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Abstract
Psychological stress is a major risk factor for mood and anxiety disorders. However, the
phenotypic manifestation of stress effects varies across individuals, likely due, in part, to genetic
variation. Modeling the behavioral and neural consequences of stress across genetically diverse
inbred mouse strains is a valuable approach to studying gene x stress interactions. Recent work
has shown that C57BL/6J mice exposed to ten daily sessions of restraint stress exhibited increased
exploration of the aversive light compartment in the light/dark exploration (LDE) test. Here we
sought to clarify the nature of this stress-induced phenotype by testing the ability of treatment with
various clinically efficacious drugs of different therapeutic classes to rescue it. Ten days of
restraint increased light compartment exploration, reduced body weight and sensitized the
corticosterone response to swim stress. Subchronic administration (during stress and LDE testing)
of fluoxetine, and to a lesser extent, lithium chloride, rescued stress-induced LDE behavior.
Chronic fluoxetine treatment prior to (plus during stress and testing) failed to block the LDE stress
effect. Acute administration of antipsychotic haloperidol, anti-ADHD medication methylphenidate
or anxiolytic drug chlordiazepoxide, prior to LDE testing, was also unable to normalize the LDE
stress effect. Collectively, these data demonstrate a treatment-selective prophylactic rescue of a
restraint stress-induced behavioral abnormality in the C57BL/6J inbred strain. Further work with
this novel model could help elucidate genetic and neural mechanisms mediating stress-induced
changes in mouse ‘emotion-relevant’ behaviors and, ultimately, further understanding of the
pathophysiology of stress-related neuropsychiatric disorders.
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Introduction
Exposure to psychological stress and trauma is a major risk factor for many neuropsychiatric
disorders. In addition, genetic factors are estimated to contribute a significant proportion to
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risk for these conditions (Kendler et al., 2004). Thus, there has been an intense research
effort aimed at identifying sources of genetic variation that confer susceptibility or,
conversely, resilience to the deleterious effects of exposure to stress (Caspi et al., 2010;
Rutter, 2008). An issue that has received less attention is why individuals differ not just in
their relative sensitivity to stress, but in the manner in which such stress effects manifest
phenotypically (Yehuda and LeDoux, 2007). What are the mechanistic factors, including
genetic background, that influence whether exposure to traumatic stress leads to an anxiety
disorder in one person, but depression in another?

Animal models, and mouse models in particular, are a valuable research tool for parsing the
relative influence of genes and stress on risk for neuropsychiatric disease (Cryan and
Holmes, 2005). In this context, previous studies have described differences between mouse
strains in basal anxiety- and ‘depression-related’ behaviors and stress-induced changes in
these behaviors (e.g., Anisman et al., 2001; Hefner et al., 2008; Holmes et al., 2005;
Ibarguen-Vargas et al., 2008; Jacobson and Cryan, 2007; Mineur et al., 2006; Trullas and
Skolnick, 1993; Uchida et al., 2011; Yang et al., 2008). Building upon this literature, a
recent study screened a panel of inbred mouse strains for anxiety- and ‘depression-related’
phenotypes following repeated exposure to restraint stress (Mozhui et al., 2010). One of the
main findings of this study was that two inbred strains, C57BL/6J and DBA/2J, showed
different behavioral profiles at baseline and opposite profiles in response to this stress
regimen in the light/dark exploration test (LDE) for anxiety-like behavior. These behavioral
differences were associated with divergent stress-induced alterations in gene expression and
excitatory neurotransmission in the basolateral amygdala, a brain region mediating stress
and strongly implicated in stress-related neuropsychiatric disorders (Holmes and Hariri,
2003; Ressler and Mayberg, 2007).

The specific observation made by Mozhui et al. was that DBA/2J had higher anxiety-like
behavior at baseline, relative to C57BL/6J, and that repeated restraint stress produced an
additional change indicative of a further heightening of anxiety-like behavior in DBA/2J
(i.e., reduced time spent exploring the aversive light compartment). By contrast, C57BL/6J
responded to stress with what would be conventionally interpreted as decreased anxiety-like
behavior (i.e., increased time spent exploring the aversive light compartment). Thus, these
data might indicate a stress-vulnerable phenotype in DBA/2J and a stress-resilient phenotype
in C57BL/6J. This would be generally consistent with the conclusions of earlier studies
(cited above), although these strain differences are clearly dependent upon the stressor and
endpoint measure employed.

There are, however, alternative interpretations of these strain differences, and the C57BL/6J
profile in particular. Thus, as discussed by Mozhui et al., increased light compartment
exploration in stressed C57BL/6J could reflect an active, possibly escape-motivated,
response that contrasts with the passive, withdrawal-from-aversion response in DBA/2J.
That is, rather than being an indication of stress-resiliency, the response of the C57BL/6J
strain may be a different manifestation of a stress-induced effect. For example, this strain
might show an active ‘coping strategy’ following stress, driven primarily by attempts to
escape from an anxiety-producing situation. This type of response is seen in wild-caught
mice exposed to anxiety-related assays (Holmes et al., 2000).

One approach to try and disentangle these alternative possibilities is to pharmacologically
probe the behavior with clinically efficacious anxiolytics. If the C57BL/6J stress response
reflects a decrease in anxiety-like behavior and stress-resiliency, then anxiolytic drugs
should be without effect. Conversely, rescue of the behavior by anxiolytic treatments would
be consistent with an atypical stress-sensitive response that ‘paradoxically’ manifests as an
active exploratory behavior.
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The main objective of the present study was to examine stress-induced changes in LDE
behavior in C57BL/6J mice after chronic treatment with fluoxetine (Prozac), a front-line
anxiolytic and antidepressant treatment, or the mood stabilizer, lithium (Cibalith). This
treatment regimen was employed as these drugs are clinically efficacious after chronic
treatment and it has been argued, therefore, that rodent models of anxiety- and stress-related
behaviors should be tested for sensitivity to chronic treatment (Borsini et al., 2002; Dulawa
et al., 2004). A secondary aim was to assess the effects of treatment with the classic
benzodiazepine anxiolytic chlordiazepoxide (Librium), the anti-Attention Deficit
Hyperactivity Disorder (ADHD) medication methylphenidate (Ritalin) or the antipsychotic
haloperidol (Haldol). Although limiting the comparability with the chronically treated drugs,
these three compounds were administered acutely instead of chronically because they
typically produce effects on rodent behaviors after a single administration (Fitzgerald et al.,
2010; Holmes et al., 2001; Karlsson et al., 2008b).

Methods
Subjects

Mice (8-9 wks at the start of experiments) were male C57BL/6J obtained from The Jackson
Laboratory (Bar Harbor, ME) and housed 2/cage in a temperature-(22 ±3°C) and humidity-
(45 ±15%) controlled vivarium under a 12 hr light/dark cycle (lights on 0600 h). Both mice
in a cage were assigned to the same stress and treatment condition and stressed, treated and
tested at the same time. Cages contained substrate, a cotton nestlet and a single toilet roll
tube, as per local Animal Care and Use Committee (ACUC) requirements. The number of
mice used for each experiment is given in the figure legends. All experimental procedures
were approved by the NIAAA ACUC and followed the NIH guidelines outlined in ‘Using
Animals in Intramural Research’ and the local Animal Care and Use Committees.

Stress and light/dark exploration test procedures
Repeated restraint stress—Previous studies have shown that 10 days of immobilization
in ‘immobilization bags’ produces significant changes in neuronal morphology in the medial
prefrontal cortex, basolateral amygdala and CA3 region of the hippocampus in rats and mice
(Holmes and Wellman, 2009). As in our previous study (Mozhui et al., 2010), we adopted a
modified version of this protocol in which mice were placed in ventilated 50 mL Falcon
tubes for 2 hr/day (1000-1200 hr) for 10 consecutive days. To be consistent with earlier
studies using this stressor in rats and mice (Govindarajan et al., 2006; Shansky et al., 2009;
Vyas et al., 2002), non-restrained mice remained in the home cage.

As a measure of the efficacy of repeated restraint as a stressor, we measured restraint-
induced reductions in body weight (Krishnan et al., 2007; Pothion et al., 2004; Surget et al.,
2009; Willner et al., 1996). Changes in body weight over the 10-day restraint period were
compared between the restrained and non-restrained groups.

Light/dark exploration test
The light/dark exploration (LDE) test for anxiety-related behavior (Crawley, 1981) was
conducted as previously described (Mozhui et al., 2010). Mice began the test in an opaque
black Plexiglas shelter (dark compartment; 39 × 13 × 16 cm) with a 13 × 8 cm aperture at
floor level that opened onto a large white Plexiglas square arena (light compartment; 39 × 39
× 35 cm) illuminated by ceiling room lights to ~90 lux (room illuminated tô90 lux). Latency
to first enter the light compartment, the number of light compartment entries (defined as all
4 paws out of the shelter) and time spent inside the light compartment over a 15 min session
were scored by an observer using the Hindsight software program (Scientific Programming
Services, Wokingham, UK) (for the fluoxetine experiments; note: distance traveled could
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not be calculated using this scoring method), or automatically by the Ethovision
videotracking system (Noldus Information Technology Inc., Leesburg, VA). Mice that did
not enter the light compartment were given a 900 sec latency to enter. Analysis was based
on the first 5 min of the test, when behavior is most strongly influenced by novelty and
approach (Mozhui et al., 2010).

Experiment 1: Effects of subchronic fluoxetine treatment during stress
Treatment and LDE test: Mice were treated with fluoxetine by providing 120 mg/L
fluoxetine hydrochloride (LKT Laboratories Inc, St. Paul, MN) in their only source of
drinking water, as previously described (Norcross et al., 2008). This concentration was
chosen to attain an average self-administered daily dose of 10-15 mg/kg and plasma levels
in the human therapeutic range (Dulawa et al., 2004). Previous studies have confirmed this
treatment regimen is sufficient to produce effects on behavior and stimulate hippocampal
neurogenesis (Brigman et al., 2010; Karlsson et al., 2008a). Controls received tap water as
only source of fluids. To allow the drug to achieve steady state levels prior to stress, mice
were fluoxetine treated for 4 days prior to the start of stress (days 1-4 of treatment). They
were then maintained on drug through 10 days of stress (days 5-14 of treatment) and the 2
days of behavioral testing (days 15-16 of treatment). On day 7 of treatment, solutions were
refreshed. Fluid consumption was measured via bottle weights (corrected for evaporation
and spillage) on day 7 and day 16 of treatment. For mice receiving fluoxetine, daily dose
was calculated as mg fluoxetine per kg body weight.

Mice were tested on the LDE 1 day after the final stressor (for schematic, see Figure 1a).

Forced swim test and swim-induced corticosterone: In addition to its anxiolytic-like
effects, fluoxetine has antidepressant-like activity in various rodent assays (Cryan and
Holmes, 2005). We tested the effects of fluoxetine in stressed mice using the forced swim
test (FST) for depression-related behavior (Porsolt et al., 1977). All mice were assayed in
the FST the day after LDE testing to avoid confounding effects of the swim stress on LDE
behavior and to permit collection of corticosterone. Mice were gently lowered into a
transparent Plexiglas cylinder (26 cm high, 20 cm diameter) filled halfway with water (24
±1°C) for a 6 min session (under room illumination at ~500 lux). The presence/absence of
immobility (cessation of limb movements except minor involuntary movements of the hind
limbs) was scored by an observer using an instantaneous sampling technique every 5 sec
during min 3-6 (125-360 sec) and expressed as percent total observations, as previously
described (Baganz et al., 2011; Carroll et al., 2007).

To assessed HPA-axis activation to swim stress, mice were placed in a clean cage (with
fresh bedding) after testing and, 30 min later, sacrificed via rapid cervical dislocation and
decapitation to collect trunk blood as previously described (Boyce-Rustay et al., 2007).
Blood samples were centrifuged at 13,000 rpm for 30 sec. Serum was extracted and assayed
for total corticosterone (bound and free) using the Coat-a-Count RIA TKRC1 kit (limit of
detection: 5.7 ng/ml; Diagnostic Products Corp, Los Angeles).

Open field test: In order to test for potential changes in locomotor activity (e.g.,
hyperlocomotion) as a result of stress, and the effects of fluoxetine on this behavior, we
examined a naïve cohort of mice in the open field test. Mice were treated and stressed as
above and then tested in the open field 24 hr after the final stressor. The open field test was
conducted as previously described (Karlsson et al., 2008b). The apparatus was a square
arena (39 × 39 × 35 cm) with opaque white Plexiglas walls and floor, evenly-illuminated to
~60 lux (room illuminated to ~20 lux). Mice were placed in a corner and allowed to freely
explore for 5 min. Total distance traveled and time spent in the (20 × 20 cm) center was
measured using the Ethovision videotracking system.
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Experiment 2: Effects of chronic fluoxetine treatment prior to and during
stress—Mice were fluoxetine treated as above for 28 days prior to the start of stress, and
maintained on drug through 10 days of stress and behavioral testing (for schematic, see
Figure 2a). Fluoxetine and water consumption was measured via bottle weights (corrected
for evaporation and spillage) weekly and at the completion of testing (i.e., 40 days), and
converted to a mg/kg body weight daily fluoxetine dose. Mice were tested on the LDE 1 day
after the final stressor and the FST 2 days after the final stressor. Fluoxetine dose was
measured weekly as described for experiment 1 and expressed as a value for the entire
treatment period.

Experiment 3: Effects of subchronic lithium treatment during stress—Mice
were treated with lithium by providing 4 g/kg drug-containing pellets as their only source of
chow, as previously described (Shaltiel et al., 2008). We have previously shown that this
dose produces blood levels in the therapeutic range (approximately 1.1 mEq/L) (Fitzgerald
et al., 2010). To allow the drug to achieve steady state levels prior to stress, mice were
lithium treated for 4 days prior to the start of stress. They were then maintained on drug
through 10 days of stress and behavioral testing (for schematic, see Figure 3a). Mice were
tested on the LDE 1 day after the final stressor. Because lithium has antidepressant-related
effects in rodents (Shaltiel et al., 2008), we also tested this drug in the FST (the day after the
LDE).

Experiment 4: Effects of acute haloperidol treatment after stress—Mice were
subjected to stress as above and, 1 day after the final stress, tested on the LDE. Immediately
before LDE testing, mice were injected intraperitoneally (i.p., in a volume of 10 mL/kg body
weight) with either 0.25 mg/kg haloperidol (Sigma, St. Louis, MO, dissolved in 0.9% saline)
or saline vehicle. The drug was administered acutely and this dose chosen based upon
previous studies showing that acute treatment is sufficient to reverse ‘schizophrenia-related’
phenotypes in mice (Karlsson et al., 2008b; Wiedholz et al., 2008).

We did not test the effects of haloperidol, methylphenidate or chlordiazepoxide (see next 2
experiments) in the FST because these drugs are not typically associated with
antidepressant-related effects.

Experiment 5: Effects of acute methylphenidate treatment after stress—Mice
were subjected to stress as above and, 1 day after the final stress, tested on the LDE. Thirty
min before LDE testing, mice were injected i.p. (in a volume of 10 mL/kg body weight) with
either 7.5 mg/kg methylphenidate (Sigma, St. Louis, MO, dissolved in 0.9% saline) or saline
vehicle. The drug was administered acutely and this dose chosen based upon previous
studies showing that acute treatment affected ‘schizophrenia-related’ phenotypes in mice,
and to avoid potential locomotor hyperactivity effects (Fitzgerald et al., 2010).

Experiment 6: Effects of acute chlordiazepoxide treatment after stress—Mice
were subjected to stress as above and, 1 day after the final stress, tested on the LDE. Thirty
min before LDE testing, mice were injected i.p. (in a volume of 10 mL/kg body weight) with
either 10 mg/kg chlordiazepoxide (Sigma, St. Louis, MO, dissolved in 0.9% saline) or saline
vehicle. The drug was administered acutely and this dose was chosen based upon previous
studies showing that acute treatment is sufficient to produce anxiolytic-like effects in mice
(Holmes et al., 2001). Given unexpected negative effects of chlordiazepoxide (see Results),
we conducted follow-up validation experiments in the LDE test and other anxiety-related
tests that are described in the Results.
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Statistical analysis
The effects of drug and stress were analyzed using 2-factor analysis of variance (ANOVA)
followed by Newman Keuls post hoc tests in the presence of significant interaction effects.
Student’s t-test was used to examine the effect of stress on fluoxetine consumption and
effects of chlordiazepoxide in the C57BL/6J validation experiments. The threshold for
statistical significance was set at p<.05.

Results
Experiment 1: Effects of subchronic fluoxetine treatment during stress

Body weight—Demonstrating the efficacy of the repeated restraint stress procedure, there
was a significant decrease in body weight over the stress period in stressed mice relative to
non-stressed controls, irrespective of fluoxetine treatment (main effect of stress:
F1,28=25.23, p<.01) (Table 1).

LDE test—There was a significant stress x drug treatment interaction for percent time in
the light compartment (F1,28=5.65, p<.05) and number of light compartment entries
(F1,28=11.56, p<.01), as well as in latency to first enter the light compartment (F1,28=5.19,
p<.05). Post hoc analyses showed that, in non-drug-treated mice, percent time inside light
compartment (Figure 1b) and number of light compartment entries (Figure 1c) was
significantly higher, and latency to enter the compartment (non-drug/non-stressed=174.0
±30.7, non-drug/stressed=73.9 ±11.8, fluoxetine/non-stressed=149.6 ±29.3, fluoxetine/
stressed=157.3 ±17.3) significantly lower, in stressed mice as compared to non-stressed
controls. There was no significant difference between stressed and non-stressed mice in time
spent inside light compartment, entries, or latency following fluoxetine treatment.
Fluoxetine treatment per se did not affect any measure, as determined from comparisons
between non-stressed fluoxetine- and non-stressed non-drug-treated mice. Thus, subchronic
fluoxetine treatment selectively blocked the effects of stress on LDE behavior.

FST and corticosterone—Stress increased percent immobility relative to non-stressed
controls (F1,26=8.14, p<.01), but there was no effect of fluoxetine treatment and no stress x
drug treatment interaction (Figure 1d). In this experiment, 2 mice with 0 immobility scores
(the only such occurrences in the current study) were omitted from the analysis. There was a
significant stress x drug interaction (F1,12=16.90, p<.01) for post-FST corticosterone levels.
Post hoc tests showed that stressed mice had higher corticosterone levels than non-stressed
controls after non-drug treatment but not after fluoxetine treatment (Figure 1d). Fluoxetine
treatment itself increased corticosterone levels, as indicated by comparison of drug- and
non-drug-treated non-stressed mice. These data show that subchronic fluoxetine treatment
prevented stress-induced changes in the HPA-axis but not the behavioral response to the
FST.

Fluoxetine consumption—In mice given fluoxetine as their only drinking source, we
found that fluoxetine consumption was altered during the latter part of the stress regimen.
Specifically, fluoxetine consumption did not differ between stressed and non-stressed mice
during the first week of treatment, which comprised 4 days of pre-stress baseline + 3 days of
stressed (non-stressed=10.58±1.12 mg/kg/day, stressed=12.94±1.51). However, fluoxetine
consumption was significantly greater in stressed mice than non-stressed mice during last 9
days of treatment, comprising 7 days of stress and 2 days of behavioral testing (non-
stressed=11.07±1.64, stressed=16.91±.54, t=3.39, df=14, p<.01). In mice given water as
their only drinking source, water consumption showed non-significant trends for a stress-
induced increase during the first 7 days of treatment (non-stressed=164.3±24.3 g/kg/day,
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stressed=193.4±26.7) and the latter 9 days of treatment (non-stressed=169.8±34.0,
stressed=223.7±16.0) weeks.

The unexpected increase in fluoxetine consumption in stressed mice raised the question of
whether mice were ‘self-medicating.’ To address this possibility more directly, an additional
cohort was given a 2-bottle, fluoxetine-solution versus water, preference test. Mice were
presented with 2-bottles, side-by-side in the home cage for 22 days. One bottle contained a
120 mg/L fluoxetine-containing solution and the other bottle contained tap water.
Mimicking the design of experiment 1, half of the mice were stressed on days 5-14 and half
were undisturbed. The volume of consumption was measured for each bottle every 2 days, at
which time the left versus right position of the bottles was switched to avoid side-bias.
Results showed that mice strongly preferred water over the fluoxetine solution and this did
not differ between stressed and non-stressed mice either during the stress period (non-
stressed=95.67 ±0.86% preference for water, stressed=96.12 ±0.82%, n=6 per stress group).
Therefore, the increase in fluoxetine consumption that was evident in experiment 1, when
stressed mice had access to only this solution, may be an artifact of a general increase in
drinking rather than stress-induced ‘self-medication.’

Open field—In a naïve cohort of mice, neither stress nor subchronic fluoxetine treatment
affected locomotor activity in an open field test (non-drug/non-stressed=17.2 ±2.5 mean
±SEM total meters traveled, non-drug/stressed=23.1 ±1.3, fluoxetine/non-stressed=18.4
±2.1, fluoxetine/stressed=19.7 ±1.4) or percent center time (non-drug/non-stressed=8.4 ±2.5,
non-drug/stressed=11.0 ±2.5, fluoxetine/non-stressed=8.9 ±2.6, fluoxetine/stressed=4.5
±1.0).

Experiment 2: Effects of chronic fluoxetine treatment prior to and during stress
Body weight—Chronic fluoxetine treatment did not prevent stress from decreasing body
weight, relative to non-stressed controls (main effect of stress: F1,26=46.06, p<.01) (Table
1). There was a borderline main effect for fluoxetine treatment to increase weight relative to
non-drug-treated controls (F1,26=3.30, p=.081).

LDE test—Stress increased percent time in the light compartment (main effect of stress:
F1,26=9.11, p<.01) (Figure 2b) as well as light compartment entries (main effect of stress:
F1,26=19.23, p<.01) (Figure 2c), relative to non-stressed controls, irrespective of fluoxetine
treatment. Fluoxetine itself decreased light compartment time (main effect of drug:
F1,26=6.54, p<.05) and entries (main effect of drug: F1,26=19.23, p<.01) relative to non-
drug-treated controls. Latency to enter the light compartment was lower in stressed than
non-stressed mice after fluoxetine, but not non-drug, treatment (stress x drug treatment
interaction: F1,26=4.31, p<.05, followed by post hoc tests; non-drug/non-stressed=86.4
±18.5, non-drug/stressed=47.0 ±21.9, fluoxetine/non-stressed=312.2 ±95.1, fluoxetine/
stressed=52.0 ±12.0). Thus, in contrast to subchronic fluoxetine treatment, chronic treatment
with this drug failed to block stress-induced changes in LDE behavior. In addition, this
extended regimen of fluoxetine treatment appeared to produce either an anxiogenic-like
effect or, more likely, non-specific sedation-related inhibition of behavior.

Fluoxetine consumption—There was a non-significant trend toward an increase in
fluoxetine consumption in stressed mice as compared to non-stressed controls
(stressed=19.11 ±1.10 (mean ±SEM) mg/kg/day, non-stressed=16.48 ±0.76; t(14)=1.96, p=.
070). Water consumption was not different between groups (stressed=223.9 ±21.4 g/kg/day,
non-stressed=203.7 ±11.8).
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Experiment 3: Effects of subchronic lithium treatment during stress
Body weight—Both stress and drug led to reduced body weight in this experiment (stress
x drug treatment interaction: F1,36=21.98, p<.01). Post hoc tests showed that stress
produced significant weight loss relative to non-stressed mice in non-drug, but not lithium-
treated mice, due to lithium treatment itself reducing weight relative to non-drug treatment
(as we have previously: Fitzgerald et al., 2010) (Table 1).

LDE test—While neither stress nor lithium treatment significantly affected percent time in
the light compartment (Figure 3b), there was also a trend for a stress x lithium interaction
for number of light compartment entries (F1,36=3.07, p=.088). Although there was only a
statistical trend, an effect of stress on this measure was repeatedly observed across
experiments, and we therefore proceeded with post hoc analyses and this showed that stress
significantly increased light compartment entries in non-drug-treated, but not lithium-
treated, mice (Figure 3c). On the other hand, stress decreased latency to enter the light
compartment, irrespective of lithium treatment (main effect of stress: F1,36=7.17, p<.05;
non-drug/non-stressed=99.8 ±18.5, non-drug/stressed=43.2 ±11.9, fluoxetine/non-
stressed=101.5 ±26.2, fluoxetine/stressed=54.7 ±17.9), while stress increased total distance
traveled in control-treated mice but decreased distance traveled in lithium-treated mice
(stress x lithium interaction F1,36=13.02, p<.01, followed by post hoc tests) (Table 2).
These data suggest that lithium treatment partially prevented stress-induced changes in LDE
behavior.

FST—Lithium treatment significantly decreased percent immobility, irrespective of stress
(main effect of drug: F1,36=36.26, p<.01), consistent with an antidepressant-like effect. As
in the chronic fluoxetine experiment, stress itself was without effect (Figure 3d).

Experiment 4: Effects of acute haloperidol treatment after stress
Body weight—Stress significantly reduced body weight relative to non-stressed controls
(main effect of stress: F1,40=57.18, p<.01) (Table 1).

LDE test—Stress increased percent time in the light compartment (main effect of stress:
F1,40=11.98, p<.01) (Figure 4a) and light compartment entries (main effect of stress:
F1,40=4.24, p<.05) (Figure 4b), and decreased latency to enter the light compartment (main
effect of stress: F1,40=6.55, p<.05) (non-drug/non-stressed=118.4 ±28.4, non-drug/
stressed=48.1 ±11.3, fluoxetine/non-stressed=89.7 ±28.3, fluoxetine/stressed=48.5 ±12.7)
but not total distance traveled (Table 2), relative to non-stressed controls, irrespective of
haloperidol treatment. Haloperidol did not modify these stress effects and, per se, had no
effects on any measure of behavior.

Experiment 5: Effects of acute methylphenidate treatment after stress
Body weight—Stress significantly reduced body weight relative to non-stressed controls
(main effect of stress: F1,26=9.22, p<.01) (Table 1).

LDE test—Methylphenidate treatment failed to reverse stress-induced changes in the LDE
test. Stress increased percent time inside the light compartment (main effect of stress:
F1,26=5.60, p<.05) (Figure 4c) and increased light compartment entries (main effect of
stress: F1,26=6.76, p<.05) (Figure 4d), irrespective of methylphenidate treatment. Stress
also produced a non-significant trend for decreased latency to enter the light compartment
(main effect of stress: F1,26=3.53, p=.072; non-drug/non-stressed=111.0 ±39.7, non-drug/
stressed=45.1 ±15.1, fluoxetine/non-stressed=200.8 ±83.8, fluoxetine/stressed=77.3 ±20.6)
but did not affect total distance traveled (Table 2), irrespective of drug treatment.
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Methylphenidate also reduced percent light compartment time (but not entries) relative to
non-drug-treated controls (main effect of drug: F1,26=9.54, p<.01) (Figure 4c). These data
show that this drug was unable to block the effects of stress on LDE behavior, but may have
produced an anxiogenic-like effect per se.

Experiment 6: Effects of acute chlordiazepoxide treatment after stress
Body weight—Stress significantly reduced body weight relative to non-stressed controls
(main effect of stress: F1,28=7.15, p<.05) (Table 1).

LDE test—The ability of stress to increase percent light compartment time during the LDE
test, relative to non-stressed controls, was intact regardless of chlordiazepoxide treatment
(main effect of stress: F1,28=6.22, p<.05) (Figure 4e). Stress did not significantly increase
light compartment entries (Figure 4f) or decrease latency to enter the light compartment
(non-drug/non-stressed=66.9 ±15.1, non-drug/stressed=44.4 ±7.7, fluoxetine/non-
stressed=33.9 ±9.8, fluoxetine/stressed=138.1 ±109.5) or total distance traveled (Table 2) in
this experiment. Chlordiazepoxide per se was without effects.

Validation experiments—The absence of anxiolytic-like effects of chlordiazepoxide
contrasts with some earlier studies showing the drug’s anxiolytic-like effects in the LDE in
outbred mouse strains (Holmes et al., 2001), but is consistent with other reports testing the
C57BL/6J strain in the LDE and other anxiety-related tests (e.g., Mathiasen et al., 2008). In
order to allow us to better interpret the failure of chlordiazepoxide to prevent stress-induced
changes in LDE behavior, we conducted an additional set of experiments examining the
effects of this drug in stress-naïve C57BL/6J mice in the LDE test, as well as two other
common tests for anxiety-like behavior: the elevated plus-maze and novel open field test
(Cryan and Holmes, 2005). Mice were injected with 10 mg/kg chlordiazepoxide or saline
vehicle 30 min before testing in either 1) another version of the LDE, in which the light:dark
compartment scaling is 50:50 and mice begin the test in the light compartment (apparatus
and procedure as previously described, Karlsson et al., 2008a), 2) the elevated plus-maze
test (apparatus and procedure as previously described, Mozhui et al., 2010), or 3) a novel
open field test (apparatus and procedure as above). The results of these experiments are
summarized (in Table S1) and showed that, with the exception of a significant reduction in
percent open field center time relative to vehicle (t=2.20, df=14, p<.05), chlordiazepoxide
had no significant effects on any behavioral measures in these 3 test assays. This supports
our negative findings in the LDE stress experiment as being a true negative.

Discussion
The main finding of the current study is that subchronic treatment with fluoxetine prevented
stress-induced changes in LDE test behavior in male C57BL/6J mice. A similar subchronic
treatment regimen with the mood stabilizer, lithium, had similar, although somewhat less
clear-cut, effects. By contrast, acute pre-test treatment with the antipsychotic haloperidol,
the anti-ADHD drug methylphenidate, or the benzodiazepine anxiolytic chlordiazepoxide,
failed to reverse the behavioral effects of stress.

The principal behavioral readout of the ten-day restraint stress procedure we employed was
a significant increase in exploration (time spent in and/or entries) of the aversive light
compartment of the LDE test. This profile was consistently seen across six separate
experiments in the current study and replicates one of the main findings of Mozhui et al.
(Mozhui et al., 2010). Mozhui et al. also reported that this stress regimen increased time
spent in the aversive open arms of the elevated plus-maze (EPM) in C57BL/6J mice, but did
not affect immobility behavior in the FST (as also replicated here). Collectively, this pattern
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of data suggests that restraint stress produced behavioral alterations that generalize across
anxiety-related but not ‘depression-related’ tests. A dissociation between anxiety- and
depression-related measures is not unexpected considering examples in the literature where
other repeated stressors, such as social defeat, produce assay- or domain-specific behavioral
effects in C57BL/6J mice and other strains (e.g., Krishnan et al., 2007; Strekalova et al.,
2004).

It can sometimes be difficult to parse a change in anxiety-related behavior from a change in
locomotor activity in exploration-based assays for anxiety-like behavior, including the LDE
test because more or less exploration of the (larger) light compartment typically drives up
the overall amount of distance traveled in tandem (Holmes, 2001). However, a number of
observations argue that the stress-induced profile of C57BL/6J mice is unlikely to be a
generalized hyperactivity effect. First, stress failed to alter measures of locomotor activity in
the open field (this study) or the elevated plus-maze (Mozhui et al., 2010). Second, a
generalized hyperactivity effect of stress would have been expected to decrease forced swim
test immobility, but this was not found either in the current study or in Mozhui et al.
(Mozhui et al., 2010). Third, of the four experiments where total distance traveled in the
LDE could be measured via videotracking, there an effect of stress on this measure only in
one experiment (lithium). Given the increase in distance traveled in the lithium experiment,
and despite the arguments to the contrary above, the possibility that stress-induced increase
in light compartment exploration in this experiment was confounded by hyperactivity cannot
be discounted.

Another interpretation of the current results is that the stress-induced increase in the aversive
light compartment of the LDE test reflect a decrease in anxiety-like behavior. This would be
logical given a similar profile is produced by anxiolytic drugs in non-stressed subjects
(Crawley, 1981; Cryan and Holmes, 2005), but paradoxical in the sense that stress is a risk
factor for anxiety. However, the stress-induced profile of C57BL/6J mice cannot simply be
explained by stress-resilience in this strain because stressed mice reliably showed a
significant loss of body weight - a measure typically used to confirm the efficacy of restraint
stress in rats and mice (Surget et al., 2009; Willner, 1997). Furthermore, stressed C57BL/6J
mice showed significantly elevated serum corticosterone response to a novel (swim)
stressor, demonstrating that the HPA-axis had been sensitized by restraint. Similar HPA-axis
sensitization is seen with other repeated stressors in C57BL/6J mice (e.g., Krishnan et al.,
2007). Thus, increased LDE light compartment exploration occurred in the context of
peripheral and neuroendocrine alterations classically associated with increased stress. We
therefore suggest that C57BL/6J mice respond to restraint stress with an ‘active coping
strategy’ that contrasts with inhibited behavioral responses exhibited by other strains such as
DBA/2J and BALB/cJ (Mozhui et al., 2010; Uchida et al., 2011). Clearly, further studies
will be needed to elucidate the precise nature of this ‘paradoxical’ response to stress in the
C57BL/6J strain.

The major finding of the current study, which was that stress-induced LDE behavior and
corticosterone sensitization (although not body weight loss) was ‘rescued’ by subchronic
treatment with the clinically efficacious anxiolytic and antidepressant fluoxetine, may also
be in line with an increase, rather than resilience, to stress. Subchronic treatment with the
prototypical mood stabilizer lithium chloride also partially reversed stress-induced
alterations in the LDE test, although this effect was less robust than that produced
fluoxetine. Because both drugs were administered during stress exposure as well as LDE
testing, it is unclear whether they prophylactically prevented a stress effect from developing,
or blocked the expression of the behavioral effect. It is difficult to design an experiment to
parse these possibilities because pre-test subchronic administration of fluoxetine is needed to
mimic their efficacy in the clinic, and it is unclear whether the effect of stress in the LDE

Ihne et al. Page 10

Neuropharmacology. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



would be robustly manifest if a two-week treatment interval was interposed between stress
and testing. Notwithstanding, the main conclusion from these data is stress-induced LDE
behavioral is reversible by these clinically relevant drugs.

A stress-preventing effect of fluoxetine on LDE behavior in C57BL/6J extends similar
findings examining other monoaminergic antidepressants, mouse strains and stress
paradigms. For example, imipramine treatment five weeks into a nine-week chronic
unpredictable mild stress (UCMS) regimen prevented anxiety-related and HPA-axis
alterations in a number of strains including BALB/c and C57BL/6 (Ibarguen-Vargas et al.,
2008). More recently, Isingrini and colleagues reported that BALB/c mice exposed to
UCMS for seven weeks showed reduced grooming, coat degradation and anhedonia that was
blocked by fluoxetine treatment from the second week onward (Isingrini et al., 2010) (see
also Yalcin et al., 2008). Similarly, fluoxetine concomitantly administered with low dose
corticosterone over four weeks blocked corticosterone-induced coat degradation and
anxiety-like behavior in C57BL/6NTac mice (David et al., 2009). Taken together with the
current findings, these data demonstrate that fluoxetine is effective in preventing effects of
various chronic stressors.

In contrast to the effectiveness of fluoxetine and lithium, acute treatment with the
antipsychotic haloperidol, the anti-ADHD medication methylphenidate, and the
benzodiazepine chlordiazepoxide all failed to normalize stress-induced LDE behavior.
Methylphenidate reduced light compartment time regardless of stress, while haloperidol and
chlordiazepoxide were inactive in both stressed and non-stressed mice. The haloperidol dose
used is known to be effective in other behavioral settings (Karlsson et al., 2008b). The null
chlordiazepoxide profile was also likely a true negative, as we showed in a series of
additional experiments that, in non-stressed C57BL/6J mice, chlordiazepoxide was without
effect in the EPM, novel open field and another variant of the LDE test. Moreover, a
previous study also found no anxiolytic-like effects in these tests in C57BL/6JOIaHsd mice
(Rodgers et al., 2002). Thus, our negative data with these three drugs indicate that the stress-
rescuing effects of fluoxetine (and to a lesser extent, lithium) are not reproduced by an
antipsychotic, anti-ADHD or benzodiazepine anxiolytic medication. An important caveat in
making this comparison across drugs is that fluoxetine and lithium were administered
chronically during stress and LDE testing, whereas haloperidol, methylphenidate and
chlordiazepoxide were given acutely prior to testing. Thus, whether chronic treatment with
these drugs would rescue the effect of stress remains to be tested.

Another issue to be resolved stems from our observation that chronic fluoxetine treatment
produced a general decrease in LDE behavior and increased FST immobility in non-stressed
mice, and to a lesser degree, stressed mice. This was unexpected given similar regimens
exert therapeutic efficacy in human patients, and prior studies demonstrate that from three
injections to four weeks of treatment produces anxiolytic-like and antidepressant-related
effects (Dulawa et al., 2004; Holick et al., 2008; Isingrini et al., 2010; Karlsson et al., 2008a;
Mombereau et al., 2010; Oh et al., 2009; Richardson-Jones et al., 2010). The apparent
inconsistency between these studies and our current data may be explained by genetic
background. Chronic treatments typically produce anxiolytic-like and antidepressant-related
effects in BALB/cJ or ′129′ strains, or mixed genetic backgrounds, whereas, similar to our
finding, C57BL/6J are often either unresponsive or found to exhibit non-specific sedation
(Balu et al., 2009; David et al., 2009; Dulawa et al., 2004) (but see Chen et al., 2006; Oh et
al., 2009). These data suggest an atypical behavioral response to prolonged fluoxetine
treatment in the C57BL/6J strain, and confound interpretation of stress-related effects of this
treatment in the current study.
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In summary, the current study found that repeated restraint stress produces behavioral and
HPA-axis alterations that are prevented by subchronic fluoxetine treatment, and to some
extent, subchronic lithium. Acute treatment with haloperidol methylphenidate or
chlordiazepoxide prior to LDE testing failed to block the effect of stress. Together, these
experiments demonstrate treatment-selective rescue of stress-induced behavior in C57BL/6J
mice. The precise nature of this stress-induced phenotype and its potential relevance to
specific human disease classes remains to be determined, but could prove useful for
studying the genetic and neural mechanisms underlying individual differences in responses
to stress. In this context, we and others have shown that various stressors have convergent
effects on corticolimbic glutamatergic neurotransmission and expression of glutamate-
related plasticity genes (Krishnan et al., 2007; Mombereau et al., 2010; Mozhui et al., 2010;
Surget et al., 2009). Future work will seek to extend these findings by elucidating the role of
the glutamate system in the current stress model.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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*Research Highlights

• Psychological stress is a major risk factor for mood and anxiety disorders.

• Chronic stress increases C57BL/6J shelter exiting in light/dark exploration test.

• Subchronic fluoxetine and lithium “rescues” this anxiety-related behavior.

• Chronic fluoxetine and acute haloperidol, methylphenidate, chlordiazepoxide do
not.

• These results indicate selective pharmacological modulation of this stress effect.
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Figure 1. Effects of subchronic fluoxetine treatment during stress
(a) Schematic of experimental timeline. Mice were fluoxetine treated on days 1-16, stressed
on days 5-14, and tested in LDE and FST on days 15 and 16, respectively. (b) Non-drug-
treated stressed mice spent more time inside the light compartment than non-stressed mice.
These differences were absent in fluoxetine-treated mice. (c) Stressed mice made more
entries into the light compartment than non-stressed mice after water, but not fluoxetine,
treatment. (d) In the FST, stressed mice had higher immobility than non-stressed mice (left).
Serum corticosterone levels were higher after the FST in stressed mice than non-stressed
mice after non-drug treatment but not fluoxetine treatment (right). Fluoxetine treatment
produced higher corticosterone levels than non-drug treatment in non-stressed mice. n=8/
treatment/stress condition. Data are means ±SEM. **p<.01, *p<.05 vs. non-drug-treated
non-stressed; ‡p<.01 stressed vs. non-stressed; ##p<.01 vs. non-drug/non-stressed
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Figure 2. Effects of chronic fluoxetine treatment prior to and during stress
(a) Schematic of experimental timeline. Mice were fluoxetine treated on days 1-40, stressed
on days 29-38, and tested in LDE and FST on days 39 and 40, respectively. (b) Stressed
mice spent more time inside the light compartment than non-stressed mice, regardless of
fluoxetine treatment. Fluoxetine-treated mice spent less time inside the light compartment
than non-drug-treated controls. (c) Stressed mice made more entries into the light
compartment than non-stressed mice, regardless of fluoxetine treatment. Fluoxetine treated
mice made fewer light compartment entries than non-drug-treated controls. (d) In the FST,
fluoxetine-treated mice had higher immobility than non-drug-treated controls. n=7-8/
treatment/stress condition. Data are means ±SEM. **p<.01 stressed vs. non-stressed, # #p<.
01, #p<.05 non-drug vs. fluoxetine
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Figure 3. Effects of subchronic lithium treatment during stress
(a) Schematic of experimental timeline. Mice were lithium treated on days 1-16, stressed on
days 5-14, and tested in LDE and FST on days 15 and 16, respectively. (b) Neither stress
nor lithium treatment significantly affected percent time inside the light compartment. (c)
Non-drug-treated stressed mice made more entries into the light compartment than non-
stressed mice. These differences were absent in lithium-treated mice. (d) In the FST, lithium
treatment decreased immobility, irrespective of stress. n=10/treatment/stress condition. Data
are means ±SEM. **p<.01 vs. non-stressed/non-drug treatment, # #p<.01 non-drug vs.
lithium
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Figure 4. Effects of acute haloperidol, methylphenidate or chlordiazepoxide treatment after
stress
(a) Stressed mice spent more time inside the light compartment than non-stressed mice,
regardless of haloperidol treatment (n=11/treatment/stress condition). (b) Irrespective of
haloperidol treatment, stressed mice made more entries into the light compartment than non-
stressed mice. (c) Stressed mice spent more time inside the light compartment than non-
stressed mice, regardless of methylphenidate treatment. Methylphenidate treatment
decreased time inside the light compartment, irrespective of stress (n=7-8/treatment/stress
condition). (d) Stressed mice made more entries into the light compartment than non-
stressed mice, regardless of methylphenidate treatment. (e) Stressed mice spent more time
inside the light compartment than non-stressed mice, regardless of chlordiazepoxide
treatment (n=8/treatment/stress condition). (f) Neither stress nor drug treatment significantly
affected the number of entries into the light compartment. Data are means ±SEM. **p<.01,
*p<.05 stressed vs. non-stressed, # #p<.01 non-drug vs. methylphenidate
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Table 1
Effects of stress on body weight

Change in body weight (g) represents difference in weight before and after 10 days of restraint stress. Stress
reliably reduced body weight relative to non-stressed controls, irrespective of drug treatment. One exception
was in the case of lithium, where a drug-induced loss of weight precluded detection of a further decrease with
stress. Data are means ± SEM.

Non-drug Drug

Non-stressed Stressed Non-stressed Stressed

Stress-induced change in weight (g)

EXPT 1: Subchronic fluoxetine** +1.51 ±0.15 -2.00 ±1.02 +1.55 ±0.34 -0.43 ±0.13

EXPT 2: Chronic fluoxetine** +0.44 ±0.25 -1.73 ±0.34 +1.70 ±0.51 -1.54 ±0.40

EXPT 3: Subchronic lithium‡ +0.64 ±0.18 -0.96 ±0.20# -1.24 ±0.11 -1.30 ±0.14

EXPT 4: Acute haloperidol** +1.11 ±0.18 -0.45 ±0.12 +1.54 ±0.27 -0.03 ±0.22

EXPT 5: Acute methylphenidate** +1.33 ±0.26 +0.61 ±0.34 +1.15 ±0.45 -0.22 ±0.26

EXPT 6: Acute chlordiazepoxide* +1.28 ±0.34 +0.48 ±0.26 +1.25 ±0.21 +0.65 ±0.23

**
p<.01

*
p<.05 stressed vs. non-stressed

‡
p<.01 drug vs. non-drug

#
p<.01 vs. non-stressed/non-drug
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Table 2
Effects of stress on total distance traveled in the LDE test

Neither stress nor drug treatment altered total distance traveled in the haloperidol, methylphenidate or
chlordiazepoxide experiments. In the lithium experiment, stressed mice had showed more distance traveled
than non-stressed mice under non-drug conditions, and less distance traveled than non-stressed mice under
drug-treatment. n/a= data not available because videotracking not performed. Data are means ± SEM.

Non-drug Drug

Non-stressed Stressed Non-stressed Stressed

Total distance traveled (m)

EXPT 1: Subchronic fluoxetine n/a n/a n/a n/a

EXPT 2: Chronic fluoxetine n/a n/a n/a n/a

EXPT 3: Subchronic lithium 16.96 ±0.87 20.90 ±0.56* 20.09 ±1.19 17.48 ±0.90*

EXPT 4: Acute haloperidol 16.45 ±1.16 19.46 ±0.94 18.18 ±0.83 18.76 ±0.83

EXPT 5: Acute methylphenidate 21.02 ±1.10 22.18 ±0.51 23.10 ±1.78 25.30 ±1.56

EXPT 6: Acute chlordiazepoxide 20.94 ±0.67 22.33 ±0.92 23.73 ±1.46 24.95 ±2.59

*
p<.05 stressed vs. non-stressed
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