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Depressive disorder involves emotional, cognitive, autonomic and endocrine alterations and also evidences
support the role of stress in the development of this disorder. Because the hypothalamic-pituitary-adrenal
axis is involved in the stress response with a concomitant rise in plasma corticoids, the present study
compares the antidepressant effects of sertraline (10 mg/kg, i.p.) on behavioral changes elicited by (i)
restraint stress (2.5 h/day for 13 days) and (ii) corticosterone injections (30 mg/kg, s.c., for 13 days). Stressed
Keywords: animals, but not corticosterone-treated animals displayed anxiety behavior and a reduction in the
Stress acquisition of a conditioned avoidance response to 25% of control levels (8.042.2 vs. 31.74+3.2), being

Restraint this effect partly sensitive to sertraline. Stressed, but not corticosterone-treated, animals displayed an
Depression increased escape failure compared with the control group (24.6%43.5 vs. 1.64+0.7), an effect partly
Anxiety prevented by sertraline treatment (7.3% 4 2.0). Both stressed rats and corticosterone-treated rats showed an
Behavior

increase in immobility in the forced swim test, an effect prevented by sertraline. These results suggest that

Corticosterone the altered behaviors elicited by stress and corticosterone can be explained by neural modifications that are

Antidepressant
Sertraline

sensitive to the sertraline antidepressant.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Major depression is one of the most prevalent forms of mood
disorder and can be life-threatening due to the risk of suicide (Lecrubier,
2001; Murray et al., 1996). Moreover, major depression shows a high
comorbidity with anxiety disorders (Millan, 2009; Mineka and Zinbarg,
2006). Although genetic research has revealed that the vulnerability to
depression is partly heritable (Lesch, 2004), there is also strong support
for the role of stress in the development and manifestation of this
disorder (Caspi et al., 2003; Nestler et al., 2002). Stress is characterized
by physiological changes that occur in response to novel or threatening
stimuli. These changes comprise a cascade of neuroendocrine events
mediated by stress systems such as the sympathetic nervous system and
the hypothalamic-pituitary-adrenal (HPA) axis. Activation of the HPA
axis results in the release of hypothalamic corticotropin-releasing
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hormone (CRH), which in turn releases pituitary adrenocorticotropin-
releasing hormone (ACTH), which triggers the synthesis and secretion
of adrenal glucocorticoids (cortisol in humans and corticosterone
[CORT] in rodents) into the circulatory system (Brown et al, 1999).
Glucocorticoids then act at target tissues to evoke physiological changes
that enable an organism to deal with stressors. Normal HPA axis
activation is thus essential for survival because it acts to maintain
homeostasis. Nonetheless, there is a relationship between the preva-
lence of major depressive disorder and dysregulation of the HPA axis.
Certainly, a significant percentage of depressed patients has elevated
plasma cortisol levels at the usual afternoon nadir (Nasr and Gibbons,
1983), and a flattened diurnal rhythm of cortisol secretion (Deuschle
et al, 1997; Wong et al, 2000). These alterations are related to
impairment in the negative feedback of the HPA axis through the
glucocorticoid receptor (Pariante and Miller, 2001). In line with this, the
effect of tricyclic antidepressants is associated with a reduction in stress-
induced HPA axis hyperactivity (Bravo et al., 2009; Pariante and Miller,
2001; Pepinetal., 1992a,b), suggesting that depressive symptoms are in
part related to the rise in circulating levels of glucocorticoids that may
affect brain functioning (Kim and Haller, 2007). Chronic or severe
stressors, as well as high levels of corticoids, are associated with a
decline in hippocampal-dependent memory (Brown et al., 2005; Fiedler
et al, 2007; Lucassen et al,, 2001; Magarinos et al., 1996; Pittenger and
Duman, 2008). There are several lines of evidence showing that
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depressive disorder is associated with a significant deficit in episodic
memory and learning (see (Austin et al., 2001) for review). Cognitive
impairments, especially those related to hippocampal and prefrontal
function, are related to cortisol levels in depressed patients (Brown etal.,
2004; Hinkelmann et al., 2009; Sheline, 1996; Sheline et al., 1999). In
line with this, acute and subchronic administration of corticoids in
healthy volunteers produces deficits in certain tests of cognitive
function sensitive to frontal lobe dysfunction (Young et al., 1999).

Animal models that display depression-like behavior accompanied
by anxiety and cognitive impairments are very useful in evaluating
the effects of antidepressant drugs. There are some reports of the
effects of restraint stress and corticosterone administration on
depressive and anxiety-like behaviors (Ardayfio and Kim, 2006;
Bondi et al., 2008; David et al., 2009; Gourley et al., 2008a; Gourley
and Taylor, 2009; Gourley et al., 2008b; Gregus et al., 2005; Grippo et
al., 2005; Johnson et al., 2006; Marks et al., 2009; Murray et al., 2008).
However, a subset of these studies explored the effect of antidepres-
sant drugs administrated prior, during or few days after the stress
procedure or corticosterone injection (Bondi et al., 2008; Bravo et al.,
2009; David et al., 2009; Gourley et al., 2008a; Gourley et al., 2008b).
The stress manipulation followed by antidepressant treatment
probably mimics the clinical condition of depressed patients under
antidepressant treatments and the reversal of the stress-induced
cognitive impairment and neurochemical dysfunctions should occur
during the treatment. On the other hand, the administration of
antidepressant minutes prior to the stress protocol or CORT
administration should allow the dissection of the behavioral
responses to stress or CORT which are sensitive to antidepressant
treatment. Moreover, the comparison of antidepressant drug effects
on stressed animals and CORT treated animals might help to elucidate
whether some symptoms in depressive illness are related to stress
and/or to the rise in glucocorticoid levels and whether depression-like
behavior induced by stress and CORT administration is equally
sensitive to antidepressants.

The aim of the present study was to compare in rats the effects of
13 days of restraint stress (2.5 h/day) with 13 days of repeated CORT
injections, in terms of anxiety-like and depression-like behaviors. To
analyze whether an antidepressant treatment modifies these beha-
viors, we also treated rats during the stress period and CORT
administration with sertraline. This selective serotonin reuptake
inhibitor (SSRI) antidepressant has shown a higher efficacy (fluox-
etine) and tolerability than other antidepressants (amitriptyline,
imipramine, paroxetine and mirtazapine) (Cipriani et al., 2010).
Moreover, the normalization of the HPA axis function and clinical
recovery are observed during some antidepressant treatments;
however it is likely that these effects are either directly or indirectly
related.

2. Methods
2.1. Subjects

Adult male Sprague-Dawley rats (200-250 g) were housed in
groups of four per cage at a temperature (22-23 °C) and humidity
(55-65%) controlled room with a standard light:dark cycle
(12 h:12 h). Food (standard rat chow) and water were freely
provided, except when restraint stress was applied. Food and water
intake was monitored and all rats were weighed daily. Blind
observations were used throughout all behavioral testing, which
was carried out from 13:00-17:00 h in a quiet room. Efforts were
made to minimize both the number of animals used and their
suffering. All procedures were approved by the Ethical Committee of
the Faculty of Chemical and Pharmaceutical Sciences, Universidad de
Chile and were in compliance with the National Institutes of Health
Guide for Care and Use of Laboratory Animals (Publication No. 85-23,
revised 1985).

2.2. General procedures

The rats were handled once per day for 7 days prior to initiating
experimental procedures. The handling procedure consisted of
picking up the rat by its body, then weighing it and finally returning
it to its home cage. Rats were randomly assigned to weight-matched
groups that received one of the following six treatments: (i)
unstressed animals injected i.p. every day for 13 days with saline
(0.9% NaCl) or vehicle (propylene glycol) (CONTROL group, n=13),
(ii) restraint-stressed animals injected i.p. daily with saline (REST
group, n=2_8) prior to restraint protocol for 13 days, (iii) unstressed
control injected i.p. every day for 13 days with 10 mg/kg sertraline
(SERT group, n=14), (iv) restraint-stressed animals injected i.p. daily
with saline 10 mg/kg sertraline (REST/SERT group, n=7) prior to
restraint protocol for 13 days, (v) animals injected s.c. every day for
13 days with 30 mg/kg/day corticosterone (Sigma-Aldrich, St Louis
MO) suspended in propylene glycol (CORT group, n=7) and (vi)
corticosterone-treated animals also injected i.p. with 10 mg/kg
sertraline for 13 days (CORT/SERT group, n=7). All treatment
procedures were carried out during the light phase of the light:dark
cycle and antidepressant administration or vehicle were carried out
just prior to the injection of corticosterone or stress procedure.
Because animals injected with saline or propylene glycol showed no
differences in behavioral and physiological parameters, these data
were pooled and the two groups were together considered control
animals.

All animals were restrained at the same time, and the injections
with saline or antidepressants were performed prior to the stress
procedure. The restraint stress procedure was carried out between
9:00 and 12:00 hin a different room, as previously described (Bravo et
al., 2009). In brief, rats were placed in a transparent plexiglass tube
(25x 8 cm) for 2.5 h a day for 13 consecutive days. The length of each
restrainer was adjusted to limit limb movements. Following restraint,
rats were returned to their home cages. Unstressed animals were
injected with a vehicle (saline or propylene glycol) or sertraline and
left undisturbed in their home cage in another room. The following
parameters were measured to monitor the effects of the stress and
corticosterone treatment: percentage of body weight gain (daily
weight determination x 100/weight at the beginning of experiment),
and adrenal weight and serum corticosterone levels (at the end point
of the experiment).

2.3. Behavioral testing

During the 13th and 14th days of treatment, all rats were
submitted to the forced swim test (FST) as described below.
Twenty-four hours after that, animals were injected (saline, sertraline
or corticosterone) and, 30 min later, submitted to elevated plus-maze
and active avoidance conditioning tests as previously described
(Bravo et al.,, 2009). All behavioral testing occurred between 10:00
and 14:00 and were conducted by two highly trained observers who
were blind to the treatments.

2.3.1. Forced swimming test (FST)

The forced swimming test (FST) is a behavioral test used
frequently to evaluate the efficacy of potential antidepressant drugs
in rats. Immersion of rats in water for an extended period of time
produces a characteristic behavior of immobility (learned helpless-
ness) (Lucki, 1997). Antidepressant treatments decrease the immo-
bility behavior, a change accompanied by an increase in the escape
response (climbing plus swimming) (Lucki, 1997). This test was
performed according to Lucki (Lucki, 1997). A transparent Plexiglas
cylinder (50 cm high x 20 cm wide) was filled up to a depth of 40 cm
with water at 24 °C. At this depth, rats could not touch the bottom of
the cylinder with their tails or hind limbs. On day 13 after 5h of
treatments, all groups of animals were trained for 15 min by placing
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them in the water-filled cylinder. On day 14, animals were subjected
to 5min of forced swim, and escape behaviors (climbing and
swimming) were determined. Climbing was defined as upward-
directed movements of the forepaws along the side of the swim
chamber, while swimming was considered as movements throughout
the swim chamber including crossing into another quadrant.
Immobility behavior was calculated as the length of time in which
the animal did not show escape responses (e.g., total time of the test
minus time spent in climbing and swimming behaviors). After the
test, the rat was removed from the tank, dried with a towel and placed
back in its home cage. The water in the swim tank was changed
between rats.

2.3.2. Elevated plus-maze

The elevated plus-maze is a widely used behavioral test to assess
anxiety and the anxiogenic or anxiolytic effects of pharmacological
agents (Pellow et al., 1985; Walf and Frye, 2007). Animals displaying
anxiety-like behaviors in the elevated plus-maze usually show
reductions both in the number of entries and in the time spent in
the open arms, along with an increase in the amount of time spent in
the closed arms. On day 15, the elevated plus-maze test was
conducted. Animals were injected with sertraline or corticosterone
and then individually placed in an elevated plus-maze. This apparatus
consisted of two open arms (50x10cm each), two closed arms
(50x10x20 cm each) and a central platform (10x 10 cm), arranged
in a way such that the two arms of each type were opposite to each
other. The maze was made from black Plexiglas and elevated 100 cm
above the floor. At the beginning of each trial, animals were placed at
the centre of the maze, facing a closed arm. During a 5-min test period,
the following was recorded: a) number of open arm entries, b)
number of closed arm entries, ¢) time spent in open arms, and d) time
spent in closed arms. Entry into an arm was defined as the animal
placing all four limbs onto the arm. Open to total ratios (OTR) for arm
entries was calculated as an indicator of open arm exploration and
defined as the percentage of entries into open arms relative to the
total entries (open+closed). Also OTR as a function of time was
calculated as the percentage of time spent in open arms relative to the
total time (open + closed). Total arm entries were analyzed as a
measure of non-specific change in locomotor activity. The maze was
cleaned thoroughly with a 5% ethanol solution after each animal.

2.3.3. Active avoidance conditioning

The active avoidance task measures the ability of an animal to
avoid an aversive event and provides a way to assess associative
learning and memory. Active avoidance conditioning was performed
as previously described (Bravo et al., 2009; Mora and Diaz-Véliz,
1993) after the elevated plus-maze assay. Briefly, each rat was
individually placed in a two-way shuttle box (Lafayette Instrument
Co., Lafayette, IN) composed of two stainless steel modular testing
units. Each unit was equipped with an 18-bar insulated shock grid
floor, two 28 V DC lights and a tone generator (Mallory Sonalert
2800 Hz, Lafayette Instrument Co., Lafayette, IN). Electric shocks
were transmitted to the grid floor by a Master shock supply
(Lafayette Instrument Co., Lafayette, IN). After a 5 min period of
habituation to the shuttle box, the rats were subjected to 50
avoidance trials (inter-trial interval: 30 s). Each trial consisted of
the presentation of a tone (conditioning stimulus) that after 5 s was
overlapped with a 0.20-mA foot-shock (unconditioned stimulus)
until the animal escaped to the opposite chamber; the maximum
shock duration was 10 s. A conditioned avoidance response (CAR)
was defined as crossing to the opposite chamber within the first 5 s
(tone alone). If no escape response to the shock occurred within 10 s,
the shock and tone-conditioning stimulus were discontinued and an
escape failure (EF) was recorded.

2.4. Blood sampling and tissue extraction

Animals were killed by decapitation one day after behavioral
measurements (i.e., 48 h after the last session of stress protocol or
24 h the last injection of corticosterone) between 9:00 and 11:00.
Trunk blood samples were collected for the determination of serum
corticosterone levels. Special care was taken to avoid pre-decapitation
stress—while decapitation took place the other animals were left
outside the room and handled for a few minutes prior to sampling.
Blood was then centrifuged at 4000 g for 10 min, and serum was
collected and stored at —20 °C. The adrenals were dissected and
weighed.

2.5. Determination of serum corticosterone levels

Hormone levels were carried out using the corticosterone-
correlate-EIA™ kit, (Assay designs, Inc. Michigan, USA) according to
the manufacturer's instructions. The assay has a detection limit of
<0.003 pg/dL with intra- and inter-assay variations of 8%.

2.6. Data analysis

All the values are expressed as the mean+ SEM. The data were
analyzed with GraphPad (GraphPad software Inc., San Diego, CA,
USA). First, we evaluated the normality of data using Kolmogorov-
Smirnov test and Shapiro-Wilk normality test, and the Bartlett's test
for equal variances. In order to compare differences in groups, one-
way analysis of variance (ANOVA) followed by Bonferroni's multiple
comparison test was done. The effect of treatments on weight was
analyzed by two-way ANOVA for repeated measurements, followed
by Bonferroni's post hoc test. In both cases, statistical differences
between groups were considered significant when p was equal to or
less than 0.05.

3. Results

3.1. Effects of chronic restraint on body weight gain and
corticosterone levels

Because preclinical studies have shown that stress affects
physiological parameters related to HPA activation (Dhabhar et al.,
1997), we tested whether repeated restraint stress (REST group) and
corticosterone administration (CORT group) promote changes in body
weight gain (difference between daily weight and starting weight)
and serum corticosterone levels. Fig. 1A shows body weight gain
values during the 13 days of treatments. The REST and CORT groups
gained less weight over the treatment period than did controls.
Indeed, ANOVA tests for repeated measurements revealed significant
main effects of time (F (13, 663) =83.63, p<0.0001) and of treatment
(F (5, 663) =16.63, p<0.0001) and a significant time x treatment
interaction (F (65, 663) =7.21, p<0.0001). Post hoc tests showed a
significant reduction in weight gain after 7 days for the REST group in
comparison with the CONTROL group (p<0.05 day 7, p<0.01 day 8,
p<0.001 days 9-14) (Fig. 1A). Similarly, the CORT group showed a
reduction in weight gain in relation to controls, which was statistically
significant after 6 days of treatment (p<0.01 days 6-7; p<0.001 days
8-14). Administration of sertraline to unstressed (SERT), restraint-
stressed (REST/SERT) or CORT groups produced a significant reduc-
tion in weight gain as compared with their respective controls
throughout the experimental period, these differences being signif-
icant after 3 days of drug administration (p<0.05; Fig. 1A). These
differences can also be clearly observed as a total change in weight
gain expressed as percentage of starting weight (Fig. 1B). ANOVA
showed a significant effect of treatment (F (5,56) = 10.04, p<0.0001)
on body weight gain (CONTROL vs. REST p<0.0001; CONTROL vs.
CORT p<0.0001).
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Fig. 1. Effect of repeated restraint stress and corticosterone injections on body
weight gain. Animals were either restraint-stressed (2.5 h/day) (REST group) or
corticosterone-treated (30 mg/kg/day) (CORT group) for 13 consecutive days.
Other animals subject to these treatments were also injected with sertraline
(10 mg/kg/day) (REST/SERT and CORT/SERT groups). Control animals were injected
with saline (CONTROL group) or with sertraline (SERT group). (A) Data represent
the mean + SEM for each group during the days of treatments. Comparisons were
made by two-way ANOVA for repeated measurements followed by the Bonferroni
post hoc test. REST vs. CONTROL: *p<0.05 day 7, **p<0.01 day 8, ***p<0.001 days
9-14. CORT vs. CONTROL: **p<0.01 days 6-7, *""p<0.001 days 8-14. (B) Data
represent the mean + SEM of the total percentage change of weight in each group.
REST vs. CONTROL: ***p<0.0001, CORT vs. CONTROL: ***p<0.0001.

Changes in adrenal weight and serum corticosterone levels were
determined 48 h (9:00-11:00) after the last treatment. Table 1 shows
that treatments promote differences in adrenal gland weight. ANOVA
showed a significant effect of treatment (F (5,53) = 16.95, p<0.0001)
on adrenal weight. Pos hoc analysis showed that restraint stress
promotes a significant increase in adrenal gland weight (30%) in
comparison with controls (p<0.0001), an effect insensitive to sertra-
line administration. In contrast, the CORT group showed a decrease in
the adrenal gland weight (49%) compared with controls (p<0.0001)
(Table 1). Because stress and corticosterone treatments induced a

Table 1
Effect of restraint stress and CORT administration on adrenal weight and CORT serum
levels.

Treatment Adrenal weight (mg) CORT (pg/dL)
Control 2047 +1.22° 2.02+0.71
SERT (10 mg/Kg) 24.86+1.73° 3.99+2.15
REST 26.92 +1.47°¢ 6.1441.80
REST/SERT 254641.21 4.68+1.38
CORT (30 mg/Kg/) 9.95+0.81¢ 6.31+£235
CORT/SERT 11.174+0.53 524 +£2.00

Data were analyzed with ANOVA followed Newman-Keuls Multiple Comparison Test.
Adrenal weight, ANOVA p<0.0001, *p<0.05, *°p<0.01, and *¢ p<0.001. Data
represent the mean + SD.

decrease in weight gain, the adrenal weights were not corrected
for body weight. No significant effect on corticosterone levels was
observed after treatment in any of the experimental groups ((F(5,59) =
0.794, p=0.56) (Table 1).

3.2. Effect of repeated restraint stress or corticosterone injections on
behavior displayed in the forced swimming test and its modification by
sertraline administration

Fig. 2 shows the time spent in immobility or in active behaviors
scored during 300 s of testing. The CONTROL group spent similar
lengths of time in immobility, climbing and swimming behaviors,
showing active behaviors for approximately 60% of the time (Fig. 2).
An overall one-way ANOVA revealed a significant effect of treatment
on immobility (F (5, 52) =13.19, p<0.0001). The REST and CORT
groups spent significantly more time in immobility (126.8 £7.7 s and
15145.99s, respectively) during the FST than did the CONTROL
group (83.6+6.515) (Fig. 2A). These observations were correlated
with a modification in active behaviors (F (5,52) =13.19, p<0.0001).
The REST and CORT groups showed similar climbing behavior to
CONTROL (Fig. 2B). Although the REST group showed time spent in
swimming similar to the CONTROL group, the increase in immobility
observed in this group was returned to control values by sertraline
administration (REST/SERT, p<0.001), an effect that occurs at the
expense of an increase in swimming behavior (p<0.01, Fig. 2C). In
contrast, the immobility observed in the CORT group was correlated
with a significant reduction in swimming behavior (p<0.0001;
Fig. 2C). The CORT/SERT group showed a reduction in the duration
of immobility behavior (Fig. 2A). These differences in active behavior
compared with the CORT group were statistically significant when
time spent in both behaviors were considered (climbing plus
swimming, p<0.001).

3.3. Effect of repeated restraint stress or corticosterone injections on
anxiety behavior evaluated by elevated plus-maze: modification by
SERT administration

In relation to the effect of treatments on anxiety-like behavior
assessed in the elevated plus-maze, ANOVA revealed a significant
main effect of treatments (F (5, 50) =2.8, p=0.026) on the open to
total ratios (OTR) for arm entries (Fig. 3A). In contrast to the CORT
group, the REST group showed a significant reduction in OTR for arm
entries (p<0.001, Fig. 3A). Moreover, the REST animals injected with
sertraline showed a percentage of OTR for arm entries similar to the
CONTROL group; however this difference was not statistically
significant from the REST group. In addition, we observe a significant
effect of treatments on OTR as a function of time (F (5, 50) =2.4,
p<0.05). Post hoc comparison indicates that the REST group spent
significantly less time in open arms (Fig. 3B, p<0.001), and this effect
was not prevented by the antidepressant (REST/SERT group). As
shown in Fig. 3, antidepressant administration to SERT and SERT/
CORT groups did not elicit anxiolytic or anxiogenic effects. Moreover,
animals under different treatments showed similar numbers of arm
entries suggesting that treatments did not alter locomotor activity
(Fig. 3C). These data indicate that restraint promotes anxiety behavior
that is insensitive to sertraline administration.

3.4. Effect of repeated restraint stress or corticosterone injections on
conditioned avoidance responses (CAR) and escape failures (EF):
modification by sertraline administration

ANOVA showed that there was a significant effect of treatment
(F (5, 49) =11.26, p<0.0001) on CAR (F (5, 49)==11.26,
p<0.0001). Fig. 4A shows a significant decrease of CAR in
the REST group (84 1.7% p<0.001) compared with the CONTROL
group (31.743.2%). In the SERT group we observed that daily
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Fig. 2. Effect of repeated restraint stress or corticosterone injections on behaviors
displayed in the forced swim test and its modification by sertraline administration.
Active behaviors (climbing and swimming) were measured for 5min and data
represent mean 4+ SEM of time. (A) Time spent immobile. REST and CORT administra-
tion increased the time spent in immobility, behavior prevented by SERT administra-
tion. (B) Time spent climbing. Treatment did not elicit significant variation in the time
spent climbing. (C) Time spent swimming. REST did not elicit variation in time spent
swimming, but the administration of SERT to REST rats increases the swimming
behavior. In contrast, CORT administration reduced time spent swimming, an effect not
prevented by SERT. Nonetheless, CORT/SERT rats showed an increase in both active
behaviors (climbing 4+ swimming, p<0.01 vs. REST). Comparisons were made by one-
way ANOVA followed by the Bonferroni post hoc test. **p<0.001, **p<0.0001.

antidepressant administration promoted a reduction by nearly 50%
in CAR observed in the CONTROL group (18.0 4+ 2.3%, vs. 31.7 +3.2%
p<0.05) (Fig. 4A). In contrast, the REST/SERT group did not display
the reduction in CAR to the percentage observed in the SERT group
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Fig. 3. Effect of repeated restraint stress or corticosterone injections on anxiety behavior
evaluated by elevated plus-maze and its modification by sertraline administration.
(A) In the REST group, but not in the CORT or SERT groups, anxiety behaviors were
observed as a reduction in open to total ratios (OTR) for entries. (B) The REST, but
not the CORT or SERT groups, displayed reduction in OTR as a function of time.
(C) Treatments did not elicit modifications in total entries (open + closed arms). The
data represent the mean + SEM. Comparisons were made by one-way ANOVA followed
by the Bonferroni post hoc test. **p<0.001.

(20.3+£2.9% vs. 18+2.3%) or the CONTROL group. The CORT
and CORT/SERT groups displayed CAR similar to that of CONTROL
(27 +£4.7%, 41.7+£ 5.0, 31.7 4+ 3.2% respectively, Fig. 4A).

Fig. 4B shows the EF for all groups. ANOVA shows significant
differences for the experimental conditions (F (5, 49) =11.26,
p<0.0001). The CONTROL group showed a 1.6%+0.7 of EF, and
antidepressant treatment in the SERT group increased EF by nearly 5
fold (7.4% + 1.3, p<0.05). The REST group showed significant increase
in EF (24.6%43.5, p<0.001) compared with the CONTROL group,
an effect prevented by sertraline treatment (7.3%+2.0, p<0.001)
(Fig. 4B). In contrast, the CORT and CORT/SERT groups displayed
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Fig. 4. Effect of repeated restraint stress or corticosterone injections on conditioned avoidance responses and escape failures and their modification by sertraline administration.
(A) Conditioned avoidance response (CAR) was defined as a crossing to the opposite chamber within the first 5 s during the active avoidance conditioning. The REST but not the CORT
group displayed reduction in CAR compared with the CONTROL group. Antidepressant administration to the SERT group reduces the CAR, but in the REST/SERT group the drug
prevents the reduction of CAR. The CORT and CORT/SERT groups displayed CAR similar to that of the CONTROL group. (B) Escape failure (EF) was defined as no escape response to the
shock within 10 s during the active avoidance conditioning. Antidepressant administration increases the EF in the SERT group but prevents the increase of EF in the REST group.
Antidepressant administration does not modify EF in the CORT/SERT group. The data represent mean 4- SEM. Comparisons were made by one-way ANOVA followed by the Bonferroni

post hoc test. ***p<0.001, *p<0.05.

EF similar to that of the CONTROL group (4.7%+1.2; 2.3%+ 0.8 and
1.6% + 0.7, respectively).

4. Discussion

The present study compared the effect of repeated restraint stress
and repeated corticosterone injections on anxiety- and depression-
like behaviors. Furthermore, we evaluated the effect of chronic
treatment with the SSRI sertraline on both experimental models.
The results obtained in this study can be summarized as follows. First,
REST and CORT groups gained less weight over 13 days of treatment
than the vehicle-treated rats, an effect related to adrenal weight.
Second, restraint induced an increase in adrenal gland weight
compared with the CONTROL group, in contrast to the reduction
observed in animals under corticosterone administration. Third,
repeated corticosterone administration and restraint stress increased

the time spent in immobility in the FST, considered a depression-like
behavior (Cryan et al., 2002), a behavior that was fully sensitive to
antidepressant treatment. Fourth, the REST group but not the CORT
group showed an increase in anxiety-like behavior that was not
prevented by sertraline administration. Fifth, the REST group but not
the CORT group showed a reduction in associative learning accom-
panied by an increase in escape failures, effects partly prevented by
sertraline administration.

Several lines of evidence have indicated that chronically stressed
animals often exhibit suppressed or decreased HPA responses upon
re-exposure to the same stressor including restraint. This habituation
has been observed with various stress paradigms, including restraint
stress (Cole et al., 2000; Dhabhar et al., 1997; Girotti et al., 2006; Melia
et al.,, 1994). Viau et al, have proposed a lack of homogeneity among
stress-responsive parvicellular neurosecretory neurons, suggesting
that distinct complements of CRH cells may be preferentially involved
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in initiating HPA responses to acute stress and sustaining the chronic
condition (Viau and Sawchenko, 2002). Even though we did not
observe changes in corticosterone levels 48 h after the last restraint
session, the stress procedure used in the current study increased the
adrenal gland weight with a concomitant reduction in weight gain,
suggesting an increase in adrenal hormone production during daily
stress procedure. Similarly, corticosterone-treated animals showed a
reduction in a 50% of adrenal weight. This variation suggests a
reduction in glucocorticoid adrenal synthesis. Murray et al. (Murray
et al.,, 2008) showed that 1-2 h after i.p. administration of 40 mg/kg of
corticosterone, the hormone in plasma increased in the range of
13 pg/dL. Also, they showed that the chronic administration of
corticosterone reduced adrenal weight; an effect similar to our data.
This finding is in accordance with the notion that chronic corticoste-
rone administration blunts the HPA axis activity (Gadek-Michalska
and Bugajski, 2003). Although we did not observe an elevation in
corticosterone serum levels in the CORT group, we did observe a
significant decrease in adrenal weight and body weight gain, both
parameters indicative of hormone elevation during the period of
treatment.

Several investigations have suggested that in major depression
there are functional alterations of the prefrontal cortex and the limbic
system, both of which are associated with cognitive dysfunction and
anxiety (Millan, 2009; Mineka and Zinbarg, 2006). In the present
study, anxiety-like behavior was observed in the REST group but not
in the CORT group. Studies using similar treatments showed no
significant effect on anxiety in the open-field test (Fernandes et al.,
1997; Gregus et al.,, 2005; Kalynchuk et al., 2004), a discrepancy that
could be related to the quality and severity of the stressor used.
Although the REST/SERT animals displayed OTR for arm entries
similar to CONTROL, we observed that sertraline administration did
not prevent anxiety-like behaviors in the REST animals. In agreement
with our results, it has been shown that chronic unpredictable stress
elicits anxiety-like behaviors that can be prevented by desipramine, a
norepinephrine reuptake inhibitor, but not by an SSRI like escitalo-
pram (Bondi et al., 2008). Thus, it is probable that the anxious
behavior elicited by restraint is insensitive to SSRI drugs. These data
also suggest that the anxiogenic component observed in stressed
animals probably is not related to glucocorticoid levels. Nonetheless,
other behavioral test to observe anxiety component and experiments
with higher doses and length of the corticosterone treatment need be
explored in order to confirm this notion.

It is important to emphasize that stress triggers not only endocrine
responses but also activates the limbic system (Ulrich-Lai and
Herman, 2009). Interestingly, we observed differences in the effects
of restraint and corticosterone treatments on associative learning
assessed in the active avoidance task. The REST group but not the
CORT group showed a reduction in the acquisition of CAR and an
increase in EF. The stress-induced cognitive impairment was partly
prevented by sertraline administration. Moreover, the percentage of
CAR or EF observed in the REST/SERT group was similar to those
observed in the SERT group. These observations reinforce the idea that
sertraline treatment to some extent impairs associative learning and
suggests that the appropriate antidepressant action of sertraline
might depend on the presence of an altered neuronal substrate.

Glucocorticoids are not essential for the formation of memories,
but evidence shows that they are potent modulators of cognitive
processes such as learning, memory and retrieval (Joels et al., 2006).
In particular, it has been documented that a stress response induced
by learning a new task, with the consequent release of corticoids, is
critically involved in memory consolidation processes (de Kloet et al.,
1999). However, when high levels of glucocorticoids are applied
outside the context of learning, they may interfere with memory
acquisition and retrieval, facilitating memory extinction (Joels et al.,
2006). The effect of stress on CAR might be explained by a rise of
corticosterone in a period that was not coincident with the

conditioning, in contrast to the CORT group to which the hormone
was administrated prior to the test. Surprisingly, sertraline adminis-
tration to the CORT/SERT group improved CAR in comparison with the
SERT group, suggesting that impairment of associative learning
elicited by sertraline alone could be counteracted by corticosterone
administration. In summary, restraint stress and corticosterone
administration have differing effects on the acquisition of CAR, and
sertraline produces a dissimilar effect on restraint stress and chronic
corticosterone injection paradigms.

The immobility observed in the FST has been used to infer learned
helplessness as depression-like behavior in rats (Cryan and Holmes,
2005). Moreover, the prevention of this behavior is commonly used to
determine the efficacy of several antidepressant treatments in animals
(Porsolt et al., 1977). It has been shown that selective norepinephrine
reuptake inhibitors, such as desipramine, increase climbing without
altering swimming (Bravo et al., 2009; Detke et al., 1997; Lucki, 1997).
In contrast SSRIs, such as fluoxetine, increase swimming without
affecting climbing, and drugs with dual effects at norepinephrine and
serotonin transporters increase both patterns of active behavior
(Detke et al., 1995; Reneric and Lucki, 1998). Based on these effects,
swimming behavior has been related to the serotonergic system, and
climbing behavior has been related to the noradrenergic system
(Cryan et al., 2005). In the FST we observed that the REST group spent
more time immobile and showed reduced climbing and swimming
behaviors suggesting alterations in norepinephrine and serotonin
neurotransmission. In contrast, the CORT group increased immobility
by reducing swimming time in comparison with the CONTROL group,
an effect similar to that reported by others (Gregus et al., 2005;
Johnson et al., 2006; Kalynchuk et al., 2004). This finding suggests that
corticosterone administration can modify the serotonin neurotrans-
mission. In line with this, it has been reported that exposure to
glucocorticoid attenuates serotonin responses in rat hippocampal
neurons (Karten et al., 1999) and enhance serotonin uptake both in
vitro and in vivo by increasing the expression of the serotonin
transporter (Tafet et al., 2001a; Tafet et al., 2001b). On the other
hand, it has been evaluated the effect of flat glucocorticoid rhythm on
serotonin overflow by frontal cortex microdialysis (Gartside et al,
2003). This study showed an increase in extracellular serotonin in
comparison to control animals but the mechanism involved is still
unclear (Gartside et al, 2003). Additionally, it should be important to
evaluate whether this effect is related or not to the flattened
corticosterone rhythm.

Sertraline administration to stressed animals prevents stress-
induced immobility by increasing swimming behavior. In contrast,
antidepressant administration to the CORT/SERT group promotes an
increase in both swimming and climbing behaviors. The present study
failed to show an increase in active behaviors in FST following chronic
sertraline administration. However, our data are in line with the
antidepressant-like property of sertraline in both the REST and CORT
groups. These results suggest that sertraline is able to exert its
antidepressant effect only on altered brain substrates, i.e., under
neural modifications elicited by stress and corticosterone adminis-
tration in the present work.

These modifications could be related to changes in the firing of 5-
HT neurons (Bambico et al., 2009), expression and responsiveness of
serotonergic receptors (Cyr et al, 2001; Deakin, 1988; Fernandes
et al,, 1997; Filipenko et al., 2002; Maj and Moryl, 1992) or in the
expression of serotonin transporter (Zhao et al, 2008). Further
investigation on altered neuronal substrates in restraint-stressed and
corticosterone-treated animals should provide new insights on
molecular mechanisms not addressed in the present work.

In this work, we show that chronic restraint stress produces
cognitive deficits and anxiety-like behaviors in rats similar to those
seen in patients with major depressive disorder (Hinkelmann et al.,
2009), and that cognitive impairment is prevented by sertraline
treatment. The present study favors the notion that restraint stress
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evokes different modifications; ones related to the raise in cortico-
sterone, and others probably due to context-induced stress on
emotional response as evidenced in the behavioral tests. This could
explain the behavioral differences observed between stressed and
corticosterone-treated animals. Also, we can emphasize that not all of
the neural changes induced by restraint stress can be elicited by
chronic corticosterone administration. Moreover, the antidepressant
effect of sertraline can only be observed when the behavioral test
assesses the functionality of an area sensitive to both restraint stress
and corticosterone administration.

Finally, based on the current behavioral tests, we can emphasize
that not all of the neural changes induced by restraint stress can be
elicited by chronic corticosterone administration. Moreover, the
antidepressant effect of sertraline can only be observed when the
behavioral test assesses the functionality of an area sensitive to both
restraint stress and corticosterone administration. Further investiga-
tion on altered neuronal substrates in restraint-stressed and cortico-
sterone-treated animals should provide new insights to understand
molecular mechanisms not addressed in the present study potentially
useful in managing human disorders such as depressive disorder.
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