
Anxiety- rather than depression-like behavior is
associated with adult neurogenesis in a female mouse
model of higher trait anxiety- and comorbid
depression-like behavior
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Adult neurogenesis has been implicated in affective disorders and the action of antidepressants (ADs) although the
functional significance of this association is still unclear. The use of animal models closely mimicking human comorbid
affective and anxiety disorders seen in the majority of patients should provide relevant novel information. Here, we used a unique
genetic mouse model displaying higher trait anxiety (HAB) and comorbid depression-like behavior. We demonstrate that
HABs have a lower rate of hippocampal neurogenesis and impaired functional integration of newly born neurons as compared
with their normal anxiety/depression-like behavior (NAB) controls. In HABs, chronic treatment with the AD fluoxetine
alleviated their higher depression-like behavior and protected them from relapse for 3 but not 7 weeks after discontinuation
of the treatment without affecting neurogenesis. Similar to what has been observed in depressed patients, fluoxetine
treatment induced anxiogenic-like effects during the early treatment phase in NABs along with a reduction in neurogenesis. On
the other hand, treatment with AD drugs with a particularly strong anxiolytic component, namely the neurokinin-1-receptor-
antagonist L-822 429 or tianeptine, increased the reduced rate of neurogenesis in HABs up to NAB levels. In addition, challenge-
induced hypoactivation of dentate gyrus (DG) neurons in HABs was normalized by all three drugs. Overall, these data suggest
that AD-like effects in a psychopathological mouse model are commonly associated with modulation of DG hypoactivity
but not neurogenesis, suggesting normalization of hippocampal hypoactivity as a neurobiological marker indicating
successful remission. Finally, rather than to higher depression-related behavior, neurogenesis seems to be linked to
pathological anxiety.
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Introduction

Depression and anxiety are the most common psychiatric
disorders in modern society and share a high degree of
comorbidity (up to 80–90%, for review, see Klenk et al.1).
Antidepressants (ADs) are not effective in 30–40% of
patients,2,3 and only 33% of patients achieve remission
in the first line of treatment with widely used selective
serotonin reuptake inhibitors (SSRIs).4 Mood-elevating
effects of ADs are observed mainly in depressed patients
but are almost absent in non-depressed volunteers,5–7 suggest-
ing that the neurobiological targets of ADs in pathophysiolo-
gically deranged systems might differ from those in intact
systems.8 Therefore, it is important to study AD-mediated
changes in the brains of animal models that are as close to the
clinical situation as possible, that is, in terms of exhibiting

depression and comorbid anxiety. One of those animal
models displaying higher trait anxiety- and depression-like
behavior consists of HAB mice and HAB rats that have been
selectively bred (for review, see Landgraf et al.,9 Sartori

et al.10 and Singewald11). Although chronic treatment with the

SSRI paroxetine has been previously shown to reduce the

enhanced depression-related behavior displayed by HAB

rats,12 the question of whether the higher anxiety/depression-

related behavior of adult HAB mice can be normalized

pharmacologically has not been studied so far. As prolonged

use of ADs is associated with possible adverse effects,13

discontinuation of AD treatment is attempted after remission

of depressive symptoms has occurred; this, however, is
associated with the risk of relapse.14 Relevant animal models
in this area that has up to now been under-studied may
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provide clues on markers, which may help in the decision as to
whether to discontinue treatment without risking relapse or to
continue treatment to protect from relapse.15–17 Our first aim
was therefore to examine whether the aberrant anxiety/
depression-related behavior in HABs can be reversed by ADs
of different pharmacological classes, and to discover how
long the behavioral effects last before relapse is observed.
Specifically, both fluoxetine, an SSRI, and tianeptine, which
seems to predominantly affect synaptic plasticity via the
modulation of glutamatergic neurotransmission apart
from other actions including selective serotonin reuptake
enhancement,18 were chosen for their established AD
efficacy in patients with depression,19,20 whereas the selec-
tive neurokinin-1 receptor antagonist L-822,429 has demon-
strated AD and anxiolytic effects in rodents including HAB
mice21 (for review, see Ebner et al.22) as well as in sub-
populations of patients with depression and/or anxiety
disorders.22,23

Various lines of research have implicated the hippocampus
in the pathogenesis of depressive disorders because
(i) this brain region is highly stress sensitive and stress
is an important pathophysiological factor in both depression
and anxiety (for review, see Lupien et al.24); (ii) it is one
of the key regions identified as a component of a network
that is dysregulated in major depressive disorder (MDD);25–27

and (iii) it has been shown to have a smaller volume in
patients with MDD.28 Although a direct association between
AD treatment and modulation of hippocampal volume
has not been observed,28 there is growing evidence that
depression might be associated with reduced hippocampal
neurogenesis.29–32 It has been suggested that ADs might
exert their efficacy via modulating neurogenesis in ‘normal’
rodents,33–36 in psychopathological animal models of
higher depression-like behavior37 and also in nonhuman
primates.38 However, most of the studies have shown that
increasing or decreasing neurogenesis using knockouts or
X-ray or pharmacological treatment is not sufficient to lead
to the development of a depression-like phenotype in
animals36,39–45 (for review, see Petrik et al.46 and Sahay
and Hen47). As MDD and anxiety are comorbid in humans, the
neurogenesis hypothesis may be particularly relevant in
cases exhibiting a combination of affective and anxiety
disorders.46,48 Therefore, our second aim was to assess
whether the higher depression/anxiety-related behavior of
HABs as well as its pharmacological rescue is associated with
modulated hippocampal neurogenesis.

Newly born cells in the dentate gyrus (DG) mature
into functional neurons, which display activity-dependent
responsiveness on specific challenges that can activate the
hippocampus;49 we therefore hypothesized that a permanent
disturbance in the replenishment of newly born hippocampal
neurons should result in reduced excitability in this brain region.
Indeed, hypoactivity, which was normalized by behaviorally
successful fluoxetine treatment, has been observed in
depressed patients50 (for review, see Stone et al.51). Therefore,
the third aim was to determine whether newly born and/or pre-
existing neurons in the DG of HABs would display altered
functional activation, which then would be normalized in parallel
to behavioral normalization by successful drug treatment. If so,
altered DG activity could serve as a potential neurobiological

biomarker for higher anxiety and for higher depression, and
also for their behavioral rescue.

Materials and methods

Animals. Experiments were carried out on adult female
HAB and normal anxiety/depression-like behavior (NAB)
mice (11–14 weeks of age) as anxiety and depressive
disorders have been observed more frequently in females
than males in humans52 and at least in part in available
rodent models.53,54 HABs and NABs were selectively bred
for their innate anxiety-related behavior at the Department of
Pharmacology and Toxicology, University of Innsbruck,
Innsbruck, Austria (for details, see Sartori et al.21). Animals
were housed (up to four animals per cage) in a temperature
(22±1 1C) and humidity (60%) controlled room under a 12-h
light–dark cycle with lights on at 0700 hours. They had
access to food and water ad libitum. The experiments that
were conducted were approved by the local Ethical Commit-
tee on Animal Care and Use (Bundesministerium für
Wissenschaft and Kultur, Austria) and were in compliance
with international laws and policies and European Council
Directive 86/609/EEC.

Drug treatment. Bromodeoxyuridine, BrdU (Sigma, Stein-
heim, Germany) was injected at a dose of 200 mg kg� 1

(intraperitoneally) twice per day.55,56 The SSRI fluoxetine
(18 mg kg day� 1, Sigma), the selective neurokinin-1 receptor-
antagonist (L-822,429) (2 S,3 S)–N-{[2-cyclopropoxy–5-
(5-trifluoromethyl)-tetrazol-1-yl]benzyl-2-phenylpiperidin-3-
amine-dihydrochloride] (30 mg kg� 1 day� 1)57 and tianeptine
(50 mg kg� 1 day� 1, kind gift from Stablon, Servier, Austria,
GmbH)58 were administered via the drinking water. A drug
intake of the dose indicated above equivalent to a drug
measure was achieved by adapting the concentrations of the
drug in the drinking solutions according to mean drinking
volume and body weight per cage.59 It is possible that small
variations in the individual dose that was obtained because of
variations in individual water consumption. Therefore, body
weight was assessed and doses adjusted accordingly
throughout the course of the experiment to exclude large
variations. Mice were kept under the assigned experimental
condition (based on drug treatment) until completion of all
experiments. Control mice received tap water.

Behavioral testing. The forced swim test (FST) and the
light–dark test were selected for assessing the level of
depression- and anxiety-related behavior, respectively, and
they were conducted between 0830 and 1700 hours
according to previous protocols in the lab59,60 (further details
are given in the Supplementary methods section).

Sucrose preference test. The sucrose preference test was
conducted based on the modification of a previously publi-
shed study.61 During this test, mice were given a free choice
between two bottles, one with 1% sucrose and another with
tap water. The position of the bottles were switched every
48 h to prevent the possible effects of side preference in
drinking behavior. No previous food or water deprivation
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was applied before the test. The consumption of water and
sucrose solution was estimated simultaneously in control
and experimental groups by weighing the bottles. Each
session denotes an average of sucrose preference with
the bottle each time on the left and the right side. The
preference for sucrose was calculated as a percentage of
consumed sucrose solution of the total amount of liquid
drank.

Immunohistochemistry. Two hours after the onset of the
FST or light–dark test, animals were deeply anesthetized
with an overdose of sodium pentobarbital (200 mg kg� 1) and
transcardially perfused with 0.9% saline followed by 4%
paraformaldehyde in 0.1 mol l� 1 phosphate-buffered solution
(pH¼ 7.4). Free-floating coronal sections (50 mm) were
processed for BrdU, doublecortin (DCX) and c-Fos immuno-
histochemistry according to previous protocols.12,62 They
were incubated in one of the following primary antibodies: rat
anti-BrdU (1/500, Harlan Sera-Lab, Loughborough, UK), goat
anti-DCX C18 (1/250, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), rabbit anti-c-Fos (1/10 000, Santa Cruz),
mouse anti-NeuN (1/500, Chemicon, Temecula, CA, USA).
Subsequently, they were incubated in a corresponding

biotinylated goat anti-rat secondary antibody (1/200, Vector
Laboratories, Burlingame, CA, USA), rabbit anti-goat sec-
ondary antibody (1/200, Vector Laboratories) and goat anti-
rabbit secondary antibody (1/200, Vector Laboratories).
These antigen–antibody complexes were visualized by the
avidin–biotin–horseradish peroxidase procedure (Vectastain
Elite ABC-kit, Vector Laboratories) with 3,3’-diaminobenzi-
dine as the chromogen. Alternatively, for double-/triple-
labeling studies, primary antibodies were detected using
Alexa-Fluor-conjugated secondary antibodies (Invitrogen,
Molecular Probes, Karlsruhe, Germany) or Rhodamine
donkey anti-rat, Cy2 donkey anti-goat and Cy5 donkey anti-
mouse antibodies and sections were mounted in Prolong
Gold (Invitrogen).

Quantification of cells. One-in-eight of the sections
obtained of each brain were 3,30-diaminobenzidine stained,
and immunoreactive cells were stereologically counted using
a computer-assisted image analysis system (Nikon E-800
microscope, CCD video camera, Optronics MicroFire,
Goleta, CA, USA; Stereo Investigator Software, Micro-
BrightField Europe eK, Magdeburg, Germany) throughout
the rostrocaudal extent on the dorsal and ventral blade of

Figure 1 HABs, in comparison with NABs, showed higher depression-like behavior, reduced neurogenesis/functional integration of newly born neurons and reduced DG
activation on exposure to the FST. (a) Schematic representation of the experimental design. HABs display (b) higher immobility time, (c) a lower number of BrdUþ cells, (d) a
lower number of DCXþ cells, (e) a lower proportion of BrdUþ cells in DCXþ /NeuNþ cells, (f) a lower number of c-Fosþ cells and (g) a lower proportion of BrdUþ cells
colabeled with c-Fosþ cells. **Po0.01, ***Po0.001 HAB vs NAB, n¼ 6–9 mice per group. Data are represented as mean±s.e.m. BrdU, bromodeoxyuridine; DCX,
doublecortin; FST, forced swim test; HAB, high anxiety/depression-like behavior; NAB, normal anxiety/depression-like behavior.
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the granular layer of the DG,63–65 applying a 20� and 40�
objective. A cell was considered as c-Fos-labeled (c-Fos
positive) or as BrdU labeled, if the brown-black 3,30-
diaminobenzidine-stained nucleus was unambiguously

darker than the background staining, and this included all
cells from low to high intensities of staining. For immuno-
fluoresence, imaging was performed with a Zeiss fluores-
cence microscope (AxioObserver, Vienna, Austria),

Figure 2 Representative image showing (a, b) BrdUþ cells in NABs and HABs as represented by brownish spots in the subgranular and granular layer of the DG
indicated by black arrows. (c, d) DCXþ cells in NABs and HABs as represented by brownish spots indicating the cell body in the subgranular layer (indicated by black arrows)
and the dendrites projecting into the GCL and ML (indicated by white arrows) of the DG. (e) A majority of BrdUþ cells (indicated by white arrows) are also DCXþ suggesting
that these cells have become immature neurons (f) magnified image of an immature neuron indicated by white arrow. (g) A BrdUþ cell colabeled with both DCX and NeuN
showing that it has become a fully mature neuron. This figure also shows a decline in DCX expression as the newly born cell starts expressing NeuN. Scale bar in (b, d): 50mm;
(e–g): 10mm. BrdU, bromodeoxyuridine; DCX, doublecortin; DG, dentate gyrus; GCL, granular cell layer; HAB, high anxiety/depression-like behavior; ML, molecular layer;
NAB, normal anxiety/depression-like behavior.
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attached to an ApoTome slider for structured illumination.
The resulting images were analyzed with the Zeiss
AxioVision software (version 4.8.1) and colocalization of
BrdUþ and c-Fosþ nuclei was detected by visual
inspection of the two overlapping fluorescent channels.
BrdU/DCX/NeuN labeling was analyzed with a confocal
laser scanning microscope (SP5 Laser scanning micro-
scope, Leica Microsysterms, Wetzlar, Germany), using an
argon laser (514 nm) for the selective excitation of Cy2,
DPSS laser (561 nm) for the excitation of Rhodamine and a
HeNe laser (633 nm) for the excitation of Cy5. The sections
were scanned in 1 mm optical sections using a 40�
objective.

Statistical analyses. All data are presented as mean
±s.e.m. and were all first tested for homoscedasticity
using Levene’s test (using Statistica software, Statsoft
Inc., OK, USA). As parametric distributions were revealed
for all data, behavioral parameters and cell counts were
further statistically analyzed by using an unpaired t-test, a
repeated-measures analysis of variance or a two-way
analysis of variance with line and treatment as dependent
factors. A Duncan’s post hoc comparisons test was applied
whenever possible. Correlation analysis was conducted

using Pearson’s product moment. Statistical significance
was set at Po0.05.

Results

HABs displayed higher depression-like behavior, a
lower rate of newly born cell survival as well as
neurogenesis and functional integration of newly born
neurons, along with a lower challenge-induced DG
activity. To analyze depression-like behavior in HAB and
NAB mice, animals were subjected to a FST 21 days after
the administration of BrdU (Figure 1a). HABs displayed a
higher immobility time compared with NABs (Figure 1b)
indicating higher depression-related behavior. In addition,
HABs also showed less preference to sucrose reflecting
anhedonia (Supplementary Figure 1). The higher depres-
sion-like behavior as well as anhedonia coincided with a
lower number of BrdUþ cells in the DG of HABs compared
with NABs indicating a lower rate of surviving newly
born cells (Figure 1c, Figures 2a and b). Similarly, a lower
number of DCXþ cells were observed in HABs, indicating
a lower number of immature neurons (Figure 1d and
Figures 2c and d). Triple-labeling using BrdU, DCX and
NeuN to identify newly born mature neurons further

Figure 3 Effect of chronic fluoxetine treatment on depression-like behavior, neurogenesis and DG activity on exposure to FST in HABs and NABs. (a) Schematic
representation of the experimental design. Chronic fluoxetine treatment (b) decreased the immobility time in HABs but not NABs (c) did not alter the number of BrdUþ cells in
HABs but reduced it in NABs, (d) did not alter the proportion of BrdUþ cells in DCXþ /NeuNþ in HABs, but reduced it in NABs, (e) increased the number of c-Fosþ cells in
HABs but not in NABs. *Po0.05, **Po0.01, ***Po0.001 HAB-Ctl vs NAB-Ctl. $Po0.05, $$Po0.01 NAB-Ctl vs NAB-fluoxetine. #Po0.05 HAB-Ctl vs HAB-fluoxetine.
n¼ 6–9 mice per group. Data are represented as mean±s.e.m. BrdU, bromodeoxyuridine; Ctl, control; DCX, doublecortin; DG, dentate gyrus; FST, forced swim test; HAB,
high anxiety/depression-like behavior; NAB, normal anxiety/depression-like behavior.
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confirmed the observation that indeed HABs have a lower
rate of neurogenesis in comparison with NABs (Figure 1e
and Figures 2e–g).

After exposure to the FST, a lower number of c-Fosþ cells
was observed in the DG of HABs compared with NABs,

indicating that HABs display challenge-induced hypoactiva-
tion of neurons in the DG (Figure 1f).

By double-labeling BrdUþ /c-Fosþ cells, we were also able
to test activation of newly born neurons on exposure to swim
stress. As shown in Supplementary Figure 5b, 6-week-old newly

Figure 4 Effect of fluoxetine treatment for 3 weeks followed by discontinuation of the drug for either 3 or 7 weeks on depression-like behavior, neurogenesis and DG
activity on exposure to FST in HABs and NABs. (a) Schematic representation of the experimental design for 3-week fluoxetine discontinuation period. A 3-week drug-free
period (b) decreased the immobility time in HABs but not in NABs, (c) did not alter the number of BrdUþ cells in HABs but reduced it in NABs, (d) increased the number of
c-Fosþ cells in HABs but not in NABs. (e) Depression-related behavior was negatively correlated with the number of c-Fos immunoreactive cells in the DG of HABs. (f)
Schematic representation of the experimental design for the 7-week drug-free period. Chronic fluoxetine treatment for 3 weeks followed by a discontinuation for the next 7
weeks did not alter (g) the immobility time, (h) the number of BrdUþ cells or (i) or c-Fosþ cells. *Po0.05, **Po0.01, ***Po0.001 HAB-Ctl vs NAB-Ctl. $$Po0.01 NAB-Ctl
vs NAB-fluoxetine. ##Po0.01 HAB-Ctl vs HAB-fluoxetine. n¼ 6–9 mice per group. Data are represented as mean±s.e.m. BrdU, bromodeoxyuridine; Ctl, control; DG,
dentate gyrus; FST, forced swim test; HAB, high anxiety/depression-like behavior; NAB, normal anxiety/depression-like behavior.

Adult neurogenesis in trait anxiety and comorbid depression-like behavior
A Sah et al

6

Translational Psychiatry



born neurons were activated in NABs, but not HABs, in response
to FST. We hypothesized that the integration time of 6 weeks
might not be enough for the functional integration of newly
born neurons. Therefore, we extended the time period to
10 weeks. However, we still did not observe any evidence
of functionally activated newly born neurons in HABs
(Supplementary Figure 5d). These data suggest that
HABs lack or have largely reduced functional integration of
newly born cells.

Chronic fluoxetine normalized higher depression-like
behavior and DG hypoactivity, but not neurogenesis or
anxiety-related behavior, in HABs. We next tested
whether chronic fluoxetine administration would normalize
the higher anxiety/depression-related behavior in HABs and
whether this would be accompanied by a normalization of
neurogenesis and DG activation, assessed by immediate
early gene mapping. Fluoxetine was administered for 21
days, followed by either a light–dark test or FST (Figure 3a
and Supplementary Figure 2a). Chronic fluoxetine treatment
reduced the higher depression-related behavior in HABs
without affecting FST behavior in NABs (Figure 3b), but failed
to attenuate the higher anxiety-related behavior in HABs
(Supplementary Figure 2c).

Although the number of surviving BrdUþ cells in HABs was
unaltered, surprisingly, fluoxetine treatment reduced the BrdUþ
cells in NABs (Figure 3c). BrdUþ /DCXþ /NeuNþ labeling
confirmed that HABs did indeed display a lower rate of
neurogenesis, which, however, was not normalized on
fluoxetine administration (Figure 3d).

Moreover, and in agreement with our previous findings
(Figure 1f), HABs had a lower number of c-Fosþ cells than
NABs did. This hyporesponse was normalized after fluoxetine
treatment (Figure 3e).

Duration of the effects of chronic fluoxetine treatment
on depression-related behavior, DG activity and neuro-
genesis after drug discontinuation. We next investigated
whether the AD-like effect of fluoxetine in HABs persisted
even after cessation of fluoxetine administration, and if it did
persist, for how long.

Fluoxetine was administered for 3 weeks, followed by a
3-week drug-free period. FST was conducted at the end of this
period, on the 42nd day (Figure 4a). Here, untreated HABs
displayed a higher immobility time than NABs. The attenuat-
ing effect of fluoxetine on depression-related behavior was
observed only in HABs, and was preserved for 3 weeks after
cessation of fluoxetine treatment (Figure 4b).

Figure 5 Chronic fluoxetine treatment did not decrease neurogenesis in NABs when BrdU was administered 12–16 days after fluoxetine onset. (a) Schematic
representation of the experimental design. Chronic fluoxetine treatment for 3 weeks (b) decreased the immobility time in HABs but not in NABs, (c) did not alter the number of
BrdUþ cells in HABs or in NABs and (d) did not alter the number of DCXþ cells in HABs or NABs. **Po0.01, HAB-Ctl vs NAB-Ctl. ##Po0.01 HAB-Ctl vs HAB-fluoxetine.
n¼ 6-9 mice per group. Data are represented as mean±s.e.m. BrdU, bromodeoxyuridine; Ctl, control; DCX, doublecortin; FST, forced swim test; HAB, high anxiety/
depression-like behavior; NAB, normal anxiety/depression-like behavior.

Adult neurogenesis in trait anxiety and comorbid depression-like behavior
A Sah et al

7

Translational Psychiatry



Analysis of neurogenesis in these animals revealed that,
again, HABs showed a lower number of BrdUþ cells in com-
parison with NABs (Figure 4c). As also observed immediately
after the 3-week fluoxetine treatment, the same treatment
followed by a 3-week drug-free period had no effect on the
number of BrdUþ cells in HABs but led to decrease in the
number in NABs.

In addition, the animals were analyzed for the swim-stress-
induced c-Fos response after the drug washout period. HABs
showed a lower number of c-Fosþ cells than NABs, although
this normalized and also remained normalized 3 weeks after
cessation of fluoxetine treatment (Figure 4d). Furthermore,
Pearsons’s product moment correlation revealed that there
was a significant negative correlation between depression-
related behavior and DG activity in HABs (Figure 4e). These
results indicate that persistence of the AD-like effect of
fluoxetine is accompanied by normalization of the challenge-
induced neuronal hypoactivity in the DG.

Next, we increased the washout period that followed the
3-week fluoxetine treatment to 7 weeks (Figure 4f). Here, the
AD effect was lost as there was no longer any detectable
effect on the immobility time of HABs (Figure 4g). Further-
more, there was no effect on the rate of neurogenesis
(Figure 4h) or on the c-Fos response in the DG of HABs
(Figure 4i).

Effect of fluoxetine treatment during the early phase of
treatment. One puzzling observation in our studies was that
fluoxetine treatment reduced neurogenesis in NABs. As
fluoxetine has been shown to exert an anxiogenic-like effect
in the early phase of treatment in both humans66 and
rodents67,68 and as BrdU was administered during this phase
of fluoxetine treatment (Figure 3a and Figure 4a), we hypo-
thesized that the reduction in neurogenesis was associated
with the early anxiogenic effects of fluoxetine. To test this
hypothesis, we replicated the experimental set up (Figure 4a)
with the modification that now BrdU was given on the 12th to
the 16th day of fluoxetine administration (Figure 5a), when
the ‘early’ anxiogenic- effect of fluoxetine had ceased.

HABs again displayed higher immobility time than NABs.
This was attenuated by fluoxetine (Figure 5b) even after a 3-
week drug discontinuation period. In contrast to the observed
decrease in neurogenesis in NABs when BrdU was given
early, fluoxetine had no effect on cells that were labeled by
BrdU between day 12 and day 16 (Figure 5c).

To further confirm the hypothesized early anxiogenic effect
of fluoxetine on neurogenesis in NABs, fluoxetine was
administered for 3 days and subsequently anxiety-like
behavior was assessed in the light–dark test (supple-
mentary Figure 3a). Fluoxetine was indeed shown to elicit
an anxiogenic-like effect in NABs, indicated by a reduction in

Figure 6 Chronic treatment with L-822,429 or tianeptine had anxiolytic and antidepressant-like effects in HABs along with an increase in neurogenesis and normalization
of challenge-induced DG hypoactivity. (a) Schematic representation of the experimental design. Chronic (b) L-822,429 or (c) tianeptine treatment increased the total time
spent in the light compartment in the LD test in HABs, (d) reduced the immobility time in the FST in HABs without affecting NABs, (e) increased the proportion of BrdUþ cells
in DCXþ /NeuNþ cells in HABs without affecting NABs and (f) increased the number of c-Fosþ cells in the DG of HABs but not of NABs. *Po0.05, **Po0.01, HAB-Ctl vs
NAB-Ctl. #Po0.05, ##Po0.01, ###Po0.001, HAB-Ctl vs HAB- L-822,429/ HAB-tia. n¼ 6–9 mice per group. Data are represented as mean±s.e.m. BrdU,
bromodeoxyuridine; Ctl, control; DCX, doublecortin; DG, dentate gyrus; FST, forced swim test; IHC, immunohistochemistry; LD, light–dark; HAB, high anxiety/depression-like
behavior; NAB, normal anxiety/depression-like behavior; Tia, tianeptine.
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total time spent in the light compartment (Supplementary
Figure 3c). There was no significant difference between lines
in terms of the total distance traveled (Supplementary
Figure 3b), demonstrating that general locomotor activity
was not affected by fluoxetine treatment. In line with our
hypothesis, the number of newly born cells and immature
neurons decreased after this short-term fluoxetine adminis-
tration (Supplementary Figures 3d and 3e).

Treatment with ADs with a particularly strong anxiolytic
component normalized reduced neurogenesis and DG
hypoactivation in HABs. Finally, we tested whether other
ADs with a pharmacological mechanism that was different
from SSRIs, namely the neurokinin-1-receptor antagonist
L-822,429 and tianeptine would reduce the higher depres-
sion- and anxiety-related behavior and in contrast to
fluoxetine they would indeed normalize the rate of neuro-
genesis in HABs.

Treatment with L-822,429 or tianeptine for 21 days
(Figure 6a) led to an anxiolytic-like effect in HABs in the
light–dark test (Figures 6b and c) without affecting locomotor
activity as assessed in the open field test (supplementary
Figure 4b and 4c). The anxiolytic effect of L-822,429 in HABs
is in accordance with our previous findings.69 In addition,
using separate set of experiments L-822,429 and tianeptine
exerted an AD-like effect, namely, reduction of immobility
time in the FST, selectively in HABs, without affecting this
behavior in NABs (Figure 6d). L-822,429 as well as tianeptine
increased neurogenesis in HABs, but not in NABs (Figure 6e).
Also, both drugs profoundly increased the FST-induced c-Fos
expression in the DG of HABs but not in NABs (Figure 6f).

Discussion

In the last decade, neurogenesis has been shown to be
involved in the pathogenesis of anxiety and depression-
related behavior under stressful conditions32 and/or the
therapeutic action of ADs34 (for review, see Petrik et al.46

and Sahay and Hen47). We now extend these previous reports
in an animal model of trait anxiety and comorbid depression
and demonstrate the association of anxiety, but not of
depression-related behavior, with neurogenesis in psycho-
pathological, rather than basal physiological, conditions. The
rescue of higher depression-related behavior through appli-
cation of ADs of different pharmacological classes is
observed. Interestingly, the AD-like effect is present for a
few weeks after discontinuation of fluoxetine treatment before
HABs relapse to the depressive-like phenotype. In addition,
higher depression-related behavior seems to be associated
with dysregulation of the DG under emotional challenge, and
the AD-like effect is closely associated with successful
normalization of the DG hypoactivation, but not with neuro-
genesis, in both the remission and the relapse phase.

Chronic AD treatment normalizes the higher depression-
like behavior of HABs. In this study, we demonstrated that
HABs display an increased behavioral despair in the FST
and decreased sucrose preference, a measure of anhedonia.
Anhedonia is a hallmark symptom of depression in humans

and observed as decreased preference for sucrose solution
compared over water in rodents.61,70 Both these measures
indicate that HABs have a higher depression-like behavior in
comparison with their normal anxiety NAB counterparts. As
different forced swim behaviors between HAB and NAB mice
were not observed in early stages of selective breeding,71,72

it is most likely due to an additional divergence in behavior in
sequential generations of selective breeding, and closely
reflects the high degree of comorbidity in patients suffering
from anxiety and depression. This finding underscores the
validity of using HABs in studies related to anxiety/depres-
sion disorders. In addition, we report sensitivity of depres-
sion-like behavior in HABs, but not in NABs, to chronic
treatment with different classes of established (fluoxetine and
tianeptine) and novel (L-822,429) ADs suggesting that in this
model system, neuropathology that is related to the disorder
must be present for the AD effects to occur.73 Similarly, ADs
do not lead to significant mood-changing effects in non-
depressed healthy individuals.5–7 Along these lines, it was
suggested that paradigms elaborated in ‘non-depressed’
mice quite likely engage different neurobiological mechanisms
that might be less relevant to clinical remission36 further
supporting the validity of the HAB/NAB model.

Duration of AD-like and neurobiological effects after AD
drug discontinuation. Fluoxetine is one of the most widely
prescribed AD in clinical settings74 and has been experi-
mentally widely used for studying the link between depres-
sion and neurogenesis (for review, see Benninghoff et al.75).
We therefore selected this drug to further investigate whether
and for how long AD-like effects persist after drug disconti-
nuation in HABs, and if so, for how long. Although some work
has been done in terms of studying remission/relapse in
depressed patients after discontinuation of pharmacotherapy
(for review, see Palazidou15), this subject needs to be
studied more extensively in animals. For example, it has
been shown that an AD-like effect still persists in rats 2 days
after discontinuation of desipramine or venlafaxine treat-
ment;76,77 this acute phase of drug discontinuation, however,
does not closely reflect remission in humans, which is usually
observed weeks after drug discontinuation.16 On the basis of
half-lives of fluoxetine and its active metabolite norfluoxetine
(in mice, 8 h and 16 h, respectively),78 we chose time periods
of 3 and 7 weeks after discontinuation of treatment ensuring
almost complete elimination of both fluoxetine and norfluox-
etine from plasma in HABs by this time. An AD effect in HABs
was observed 3 weeks, but not 7 weeks, after fluoxetine
discontinuation suggesting a loss of central, long-term
adaptive changes responsible for the AD effect of fluoxetine
over time.

In searching for possible neurobiological markers, that
would indicate the switch from remission to relapse, we found
a reversal of the challenge-induced hypoactivation of DG
neurons in HABs to be such a candidate. Specifically,
although the remission phase of fluoxetine was accompanied
by a normalization of the hypoactive DG in HABs, this
normalization was lost after switching from remission to
relapse. In addition, reversal of DG hypoactivation was
common to all ADs and paralleled that of the depressive
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phenotype in HABs. In a similar way, a hypoactive DG in
stressed rodents79,80 has been shown to be normalized by
agomelatine treatment.79 Notably, the finding of a hypoactive
DG in HAB mice following swim stress is in accordance with
our earlier study, in which we reported hypoactivity in the DG
on the introduction of the mild emotional stimulus of open arm
exposure, but not under the basal/resting state.12 Together,
these two studies point toward an aberrant hippocampal
regulation in HABs during stressful conditions. Along the
same lines, imaging data in MDD patients showed reduced
hippocampal activation under challenge conditions,81,82 but
not during the resting state (for review, see Kuhn and
Gallinat83). Indeed, as mentioned in the introduction, the
hippocampus, via its connection with various corticolimbic
structures, modulates the response to emotion, stress and
motivation.25,26 Taken together, these findings clearly indicate
that changes in the challenge-induced activity patterns of DG
neurons might provide an important neurobiological marker
for depression-like behavior and AD effects.

AD-like effects in relation to adult neurogenesis and
neuronal integration. We revealed that the higher depres-
sion-like behavior in HAB mice was accompanied by a lower
rate of neurogenesis. This is in agreement with the earlier
findings in HAB rats that showed a lower rate of neurogen-
esis31 demonstrating that this inverse relationship is valid in
different species. Furthermore, these results are in line with
the ‘neurogenic-depression hypothesis’.84,85 Among the
mechanisms underlying reduced neurogenesis (for review,
see Zhao et al.86), brain-derived neurotrophic factor seems to
be one promising candidate, as its lower levels have been
found to be associated with depression and reduced
neurogenesis87 (for review, see Pittenger and Duman88).
Interestingly, hippocampal brain-derived neurotrophic factor
expression is reduced in HAB in comparison with NAB mice
(Sartori et al, unpublished), further substantiating this
hypothesis.

Extending these findings, we have now shown for the first
time that there was no functional activation of newly born
neurons in the DG of HABs while those of NABs could be
activated on a challenge. This finding raises the speculation
that the time period of 6 weeks might not have been a
sufficiently long period for functional integration of newly born
neurons in HAB mice to occur, although this effect has been
previously demonstrated from 2 to 3 weeks onward in different
mouse strains including the CD-1 strain.55,89,90 On increasing
the time period to 10 weeks, we still did not find any evidence
of functional integration of newly born neurons in the DG of
HABs. In an attempt to further substantiate these findings, we
subjected HABs to a water maze test that is known to activate
such neurons.55,89 Again, we did not reveal any evidence of
functional integration in HABs (data not shown). Therefore, it
appears that the functional integration of newly born neurons
is impaired or largely reduced in HABs. On the other hand,
fluoxetine treatment did not affect the functional neuronal
integration in either HABs or NABs. Two interesting observa-
tions deduced from our study are (1) fluoxetine treatment
rescued the higher depression-like behavior in HABs, without
increasing neurogenesis and (2) fluoxetine did not have any
effect on NABs in the FST, but decreased neurogenesis to the

level seen in HABs. Both these observations indicate a clear
dissociation between modulation of neurogenesis and
depression-like behavior. Thus, the hypothesis that hippo-
campal neurogenesis is required to exert the behavioral
effects of fluoxetine is not supported by the data obtained in
our psychopathological mouse model. In addition, we found a
clear dissociation between modulation of neurogenesis and
behavior, with fluoxetine treatment rescuing the depressive
phenotype of HABs without increasing neurogenesis, but,
conversely, fluoxetine not having any effect on NABs in the
FST, but decreasing neurogenesis. Thus, the hypothesis that
hippocampal neurogenesis is required to exert the behavioral
effects of fluoxetine is not supported by the data obtained in
our psychopathological mouse model. Future studies will
reveal whether (i) HABs have an increased apoptosis rate
and/or whether (ii) apoptosis is enhanced in NABs by early
anxiogenic effects of fluoxetine administration.

Human studies investigating the involvement of neurogen-
esis in depression and the action of ADs have yielded mixed
results. Work on post-mortem tissue found no change in
proliferation in MDD patients,91 and recent data indicate that
AD treatments enhance discrete facets of neurogenesis in
human92 and non-human primate models.38,92,93 However,
caution is urged in the interpretation of these due to low
sample size, lack of information on agonal index or serum
toxicology at death, and variations in the region of the
hippocampus chosen for analysis.94 Thus, further studies
are still needed before a firm conclusion can be drawn on the
relationship between depression and neurogenesis in
humans.94

Neurogenesis might be linked to anxiety-related beha-
vior. Several of our observations in a psychopathological
animal model suggest that neurogenesis is related to anxiety
rather than depression-like behavior. In particular, only those
drugs that elicited an anxiolytic effect in combination with the
AD effect, namely, L-822,429 and tianeptine, also increased
neurogenesis in HABs while fluoxetine, exerting an AD effect
only, failed to increase neurogenesis in HABs and even
decreased it in NABs. The latter effect raised speculations
about a possible association with early anxiogenic effects of
fluoxetine observed in rodents67,68 and humans.66 To test
this idea, we adopted two approaches. First, fluoxetine was
given only for a short period along with BrdU, and second
BrdU was administered on the 12th to the 16th day of chronic
fluoxetine administration, when the anxiogenic effect was
lost. Neurogenesis (as revealed by both BrdU and DCX
labeling) was indeed decreased during the early phase of
fluoxetine administration, and this was accompanied by an
anxiogenic-like effect in NABs; and this decrease was
reversed when BrdU was administered at a later phase
reverting to a state in which the anxiogenic effects of
fluoxetine were no longer detected in NABs. It is important
to note here that both BrdU and DCX cells show a decline
following 3 days of fluoxetine treatment. According to the
study by Brown et al.,95 BrdUþ cells show 80–90% colocali-
zation with DCX right after 3–4 days of BrdU injection. Since
a decrease in BrdUþ cells following subchronic fluoxetine
has been observed during this time period it could also
indicate that nearly all the DCXþ cells, which were
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colocalized with BrdU also declined. This partially explains a
rapid effect of fluoxetine on the reduced number of immature
neurons. Furthermore, other studies have also indicated an
apoptotic role of fluoxetine in the brains of healthy rodents.96–98

In contrast to this study, another study has shown that
co-treatment with diazepam prevents the effect of fluoxetine
on the proliferation and survival of hippocampal neurons.99

The author suggests that diazepam produces sedative
effects that could indirectly impair neurogenesis by decreas-
ing locomotor activity. Moreover, the earlier study99 has used
C57Bl/6 mice, which have the highest proliferation rate,100

while this study has been conducted on CD1 mice, which
have the highest survival rate.100 These differences might
explain the contradiction between the present data in
comparison with the earlier study.99 Altogether, these data
indicate an association between the anxiogenic-like effect of
fluoxetine and a reduction in neurogenesis. To further
confirm this hypothesis, we treated HABs with L-822,429
and tianeptine, which have also been shown to produce
anxiolytic effects during the acute phase of treatment.18,101–103

Indeed, administration of either of these two drugs pro-
duced an anxiolytic-like effect in HABs together with
increased neurogenesis while failing to increase neurogen-
esis in NABs. To substantiate this finding, application of a
selective anxiolytic drug such as a benzodiazepine would be
interesting; however, it was not possible to distinguish their
anxiolytic from the sedative effect in HAB mice (R Landgraf,
personal communication; see comment21). Nevertheless,
these findings suggest that the anxiolytic/AD drugs such as
L-822,429 and tianeptine drugs may reverse a reduced level
of neurogenesis, but do not increase it beyond basal levels
as recently suggested.46

Similar findings have also been observed in different animal
models of state anxiety/depression for instance, in a
corticosterone-induced animal model of anxiety/depression
in which fluoxetine did not produce changes in neurogenesis
or anxiety in control CD-1 mice, but only in corticosterone-
infused mice.40 Also, in another study, stressed tree
shrews showed reduced proliferation, which was normalized
by tianeptine, while no effect was seen in unstressed tree
shrews.58

Our data suggesting that neurogenesis is linked to higher
anxiety rather than to depression is supported by results
obtained in transgenic mouse line.104 Also studies involving
chronic corticosterone administration40 or unpredictable
chronic mild stress39 in rodents, leading to the development
of higher state anxiety- and depression-like behavior, have
suggested that neurogenesis may be associated more with
the anxiety-related behavior. These studies together with this
study show that neurogenesis appears to be associated with
pathological anxiety in animal models of both higher trait and
state anxiety and with comorbid depression-related behavior.
Taken together, these studies stress the importance of the
role of neurogenesis in psychopathological, rather than
basal physiological, conditions,36 furthering the ‘neurogenic
reserve’ hypothesis, namely, that adult newborn hippocampal
neurons,105 which are not essential under normal conditions,
comprise a reserve that becomes vital when the organism is
faced with stressors.105 HABs with a lower rate of neuro-
genesis and reduced functional integration of newborn

hippocampal neurons would thus be at risk having a lower
reserve. In the present context, alterations in the new
hippocampal neurons might thus be particularly critical for
anxiety-related behavior.

We further address the fact that, during the first few days of
treatment with fluoxetine, but not with L-822,429 or tianeptine,
we observed a weight decline. This is consistent with a recent
study demonstrating a similar effect in humans that is limited
to the acute phase of fluoxetine treatment.106 However, it is
unlikely that reduced neurogenesis that was observed was
due to weight loss, since body weight reduction as a result of
dietary restriction has been shown to increase hippocampal
neurogenesis in mice and rats,107–109 whereas a high-fat
diet (leading to an increase in body weight) reduces this
effect.110,111

Hypothalamo-pituitary axis dysregulation has been
observed both in depressed patients15 as well as animal
models of depression32,36 and ADs have been shown to
modulate such alterations,36 detailed investigation of the
hypothalamo-pituitary axis would be a desirable next step in
this line of research.

Conclusion

This study makes several contributions to our current under-
standing of the neuropathology underlying comorbid anxiety
and higher depression-like behavior. First, it is shown that
hippocampal neurogenesis is reduced and functional integra-
tion of newly born neurons is impaired in HAB mice with a
genetic predisposition to hyper-anxiety and depression-like
behavior. Second, hyper-anxiety is specifically associated
with hippocampal neurogenesis, whereas modulation of
higher depression-like behavior seems to be regulated by
neurogenesis-independent mechanisms. Third, after fluoxe-
tine discontinuation remission from higher depression-like
behavior can be achieved for several weeks before the onset
of relapse. Reversal of emotional challenge-induced DG
hypoactivity parallels all the behavioral changes and is
thus suggested as a neurobiological marker for successful
behavioral remission. Finally, the present data raise the
possibility that low-dose maintenance therapy might be
necessary for achieving complete remission of higher
depression-like behavior in this animal model.
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