International Journal of Neuropsychopharmacology, Page 1 of 13. Copyright © 2008 CINP
doi:10.1017/51461145708008912

Housing conditions modulate escitalopram
effects on antidepressive-like behaviour and
brain neurochemistry

Astrid Bjernebekk!, Aleksander A. Mathé?, Susanne H. M. Gruber® and Stefan Brené®
! Department of Neuroscience, Karolinska Institutet, Stockholm, Sweden

* Karolinska Institutet, Department of Clinical Neuroscience, Psychiatry M56, Karolinska University Hospital Huddinge,
Stockholm, Sweden

3 Department of Neurobiology, Care Sciences and Society, Karolinska University Hospital Huddinge, Stockholm, Sweden

Abstract

Despite limited understanding of the pathophysiology of depression and the underlying mechanisms
mediating antidepressant effects, there are several efficient treatments. The anhedonia symptoms of
depression are characterized by decreased motivation and drive and imply possible malfunctioning
of the mesolimbic dopamine system, whereas cognitive deficits might reflect decreased plasticity in
hippocampus. In female Flinders Sensitive Line (FSL) rats, a model of depression, we compared the effects
of three long-term antidepressant treatments: voluntary running, escitalopram and the combination of
both on antidepressant-like behaviour in the Porsolt swim test (PST), and on regulation of mRNA for
dopamine and neuropeptides in striatal dopamine pathways and brain-derived neurotrophic factor
(BDNF) in hippocampus. Escitalopram diet attenuated running behaviour in FSL rats but not in non-
depressed controls rats. In the PST the running group had increased climbing activity (noradrenergic/
dopaminergic response), whereas the combination of escitalopram and running-wheel access increased
swimming (serotonergic response). Running elevated mRNA for dynorphin in caudate putamen and
BDNEF in hippocampus. The combined treatment down-regulated D, receptor and enkephalin mRNA in
accumbens. Escitalopram alone did not affect behaviour or mRNA levels. We demonstrate a novel
behavioural effect of escitalopram, i.e. attenuation of running in ‘depressed’ rats. The antidepressant-like
effect of escitalopram was dependent on the presence of a running wheel, but not actual running
indicating that the environment influenced the antidepressant effect of escitalopram. Different patterns of
mRNA changes in hippocampus and brain reward pathways and responses in the PST by running and
escitalopram suggest that antidepressant-like responses by running and escitalopram are achieved by
different mechanisms.
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Introduction
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The wide variety of symptoms in depressive illness
indicates that several brain regions are implicated in
the underlying pathophysiology. Anhedonia, the
inability to experience pleasure, is one of the core
symptoms of major depression (melancholia). Hypo-
thetically, a malfunctioning brain reward system could
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account for this impairment. The nucleus accumbens
(NAc) is the site of the dopaminergic cell terminals
originating in the ventral tegmental area (VTA)
(Bjorklund and Lindvall, 1984; Ungerstedt, 1971) and
this pathway plays a critical role in mediating brain
reward (Di Chiara and Imperato, 1988). Other symp-
toms in depressed patients are cognitive impairments.
Brain-derived neurotrophic factor (BDNF) is important
for brain plasticity as it was shown to have an import-
ant role for long-term potentiation, learning and
memory (Poo, 2001). While the majority of patients
show improvement after treatment with selective
serotonin reuptake inhibitors (SSRIs), the mechanisms
in brain reward pathways, which could be important
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Figure 1. A schematic illustration of the experimental design. On day 1, the animals were administered either escitalopram
(n=24) or vehicle diet (n =24). From day 14 to the end of the experiment (day 45), half of the rats were housed in cages containing
a running wheel (n=32). On day 42, a modified Porsolt swim test was performed on all FSL animals (n=32). All animals were

sacrificed on day 45.

for their efficacy, are insufficiently understood
(Angelucci et al., 2005; Nestler et al.,, 2002; Wong
and Licinio, 2001). In general, it takes 3—4 wk of treat-
ment before there is a significant difference between
responses to an antidepressant drug vs. a placebo
(Wong and Licinio, 2001). The delayed onset of
SSRIs suggests that adaptive mechanisms rather
than enhanced serotonergic neurotransmission per
se are responsible for the alleviation of depressive
symptoms.

Physical activity also has beneficial effects in the
treatment of depression (Babyak et al, 2000;
Martinsen et al., 1985). Consistent with these findings,
we recently demonstrated that running is an effective
antidepressant in a rat model of depression, the
Flinders Sensitive Line (FSL). Access to a running
wheel during 30 d decreased immobility in the Porsolt
swim test (PST) in the FSL strain (Bjernebekk et al.,
2005, 2006). Different types of antidepressants have
differential effect on the behaviour in the PST.
Whereas the SSRI-type drugs enhance swimming
behaviour, drugs that act on norepinephrine trans-
mission increase climbing behaviour (Cryan et al,,
2005; Detke et al., 1995; Reneric and Lucki, 1998). To
our knowledge there are no reports on whether the
antidepressant-like effect of running is associated
with a serotonergic or a noradrenergic behavioural
response in the PST.

The FSL rats exhibit some characteristics that re-
semble anhedonia symptoms of depression such as
less activity in open field (Overstreet and Russell,
1982), reduced voluntary running (Bjernebekk et al.,
2005), lower rate of bar pressing for water and food
reward (Overstreet and Russell, 1982), and increased
anhedonia in response to mild stress (Pucilowski et al.,
1993). Moreover, microdialysis studies have demon-
strated disturbed serotonergic and dopaminergic
neurotransmission in striatum and NAc of FSL rats
(Dremencov et al., 2005; Zangen et al., 2001).

In view of the anhedonia symptoms in depressed
patients and FSL rats we aimed to explore biochemical
adaptations in the brain reward system in FSL

rats after different antidepressant treatments. We
compared the effect of running, escitalopram, and a
combination of these treatments on antidepressant-
like parameters in the PST, and on regulation of
mRNA for dopamine (DA) receptors and neuropep-
tides that are regulated by DA in the brain reward
system. Moreover we investigated BDNF mRNA
regulation in hippocampus after the different anti-
depressant treatments.

Female rats were used since the prevalence of
depressive disorders is higher in women (about
two-thirds of depressed patients are women) and
fewer both preclinical and clinical studies have been
conducted on females.

Method
Animals

Female FSL rats (n=32) bred at the Karolinska
Institute and age-matched female Sprague-Dawley
rats (SD, n=16) (Mollegaard Breeding Centre Ltd,
Denmark) were used. They were aged 22 wk at the
beginning of the experiment. Rats were individually
housed throughout the experiment in cages (43 x
22 x 20 cm) with (FSL, n=16; SD, n=16) or without
(FSL, n=16) running-wheel access. During the first
13 d of the experiment all rats had identical cages.
On day 14, running wheels were placed in half of the
cages (Figure 1). The animals were randomly assigned
to one of four groups of eight rats each: (1) vehicle diet
and no running wheel in the cage (Veh+nRW), (2)
escitalopram diet and no running wheel in the cage
(Esc +nRW), (3) vehicle diet and running wheel in the
cage (Veh+RW), (4) escitalopram diet and running
wheel in the cage (Esc+RW). In view of the observed
escitalopram-running interaction in this experiment,
a focused replication experiment using identical pro-
cedures was carried out on 16 FSL rats (eight
Veh+RW and eight Esc+ RW). Rats had access to
food and water ad libitum and were subjected to a
controlled 12 h light/dark schedule (lights on 07:00



hours). The Ethical Committee for Animal Research in
Stockholm approved the experiments.

Administration of escitalopram

The rats were administered escitalopram or vehicle
in pellets 14d prior to receiving running- wheel
access, and throughout the whole experiment accord-
ing to a method developed by H. Lundbeck A/S
(Copenhagen, Denmark) and tested in collaboration
with A. Merk (El Khoury et al., 2006) (Figure 1).
The experiment was run in two consecutive steps,
each with 16 rats, which includes the two groups on
escitalopram (Esc +nRW, Esc + RW). The escitalopram
doses were 0.35g/kg and 0.57 g/kg pellet in the
first and second round, respectively, resembling
the clinical situation where a range of escitalopram
(or other antidepressants) is used to treat depressed
patients. Pellet intake was measured every third day
and the average consumption of escitalopram per
day was calculated. After decapitation, trunk-blood
samples were collected and serum levels of escitalo-
pram were measured.

Wheel running

Half of the FSL and all SD rats had access to running
wheels (diameter 34 cm; one revolution correspond-
ing to 1.07 m) (Werme et al., 1999, 2000) from exper-
imental day 14 until the end of the experiment (day 45)
(Figure 1). Running data were sampled 48 times/d
using a computer-based data system with customized
software.

PST

A modified swim test was performed as previously
described (Bjornebekk et al., 2005) on day 42 (Figure
1). Transparent cylinders (24 cm diameter) containing
25-cm deep water (25 °C) were used. After 15 min, the
animals were removed from the water, dried with
towels and placed into a warmed enclosure before
being returned to the home cage. The test was video-
recorded and later analysed by an observer blind to
the treatment condition. Climbing was defined as time
spent with upward-directed movements of the fore-
paws along the side of the swim chamber and swim-
ming was defined as time with horizontal movement
in the cylinder.

The animals were sacrificed on day 45, 3 d after the
swim test (Figure 1). Trunk blood was collected im-
mediately after decapitation and centrifuged at 3000 g
for 10 min and the supernatant stored at —20 °C. The
brains were rapidly removed and stored at —80 °C for
subsequent histological analysis.

Housing modulates antidepressant-like effects 3

In-situ hybridization

Coronal brain sections (14 um) were cut on a cryostat
at —20 °C, and sections were thawed onto glass slides.
The hybridization cocktail contained 50 % formamide,
4 x SSC [1 xSSC is 0.15 M NaCl, 0.015 m sodium citrate
(pH 7.0)], 1 x Denhardt’s solution, 1% Sarcosyl, 0.02 M
Na;PO, (pH7.0), 10% dextransulfate, 0.06 M dithio-
threitol and 0.1 mg/ml sheared salmon sperm DNA.
Single-stranded oligonucleotide 48-mer DNA probes
specific for DA D, receptor mRNA (nt 72-121) (Wilkie
et al, 1993), DA D, receptor mRNA (nt 772-816)
(Guiramand et al.,, 1995; Pritchett et al., 1988), pro-
dynorphin (nt 296-345) (Douglass et al., 1989), pro-
enkephalin (nt 235-282) (Zurawski et al., 1986),
neuropeptide Y (nt 1671-1714) (Larhammar et al,,
1987), and preprotachykinin A (PPT-A) (nt 20-67)
(Chiwakata et al., 1991) mRNA, which anneals to both
substance P and neurokinin A and BDNF (250-298)
(Leibrock et al., 1989) were used. The probes were
3-end labelled with a-*P[dATP] (DuPont, NEN,
Wilmington, DE, USA) to a specific activity of ~1 x 10°
cpm/mg using terminal deoxynucleotidyl transferase
(Gibco, Taby, Sweden). Hybridization was performed
for 18 h in a humidified chamber at 42 °C. Following
hybridization, the sections were rinsed 4 x 20 min each
in 1 x SSC at 60 °C. Finally, the sections were rinsed in
autoclaved water for 10 s, dehydrated in alcohol and
air-dried. Thereafter, the slides were exposed to film
(Kodak Biomax MR film, Kodak, Rochester, NY, USA)
for 5-29 d before being developed. Films were scan-
ned and optical density values quantified in dorsal
and ventral striatal subregions using appropriate
software (NIH image analysis program, version 1.62).
A MC step standard (Amersham, Buckinghamshire,
UK) was included to calibrate optical density readings
and convert measured values into nCi/g.

Statistical analyses

Values are expressed as means+tstandard error of
the means (s.E.M.). To analyse weight and the effect
of treatment on weight, a two-tailed Student’s ¢ test
was applied; unpaired t tests to investigate between-
group differences and paired f tests when repeated
measures were calculated. General MANOVAs
with planned comparisons were performed to ana-
lyse differences in swim, climbing, and running be-
haviour between the different treatment groups.
One-way ANOVA combined with Tukey-Kramer
multiple comparisons post-hoc test was used when
comparing mRNA levels between the different
treatment groups for each specific mRNA in each
region.
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Table 1. Weight, escitalopram intake and escitalopram serum level

Weight (g) Escitalopram

Strain Start End Treatment Increase (%) mg/kg per d serum ng/ml

FSL 257+3.6 266+4.0 Veh +nRW 1 - <1
Esc+nRW 6* 28.1+24 244+3.7
Veh+RW 5 - <1
Esc+RW 3* 269+25 29.0+9.7

SD 331+2.9 354+4.0 Veh+RW 9 - <1
Esc+RW 4 26.8+2.3 36.1+6.6

FSL, Flinders Sensitive Line Rats; SD, Sprague-Dawley ; Veh +nRW, vehicle + no running wheel; Esc + nRW, escitalopram +no
running wheel; Veh 4+ RW, vehicle 4 running wheel; Esc + RW, escitalopram +running wheel.

Animal weight was measured weekly during the experiment; average strain weights at the beginning and at the end of the
experiment are shown as means + s.e.M. The weight increase seen in the different treatment groups is expressed as percent of
increase from the experimental day 1 to the last day of the experiment. In the FSL strain significant increases in weight were
found solely in groups receiving escitalopram diet. In contrast, in the SD strain the group on vehicle diet increased weight
whereas the group on escitalopram diet did not. Average daily escitalopram intake is shown as mg/escitalopram consumed per
kg +s.E.M. and escitalopram serum level is expressed as means + s.e.M. There were no differences between the two strains or
between treatment groups regarding escitalopram intake or escitalopram serum level increase in weight within a treatment

group during the experiment. * p <0.05, *** p <0.001.

Results

Body weight, food intake and escitalopram serum
levels

FSL rats (n=32) weighed significantly less than SD
rats (1=16) on the first and the last day of the exper-
iment (p <0.001). At the end of the experiment (45 d),
strain-specific differences in weight and weight in-
crease between treatment groups were found. In the
FSL strain both groups on the escitalopram diet gained
weight during the course of the experiment (Esc +RW
3%, Esc+nRW 6%; p<0.05). In contrast, the
Veh+nRW did not gain any weight, while the
Veh+RW group had a 5% increase in weight
(p=0.07). In the SD strain the Esc + RW group did not
gain weight during the experiment, whereas the
Veh+RW did increase their weight by 9% (Table 1).
The calculated average daily dose of escitalopram in
FSL and SD rats was 27.5 mg Esc/kg and 26.6 mg Esc/
kg, respectively. On the day of sacrifice, after 45 d of
treatment, the mean escitalopram serum level was
31.0+4.7 ng/ml with no statistically significant dif-
ferences between the two strains (Table 1).

Running behaviour

Statistical evaluation of behavioural responses of the
two groups (0.35 g and 0.57 Esc/kg pellet respectively)
showed no differences and consequently they were
merged into one group for further analyses, which is
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Figure 2. Running behaviour in Flinders Sensitive Line (FSL)
and Sprague-Dawley (SD) rats on escitalopram (Esc) and
vehicle (Veh) diet. FSL (n=16) and SD (n=16) rats were
individually housed with running-wheel access for 30 days.
Values are mean + s.e.M. (1 =8 per group). Note the inhibitory
effect of escitalopram on running behaviour in FSL but not
in SD rats. —<0—, SD Veh; —€—, SD Esc; —-[J—, FSL Veh;

—Hl-, FSL Esc.

in line with treatment of depressed patients with dif-
ferent doses of escitalopram. During the first 5 d with
running-wheel access, ie. from days 14 to 18 on
escitalopram or vehicle diet, FSL and SD rats on vehicle
diet averaged ~2000 m/d (Figure 2), and successively
increased their amount of running, before stabilizing
around day 20 on 4000-5500 m/d. Escitalopram diet
had a profound influence on running behaviour in FSL
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Figure 3. Effect of escitalopram, free wheel-running, and a
combination of escitalopram and running on behaviour in the
Porsolt swim test. The bar graphs illustrate the swimming
and climbing time of FSL rats on vehicle diet in cages with no
running wheel (Veh +nRW; B) or with running-wheel
access (Veh+RW; W), on escitalopram diet with no
running-wheel (Esc+nRW; [J), or with running-wheel
access (Esc+RW; ) (n =8 per group). The rats were placed
in cylinders filled with water (25 °C) for 15 min. The test was
video-recorded and analysed by an observer blind to the
experimental conditions. Swimming and climbing times are
presented as means +s.E.m. (** p<0.01).

(p<0.001) but not in SD rats. FSL rats on escitalopram
diet ran less than the other three groups (p <0.001).
During the first 5-d period, FSL rats on escitalopram
reached an average of ~200 m/d. Of the eight FSL rats
on the escitalopram diet, six of them barely ran at all.
They ran on average 30 m/d during the experiment.
Two rats ran more; one ~500m/d, and the other
averaged 1750 m/d during its best 5-d running period.
To confirm the effect of escitalopram on running in FSL
rats, we repeated this part of the experiment by giving
escitalopram (0.41 g/kg pellet) or vehicle diet 14d
prior to running-wheel access, followed by 15 d with
individual housing in cages with running wheels.
During the last 5d of running, the eight animals on
escitalopram ran significantly less than the corre-
sponding eight animals on vehicle (42+1.0km vs.
10.2+2.4 km, respectively, Student’s t test p=0.04),
thus confirming the original finding that escitalopram
decreases running in FSL rats.
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Figure 4. Quantitative computerized image analysis was
performed over the indicated areas. Analysis was performed
at the level of Bregma 1.30-1.60 mm. LCPu, lateral caudate
putamen; MCPu, medial caudate putamen; NAcSh, nucleus
accumbens shell; NAcC, nucleus accumbens core.

Behaviour in the PST

On experimental day 42 all FSL rats were subjected to
a modified version of the PST to investigate the
effect of escitalopram (Esc +nRW), access to running
wheels (Veh +RW), and a combination of these two
conditions (Esc+RW) on swimming and climbing
behaviour. The Veh +RW group had increased climb-
ing but no effect on swimming, whereas the Esc + RW
group had increased swimming but no change in
climbing compared to the Veh+nRW control group
(p<0.01) (Figure 3).

Effects of escitalopram diet, running-wheel access,
and their combined effect on mRNAs encoding DA D,
and D; receptors, neuropeptide Y, proenkephalin,
prodynorphin, substance P and neurokinin A in

ESL rats

Analysis of mRNAs encoding DA D, and D, and,
neuropeptide Y, proenkephalin, prodynorphin, sub-
stance P and neurokinin A was performed in the me-
dial and lateral caudate putamen as well as in the NAc
core and shell (Figure 4). The combined treatment
(Esc +RW) significantly decreased D, receptor mRNA
levels in the NAc shell (p <0.01) and had a strong trend
to a decrease in core and lateral caudate putamen
(p=0.06) (Figure 5 and Table 2) compared to control
animals (Veh+nRW). Interestingly, escitalopram
treatment without running-wheel access did not
affect DA D, receptor mRNA levels compared to
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Figure 5. Dopamine D, receptor (D;R), proenkephalin and
prodynorphin mRNA expression. In- situ autoradiogram of
DA D, receptor, proenkephalin (PENK) and prodynorphin
(PDYN) mRNA expression at the level of Bregma 1.60 mm in
Flinders Sensitive Line (FSL) rats on vehicle diet and no
running wheel (Veh +nRW) and FSL rats on escitalopram
diet with running-wheel access (Esc + RW). Note the decrease
in the nucleus accumbens shell (NAcSh) region in DA D,R
with the combined escitalopram and running treatment.
PENK mRNA was decreased in the NAcSh after the
combined escitalopram and running treatment. Running
increased mRNAs encoding PDYN levels in medial caudate
putamen. (For more detailed information on mRNA levels,
see Table 2.)

vehicle controls. Moreover, comparing the two treat-
ments with escitalopram diet, DA D, receptor mRNA
levels were decreased in the combined Esc +RW group
compared to the Esc +nRW groups in lateral caudate
putamen (p <0.05).

Prodynorphin mRNA was elevated by running
(Veh+RW) in the medial caudate putamen (p <0.05)
and there was a trend towards elevated levels in
lateral caudate putamen and NAc shell compared to
controls (Veh +nRW) (p=0.06) (Figure 5 and Table 2).

Proenkephalin mRNA levels were lower in the
combined treatment group (Esc+RW) compared to
controls (Veh +nRW) in the NAc shell (p <0.05), with
a trend to a decrease in the core (Figure 5 and Table 2).
The mRNA levels of the DA D, receptor, substance
P and neurokinin A and neuropeptide Y were un-
affected by all treatment conditions (data not shown).

The effect of treatments on BDNF mRNA in the
hippocampus

The neurotrophic factor, BDNF, is involved in neuro-
nal plasticity and survival, and suggested to be

important in antidepressant treatments (Altar, 1999;
Dias et al., 2003; Nibuya et al., 1995). BDNF mRNA
was analysed in the pyramidal cells of CA1, CA3 and
CA4/hilus as well as in dentate gyrus (Figure 6).
Chronic treatment with escitalopram did not affect
BDNF mRNA expression compared to control animals
on vehicle diet. Running elevated BDNF mRNA and in
CA1, CA3 and CA4 (p<0.05-0.01). No effect of the
combined treatment was found (Figure 7, Table 2).

To investigate possible connections between differ-
ent swim test parameters (swimming and climbing),
and regional mRNA expression of BDNF, DA D,
receptor, enkephalin and dynorphin mRNAs Pear-
son’s product moment correlations were performed.
Climbing behaviour was positively correlated to
BDNF in the CA3 region (r=0.44, p<0.05, n=32)
(Figure 7).

Discussion

Exercise has an antidepressive effect in humans
(Babyak et al., 2000; Martinsen et al., 1985) and re-
cently we showed that running also has an anti-
depressive-like effect in ‘depressed” FSL rats
(Bjornebekk et al., 2005; Brené et al., 2007). In this
study, we compared the antidepressant effects of ex-
ercise to that of escitalopram and analysed whether
the two treatments have an additive effect in an animal
model of depression.

Escitalopram affects running behaviour

There is evidence that different antidepressant com-
pounds can exert a specific effect on running behav-
iour; for instance, fluoxetine but not imipramine
decreases running in an animal model of anorexia and
obsessive—compulsive disorder (Altemus et al., 1996).
In the present study we demonstrated that chronic
escitalopram treatment inhibited voluntary running
in female FSL but not SD rats at a calculated average
daily dose of 27.5mg/kg. One possibility is that
escitalopram decreased overall motor activity in the
FSL strain. However, in the PST the FSL rats on
the escitalopram diet with running-wheel access had
increased swimming behaviour, which would suggest
that escitalopram at our given dose does not inhibit
general motor activity. In female mice a decrease in
running activity by another SSRI-type drug fluoxetine
is dose-dependent (Engesser-Cesar et al., 2007). Thus,
escitalopram appears to be able to block one motor
behaviour, wheel running, but not another, swim-
ming, in female FSL rats. We cannot rule out that the
attenuation of running by escitalopram at a given dose
can be a strain-specific trait and that a higher dose of
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Table 2. Dopamine D, receptor (D;R), prodynorphin, proenkephalin and BDNF mRNA levels in FSL rats after different

antidepressant treatments

Veh+nRW Esc+nRW Veh+RW Esc+RW

Dopamine D;R

LCPu 96+5 101+4.5 100+4.8 80+ 6.4%**

MCPu 87+4.7 94+3.3 94+4.7 78+6.2

NAc shell 103+3.5 94+7.4 106 +4.6 73 +£5.3**

NAc core 73+45 71434 77+3.3 62+3
Prodynorphin

LCPu 2140.8 2040.5 25+2.1 18+1.3

MCPu 20+0.4 20+0.7 25+ 2% 19+1*

NAc shell 54+1.6 57+2 60+2.9 52+2.8

NAc core 39435 35423 4745 34433
Proenkephalin

LCPu 131+2.7 135+5.5 124+6 124+6.9

MCPu 133+3 133+6 123+4 123+3

NAc shell 96+4.8 88+5.6 90+3.6 76+ 3**

NAc core 114+4.6 107 +5.9 108 +5.9 99+2.3
BDNF

CAl 7+1.6 9+2.0 13+1.4* 10+1.0

CA3 32428 32434 41+2.8* 32+1.4

CA4 22+2.0 23+3.2 33+2.7% 22+0.8

DG 39+4.2 43+45 46+4.3 46+4.0

Veh+nRW, Vehicle 4+ no running wheel; Esc+nRW, escitalopram +no running wheel; Veh +RW, vehicle + running wheel;
Esc+RW, escitalopram + running wheel. LCPu, Lateral caudate putamen; MCPu, medial caudate putamen; NAc shell, nucleus
accumbens shell; NAc core, nucleus accumbens core; CA1-4, fields of Ammon’s horn; DG, dentate gyrus.

Levels of dopamine D, receptor, prodynorphin, and proenkephalin mRNA in ventral and dorsal striatum and BDNF mRNA

in hippocampus (represented as optical densities) were quantified and are shown as mean nCi/g+s.e.m. FSL rats were
individually housed and divided into four subgroups receiving different treatments with eight animals per group.
*, ** Indicates mRNA differences between the Veh + nRW group and a treatment group (Esc +nRW, Veh+RW or Esc+RW).

*** Indicates differences between Esc +nRW vs. Esc+RW.

*p <0.05, ** p<0.01, ** p<0.05. Bold values highlight statistically significant results.

escitalopram could attenuate wheel running in a
similar way in the SD strain as in the FSL rats. The
striatum receives efferents from cerebral cortex, and
makes a loop via basal ganglia output nuclei and
thalamus, back to the cortex (Gerfen, 1992; Gerfen
et al., 1982). The “direct” striatonigral pathway con-
veys the output of striatum, which sends axons di-
rectly to substantia nigra, and the “indirect” pathway,
which via the globus pallidus and subthalamic nuclei
projects to the substantia nigra and internal pallidum.
Stimulation of D, receptors located on GABAergic
medium spiny neurons facilitates activity in the
striatonigral pathway, which generates release of
the inhibitory neurotransmitter GABA in target nuclei
(You et al., 1994) and thus disinhibits thalamacortical
activation (Albin et al., 1989). Interestingly, DA D,
receptor mRNA was decreased in NAc shell and
showed a trend to decrease in core and lateral caudate
putamen in animals administered escitalopram with

running-wheel access. Conceivably, a decrease in D,
receptor levels would lead to less activation in the
direct pathway. Since the direct pathway is important
for controlling locomotion it is possible that decreased
activity in this pathway could explain the decreased
running in FSL rats after escitalopram.

Differential responses in the PST by running and
escitalopram

Studies in human subjects have shown that phys-
ical exercise can attenuate depressive symptoms
(Blumenthal et al.,, 1999), and in some cases is
even more efficient in preventing depressive relapses
than antidepressive medication (Babyak et al., 2000).
We recently demonstrated that running decreases
immobility and thus has an antidepressant-like effect
in male ‘depressed’ FSL rats (Bjornebekk et al.,
2005). To further assess the antidepressive potency
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Figure 6. Quantitative computerized image analysis was
performed over the indicated areas. Analysis was performed
approximately at the level of Bregma —3.30 mm. CA1-4,
Fields of Ammon’s horn; DG, dentate gyrus.

of escitalopram, running, and the combination of the
two, we analysed swimming and climbing behaviour
in a modified version of the PST. Typically, SSRI-type
drugs enhance swimming (Caberlotto et al., 1999;
El Khoury et al., 2006; Jimenez-Vasquez et al., 2007),
whereas drugs that act upon norepinephrine trans-
mission enhance climbing (Detke et al., 1995).
Running-wheel access in rats on vehicle diet increased
climbing, whereas animals on escitalopram diet had
increased swimming but no change in climbing
behaviour. Thus, running appears to have a nor-
ephinephrine antidepressant-like response whereas
escitalopram with running-wheel access had a sero-
tonergic antidepressant-like response.

Escitalopram treatment alone did not significantly
increase swimming, which is at variance with earlier
reports on the effect of citalopram and other SSRI
compounds (El Khoury et al., 2006; Hemby et al., 1997;
Overstreet et al., 2004; Reneric and Lucki, 1998;
Sanchez et al., 2003). In fact, group-housed FSL
individuals from the same colony with a similar dose
of escitalopram indeed increased swimming in the
PST (El Khoury et al., 2006). Housing conditions
(Aberg et al., 2005; D’Arbe et al., 2002; Plaznik et al.,
1993) and gender (Bjornebekk et al., 2007a; Westen-
broek et al., 2004) are important factors that affect
the response in different experimental models. In
the present study, individually housed female rats on
escitalopram diet did not significantly increase the
swimming time in the PST. However, the addition
of a running wheel to the cage facilitated swimming
behaviour. FSL rats with escitalopram both from the
groups with and without running wheels increased in
body weight whereas the FSL rats on vehicle diet did
not. It is conceivable, although not very likely, that
weight alterations caused by the escitalopram diet is
a factor that contributes to the behaviour in the PST.
One reasonable interpretation of the data is that
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Figure 7. Brain-derived neurotrophic factor (BDNF) mRNA
expression in hippocampus in Flinders Sensitive Line (FSL)
rats with running-wheel access. (a) In-situ autoradiogram of
BDNF mRNA in hippocampus in FSL rats on vehicle diet
with or without running-wheel access (Veh +Nrw;
Veh+RW). Note the increased BDNF mRNA expression in
CA1, CA3 and CA4 in the group of runners. (b) Illustration of
correlations of BDNF mRNA levels in the CA3 region of
hippocampus to climbing behaviour in the Porsolt swim test
(r=0.40, p<0.05, n=32).

escitalopram treatment alone, at least at the dosage
given, was not sufficient to counteract both the genetic
loading and the environmental conditions that may
reinforce the depressed FSL phenotype. However,
effects of escitalopram on swimming behaviour in
individually housed FSL rats were manifested in rats
that had a running wheel in their cages. Since FSL rats
on escitalopram displayed only a minimal running
activity, it seems plausible that the effects of escitalo-
pram are not due to the running activity, but rather to
the enriched housing situation, which facilitated the
escitalopram effects. Thus, both the socially housed
female FSL rats (El Khoury et al., 2006), and the indi-
vidually housed FSL rats with enriched housing and
running wheel, respond to the same dose of esctitalo-
pram with increased swimming in the PST whereas
socially deprived non-enriched animals do not. This is
consistent with findings that the long-term outcome
for depressed patients is better for those treated with a



combination of antidepressant drugs and psycho-
therapy compared to drug alone (Frank et al., 2005;
Kupfer and Frank, 2001; Middleton et al., 2005).

The combined escitalopram running-wheel treatment
regulates DA D, receptor and proenkephalin mRNAs

In the present study, only the combination of escitalo-
pram and running-wheel access significantly in-
creased swimming behaviour in the PST. Likewise, the
combination of running-wheel and escitalopram
treatment decreased DA D, and proenkephalin mRNA
in NAc shell. The findings of decrease in proenke-
phalin in NAc after escitalopram confirm previous
investigations demonstrating that chronic diet
with different classes of antidepressants decreases
metenkephalin immunoreactivity in the NAc in rats
(Kurumaji et al., 1988), suggesting a possible contri-
bution of enkephalin decrease in NAc to the mechan-
ism of antidepressant action. However, others have
shown antidepressant-like effects of delta-opioid re-
ceptor agonists (Broom et al., 2002) and enkephalinase
inhibitors (Tejedor-Real et al.,, 1998). Interestingly,
animals lacking enkephalin do not show a depressive-
like phenotype in the PST or the tail suspension
test. Moreover, there is no difference in the efficacy
of antidepressant compounds in wild-type and
proenkephalin knockout mice, suggesting that enke-
phalin is not necessary to achieve an antidepressant-
like effect (Bilkei-Gorzo et al., 2007). Consequently,
in spite of some conflicting results, the present find-
ings of down-regulation of proenkephalin and the
down-regulation of metenkephalin immunoreactivity
in the NAc after different antidepressant compounds
suggest possible involvement of enkephalin in the
antidepressant-like effect of escitalopram.

As previously mentioned the combined treatment
was also associated with a decrease in DA D, receptor
mRNA levels in NAc shell. Previous investigations
have shown that different antidepressant compounds
differentially regulate mRNA levels of the D, receptor
(Dziedzicka-Wasylewska et al., 1997). The DA D,
receptor in striatum is essential for voluntary motor
activity and mediation of reward. Thus, the decrease
in D, receptor mRNA found in animals after escitalo-
pram diet with running-wheel access is probably more
involved in the regulation of motor activity than in the
antidepressant-like effect of escitalopram.

Running elevates prodynorphin mRNA levels

Expression of mRNA encoding the striatal neuropep-
tides proenkephalin, prodynorphin and substance P is
partly regulated by DA (Gerfen et al., 1991). In the
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present study prodynorphin mRNA was increased in
the medial caudate putamen after running. This is in
line with previous reports of prodynorphin mRNA
increases in the caudate putamen and striatum after
running and ingestion of drugs of abuse (Bjernebekk
et al., 2005; Hurd et al., 1992; Hurd and Herkenham,
1992; Werme et al., 2000). Stimulation of dynorphi-
nergic kappa receptors on presynaptic DA terminals
in NAc is suggested to decrease DA release and to
underlie a dysphoric mood state (Pfeiffer et al., 1986;
Pliakas et al., 2001). It is possible that the increased
dynorphin levels in the group of runners constitute a
mechanism to protect the animals from developing a
compulsive running behaviour.

A possible role of hippocampal BDNF in the
antidepressant-like effect of running

Trophic factors are suggested to have an important
role for adaptive changes and the trophic factor BDNF
is important for the development of learning, memory
and LTP in hippocampus (Poo, 2001; Taylor et al.,
1985). Chronic administration of variant classes of
antidepressant drugs, electroconvulsive seizures (ECS)
and physical exercise increase the expression of BDNF
and its receptor, trkB mRNA, in hippocampal regions
(Neeper et al., 1996; Nibuya et al., 1995), and BDNF is
implied to have a role in control of plastic changes
induced by antidepressant treatments (Duman, 2004).
However, the BDNF hypothesis of antidepressant
action has been questioned by a number of findings.
Chronic fluoxetine treatment increases (Nibuya et al.,
1996), decreases (Miro et al., 2002), or has no effect
(Conti et al., 2002; Dias et al., 2003) on BDNF mRNA
levels in hippocampus. In the present study, BDNF
mRNA was elevated in the CA1, CA3 and CA4 region
in FSL runners on the vehicle diet but not in the group
of animals on the escitalopram diet with a running-
wheel that was not used for running. In a previous
study we showed that hippocampal BDNF mRNA
levels were not increased in FSL rats with running-
wheel access (Bjornebekk et al., 2005). However, since
hippocampal BDNF mRNA levels are correlated to
running activity (Bjernebekk et al., 2005; Neeper et al.,
1996; Widenfalk et al., 1999) and the runners in the
present study had a higher running activity, the dis-
crepancy between the two studies can possibly be
explained by the fact that the FSL rats on vehicle in the
present study on average ran more. BDNF mRNAs
were positively correlated to climbing behaviour and
antidepressant drugs targeting norepinephrine trans-
mission increase climbing behaviour in the PST (Detke
etal., 1995), suggesting a possible role for BDNF in the
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antidepressant action of running via modulation
of norepinephrine transmission. Interestingly, nor-
epinephrine is increased in several brain regions
after chronic physical activity (Dishman et al., 2000;
Dunn et al., 1996). Moreover, a systematic lesion of the
norepinephrine system followed by 1 wk of voluntary
physical activity eliminates the exercise-induced
increase of hippocampal BDNF mRNA. Further, a
5-HT lesion does not alter exercise-induced BDNF in-
crease, which suggests that norepinephrine activation
is necessary for the enhancement of hippocampal
BDNF following exercise, and possible also for the
exercise-induced antidepressant-like climbing re-
sponse in the PST.

The absence of escitalopram-mediated BDNF
mRNA regulation in hippocampus confirms a pre-
vious study where escitalopram did not affect BDNF
mRNA levels, and decreased BDNF protein in hippo-
campus (Jacobsen and Mork, 2004). Thus, regulation
of BDNF levels does not seem to be necessary for the
antidepressant response of escitalopram. The hippo-
campus is both anatomically (Kelley and Domesick,
1982) and functionally connected to the NAc and brain
reward pathways. For instance, DA activity in NAc is
suggested to modulate input from prefrontal cortex
and hippocampus, which is important for goal-
directed and motivated behaviours (Grace et al., 2007).
Moreover, in rodents the hippocampus is essential for
the development-conditioned place preference to the
rewarding effects of cocaine (Meyers et al., 2003).
Thus, increased hippocampal levels of BDNF, which is
important for plasticity, after wheel running is also
likely modulate function of brain reward circuitry and
thereby also motivated behaviours.

Escitalopram affects weight

Decreased appetite and reduced body weight are
features frequently observed in depressed patients
according to DSM-IV criteria (APA, 1994) and in
“depressed’ FSL rats (Bjernebekk et al., 2007b). In the
present study, there was a substantial weight differ-
ence between age-matched FSL and SD rats, the latter
weighing about 30 % more. The findings of lower body
weight in FSL rats is in accordance with previous re-
ports in this strain (El Khoury et al., 2006; Overstreet,
1993; Overstreet et al,, 2005) and with weight re-
duction seen in the maternal separation model of de-
pression (Husum and Mathé, 2002 ; Penke et al., 2001).
In the present study FSL rats on vehicle diet and no
running-wheel access did not gain weight during the
course of the experiment. There was a tendency for
weight increase in the FSL running group on vehicle

diet, albeit not statistically significant. Animals re-
ceiving the escitalopram diet increased body weight
independently of the presence of the running wheel.
This is in line with the weight increase observed in
depressed patients following long-term treatment
with some SSRIs and is probably due to amelioration
of depressive symptoms. In contrast, in the SD strain
the weight gain was found in the group with vehicle
diet (Veh+RW).

Conclusion

This study demonstrates a novel behavioural strain-
specific effect of escitalopram; a selective attenuation
of running possibly mediated via a decrease in DA
D, receptor mRNA levels and less activation in the
‘direct’ striatonigral pathway. In addition, effects
of escitalopram in the PST were enhanced by the
presence of a running wheel in the cage, indicating
that environmental enrichment can increase the anti-
depressive effects of escitalopram. We have shown
specific effects of running, escitalopram and their
combination on DA, enkephalin and BDNF mRNAs in
brain reward pathways and hippocampus.

Acknowledgements

This work was supported by the Swedish Research
Council grants 11642 (S.B.) and 10414 (A.A.M.), the
National Institute on Drug Abuse, the National
Institute on Aging, the Karolinska Institute and the
Center for Gender Medicine at Karolinska Institutet.
We thank Dr Arne Merk (H. Lundbeck A/S
Copenhagen) for valuable comments, as well as for
help in establishing the escitalopram in food pellet
treatment procedure and the measurement of escitalo-
pram in serum.

Statement of Interest

None.

References

Aberg E, Pham TM, Zwart M, Baumans V, Brené S (2005).
Intermittent individual housing increases survival of
newly proliferated cells. Neuroreport 16, 1419-1422.

Albin RL, Young AB, Penney JB (1989). The functional
anatomy of basal ganglia disorders. Trends in Neuroscience
12, 366-375.

Altar CA (1999). Neurotrophins and depression. Trends in
Pharmacological Science 20, 59-61.

Altemus M, Glowa JR, Galliven E, Leong YM,

Murphy DL (1996). Effects of serotonergic agents on



food-restriction-induced hyperactivity. Pharmacology
Biochemistry and Behavior 53, 123-131.

Angelucci F, Brené S, Mathé AA (2005). BDNF in
schizophrenia, depression and corresponding animal
models. Molecular Psychiatry 10, 345-352.

APA (1994). Diagnostic and Statistical Manual of Mental
Disorders, 4th edn (DSM-1V). Washington, DC: American
Psychiatric Association.

Babyak M, Blumenthal JA, Herman S, Khatri P,
Doraiswamy M, Moore K, Craighead WE, Baldewicz TT,
Krishnan KR (2000). Exercise treatment for major
depression: maintenance of therapeutic benefit at 10
months. Psychosomatic Medicine 62, 633-638.

Bilkei-Gorzo A, Michel K, Noble F, Roques BP, Zimmer A
(2007). Preproenkephalin knockout mice show no
depression-related phenotype. Neuropsychopharmacology
32,2330-2337.

Bjerklund A, Lindvall O (1984). Catecholaminergic brain
stem regulatory systems. In: Bjorklund A, Hokfelt T (Eds),
Catecholaminergic Brain Stem Regulatory Systems (pp.
55-122). New York: Elsevier.

Bjornebekk A, Gruber SHM, Mathé AA, Brené S (2007a).
Social isolation increases number of newly proliferated
cells in hippocampus in female Flinders Sensitive Line rats.
Hippocampus 17, 1193-2000.

Bjornebekk A, Mathé AA, Brené S (2005). The
antidepressant effect of running is associated with
increased hippocampal cell proliferation. International
Journal of Neuropsychopharmacology 8, 357-368.

Bjornebekk A, Mathé AA, Brené S (2006). Running has
differential effects on NPY, opiates, and cell proliferation in
an animal model of depression and controls.
Neuropsychopharmacology 31, 256-264.

Bjornebekk A, Mathé AA, Brené S (2007b). Isolated Flinders
Sensitive Line rats have decreased dopamine D2 receptor
mRNA. Neuroreport 18, 1039-1043.

Blumenthal JA, Sherwood A, Babyak M, Thurston R,
Tweedy D, Georgiades A, Gullette EC, Khatri P,

Steffan P, Waugh R, Light K, Hinderliter A (1999).
Mental stress and coronary disease. The
Smart-Heart Study. North Carolina Medical Journal 60,
95-99.

Brené S, Bjernebekk A, Aberg E, Mathé AA, Olson L,
Werme M (2007). Running is rewarding and
antidepressive. Physiology & Behavior 92, 136-140.

Broom DC, Jutkiewicz EM, Folk JE, Traynor JR, Rice KC,
Woods JH (2002). Nonpeptidic delta-opioid receptor
agonists reduce immobility in the forced swim assay in
rats. Neuropsychopharmacology 26, 744-755.

Caberlotto L, Jimenez P, Overstreet DH, Hurd YL, Mathe
AA, Fuxe K (1999). Alterations in neuropeptide Y levels
and Y1 binding sites in the Flinders Sensitive Line rats, a
genetic animal model of depression. Neuroscience Letters
265, 191-194.

Chiwakata C, Brackmann B, Hunt N, Davidoff M, Schulze
W, Ivell R (1991). Tachykinin (substance-P) gene
expression in Leydig cells of the human and mouse testis.
Endocrinology 128, 2441-2448.

Housing modulates antidepressant-like effects 11

Conti AC, Cryan JF, Dalvi A, Lucki I, Blendy JA (2002).
cAMP response element-binding protein is essential for the
upregulation of brain-derived neurotrophic factor
transcription, but not the behavioral or endocrine
responses to antidepressant drugs. Journal of Neuroscience
22, 3262-3268.

Cryan JF, Page ME, Lucki I (2005). Differential behavioral
effects of the antidepressants reboxetine, fluoxetine, and
moclobemide in a modified forced swim test following
chronic treatment. Psychopharmacology (Berlin) 182,
335-344.

D’Arbe M, Einstein R, Lavidis NA (2002). Stressful animal
housing conditions and their potential effect on
sympathetic neurotransmission in mice. American Journal of
Physiology — Regulatory, Integrative and Comparative
Physiology 282, R1422-1428.

Detke MJ, Rickels M, Lucki I (1995). Active behaviors in the
rat forced swimming test differentially produced by
serotonergic and noradrenergic antidepressants.
Psychopharmacology (Berlin) 121, 66-72.

Di Chiara G, Imperato A (1988). Opposite effects of mu and
kappa opiate agonists on dopamine release in the nucleus
accumbens and in the dorsal caudate of freely moving rats.
Journal of Pharmacology and Experimental Therapeutics 244,
1067-1080.

Dias BG, Banerjee SB, Duman RS, Vaidya VA (2003).
Differential regulation of brain derived neurotrophic factor
transcripts by antidepressant treatments in the adult rat
brain. Neuropharmacology 45, 553-563.

Dishman RK, Renner K], White-Welkley JE, Burke KA,
Bunnell BN (2000). Treadmill exercise training augments
brain norepinephrine response to familiar and novel stress.
Brain Research Bulletin 52, 337-342.

Douglass J, McMurray CT, Garrett JE, Adelman JP,
Calavetta L (1989). Characterization of the rat
prodynorphin gene. Molecular Endocrinology 3, 2070-2078.

Dremencov E, Newman ME, Kinor N, Blatman-Jan G,
Schindler CJ, Overstreet DH, Yadid G (2005).
Hyperfunctionality of serotonin-2C receptor-mediated
inhibition of accumbal dopamine release in an animal
model of depression is reversed by antidepressant
treatment. Neuropharmacology 48, 34—42.

Duman RS (2004). Role of neurotrophic factors in the
etiology and treatment of mood disorders. Neuromolecular
Medicine 5, 11-25.

Dunn AL, Reigle TG, Youngstedt SD, Armstrong RB,
Dishman RK (1996). Brain norepinephrine and
metabolites after treadmill training and wheel
running in rats. Medicine & Science in Sports & Exercise
28, 204-209.

Dziedzicka-Wasylewska M, Rogoz R, Klimek V, Maj J
(1997). Repeated administration of antidepressant drugs
affects the levels of mRNA coding for D1 and D2 dopamine
receptors in the rat brain. Journal of Neural Transmission
104, 515-524.

El Khoury A, Gruber SH, Mork A, Mathé AA (2006). Adult
life behavioral consequences of early maternal separation
are alleviated by escitalopram treatment in a rat model of



12 A. Bjornebekk et al.

depression. Progress in Neuropsychopharmacology and
Biological Psychiatry 30, 535-540.

Engesser-Cesar C, Anderson AJ, Cotman CW (2007). Wheel
running and fluoxetine antidepressant treatment have
differential effects in the hippocampus and the spinal cord.
Neuroscience 144, 1033-1044.

Frank E, Novick D, Kupfer DJ (2005). Antidepressants and
psychotherapy: a clinical research review. Dialogues in
Clinical Neuroscience 7, 263-272.

Gerfen CR (1992). The neostriatal mosaic: multiple levels of
compartmental organization. Journal of Neural Transmission
(Suppl.) 36, 43-59.

Gerfen CR, McGinty JF, Young 3rd WS (1991). Dopamine
differentially regulates dynorphin, substance P, and
enkephalin expression in striatal neurons: in situ
hybridization histochemical analysis. Journal of
Neuroscience 11, 1016-1031.

Gerfen CR, Staines WA, Arbuthnott GW, Fibiger HC (1982).
Crossed connections of the substantia nigra in the rat.
Journal of Comparative Neurology 207, 283-303.

Grace AA, Floresco SB, Goto Y, Lodge DJ (2007). Regulation
of firing of dopaminergic neurons and control of goal-
directed behaviors. Trends in Neuroscience 30, 220-227.

Guiramand J, Montmayeur JP, Ceraline J, Bhatia M, Borrelli
E (1995). Alternative splicing of the dopamine D2 receptor
directs specificity of coupling to G-proteins. Journal of
Biological Chemistry 270, 7354-7358.

Hemby SE, Lucki I, Gatto G, Singh A, Thornley C, Matasi J,
Kong N, Smith JE, Davies HM, Dworkin SI (1997).
Potential antidepressant effects of novel tropane
compounds, selective for serotonin or dopamine
transporters. Journal of Pharmacology and Experimental
Therapeutics 282, 727-733.

Hurd YL, Brown EE, Finlay JM, Fibiger HC, Gerfen CR
(1992). Cocaine self-administration differentially alters
mRNA expression of striatal peptides. Brain Research.
Molecular Brain Research 13, 165-170.

Hurd YL, Herkenham M (1992). Influence of a single
injection of cocaine, amphetamine or GBR 12909 on mRNA
expression of striatal neuropeptides. Brain Research.
Molecular Brain Research 16, 97-104.

Husum H, Mathé AA (2002). Early life stress changes
concentrations of neuropeptide Y and corticotropin-
releasing hormone in adult rat brain. Lithium treatment
modifies these changes. Neuropsychopharmacology 27,
756-764.

Jacobsen JP, Mork A (2004). The effect of escitalopram,
desipramine, electroconvulsive seizures and lithium on
brain-derived neurotrophic factor mRNA and protein
expression in the rat brain and the correlation to 5-HT and
5-HIAA levels. Brain Research 1024, 183-192.

Jimenez-Vasquez PA, Diaz-Cabiale Z, Caberlotto L, Bellido
I, Overstreet D, Fuxe K, Mathe AA (2007).
Electroconvulsive stimuli selectively affect behavior and
neuropeptide Y (NPY) and NPY Y(1) receptor gene
expressions in hippocampus and hypothalamus of
Flinders Sensitive Line rat model of depression. European
Neuropsychopharmacology 17, 298-308.

Kelley AE, Domesick VB (1982). The distribution of the
projection from the hippocampal formation to the
nucleus accumbens in the rat: an anterograde-
retrograde-horseradish peroxidase study. Neuroscience
7,2321-2335.

Kupfer DJ, Frank E (2001). The interaction of drug- and
psychotherapy in the long-term treatment of depression.
Journal of Affective Disorders 62, 131-137.

Kurumaji A, Mitsushio H, Takashima M (1988). Chronic
dietary treatment with antidepressants decrease brain
Met-enkephalin-like immunoreactivity in the rat.
Psychopharmacology (Berlin) 94, 188-192.

Larhammar D, Ericsson A, Persson H (1987). Structure and
expression of the rat neuropeptide Y gene. Proceedings of the
National Academy of Sciences USA 84, 2068-2072.

Leibrock J, Lottspeich F, Hohn A, Hofer M, Hengerer B,
Masiakowski P, Thoenen H, Barde YA (1989). Molecular
cloning and expression of brain-derived neurotrophic
factor. Nature 341, 149-152.

Martinsen EW, Medhus A, Sandvik L (1985). Effects of
aerobic exercise on depression: a controlled study. British
Medical Journal (Clinical Research Edition) 291, 109.

Meyers RA, Zavala AR, Neisewander JL (2003). Dorsal, but
not ventral, hippocampal lesions disrupt cocaine place
conditioning. Neuroreport 14, 2127-2131.

Middleton H, Shaw I, Hull S, Feder G (2005). NICE
guidelines for the management of depression. British
Medical Journal 330, 267-268.

Miro X, Perez-Torres S, Artigas F, Puigdomenech P,
Palacios JM, Mengod G (2002). Regulation of cAMP
phosphodiesterase mRNAs expression in rat brain by
acute and chronic fluoxetine treatment. An in situ
hybridization study. Neuropharmacology 43, 1148-1157.

Neeper SA, Gomez-Pinilla F, Choi J, Cotman CW (1996).
Physical activity increases mRNA for brain-derived
neurotrophic factor and nerve growth factor in rat brain.
Brain Research 726, 49-56.

Nestler EJ, Barrot M, DiLeone R]J, Eisch AJ, Gold SJ,
Monteggia LM (2002). Neurobiology of depression.
Neuron 34, 13-25.

Nibuya M, Morinobu S, Duman RS (1995). Regulation of
BDNF and trkB mRNA in rat brain by chronic
electroconvulsive seizure and antidepressant drug
treatments. Journal of Neuroscience 15, 7539-7547.

Nibuya M, Nestler EJ, Duman RS (1996). Chronic
antidepressant administration increases the
expression of cAMP response element binding protein
(CREB) in rat hippocampus. Journal of Neuroscience 16,
2365-2372.

Overstreet DH (1993). The Flinders sensitive line rats: a
genetic animal model of depression. Neuroscience &
Biobehavioral Reviews 17, 51-68.

Overstreet DH, Friedman E, Mathe AA, Yadid G (2005). The
Flinders Sensitive Line rat: a selectively bred putative
animal model of depression. Neuroscience & Biobehavioral
Reviews 29, 739-759.

Overstreet DH, Keeney A, Hogg S (2004). Antidepressant
effects of citalopram and CRF receptor antagonist



CP-154,526 in a rat model of depression. European Journal
of Pharmacology 492, 195-201.

Overstreet DH, Russell RW (1982). Selective breeding for
diisopropyl fluorophosphate-sensitivity : behavioural
effects of cholinergic agonists and antagonists.
Psychopharmacology (Berlin) 78, 150-155.

Penke Z, Felszeghy K, Fernette B, Sage D, Nyakas C,
Burlet A (2001). Postnatal maternal deprivation produces
long-lasting modifications of the stress response, feeding
and stress-related behaviour in the rat. Euopean Journal of
Neuroscience 14, 747-755.

Pfeiffer A, Brantl V, Herz A, Emrich HM (1986).
Psychotomimesis mediated by kappa opiate receptors.
Science 233, 774-776.

Plaznik A, Palejko W, Stefanski R, Kostowski W (1993).
Open field behavior of rats reared in different social
conditions: the effects of stress and imipramine. Polish
Journal of Pharmacology 45, 243-252.

Pliakas AM, Carlson RR, Neve RL, Konradi C, Nestler EJ,
Carlezon Jr. WA (2001). Altered responsiveness to cocaine
and increased immobility in the forced swim test
associated with elevated cAMP response element-binding
protein expression in nucleus accumbens. Journal of
Neuroscience 21, 7397-7403.

Poo MM (2001). Neurotrophins as synaptic modulators.
Nature Reviews Neuroscience 2, 24-32.

Pritchett DB, Bach AW, Wozny M, Taleb O, Dal Toso R,
Shih JC, Seeburg PH (1988). Structure and functional
expression of cloned rat serotonin 5HT-2 receptor. EMBO
Journal 7, 4135-4140.

Pucilowski O, Overstreet DH, Rezvani AH, Janowsky DS
(1993). Chronic mild stress-induced anhedonia: greater
effect in a genetic rat model of depression. Physiology &
Behavior 54, 1215-1220.

Reneric JP, Lucki I (1998). Antidepressant behavioral effects
by dual inhibition of monoamine reuptake in the rat forced
swimming test. Psychopharmacology (Berlin) 136, 190-197.

Sanchez C, Bergqvist PB, Brennum LT, Gupta S, Hogg S,
Larsen A, Wiborg O (2003). Escitalopram, the S-(+)-
enantiomer of citalopram, is a selective serotonin reuptake
inhibitor with potent effects in animal models predictive of
antidepressant and anxiolytic activities.
Psychopharmacology (Berlin) 167, 353-362.

Taylor CB, Sallis JF, Needle R (1985). The relation of physical
activity and exercise to mental health. Public Health Reports
100, 195-202.

Housing modulates antidepressant-like effects 13

Tejedor-Real P, Mico JA, Smadja C, Maldonado R,

Roques BP, Gilbert-Rahola J (1998). Involvement of
delta-opioid receptors in the effects induced by
endogenous enkephalins on learned helplessness model.
European Journal of Pharmacology 354, 1-7.

Ungerstedt U (1971). Stereotaxic mapping of the monoamine
pathways in the rat brain. Acta Physiologica Scandinavica
(Suppl.) 367, 1-48.

Werme M, Thoren P, Olson L, Brene S (1999). Addiction-
prone Lewis but not Fischer rats develop compulsive
running that coincides with downregulation of nerve
growth factor inducible-B and neuron-derived orphan
receptor 1. Journal of Neuroscience 19, 6169-6174.

Werme M, Thoren P, Olson L, Brene S (2000). Running and
cocaine both upregulate dynorphin mRNA in medial
caudate putamen. European Journal of Neuroscience 12,
2967-2974.

Westenbroek C, Den Boer JA, Veenhuis M, Ter Horst G]J
(2004). Chronic stress and social housing differentially
affect neurogenesis in male and female rats. Brain Research
Bulletin 64, 303-308.

Widenfalk J, Olson L, Thoren P (1999). Deprived of habitual
running, rats downregulate BDNF and TrkB messages in
the brain. Neuroscience Research 34, 125-132.

Wilkie TM, Chen Y, Gilbert DJ, Moore KJ, Yu L, Simon MI,
Copeland NG, Jenkins NA (1993). Identification,
chromosomal location, and genome organization of
mammalian G-protein-coupled receptors. Genomics 18,
175-184.

Wong ML, Licinio J (2001). Research and treatment
approaches to depression. Nature Reviews Neuroscience 2,
343-351.

You ZB, Herrera-Marschitz M, Nylander I, Goiny M,
O’Connor WT, Ungerstedt U, Terenius L (1994).

The striatonigral dynorphin pathway of the rat
studied with in vivo microdialysis — II. Effects of
dopamine D1 and D2 receptor agonists. Neuroscience
63, 427-434.

Zangen A, Nakash R, Overstreet DH, Yadid G (2001).
Association between depressive behavior and absence of
serotonin-dopamine interaction in the nucleus accumbens.
Psychopharmacology (Berlin) 155, 434—439.

Zurawski G, Benedik M, Kamb BJ, Abrams JS, Zurawski
SM, Lee FD (1986). Activation of mouse T-helper cells
induces abundant preproenkephalin mRNA synthesis.
Science 232, 772-775.



