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Abstract

Immune challenge by bacterial lipopolysaccharide (LPS) causes short-term behavioral changes indicative of depression. The
present study sought to explore whether LPS is able to induce long-term changes in depression-related behavior and
whether such an effect depends on mouse strain and social context. LPS (0.83 mg/kg) or vehicle was administered
intraperitoneally to female CD1 and C57BL/6 mice that were housed singly or in groups of 4. Depression-like behavior was
assessed with the forced swim test (FST) 1 and 28 days post-treatment. Group-housed CD1 mice exhibited depression-like
behavior 1 day post-LPS, an effect that leveled off during the subsequent 28 days, while the behavior of singly housed CD1
mice was little affected. In contrast, singly housed C57BL/6 mice responded to LPS with an increase in depression-like
behavior that was maintained for 4 weeks post-treatment and confirmed by the sucrose preference test. Group-housed
C57BL/6 mice likewise displayed an increased depression-like behavior 4 weeks post-treatment. The behavioral changes
induced by LPS in C57BL/6 mice were associated with a particularly pronounced rise of interleukin-6 in blood plasma within
1 day post-treatment and with changes in the dynamics of the corticosterone response to the FST. The current data
demonstrate that immune challenge with LPS is able to induce prolonged depression-like behavior, an effect that depends
on genetic background (strain). The discovery of an experimental model of long-term depression-like behavior after acute
immune challenge is of relevance to the analysis of the epigenetic and pathophysiologic mechanisms of immune system-
related affective disorders.
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Introduction

Experimental and clinical evidence indicates that activation of
the immune system contributes to the pathogenesis of mood
disorders [1-6]. Patients with major depression have frequently
been observed to present with elevated levels of proinflammatory
cytokines in blood plasma and cerebrospinal fluid [4]. There is
extensive comorbidity of major depression with medical conditions
involving inflammation and an increased expression of cytokines,
and the therapeutic use of cytokines such as interferons is known to
induce a depression-like syndrome in a sizeable proportion of
patients [5]. These lines of clinical evidence are complemented by
a plethora of animal studies. Both peripheral induction of
cytokines by infection [6-9] or cancer [10] and intracerebral
administration of cytokines to rodents evoke depression-like
symptoms which are abrogated by cytokine antagonists or cytokine
synthesis blockers.

Peripheral induction of cytokines by systemic administration of
bacterial lipopolysaccharide (LPS) at doses that are too low to
evoke a shock-like condition is known to induce a behavioral
syndrome that includes traits of depression and follows a distinct
time course [3,6,11]. Initially, a response termed “sickness
behavior” is prevailing, which includes fever, anorexia, reduction
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of locomotion and a decrease in social interaction. Once the
sickness behavior in terms of anorexia and sedation is over,
behavioral symptoms indicative of depression such as anhedonia
and passive stress coping are observed 24-48 h post-treatment
[12,13]. When neuropeptide Y receptors of subtype Y2 or Y4 have
been knocked out, depression-like behavior is seen even 4 weeks
after a single injection of low-dose LPS [14]. This observation led
us to hypothesize that, depending on genetic background (mouse
strain) and social context (single versus group housing), intraper-
itoneal (IP) injection of LPS is able to induce long-term depression-
like behavior. We addressed this hypothesis by studying the
behavioral effect of LPS with the forced swim test (FST), a
measure of behavioral despair [15], and the sucrose preference
test, a measure of depression-related anhedonia [12]. These tests
were carried out 1 day and 4 weeks post-LPS treatment.

Two strains of mice, outbred CD1 mice and inbred C57BL/6
mice, were compared with each other. CD1 mice were selected
because short-term behavioral changes indicative of a state of
depression following LPS treatment have extensively been studied
in this mouse strain [12]. C57BL/6 mice were chosen because the
Y2 and Y4 receptor knockout mice that exhibit long-term
depression-like behavior following LPS treatment have a 50%
C57BL/6 background [14]. In addition, C57BL/6 mice harbor a

June 2011 | Volume 6 | Issue 6 | 20719



serotonin transporter haplotype defined by two non-synonymous
coding variants, which have implications on serotonin transporter
function [16]. The experiments were carried out with female mice,
given that affective disorders are more prevalent in women than in
men [17] and there is a need to overcome the sex bias that is
present in the neurosciences [18].

Apart from genetic background, psychosocial context may be
another factor relevant to the manifestation of mood disturbances
due to immune challenge [19-22]. Psychosocial stress is able to
evoke cerebral expression of cytokines [5,23,24], and prolonged
separation of mice enhances the LPS-evoked sickness behavior
[22]. Since social isolation of mice is also able to enhance
depression-like behavior [25], we used this experimental paradigm
to address the question whether social context modifies the effect
of LPS to induce long-term changes in affective behavior. Thus,
female CD1 and C57BL/6 mice were either kept in groups of 4 or
housed singly throughout the course of the experiments.

LPS-evoked peripheral immune challenge alters brain functions
by a neural and an endocrine route [6,11]. In addition, LPS and
proinflammatory cytokines are able to stimulate the hypothalamic-
pituitary-adrenal (HPA) axis as revealed by a rise of circulating
glucocorticoid levels [4-6,22]. For this reason, plasma levels of
mterleukin-6 and corticosterone were monitored to examine
whether any behavioral changes are correlated with these factors.

Materials and Methods

Experimental animals

The study was carried out with age-matched, adult, 4-6 month
old, female mice of the outbred strain CD1 and the inbred strain
C57BL/6, which were obtained from Charles River Laboratories
(Sulzfeld, Germany). The animals were kept in groups of 4 in cages
of size IIL (length xwidth xheight =26 cmx20.5 cmx14 c¢m) in
the institutional animal house in which the temperature (set point
22°C), relative air humidity (set point 50%) and light conditions
(lights on at 6:00 h, lights off at 18:00 h, maximal intensity
150 lux) were tightly controlled. Tap water and standard
laboratory chow were provided ad libitum throughout the study.

Ethics statement

The experimental procedures and number of animals used in
this study were approved by an ethical committee at the Federal
Ministry of Science and Research of the Republic of Austria and
conducted according to the Directive of the European Commu-
nities Council of 24 November 1986 (86/609/EEC). The
experiments were designed in such a way that the number of
animals used and their suffering was minimized.

Administration of lipopolysaccharide (LPS)

LPS extracted from E. coli 0127:B8 (purified by gel-filtration
chromatography, catalogue number L3137, Sigma-Aldrich,
Vienna, Austria) was dissolved in pyrogen-free sterile saline
(0.9% NaCl) at a concentration of 1 mg/ml. This stock solution
was diluted with pyrogen-free sterile saline to yield an injection
solution of 0.083 mg/ml LPS, which was injected IP at a volume
of 0.01 ml/g, equivalent to a dose of 0.83 mg/kg LPS [12,14].
Pyrogen-free sterile saline injected at the same volume was used as
vehicle control.

Experimental groups and time lines

The experiments were started after the animals had become
familiar with the institutional animal house over the course of at
least 3 weeks. Prior to the behavioral tests, the mice were allowed
to adapt to the test room (set points 22°Ci and 50% relative air
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humidity, lights on at 6:00 h, lights off at 18:00 h, maximal light
mtensity 100 lux) for at least two days.

Two different protocols were used (Figure 1). In protocol 1, the
effect of IP injected vehicle and LPS on depression-like behavior in
the FST was assessed 1 and 28 days post-injection. For this
purpose a total of 64 CD1 and 64 C57BL/6 mice was employed.
The animals of each strain were allocated to 8 experimental
groups (Figure 1), each group comprising 8 mice. The animals
were either kept in sets of 4 animals per cage (group housing) or
housed individually (single housing). The single housing protocol
was started 7 days before IP injection of vehicle or LPS (Figure 1).
After the FST, the mice were instantly returned to their home
cage, and care was taken not to change cage mates during the
course of the experiment. Thirty minutes after the start of the FST,
trunk blood was collected for determination of the circulating
levels of corticosterone and interleukin-6.

In protocol 2, the effect of vehicle and LPS on the sucrose
preference of 14 singly housed C57BL/6 mice was assessed during
days —1-4 and days 26-27 post-treatment (Figure 1). The single
housing protocol was started 7 days before IP injection of vehicle
or LPS. The animals were offered the choice to drink from two
bottles, one filled with tap water and the other filled with 1%
sucrose in tap water. The daily intake of tap water and sucrose
solution was estimated by weighing the bottles every day.

Forced swim test (FST)

Each mouse was placed individually in a glass cylinder
(diameter: 16 cm, height: 23 ¢cm) containing tap water at 25°C.
The water was 16 cm deep, which prevented the mice from
touching the bottom of the beaker with their paws or the tail.
Three categories of behavioral activity (climbing, swimming, and
immobility) during the 6 min test session [14,26] were scored by a
trained observer. The time each mouse spent climbing, swimming
and floating (immobile) during the FST was recorded and
expressed as a percentage of the test duration. Mice were
considered immobile when they floated passively in the water,
performing only movements that enabled them to keep their heads
above the water level [15]. After the FS'T, the mice were placed for
6 min under a warming lamp and then returned to their home
cage.

Sucrose preference

The animals were offered the choice to drink from two bottles,
one filled with tap water and the other filled with 1% sucrose in
tap water. The daily intake of tap water and sucrose solution was
estimated by weighing the bottles every day between 8:30 h and
9:00 h. After they had been weighed, the bottles were cleaned and
refilled every day. In addition, the relative position of the two
bottles in the cage lid was changed every day.

Circulating corticosterone

Thirty minutes after the FST, between 11:00 h and 13:00 h,
mice were deeply anesthetized with pentobarbital (150 mg/kg IP)
before they were decapitated. Within 2 min after the injection of
anesthetic, trunk blood was collected into wvials coated with
cthylenediamine tetraacetate (Greiner, Kremsmiinster, Austria)
kept on ice. Following centrifugation for 10 min at 4°C and
1200 xg, blood plasma was collected and stored at —70°C until
assay. The plasma levels of corticosterone were determined with
an enzyme immunoassay kit (Assay Designs, Ann Arbor,
Michigan, USA). According to the manufacturer’s specifications,
the sensitivity of the assay is 27 pg/ml, and the intra- and inter-
assay coeflicient of variation amounts to 7.7 and 9.7%,
respectively.
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Figure 1. Experimental groups and time lines. In protocol 1, the effect of IP injected vehicle (VEH) and LPS on depression-like behavior in the
FST was assessed 1 and 28 days post-injection. In protocol 2, the depression-related effect of vehicle and LPS was assessed with the sucrose

preference (SP) test during days —1-4 and days 26-27 post-injection.
doi:10.1371/journal.pone.0020719.g001

Circulating interleukin-6

A part of the blood plasma collected for determination of
corticosterone was used for the assay of circulating interleukin-6.
The plasma levels of interleukin-6 were determined with an
enzyme immunoassay kit (Fluorokine MAP Mouse IL-6 Kit, R&D
Systems, Minneapolis, Minnesota, USA). According to the
manufacturer’s specifications, the sensitivity of the assay is
1.1 pg/ml, and the intra- and inter-assay coeflicient of variation
amounts to 4.0 and 7.4%, respectively.

Statistics

Statistical evaluation of the results was made with SPSS 16.0
(SPSS Inc., Chicago, Illinois, USA). In general, the data were
analyzed by two-way analysis of variance (ANOVA), in some cases
for repeated measurements. The homogeneity of variances was
assessed with the Levene test. In case of sphericity violations the
Greenhouse-Geisser correction was applied. Post-ANOVA anal-
ysis of group differences was performed with the Tukey HSD
(honestly significant difference) test, when the variances were
homogeneous, and with the Games-Howell test, when the
variances were unequal. Student’s ¢ test was used when only two
data groups were compared with each other. Some experiments
were analyzed by planned comparisons with the Mann-Whitney test
[27]. In view of the exploratory nature of the study, probability
values P=0.1 [27-29] were regarded as statistically significant. All
data are presented as means=SEM, n referring to the number of
mice in each group.

Results

LPS reduced body weight 1 day post-treatment

The body weight of the animals was recorded immediately
before (day 0) and 1 day after IP injection of vehicle or LPS. The
body weight before treatment did not differ between the
experimental groups of CD1 and C57BL/6 mice under study.
Specifically, the baseline weight of the CD1 mice was 31.6%0.34 g
(n=64) and that of C57BL/6 mice 19.1%0.10 g (n = 64), which is
typical of these strains. Treatment with LPS reduced the body
weight of CD1 (Figure 2A) and C57BL/6 (Figure 3A) mice to a
significant extent, while vehicle treatment had no effect. The LPS-
induced decrease in body weight was on average 2.1-2.6 g in CD1
mice and 2.4-2.5 g in CG57BL/6 mice (Figures 2A and 3A). In
both strains of mice this weight loss did not significantly differ
between singly housed and group-housed animals (Figures 2A and
3A). The detailed results of the statistical analysis of the data are
reported in Text SI.

LPS had no effect on body weight 28 days

post-treatment

When CDI1 and C57BL/6 mice were weighed 28 days post-
treatment, their body weight was higher than immediately before
IP injection of LPS or its vehicle (Figures 2B and 3B). The increase
in body weight amounted on average to 1.0-2.8 g in CDI mice
and to 1.9-3.4 g in C57BL/6 mice (Figures 2B and 3B) and was
statistically significant in either strain of mice (see Text SI).
However, the weight gain did not significantly differ between
singly housed and group-housed animals and between vehicle- and
LPS-treated mice of either strain (Figures 2B and 3B).
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LPS induced short-term depression-like behavior in
group-housed CD1 mice

The behavior in the FST was assessed 1 and 28 days after IP
mjection of LPS or its vehicle and analyzed with respect to the
factors time (1 day versus 28 days post-treatment) and treatment
(LPS versus vehicle). Relative to vehicle, LPS failed to alter the
duration of immobility and climbing in singly housed CD1 mice
both 1 day and 4 weeks after treatment (Figure 4A,C). In contrast,

A: 1 day post-treatment (CD1 mice)
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B: 28 days post-treatment (CD1 mice)
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Figure 2. Effect of LPS (0.83 mg/kg injected IP), relative to
vehicle (VEH), on the body weight of CD1 mice as measured
immediately before and 1 day (A) as well as 28 days (B) after
treatment under single and group housing conditions. The
graphs show the change in weight (weight after treatment minus
weight before treatment). The values are means+SEM, n=8. *** P<<0.01
versus change in weight following treatment with vehicle.
doi:10.1371/journal.pone.0020719.g002
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Figure 3. Effect of LPS (0.83 mg/kg injected IP), relative to
vehicle (VEH), on the body weight of C57BL/6 mice as
measured immediately before and 1 day (A) as well as 28 days
(B) after treatment under single and group housing conditions.
The graphs show the change in weight (weight after treatment minus
weight before treatment). The values are means+SEM, n=7-8.
*** p<0.01 versus change in weight following treatment with vehicle.
doi:10.1371/journal.pone.0020719.9003

LPS

the duration of time spent swimming by singly housed CD1 mice
was significantly reduced by LPS (see Text S1), but since there was
no interaction between the factors time and treatment, this effect
of LPS could not be further analyzed (Figure 4B).

The effect of LPS on the FST behavior in group-housed CD1
mice was much more pronounced than in singly housed CD1 mice
(Figure 4). Relative to vehicle, LPS significantly prolonged the
duration of immobility in group-housed CD1 mice 1 day, but not
28 days, post-treatment (Figure 4A). This LPS-induced extension
of immobility was complemented by a highly significant shortening
of the duration of swimming 1 day post-treatment, whereas 28
days post-treatment the effect of LPS to reduce the duration of
swimming in group-housed CD1 mice was clearly less pronounced
but still statistically significant (Figure 4B). In contrast, the
duration of climbing spent by group-housed CD1 mice was not
significantly altered by LPS 1 and 28 days post-treatment
(Figure 4C).
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LPS induced short- and long-term depression-like
behavior in C57BL/6 mice

The experiments conducted with CG57BL/6 mice were analo-
gous to those carried out with CD1 mice, yet the outcome of the
FST differed substantially between CD1 mice (Figure 4) and
C57BL/6 mice (Figure 5). Two-way ANOVA disclosed an effect
of treatment (LPS versus vehicle) on the duration of immobility,
swimming and climbing (see Text S1). However, since there was
no significant interaction between the factors treatment and time,
the effect of LPS could not be subjected to post-hoc analysis of
group differences. Notwithstanding this fact, LPS prolonged the
duration of immobility in singly housed C57BL/6 mice
(Figure 5A), while at the same time the duration of climbing was
shortened (Figure 5C). In addition, the duration of swimming was
reduced by LPS in a time-dependent manner (Figure 5B). A
synopsis of the data obtained in singly housed C57BL/6 mice
indicates that LPS prolonged the duration of immobility along
with a shortening of the duration of both swimming and climbing,
these changes being numerically more pronounced 1 day than 28
days post-treatment (Figure 5A,B,C).

The effect of LPS on the behavior of group-housed C57BL/6
mice in the FST showed a distinct time course over the 28-day
period post-treatment. Thus, the duration of immobility was
significantly shortened by LPS 1 day, but significantly prolonged
28 days post-treatment (Figure 5A). In addition, the duration of
mmmobility recorded in vehicle-treated animals 1 day post-
treatment was significantly longer than that recorded 28 days
post-treatment (Figure 5A). The changes in immobility duration
which LPS evoked in group-housed C57BL/6 mice (Figure 5A)
were complemented by alterations in the duration of swimming
(Figure 5B) and climbing (Figure 5C). Specifically, LPS shortened
the duration of swimming in group-housed C57BL/6 mice 28 days
post-treatment, but not 1 day post-treatment (Figure 5B). In
addition, the duration of swimming recorded in vehicle-treated
animals 1 day post-treatment was shorter than that recorded 28
days post-treatment (Figure 5B). The duration of climbing
observed in group-housed C57BL/6 mice was significantly
prolonged by LPS 1 day, but not 28 days, after treatment
(Figure 5C). Taken all aspects together, it is evident that in group-
housed C57BL/6 mice LPS shortened immobility 1 day post-
treatment due to an increase in climbing, but prolonged
mmmobility 28 days post-treatment at the expense of swimming
(Figure 5A,B,C).

LPS caused short-term, but not long-term, increases in
circulating corticosterone levels

The plasma concentrations of corticosterone were measured
30 min after the FST had begun. Two-way ANOVA of the
corticosterone levels measured in singly housed CD 1 mice
(Figure 6A) revealed an effect of treatment (LPS versus vehicle)
but, since there was no significant interaction between the factors
treatment and time (see Text S1), the effect of LPS could not be
subjected to post-hoc analysis of group differences. Despite this
fact it is evident from Figure 6A that LPS enhanced the post-I'ST
levels of corticosterone in singly housed CD 1 mice and that this
LPS-induced increase in circulating corticosterone was nominally
more pronounced 1 day post-treatment than 28 days post-
treatment (Figure 6A). A similar result was obtained in group-
housed CD1 mice (see Text S1) in which the effect of LPS to
enhance the post-FST plasma corticosterone levels was seen 1 day,
but not 28 days, post-treatment (Figure 6A).

The effect of LPS on the post-F'ST plasma concentrations of
corticosterone in C57BL/6 mice was analogous to that seen in
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Figure 4. Effect of LPS (0.83 mg/kg injected IP), relative to vehicle (VEH), on the behavior of CD1 mice in the FST as recorded 1 and
28 days after treatment under single and group housing conditions. The graphs show (A) the duration of immobility, (B) the duration of
swimming, and (C) the duration of climbing, these parameters being expressed as a percentage of the total test duration. The values are means+SEM,
n=38.* P=0.1, *** P<0.01 versus vehicle-treated mice at the same time point post-treatment. In panel B (Single) it was not possible to apply a post-
hoc test because two-way ANOVA failed to disclose any interaction between the factors time and treatment.
doi:10.1371/journal.pone.0020719.g004

CD1 mice. One day post-treatment, LPS evoked a comparable
rise of circulating corticosterone in both singly housed and group-
housed C57BL/6 mice, an effect that was no longer observed 28
days post-treatment (Figure 6B). In addition, the post-I'ST plasma
levels of corticosterone measured 28 days after vehicle treatment of
singly housed and group-housed C57BL/6 mice were significantly
lower than 1 day after vehicle treatment (Figure 6B).

Additional analysis revealed that the post-FST plasma concen-
trations of corticosterone depended on the housing conditions.
Thus, the circulating levels of the glucocorticoid measured 28 days
after vehicle/LPS treatment of singly housed CD1 and C67BL/6

A: Immobility

B: Swimming

mice were lower than those in the respective group-housed
animals (Figure 6A,B).

The effect of LPS to transiently increase circulating
interleukin-6 levels was more pronounced in C57BL/6
mice than in CD1 mice

The plasma levels of interleukin-6 were measured 30 min after
the FST had begun. Relative to vehicle, LPS increased the
circulating concentrations of interleukin-6 1 day, but not 28 days,
after treatment of singly housed and group-housed CD1 mice
(Figure 7A). C57BL/6 mice turned out to be particularly sensitive
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Figure 5. Effect of LPS (0.83 mg/kg injected IP), relative to vehicle (VEH), on the behavior of C57BL/6 mice in the FST as recorded 1
and 28 days after treatment under single and group housing conditions. The graphs show (A) the duration of immobility, (B) the duration
of swimming, and (C) the duration of climbing, these parameters being expressed as a percentage of the total test duration. The values are
means+SEM, n=8. ** P<0.05, *** P<<0.01 versus vehicle-treated mice at the same time point post-treatment, ++ P<<0.05, +++ P<<0.01 versus vehicle-
treated mice tested 28 days post-treatment. In panels A (Single), B (Single) and C (Single) it was not possible to apply a post-hoc test because two-
way ANOVA failed to disclose any interaction between the factors time and treatment.

doi:10.1371/journal.pone.0020719.g005
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recorded 1 and 28 days after treatment under single and
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mice for the corticosterone assay was taken 30 min after the FST had
been started. The values are means+SEM, n=7-8. *** P<0.01 versus
vehicle-treated mice at the same time point post-treatment, + P<0.1,
+++ P<<0.01 versus vehicle-treated mice tested 1 day post-treatment. In
panel A it was not possible to apply a post-hoc test because two-way
ANOVA failed to disclose any interaction between the factors time and
treatment.

doi:10.1371/journal.pone.0020719.g006

to the acute effect of LPS inasmuch as the plasma concentrations
of interleukin-6 measured 1 day after LPS treatment were much
higher than in CD1 mice (Figure 7A,B). While, in CD1 mice, LPS
enhanced the plasma concentrations of interleukin-6 on average
by factors of 7.2-12.1, it increased circulating interleukin-6 in
C57BL/6 mice on average by factors of 20.2-30.5 (Figure 7A,B).
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Much as in CD1 mice, however, the effect of LPS had waned 28
days after treatment of singly housed and group-housed C57BL/6
mice (Figure 7B). In neither strain of mice did the interleukin-6
concentrations significantly differ between singly housed and
group-housed animals.

LPS caused a long-term inhibition of sucrose preference
in C57BL/6 mice

The effect of LPS on sucrose preference and total water intake
was investigated in singly housed C57BL/6 mice for a period of 27
days. As expected, the animals strongly preferred sucrose (1%)
solution over normal tap water (Figure 8A,B). Following injection
of vehicle or LPS, there was a change in their drinking behavior.
Vehicle treatment transiently increased the consumption of water
and slightly decreased the intake of sucrose solution during the 24-
h period post-treatment (Figure 8A). Planned comparison of the
relative contribution of sucrose solution and water intake to the
total consumption of fluid revealed that on day 26 after vehicle
treatment the relative intake of sucrose solution and water was
indistinguishable from that measured during the day before
vehicle treatment (Figure 8A, insert). Both on day 1 before (day -1)
and on day 26 after vehicle treatment, the intake of sucrose
solution covered more than 80% of the total consumption of fluid
(Figure 8A, insert).

In contrast to vehicle, LPS led to a short-term reversal of sucrose
preference to water preference. As is shown in Figure 8B, the
intake of sucrose solution was reduced by more than 70% during
the 24-h period after LPS treatment, while the consumption of
water was enhanced. The relative consumption of sucrose solution
versus water normalized over the following days, but on days 26
and 27 post-treatment the relative intake of sucrose solution was
nominally lower, and that of water nominally higher, than before
LPS treatment (Figure 8B). This instance was also revealed by
planned comparison of the relative contribution of sucrose solution
and water intake to the total consumption of fluid (Figure 8B,
insert). While on day 1 before LPS treatment (day -1) the intake of
sucrose solution covered some 80% of the total consumption of
fluid, the relative intake of sucrose solution and water was no
longer significantly different from each other on day 26 after LPS
treatment (Figure 8B, insert).

Further analysis demonstrated that the total intake of fluid
significantly increased during day 1 after vehicle treatment but
otherwise stayed constant during the 26-day observation period
post-treatment (Figure 9). In contrast, the total consumption of
fluid did not significantly change during the 26-day observation
period after LPS treatment, but during days 1 and 2 post-
treatment was significantly lower than after vehicle treatment
(Figure 9).

Discussion

Behavioral analysis of female mice

The present data show that a single IP injection of LPS is able to
induce long-term depression-like behavior in mice, an effect that
depends on genetic background (strain) and, in part, on social
environment. The dose of LPS used here (0.83 mg/kg) was
identical to that used previously in the examination of its impact
on depression-like behavior [12,14]. The current study was carried
out with female mice because affective disorders are more
prevalent in women than in men [17], a situation that need be
reflected in the design of translational animal experiments [18].
We did not monitor the estrous cycle in order to avoid additional
stress which may influence the behavior of the animals. On the
one hand, stress can prolong the estrous cycle [30] while, on the
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other hand, the estrous cycle can modify neural responses to
endotoxin [31], depression-like behavior [32,33] and circulating
corticosterone [34]. Although being aware of these limitations, we
consider it unlikely for a number of reasons that our data were
significantly confounded by these factors. First, the experiments
were carried out in the strict absence of male mice. Second, we
have previously found that the estrous cycle is largely synchronized
within the same and across different cages [35]. Third, the effects
of LPS and its vehicle were examined in parallel under identical
housing conditions. Fourth, the coefficient of variation of the data
obtained in female mice did not appear anomalous in comparison
to data obtained in male mice [36].

Short-term behavioral effects of LPS

The short-term effect of LPS on behavior in the FST was
evaluated because it may be of relevance to its long-term effect. It
has previously been shown that singly housed male CDI1 mice
exhibit enhanced depression-like behavior in the FST 24 h post-
LPS, as revealed by an increase in the immobility time at the
expense of swimming time [12]. In the current study with female
CD1 mice, an increase in depression-related behavior 1 day post-
LPS was seen only under group housing conditions. In C57BL/6
mice, to the contrary, depression-like behavior was markedly
enhanced by LPS only under single housing conditions. In
addition, the behavioral profile of the depressogenic effect of LPS
in C57BL/6 mice (prolonged immobility time, shortened swim-
ming and climbing time) differed from that of CDI1 mice
(prolonged immobility time, shortened swimming time). The
finding that, in group-housed C57BL/6 mice, LPS reduced
immobility and enhanced climbing could be related to the
apparent ability of vehicle to increase immobility and decrease
climbing.

In interpreting these diverse observations made 1 day post-
treatment several factors need be considered. First, the acute effect
of LPS on behavior in the FST may rather be related to the
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transient sickness response, which can last for up to 2 days [37],
than reflect a truly depressogenic effect [37]. Second, affective
behavior in group-housed animals may be influenced by strain-
related empathy among the cage mates [38-40] under the distress
caused by LPS. Third, social isolation of mice can, on the one
hand, increase the LPS-evoked sickness behavior [22] and, on the
other hand, enhance depression-like behavior [25,41-43]. Thus,
the acute effect of LPS on the behavior in the FST under different
housing conditions is a function of multiple interactive factors.

Long-term depression induced by LPS

The major advance put forward by the present study is the
discovery that LPS is able to induce long-term depression-like
behavior in a strain-related manner. While the acutely depresso-
genic effect of LPS in group-housed CD1 mice had largely waned
4 weeks post-treatment, long-term depression in C57BL/6 mice
was induced whether or not there was an acutely depressogenic
effect. Importantly, the behavioral profile of the LPS-evoked long-
term depression in group-housed C57BL/6 mice (prolonged
immobility time, shortened swimming time) differed from that in
singly housed C57BL/6 mice (prolonged immobility time,
shortened climbing time).

The profile of the LPS-induced behavioral changes in the FST
1s worth noting because antidepressants that enforce serotonergic
transmission increase primarily swimming behavior, while antide-
pressants that enhance noradrenergic transmission increase
predominantly climbing behavior [15,43]. In analogy, there is
reason to speculate that the long-term depression-like behavior
caused by LPS in group-housed C57BL/6 mice involves
serotonergic but not noradrenergic pathways, while the depres-
sion-like behavior induced by LPS in singly housed C57BL/6 mice
depends on noradrenergic but not serotonergic circuits. It would
hence appear that the neurochemical substrates whereby LPS
alters depression-like behavior in the FST differ with housing
conditions. This instance provides a lead for targeted studies into
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Figure 8. Effect of (A) vehicle (VEH) and (B) LPS (0.83 mg/kg injected IP) on the daily consumption of sucrose (1%) solution and
normal tap water in singly housed C57BL/6 mice. The main graphs show the absolute daily intake of sucrose solution and water (ml). In the
inserts, the daily intake of sucrose solution and water on the day before treatment (day -1) and on day 26 post-treatment is expressed as a percentage
of the total daily fluid intake. The values are means=SEM, n=7. *** p<0.01 versus water intake.

doi:10.1371/journal.pone.0020719.g008

the neurochemical mechanisms of immune challenge-evoked
disturbances of affective behavior. The studies need to take
account of particular characteristics of monoaminergic transmis-
sion in the brain of C57BL/6 mice. While C57BL/6 mice, like
CD1 mice, are sensitive to the antidepressant effect of desipra-
mine, a preferential norepinephrine reuptake inhibitor, in the IF'ST
[44], the serotonin transporter of C57BL/6 mice contains 2 non-
synonymous single nucleotide polymorphisms that code for a
reduced reuptake function and a reduced immobility time in the
tail suspension test [16].

The prolonged depression-like behavior in  LPS-treated
C57BL/6 mice as observed in the FST was confirmed with the
sucrose preference test in an independent cohort of animals. The
two tests address different aspects of depression. While the FST
measures behavioral despair [15], the sucrose preference test
assesses anhedonia, a decrease in the ability to experience pleasure
[12,45,46]. LPS exerted two distinct time-related effects on sucrose
preference in singly housed C57BL/6 mice. One day post-
treatment, there was a pronounced reduction of sucrose
preference, an effect that waned during the subsequent days and
had previously been noted in CD1 mice [12]. Twenty-six days
post-treatment, however, the sucrose preference was found to be
attenuated in LPS-treated C57BL/6 mice, which attests to a long-
term effect of LPS to induce anhedonia-like behavior.

Short-term and long-term effects of LPS on circulating
interleukin-6 and corticosterone

The LPS-induced changes in body weight did not provide any
explanation for its strain-dependent impact on affective behavior
in the short and long term. The initial decrease in body weight is
part of the transient “sickness response’ to LPS, which includes
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Figure 9. Effect of vehicle (VEH) and LPS (0.83 mg/kg injected
IP) on the total daily intake of fluid in singly housed C57BL/6
mice. The graph shows the absolute daily intake of fluid on the day
before treatment (day -1) and on days 1, 2 and 26 post-treatment. The
values are means+SEM, n=7. ** P<0.05, *** P<0.01 versus vehicle on
the same day, +++ P<<0.01 versus vehicle on all other days.
doi:10.1371/journal.pone.0020719.g009
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anorexia and a reduction of locomotion and exploration
[3,6,11,47]. The sickness response arises from LPS-evoked
induction of proinflammatory cytokines, including interleukin-6,
that signal to the brain via a neural and endocrine route [6,11,22].
Our finding that LPS increased the post-FST plasma levels of
interleukin-6 1 day but not 4 weeks post-treatment indicates that
LPS, but not the FST, was responsible for the rise of this cytokine.
The observation that circulating interleukin-6 in C57BL/6 mice
increased to a much larger extent than in CD1 mice suggests that
C57BL/6 mice are more sensitive to immune stress than CDI1
mice. It remains to be shown whether the pronounced induction of
mterleukin-6 in C57BL/6 mice has any bearing on the long-term
depression-like behavior induced by LPS in this mouse strain.

LPS and proinflammatory cytokines are able to stimulate the HPA
axis as shown by a rise of circulating glucocorticoid levels [4-6,22]. In
the present study, the plasma levels of corticosterone measured
30 min post-FST do not represent basal levels of the glucocorticoid
but reflect levels that are elevated by the stress of the FST procedure
[36]. Single housing is stressful for female mice [48] and results in a
reduction of the basal levels of circulating corticosterone [25].
Likewise, the post-FST levels of corticosterone measured 28 days
after vehicle/LPS treatment were lower under single housing than
under group housing conditions. We do not think, however, that the
LPS-evoked long-term depression-like behavior in C57BL/6 mice
arises primarily from a change in the function of the HPA axis,
although two distinct alterations in the dynamics of the HPA axis
were observed. First, LPS enhanced the FST-evoked increase in
circulating corticosterone 1 day post-treatment independently of
strain and housing conditions, whereas 4 weeks post-treatment this
effect of LPS was largely gone. This observation is in keeping with the
contention that the HPA axis undergoes prolonged desensitization
after immune challenge [49]. Second, the post-FST plasma levels of
corticosterone measured in C57BL/6 mice 28 days post-treatment
were in general significantly lower than 1 day post-treatment. This
observation may reflect a particular trait of C57BL/6 mice to
respond to experimental interventions by a long-term change in HPA
axis dynamics. Elucidation of the full impact of the HPA axis on LPS-
evoked long-term changes in affective behavior will involve analysis of
basal and stress-related levels of corticosterone and of the time course
of the HPA axis response to stress.

Conclusion

The current study demonstrates that immune challenge with
LPS is able to induce prolonged depression-like behavior.
Importantly, this effect depends on genetic background (strain).
It has been noted before that the impact of immune challenge on
affective behavior need be analyzed with respect to background
conditions [22]. The availability of an experimental model of long-
term depression-like behavior after acute immune challenge will
aid the elucidation of the pathophysiology of immune system-
related affective disorders and of the epigenome that is controlled
by social environment and immune system activity [50].

Supporting Information

Text S1 Detailed Results of the Statistical Analysis of
the Data.
(DOC)

June 2011 | Volume 6 | Issue 6 | 20719



Acknowledgments

The authors thank Margit Eichholzer for the assay of corticosterone, Maria
Ratzer for the assay of interleukin-6, and Professor Andreas Tiran for his
support to conduct the study at the Center for Medical Research of the
Medical University of Graz.

References

1. Maes M, Smith R, Scharpe S (1995) The monocyte-T-lymphocyte hypothesis of
major depression. Psychoneuroendocrinology 20: 111-116.

2. Maes M, Yirmyia R, Noraberg J, Brene S, Hibbeln J, et al. (2009) The
inflammatory & neurodegenerative (I&ND) hypothesis of depression: leads for
future research and new drug developments in depression. Metab Brain Dis 24:
27-53.

3. Yirmiya R (1996) Endotoxin produces a depressive-like episode in rats. Brain
Res 711: 163-174.

4. Yirmiya R (2009) The inflammatory nature of depression. Front Neurosci 3:

5. Raison CL, Capuron L, Miller AH (2006) Cytokines sing the blues:
inflammation and the pathogenesis of depression. Trends Immunol 27: 24-31.

6. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW (2008) From
inflammation to sickness and depression: when the immune system subjugates
the brain. Nat Rev Neurosci 9: 46-56.

7. Anisman H, Merali Z, Poulter MO, Hayley S (2005) Cytokines as a precipitant
of depressive illness: animal and human studies. Curr Pharm Design 11:
963-972.

8. Dunn AJ, Swiergiel AH, de Beaurepaire R (2005) Cytokines as mediators of
depression: what can we learn from animal studies? Neurosci Biobehav Rev 29:
891-909.

9. Tonelli LH, Holmes A, Postolache TT (2008) Intranasal immune challenge
induces sex-dependent depressive-like behavior and cytokine expression in the
brain. Neuropsychopharmacology 33: 1038-1048.

10. Pyter LM, Pineros V, Galang JA, McClintock MK, Prendergast BJ (2009)
Peripheral tumors induce depressive-like behaviors and cytokine production and
alter hypothalamic-pituitary-adrenal axis regulation. Proc Natl Acad Sci USA
106: 9069-9074.

11. Goehler LE, Gaykema RPA, Hansen MK, Anderson K, Maier SF, et al. (2000)
Vagal immune-to-brain communication: a visceral chemosensory pathway.
Auton Neurosci 85: 49-59.

12. Frenois F, Moreau M, O’Connor J, Lawson M, Micon C, et al. (2007)
Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining within
the mouse extended amygdala, hippocampus and hypothalamus, that parallel
the expression of depressive-like behavior. Psychoneuroendocrinology 32:
516-531.

13. Zhu CB, Lindler KM, Owens AW, Daws LC, Blakely RD, et al. (2010)
Interleukin-1 receptor activation by systemic lipopolysaccharide induces
behavioral despair linked to MAPK regulation of CNS serotonin transporters.
Neuropsychopharmacology 35: 2510-2520.

14. Painsipp E, Herzog H, Holzer P (2010) Evidence from knockout mice that
neuropeptide-Y Y2 and Y4 receptor signalling prevents long-term depression-
like behaviour caused by immune challenge. J Psychopharmacol 24: 1551-1560.

15. Cryan JF, Valentino RJ, Lucki I (2005) Assessing substrates underlying the
behavioral effects of antidepressants using the modified rat forced swimming test.
Neurosci Biobehav Rev 29: 547-569.

16. Carneiro AM, Airey DC, Thompson B, Zhu CB, Lu L, et al. (2009) Functional
coding variation in recombinant inbred mouse lines reveals multiple serotonin
transporter-associated phenotypes. Proc Natl Acad Sci USA 106: 2047-2052.

17. Gorman JM (2006) Gender differences in depression and response to
psychotropic medication. Gender Med 3: 93-109.

18. Beery AK, Zucker I (2011) Sex bias in neuroscience and biomedical research.
Neurosci Biobehav Rev 35: 565-572.

19. Chourbaji S, Zacher C, Sanchis-Segura C, Spanagel R, Gass P (2005) Social and
structural housing conditions influence the development of a depressive-like
phenotype in the learned helplessness paradigm in male mice. Behav Brain Res
164: 100-106.

20. Southwick SM, Vythilingam M, Charney DS (2005) The psychobiology of
depression and resilience to stress: implications for prevention and treatment.
Annu Rev Clin Psychol 1: 255-291.

21. Vaikar V, Polus A, Vasar E, Rauvala H (2005) Long-term individual housing in
C57BL/6J and DBA/2 mice: assessment of behavioral consequences. Genes
Brain Behav 4: 240-252.

22. Gibb J, Hayley S, Gandhi R, Poulter MO, Anisman H (2008) Synergistic and
additive actions of a psychosocial stressor and endotoxin challenge: Circulating
and brain cytokines, plasma corticosterone and behavioral changes in mice.
Brain Behav Immun 22: 573-589.

23. Maes M, Song C, Lin A, De Jongh R, Van Gastel A, et al. (1998) The effects of
psychological stress on humans: increased production of pro-inflammatory
cytokines and a Thl-like response in stress-induced anxiety. Cytokine 10:
313-318.

24. Goshen I, Kreisel T, Ben-Menachem-Zidon O, Licht T, Weidenfeld J, et al.
(2008) Brain interleukin-1 mediates chronic stress-induced depression in mice via

@ PLoS ONE | www.plosone.org

1

Prolonged Depression following Immune Challenge

Author Contributions

Conceived and designed the experiments: EP MJK PH. Performed the
experiments: EP MJK. Analyzed the data: EP MJK. Contributed reagents/
materials/analysis tools: EP F'S PH. Wrote the paper: EP MJK FS PH.

adrenocortical activation and hippocampal neurogenesis suppression. Mol
Psychiatry 13: 717-728.

25. Martin AL, Brown RE (2010) The lonely mouse: verification of a separation-
induced model of depression in female mice. Behav Brain Res 207: 196-207.

26. Crowley JJ, Jones MD, O’Leary OF, Lucki I (2004) Automated tests for measuring
the effects of antidepressants in mice. Pharmacol Biochem Behav 78: 269-274.

27. Kirk RE (1995) Experimental Design. Procedures for the Behavioral Sciences,
3rd Edition. Belmont, California: Wadsworth Publishing.

28. Winer BJ, Brown DR, Michels KM (1991) Statistical Principles in Experimental
Design, 3rd Edition. New York: McGraw-Hill.

29. Hays WL (2007) Statistics, 6th Edition. Florence, Kentucky: Cengage Learning.

30. Grippo AJ, Sullivan NR, Damjanoska KJ, Crane JW, Carrasco GA, et al. (2005)
Chronic mild stress induces behavioral and physiological changes, and may alter
serotonin 1A receptor function, in male and cycling female rats. Psychophar-
macology (Berl) 179: 769-780.

31. Nappi RE, Bonneau MJ, Rivest S (1997) Influence of the estrous cycle on c-fos
and CRH gene transcription in the brain of endotoxin-challenged female rats.
Neuroendocrinology 65: 29-46.

32. Autry AE, Adachi M, Cheng P, Monteggia LM (2009) Gender-specific impact of
brain-derived neurotrophic factor signaling on stress-induced depression-like
behavior. Biol Psychiatry 66: 84-90.

33. Walf AA, Koonce CJ, Frye CA (2009) Adult female wildtype, but not oestrogen
receptor beta knockout, mice have decreased depression-like behaviour during
pro-oestrus and following administration of oestradiol or diarylpropionitrile.
J Psychopharmacol 23: 442-450.

34. Sliwowska JH, Lan N, Yamashita F, Halpert AG, Viau V, et al. (2008) Effects of
prenatal ethanol exposure on regulation of basal hypothalamic-pituitary-adrenal
activity and hippocampal 5-HT1A receptor mRNA levels in female rats across
the estrous cycle. Psychoneuroendocrinology 33: 1111-1123.

35. Painsipp E, Wultsch T, Shahbazian A, Edelsbrunner M, Kreissl MC, et al.
(2007) Experimental gastritis in mice enhances anxiety in a gender-related
manner. Neuroscience 150: 522-536.

36. Painsipp E, Herzog H, Sperk G, Holzer P (2011) Sex-dependent control of
murine emotional-affective behaviour in health and colitis by peptide YY and
neuropeptide Y. Br J Pharmacol in press.

37. Godbout JP, Moreau M, Lestage J, Chen J, Sparkman NL, et al. (2008) Aging
exacerbates depressive-like behavior in mice in response to activation of the
peripheral innate immune system. Neuropsychopharmacology 33: 2341-2351.

38. Langford DJ, Crager SE, Shehzad Z, Smith SB, Sotocinal SG, et al. (2006)
Social modulation of pain as evidence for empathy in mice. Science 312:
1967-1970.

39. Jeon D, Kim S, Chetana M, Jo D, Ruley HE, et al. (2010) Observational fear
learning involves affective pain system and Cav1.2 Ca2+ channels in ACC. Nat
Neurosci 13: 482-488.

40. Chen Q, Panksepp JB, Lahvis GP (2009) Empathy is moderated by genetic
background in mice. PLoS One 4: ¢4387.

41. Norman GJ, Karelina K, Morris JS, Zhang N, Cochran M, et al. (2010) Social
interaction prevents the development of depressive-like behavior post nerve
injury in mice: a potential role for oxytocin. Psychosom Med 72: 519-526.

42. Norman GJ, Karelina K, Zhang N, Walton JC, Morris JS, et al. (2010) Stress
and IL-1beta contribute to the development of depressive-like behavior following
peripheral nerve injury. Mol Psychiatry 15: 404—414.

43. Detke MJ, Rickels M, Lucki I (1995) Active behaviors in the rat forced
swimming test differentially produced by serotonergic and noradrenergic
antidepressants. Psychopharmacology (Berlin) 21: 66-72.

44. Lucki I, Dalvi A, Mayorga AJ (2001) Sensitivity to the effects of pharmacolog-
ically selective antidepressants in different strains of mice. Psychopharmacology
(Berl) 155: 315-322.

45. Anisman H, Matheson K (2005) Stress, depression, and anhedonia: caveats
concerning animal models. Neurosci Biobehav Rev 29: 525-546.

46. Wann BP, Audet MC, Gibb J, Anisman H (2010) Anhedonia and altered cardiac
atrial natriuretic peptide following chronic stressor and endotoxin treatment in
mice. Psychoneuroendocrinology 35: 233-240.

47. Edelsbrunner ME, Herzog H, Holzer P (2009) Evidence from knockout mice
that peptide YY and neuropeptide Y enforce murine locomotion, exploration
and ingestive behaviour in a circadian cycle- and gender-dependent manner.
Behav Brain Res 203: 97-107.

48. Palanza P, Gioiosa L, Parmigiani S (2001) Social stress in mice: gender differences
and effects of estrous cycle and social dominance. Physiol Behav 73: 411-420.

49. Valles A, Marti O, Harbuz MS, Armario A (2002) A single lipopolysaccharide
administration is sufficient to induce a long-term desensitization of the
hypothalamic-pituitary-adrenal axis. Neuroscience 112: 383-389.

50. Szyf M, McGowan P, Meaney M] (2008) The social environment and the
epigenome. Environ Mol Mutagen 49: 46-60.

June 2011 | Volume 6 | Issue 6 | 20719



