and juveniles were used no more than 4 times in a single day.

Experiment 2
Based on the results of Exp. 1, the goal of this experiment was to explore two potential
mechanisms involved in behavioral responses to the stressor: 1) 5-HT in the basolateral
amygdala (BLA), which increases following IS and mediates many of its behavioral
consequences (Amat et al., 1998), and 2) circulating corticosterone.

Surgery—Adult rats from each neonatal group (n=9) were anesthetized with a Ketamine (100
mg/kg)/Xylazine (20 mg/kg)/Acepromazine (10 mg/kg) mixture via subcutaneous injection,
and implanted with a CMA 12 microdialysis cannula guide (CMA microdialysis, Acton, MA,
USA), ending just above the BLA: 3 mm caudal to bregma, 4.8 mm from midline and 6.2 mm
from the dura matter. All coordinates followed the atlas of Paxinos and Watson (1998). The
cannula guides were secured to the skull with four screws. A screw cap of a 15 ml conical
centrifuge tube, whose central lid portion was removed, was also affixed to the skull so that
its threads were exposed and it encircled the probe guide. This was done so that the skull
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assembly could later be protected during microdialysis. Following surgery, the rats were placed
in individual plastic cages for a week for recovery.

Dialysis—The evening before the experiment, animals were transferred to the dialysis room
and a 2 mm probe was inserted into the BLA (CMA 12, 0.5 mm in diameter with molecular
weight cutoff of 20,000 daltons, from CMA/Microdialysis). Each animal was placed
individually in a Plexiglas bowl (BAS, Westlafayette, IN, USA). Perfusion with isotonic
Ringer’s solution (Baxter, Deerfield, IL, USA) began at a rate of 0.2 μl/min overnight. At about
0900h the following morning, the flow rate was increased to 1.5 μl/min and a 90 min
stabilization period was allowed. Samples were collected at 20 min intervals throughout the
dialysis session. Four baseline samples were collected before stressor onset. Following baseline
sampling, the animals were removed from the Plexiglas bowls and placed into Plexiglas boxes,
without interruption of the flow of the Ringer’s solution. The rats then received a single session
of 100 tail shocks progressing from low to high intensity (1/3 at 1.0 mA, 1/3 at 1.3 mA, and
1/3 at 1.6 mA) with an average 60 s intertrial interval, as in Exp. 1. Five microdialysis samples
were collected continuously during the roughly 2 h session. After the session was completed,
the animals were returned to the Plexiglas bowls, without interrupting flow, and microdialysate
samples were collected for a further 60 min.

Blood Sampling—Blood samples were obtained immediately, 24 h, and 48 h after the last
dialysis sample (=1 h post-stress) was collected. For each sample, the rat was wrapped gently
in a towel, leaving the tail exposed. A small nick was made in the lateral tail vein using a scalpel
and the tail was stroked until ∼100 μl of whole blood was collected into a microcentrifuge tube.
The entire procedure lasted <2 min per rat. Between samples rats were returned to their home
cages. Blood was centrifuged at 10,000 rpm at 4 °C for 10 min, and supernatant was collected
and stored at -20°C until assayed for corticosterone.

Cannula verification—After the final blood sample an overdose of pentobarbital was
administered and brains were removed and frozen. Forty micrometer sections were taken with
a cryostat and stained with Cresyl Violet for cannula placement verifications using a light
microscope. Only rats with at least 70% of the dialysis probe membrane within the BLA
complex were included in the analysis.

5-HT analysis—5-HT concentration was measured in dialysates by HPLC with
electrochemical detection. The system consisted of an ESA 5600A Coularray detector with an
ESA 5014B analytical cell and an ESA 5020 guard cell (ESA, Chelmsford, MA, USA). The
column was an ESA MD-150 (C-18, 150×3.2 mm) maintained at 37 °C, and the mobile phase
was the ESA buffer MD-TM. The analytical cell potentials were kept at -100 mV and +200
mV and the guard cell at +220 mV. Twenty-five microliters of dialysate were injected with an
ESA 542 autosampler which kept the dialysates at -6 °C. External standards (Sigma) were run
each day to quantify 5-HT.

Exp. 2B
In order to examine corticosterone responses during the stressor, a second group of rats from
each neonatal treatment group (n=9/grp) was cannulated and exposed to tail shock just as
described above. Blood samples were collected from the tail vein 10 min into and immediately
after the end of the tail shock session. Dialysates were not collected on these animals because
blood sampling would have interfered with their interpretation; thus, surgery and overnight
acclimation in the dialysis room were performed on these animals for consistency with the
previous experiment.
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Experiment 3
The goal of this experiment was to control for several variables in Exp. 2 that could alter the
interpretation of any observed changes in corticosterone, including 1) the severity of the
stressor, 2) surgery, and 3) single housing post-surgery, all of which likely alter corticosterone
responses. A blood sample was obtained from the tail vein of a third group of pair-housed adult
rats from each neonatal group (n=8/grp) in order to assess basal (non-stressed) corticosterone
concentrations. One week later, rats were placed individually into well-ventilated Plexiglas
restraint tubes (22 cm long and 9 cm in diameter) in a quiet experimental room for 30 min.
Blood samples were collected immediately after and 2 h after the restraint session ended. Rats
were returned to their home cages in the colony room between samples. Baseline and immediate
post-stress samples were collected at the same time of day (1 week apart). Sucrose preference
and social exploration tests were not conducted in this experiment because significant
behavioral changes are not observed following this mild stressor (unpublished data).

Corticosterone Assessment
Total serum corticosterone concentrations were assessed from serum in 3 assays using a single
colorimetric EIA kit from Assay Designs, Inc. (Ann Arbor, MI). The assays were run according
to the manufacturer’s instructions except that serum (5 μl) was diluted 1:50 in 0.05% steroid
displacement-modified assay buffer. The detection limit of the assay was 27 pg/ml, the intra-
assay coefficients of variation for each assay were 9.25%, 10%, and 11%, and the inter-assay
coefficient of variation was 4.5%.

Data Analysis and Statistics
All data were analyzed using analysis of variance (ANOVA) tests. Following significant F
scores, post-hoc comparisons (Fisher’s protected least significant difference) were performed
to further distinguish among groups, and all differences were considered statistically significant
if p<0.05.

Results
Experiment 1

Neonatal infection attenuates the depressive-like behavioral changes observed
following stress—Reduction in the preference for sweet solutions, anorexia, reduced body
weight and diminished interest in the social environment have been considered as analogues
of anhedonia and other depressive symptoms in rodents (Yirmiya, 1996; Willner, 2005). Thus,
in the present experiment sucrose preference, food intake, and body mass were each subtracted
from baseline for each rat and analyzed across days using separate repeated measures 2-way
ANOVAs. For sucrose preference, a significant group × treatment effect (F1,108=4.8; p=0.03)
revealed that stressed E. coli rats returned to baseline faster than did stressed PBS rats (p<0.05;
Figure 1). For food intake, a significant group × treatment effect (F1,108=3.3; p<0.05) revealed
that stressed E. coli rats returned to baseline faster than stressed PBS rats (p<0.05; Fig 1B).
There were no significant differences in body weight (Fig 1C), and no neonatal group
differences in HC (non-stressed) rats for any measure.

Social exploration was also analyzed across days using a repeated measures 2-way ANOVA.
A significant day × group interaction (F3,108=3.1; p<0.03) revealed that E. coli rats were
significantly less exploratory than PBS rats on the first day of testing (p<0.05), due to reduced
exploration in E. coli HC rats. A significant 3-way interaction (F3,108=4.8; p=0.003) revealed
that stressed E. coli rats returned to control levels of exploration by day 5, whereas PBS rats
did not recover until day 7 (p<0.05; Figure 2). Ranked activity data were analyzed between
stressed groups using a Mann-Whitney U test; because activity for all non-stressed HC groups
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did not vary from the highest ranking (=4), these were excluded from the analysis. Fig 2B
illustrates that activity was significantly higher in stressed E. coli compared to stressed PBS
rats (p=0.01).

Neonatal infection does not alter 5-HT in the basolateral amygdala during stress
—Extracellular levels of 5-HT in the BLA were analyzed across sample time points using a
repeated measures 2-way ANOVA. The last recovery sample was excluded in order to avoid
artifacts (e.g., experimenter in the room). Three PBS-treated and one E. coli-treated rat were
excluded from analyses because of improper cannulae placements. There were no significant
differences in baseline, stress, or post-stress levels (Figure 3).

Neonatal infection attenuates the corticosterone response to stress—
Corticosterone was analyzed separately for each experiment using 2-way repeated measures
ANOVAs. In Exp. 2, there were no differences between neonatal groups in the concentrations
of corticosterone at 1 h, 25 h, or 49 h post-stress (Figure 4). However, in Exp. 2B the increases
in corticosterone during the tail shock stressor and immediately after were significantly
attenuated in E. coli rats compared to PBS (F1,11=6.2; p<0.03). In Exp. 3, a significant time ×
group interaction (F2,28=4.9; p<0.01) revealed that the increase in corticosterone in response
to restraint was also significantly attenuated in E. coli rats compared to PBS (p<0.05; Fig 4B),
whereas basal and post-stress concentrations did not differ.

Discussion
Neonatal infection with E. coli results in sustained peripheral and brain cytokines, as well as
corticosterone for several hours (>48) following the infection (Bilbo et al., 2005a). Because
both early-life stress and exaggerated cytokine production is linked to depression, we predicted
that depressive-like symptoms following a stressful experience would be more severe in
neonatally-infected rats. However, bacterial infection early in life conferred a robust protection
against stressor-induced depressive-like behavior in adulthood. This protection was associated
with blunted corticosterone responses to the stressor in E. coli rats, whereas 5-HT levels within
the BLA did not differ between groups.

The blunted corticosterone responses to the stressor in adult rats infected with E. coli is in
contrast to our previous findings that corticosterone responses to a lipopolysaccharide (LPS)
challenge in adulthood do not differ as a result of early infection (Bilbo et al., 2005a; Bilbo et
al., 2007). LPS is the cell wall component of gram-negative bacteria that simulates infection
and induces a robust immune response (Exton, 1997). Because corticosterone increased so
dramatically in response to tail-shock in Exp. 2, one interpretation of decreased concentrations
in E. coli rats is that these animals had reached a ceiling and were simply incapable of producing
more. However, this possibility seems unlikely given that concentrations were also lower in
E. coli rats in response to a mild restraint stressor (Exp. 3), in which peak concentrations were
lower overall and were clearly capable of climbing much higher (see Fig 4). Rather, the data
suggest the interesting possibility that LPS versus tail-shock stress activate the HPA axis in
fundamentally different ways, along with opposing consequences for behavior, and that early-
life “programming” within the immune system plays an important modulatory role in these
responses.

The current data are also in contrast to several reports that neonatal LPS challenge (on P3 and
P5) results in increased corticosterone responses to stress in adulthood (Shanks et al., 2000;
Hodgson et al., 2001; Nilsson et al., 2002), although this is not always the case (Granger et al.,
1996; Breivik et al., 2002). Beyond the obvious difference that LPS is not a replicating
pathogen, one striking difference between the LPS model and E. coli infection is the pattern
of corticosterone production following the challenge: LPS results in a dramatic increase in
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corticosterone (4 fold or more) the first day of challenge (P3), but virtually complete resistance
to subsequent challenge on P5 (Walker et al., 2004a; 2004b). Following E. coli infection,
concentrations increase 2-3 fold and remain elevated for at least 48 h (Bilbo et al., 2005a).
These data suggest that caution should be used when generalizing the influence of immune
system “activation” on physiological systems, but also suggest that the differences in HPA
reactivity between the two models could be a valuable comparison. Unfortunately, there are
no data, to our knowledge, on depressive-like behavior in adulthood following neonatal LPS.
Interestingly, there are reports that P3/P5 LPS increases anxiety-like behavior in adulthood
(Breivik et al., 2002; Walker et al., 2004a), which is often associated with depression. In
contrast, Spencer et al. (2006) report no significant change in adult anxiety following LPS on
P7.

Finally, the current data are in stark contrast to a large body of data on rats subjected to a
common model of early-life stress, maternal separation (MS), in which rats that are separated
daily from their mothers for several hours (≥3) during the first two weeks of life exhibit HPA
hyper-reactivity to stressors and increased depressive-like symptoms as adults (Diehl et al.,
2007; Lippmann et al., 2007). We were originally interested in a comparison to this model
because of the considerable crosstalk between stressors and immune system activation. As
mentioned previously, E. coli infection on P4 results in a sustained increase in circulating
corticosterone for 48+ hours following infection, a response that would be expected to
reorganize or program the HPA axis and perhaps other physiological systems to some extent
(Viau et al., 1996; Bakker et al., 2001). A close examination of the MS literature reveals
surprisingly little information about corticosterone responses during the stressor, as opposed
to later in life, making comparisons between the current findings and MS protocols difficult
(but see Viau et al., 1996). Interestingly, Gareau et al (2007) recently demonstrated that
probiotic, or “beneficial bacteria”, administration to rat pups successfully reversed MS-induced
gut function abnormalities, and that this was achieved at least in part via normalization of HPA
axis activity. Whereas the E. coli administered in the current study is not probiotic, these data
do suggest that the immune system likely plays a previously unsuspected role in “homeostatic”
HPA programming and brain development, with significant consequences for behavior
throughout the remainder of the life span.

IS rats that were infected as neonates behaved strikingly like rats that have had “behavioral
control” over the stressor. That is, rats that are allowed to turn a wheel during the session and
thus terminate the shocks are protected from learned helplessness behavior (shuttle box escape)
compared to yoked rats that do not have control (Maier and Watkins, 2005). Importantly, the
two groups of rats receive the same amount of shock, so that the physical aspect of the stressor
is identical. Recent experiments have shown that IS rats with control also recover more quickly
in social exploration tests compared to IS rats without control (Dr. John Christianson, personal
communication). Uncontrollable stress sensitizes 5-HT neurons with terminals in the BLA,
which is important for its behavioral consequences (Amat et al., 1998; Maier and Watkins,
2005). Importantly, rats with control over the stressor do not exhibit the robust 5-HT increases.
Based on these collective data, we measured 5-HT responses within the BLA, but found no
differences between groups. These data are somewhat difficult to interpret, however, given the
large variability, as well as, for unknown reasons, a relatively blunted 5-HT response to IS
compared to previous studies (see Amat et al., 1998). Interestingly, Lowry et al (2007) recently
reported that peripheral immune challenge with Mycobacterium activated only specific subsets
of serotonergic neurons within the brains of mice, which notably resulted in reduced
depressive-like behavior (immobility) in a forced swim test. These subsets were only detected
using anatomical mapping of gene expression, suggesting that any differences as a result of
early infection in the current study may have been undetectable using dialysis. In summary,
this is an interesting area that deserves further investigation.
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Taken together, bacterial infection early in life significantly influenced the expression of
depressive-like behaviors following IS in adult rats, an effect that was related to decreased
corticosterone responses to stress. These data, together with previous findings, suggest that
early infection should be considered within a cost/benefit perspective, in which outcomes in
adulthood may be differentially protected or impaired. It is both interesting and perplexing that
the same neonatally-infected rats that exhibit exaggerated brain cytokine responses to an
immune challenge in adulthood, which we have demonstrated several times, also exhibit
decreased depressive-like behavior following stress, which seems to be in contrast to much of
the literature (Dantzer et al., 1999; Pollak and Yirmiya, 2002; Hayley et al., 2005; Schiepers
et al., 2005; Irwin and Miller, 2007). However, Goshen et al., (2007) have recently
demonstrated that the depressive-like symptoms induced by stress-induced elevation of brain
IL-1 are mediated by increases in corticosterone levels. Thus, reduced HPA responsiveness to
IL-1 (and other cytokines) in the neonatally-infected rats may underlie the blunted depressive-
like effects. Alternatively, it is possible that the brain cytokine response to stress (rather than
LPS) in these animals is actually blunted, as is corticosterone. These possibilities need to be
addressed in a future study, and future research should also determine any specific causal role
of corticosterone in these responses, as well as the potential role of serotonin. These data may
ultimately lend insight into the often-contradictory literature on cytokines, infection/
inflammation, and depression.
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Figure 1.
Neonatal infection attenuated the stressor-induced decrease in sucrose preference and food
intake in adulthood (Experiment 1). Data are presented as mean±SEM (n=10/group). (A)
Preference for a 2% sucrose solution over water (percent change from pre-stress baseline). (B)
Food intake (g) during daily 4 h observation period. (C) Change in body weight from pre-stress
baseline. *Significantly different from PBS Stress, p<0.05.
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Figure 2.
Neonatal infection attenuated the stressor-induced decreases in social exploration and activity
in adulthood (Experiment 1). Data are presented as mean±SEM (n=10/group). (A) Total
seconds in exploratory contact with juvenile (initiated by experimental animal) during 3 min
test. (B) Activity score during social exploration test (1=lethargic/unresponsive, 4=very active/
exploratory). #Significantly different from PBS, *Significantly different from PBS Stress,
p<0.05.

Bilbo et al. Page 14

Psychoneuroendocrinology. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Extracellular levels of 5-HT in the basolateral amygdala expressed as a percentage of baseline
for samples taken before, during, and after tail shock stress (Experiment 2). Data are presented
as mean±SEM (n=9/group). There were no significant differences between groups.
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Figure 4.
Neonatal infection attenuated stressor-induced increases in corticosterone in adulthood. Data
are presented as mean±SEM. (A) Serum corticosterone concentrations (ng/ml) during and after
tail shock stress (Experiment 2; n=9/group). (B) Serum corticosterone concentrations before
(BSLN) and after 30 min of restraint stress (Experiment 3; n=8/group). *Significantly different
from PBS, p<0.05.
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