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Abstract—Human studies have shown that a reduction of 5-HT
transporter (SERT) increases the vulnerability for anxiety and
depression. Moreover, women are more vulnerable to develop
depression and anxiety disorders than men. For that reason we
hypothesized that homozygous 5-HT transporter knockout
rat (SERT™'~) models, especially female, are valuable and
reliable animal models for humans with an increased vulner-
ability for anxiety- and depression-related disorders. As rats
are extensively used in neuroscience research, we used the
unique 5-HT transporter knockout rat, that was recently gen-
erated using N-ethyl-N-nitrosurea (ENU) -driven mutagene-
sis, to test this hypothesis. Behavioral testing revealed that
male and female SERT '~ rats spent less time in the center of
the open field and spent less time on the open arm of the
elevated plus maze compared with wild-type 5-HT transporter
knockout rats (SERT*'*). In the novelty suppressed feeding
test, only male SERT '~ rats showed a higher latency before
starting to eat in a bright novel arena compared with SERT*/*+
controls. Both male and female SERT~'~ rats showed a
higher escape latency from their home cage than SERT*'*+
littermates. Moreover, SERT~/~ rats were less mobile in the
forced swim test, and sucrose consumption was reduced in
SERT™'~ rats relative to SERT*'* rats. Both effects were
sex-independent. Neurochemically, basal extracellular 5-HT
levels were elevated to a similar extent in male and female
SERT '~ rats, which was not influenced by the selective 5-HT
reuptake inhibitor citalopram. 5-HT immunostaining revealed
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no difference between SERT*/* and SERT '~ rats in the dor-
sal raphe nuclei, in both males and females. These findings
demonstrate that SERT '~ rats show anxiety and depression-
related behavior, independent of sex. Genetic inactivation of
the SERT has apparently such a great impact on behavior,
that hardly any differences are found between male and fe-
male rats. This knockout rat model may provide a valuable
model to study anxiety- and depression-related disorders in
male and female rats. © 2008 IBRO. Published by Elsevier
Ltd. All rights reserved.

Key words: 5-HT transporter, knockout rat, anxiety, depres-
sion, sex.

5-HT is a key modulatory neurotransmitter and has been
implicated in the pathophysiology and treatment of anxiety
and mood disorders (Neumeister et al., 2002). It is widely
accepted that disturbances in the 5-HT system are in-
volved in the onset of depression (reviewed in Jans et al.,
2007b). Several alterations in the 5-HT system have been
reported in depression, including decreased plasma tryp-
tophan levels (Coppen et al., 1973; Cowen et al., 1989)
and decreased levels of 5-hydroxyindoleacetic acid (5-
HIAA; metabolite of 5-HT) in cerebrospinal fluid (CSF)
(Asberg et al., 1976a,b; Owens and Nemeroff, 1998), sug-
gesting decreased 5-HT metabolism in the CNS. More-
over, brain imaging studies have reported a reduction in
5-HT, o receptor binding, which failed to normalize after
treatment for depression (Drevets et al., 1999; Sargent et
al., 2000). The extracellular level of 5-HT is primarily reg-
ulated by the 5-HT transporter (Slc6a4; SERT), which
reuptakes 5-HT from the extracellular space into the pre-
synaptic neuron where it can be degraded or retained for
future release (Blakely et al., 1991; Murphy et al., 1998).
Due to this important role, it is not surprising that genetic
alterations in the SERT are associated with multiple neu-
ropsychiatric disorders (Murphy et al., 1999; Gingrich and
Hen, 2001; Holmes et al., 2003b). For example, the human
SERT gene transcription is modulated by a common poly-
morphism in its upstream regulatory region. Studies in
reporter gene constructs and in human lymphoblastic cell
lines found that the short variant of the polymorphism
(HTTLPR s) reduces the transcriptional efficiency of the
SERT gene (Lesch et al., 1996; Heils et al., 1996, 1997).
Moreover, the long variant was associated with more rapid
initial platelet 5-HT uptake (Greenberg et al., 1999). How-
ever, the HTTLPR genotype was not related to the level of
SERT binding by autoradiography in the prefrontal cortex
(Mann et al., 2000). It was even showed by van Dyck et al.
(2004) that the SERT availability in the short-short ho-
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mozygotes was greater compared with long-short het-
erozygotes, in young aged subjects. Several 5-HTTLPR
genetic studies have shown a linkage between the short
variant and psychiatric conditions. For example carriers of
the short version display significantly higher scores in neu-
rotism, an anxiety-related personality trait, and exhibit
more depressive symptoms, diagnosable depression, and
suicidality in relation to stressful events compared with
individuals with the long version (Mann et al., 2000; Caspi
et al., 2003; Schmitz et al., 2007; Dick et al., 2007; Canli
and Lesch, 2007), although not every study has reached
the same conclusions in this respect (e.g. Lang et al.
(2004)).

Women experience depression about twice as often as
men (Gorman, 2006), and several possible explanations
for this phenomenon have been proposed, some of which
are directly or indirectly related to 5-HT neurotransmission.
In human, women have significantly higher concentrations
of both 5-HIAA and HVA (homovanillic acid) in their CSF
than men (Agren et al., 1986), however this provides no
direct measure of 5-HT synthesis in the brain. In vivo
measurements of 5-HT synthesis in the brain by positron
emission tomography showed that whole brain rates of
5-HT synthesis is lower in women than in men (Nishizawa
et al., 1997). Women also have lower SERT binding in the
prefrontal cortex than men (Mann et al., 2000). Moreover,
depressed women show a substantial decrease of SERT
availability, while hardly any decrease in depressed men
was reported (Staley et al., 2006). In view of these data, we
hypothesized that rats lacking the SERT show increased
vulnerability for anxiety- and depression-related behaviors,
and that females are more vulnerable to develop anxiety-
and depression-related behaviors after the SERT deletion
than males.

Because numerous pharmacological and physiological
studies on anxiety and depression have been done in rats,
we recently generated a homozygous 5-HT transporter
knockout rat (SERT /") by N-ethyl-N-nitrosurea (ENU)
-driven target-selected mutagenesis (Smits et al., 2004,
2006). This rat has a pre-mature stop-codon (TGC>TGA)
introduced at position 3924 in the third exon encoding the
second extracellular loop of the transporter protein. Northern
blot analyses have revealed that the transversion from a C to
an A results in a nonsense-mediated decay of the mutant
SERT transcript. At a functional level, d-fenfluramine, a 5-HT
releaser, and flesinoxan, a full 5-HT, , agonist, are unable to
elicit hypothermia in SERT '~ rats (Homberg et al., 2007);
Olivier et al., unpublished observations). Moreover, [*H]cita-
lopram (selective 5-HT reuptake inhibitor (SSRI)) binding to
brain slices is completely absent in SERT /" rats (Homberg
et al,, 2007).

Using this novel model, we here examined anxiety-
related behaviors in several tests, including the open field
test (Prut and Belzung, 2003), elevated plus maze test
(Hogg, 1996), novelty suppressed feeding test (Bodnoff et
al., 1988) and the home cage emergence task (Prickaerts
et al., 1996). In addition, the knockout rats were tested in
two depression-related tests, namely the sucrose con-
sumption test (anhedonia) (Orsetti et al., 2007), and the

forced swim test (Porsolt et al., 1977). Male and female
SERT™/~ and wild-type 5-HT transporter knockout
(SERT™'™) rats were tested to investigate genotype and
sex differences in performance in these tasks. Moreover,
we assessed the structure of the dorsal raphe nuclei
(DRN) in male and female SERT/~ and SERT"/" rats.
Mood and emotion are modulated by the serotonergic
midbrain raphe system, which seems to be involved in the
pathogenesis of psychiatric disorders like those of the
affective spectrum (Gurwitz, 2000). Serotonergic neurons
within the DRN give rise to serotonergic projections to
forebrain systems involved in anxiety-related behavioral
responses, such as the amygdala (Steinbusch, 1984;
Maier et al., 1993; Graeff et al., 1996). Given these distri-
butions and the knowledge that dysfunction of 5-HT neu-
rons has been implicated in a wide variety of diseases, it is
interesting to study whether SERT/~ and SERT*'* rats
show differences in the number serotonergic neurons in
this brain structure. Finally, we examined extracellular
5-HT levels in the hippocampus to explore how the genetic
inactivation of the SERT affects extracellular 5-HT levels in
male and female SERT/~ rats, and studied the effect of
the SSRI, citalopram on these levels.

EXPERIMENTAL PROCEDURES
Subjects

SERT knockout rats (Slc6a4'H ") were generated by ENU-induced
mutagenesis (Smits et al., 2004, 2006). All subjects were generated,
bred and reared in the Central Animal Laboratory of the Radboud
University of Nijmegen. Experimental animals were derived from
crossing heterozygous 5-HT transporter knockout (SERT™/™) rats
that were outcrossed for four or five generations. In all experiments,
male and female SERT"'* and SERT /" littermates were com-
pared. After weaning at the age of 21 days, ear cuts were taken for
genotyping. All animals were housed two or three per cage in stan-
dard Macrolon® type 3 cages (42x26x20 cm, Nijmegen, Gelder-
land, The Netherlands) in temperature-controlled rooms
(21 °C=1 °C) with standard 12-h light/dark cycle (lights on at 7:00
A.M.) and food (Sniff, long cut pellet, Bio Services, Uden, The
Netherlands) and water available ad libitum. Seven groups of
animals were used; the order of experiments was as follows:
group 1: sucrose consumption-+open field (3—4 months old, open
field was performed 2 days after the sucrose consumption exper-
iments ended); group 2: elevated plus maze (3-5 months old);
group 3: novelty suppressed feeding (4—6 months old); group 4:
microdialysis (2—2.5 months old); group 5: 5-HT immunohisto-
chemistry (males 8—10 months old, females 3—-4 months old);
group 6: home cage emergence task (3—4 months old) and group
7: forced swim test (3—4 months old). The experiments were
performed between 9:00 A.M. and 17:00 P.M. All experiments
were approved by the Radboud University Nijmegen, according to
the Dutch legal ethical guidelines. Experiments were designed to
minimize the number of required animals and their suffering.

Anxiety-related tests

Open field. Twenty-four male (n=12 SERT*'* and 12
SERT /") and 24 female rats (n=12 SERT*/* and 12 SERT /")
were isolated 24 h before testing. The open field test was con-
ducted as reported in Jans et al. (2007a). In short, the open field
is a square arena (100X 10040 cm), with an open top, dark walls
(wood) and a dark floor (polyvinylchloride). The arena was subdi-
vided in ‘corner’ (four squares each 1616 cm), ‘wall’ (four rect-
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angles each 16X64 cm) and ‘center’ (one square 64X64 cm)
zones. Testing was carried out in dimmed white light. A camera
was installed above the center of the field. Inmediately after a rat
was placed in the corner of the open field, the movements and
position of the animals were recorded and registered automati-
cally by a computerized system (EthoVision, Noldus Equipment,
The Netherlands). Reported are the time (s) spent in the center of
the open field and the total distance moved (cm). Testing was
carried out on a 5-min trial. The floor of the open field was cleaned
with 70% ethanol solution between trials to prevent transmission
of olfactory cues.

Elevated plus maze. Twenty-four male (n=12 SERT*/*
and 12 SERT /") and 20 female rats (n=10 SERT"’* and 10
SERT /) were isolated 24 h before testing. The test was per-
formed as described by de Jong et al. (2006). The apparatus was
made of polyvinylchloride. It was elevated to a height of 50 cm with
two open (50x10 cm) and two enclosed arms (50x10x40 cm)
arranged such that the arms of the same type were opposite to
each other. The illumination intensity measured in the open arms
was 2.5 lux, and in the closed arm 0.2 lux. Rats were placed in the
center of the maze, facing one of the open arms, for a free
exploration period of 5 min. The movements and position of the
animals were recorded and registered automatically by a comput-
erized system (Plus Maze®, Nijmegen, The Netherlands). Results
were expressed as the mean of time spent (s) in open arms, the
mean time spent in closed arms, and the distance moved (cm) in
both open and closed arms.

Novelty suppressed feeding. The novelty suppressed feed-
ing test was performed as described by Lira et al. (2003). Twenty-
two male (n=11 SERT*'* and 11 SERT /") and 20 female rats
(n=10 SERT** and 10 SERT /") were isolated and food de-
prived. After 24 h of food deprivation (water available ad libitum),
rats were placed in a brightly lit (60 W incandescent bulb 1.2 m
above the arena) open arena (50x50 cm) containing clean wood
chip bedding. A round white filter paper, with a radius of 6.25 cm,
was placed in the center of the arena, and one home cage food
pellet weighing approximately 2 g was placed on the paper. Rats
were removed from their home cage, and then placed in one
corner of the arena. The latency (s) to begin a feeding episode
was recorded (maximum time was 600 s). Bodyweight (g) of the
rats was measured before the 24 h of food deprivation.

Home cage emergence task. Twenty-four male (n=12
SERT** and 12 SERT /") and 24 female rats (=12 SERT*/*
and 12 SERT /") were housed socially (two per cage). The test
was performed as described by Prickaerts et al. (1996). In short,
the home cage was placed in an arena and the lid of the home
cage was removed. During testing, the cage mate was placed in
another cage for the duration of the trial. A grid was placed over
the edge of the cage to make it easier for the rats to leave the
home cage. Testing was carried out during the night period with
red light. A stopwatch was used to measure the latency (s) to
leave the cage. The latency of the rat to climb out of its cage into
the arena was measured. The trial ended when all four paws of the
rat were over the edge of the cage. If the rat did not emerge from
its home cage within 600 s, the trial was ended, the home cage
was closed again and the rat was given a score of 600 s.

Depression-related tests

Sucrose consumption. The procedure was performed as
described by van der Kam (2006). Twenty-four male (n=12
SERT** and 12 SERT /") and 24 female rats (=12 SERT*/*
and 12 SERT /™) were housed individually and habituated to the
two-bottle paradigm by offering them water in two plastic drinking
cylinders on top of the cage, one on each side, for a total of 5 days.
Immediately after this 5 day period, the two bottles, free-choice,
24 h sucrose vs. water paradigm started. In short, animals were

presented either with water in both bottles or, on alternating days,
with water and increasing sucrose percentages (2% to 10%).
Bottles were switched on sucrose days to prevent spatial bias.
Fluid consumption (g) and bodyweight (g) were measured daily
and used to calculate two measurements, namely the preference
of sucrose above water (sucrose intake in ml divided by total
intake X 100%) and the intake in grams of a 100% sucrose solution
per kg bodyweight (intake in ml corrected for the voluminal weight
of sucrose and recalculated toward a 100% solution divided by
bodyweight in kg).

Forced swim test. Forty male (n=20 SERT*'* and 20
SERT /") and 36 female rats (n=17 SERT™'* and 19 SERT /")
were isolated 24 h before testing. The forced swim test was
conducted as reported in Porsolt et al. (1977). In short, cylindrical
glass tanks (50 cm tallX18 cm diameter), filled to a depth of 30 cm
with 22 (=1) °C water, were used in the forced swimming test.
Testing consisted of two phases, the induction phase and the test
phase. During the induction phase animals were placed in the
water for 15 min. After 24 h the rats are placed in the same tanks
for 5 min. The movements of the rats were videotaped for off-line
measurement of the duration of immobility (s). The behavioral
variable ‘immobility’ was defined as follows: making no movements
for at least 2 s or making only those movements that were necessary
to keep the nose above the water. The rats were allowed to slightly
move their forepaws or support themselves by pressing their paws
against the wall of the cylinder. Active climbing, diving and swimming
along the wall were scored as mobility (s).

Microdialysis

For the microdialysis studies 10 male (n=5 SERT*'* and 5
SERT /") and 12 female rats (n=6 SERT™'* and 6 SERT /")
were used. Microdialysis was performed as described by
Homberg et al. (2007).

Surgery and microdialysis. Rats were anesthetized using
isoflurane (2.5%, 400 ml/min N,O, 600 mi/min O,). Lidocaine
(10% m/v) was used for local anesthesia. The animals were fixed
in a stereotaxic frame (Kopf Instruments, USA) and I-shaped
probes (dialyzable surface 4 mm, hospital AN 69, Brainlink, The
Netherlands) were inserted into the ventral hippocampus accord-
ing to the following coordinates: bregma —5.3 mm, lateral to
midline +4.8 mm and ventral to dura —8.0 mm (for detailed
description see Cremers et al. (2004)) and then secured with
dental cement and screws. Experiments were performed 24—48 h
after surgery. On the day of the experiment, animals were con-
nected with a flexible PEEK tubing to a microperfusion pump
(CMA 102, Microdialysis AB, Sweden) and perfused with an arti-
ficial CSF, comprising 147 mM NacCl, 3.0 mM KCl, 1.2 mM CaCl,,
and 1.2 mM MgCl, at a flow rate of 1.5 ul/min. Fifteen minute
microdialysis samples were collected in HPLC vials containing
7.5 pl of 0.02 M formic acid and kept at —80 °C until analyzed.
Baseline samples were taken after a habituation of 150 min, for 75
min (six samples).

Drug administration.  Citalopram HBr was dissolved in sa-
line. Drugs were separately injected s.c. with a volume of 1 ml/kg.
Citalopram was injected at a dose of 3 mg/kg directly after base-
line measurements.

5-HT analysis. Samples of 20 ul microdialysate were in-
jected via an autoinjector (Gilson 231, France) onto a
100%2.0 mm C18 Hypersil 3 um diameter column (Bester, Am-
stelveen, The Netherlands) and separated using a mobile phase
consisting of 4.2 g/l sodium acetate, 500 mg/l EDTA, 50 mg/I
heptane sulfonic acid, 4% methanol v/v, and 30 wul/l of triethyl-
amine, pH was set at 4.75 at a flow rate of 0.4 ml/min (Shimadzu
LC-10 AD). 5-HT was detected amperometrically using a glassy
carbon electrode at 500 mV vs. Ag/AgCl reference electrode
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(Antec Leyden, Leiden, The Netherlands). The detection limit was
0.5 fmol 5-HT per 20 ul sample (signal to noise ratio of 3).

5-HT immunohistochemistry

Immunohistochemistry was performed as described by de Jong et
al. (2005). Twelve male (n=6 SERT*'* and 6 SERT'") and 12
female rats (=6 SERT"/'* and 6 SERT /") were deeply anes-
thetized with a mixture of N,O/O, (1:2) and isoflurane (2.5%;
Rhodia Organique Fine Limited, Bristol, UK). Then, they were
perfused transcardially with 0.1 M phosphate-buffered saline
(PBS), pH 7.3, followed by 400 ml 4% paraformaldehyde dis-
solved in 0.1 M phosphate buffered (PB), pH 7.2. Subsequently,
the brains were removed from the skull and postfixed overnight in
4% paraformaldehyde at 4 °C. Before sectioning, the brains were
cryoprotected with 30% sucrose in 0.1 M PB. Brain sections were
cut on a freezing microtome, thickness 40 um, and collected in six
parallel series (six vials per rat brain with each 1/6 part of the
DRN) in 0.1 M PBS containing 0.1% azide. One vial of each rat
was used for the staining. The free-floating sections were washed
three times in PBS and preincubated with 1% perhydrol (30%
H,0,, Merck) for 30 min. After washing three times in PBS the
sections were presoaked for 30 min in an incubation medium con-
sisting of: PBS with 0.1% bovine serum albumin and 0.5% Triton
X-100. Then the sections were incubated overnight at room temper-
ature, on a shaker with a polyclonal anti-5-HT antiserum raised in
rabbit (batch 3-9, gift from prof. Dr. H. Steinbusch) diluted 1:10,000
in the incubation medium. The sections were incubated for 90 min at
room temperature in donkey anti-rabbit (1:1500 in incubation me-
dium, Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) and for 90 min at room temperature in ABC-elite (Vector Elite
1:800 in PBS). In between incubations, sections were rinsed three
times with PBS. The 5-HT-antibody peroxidase complex was visual-
ized by 3,3'-diaminobenzidine tetrahydrochloride (DAB) staining.
Sections were incubated for 10 min in a chromogen solution consist-
ing of 0.02% DAB and 0.03% Ni—ammonium sulfate in 0.05 M
Tris-buffer (pH 7.6), and subsequently for 10 min in chromogen
solution containing 0.006% H,O,. This resulted in a blue—black
staining. Following the immunohistochemical staining procedures,
the sections were rinsed three times in PBS and mounted on gelatin
chrome alum-coated glass slides, dried overnight in a stove at 37 °C,
dehydrated in an increased series of ethanol, cleared in xylene,
embedded with Entellan (Merck), and coverslipped.

Quantification. Numbers of 5-HT-immunopositive cells
were quantified using the software program Neurolucida
(MicroBrightfield Inc., Williston, VT, USA). The number of 5-HT-
positive cells was counted in the same level of the DRN in homol-
ogous square fields (using a grid overlay with a size of
100100 wm) that displayed a representative density of stained
cells.

Data analysis

Behavioral data and immunohistochemistry data were analyzed
with two-way ANOVA. Genotype and sex were assessed as in-
dependent variables. Where appropriate, post hoc comparisons
were conducted using one-way ANOVA. For the sucrose con-
sumption test, effects were evaluated using three-way ANOVA
with genotype, sex and concentration as repeated measures. If an
interaction was found, effects were further determined with a
two-way ANOVA, followed by a one-way ANOVA where appropri-
ate. For microdialysis studies, effects were evaluated using three-
way ANOVA with genotype, sex and time as repeated measures.
Differences between citalopram treatment were analyzed using
two-way ANOVA for repeated measurements followed by inde-
pendent sample t-test analysis where appropriate. Level of signif-
icance was set at P<<0.05. All statistical analyses were performed
using the Statistical Package for the Social Sciences version
12.0.1 for windows (SPSS Inc., Chicago, IL, USA).

RESULTS
Anxiety-related tests

Open field. To determine whether SERT ™/~ rats
have an increased level of anxiety, they were subjected to
the open field test. This test is based on an exploration-
conflict and an increase in time spent in the central part of
the open field is considered to be an indication of anxiolytic
behavior (Walsh and Cummins, 1976; Prut and Belzung,
2003). A genotype effect was found in the open field (Fig.
1A), with SERT ™/~ rats spending significantly less time in
the center compared with SERT*/* rats (F 4 45,=13.362;
P<0.001). There was no genotype effect found in the total
distance moved (Fig. 1B; F4 43,=1.187; P=0.282). How-
ever, there was a significant sex effect (Fig. 1C;
F1.43y=10.503; P<0.002), with female rats moving a
greater distance than male rats. However there were no
significant genotype X sex interactions.
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Fig. 1. Open field test. Behavior was recorded for 5 min in SERT"/*
and SERT '~ male and female rats. (A) Mean+S.E.M. time (s) spent
in the center of the open field. (B) Mean+S.E.M. distance moved (cm).
(C) Mean*=S.E.M. distance moved (cm) in male and female rats
(males: n=12 SERT** and n=12 SERT /" rats; females: n=12
SERT** and n=12 SERT /" rats; * P<0.05).
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Fig. 2. Elevated plus maze test. Behavior was recorded for 5 min in SERT*/* and SERT/~ male and female rats. (A) Mean+S.E.M. time (s) spent
in the open or closed arm in males. (B) Mean=S.E.M. distance moved (cm) in the open or closed arm of the maze in males. (C) Mean*=S.E.M. time
(s) spent in the open or closed arm in females. (D) Mean=S.E.M. distance moved (cm) in the open or closed arm of the maze in females.
(E) Mean=S.E.M. total distance moved (cm) in males and females (males: n=12 SERT*/*" and n=12 SERT /" rats; females: n=12 SERT"'* and
n=12 SERT /" rats; * P<0.05). Note: SERT /" rats spend significant less time in the open arm [F(1,40)=5.194; P<0.028] and moved a greater
distance in the closed arms [F; 40,=8.407; P<0.006] compared with SERT*/* rats.

Elevated plus maze. To determine anxiety in a differ- pressed feeding assay. The latency to approach the bright

ent assay, SERT /™ rats were subjected to the elevated
plus maze. Elevated open alleys arouse greater avoidance
responses than elevated closed alleys. Voluntary passage
onto the open arms of an elevated, plus-shaped maze is
associated with neurobiological changes indicative of a
decreased anxiety (Handley and Mithani, 1984; Hogg,
1996). As shown in Fig. 2, a significant genotype effect
was found in the elevated plus maze with SERT /™ rats
spending less time in the open arms (Fig. 2A, C;
F1,40)=5.194; P<0.028) and moving a greater distance in
the closed arms compared with SERT™/™ rats (Fig. 2B, D;
F(1.40y=8.407; P<0.006). In addition, we found a signifi-
cant sex effect on the total distance moved (Fig. 2E;
F1,.40)=7-337; P<0.010), with females moving a greater
distance compared with males. Moreover, females
moved a greater distance in the open arms than males
(F(1,40y=9.706; P<0.003). Again, as with the open field
test, no significant genotypexXsex interactions were
found on any of the parameters in the elevated plus
maze.

Novelty suppressed feeding. We subjected our
SERT ™/~ rats to a third anxiety test, the novelty sup-

lit center and start eating is considered to be an indication
of anxiety (Shephard and Broadhurst, 1982). A significant
genotype effect was found for the latency to start eating in a
novel environment (F 4 44,=17.344; P<0.001). As shown in
Fig. 3, SERT /'~ rats exhibited a longer latency to start eating
compared with SERT*'* rats. This was completely due to the
male SERT /" rats, although there was no sex effect, a
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Fig. 3. Novelty suppressed feeding test. Behavior was recorded for 10
min for male (left) and female (right) SERT*/* and SERT /" rats. Data
are expressed as mean=S.E.M. latency (s) to start eating (males:
n=11 SERT"" and n=11 SERT /" rats; females: n=10 SERT"/*
and n=10 SERT /" rats; * P<0.05).
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Fig. 4. Home cage emergence task. Behavior was recorded for 10
min for male (left) and female (right) SERT*/* and SERT '~ rats.
Latency (s) leaving the home cage is shown as mean=S.E.M. (male:
n=12 SERT*'* and n=12 SERT /" rats; female: n=12 SERT"/* and
n=12 SERT '~ rats; * P<0.05).

genotypexsex interaction was found (F 44y=11.858;
P<0.001). Male SERT '~ rats exhibited a longer latency to
start eating (Fig. 3) in a novel environment than male
SERT*/* rats (Fy 19)=27.684; P<0.001), whereas this was
not significantly different between female SERT '~ rats and
SERT ™" rats (Fig. 3; F4 22,=0.274; P=0.606). The body-
weight of all rats was measured before the 24 h depriva-
tion. There was a significant effect in sex; males weighed
more compared with females (F, 44,=166.109; P<0.001).
There was no genotype or genotypexsex effect found in
weight.

Home cage emergence task. The home cage emer-
gence test was used as a last assay to assess the level of
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anxiety in the SERT /™ rats. An increase in anxiety results
in an increased escape latency to leave the home cage
(Prickaerts et al., 1996). As shown in Fig. 4, a significant
genotype effect was found in the home cage emergence
task, with SERT '~ rats having a longer latency leaving
their home cage than SERT™'™ rats (F44,=18.025;
P<0.001). In addition, a significant sex effect (F 44y=
14.912; P<0.001) was found with females emerging faster
from their home cage than males. However, as with the
previous tests, we did not find a significant genotype Xsex
interaction.

Depression-related tests

Sucrose consumption. Loss of interest or pleasure in
events that are usually enjoyed (anhedonia) is a core
symptom of depression. In animal studies a decreased
consumption of palatable solutions is used to measure
anhedonia. This decreased consumption can be prevented
by antidepressants (Willner et al., 1987; Muscat et al.,
1992). Moreover, chronic exposure to mild unpredictable
stress has been found to depress the consumption of
palatable sweet solutions (Willner et al., 1987; Orsetti et
al., 2007). The preference of sucrose above water and the
intake in grams of a 100% sucrose solution per kg body-
weight were measured in the sucrose consumption test as
described separately below.

Sucrose preference. A significant genotype effect
was observed for the sucrose preference (Fig. 5; F4 33,=
4.625; P<0.039), with SERT /™ rats drinking less sucrose
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Fig. 5. Sucrose consumption test. In a free-choice two-bottle paradigm male and female SERT*'* and SERT '~ rats were allowed to consume
increasing sucrose solutions (2-10%) on alternating days. Data are expressed as mean=*S.E.M. sucrose preference (sucrose intake/total fluid
intake X 100%) in female (A) and male (B) rats, and as mean=+S.E.M. total sucrose intake (g) in female (C) and male (D) rats (male: n=12 SERT*'*
and n=12 SERT /" rats; female: n=12 SERT*'* and n=11 SERT '~ rats; * P<0.05).
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Fig. 6. Forced swim test. Behavior was scored for 5 min in male
(A) and female (B) SERT*'* and SERT /" rats on the 2nd day of the
test, and expressed as mean=S.E.M. time spent (s) on mobility and
immobility (male: n=20 SERT** and n=20 SERT /" rats; female:
n=17 SERT™* and n=19 SERT '~ rats). Note: SERT '~ rats were
significantly less mobile [F, ;,,=22.461; P<0.001] and more immobile
[F1,72=22.521; P<0.001] in the forced swim test compared with
SERT*'* rats.

solution compared with SERT*'* rats. This effect was inde-
pendent of the concentration, since no genotypeX
concentration interaction was found. Although there was no
significant sex effect, a significant sexxconcentration inter-
action was found (F(q330=2.411; P<0.009). Females
showed a higher preference to sucrose at lower concen-
tration of sucrose (Fig. 5) compared with males. At higher
concentration, the preference is similar in males and fe-
males. We did not find any significant genotypexsex
interactions.

Sucrose intake. As for sucrose preference, there was
also a significant genotype effect for sucrose intake
(F(1,39=19.779; P<0.001), the sucrose intake being sig-
nificant lower in SERT '~ rats compared with SERT/*
rats (Fig. 5). Moreover a genotype X concentration interac-
tion for sucrose intake was found (F0 390)=6.703;
P<0.001). The sucrose intake was lower in SERT ™/~ rats
compared with SERT ™™ rats especially at higher concen-
tration of sucrose (Fig. 5). In addition a significant sex
effect (F(4 39)=21.845; P<0.001) as well as a significant
sexxconcentration interaction was found (F 4 390)=6.719;
P<0.001) with male rats taking less sucrose compared
with female rats, especially at higher concentration of
sucrose. However, we again did not observe any signifi-
cant genotypeXsex interactions. These data reveal that
SERT '~ rats have a decreased consumption of sucrose
compared with SERT*/* rats, indicating a more depres-
sive-like phenotype.

Forced swim test. When rats are forced to swimin an
inescapable situation, they typically display an immobile
posture, which is considered to reflect a state of behavioral
despair. Antidepressant treatments are known to reduce
immobility time in the forced swim test (Porsolt et al., 1977;
Connor et al., 2000), while chronic mild stress and mater-
nal separation increase immobility in the rat (Molina et al.,
1994; Huang and Lin, 2006). Therefore increased immo-
bility is considered as ‘depression’-like behavior. A signif-
icant genotype effect was found in the forced swim test
(Fig. BA, B; F(4 72,=22.521; P<0.001), with SERT '~ rats
spending significantly less time in a mobile state compared
with SERT*/* rats. Moreover SERT /™ rats spent a longer
time in the immobile phase than SERT*'" rats (F; 75,=
22.461; P<0.001). No significant sex or genotypeXxsex
interactions were found. The results of the forced swim test
are therefore in line with the data on sucrose consumption
and indicate that SERT /™ rats have an enhanced level of
depressive-like behavior compared with SERT*'* rats,
independent of the sex.

Microdialysis

We previously reported that the lack of SERT led to a
ninefold higher level of extracellular 5-HT in male SERT '~
rats (Homberg et al., 2007). To determine whether this is
sex dependent we here investigated the 5-HT levels in
male and female SERT /™ rats. As shown in Fig. 7, 5-HT
levels were sevenfold elevated in the SERT '~ rats com-
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Fig. 7. Microdialysis. 5-HT levels were measured in the hippocampus
under basal condition and after administration of citalopram in male (A)
and female (B) SERT™* and SERT /™ rats. Data are expressed as
mean=S.E.M. fmol 5-HT per sample (male: n=5 SERT*'* and n=5
SERT '~ rats; female: n=6 SERT*'* and n=6 SERT /" rats). Note:
SERT /" have significantly higher basal 5-HT levels [F1,18=50.227;
P<0.001] compared with SERT™'* rats.
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pared with SERT"'" rats (F44=50.227; P<0.001).
These differences were found for male (Fig. 7A) and fe-
male (Fig. 7B) rats. The percentage rise in 5-HT after
citalopram treatment was significantly different between
SERT"'" and SERT '~ rats (F 1,=19.593; P<0.001),
because the high basal levels of 5-HT in the SERT /"~ rats
did not increase, whereas 5-HT levels in the SERT™/™ rats
were significantly increased after citalopram administra-
tion. The difference in rise of 5-HT after citalopram admin-
istration was independent of the sex of the rat.

5-HT immunohistochemistry

5-HT neurons within the DRN project to forebrain systems
involved in anxiety-related behavioral responses (Stein-
busch, 1984; Maier et al., 1993; Graeff et al., 1996). We
investigated the DRN of SERT /'~ and SERT"'* rats to
reveal possible neural differences. Serotonergic cell num-
bers in the DRN were quantified as shown in Fig. 8. The
number of 5-HT immunopositive cells was not significantly
different between SERT*/* and SERT /™ rats. Moreover
there was not any significant sex or genotype Xsex effect.

DISCUSSION

In the present study, we analyzed anxiety- and depression-
like behaviors in the SERT knockout rat model, with addi-
tional focus on possible sex-specific effects. The results
showed that SERT/~ rats consistently displayed in-
creased levels of anxiety- and depression-like behaviors,
independent of sex and independent of the specific test
used.

Compared with SERT*'* rats, SERT /"~ rats spent
less time in the center part of the open field as well as on
the open arm of the plus maze, suggestive of an enhanced
level of anxiety in the SERT '~ rats. In this respect, it is
important to realize that the total distance moved in the
open field did not differ between SERT*/* and SERT /'~
rats, indicating that the observed differences are unlikely to
be due to differences in exploratory drive per se. The
novelty suppressed feeding paradigm, similar to the open
field and elevated plus maze, can also be considered as a
conflict paradigm, such that hunger becomes the primary
drive above exploration (Bodnoff et al., 1988). In this par-
adigm an increased latency to start eating was found in the
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Fig. 8. 5-HT immunoreactivity in the DRN of male and female
SERT** and SERT /™ rats. Data represent mean+S.E.M. number of
5-HT immunoreactive neurons (male n=6 SERT'* and n=6
SERT /" rats; female n=6 SERT*'* and n=6 SERT /" rats).

SERT '~ rats. This effect was only found in male rats. A
latency difference was found between male SERT*'* and
female SERT*/* rats (data not shown). This difference
might have arisen by the difference in start body weight of
the animals. Moreover the loss of body weight after 24 h
was higher in SERT™" and in SERT ™/~ females com-
pared with SERT** and in SERT ™/~ males (data not
shown). This may also have influenced the feeding behav-
ior. Nevertheless the increased latency in male SERT '~
rats indicates a higher level of anxiety compared with male
SERT ™™ rats. Finally, the home cage emergence test was
performed to measure anxiety-like behavior in the
SERT ™/~ rats. Again SERT /™ rats showed higher levels
of anxiety-like behavior since the latency for escaping from
their home cage was higher compared with SERT*/™ rats.
Taken together these results show that loss of SERT in-
duces anxiety-like behavior in all tests conducted here.

Previous research showed that higher anxiety-like be-
haviors were also found in several SERT '~ mouse mod-
els. Both male and female SERT '~ mice with a 129S6/
SvEv background did show an increased anxiety like effect
in the novelty suppressed feeding test, but did not display
an increased anxiety-like behavior in the open field and
elevated plus maze (Lira et al., 2003). On the other hand,
male and female SERT ™/~ mice on a Swiss albino CD-1
strain showed reduced locomotor activity in a novel envi-
ronment (Alexandre et al., 2006). Moreover, male and
female SERT ™/~ mice with a C57BL/6J background strain
exhibited increased anxiety-like behavior in the open field,
elevated plus maze, activity patterns and emergence test
(Holmes, 2003; Holmes et al., 2003a; Zhao et al., 2006;
Kalueff et al., 2007). However, opposite results exist in
SERT/~ mice on a C57BL/6J. For example, male
SERT '~ mice were only more anxious when they were
exposed to predator odor exposure and not on basal levels
in the EPM and light/dark box (Adamec et al., 2006). The
SERT '~ rats on a Wistar background showed a general
increase in anxiety-like behavior, as evident in the open
field, the elevated plus maze, the home cage emergence
test, and the novelty suppressed feeding. Humans are
genetically heterogenous, and in that respect the outbred
Wistar background of SERT /™ rats could be an advan-
tage as opposed to inbred mouse strains. However, we did
not test the effect of SERT /" in other rat strains, and as
in mice, rat strain background may affect the phenotype.

SERT /" rats displayed alterations for all depression-
like behaviors tested in this study. First SERT /" rats
consumed less sucrose in the two-bottle paradigm com-
pared with SERT™/™" rats, being indicative for anhedonia-
like. And second, SERT /™ rats showed increased immo-
bility in the forced swim test compared with SERT*/™ rats.
Taken together, these results indicate a higher ‘depres-
sion’-like state in SERT /™ rats.

In some SERT '~ mice, depression-like behavior was
also present. For example mice with a 129S6 background
(male and female) showed an increased immobility in the
forced swim test (Holmes, 2002; Lira et al., 2003), but
SERT '~ mice generated on a C57/6J genetic background
only showed an increased immobility when they were re-
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peatedly exposed to the forced swim test (Wellman et al.,
2007). In the tail suspension, a test used to measure
depressive-like behavior in mice, the immobility of
SERT '~ mice on a Swiss albino CD-1 strain (Alexandre et
al., 2006) and of SERT’~ mice on a C57BL/6J back-
ground (Zhao et al., 2006) was increased. The sucrose
consumption test was only performed in male SERT '~
mice with a C57BL/6 background. These mice were not
different from the SERT*'* mice in this test (Kalueff et al.,
2006), suggesting that genetic ablation of the SERT with
this specific genetic background does not induce anhedo-
nia, in line with the unaltered forced swim test performance
found in these mice (Holmes, 2002). However, it does not
rule out that SERT/~ mice with other background do not
show this behavior. Thus, SERT ablation leads to either
predominantly anxiety-like behavior in mice (on a C57BL/6
background) or depression-like behavior (on a 129S6
background). In rats on a Wistar background, SERT abla-
tion induces both anxiety and depression-like behavior,
although it remains to be established whether this is a
species or a strain dependent phenomenon. The similari-
ties found between SERT '~ rats and mice indicate that
gene function is conserved among species and underlines
the value that SERT ™/~ animals represent an interesting
model for the anxiety/depression co-morbidity state in
humans.

Despite, the higher level of activity of females in the
open field, elevated plus maze and home cage emergence
task, no differences were found in vulnerability to the de-
letion of SERT between male and female rats. In fact, if
anything, male rats showed a slightly increased vulnera-
bility for the deletion, since the latency to initiate food
consumption in the novelty suppressed feeding test was
increased in male SERT /™ rats, while in females there is
no difference in latency between SERT '~ and SERT*'*
rats. Thus, despite of basal 5-HT differences between
males and females found before (Watts and Stanley, 1984;
Carlsson and Carlsson, 1988; Haleem et al., 1990;
Dominguez et al., 2003) our data show that lifelong ab-
sence of SERT in rats, leads to a sex-independent in-
crease of anxiety- or depression-like behavior. This is in
line with data from human studies showing an increased
risk for both male and female individuals with the short
version of the SERT gene promoter polymorphism to de-
velop depression (Mann et al., 2000). No big differences
were found between male and female SERT ™/~ mice in
anxiety and depression-like behavior (Holmes, 2002,
2003; Lira et al., 2003; Holmes et al., 2003a).

The increase in anxiety- and depression-like behavior
is most likely due to alterations in serotonergic neurotrans-
mission in SERT /" rats. As previously shown for male
rats (Homberg et al., 2007) we found that besides males,
also female SERT /™ rats have increased 5-HT levels.
Increased extracellular 5-HT is expected to cause excess
activity at postsynaptic 5-HT receptors which, in turn, could
underlie increased anxiety-like behaviors in SERT /™ rats
(Iversen, 1984; Graeff et al., 1996). Also in the SERT "/~
mice a fourfold to sixfold increase in basal levels of fore-
brain extracellular 5-HT has been found (Montanez et al.,

2003; Mathews et al., 2004). We can therefore conclude
that a lifelong absence of the SERT in SERT /" rats
causes alterations in the serotonergic neurotransmission,
independent of the sex.

As a first attempt to explain the observed effects on
anxiety and depression in our SERT ™/~ rats, we studied
the number of serotonergic cells in the DRN in SERT*/*
and SERT /™ rats. The DRN contains the largest number
of serotonergic cell bodies and hence is a crucial structure
within the 5-HT network related to anxiety and depression.
It contains over 50% of all 5-HT neurons projecting to the
forebrain (Steinbusch, 1984). We used different ages for
male and female rats, however a comparison between the
groups is possible since aging has no effect on the number
of serotonergic cells in the DRN (van Luijtelaar et al.,
1992). Somewhat surprisingly, we found no significant dif-
ferences in the number of immunopositive 5-HT neurons in
the DRN between SERT '~ and SERT"" rats, indicating
that the absence of SERT has no consequences for the
number of serotonergic cells. Obviously, this does not
imply that the sensitivity of the 5-HT neurons may not be
altered. It would be useful to further assess this for exam-
ple by electrical recording of neural firing properties. In
addition, we have found reduced levels of 5-HT and
5-HIAA tissue levels in SERT/~ rats (Homberg et al.,
2007), presumably reflecting an adaptive reduction of in-
tracellular concentrations. In contrast to SERT ™/~ rats,
SERT™’~ mice on a 129S6 background showed an ap-
proximately 50% reduction in 5-HT neuron number in the
DRN (Lira et al., 2003), indicating another clear difference
between rats and mice. Since the SERT™/~ mice on a
12986 background, in contrast to the SERT ™/~ rats, did
not display any anxiety like behavior in the elevated plus
maze and open field, it is tempting to speculate that the
adaptive mechanism at the level of the DRN may some-
how protect the SERT ™/~ mice. However, further research
is needed to substantiate this suggestion. Nonetheless, it
is important to realize that in postmortem studies of human
individuals suffering from depression no reduction in the
number of serotonergic neurons in the DRN was found
(Rajkowska, 2000; Hendricksen et al., 2004), suggesting
that the SERT /™ rat represents a good animal model for
affective disorders in human.

It is paradoxical that SSRIs are effective in the treat-
ment of depression in adults, while neonatal SSRI treat-
ment (Ansorge et al., 2004) or genetic inactivation of the
SERT (present study) induces depression-like symptoms.
In addition, down-regulation of the SERT with in vivo RNAI
method (knockdown gene expression) in adult BALB/c
mice, results into a reduction in immobility in the forced
swim test (Thakker et al., 2005). A possible explanation for
this paradox is that either underactivity or overactivity of a
neurotransmitter system causes anxiety and mood disor-
ders. This means that the relationship between 5-HT and
5-HT disorders operates according to an ‘inverted-U’ func-
tion, since high 5-HT levels in SERT /" rats and low 5-HT
levels in human patients show similar symptoms (Calabr-
ese and Baldwin, 2001). Chamberlain et al. (2006) used
this theory to explain their results in a cognition experiment
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in which either underactivity or overactivity of the 5-HT
system impaired cognition (Chamberlain et al., 2006). Al-
ternatively, a more likely explanation is that the effects of
low SERT gene function are present from conception on,
also during critical periods of development. Several studies
have shown that 5-HT is implicated during the develop-
ment and organization of the CNS (Zhang, 2003). The
ontogenic role of monoamines can have a huge impact on
the appearance of normal emotional behavior (Meaney et
al., 2000; Caspi et al., 2002). In SERT /™ mice, it is al-
ready known that postnatal absence of the SERT gene can
lead to disorganization of certain cortical regions (Persico
et al., 2001; Salichon et al., 2001). Moreover, a greater
spine density in the pyramidal neurons in the basolateral
amygdala was found, and the length of apical dendritic
branches of infralimbic cortex pyramidal neurons of
SERT ™/~ mice was increased compared with SERT*'*
mice (Wellman et al., 2007). In SERT /™ rats itis likely that
a similar disorganization, or perhaps more widespread
neurodevelopment abnormalities, has taken place and it is
important to further elucidate this in the near future.

CONCLUSION

In conclusion, SERT '~ rats showed increased anxiety-
and depression-like behavior in a variety of tests. To un-
derstand how genetic reduction in SERT contributes to the
vulnerability to develop mood or anxiety disorders later in
life, more research is needed. Moreover, it is relevant to
know if disorganization of brain regions, important for
these disorders, takes place during a critical period of
development. The SERT /™ rat will be a valuable model
for unraveling developmental origins of mood and anxiety
disorders. Moreover, since SERT ™/~ rats do not respond
to SSRIs like citalopram, this animal model can be used to
develop novel therapies especially useful for the relatively
large group of patients that are not responding to current
SSRI treatment.

Acknowledgments—This work was supported by the Dutch Min-
istry of Economic Affairs through the Innovation Oriented Re-
search Program on Genomics (IGE1017).

REFERENCES

Adamec R, Burton P, Blundell J, Murphy DL, Holmes A (2006) Vul-
nerability to mild predator stress in serotonin transporter knockout
mice. Behav Brain Res 170:126-140.

Agren H, Mefford IN, Rudorfer MV, Linnoila M, Potter WZ (1986)
Interacting neurotransmitter systems. A non-experimental ap-
proach to the 5-HIAA-HVA correlation in human CSF. J Psychiatr
Res 20:175-193.

Alexandre C, Popa D, Fabre V, Bouali S, Venault P, Lesch KP, Hamon
M, Adrien J (2006) Early life blockade of 5-hydroxytryptamine 1A
receptors normalizes sleep and depression-like behavior in adult
knock-out mice lacking the serotonin transporter. J Neurosci
26:5554-5564.

Ansorge MS, Zhou M, Lira A, Hen R, Gingrich JA (2004) Early-life
blockade of the 5-HT transporter alters emotional behavior in adult
mice. Science 306:879—-881.

Asberg M, Thoren P, Traskman L, Bertilsson L, Ringberger V (1976a)
‘Serotonin depression’: a biochemical subgroup within the affective
disorders? Science 191:478-480.

Asberg M, Traskman L, Thorén P (1976b) 5-HIAA in the cerebrospinal
fluid. A biochemical suicide predictor? Arch Gen Psychiatry
33:1193-1197.

Blakely RD, Berson HE, Fremeau RT Jr, Caron MG, Peek MM, Prince
HK, Bradley CC (1991) Cloning and expression of a functional
serotonin transporter from rat brain. Nature 354:66—70.

Bodnoff SR, Suranyi-Cadotte B, Aitken DH, Quirion R, Meaney MJ
(1988) The effects of chronic antidepressant treatment in an animal
model of anxiety. Psychopharmacology (Berl) 95:298-302.

Calabrese EJ, Baldwin LA (2001) U-shaped dose-responses in biol-
ogy, toxicology, and public health. Annu Rev Public Health
22:15-33.

Canli T, Lesch KP (2007) Long story short: the serotonin transporter in
emotion regulation and social cognition. Nat Neurosci 10:1103-1109.

Carlsson M, Carlsson A (1988) A regional study of sex differences in
rat brain serotonin. Prog Neuropsychopharmacol Biol Psychiatry
12:53-61.

Caspi A, McClay J, Moffitt TE, Mill J, Martin J, Craig IW, Taylor A,
Poulton R (2002) Role of genotype in the cycle of violence in
maltreated children. Science 297:851-854.

Caspi A, Sugden K, Moffitt TE, Taylor A, Craig IW, Harrington H,
McClay J, Mill J, Martin J, Braithwaite A, Poulton R (2003) Influ-
ence of life stress on depression: moderation by a polymorphism in
the 5-HTT gene. Science 301:386-389.

Chamberlain SR, Muller U, Blackwell AD, Clark L, Robbins TW, Sa-
hakian BJ (2006) Neurochemical modulation of response inhibition
and probabilistic learning in humans. Science 311:861—863.

Connor TJ, Kelliher P, Shen Y, Harkin A, Kelly JP, Leonard BE (2000)
Effect of subchronic antidepressant treatments on behavioral, neu-
rochemical, and endocrine changes in the forced-swim test. Phar-
macol Biochem Behav 65:591-597.

Coppen A, Eccleston E, Craft |, Bye P (1973) Letter: Total and free
plasma-tryptophan concentration and oral contraception. Lancet
2:1498.

Cowen PJ, Parry-Billings M, Newsholme EA (1989) Decreased
plasma tryptophan levels in major depression. J Affect Disord
16:27-31.

Cremers TI, Giorgetti M, Bosker FJ, Hogg S, Arnt J, Mork A, Honig G,
Bogeso KP, Westerink BH, den Boer H, Wikstrom HV, Tecott LH
(2004) Inactivation of 5-HT(2C) receptors potentiates conse-
quences of serotonin reuptake blockade. Neuropsychopharmacol-
ogy 29:1782—1789.

de Jong TR, Pattij T, Veening JG, Dederen PJ, Waldinger MD, Cools
AR, Olivier B (2005) Effects of chronic paroxetine pretreatment on
(+/—)-8-hydroxy-2-(di-n-propyl-amino)tetralin induced c-fos ex-
pression following sexual behavior. Neuroscience 134:1351-1361.

de Jong TR, Snaphaan LJ, Pattij T, Veening JG, Waldinger MD, Cools
AR, Olivier B (2006) Effects of chronic treatment with fluvoxamine
and paroxetine during adolescence on serotonin-related behavior
in adult male rats. Eur Neuropsychopharmacol 16:39—-48.

Dick DM, Plunkett J, Hamlin D, Nurnberger J Jr, Kuperman S, Schuckit
M, Hesselbrock V, Edenberg H, Bierut L (2007) Association anal-
yses of the serotonin transporter gene with lifetime depression and
alcohol dependence in the Collaborative Study on the Genetics of
Alcoholism (COGA) sample. Psychiatr Genet 17:35-38.

Dominguez R, Cruz-Morales SE, Carvalho MC, Xavier M, Brandao ML
(2003) Sex differences in serotonergic activity in dorsal and me-
dian raphe nucleus. Physiol Behav 80:203—210.

Drevets WC, Frank E, Price JC, Kupfer DJ, Holt D, Greer PJ, Huang
Y, Gautier C, Mathis C (1999) PET imaging of serotonin 1A recep-
tor binding in depression. Biol Psychiatry 46:1375—-1387.

Gingrich JA, Hen R (2001) Dissecting the role of the serotonin system
in neuropsychiatric disorders using knockout mice. Psychophar-
macology (Berl) 155:1-10.

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



J. D. A. Olivier et al. / Neuroscience 152 (2008) 573-584 583

Graeff FG, Guimaraes FS, De Andrade TG, Deakin JF (1996) Role of
5-HT in stress, anxiety, and depression. Pharmacol Biochem Be-
hav 54:129-141.

Greenberg BD, Tolliver TJ, Huang SJ, Li Q, Bengel D, Murphy DL
(1999) Genetic variation in the serotonin transporter promoter re-
gion affects serotonin uptake in human blood platelets. Am J Med
Genet 88:83-87.

Gurwitz D (2000) Affective disorders: susceptibility and drug efficacy
may be determined by the serotonin transporter promoter polymor-
phism. Clin Genet 57:247-249.

Haleem DJ, Kennett GA, Curzon G (1990) Hippocampal 5-hydroxy-
tryptamine synthesis is greater in female rats than in males and
more decreased by the 5-HT1A agonist 8-OH-DPAT. J Neural
Transm Gen Sect 79:93-101.

Handley SL, Mithani S (1984) Effects of alpha-adrenoceptor agonists
and antagonists in a maze-exploration model of ‘fear-motivated
behaviour. Naunyn Schmiedebergs Arch Pharmacol 327:1-5.

Heils A, Mossner R, Lesch KP (1997) The human serotonin trans-
porter gene polymorphism-basic research and clinical implications.
J Neural Transm 104:1005-1014.

Heils A, Teufel A, Petri S, Stober G, Riederer P, Bengel D, Lesch KP
(1996) Allelic variation of human serotonin transporter gene ex-
pression. J Neurochem 66:2621-2624.

Hendricksen M, Thomas AJ, Ferrier IN, Ince P, O'Brien JT (2004)
Neuropathological study of the dorsal raphe nuclei in late-life de-
pression and Alzheimer’'s disease with and without depression.
Am J Psychiatry 161:1096—1102.

Hogg S (1996) A review of the validity and variability of the elevated
plus-maze as an animal model of anxiety. Pharmacol Biochem
Behav 54:21-30.

Holmes A, Yang RJ, Lesch KP, Crawley JN, Murphy DL (2003) Mice
lacking the serotonin transporter exhibit 5-HT(1A) receptor-medi-
ated abnormalities in tests for anxiety-like behavior. Neuropsycho-
pharmacology 28:2077-2088.

Holmes A, Yang RJ, Murphy DL, Crawley JN (2002) Evaluation of
antidepressant-related behavioral responses in mice lacking the
serotonin transporter. Neuropsychopharmacology 27:914-923.

Holmes A, Li Q, Murphy DL, Gold E, Crawley JN (2003a) Abnormal
anxiety-related behavior in serotonin transporter null mutant mice: the
influence of genetic background. Genes Brain Behav 2:365-380.

Holmes A, Murphy DL, Crawley JN (2003b) Abnormal behavioral
phenotypes of serotonin transporter knockout mice: parallels with
human anxiety and depression. Biol Psychiatry 54:953-959.

Homberg JR, Olivier JD, Smits BM, Mul JD, Mudde J, Verheul M, Nieu-
wenhuizen OF, Cools AR, Ronken E, Cremers T, Schoffelmeer AN,
Ellenbroek BA, Cuppen E (2007) Characterization of the serotonin
transporter knockout rat: A selective change in the functioning of the
serotonergic system. Neuroscience 146:1662—1676.

Huang TY, Lin CH (2006) Role of amygdala MAPK activation on immo-
bility behavior of forced swim rats. Behav Brain Res 173:104-111.

Iversen SD (1984) 5-HT and anxiety. Neuropharmacology
23:1553—-1560.

Jans LA, Lieben CK, Blokland A (2007a) Influence of sex and estrous
cycle on the effects of acute tryptophan depletion induced by a
gelatin-based mixture in adult Wistar rats. Neuroscience 147:
304-317.

Jans LA, Riedel WJ, Markus CR, Blokland A (2007b) Serotonergic
vulnerability and depression: assumptions, experimental evidence
and implications. Mol Psychiatry 12:522-543.

Kalueff AV, Fox MA, Gallagher PS, Murphy DL (2007) Hypolocomo-
tion, anxiety and serotonin syndrome-like behavior contribute to
the complex phenotype of serotonin transporter knockout mice.
Genes Brain Behav 6:389-400.

Kalueff AV, Gallagher PS, Murphy DL (2006) Are serotonin transporter
knockout mice ‘depressed’? hypoactivity but no anhedonia. Neu-
roreport 17:1347-1351.

Lang UE, Bajbouj M, Wernicke C, Rommelspacher H, Danker-Hopfe
H, Gallinat J (2004) No association of a functional polymorphism in

the serotonin transporter gene promoter and anxiety-related
personality traits. Neuropsychobiology 49:182—184.

Lesch KP, Bengel D, Heils A, Sabol SZ, Greenberg BD, Petri S,
Benjamin J, Muller CR, Hamer DH, Murphy DL (1996) Association
of anxiety-related traits with a polymorphism in the serotonin trans-
porter gene regulatory region. Science 274:1527-1531.

Lira A, Zhou M, Castanon N, Ansorge MS, Gordon JA, Francis JH,
Bradley Moore M, Lira J, Underwood MD, Arango V, Kung HF,
Hofer MA, Hen R, Gingrich JA (2003) Altered depression-related
behaviors and functional changes in the dorsal raphe nucleus of
serotonin transporter-deficient mice. Biol Psychiatry 54:960-971.

Maier SF, Grahn RE, Kalman BA, Sutton LC, Wiertelak EP, Watkins
LR (1993) The role of the amygdala and dorsal raphe nucleus in
mediating the behavioral consequences of inescapable shock.
Behav Neurosci 107:377-388.

Mann JJ, Huang YY, Underwood MD, Kassir SA, Oppenheim S, Kelly
TM, Dwork AJ, Arango V (2000) A serotonin transporter gene
promoter polymorphism (5-HTTLPR) and prefrontal cortical bind-
ing in major depression and suicide. Arch Gen Psychiatry
57:729-738.

Mathews TA, Fedele DE, Coppelli FM, Avila AM, Murphy DL, Andrews
AM (2004) Gene dose-dependent alterations in extraneuronal se-
rotonin but not dopamine in mice with reduced serotonin trans-
porter expression. J Neurosci Methods 140:169-181.

Meaney MJ, Diorio J, Francis D, Weaver S, Yau J, Chapman K, Seckl
JR (2000) Postnatal handling increases the expression of cAMP-
inducible transcription factors in the rat hippocampus: the effects of
thyroid hormones and serotonin. J Neurosci 20:3926-3935.

Molina VA, Heyser CJ, Spear LP (1994) Chronic variable stress or
chronic morphine facilitates immobility in a forced swim test: re-
versal by naloxone. Psychopharmacology (Berl) 114:433—440.

Montanez S, Owens WA, Gould GG, Murphy DL, Daws LC (2003)
Exaggerated effect of fluvoxamine in heterozygote serotonin trans-
porter knockout mice. J Neurochem 86:210-219.

Murphy DL, Andrews AM, Wichems CH, Li Q, Tohda M, Greenberg B
(1998) Brain serotonin neurotransmission: an overview and update
with an emphasis on serotonin subsystem heterogeneity, multiple
receptors, interactions with other neurotransmitter systems, and
consequent implications for understanding the actions of seroto-
nergic drugs. J Clin Psychiatry 59(Suppl 15):4-12.

Murphy DL, Wichems C, Li Q, Heils A (1999) Molecular manipulations
as tools for enhancing our understanding of 5-HT neurotransmis-
sion. Trends Pharmacol Sci 20:246-252.

Muscat R, Papp M, Willner P (1992) Reversal of stress-induced an-
hedonia by the atypical antidepressants, fluoxetine and maproti-
line. Psychopharmacology (Berl) 109:433—-438.

Neumeister A, Konstantinidis A, Stastny J, Schwarz MJ, Vitouch O,
Willeit M, Praschak-Rieder N, Zach J, de Zwann M, Bondy B,
Ackenheil M, Kasper S (2002) Association between serotonin
transporter gene promoter polymorphism (5HTTLPR) and behav-
ioral responses to tryptophan depletion in healthy women with and
without family history of depression. Arch Gen Psychiatry 59:
613-620.

Nishizawa S, Benkelfat C, Young SN, Leyton M, Mzengeza S, de
Montigny C, Blier P, Diksic M (1997) Differences between males
and females in rates of serotonin synthesis in human brain. Proc
Natl Acad Sci U S A 94:5308-5313.

Orsetti M, Canonico PL, Dellarole A, Colella L, Di Brisco F, Ghi P
(2007) Quetiapine prevents anhedonia induced by acute or chronic
stress. Neuropsychopharmacology 32:1783-1790.

Owens MJ, Nemeroff CB (1998) The serotonin transporter and de-
pression. Depress Anxiety 8:5-12.

Persico AM, Mengual E, Moessner R, Hall FS, Revay RS, Sora |,
Arellano J, DeFelipe J, Gimenez-Amaya JM, Conciatori M, Marino
R, Baldi A, Cabib S, Pascucci T, Uhl GR, Murphy DL, Lesch KP,
Keller F (2001) Barrel pattern formation requires serotonin uptake
by thalamocortical afferents, and not vesicular monoamine re-
lease. J Neurosci 21:6862—-6873.



584 J. D. A. Olivier et al. / Neuroscience 152 (2008) 573-584

Porsolt RD, Le Pichon M, Jalfre M (1977) Depression: a new animal
model sensitive to antidepressant treatments. Nature 266:730—732.

Prickaerts J, Raaijmakers W, Blokland A (1996) Effects of myocardial
infarction and captopril therapy on anxiety-related behaviors in the
rat. Physiol Behav 60:43-50.

Prut L, Belzung C (2003) The open field as a paradigm to measure the
effects of drugs on anxiety-like behaviors: a review. Eur J Phar-
macol 463:3-33.

Rajkowska G (2000) Postmortem studies in mood disorders indicate
altered numbers of neurons and glial cells. Biol Psychiatry 48:
766-777.

Salichon N, Gaspar P, Upton AL, Picaud S, Hanoun N, Hamon M, De
Maeyer E, Murphy DL, Mossner R, Lesch KP, Hen R, Seif | (2001)
Excessive activation of serotonin (5-HT) 1B receptors disrupts the
formation of sensory maps in monoamine oxidase a and 5-ht
transporter knock-out mice. J Neurosci 21:884—896.

Sargent PA, Kjaer KH, Bench CJ, Rabiner EA, Messa C, Meyer J,
Gunn RN, Grasby PM, Cowen PJ (2000) Brain serotonin1A recep-
tor binding measured by positron emission tomography with
[11C]WAY-100635: effects of depression and antidepressant treat-
ment. Arch Gen Psychiatry 57:174-180.

Schmitz A, Hennig J, Kuepper Y, Reuter M (2007) The association
between neurotism and the serotonin transporter polymorphism
depends on structural differences between personality measures.
Personality Individual Differences 42:789—799.

Shephard RA, Broadhurst PL (1982) Hyponeophagia and arousal in
rats: effects of diazepam, 5-methoxy-N,N-dimethyltryptamine, d-
amphetamine and food deprivation. Psychopharmacology (Berl)
78:368-372.

Smits BM, Mudde J, Plasterk RH, Cuppen E (2004) Target-selected
mutagenesis of the rat. Genomics 83:332—-334.

Smits BM, Mudde JB, van de Belt J, Verheul M, Olivier J, Homberg J,
Guryev V, Cools AR, Ellenbroek BA, Plasterk RH, Cuppen E
(2006) Generation of gene knockouts and mutant models in the
laboratory rat by ENU-driven target-selected mutagenesis. Phar-
macogenet Genomics 16:159—-169.

Staley JK, Sanacora G, Tamagnan G, Maciejewski PK, Malison RT,
Berman RM, Vythilingam M, Kugaya A, Balswin RM, Seibyl JP,
Charney D, Innis RB (2006) Sex differences in diencephalon se-
rotonin transporter availability in major depression. Biol Psychiatry
59:40-47.

Steinbusch HWM (1984) Serotonin-immunoreactive neurons and their
projections in the CNS. In: Classical transmitters and transmitter
receptors in the CNS (Bjorklund A, Hokfelt T, eds). Amsterdam:
Elsevier Science Publishers BV.

Thakker DR, Natt F, Husken D, van Der Putten H, Maier R, Hoyer D,
Cryan JF (2005) siRNA-mediated knockdown of the serotonin
transporter in the adult mouse brain. Mol Psychiatry 10:714,
782-789.

van der Kam EL (2006) Thesis: Factors contributing to the intake of
alcohol and cocaine by rats: Role of genetic background, early life
events and stressors. pp 39-51.

van Dyck CH, Malison RT, Staley JK, Jacobsen LK, Seibyl JP, Laruelle
M, Baldwin RM, Innis RB, Gelernter J (2004) Central serotonin
transporter availability measured with [123I]beta-CIT SPECT in
relation to serotonin transporter genotype. Am J Psychiatry
161:525-531.

van Luijtelaar MG, Tonnaer JA, Steinbusch HW (1992) Aging of the
serotonergic system in the rat forebrain: an immunocytochemical
and neurochemical study. Neurobiol Aging 13:201-215.

Walsh RN, Cummins RA (1976) The open-field test: a critical review.
Psychol Bull 83:482-504.

Watts AG, Stanley HF (1984) Indoleamines in the hypothalamus and
area of the midbrain raphe nuclei of male and female rats through-
out postnatal development. Neuroendocrinology 38:461-466.

Wellman CL, Izquierdo A, Garrett JE, Martin KP, Carroll J, Millstein R,
Lesch KP, Murphy DL, Holmes A (2007) Impaired stress-coping
and fear extinction and abnormal corticolimbic morphology in se-
rotonin transporter knock-out mice. J Neurosci 27:684—-691.

Willner P, Towell A, Sampson D, Sophokleous S, Muscat R (1987)
Reduction of sucrose preference by chronic unpredictable mild
stress, and its restoration by a tricyclic antidepressant. Psychop-
harmacology (Berl) 93:358-364.

Zhang ZW (2003) Serotonin induces tonic firing in layer V pyramidal
neurons of rat prefrontal cortex during postnatal development.
J Neurosci 23:3373-3384.

Zhao S, Edwards J, Carroll J, Wiedholz L, Millstein RA, Jaing C,
Murphy DL, Lanthorn TH, Holmes A (2006) Insertion mutation at
the C-terminus of the serotonin transporter disrupts brain serotonin
function and emotion-related behaviors in mice. Neuroscience
140:321-334.

(Accepted 28 December 2007)
(Available online 1 January 2008)



	A STUDY IN MALE AND FEMALE 5-HT TRANSPORTER KNOCKOUT RATS: AN ANIMAL MODEL FOR ANXIETY AND DEPRESSION DISORDERS
	EXPERIMENTAL PROCEDURES
	Subjects
	Anxiety-related tests
	Open field
	Elevated plus maze
	Novelty suppressed feeding
	Home cage emergence task

	Depression-related tests
	Sucrose consumption
	Forced swim test

	Microdialysis
	Surgery and microdialysis
	Drug administration
	5-HT analysis

	5-HT immunohistochemistry
	Quantification

	Data analysis

	RESULTS
	Anxiety-related tests
	Open field
	Elevated plus maze
	Novelty suppressed feeding
	Home cage emergence task

	Depression-related tests
	Sucrose consumption
	Sucrose preference
	Sucrose intake
	Forced swim test

	Microdialysis
	5-HT immunohistochemistry

	DISCUSSION
	CONCLUSION
	Acknowledgments
	REFERENCES


