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Chronic unpredictable stress (CUS) is a widely used animal model of depression. The present study was
undertaken to investigate behavioral, physiological and molecular effects of CUS and/or chronic antide-
pressant treatment (venlafaxine or imipramine) in the same set of animals. Anhedonia, a core symptom
of depression, was assessed by measuring consumption of a palatable solution. Exposure to CUS reduced
intake of a palatable solution and this effect was prevented by chronic antidepressant treatment. More-
over, chronic antidepressant treatment decreased depressive-like behavior in a modified forced swim test
in stressed rats. Present evidence suggests a role for brain-derived neurotrophic factor (BDNF) in depres-
sion. BDNF mRNA levels in the ventral and dorsal hippocampus were assessed by in situ hybridization.
Exposure to CUS was not correlated with a decrease but rather with an increase in BDNF mRNA expres-
sion in both the dentate gyrus of the dorsal hippocampus and the CA3 region of the ventral hippocampus
indicating that there is no simple link between depression-like behaviors per se and brain BDNF levels in
rats. However, a significant increase in BDNF mRNA levels in the dentate gyrus of the dorsal hippocampus
correlated with chronic antidepressant treatment emphasizing a role for BDNF in the mechanisms under-
lying antidepressant activity.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Depression is a severe disorder that has enormous conse-
quences for the individual’s quality of life, and it is among the most
prevalent forms of mental illness. Clinical symptoms like de-
pressed mood, anhedonia, fatigue or loss of energy, feelings of
worthlessness or guilt, and diminished ability to concentrate or
think are characteristic for depression. Despite the devastating im-
pact of depression, relatively little is known about the etiology and
pathogenesis of depression.

Today, most effective antidepressants work through modula-
tion of serotonergic and noradrenergic neurotransmission. How-
ever, increasing evidence indicates that neurotrophins such as
brain-derived neurotrophic factor (BDNF) may play a role in the
pathophysiology of depression and that antidepressants may in
part exert their effects through regulation of BDNF. Several clinical
studies have reported that serum BDNF levels are decreased in de-
pressed patients, and that they can be normalized by antidepres-
sant treatment (Aydemir et al., 2005, 2006; Brunoni et al., 2008;
Gervasoni et al., 2005; Gonul et al., 2005). Moreover, genetic stud-
ll rights reserved.
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ies indicate that polymorphisms in the BDNF gene (Val66Met) may
be associated with increased susceptibility to develop major
depression (Aguilera et al., 2009; Schumacher et al., 2005; Wichers
et al., 2008).

Stress is known to be an important factor in the etiology of
depression and several animal studies have reported that exposure
of rats to stress can result in decreased hippocampal BDNF levels
(Nibuya et al., 1999; Rasmusson et al., 2002; Smith et al., 1995).
Conversely, chronic antidepressant treatment, as well as repeated
electroconvulsive seizures, was reported to enhance BDNF expres-
sion in the rat hippocampus (Larsen et al., 2005, 2008; Nibuya
et al., 1995; Rogoz et al., 2005; Sillaber et al., 2008). In fact, antide-
pressant activity seems to be dependent on normal BDNF function
(Monteggia et al., 2004, 2007; Saarelainen et al., 2003), and infu-
sion of BDNF into either the midbrain or the hippocampus was
shown to induce antidepressant-like effects in behavioral models
of depression (Shirayama et al., 2002; Siuciak et al., 1997), suggest-
ing that BDNF exhibits antidepressant activity in its own.

The precise neuroanatomical basis of depression is still poorly
understood, but strong evidence indicates that the hippocampus
is one of the brain regions that play a central role in many aspects
of depression (Drevets et al., 2008; Duman and Monteggia, 2006).
BDNF is highly expressed in the hippocampus and most studies
investigating the role of BDNF in depression have focused on the
expression of BDNF in the dorsal hippocampus. It is important to
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note that whereas the dorsal part of the hippocampus has been
strongly implicated in memory function (Bannerman et al., 2004;
Moser et al., 1993), the ventral part was shown to be involved in
regulation of the stress response and defensive and fear-related
behaviors (Kjelstrup et al., 2002; Trivedi and Coover, 2004). Anxi-
ety and fear are symptoms that are often present in depressed indi-
viduals and the ventral hippocampus may thus play an equally
important role in depression.

The chronic unpredictable stress (CUS) model is an animal mod-
el of depression which is considered to have a greater face validity
to model this disorder than other animal models (Willner, 1997). In
the CUS paradigm, rats are exposed to a variety of different unpre-
dictable stressors, which consequently lead to development of
depressive-like behaviors such as increased anhedonic behavior
(a core symptom of depression) (Willner, 1997, 2005).

To advance our understanding of the role of BDNF in the patho-
physiology and treatment of depression, we here study both
behavioral and molecular alterations induced by CUS in concert
with the effects of chronic antidepressant treatment. We have pre-
viously shown that chronic treatment with the antidepressants,
imipramine and venlafaxine, induced a robust increase in BDNF
mRNA expression in the dorsal hippocampus whereas no effect
was observed after chronic treatment with the selective serotonin
reuptake inhibitor (SSRI), fluoxetine (Larsen et al., 2008). To the
best of our knowledge, this is the first study to report the effects
of CUS and chronic treatment with two different antidepressants,
imipramine and venlafaxine, on depressive-like behavior as well
as on the expression of BDNF mRNA in both the dorsal and ventral
rat hippocampus in the same set of animals.
2. Materials and methods

2.1. Animals

Adult male Sprague–Dawley rats (Charles River Laboratories)
(200–250 g) were housed 2 per cage separated by a transparent
plastic separator in standard plastic cages (1177 cm2 surface area).
The rats were housed under light- and temperature-controlled
conditions with free access to food and water. The rats were al-
lowed to acclimatize to these conditions for 7 days before any
experimental procedure was initiated. A total number of 56 rats
were used in the present study. All experimental procedures were
approved by the Swiss Cantonal Veterinary Office Committee for
Animal Experimentation and were carried out in accordance with
the Declaration of Helsinki, the European Communities Council
Directive of 24 November 1986 (86/609/EEC) and with the Swiss
National Institutional Guidelines on Animal experimentation.

2.2. General experimental procedure

Before start of the CUS protocol the animals were tested in the
elevated plus maze (EPM) and in the open field and novel object
(OF/NO) test to determine the individual anxiety level. It is known
that the individual response to stress exposure is variable and
development of depression may indeed be associated with the
individual anxiety trait (Sandi and Richter-Levin, 2009). To account
for any anxiety trait factor, the animals were matched according to
their anxiety level and their body weight to ensure that the same
anxiety level and body weigh distribution was obtained in each
group. Subsequently the groups were randomly assigned to one
of the following experimental groups (n = 8 per group):

(1) Daily treatment with saline (5 ml/kg, i.p.).
(2) Daily treatment with venlafaxine (10 mg/kg, i.p.).
(3) Daily treatment with imipramine (10 mg/kg, i.p.).
(4) Chronic unpredictable stress and daily treatment with saline
(5 ml/kg, i.p.).

(5) Chronic unpredictable stress and daily treatment with ven-
lafaxine (10 mg/kg, i.p.).

(6) Chronic unpredictable stress and daily treatment with imip-
ramine (10 mg/kg, i.p.).

Behavioral indexes of the impact of CUS and antidepressant
treatment were evaluated through a saccharin consumption test
performed on day 11, 18 and 25 of the CUS protocol and a forced
swimming test performed towards the end of the CUS procedure
(on day 27 of the CUS protocol). The body weight was measured
the day before starting the stress-induction protocol and then
every 3rd day throughout the stress period.

2.3. Elevated plus maze

Anxiety-related behaviors were evaluated using the elevated
plus maze (EPM) test (Herrero et al., 2006). Briefly, the plus maze
consists of two opposing open arms (45 � 10 cm) and two enclosed
arms (45 � 10 � 38 cm) that extend from a central platform
(10 � 10 cm), elevated 50 cm above the ground. The light was ad-
justed to levels of 10–12 lx in the center of the maze. The rats were
placed individually on the central platform and allowed to explore
the maze for 5 min. Behavior was monitored using a video camera
and analyzed with a computerized tracking system (Ethovision
3.1.16, Noldus IT, The Netherlands). Time spent in the open and
closed arms (and their edges) was recorded. The anxiety level
was assessed by the time spent in the open arm. Rats were as-
signed to the different experimental groups according to the time
they spent in the open arm and the groups were balanced with re-
gard to the same parameter.

2.4. Open field and novel object

Anxiety-related behavior was tested in the open field (OF) and
novel object (NO) test. The open field consisted of a black pool
with a diameter of 1 m and a depth of 40 cm. The floor of the pool
was divided into three zones: outer zone with a diameter of 1 m,
inner zone with a diameter of 75 cm, and the center zone with a
diameter of 25 cm. The light was adjusted to a level of 8–10 lx
in the center of the pool. Animals were placed in the center of
the pool and the open field activity was tested for a 10 min period.
Subsequently a novel object was introduced into the center of the
pool, and the behavior was observed during the following 5 min.
The activity and behavior during the whole session was recorded
with a video camera, and the time spent in each of the zones was
automatically registered and analyzed with the computerized
tracking system EthoVision (Color-Pro 3.0.15, Nodulus Informa-
tion Technology, The Netherlands). Behavioral analysis was done
manually and included: time freezing and the time touching the
novel object. The anxiety level was assessed by the time spent
in the center zone and the time touching the novel object. The rats
were assigned to the different experimental groups according
to the time they spent in the center zone and the time touching
the novel object, and the groups were balanced with regard to
the same parameters.

2.5. Chronic unpredictable stress

In conformity with previously published CUS protocol (Sandi
et al., 2008), rats were each day subjected to one of nine stressors
in an unpredictable order and at an unpredictable time of the day
for a period of 28 days (Table 1). The stressors included acoustic
stimulation (78–115 dB noise bursts), inverse light and dark cycle
(over a 48 h period), exposure to overcrowding under a bright light



Table 1
Schematic presentation of CUS schedule.

Day of treatment Stressor used

Day 1 Acoustic stimulation
Day 2 Inverse light dark cycle
Day 3 Inverse light dark cycle
Day 4 Bright light & overcrowding
Day 5 Foot shock
Day 6 Elevated platform
Day 7 Predator odor
Day 8 Bright light & overcrowding
Day 9 Elevated platform
Day 10 Food deprivation
Day 11 Foot shocka

Day 12 Predator odor
Day 13 Inverse light dark cycle
Day 14 Inverse light dark cycle
Day 15 Bright light & overcrowding
Day 16 Bright light & water deprivation
Day 17 Elevated platform
Day 18 Foot shocka

Day 19 Predator odor
Day 20 Bright light & overcrowding
Day 21 Food deprivation
Day 22 Elevated platform
Day 23 Bright light & water deprivation
Day 24 Acoustic stimulation
Day 25 Foot shocka

Day 26 Predator odor
Day 27 Forced swim
Day 28 Forced swim
Day 29 Sacrifice

a Days where saccharin test was performed.
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Fig. 1. Exposure to CUS for 28 days attenuated body weight gain. The increase in
body weight is calculated as the % increase of initial body weight. Results are
presented as mean ± SEM. *P < 0.05; #P < 0.05 compared to control-saline; $P < 0.05
compared to CUS-saline (two-way ANOVA followed by Fishers LSD post hoc test).
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(six rats in a standard home cage, 1000 lx, 2 h), inescapable foot
shock (three foot shocks of 1 mA, 1 s), elevated platform (rats were
placed on a platform (20 � 20 cm) elevated 1 m above the ground
for 2 h), predator odor (1 h exposure to 2,5-dihydro-2,4,5-trimeth-
ylthiazoline, a synthetic compound originally isolated from fox
feces (Fendt and Endres, 2008)), bright light and water deprivation
(1000 lx, 30 min), food deprivation (24 h), and forced swim stress
(15 min). Non-stressed control rats were housed under similar
conditions but left undisturbed during the stress period.

2.6. Modified forced swim test

A modified (as it was used as one of the stressors in the CUS pro-
tocol) forced swim test was included as a stressor on day 27 in the
CUS protocol. The animal’s behavior was monitored to evaluate po-
tential differences between the stressed animals submitted to dif-
ferent drug treatments. In brief, rats were individually forced to
swim for 15 min in a plastic tube (25 cm in diameter, 46 cm deep)
containing 30 cm of temperate water (25 �C ± 1). Behavior was re-
corded with a video camera during the 15 min session, and the
time spent floating, swimming, climbing and diving was recorded
manually.

2.7. Saccharin consumption and preference test

A saccharin consumption test was performed on day 11, 18 and
25 of the stress regime. A naïve unchallenged group (no stress and
no treatment) (n = 8) was also tested in order to obtain a baseline
measurement. The rats were given a free choice between two bot-
tles, one containing normal drinking water and the other contain-
ing 0.02% saccharin solution. The bottles were left for 12 h. The
saccharin intake was calculated as the amount consumed in gram
per 100 g body weight. The saccharin preference was calculated as
saccharin intake/total fluid intake (water + saccharin).
2.8. Drug treatments

The experimental groups were randomly assigned to treatment
with saline (5 ml/kg), venlafaxine (10 mg/kg) or imipramine
(10 mg/kg, Sigma). Drugs were dissolved in saline and were in-
jected intraperitoneally (i.p.) in a volume of 5 ml/kg. Animals were
injected daily in the morning (7:30–9 a.m.) for 28 consecutive days
starting on the same day as the CUS procedure.

2.9. Tissue processing and in situ hybridization

Rats were decapitated 24 h after the last drug treatment. Brains
were quickly removed, frozen on dry ice and stored at �80 �C until
further processed for in situ hybridization. Consecutive coronal sec-
tions were collected from the dorsal hippocampus (�3.60 until
�4.16 relative to bregma) and from the ventral hippocampus
(�4.8 until �5.20 relative to bregma) where the ventral CA3 region
is clearly identified but before appearance of the ventral dentate
gyrus (Paxinos and Watson, 1998). Briefly, sections were acety-
lated (10 min in 0.25% acetic anhydride (Merck KgaA, Darmstadt,
Germany), 0.1 M triethanolamine (Sigma–Aldrich), 0.9% NaCl, pH
8.0) followed by delipidation and dehydration in a series of ethanol
solutions (70%/5 min, 80%/1 min, 95%/2 min and 99%/1 min). Final-
ly, the sections were incubated for 5 min in chloroform (Merck,
Germany). Excessive chloroform was washed off the slides in 99%
and 96% ethanol, and the slides were allowed to air-dry. Sections
were hybridized with synthetic oligonucleotides (DNA Technology
A/S, Denmark) specific for rat mRNA encoding BDNF (bases 586–
630; accession: NM_012513). The probe was 30-tail labeled with
a-[35S]dATP (>3000 Ci/mmol, GE Healthcare, UK). The labeled
probe was added at a specific activity of 1 � 106 cpm/100 ll to
the hybridization buffer containing 45% formamide (v/v), 4� saline
sodium citrate (SSC) (1� SSC is 0.15 M NaCl, 0.015 M NaCi-
trate�2H2O, pH 7.2), 1� Denhardts solution (0.02% ficoll, polyvinyl-
pyrrolidone and bovine serum albumin) (Sigma), fish sperm DNA
(0.5 mg/ml) (Roche Molecular Biochemicals A/S, Denmark),
0.25 mg/ml yeast t-RNA (Sigma–Aldrich), 10% (w/v) dextran sul-
phate (Sigma–Aldrich) and 10 mM dithiothreitol (Sigma–Aldrich).
After overnight incubation with 100 ll of the hybridization mix-
ture/slide (37 �C) the slides were transferred to four rapid consec-
utive washes in 1� SSC (room temperature) and then washed four
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Fig. 2. Saccharin consumption (A) and saccharin preference (B) was measured after
11, 18 and 25 days of CUS. Baseline for both parameters was assessed in a group of
naïve unchallenged rats. Saccharin consumption per 100 g body weight (A) and
saccharin preference (B) was significantly decreased in rats exposed to CUS-saline
as compared to the control-saline group. Imipramine and venlafaxine treatment
prevented CUS induced reduction in saccharin consumption and saccharin prefer-
ence as compared to control-saline treated rats. Results for saccharin consumption
have been log-transformed in order to obtain equal variance. Results are presented
as mean ± SEM. *P < 0.05 compared to control-saline (one-way repeated ANOVA).
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times for 15 min in 1� SSC (55 �C) and two times for 30 min in 1�
SSC at room temperature. Excessive salt was washed of the slides
in DEPC-treated water. Finally, the sections were dried and ex-
posed together with 14C standards (Amersham Bioscience, Eng-
land) to a Kodak BiomaxMR film (GE Healthcare) for 2–18 days
depending on the expression level of the gene. Films were devel-
oped using an AGFA Curix 60 developer (AGFA, Germany). High
resolution scans were obtained using a Molecular Imager GS-800
scanner (Bio-Rad Laboratories Inc., Herlev, Denmark). Optical den-
sities were quantified using the image analysis system, Quantity
One 1-D Analysis Software version 4.5.2 (Bio-Rad Laboratories
Inc., Hercules, CA). Gray density values were measured in the area
of interest (Fig. 4) on three to four sections from each animal and
the values were calibrated to the 14C-tissue standards. Gray density
values were measured in a representative area on each slide and
the value was subtracted from each of the measurements. No sig-
nal was detected by BDNF oligonucleotide sense probe.
2.10. Statistics

Statistical analyses were performed with SPSS 13.0 (LEAD Tech-
nologies Inc.). Data were analyzed using, as appropriate, two-way
ANOVA (treatment � stress as factors) followed by Fishers LSD
post hoc test or a one-way ANOVA followed by Fishers LSD post
hoc test. Saccharin data were analyzed using a two-way repeated
ANOVA analysis with treatment and stress as between subject fac-
tors and time as within subject factor. In addition to the general
comparisons, we were interested in analyzing the respective
effects of stress and antidepressant treatment by direct compari-
son of the results induced by each of these treatments to the
control-saline group. In these cases, each repeated ANOVA analysis
was followed by Fishers LSD post hoc test. Correlation analyses
were performed using the Pearson’s correlation test. Statistical
significance was accepted at P < 0.05.

3. Results

Before exposure to CUS, all rats were tested in the EPM and OF/
NO test and the anxiety level for each rat was determined. The
experimental groups were balanced with regard to anxiety level
and body weight (Table 2).

3.1. Effects of CUS on body weight and saccharin intake

The impact of CUS was first evaluated by examining body weight
gain during the 28 days of CUS and the effect on preference for a
sweet solution after 11, 18 and 25 days of exposure to the stress
protocol. All experimental groups were equivalent in their body
weight prior to the onset of CUS. Rats exposed to 28 days of CUS
showed significantly lower body weight gain than control animals
(% gain (mean ± SEM): control-saline, 27.4 ± 1.2; control-venlafax-
ine, 25.8 ± 1.0; control-imipramine, 19.6 ± 1.8; CUS-saline, 21.3 ±
1.1; CUS-venlafaxine, 21.8 ± 1.6; CUS-imipramine, 11.8 ± 1.5). A
two-way ANOVA analysis revealed a significant main effect of
CUS (F(1, 46) = 29.38; P < 0.001) as well as a significant main effect
of antidepressant treatment (F(2, 46) = 25.04; P < 0.001) on body
weight gain. No interaction between CUS and antidepressant treat-
ment was found (F(2, 46) = 0.86, n.s.). Subsequent post hoc analysis



Table 2
Anxiety levels and body weight for each experiment group before exposure to CUS.

Control-saline CUS-saline Control-venlafaxine CUS-venlafaxine Control-imipramine CUS-imipramine

EPM (% time in open arm) 37.5 ± 9.3 30.5 ± 6.9 22.0 ± 4.1 20.7 ± 4.3 29.2 ± 2.9 25.3 ± 3.5
OF (% time in center) 4.8 ± 0.8 4.3 ± 0.6 3.9 ± 0.5 4.7 ± 0.8 4.2 ± 0.4 4.2 ± 0.5
NO (% time touching novel object) 22.9 ± 2.8 22.7 ± 3.3 20.9 ± 3.6 22.5 ± 4.7 24.4 ± 2.4 21.0 ± 3.4
Body weight (g) 364.0 ± 4.8 368.5 ± 5.2 363.0 ± 5.9 372.4 ± 7.1 365.8 ± 6.9 372.5 ± 6.7

Anxiety levels were assessed by the time spent in the open arm in the EPM test, the time spent in the center zone in the OF/NO test, and the time touching the novel object in
the OF/NO test. No differences between any of the groups in any of the parameters were observed. Data are expressed as mean ± SEM.
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showed that the effect of treatment was due to a significant reduc-
tion in body weight gain after chronic treatment with imipramine
whereas venlafaxine had no effect on the body weight gain as com-
pared to the respective saline treated groups (Fig. 1).

Saccharin consumption was measured after 11, 18 and 25 days
of exposure to CUS (Table 1). An overall comparison revealed that
rats exposed to CUS drank significantly less of the saccharin solu-
tion per 100 g body weight as compared to control rats (two-way
repeated ANOVA), F(1, 43) = 5.34; P < 0.05) (Fig. 2A). There was
no significant main effect of antidepressant treatment
(F(2, 43) = 1.72; n.s.) or time (F(2, 86) = 2.10; n.s.) and no signifi-
cant interaction between CUS and antidepressant treatment
(F(2, 43) = 0.52; n.s.), between CUS and time (F(2, 86) = 1.37; n.s.),
or between treatment and time (F(4, 86) = 1.50; n.s.). Further re-
peated ANOVA analyses between the control-saline group and
the other groups (with time as repeated factor), revealed that only
CUS-saline treated rats drank significantly less of the saccharin
solution as compared to the control-saline group (F(1, 16) = 8.61;
P < 0.05). There was no effect of time (F(2, 32) = 1.49; n.s.) and no
interaction between time and CUS (F(2, 32) = 0.32; n.s.). No differ-
ences between CUS-imipramine and control-saline (F(1, 15) = 0.19;
n.s.) or between CUS-venlafaxine and control-saline (F(1, 15) =
0.15; n.s.) were observed. In line with this, saccharin consumption
was unaffected by drug treatment in the non-stressed control
groups (Fig. 2A).

When the saccharin preference index was evaluated, a trend to-
wards a significant main effect of stress on saccharin preference
was observed (two-way repeated ANOVA, F(1, 44) = 2.82; P = 0.1).
No effect of antidepressant treatment was found (F(2, 44) = 0.95;
n.s.), but a significant effect of time was observed
(F(2, 88) = 13.80; P < 0.05). There was no significant interaction be-
tween CUS and antidepressant treatment (F(2, 44) = 1.05; n.s.), be-
tween CUS and time (F(2, 88) = 0.20), or between antidepressant
treatment and time (F(4, 88) = 0.33; n.s.). Further repeated ANOVA
analyses between the control-saline group and each of the other
groups (with time as repeated factor) only revealed a significant
difference in saccharin preference between CUS-saline and con-
trol-saline (F(1, 17) = 5.24; P < 0.05) (Fig. 2B).

3.2. Chronic antidepressant treatment decreases depressive-like
behavior in the forced swim test

Only animals exposed to the CUS regime were exposed to the
forced swim test as this test was employed as a stressor on day
27 in the CUS protocol. In the forced swim test, floating behavior
is interpreted as a measure of depressive-like behavior which can
be reduced by antidepressant treatment (Porsolt et al., 1978). As
expected, a significant effect of antidepressant treatment on float-
ing behavior was found (one-way ANOVA, F(2, 21) = 6.38;
P = 0.007). Post hoc analysis revealed that animals treated with
imipramine or venlafaxine spent significantly less time floating
as compared to saline treated animals during the 15 min swim test
(Fig. 3). In addition, antidepressant treatment had significant ef-
fects on climbing behavior (one-way ANOVA, F(2, 21) = 8.24;
P = 0.002) as well as on swimming behavior (one-way ANOVA,
F(2, 21) = 4,15; P = 0.03). Subsequent post hoc analysis revealed
that rats treated with imipramine spent significantly more time
climbing compared to saline treated rats, whereas venlafaxine
had no effect on the climbing behavior. In contrast, rats treated
with venlafaxine spent significantly more time swimming com-
pared to saline treated rats, whereas no effect was observed in rats
treated with imipramine (Fig. 3).

3.3. Effects of antidepressant treatment and CUS on BDNF mRNA
expression in the hippocampus

The effects of antidepressant treatment on BDNF mRNA levels
were determined by densitometric analysis of BDNF mRNA expres-
sion in the granular cell layer (GCL) of the dentate gyrus in the dor-
sal hippocampus and in the CA3 region of the dorsal and ventral
hippocampus (Fig. 4). As reported previously, the levels of BDNF
are higher in the GCL and in the CA3 region as compared to the
CA1 region, and the expression levels were only quantified in re-
gions where the expression levels were clearly distinguishable
from background levels (Larsen et al., 2008).

In the dorsal hippocampus, overall ANOVA revealed that BDNF
mRNA levels were significantly increased in the GCL in CUS-exposed
animals as compared to controls (two-way ANOVA, F(1, 45) = 11.95;
P < 0.001) (Fig. 5A). An overall effect of antidepressant treatment
was found (two-way ANOVA, F(2, 45) = 4.01; P = 0.025) and post
hoc analysis confirmed an effect of venlafaxine and imipramine on
BDNF mRNA expression in the GCL as compared to saline treatment.
Venlafaxine induced BDNF mRNA expression with 14% in the CUS
group and with 14% in the control group as compared to their
respective saline treated groups. Imipramine treatment resulted in
a 15% increase in the CUS group and 16% increase in the control
group as compared to the respective saline treated groups
(Fig. 5A). No interaction between CUS and antidepressant treatment
was found (F(2, 45) = 0.02; n.s.). Conversely, neither CUS nor chronic
antidepressant treatment had effects on the BDNF expression in the
CA3 region of the dorsal hippocampus and no interaction between
CUS and chronic antidepressant treatment was found (CUS:
F(1, 45) = 0.68, n.s.; antidepressant: F(2, 45) = 3.07, n.s.; CUS � anti-
depressant: F(2, 45) = 0.39, n.s.) (Fig. 5B).

In the ventral hippocampus, BDNF mRNA expression levels
were measured in the CA3 region. An overall significant increase
in BDNF mRNA expression in the CA3 region of the ventral hippo-
campus was observed in animals exposed to CUS as compared to
non-stressed animals (two-way ANOVA, F(1, 45) = 6.52;
P = 0.014). Chronic treatment with venlafaxine or imipramine
had no effect on BDNF mRNA expression in the CA3 region of the
ventral hippocampus as compared to saline treatment (two-way
ANOVA, F(2, 45) = 0.96; n.s.) and no significant interaction between
CUS and antidepressant treatment was found (two-way ANOVA,
F(2, 45) = 0.592; n.s.) (Fig. 6).

3.4. Correlations between basal anxiety levels and post-treatment
BDNF mRNA levels

No correlation was found between basal anxiety levels (as eval-
uated before treatments started and indexed by parameters such
as % time in EPM open arm, % time in OF center, % time touching



Fig. 4. Representative photomicrographs of coronal sections depicting the expression pattern of BDNF mRNA. In the experimental studies the BDNF mRNA expression levels
were quantified in the granular cell layer of the dentate gyrus (DG) and in the CA3 region of the dorsal hippocampus as well as in the CA3 region of the ventral hippocampus.
The areas of interest are outlined on the photomicrographs.

%
 c

ha
ng

e 
of

 c
on

tro
l-s

al
in

e

0

20

40

60

80

100

120

140

160

180 Granular cell layer

Control CUS

*

$ $

$ $

Saline
Venlafaxine

Imipramine
Saline

Venlafaxine
Imipramine

%
 c

ha
ng

e 
of

 c
on

tro
l-s

al
in

e

0

20

40

60

80

100

120

140

160 CA3

Control CUS

Saline
Venlafaxine

Imipramine
Saline

Venlafaxine
Imipramine

(A)

(B)

Fig. 5. Effects of CUS and chronic treatment with venlafaxine or imipramine on
BDNF mRNA levels in the GCL (A) and the CA3 (B) region of the dorsal hippocampus.
An overall significant increase in BDNF mRNA levels in the GCL was observed in
animals exposed to CUS as compared to control animals (A). An overall effect of
venlafaxine and imipramine on BDNF mRNA expression in the GCL was found as
compared to saline treatment (A). BDNF mRNA levels, in the CA3 region, were not
affected by CUS or by chronic antidepressant treatment (B). Results are presented as
mean ± SEM. *P < 0.05; $P < 0.05 compared to saline within the group (two-way
ANOVA followed by Fishers LSD post hoc test).
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Fig. 6. Effects of CUS and chronic treatment with venlafaxine or imipramine on
BDNF mRNA expression levels in the CA3 region of the ventral hippocampus. BDNF
mRNA levels were significantly increased in animals exposed to CUS as compared to
control animals. No effects of chronic antidepressant treatment were observed.
Results are presented as mean ± SEM. *P < 0.05 (two-way ANOVA followed by
Fishers LSD post hoc test).
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NO) and BDNF mRNA expression in any of the hippocampal subre-
gions analyzed (i.e., the dorsal dentate gyrus, dorsal CA3 or ventral
CA3 regions) (data not shown).
3.5. Correlations between basal anxiety levels and depressive-like
behavior during CUS

Correlation analyses of anxiety measures and depressive-like
behaviors related to anhedonia revealed an overall significant po-
sitive correlation between the OF test (% time in OF center) and
saccharin consumption (per 100 g body weight) on day 18
(r = 0.343; P = 0.014) and day 25 (r = 0.358; P = 0.010); i.e., the low-
er the time spent in the center of the OF (conventionally inter-
preted as indicative of increased anxiety), the lower the
saccharin consumption (conventionally interpreted as indicative
of anhedonia). A trend towards a significant correlation was also
observed on day 11 (r = 0.266; P = 0.062). In addition, we found a
significant negative correlation between the % time animals spent
touching the novel object and the time animals spent floating in
the forced swim test (r = �0.522; P = 0.009); i.e., the lower the
exploration (indicative of higher behavioral inhibition), the higher
the floating behavior (conventionally interpreted as indicative of
increased despair and depression-like behavior). All other correla-
tions between the behavioral parameters examined pre- and post-
CUS were not significant (data not shown).

4. Discussion

The goal of the present study was to directly compare the ef-
fects on BDNF mRNA expression in the hippocampus with the
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behavioral effects seen after chronic treatment with different anti-
depressants in the chronic unpredictable stress model of depres-
sion. Rats exposed to CUS showed a significant decrease in body
weight gain together with a reduced intake of a sweet (saccharin)
solution compared to non-stressed rats. Importantly, chronic anti-
depressant treatment prevented the stress-induced reduction in
the intake of a saccharin solution and reduced depressive-like
behavior in the forced swim test. Chronic antidepressant treatment
induced a significant up-regulation of BDNF mRNA expression in
the GCL of the dorsal hippocampus independently of exposure to
CUS. No effects of antidepressant treatment were observed in the
dorsal or ventral hippocampal CA3 region. Interestingly, basal
BDNF mRNA expression in the GCL of the dorsal hippocampus
and in the CA3 region of the ventral hippocampus was increased
rather than decreased after CUS.

The CUS model is a widely used model of depression which has
been shown to induce several physiological and behavioral depres-
sive-like symptoms (Willner, 2005). There are important individual
differences in the vulnerability to stress, with strong evidence indi-
cating that the high anxiety personality trait is a risk factor to de-
velop depression (Jakobsson et al., 2008; Sandi, 2008; Sandi and
Richter-Levin, 2009). In the present study, rats were tested in di-
verse tests for their natural tendencies to explore a variety of novel
environments, a procedure that allows characterizing individuals’
variation in basal (i.e., trait-like) anxiety levels before CUS expo-
sure. This allowed questioning whether individual anxiety levels
were correlated with subsequent depressive-like behavior. We
found evidence in two independent tests of depression-like behav-
iors (saccharin consumption and forced swim test) for a correlation
with animals’ basal anxiety levels, suggesting that individuals with
higher basal, trait-like anxiety levels are more prone to develop
depressive-like symptoms when exposed to chronic stress.

The validation of our experimental protocol as an effective
chronic stress-induction model was determined through its effects
on body weight gain and on a behavioral measure of reward sensi-
tivity. Decreased body weight is a well described symptom of
exposure to chronic stress (Konkle et al., 2003; Lucca et al.,
2008). In our study, CUS significantly decreased body weight gain
and, as expected, this effect was not prevented by antidepressant
treatment (Bekris et al., 2005; Song et al., 2006). Indeed, chronic
treatment with imipramine further reduced body weight gain, an
effect that was previously described specifically for treatment with
imipramine at similar doses (Hughes and Pither, 1987; Mogensen
et al., 1994). Previous work has shown that CUS reduces the intake
of a sweet solution reflecting one of the core symptoms of depres-
sion, anhedonia, which was shown to be reversed by antidepres-
sant treatment (Bekris et al., 2005; Jayatissa et al., 2006; Muscat
and Willner, 1992; Papp et al., 1996). In agreement with the liter-
ature, rats exposed to our CUS protocol showed decreased con-
sumption of and decreased preference for a sweet saccharin
solution as compared to non-stressed rats, and this effect was pre-
vented by chronic antidepressant treatment.

The forced swim test is widely used to predict antidepressant
activity (Porsolt et al., 1978). In the current study, CUS animals
were exposed to a modified forced swim test consisting of a single
session that was used as a stressor towards the end of the CUS pro-
tocol (day 27), which allowed for the evaluation of potential effects
of the antidepressant treatments in this behavioral test. In this test,
rats typically react by initially displaying active coping behaviors
(e.g., swimming, climbing) that might eventually turn into a float-
ing behavior interpreted as learned helplessness or behavioral des-
pair. Under basal conditions, floating behavior is decreased by
antidepressant treatment (Porsolt et al., 1978). CUS has previously
been reported to induce floating behavior in this test and it appears
that this effect on floating is associated with CUS-induced anhedo-
nia (Strekalova et al., 2004; Vitale et al., 2009). In our study, ani-
mals treated chronically with imipramine or venlafaxine spent
significantly less time floating as compared to saline treated ani-
mals. Interestingly, imipramine and venlafaxine induced different
climbing and swimming behaviors. It has been reported that anti-
depressants with a noradrenergic profile enhance the climbing
behavior whereas antidepressants with a serotonergic profile in-
crease swimming (Detke et al., 1995). In line with this, an increase
in climbing behavior was observed after treatment with imipra-
mine, which has a more pronounced effect on the noradrenergic
neurotransmission (Jordan et al., 1994), whereas venlafaxine,
which affects both the serotonergic- and noradrenergic neuro-
transmitter system (Dawson et al., 1999), increased swimming.
Thus, the present results show that chronic treatment with antide-
pressants inhibits depressive-like behavior in the forced swim test.

The mechanisms underlying depression as well as antidepres-
sant activity are still not fully understood (Krishnan and Nestler,
2008; Sandi and Richter-Levin, 2009). Recently, a novel hypothesis
has emerged suggesting a role for neurotrophic factors and subse-
quent structural and neuroplastic changes in the pathogenesis of
depression and in its treatment (Castren, 2005; Nestler et al.,
2002). Stressful life events are known to precipitate depressive ill-
ness in vulnerable persons (Caspi et al., 2003; Kendler et al., 2001)
and stressful paradigms such as CUS have long been used to model
depression. Notably, dendritic atrophy, cell loss and decreased
BDNF levels in the hippocampus have been observed in response
to different types of stressors (Nibuya et al., 1999; Rasmusson
et al., 2002; Smith et al., 1995; Xu et al., 2004), and the effect of
stress on BDNF was shown to be inhibited by antidepressant treat-
ment (Nibuya et al., 1995).

In this study an increase, rather than a decrease, in BDNF mRNA
levels was observed after CUS in the GCL of the dorsal hippocam-
pus and in the CA3 region of the ventral hippocampus. However,
since our study only included chronic, but not acute stress condi-
tions, a note of caution should be added when linking these obser-
vations with the chronic nature of the stress procedure used.
Exposure to CUS has been reported to reduce BDNF expression in
the rat hippocampus (Grønli et al., 2006; Song et al., 2006). How-
ever, nowadays, the reported effects of CUS are contentious as sev-
eral studies also have reported no effects or even increased BDNF
levels in the hippocampus following exposure to chronic stress
(Allaman et al., 2008; Bergstrom et al., 2008; Lee et al., 2006; Lucca
et al., 2008; Schulte-Herbruggen et al., 2009; Vitale et al., 2009). It
is possible that the discrepancy in the effect of CUS on BDNF is due
to differences in the stress protocols applied in the different stud-
ies. Indeed, the effects of stress on BDNF mRNA expression in the
hippocampus appear to be dependent on several factors such as
the type of stressor, the intensity, the duration, the frequency
and the number of exposures (Anisman and Matheson, 2005; Nair
et al., 2006). It is important to emphasize that many of the studies
showing a robust decrease of BDNF levels in the hippocampus have
used severe stress protocols, such as immobilization stress, which
have limited face validity with regard to the human depressive dis-
order. Moreover, regulation of BDNF in the hippocampus of de-
pressed patients still needs to be revealed. Today, most human
studies describe changes in serum BDNF levels in depressed pa-
tients; however, a clear correlation between serum and brain BDNF
levels still needs to be established. Although speculative, it is pos-
sible that exposure to some stressful situations could activate
mechanisms such as increased BDNF and hence increased BDNF
mRNA expression in the hippocampus might reflect an adaptive
protective response to the unpredictable stressors.

The present study shows no correlation between CUS-induced
anhedonia and decreased BDNF mRNA levels in the hippocampus.
It has been suggested that BDNF levels in the brain may not simply
correlate with depression as no depressive-like behavior or in-
creased vulnerability to develop stress-induced depressive-like
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behavior has been observed after reduction of BDNF levels or BDNF
signaling (Duman and Monteggia, 2006; Ibarguen-Vargas et al.,
2009; Saarelainen et al., 2003). Indeed, the current data suggest
that BDNF is not per se involved in eliciting depressive-like behav-
ior but support a role for BDNF in mediating aspects of antidepres-
sant activity. The present data show that chronic treatment with
different antidepressant drugs prevents CUS-induced anhedonic
behavior and at the same time increases BDNF mRNA expression
in the GCL of the dorsal hippocampus. The current study investi-
gates the chronic but not the acute effects of antidepressant treat-
ment. However, acute treatment with imipramine, venlafaxine and
other antidepressants has previously been shown to have no effect
on BDNF mRNA expression in the hippocampus (Coppell et al.,
2003; De Foubert et al., 2004; Larsen et al., 2008; Nibuya et al.,
1995).

Interestingly, BDNF mRNA expression in the hippocampus is
regulated in the same direction by CUS and antidepressant treat-
ment. It has recently been hypothesized that both depression and
antidepressant activity develops as a consequence of remodeling of
neuronal networks. Thus, BDNF could play an essential role in
opening up these systems allowing activity-dependent plasticity
and remodeling of these networks to take place; the function of
which determine whether the plastic changes produce a depres-
sion- or antidepressant-like response (Castren et al., 2007). Inter-
estingly, a similar example has also been revealed for the
neuroplasticity molecule PSA-NCAM (i.e., the polysialylated form
of the neural cell adhesion molecule), with both chronic stress
(Cordero et al., 2005) and antidepressants treatment (Varea et al.,
2007) inducing a reduction in its expression levels in the amygdala.

To our knowledge, this is the first study that directly compares
the effects of CUS and antidepressant treatment on depressive-like
symptoms together with the effects on BDNF mRNA expression in
the dorsal and ventral hippocampus. Our data imply that regula-
tion of BDNF in behavioral models of depression is complex and
that BDNF mRNA expression in the hippocampus can be up-regu-
lated despite the presence of depressive-like behavior. Hence, the
results obtained do not support a simple link between depression
and brain BDNF levels. In contrast, chronic antidepressant treat-
ment normalized CUS induced depressive-like behavior and in-
creased BDNF mRNA expression in the GCL of the dorsal
hippocampus independently of exposure to CUS. Taken together,
these results strongly support a role for BDNF in the mechanisms
underlying antidepressant treatment.
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