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Abstract

Puberty is a period characterized by brain reorganization that contributes to the development of
neural and behavioral responses to gonadal steroids. A single injection of the bacterial endotoxin,
lipopolysaccharide (LPS), during the pubertal period decreases sexual receptivity in response to
ovarian hormones in adulthood. Because chronic estradiol treatment alleviates depression-like
symptoms in ovariectomized adult mice, we investigated the effect of pubertal LPS treatment on
estradiol’s antidepressant effects. We hypothesized that pubertal LPS treatment would decrease
the antidepressant-like effect of estradiol in adult ovariectomized female mice, as it decreases
other behavioral responses to ovarian hormones. As expected, chronic estradiol treatment
decreased depression-like behavior, as measured by the duration of immaobility, in saline-treated
mice from two different strains, as well as in mice treated with LPS in adulthood. In contrast, in
mice treated pubertally with LPS, estradiol strikingly increased the duration of immobility. No
difference in body weight and in locomotion was found among the groups, suggesting that the
differences in depression-like behavior were not due to differences in body weight or locomotor
activity between LPS-treated and control mice. These results suggest that exposure to an immune
challenge during the pubertal period alters the responsiveness of depression-like behavior to
estradiol.
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1. Introduction

Puberty is a period of brain remodeling by sex steroid hormones, as animals develop
reproductive maturity (Levitt, 2003;Schulz et al., 2009;Sisk and Foster, 2004). In mice and
humans, long-term exposure to stressors during the pubertal period is associated with a
variety of physiological changes (Laviola et al., 2002;Young and Altemus, 2004;Goel and
Bale, 2007). Exposure to stressors during the pubertal period can have long-term negative
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effects on the reproductive capacity of female mice (Paris et al., 1973). Similarly, inbred
C57BL/6 female mice exposed to shipping stress or to an immune challenge
(lipopolysaccharide; LPS), but not other stressors, during the pubertal period display
reduced hormone-induced sexual receptivity in adulthood contrasted with mice stressed
earlier or later in development (Laroche et al., 2009b;Laroche et al., 2009a). These effects
are seen in the outbred CD1 mouse strain as well (Ismail et al., 2011), albeit at a slightly
later age.

Although not an indicator of full reproductive maturity, vaginal opening of CD1 mice in our
laboratory occurs at approximately 30 days old, contrasted with approximately 25 days old
in C57BL/6 mice (Ismail and Blaustein, unpublished observation). Laroche and colleagues
(Laroche et al., 2009b;Laroche et al., 2009a) reported that in C57BL/6 mice, the effects of
LPS and shipping on adult behavioral response to estradiol and progesterone started around
4 weeks old and were most robust at five to six weeks old, and mice shipped or injected with
LPS later than six weeks old were insensitive to the long-term effects of the stressors on
response to ovarian hormones. In contrast, in CD1 mice, the effects of shipping and an
immune challenge at puberty resulted in decreased responsiveness to estradiol and
progesterone in adulthood in females shipped at six weeks old, but not in those shipped
younger, and also in mice shipped at eight weeks old, but not in those shipped at ten weeks
old (Ismail et al., 2011). Together, these findings suggest that exposure to particular
stressors during puberty reduces behavioral responsiveness to estradiol and progesterone in
adulthood and that the vulnerable pubertal period extends until at least eight weeks old in the
CD1 strain.

Estradiol also plays a prominent role in behaviors related to mental health. For example,
female rats (Diaz-Veliz et al., 1997) and mice (Galeeva and Tuohimaa, 2001) display
reduced anxiety-like behavior during proestrus and estrus, but increased levels during
diestrus. Moreover, ovariectomy increases, and hormone replacement decreases, these
behaviors (Diaz-Veliz et al., 1989). Interestingly, mice treated with LPS during puberty do
not respond to hormonal treatment with the expected decrease in anxiety-like behavior
(Olesen et al., 2011). Likewise, estradiol modulates the expression of depression-like
behaviors (Okada et al., 1997;Rachman et al., 1998;Dalla et al., 2004). Tests that are
currently used to examine depression-like symptoms in mouse models are the tail
suspension (Trullas, Jackson & Skolnick, 1989) and forced swim tests (Porsolt, Le Pichon &
Jalfre, 1977; Porsolt, Anton, Blavet & Jalfre, 1978). In both of these tests, the duration of
immobile behavior is thought to represent a state of behavioral despair. Ovariectomy
increases and subchronic or chronic estradiol replacement decreases the duration of
immobility in these tests (Okada et al., 1997;Bernardi et al., 1989). To our knowledge, the
effects of ovarian hormones on another test for depression, the sucrose preference test for
anhedonia, have not been systematically studied. A study on postpartum depression was
unclear regarding the effects of gonadal hormones on this test (Green et al., 2009).

The objective of the first experiment was to determine whether an immune challenge during
the pubertal period decreases behavioral responsiveness of depression—like behaviors to
chronic estradiol treatment in inbred C57BL/6 (Experiment 1). In order to determine if this
effect is generalizable to other strains of mouse, we also tested the effect of the immune
challenge on behavioral responsiveness to chronic estradiol treatment in the outbred CD1
strain of mice (Experiment 2). We hypothesized that, as shown previously, chronic estradiol
treatment in adulthood would have an antidepressant-like effect, and that pubertal LPS
treatment would reduce the effects of chronic estradiol treatment in both strains of mice.
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2. Experimental Procedures

2.1 Animals

Sixty-four C57BL/6 (n of 8 x 2 ages (pubertal and adult) x 2 treatments (saline and LPS) x 2
hormone capsules (oil and estradiol)) and 64 CD1 (n of 8 x 2 ages (pubertal and adult) x 2
treatments (saline and LPS) x 2 hormone capsules (oil and estradiol)) female mice were
purchased from Charles River Laboratories (Kingston, NY) and housed in an all-female
colony room under controlled temperature (24 £ 2°C) and reversed 14-h light: 10-h dark
cycle (lights off at 10:00am). Mice were housed in groups of four in polycarbonate cages
with ad libitum access to food (Teklad 2014), Harlan Laboratories, Madison, WI,
phytoestrogen-reduced diet) and water supplied in glass water bottles. Cages were lined with
a combination of wood shavings and CareFRESH (International Absorbents, Inc., Ferndale,
WA) bedding, and a fresh Nestlet (Ancare Corp., Baltimore, NY) was placed in each cage
when they were changed. Testing and handling occurred during the dark phase of the
illumination cycle under dim red light. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of the University of Massachusetts Amherst.

2.2 Bacterial endotoxin, lipopolysaccharide (LPS)

Thirty-two 6-week or 8-week old C57BI/6 mice and 32 6-week or 10-week old CD1 mice
were injected at the end of the light cycle with either sterile saline or 1.5mg LPS/kg body
weight (obtained from Escherichia coli serotype 026:B6; no. L3755; Sigma Chemical Co.,
St. Louis, MO) dissolved at a concentration of 0.1mg/ml in sterile saline. Mice were
returned to their home cage immediately after injection. Sickness behavior was scored as
described below, and animals were weighed 24 and 48 hours following treatment to assess
the effect of LPS treatment on body weight loss. The dose of LPS was chosen based on
previous work (Laroche et al., 2009a) and on pilot work in which it caused only mild
sickness lasting less than 48 hours in C57BL/6 mice under our housing conditions.

2.3 Sickness behavior

Sickness behavior was scored 30 min, 4, 24 and 48 hours following treatment by two
observers, who were blind to the treatment conditions. Animals were evaluated with respect
to the number of symptoms displayed (one symptom = score of 1; two symptoms = score of
2, three symptoms = score of 3) (Gibb et al., 2008). The symptoms examined were lethargy
(diminished locomotion), huddling (curled body posture), and ptosis (drooping eyelids).
This rating procedure correlates with other methods of sickness scoring, such as scoring the
severity of each symptom independently on a four-point scale (Gandhi et al., 2007). Mice
were also weighed 24 and 48 hours following treatment to examine changes in body weight.

2.4 Long-term changes in body weight

Long-term body weight changes were examined in a separate cohort of 48 C57BI/6 mice
that were part of a larger telemetry study examining changes in body temperature following
exposure to pubertal immune challenge (data not shown here). A large number of mice were
used for each treatment group (24 mice per group: 6 experimental and 18 cage mates) in the
telemetry study, since body temperature measurement could only be recorded in one mouse
per cage of four mice. Long-term changes in body weight following saline or LPS exposure
was assessed in these mice by weighing them once a week for a total of fifteen weeks.

2.5 Ovariectomy and capsule implantation

Five weeks following saline or LPS treatment, 64 C57BI/6 and 64 CD1 mice were
ovariectomized and implanted with a capsule containing estradiol or oil vehicle. Mice were
anesthetized with isoflurane (3% at one I/min, inhaled). Incisions were made to the ventral
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skin and the muscle layer to locate the uterine horns and ovaries. Once located, the uterine
horns were tied with absorbable suture, and the ovaries were removed. The muscle layer was
sutured, and the skin incision was closed with wound clips. Then, an incision was made to
the dorsal skin layer of the neck, and the mice were implanted with either a 2.5cm long
Silastic© implant (1.57mm I.D. x 3.18mm O.D) filled with 50 pg of 17p-estradiol dissolved
in 25 pl of sesame oil or a control implant filled only with oil vehicle. This estradiol implant
yields a high physiological concentration of estradiol in the plasma (85-120 pg/ml) (Kudwa
et al., 2009). The incision was closed with wound clips. Mice were placed on a heating pad
to recover until they were fully awake. They were then returned to their home cage with an
additional water bottle containing a 3 % solution of Children’s Tylenol (160 mg of
acetaminophen/ 5 ml dissolved in tap water) for 48 hours. Behavioral testing for depression-
like symptoms began one week later.

2.6 Behavioral testing

2.6.1 Forced Swim Test—Sixty-four C57BI/6 and 64 CD1 mice underwent the forced
swim test. This 5-min test was conducted with experimenters that were blind to treatment
groups. The duration of the test was chosen based on reports that mice quickly adopt an
immobile posture (Porsolt et al., 1978;Dalla et al., 2004). Mice were placed in a four-liter
glass cylinder containing three liters of water at 24 + 2°C. The duration (in seconds) of
struggling (attempts to climb the wall of the cylinder), swimming (active circular
swimming) and floating (absence of movement or small movements of posterior paws that
do not result in displacement) were recorded. At the end of the test, mice were removed
from the cylinder and placed in a recovery cage on a heating pad until they were dry, and
then they were returned to their home cages. To confirm the results, the test was repeated
one week later.

2.6.2 Tail Suspension Test—One week following the last forced swim test, the sixty-
four C57BI/6 and 64 CD1 mice underwent the tail suspension test. This test also consists a
five minute session. Mice were suspended 60 cm above the ground by adhesive tape placed
within 1cm from the tip of the tail. The duration of immobility (absence of any body
movement) was recorded. Mice were returned to their home cage upon termination of the
testing. To confirm the results, the test was repeated one week later.

2.6.3 Sucrose Preference Test—One week following the last locomotion test, the same
sixty-four C57BI/6 and 64 CD1 mice underwent the forced swim test. Mice were given a
free choice between two graduated bottles, one containing 0.8% sucrose solution and
another with tap water over 48 hours. To prevent habituation to drinking side preference, the
position of bottles was changed after 24 hours. Mice were not food or water deprived prior
to testing. Liquid consumption was measured daily to calculate the preference ratio: (volume
of sucrose consumed/total volume of liquid consumed) x 100.

Locomotor Activity

Photocell-beamed Chambers

Locomotor activity was measured in Plexiglas cages (28.5 x 28.5 x 20cm) containing two
levels of photocell beams placed at 2 and 7 cm from the bottom of the cage (Med
Associates, St-Albans, VT, USA) to record both horizontal (locomotion) and vertical
(rearing) behaviors. The same 64 C57BI/6 and 64 CD1 mice underwent testing for
locomotor activity. Mice were brought into the test room at least two hours prior to testing to
habituate to the new environment during the dark phase of their light: dark cycle. They were
also placed in the chambers for a five minute habituation period. Distance (cm) and velocity
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(cm/sec) of locomotion were recorded during a 10-minute session, after which, mice were
returned to their home cage.

Open-Field Arena

During the dark phase of their light cycle, locomotor activity was also evaluated by placing
mice in the corner of an open-field arena (60 x 60 x 32cm) for five minutes. Using lines
mapped out in the bottom of the open-field, the number of lines crossed was recorded.
Before testing, mice were habituated to the arena for five minutes.

EXPERIMENT 1: The effect of pubertal LPS treatment on the
antidepressant-like effects of estradiol in adult, female, inbred C57BL/6

mice

Thirty-two C57BL/6 female mice were shipped at three weeks old from Charles River
Laboratories (negative control group). Two weeks later, another set of 32 C57BL/6 female
mice was shipped at three weeks old from Charles River Laboratories (experimental group).
Three weeks later, when mice in the experimental group were six weeks old, and mice in the
negative control group were eight weeks old, all mice were injected either with LPS or
saline. The group injected at eight weeks old is the negative control group because, in
previous studies, immune challenge (Laroche et al., 2009a) or shipping (Laroche et al.,
2009b) at that age did not result in a decrease in behavioral responsiveness to estradiol and
progesterone in adulthood. Sixty-four C57BI/6 mice were ovariectomized four weeks later
and implanted subcutaneously with either an estradiol-filled or a vehicle oil-filled Silastic©
capsule. Beginning one week later, mice were tested for depression-like behavior using
forced swim, tail suspension and the sucrose preference tests. Locomotion activity was
examined using photocell-beamed chambers and an open field arena. To investigate whether
the differences in the duration of immobility were due to long-term changes in body weight,
a separate cohort of 48 female mice, that were part of a large telemetry study, as mentioned
above, were shipped at three weeks old from Charles River Laboratories. Three weeks later,
mice were injected either with saline or with LPS. Mice were weighed once a week for 15
weeks. Figure 1 depicts the experimental timeline.

EXPERIMENT 2: The effect of pubertal LPS treatment on the
antidepressant-like effects of estradiol in adult, female outbred CD1 mice to
examine if the results of Experiment 1 can be extended to another strain of

mice

Thirty-two CD1 female mice were shipped at three weeks old from Charles River
Laboratories (negative control group). Four weeks later, another set of 32 CD1 female mice
was shipped at three weeks old from Charles River Laboratories (experimental group).
Three weeks later, when mice in the experimental group were six weeks old, and mice in the
negative control group were ten weeks old, all mice were injected either with saline or with
LPS. As in Experiment 1, the latter group is the negative control group based on the findings
that exposure to LPS at ten weeks old did not result in a decrease in behavioral
responsiveness to estradiol and progesterone in adulthood (Ismail et al., 2011). Sixty-four
CD1 mice were ovariectomized five weeks later and implanted subcutaneously with either
an estradiol or oil-vehicle-filled Silastic© capsule. Following one week of recovery, testing
for depression-like behavior began using forced swim, tail suspension and the sucrose
preference tests. Locomotor activity was examined as in Experiment 1. Figure 2 depicts the
experimental timeline.
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Statistical Analysis

Results

Three-way repeated measures analyses of variance (ANOVAs) were used to examine
sickness 0.5, 4, 24 and 48 hours following saline or LPS treatment and the percent change in
body weight from baseline (on the day of the treatment). Three-way ANOVAs were used to
examine the effect of age, hormone and treatment on the duration of immobility during the
forced swim, tail suspension and to analyze the results from the locomotion tests, and post
hoc tests (least significant difference, LSD) were used to assess pairwise contrasts when
appropriate. To examine long-term changes in body weight due to pubertal LPS treatment, a
repeated measures ANOVA was followed by appropriate post-hoc tests. All analyses were
run in SPSS Inc. statistical package 11.5 (Chicago, Illinois). Outliers were eliminated using
the Boxplot method (Reimann et al., 2005). The criterion for statistical reliability was set to
p<0.05.

EXPERIMENT 1: The effect of pubertal LPS treatment on the antidepressant-like effects of
estradiol in inbred C57BL/6 mice

Sickness behavior—Statistical analyses revealed significant timextreatment (F(3, 180) =
217.37; p<0.05), time x age (F(3, 180) = 3.74; p < 0.05), treatment x age (F(1, 60) = 5.75; p<
0.05) and time x treatment x age (F (3, 180) = 4.83; p < 0.05) interactions. Pairwise
comparisons indicated that mice treated with LPS at six or eight weeks of age displayed
significantly more sickness symptoms than mice treated with saline at 30 min (p < 0.001 and
p<0.001, respectively) and 4 hours (p < 0.001 and p < 0.001, respectively) following
treatment. Moreover, mice treated with LPS at eight weeks old displayed significantly more
sickness symptoms than those treated with LPS at six weeks old 30 min following treatment
(0 < 0.005). No sickness symptoms were displayed 24 hours following treatment (Figure
3A).

Body weight—As expected, statistical analyses revealed a significant time x treatment
(F@, s9) = 31.10; p< 0.001) interaction. Pairwise comparisons indicated that mice treated
with LPS at six or eight weeks of age displayed significantly greater body weight loss than
mice treated with saline 24 hours (p < 0.001 and p < 0.001, respectively) and 48 hours (p <
0.001 and p < 0.001, respectively) following treatment (Figure 3B).

Long-term Changes in body weight—Statistical analysis revealed a significant
timextreatment interaction (F(14, s46) = 9.00, p < 0.05). Pairwise comparisons revealed that
LPS-treated mice lost significantly more weight at six weeks of age (v < 0.05) following
treatment and gained significantly more weight at eight (v < 0.05), nine (p < 0.05) and ten (o
< 0.05) weeks of age compared to saline-treated mice. There was no significant difference in
body weight change as of 11 weeks of age between LPS- and saline-treated mice (data not
shown). The body weight of mice treated with saline or with LPS prior to treatment (saline
group: 16.98g; LPS group: 16.80g) or nine weeks later at the end of testing did not differ
(saline group: 23.04g; LPS group: 23.20g). These findings suggest that the differences in the
duration of immobility in the forced swim and tail suspension tests were not due to long-
term changes in body weight.

Forced Swim Test—Overall statistical analyses revealed significant treatment x age

(F(, 54) = 5.76; p< 0.05), treatment x hormone (Fy, s4) = 10.97; p < 0.05) and age x
hormone (F(1, 54) = 13.66; p = 0.001) interactions. In mice treated with saline at six weeks of
age, estradiol treatment in adulthood significantly reduced the duration of immobility
compared to oil treatment (p < 0.05). Estradiol treatment also significantly decreased the
duration of immobility compared to oil treatment in the negative control group, in mice
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treated with either saline or LPS at eight weeks of age (p< 0.001, p< 0.01, respectively). In
contrast, in mice treated with LPS at six weeks of age, estradiol treatment in adulthood had

the opposite effect actually increasing the duration of immobility compared to oil treatment
(0 < 0.05) (Figure 4A). The same pattern of results was obtained when the test was repeated
a week later (data not shown).

Tail suspension test—Similarly to results from the forced swim test, statistical analyses
revealed significant treatment x age (F(y, 54) = 9.89; p < 0.005), treatment x hormone

(F@, 54y = 30.23; p<0.001), age x hormone (F(y, 54) = 17.52; p< 0.001), and treatment x
age x hormone (F(1, 54) = 31.47; p< 0.001) interactions. In mice treated with saline at six
weeks of age, estradiol treatment significantly reduced the duration of immobility compared
to oil treatment in adulthood (p < 0.001). However, in mice treated with LPS at six weeks of
age, estradiol treatment significantly increased the duration of immobility compared to oil
treatment (p < 0.001). In comparison, estradiol treatment significantly decreased the
duration of immobility compared to oil treatment in mice treated with saline or with LPS at
eight weeks of age (p< 0.001, p< 0.001, respectively) (Figure 4B). The same pattern of
results was obtained when the test was repeated a week later (data not shown).

Sucrose Preference Test—There was no significant difference between the groups.
Statistical analysis revealed no significant main effect or interaction (data not shown). The
percentage of sucrose consumed by mice treated with saline or LPS at six weeks of age and
implanted, in adulthood, with a capsule containing either estradiol or oil vehicle did not
differ at the end of the 48-hour period (saline-oil: Mean = 80.37, SEM = 4.42; saline-
estradiol: Mean = 81.47, SEM = 3.83; LPS-oil: Mean = 77.28, SEM = 3.83; LPS-estradiol:
Mean = 83.36, SEM = 4.42). Similar to mice treated during puberty at 6 weeks old, the
percentage of sucrose consumed by mice treated with saline or LPS at eight weeks of age
and implanted, in adulthood, with a capsule containing either estradiol or oil vehicle did not
differ at the end of the 48-hour period (saline-oil: Mean = 77.17, SEM = 3.83; saline-
estradiol: Mean = 68.68, SEM = 4.42; LPS-oil: Mean = 83.70, SEM = 3.83; LPS-estradiol:
Mean = 81.03, SEM = 4.42).

Locomotor activity—There was a no significant differences in the distance travelled, the
velocity of travel and rearing n photocell-beamed chambers or in the number of line
crossings and time spent in the center in the open field between saline- or LPS-treated
females at 6 or 8 weeks of age treated either with the oil vehicle or with estradiol during the
first week of testing (data not shown).

EXPERIMENT 2: The effect of pubertal LPS treatment on the
antidepressant-like effects of estradiol in outbred CD1 mice

Sickness behavior

Body weight

Statistical analyses revealed a significant time x treatment (F(3 1g3) = 126.64; p < 0.001)
interaction. No sickness symptoms were displayed 48 hours following treatment. Pairwise
comparisons indicated that mice treated with LPS at six or ten weeks of age displayed
significantly more sickness symptoms than mice treated with saline 30 min (0 < 0.001 and p
< 0.001, respectively), 4 hours (p < 0.001 and p < 0.001, respectively) and 24 hours (p <
0.001 and p < 0.001, respectively) following treatment (Figure 5A).

As in Experiment 1, statistical analyses revealed a significant time x treatment (F(q, 61) =
18.32; p<0.001) interaction. Pairwise comparisons indicated that mice treated with LPS at
six or eight weeks of age displayed significantly greater body weight loss than mice treated
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with saline 24 hours (p< 0.001 and p < 0.001, respectively) and 48 hours (p< 0.001 and p <
0.001, respectively) following treatment (Figure 5B).

Forced Swim Test

There was significant treatment x age (F(1, 53) = 4.12; p < 0.05), treatment x hormone
(F(1,53) = 10.85; p< 0.005), age x hormone (Fy, s3) = 10.59; p < 0.005), and treatment x age
x hormone (F(, s3) = 7.31; p < 0.01) interactions. Pairwise comparisons indicated that, in
mice treated with saline at six weeks of age (control group), estradiol treatment in adulthood
reduced the duration of immobility compared to oil treatment (p < 0.001). However, in mice
treated with LPS at six weeks of age, estradiol treatment was ineffective at decreasing the
duration of immobility. In these mice, estradiol treatment tended to increase the duration of
immobility compared to oil treatment (p = 0.072). In comparison, estradiol treatment
significantly decreased the duration of immobility compared to oil treatment in mice treated
with saline or with LPS at ten weeks of age (p < 0.001, p< 0.01, respectively) (Figure 6A).
The same pattern of results was obtained when the test was repeated a week later (data not
shown).

Tail suspension test

Similar to results from the forced swim test, statistical analyses revealed significant
treatment x hormone (F(y, 57) = 16.21; p< 0.001) and treatment x age x hormone (F(1, 57) =
12.72; p<0.001) interactions. Pairwise comparisons indicated that, in mice treated with
saline at six weeks of age, estradiol treatment significantly reduced the duration of
immobility compared to oil treatment in adulthood (p < 0.001). However, in mice treated
with LPS at six weeks of age, estradiol significantly increased the duration of immobility
compared to oil treatment (p < 0.005). In comparison, estradiol treatment significantly
decreased the duration of immobility compared to oil treatment in mice treated with saline
or with LPS at ten weeks of age (p= 0.001, p < 0.005, respectively) (Figure 6B). The same
pattern of results was obtained when the test was repeated a week later (data not shown).

Sucrose Preference Test

There was no significant difference between the oil- and estradiol-treated mice. Statistical
analysis revealed a significant treatment x age interaction (F(q, 23) = 7.30, p< 0.05) and a
tendency towards a time of measurement (24 or 48 hours) x age interaction (F(q, 23) = 3.52, p
= 0.073) (Data not shown). The percentage of sucrose consumed by mice treated with saline
or LPS at six weeks of age and implanted, in adulthood, with a capsule containing either
estradiol or oil vehicle did not differ at the end of the 48-hour period (saline-oil: Mean =
67.63, SEM = 5.00; saline-estradiol: Mean = 63.15, SEM = 5.00; LPS-oil: Mean = 59.39,
SEM = 5.00; LPSestradiol: Mean = 65.78, SEM = 5.00). Similar to mice treated during
puberty at 6 weeks old, the percentage of sucrose consumed by mice treated with saline or
LPS at ten weeks of age and implanted, in adulthood, with a capsule containing either
estradiol or oil vehicle did not differ at the end of the 48-hour period (saline-oil: Mean =
50.21, SEM = 5.00; saline-estradiol: Mean = 60.36, SEM = 5.00; LPS-oil: Mean = 62.72,
SEM = 5.00; LPS-estradiol: Mean = 60.24, SEM = 5.77).

Locomotor activity

There was a no significant differences in the distance travelled, the velocity of travel and
rearing in photocell-beamed chambers or in the number of line crossings and time spent in
the center in the open field between saline- or LPS-treated females at six or ten weeks of age
treated either with the oil vehicle or with estradiol during the first week of testing (data not
shown).
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Discussion

Exposure to stressors during the pubertal period has lasting effects on the behavioral
responsiveness to ovarian hormones in adulthood. For example, exposure to either shipping
or LPS at that time reduces sexual receptivity in response to estradiol and progesterone in
adults of two strains of mice (Laroche et al., 2009a;Laroche et al., 2009b;Ismail et al., 2011).
Ovarian hormones also play a prominent role on mental health; for example estradiol has an
antidepressant action in humans (Schmidt and Rubinow, 2009) and rodents (Okada et al.,
1997;Rachman et al., 1998;Dalla et al., 2004).

Previously, researchers have shown that ovariectomy prolongs immobility duration in adult
rats and chronic estradiol treatment via either a Silastic capsule or an osmotic minipump
ameliorates the behavioral change (Okada et al., 1997;Dalla et al., 2004). Therefore, in the
current study, we hypothesized that in C57BI/6 and CD1 female mice treated pubertally with
LPS, chronic estradiol treatment would be less effective at reducing depression-like
behavior in adulthood. In contrast to control mice, in which estradiol had antidepressant-like
effects, estradiol actually increased depression-like behavior in mice treated with LPS at six
weeks old. These results indicate that pubertal immune challenge not only results in failure
of estradiol to decrease depressive-like symptoms; rather it results in a reversal of the
behavioral response to estradiol. While the mechanism underlying this effect remains to be
investigated, it is possible that the alteration in behavioral responsiveness to estradiol is due
to changes in estrogen receptor expression. Recently, we showed that pubertal exposure to a
shipping stressor causes changes in estrogen receptor-a expression in adulthood (Ismail et
al., 2011). Nonetheless, the findings of the current study extend to depression-like behaviors,
those endpoints of estradiol action which are influenced by pubertal immune challenge.

In this study, we examined the effect of pubertal LPS treatment on the responsiveness to
chronic estradiol treatment in mice treated during puberty or adulthood with either saline or
LPS and ovariectomized and implanted with a capsule containing either estradiol or oil
vehicle. All females were ovariectomized in adulthood for two reasons. First, it was
necessary to control for any possible differences in endogenous estradiol levels between
mice treated pubertally with saline or with LPS. Second, it was important to control for the
effects of other ovarian hormones on depression-like behavior. Therefore, to specifically
examine the effect of pubertal LPS treatment on the responsiveness to chronic estradiol
treatment, the ovariectomized females were implanted with a capsule containing either
estradiol or oil vehicle.

It is interesting to note that pubertal LPS treatment also decreases the duration of immobility
in the forced swim and tail suspension tests, suggesting an organizational influence of early
LPS exposure in an antidepressant-like direction. Although the mechanism underlying this
effect remains to be investigated, the LPS-induced decrease in depression-like behavior in
pubertal mice might contribute to the paradoxical interaction between pubertal LPS
exposure and behavioral responsiveness to estradiol in adulthood. This could explain the fact
that pubertal LPS treatment reverses the effects of estradiol, whereas with other behaviors
that we have studied (e.g., anxiety-like behavior (Olesen et al., 2011), sexual behavior
(Laroche et al., 2009a,2009b, Ismail et al., 2011) and cognitive function (Ismail et al., in
preparation), LPS decreases or eliminates the effects of estradiol or estradiol and
progesterone.

It is unlikely that the difference in depression-like behavior between mice treated with LPS
during the pubertal period or in adulthood is due to a differential response to the immune
challenge. There was only a small increase in sickness symptoms 30 min following
treatment in C57BI/6 mice treated with LPS at eight weeks old contrasted to those treated at
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six weeks old, a difference not maintained at other time points; both groups recovered by 48
hours. Consistent with other findings (Olesen et al., 2011), there also was no major
difference in sickness behavior in CD1 mice treated with LPS at six or ten weeks old.
Furthermore, there was no difference in LPS-induced body weight loss between mice treated
at six and ten weeks old. To our knowledge, there is also no report in the literature
suggesting differences in immune response between pubertal and adult mice following LPS
treatment

It is also unlikely that the difference in depression-like behavior is due to a difference in
body weight between saline- and LPS-treated mice. The results of Experiment 1 revealed a
significant weight loss at six weeks of age in LPS-treated mice compared to saline control
mice. Then, between eight and ten weeks of age, LPS-treated mice gained significantly more
weight compared to saline-treated mice. However, these differences were not maintained
after ten weeks of age and both groups continued to show the same change in body weight in
subsequent weeks.

As others have done (Dalla, et al., 2004; Savelieva KV, Zhao S, Pogorelov VM, Rajan I,
Yang Q, et al., 2008), we exposed mice to the forced swim and tail suspension tests twice in
each experiment to confirm the results obtained in the first test. Since we obtained the
expected effect of estradiol in the forced swim and tail suspension tests on both series of
tests, these findings indicates that the first test did not have a negative effect on the results of
the second test.

LPS treatment induces short-lasting depression-like behavior starting about 24 to 48 hours
following treatment (Yirmiya, 1996;Dantzer et al., 2008;Anisman et al., 2005;Painsipp et
al., 2011) and ending less than 28 days later in group-housed adult CD1 mice. In contrast, in
group-housed, adult C57BI/6 female mice, LPS treatment decreases depression-like
behavior 24 hours following treatment and increases it 28 days later, suggesting a long-term
effect of the immune challenge on depression-like behavior in this strain of mice (Painsipp
et al., 2011). In the current study, we did not note any strain difference in depression-like
behavior. In fact, the depression-like responses were similar in both experiments, with
C57BI/6 mice and CD-1 mice.

Although we examined the effect of pubertal or adult LPS treatment on the behavioral
responsiveness of depression-like behavior in inbred C57BI/6 and CD-1 mice, the goal of
this experiment was not to do a strain-differences experiment; rather, it was to determine if
the antidepressive effect was idiosyncratic to a particular strain of mice. This study shows
that pubertal LPS treatment alters the responsiveness of depression-like behavior to estradiol
treatment in adulthood in two disparate strains of mice.

While the duration of immobility during the forced swim and tail suspension tests is thought
to represent a state of behavioral despair and is known to be modulated by circulating
estradiol levels (Okada et al., 1997;Dalla et al., 2004), the consumption of sucrose during the
sucrose preference test is said to be indicative of the anhedonia symptom of depression. To
our knowledge, it is unclear whether ovarian hormones have an effect on the sucrose
preference test. In the current study, while the duration of immobility during the forced
swim and tail suspension tests was altered by LPS and estradiol treatments, there was no
difference in sucrose consumption during the sucrose preference test, suggesting that
different mechanisms modulate the behavioral despair and anhedonia symptoms of
depression. It should also be noted that the sucrose preference test was conducted at the end
of the experiment and about six weeks following capsule implantation. Therefore, the lack
of hormone effect on the sucrose preference test could be due to the capsule becoming
inactive.
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In order to maintain a constant time interval across groups between the treatment and
ovariectomy, the animals differed in age at the time of testing. However, because the
animals were ovariectomized in adulthood, it is unlikely that the age at testing was
responsible for the behavioral differences observed. In fact, in earlier work, C57BL/6 mice
shipped at six weeks old and ovariectomized either one or seven weeks later displayed
reduced behavioral responsiveness to estradiol and progesterone (Laroche et al., 2009b),
suggesting that age at ovariectomy or testing is not responsible for the behavioral differences
among groups.

The two forms of estrogen receptors (ERs), ER-a and ER-p (White et al., 1987;Lubahn et
al., 1993;Kuiper et al., 1996;Merchenthaler et al., 2004), are widely distributed in the brain,
and sometimes are co-expressed in neurons (Shughrue et al., 1997;Greco et al., 2001). These
receptors share either antagonistic, synergistic or sequential relationships depending on the
brain circuits or behaviors examined (Rissman, 2008). Although exposure to a shipping
stressor during the pubertal period decreases ER-a expression in the some brain areas
(Ismail et al., 2011), the effects of an immune challenge on ER expression are not known.
The antidepressant effect of estradiol is thought to be mediated predominantly by ER-p
(Osterlund, 2010). Therefore, the inability of estradiol to decrease depression-like behavior
in mice treated pubertally with LPS would suggest an alteration in ER-B expression in
relevant brain regions, like the hippocampus, an area importantly associated with depression
and the action of anti-depressants (Darnaudery et al., 2007;Fuchs et al., 2004;Santarelli et
al., 2003). This remains to be investigated in a future experiment.

Taken together, these findings in the present study demonstrate that pubertal immune
challenge alters the behavioral responsiveness to the antidepressant effects of estradiol in
both inbred and outbred strains of mice. In the current experiments, estradiol treatment did
not only fail to decrease depression-like behaviors; rather, it increases these behaviors in
mice treated with LPS during puberty. These results collectively support the idea that the
effect of altered responsiveness to ovarian hormones following exposure to stressors during
puberty extends to numerous estradiol-dependent behaviors and it is not idiosyncratic to one
or two behaviors.
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A) Sickness score (Mean £ SEM) and B) percent body weight (Mean £ SEM) change in
C57BI/6 mice treated with either saline or LPS at 6 or 8 weeks old. Significantly greater
than saline controls: *p < 0.05.
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A) Sickness score (Mean £ SEM) and B) percent body weight (Mean £ SEM) change in
CD1 mice treated with either saline or LPS at six or ten weeks old. Significantly greater than
saline controls: *p < 0.05.
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Duration of immobility (Mean + SEM) during A) the forced swim test and B) the tail
suspension test in CD1 mice treated with saline or LPS at six or ten weeks old and treated
either with estradiol or oil vehicle in adulthood. Significant difference between mice treated

with estradiol and those treated with oil-vehicle: *p < 0.05.
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