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IMPACT OF LONG-TERM ANTIDEPRES-
SANT TREATMENT ON CHRONIC 
STRESS INDUCED REDUCTION OF 
NEUROGENESIS IN ADULT RATS: 
REVELATIONS OF SEX/DRUG SPECIFIC 
REGULATION

Introduction: Growing amounts of evidence have established a 

link between stressful life events, reduced hippocampal neuro-

plasticity and development or exacerbation of depression and 

new theories are beginning to consider impaired adult hippo-

campal neurogenesis as a critical step in this loss of plasticity. 

Objective: To investigate the role of stress and/or effects of con-

comitant antidepressant treatments on hippocampal cell prolifera-

tion. Methods: BrdU immunoreactivity changes were investigated 

in response to repeated footshock stress and antidepressant 

administration in male and female rats. Results: Repeated stress 

revealed a suppressive effect on hippocampal neurogenesis/

survival, particularly in cyclic female rats, refl ecting possible gen-

der-differential mechanisms governing these complex processes. 

Gender also appears to be a major variable in determining antide-

pressant ability to attenuate stress-induced impairment of adult 

cell proliferation since tianeptine, reboxetine and citalopram 

counteracted chronic stress-induced reduction of hippocampal 

BrdU-labeled cells in males but not females. Conclusion: Ovarian 

hormones and serotonin may play a critical role in these diffe-

rences since persistently elevated estrogen levels and disrupted 

serotonin neurotransmission may inhibit both production and 

survival of hippocampal cells. Together these fi ndings may offer 

new insights into the mechanisms involved in the deleterious 

neuronal effects of chronic stress, the molecular events underly-

ing antidepressants’ therapeutic action and the role of gender in 

response to stress, psychopathology and pharmacotherapy.

Kuipers S.D., Trentani A., Koch T., Ter Horst G.J., Den Boer J.A.

Neuropsychopharmacology. Submitted
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INTRODUCTION

For most of the past century, it was believed that the adult brain was incapable of ge-
nerating new neurons. Recent data however, have led to the widespread recognition that 
neurogenesis, is not restricted to embryonic development, but continues into adulthood 
in specifi c regions of the mammalian brain such as the subgranular zone of the dentate 
gyrus 1-3. Various factors appear to affect this process however. Stress for instance, has 
been reported to suppress adult cell proliferation, possibly through elevation of adrenal 
corticosteroids, stimulation of glutamatergic neurotransmission and/or decline in seroto-
nergic activity, 4-6. In contrast, increased cell proliferation, has been observed following 
stimulation of serotonergic function (possibly modulated by 5-HT1A receptor) and estro-
gen treatment 7,8. The impact of stress, directly or indirectly, on neuron production is of 
particular interest during chronic aversive conditions due to the cumulative infl uence of 
adverse events on neurogenesis. 
     Although not the only structure to exhibit neurogenesis throughout adulthood, since 
cell proliferation also occurs in the olfactory bulb, the subventricular zone and the neocor-
tex 2,9, the dentate gyrus is of particular interest since: Neurogenesis occurs robustly in this 
area (up to 9000 new neurons per day in mice and rats), a feature common in all mam-
malian species 10; Most studies on adult neurogenesis have been conducted in the dentate 
gyrus; This region plays a central role in modulating the stream of information processing 
from extrahippocampal regions to various cell fi elds of the hippocampus 5, explaining why 
any disrupted dentate gyrus activity may result in abnormal hippocampal functioning. 
Proper hippocampal functioning is in turn essential given its central role in the pathophys-
iology and treatment of depression 11,12, a psychiatric disorder characterized by cortical-
limbic abnormalities (i.e. hippocampal atrophy and HPA axis hyperacti-vity) and marked 
gender-related prevalence (with women more prone to psychopathology than men) 11,13-15. 
Stress however, particularly when severe and persistent, also plays a crucial role in the 
development of depression. Although the biological origins of this disorder have been dif-
fi cult to grasp, it has been suggested to result from disrupted neuronal plasticity 16,17 and 
new theories linking stress, neurogenesis and depression, are beginning to consider stress-
induced impairment of adult hippocampal neurogenesis as a critical step in this loss of 
plasticity 5,18. A large body of evidence has in fact established a link between stressful life 
events, reduced hippocampal neuroplasticity and development or exacerbation of depres-
sion 19,20. At the cellular level, evidence indicates neuronal atrophy and cell loss following 
stress and depression 21-24 and at the molecular level, it has been suggested that these cellu-
lar defi ciencies, occurring primarily in the hippocampus, result from impaired neuroplas-
ticity 25-27. It has thus also been speculated that up-regulation of neurogenesis could block 
or reverse effects of stress on hippocampal neurons and ameliorate depressive symptoms. 
Interestingly, treatment with antidepressant such as selective serotonin reuptake inhibi-
tors (SSRIs), have indeed been reported to enhance cell proliferation in the adult brain 
28,29. Together these observations have led to the hypothesis that antidepressants may exert 
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their effects by stimulating neurogenesis and neuroplasticity, thereby promoting adaptive 
changes in neuronal systems that counteract negative stress effects and facilitate recovery 
from depression 5. 
     To investigate the effects of stress and/or concomitant antidepressant treatment on hip-
pocampal cell proliferation/survival, BrdU immunoreactivity changes were investigated 
following repeated footshocks and antidepressant administration (tianeptine, citalopram 
and reboxetine). Peripheral tryptophan levels and adrenal activity were also examined. 
Furthermore, since gender represents a crucial aspect in stress sensitivity and psychopa-
thology development, neuroendocrine and immunohistochemical adaptations were inves-
tigated in both male and female rats 13,30. These results may provide novel insight into 
effects of prolonged stress on adult neurogenesis as well as the mechanisms underlying 
antidepressants’ mode of action in the brain. 

MATERIALS AND METHODS

Animals

Male (n=48: 212-240 g) and cyclic female Wistar rats were used (n=51: 195-212 g). The 
animals were individually housed (cages 45 x 28 x 20 cm) with food and water ad libitum. 
They were maintained on a 12/12-hr light/dark cycle and weighed (9:00 am) and handled 
daily for 5-8 min to minimize non-specifi c stress response. The experiments were carried 
out in accordance with the European Communities Council Directive of November 24, 
1986 (86/609/EEC), and the guidelines of the Animal Bio-ethics Committee of the Uni-
versity of Groningen (FDC: 2509).  

Footshock procedure

The rodent footshock-chamber consists of a box containing an animal space placed on a 
grid fl oor connected to a shock generator and scrambler. Stressed rats received one daily 
session of varying duration (between 30 and 120 min/day) in the footshock-chamber. 
During each session 5 inescapable and uncontrollable footshocks were given (0.8 mA in 

intensity and 8 sec in duration). In order to make the procedure as unpredictable as pos-
sible, starting time, inter-shock interval, and total time spent in the box were varied on a 
daily basis. This stress procedure did not result in any visible injuries to the rats. 
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Experimental Setup 

To investigate the immunohistochemical and neuroendocrine alterations induced by sus-
tained stress exposure, long-term antidepressant treatments, and the interactions between 
experimental conditions, a 2 X 2 procedure was applied. Per gender rats were randomly 
assigned to eight groups:

1. CTR-vehicle (n˚=6): these rats received daily exposre to the footshock box and vehicle 
injections. They were not subjected to any actual footshocks during the experiment; 
2. STRESS-vehicle (n˚=6): these rats received daily footshocks and vehicle injections; 
3. CTR-tianeptine (n˚=6): these rats were used as controls to identify neurochemical 
adaptations induced by long-term tianeptine administration. They received daily exposure 
to the footshock box and tianeptine injections, but not any actual footshocks; 
4. STR-tianeptine (n˚=7): these animals received daily footshocks and tianeptine 
injections;
5. CTR-citalopram (n˚=6): these rats received daily exposure to the footshock box and 
citalopram injections but no footshocks; 
6. STR-citalopram (n˚=7): stressed rats received daily exposure to the aversive procedure 
and citalopram injections;
7. CTR-reboxetine (n˚=6): these animals were exposed to the footshock box and received 
daily injections of reboxetine, without any actual footshocks; 
8. STR-reboxetine (n˚=7): these rats received daily footshocks and reboxetine injections;
On the fi nal day of the experiment all rats were placed in the footshock box for a 15 
minute session. During this fi nal session however, no footshocks were delivered. It is also 
important to note that no injections were administered prior to this fi nal session, allowing 
a washout period of about 24 hours.

Pharmacological profi le, mode of action, dosage, and route of 
administration

Citalopram. This SSRI’s mechanism of action is presumed to be linked to the potentia-
tion of serotonergic activity in the CNS resulting from inhibition of neuronal reuptake of 

serotonin (5 HT) 31,32. 
Dosage. Citalopram, kindly provided by Lundbeck B.V. (The Netherlands), was dissolved 
in saline (0.9% NaCl) at a concentration of 20mg*ml-1 and injected intraperitoneously 
(i.p.) at the dosage of 20mg*kg-1*day-1, for a 21 day-period, 30-45 minutes before expo-
sure to the footshock procedure. The daily dose of 20mg*kg-1*day-1 was chosen after 
reviewing recent pharmacological studies using this antidepressant in a long-term setting 
33,34. These studies suggest that an administered dosage of 20mg*kg-1 will provide a suf-
fi cient plasma concentration of about 250-300 nmol*l-1 34,35, regardless of the mode of 
administration (oral vs. osmotic pumps). 
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Tianeptine. Tianeptine is an atypical antidepressant, both structurally and in terms of 
its neurochemical profi le. It is devoid of sedative effects and induces slight stimulation of 
locomotor activity. In monkeys, it decreases aggressive and emotive states and improves 
individual behavior 36. Pharmacological studies have shown that, unlike other antidepres-
sants, tianeptine stimulates the uptake of serotonin and increases 5-hydroxyindoleacetic 
acid levels in the brain 37, although recent hypotheses also suggest modulation of exci-
tatory amino acid transmission by targeting the phosphorylation-state of glutamate recep-
tors at the CA3 synapse 38. 
Dosage. Tianeptine, kindly provided by the Institut de Recherches Internationales Servier 
(Paris, France), was dissolved in saline (0.9% NaCl) at a concentration of 10mg*ml-1, and 
injected intraperitoneously (i.p.) at the dosage of 10mg*kg-1*day-1, for a 21 day-period, 
30-45 minutes before exposure to the footshock procedure. The daily dose of 10mg*kg-

1*day-1 was chosen based on the indications provided by the drug manufacturer and li-
terature review, as the effective dosage suffi cient to prevent behavioral and neurochemical 
abnormalities in a chronic setting 38-43. 
Reboxetine. Reboxetine, a potent and selective norepinephrine reuptake inhibitor with-
out any affi nity for neurotransmitter receptors, displays an antidepressant profi le in both 
animal tests and in clinical trials. Unlike desipramine or imipramine, reboxetine has a 
weak affi nity for muscarinic, histaminergic H1, adrenergic alpha1, and dopaminergic D2 
receptors and low toxicity in animals. 
Dosage. Reboxetine, a racemic mixture of R,R- and S,S-([2-[alpha [2-ethoxyphenoxy] 
benzyl]-morpholine sulfate]) and (+)-(S,S)-reboxetine methanesulfon, was kindly pro-
vided by Pharmacia B.V. (The Netherlands). The noradrenaline reuptake inhibitor was 
dissolved in saline (0.9% NaCl) at a concentration of 20mg*ml-1, and injected intraperito-
neously (i.p.) at the dosage of 20mg*kg-1*day-1, for a 21 day-period, 30-45 minutes before 
exposure to the footshock procedure. The daily doses of 20mg*kg-1*day-1 was chosen based 
on its reported low half-life and recent preclinical studies investigating the behavioral and 
neurochemical changes induced by prolonged administration of this antidepressant using 
similar dosages in rats 44-47. 

Route of administration

In contrast to studies in which osmotic pumps were used to deliver drugs, here intraperi-

toneous injections were chosen as the route of administration. Although osmotic pumps 
allow a more constant administration, the antidepressant concentration loaded into each 
pump requires prior estimation based on each individual animal’s weight. The current 
experimental design however presents problems in establishing body weight since the 
female cycle as well as antidepressant treatment have been shown to modify female body 
weight growth by reducing food intake 48,49. Furthermore, use was made of a chronic aver-
sive paradigm, which has also been reported to strongly affect normal weight gain in ani-
mals 50. Given the diffi culties in reliably predicting body weight changes in cyclic female 
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rats during chronic stress and long-term antidepressant administration, drugs were deliv-
ered by i.p. injections to guarantee a fi xed and constant dosage throughout the experi-
ment, regardless of effects due to experimental conditions. 

Physiological and neuroendocrine correlates of the chronic 
stress response 

To defi ne the physiological and neuroendocrine changes induced by prolonged footshock 
exposure and/or antidepressant treatment, various parameters were measured. Weight gain 
was monitored on a daily basis throughout the experiment and, upon termination, adrenal 
glands were removed and weighed. Furthermore, blood samples were taken after the fi nal 
session and stored at -20°C to determine plasma tryptophan concentrations. 

Plasma tryptophan concentrations: extraction and chromatography

Tryptophan is the precursor for the neurotransmitter 5-hydroxytryptamine (5-HT). This 
amino acid is present in the blood in bound and free form. Elevation of the free fraction of 
L-tryptophan in plasma provides an increased amount of the precursor molecule to pass 
across the blood-brain barrier. This higher penetration and increased rate of entry into 
the brain activates synthesis of brain serotonin, leading to higher levels of 5-HT. Since 
serotonin has been found to have a potential neurotrophic role in the brain, any altera-
tion in its metabolism could refl ect a permanent change in brain neuroplasticity and/or 
neurogenesis. 

Instrumentation.

The quantifi cation of total plasma tryptophan was performed as previously described 51 
with methods based on solid-phase extraction (SPE) and gradient high performance liquid 
chromatography (HPLC) with fl uorometric detection. In short, the on-line SPE unit used 
was a Prospekt (Spark Holland, Emmen, The Netherlands) consisting of a SPE control-
ler unit, a solvent delivery unit, and an autosampler. Samples were injected with a Midas 
autosampler (Spark Holland BV). The HPLC pump used was a Gynkotek Series P580A 
binary high-pressure gradient pump (Softron GmbH); detection was performed with a 
Jasco 920 FP spectrofl uorometer (excitation wavelength, 285 nm; emission wavelength, 
340 nm). Detector output was integrated using ChromPerfect (Ver. 3.51) integration soft-
ware (Nelson).

Gradient. 

The binary gradient system consisted of eluent A (50 mmol/L potassium dihydrogen 
phosphate in water adjusted to pH 3.3 with phosphoric acid) and eluent B (700 mL/L 
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eluent A–300 mL/L acetonitrile). Before use, all eluents were fi ltered through a 0.45 µm 
membrane fi lter (Schleicher & Schuell) and degassed at reduced pressure for 5 min. Gra-
dient elution was performed according to the following elution program: 0–2 min, 80% 
A, 20% B; 2–10 min, 25% A, 75% B; 10–10.1 min, 0% A, 100% B; 10.1–15 min, 0% 
A, 100% B; 15–15.1 min, 80% A, 20% B; 15.1–20 min, 80 A, 20% B. The gradients 
applied were linear; the fl ow rate was 0.6 mL/min. Chromatography was performed at 
ambient temperature.

Analysis and quantifi cation. 

Plasma tryptophan levels were quantifi ed by calculating the peak-area ratios relative to 
that of the internal standard (5-MTP) in samples. Sample peak-area ratios were compared 
with the peak-area ratios obtained for the calibration solutions at fi ve different concentra-
tions. Calibrators were freshly prepared by diluting stock solutions to concentrations of 
5–20 µmol/L with 0.01 mol/L acetic acid. Peak identity was verifi ed by the response of 
the retention time to different chromatographic conditions and the addition of calibrators 
51.

Immunohistochemistry

All rats were terminated 120 minutes following exposure to the fi nal session, with an over-
dose of halothane followed by a transcardial perfusion with 4% paraformaldehyde solu-
tion in 0.1M sodium phosphate buffer (pH 7.4). The brains were carefully removed and 
post-fi xed in the same solution overnight at 4°C, before being transferred to a potassium 
phosphate buffer (KPBS 0.02 M, pH 7.4) and stored at 4°C. Following cryoprotection 
of the brains by overnight immersion in a 30% glucose solution, coronal serial sections 
of 40 mm were prepared on a cryostat microtome. Sections were collected in KPBS with 
sodiumazide and stored at 4°C.

BrdU injections and immunohistochemistry 

From day 13 to 16, animals received daily i.p. injections of 5-bromo-2’-deoxyuridine 
(BrdU; 100 mg/kg; Sigma) to label dividing cells. Since cyclic females were not synchro-
nized before the experiment and rates of neurogenesis have been reported to differ in vari-
ous phases of the estrous cycle, BrdU was administered for four consecutive days. This way 
all females received BrdU during one entire cycle, independent of their specifi c estrous 
phases at the time of injection. All rats followed the same schedule and were perfused 6 
days following the last BrdU injection. This survival time allows for the completion of 
several cell cycles (up to 9) and was chosen based on recent studies that report death of a 
large portion of new cells before reaching maturity 52. In fact, indirect evidence suggests a 
marked decrease in newly generated adult dentate gyrus cells between 1 and 2 weeks after 
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BrdU labeling  52,53. 
BrdU immunohistochemistry was performed as previously described 54. In short, BrdU 
labeling requires the following pretreatment steps: DNA denaturation (50% formamide/
2*SSC (pH 7.0), 65°C, 120 min), and acidifi cation (2 M HCl, 30 min). Primary anti-
body concentration was a monoclonal mouse anti-BrdU (Roche, 1:800) and secondary 
antibody concentration was goat anti mouse (Jackson ImmunoResearch, 1:400). The 
reaction product was visualized by adding diaminobenzidine as chromogen and 1% H

2
O

2
 

for 15 min. Finally, the sections were washed, mounted on slides, dehydrated and cover-
slipped with DePex. 

BrdU-labeling analysis

A modifi ed unbiased stereology protocol was used that has been reported to successfully 
quantify BrdU labeling. Quantifi cation of positive cell nuclei was performed using at least 
8 sections of a specifi c portion of the hippocampal dentate gyrus (DG: Bregma -2.00 to 
-3.50). Every seventh section (an average of 7) through the rostral/caudal extent of the 
dentate gyrus was collected and coded before processing for immunohistochemistry to 
ensure objectivity. All BrdU positive cells in the granule cell layer and the subgranular 
zone (defi ned as a two-cell-body-wide zone along the border of the granule cell layer) were 
counted regardless of size or shape using a computerized imaging analysis system (LEICA 
Imaging System Ltd., Cambridge, England). To enable counting of cell clusters, cells were 
examined under ×400 magnifi cation and ×1000. The total number of BrdU positive cells 
was estimated by multiplying the number of cells counted in every 7th section by 7 and 
reported as total number of cells (mean and SE) 55.

Statistics

Results were analyzed by performing F tests of variance. That value determined whether 
t tests for equal or unequal variance were performed to compare the various experimental 
and control conditions. P < 0.05 was defi ned as the level of signifi cance between groups.

RESULTS

Body weight gain

Stress. 

In male rats prolonged stress exposure resulted in a signifi cant reduction of total body 
weight gain (tBWG) by the end of the experiment (day 22) (F=9.79, p<0.0031) (fi g. 
1). This stress-induced reduction was evident in every treatment group including vehicle 
(CTR-vehicle vs. STR-vehicle; F=11.18, p<0.0086), tianeptine (CTR-tianeptine vs. STR-
tianeptine; F=9.75, p<0.011), citalopram (CTR-citalopram vs. STR-citalopram; F=6.00, 
p<0.034) and reboxetine (CTR-reboxetine vs. STR-reboxetine; F=13.48, p<0.0043) (fi g. 
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1). In stressed females no reduction in tBWG was observed in any of the treatment groups 
compared to their own controls. Interestingly, chronic stress even signifi cantly increased 
tBWG in citalopram-treated females (CTR-citalopram vs. STR-citalopram; F=11.06, 
p<0.0068) thereby preventing the anorexic effect induced by this antidepressant com-
pared to vehicle-treated females (CTR-vehicle vs. CTR-citalopram; F=26.80, p<<0.001). 
Surprisingly, the overall net effect of repeated footshock stress in female rats was a marked 
and almost signifi cant increase of tBWG (F=3.50, p<0.067), were it not for the strong 
anorexic effect of reboxetine (fi g. 1).

Antidepressants. 

Long-term tianeptine administration had no effect on body weight growth in both gen-
ders. Reboxetine, in contrast, caused a signifi cant reduction of tBWG in both male and 
female rats compared to vehicle-treated (males; F=38.28, p<<0.001: females; F=64.63, 
p<<0.001), tianeptine-treated (males; F=53.74, p<<0.001: females; F=48.46, p<<0.001) 
and citalopram-treated rats (males; F=38.96, p<<0.001: females; F=13.01, p<0.0014) (fi g. 
1). Citalopram administration had no effect in males but signifi cantly decreased tBWG in 
control females (CTR-vehicle vs. CTR-citalopram; F=26.80, p<<0.001: CTR-citalopram 
vs. STR-citalopram; F=11.06, p<<0.0068).

Gender. 

A clear effect of gender on tBWG was evident in all treatment groups (vehicle; F=17.83, 
p<<0.001: tianeptine: F=28.90, p<<0.001; citalopram; F=26.67, p<<0.001) except rebox-
etine due to the signifi cant anorexic effect exerted by this antidepressant in both male and 
female rats (F=0.14, p<0.71).

Figure 1.

Diagrams illustrating changes in body weight gain in male (left) and female (right) rats exposed to prolonged footshock stress 
and antidepressant administration.

Males Females
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Adrenal weight

Stress. 

Repeated footshock stress caused a marked enlargement of adrenal glands in both male 
(CTR-vehicle vs. STR-vehicle: F=5.16, p<0.047) and female rats (CTR-vehicle vs. STR-
vehicle: F=6.23, p<0.032). All antidepressants were able to attenuate chronic stress-
induced adrenal hypertrophy in both male and female rats. This stress-reducing effect 
was particularly evident for citalopram (which even signifi cantly reduced adrenal weight 
compared to its own controls; CTR-citalopram vs. STR-citalopram, F=5.14, p<0.047) 
and reboxetine in male rats (CTR-reboxetine vs. STR-reboxetine, F=0.002, p<0.96) while 
tianeptine (CTR-tianeptine vs. STR-tianeptine, F=1.15, p<0.31) and citalopram (CTR-
citalopram vs. STR-citalopram, F=2.03, p<0.18) were more effective in females (fi g. 2). 
Interestingly tianeptine was the only antidepressant able to signifi cantly attenuate chronic 
stress-induced adrenal enlargement compared to vehicle-treated female rats (STR-vehicle 
vs. STR-tianeptine, F=7.49, p<0.019).

Antidepressants. 

Long-term antidepressant treatments, particularly citalopram and reboxetine, resulted in 
enlarged adrenals in male rats (vehicle vs. tianeptine: F=2.86, p<0.10; vehicle vs. citalo-
pram: F=8.99, p<0.007; vehicle vs. reboxetine: F=8.25, p<0.009) (fi g. 2). This effect was 
even stronger when non-stressed, vehicle treated males were compared with the non-
stressed, antidepressant treated rats (CTR-vehicle vs. CTR-tianeptine: F=5.75, p<0.038; 
CTR-vehicle vs. CTR-citalopram: F=38.56, p<<0.001; CTR-vehicle vs. CTR-reboxetine: 
F=18.11, p<0.0017). In female rats, no signifi cant effects were found with the exception 
of tianeptine, which led to an opposite effect, namely reduced adrenal gland size (vehicle 
vs. tianeptine: F=7.90, p<0.01; CTR-vehicle vs. CTR-tianeptine: F=2.80, p<0.13).

Gender. 

A signifi cant effect of gender was observed amongst all treatment groups, with female rats 
showing signifi cantly larger adrenals than males (vehicle: F=54.79, p<<0.001; tianeptine: 
F=9.67, p<0.005; citalopram: F=32.25, p<<0.001; reboxetine: F=7.72, p<0.011) (fi g. 2).
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Plasma tryptophan levels

Stress. 

Prolonged stress exposure did not signifi cantly affect plasma tryptophan concentrations in 
vehicle treated male or female rats (males; CTR-vehicle vs. STR-vehicle, F=0.81, p<0.39: 
females; CTR-vehicle vs. STR-vehicle, F=3.28, p<0.10) (fi g. 3). The overall effect of stress 
on plasma tryptophan availability was not signifi cant either (CTR-males vs. STR-males; 
F=0.69, p<0.79: CTR-females vs. STR-females; F=0.48, p<0.49). 

Figure 2.

Graphs illustrating stress*antidepressant*gender effects on adrenal weights. “*” represents signifi cant difference compared 
to CTR-vehicle rats; “o” represents signifi cant difference between STR-vehicle and STR-antidepressant. “+” represents a sig-
nifi cant difference between antidepressant CTR and STR rats. One symbol signifi es p=<0.05; Two symbols signify p=<0.01; 
Three symbols signify p=<0.001. 
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Antidepressants. 

Long-term antidepressant treatment in male rats resulted in signifi cantly reduced plasma 
tryptophan concentrations regardless of the neurochemical profi le of the drug (vehicle 
vs. tianeptine, F=12.10, p<0.0021: vehicle vs. citalopram, F=10.86, p<0.0033: vehicle vs. 
reboxetine, F=6.90, p<0.015) (fi g. 4). In contrast, prolonged antidepressant administra-
tion in female rats caused a signifi cant rise in peripheral tryptophan levels in both citalo-
pram (vehicle vs. citalopram, F=21.36, p<<0.001) and reboxetine-treated rats (vehicle vs. 
reboxetine, F=41.40, p<<0.001). No changes were observed following chronic tianeptine 
treatment however. 

Figure 3.

Graphs illustrating stress effects on plasma tryptophan levels. CTR-vehicle rats were set at 100% and the other groups refl ect 
tryptophan levels compared to vehicle controls. “*” represents signifi cant difference compared to CTR-vehicle rats; “o” 
represents signifi cant difference between STR-vehicle and STR-antidepressant. One symbol signifi es p=<0.05; Two symbols 
signify p=<0.01; Three symbols signify p=<0.001.

o
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Gender.

Interestingly, female rats showed signifi cantly higher plasma tryptophan levels compared 
to males (males-vehicle vs. female-vehicle, F=8.41, p<0.0083: males-tianeptine vs. 
female-tianeptine, F=18.79, p<<0.001: males-citalopram vs. female-citalopram, F=58.35, 
p<<0.001: males-reboxetine vs. female-reboxetine, F=77.45, p<<0.001).

Total BrdU immunoreactivity

Basal and stress-induced BrdU expression. 

Non-stressed female rats showed a larger number of hippocampal BrdU-labeled cells than 
control males (F=13.06, p<0.0056), due perhaps to a neurotrophic effect of ovarian hor-
mones (fi g. 5). Interestingly, repeated footshock exposure resulted in a general reduction 
of BrdU expression (F=13.33, p<0.0016) (fi g. 5). When gender distinction was taken into 
account however, the negative effect of chronic stress on BrdU immunoreactivity appeared 

Figure 4.

Graphs illustrating antidepressant effects on plasma tryptophan levels. Vehicle rats were set at 100% and the antidepressant 
groups refl ect tryptophan levels compared to vehicle rats. “*” represents signifi cant difference compared to CTR-vehicle 
rats. One symbol signifi es p=<0.05; Two symbols signify p=<0.01; Three symbols signify p=<0.001.
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to result primarily from a more severe effect in females compared to males. In fact, only 
the former illustrated a signifi cant reduction of hippocampal BrdU expression (females: 
F=16.96, p<0.0034; males: F=3.45, p<0.093) (fi g. 6). 

Antidepressants.

Males. 

Although previous reports have associated long-term antidepressant treatment with 
increased hippocampal cell proliferation, the non-stressed male rats in this study revealed 
no signifi cant changes in the number of BrdU-labeled cells in the dentate gyrus in 
response to tianeptine (CTR-vehicle vs. CTR-tianeptine: F=0.12, p<0.74), citalopram 
(CTR-vehicle vs. CTR-citalopram: F=1.22, p<0.30) or reboxetine (CTR-vehicle vs. CTR-
reboxetine: F=3.11, p<0.11) (fi g. 6). No overall effect of antidepressants on neurogenesis 
was thus detected in male rats under basal conditions (CTR-vehicle vs. CTR-antidepres-
sants: F=0.92, p<0.35). It is important to note however that while repeated stress mark-
edly reduced the number of hippocampal BrdU-labeled cells (F=3.45, p<0.093), long-
term antidepressant administration attenuated this stress-induced effect. This was par-
ticular evident after citalopram treatment (STR-vehicle vs. STR-citalopram: F=11.65, 
p<0.0066) but it was also present following tianeptine (STR-vehicle vs. STR-tianeptine: 

Figure 5.

Graphs illustrating effects of gender (top) and stress (bottom) on numbers of BrdU-positive cells. “*” represents signifi -
cant differences between conditions. One symbol signifi es p=<0.05; Two symbols signify p=<0.01; Three symbols signify 
p=<0.001.
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Figure 6.

Graphs illustrating stress*antidepressant*gender effects on total BrdU-labeled cells in the dentate gyrus. “*” represents signifi -
cant difference compared to CTR-vehicle rats; “o” represents signifi cant difference between STR-vehicle and STR-antidepres-
sant. One symbol signifi es p=<0.05; Two symbols signify p=<0.01; Three symbols signify p=<0.001.

F=3.08, p<0.11) and reboxetine administration (STR-vehicle vs. STR-reboxetine: F=4.34, 
p<0.064). The overall attenuation of stress-induced reduction of BrdU expression in male 
dentate gyrus was also signifi cant (STR-vehicle vs. STR-antidepressants; F=6.28, p<0.02) 
(fi g. 7).

 

Females. 

Unexpectedly and in contrast to males, prolonged antidepressant administration in female 
rats caused signifi cantly reduced hippocampal BrdU immunoreactivity under basal condi-
tions. This effect was particularly evident following tianeptine (CTR-vehicle vs. CTR-
tianeptine: F=7.21, p<0.028) and reboxetine administration (CTR-vehicle vs. CTR-
reboxetine: F=21, p<0.0018) but was also present after citalopram treatment (CTR-vehi-
cle vs. CTR-citalopram: F=2.63, p<0.14) (fi g. 6). Regardless of their modes of action, 
antidepressant treatment thus led to a signifi cant reduction of BrdU-labeled cells in the 
female dentate gyrus (CTR-vehicle vs. CTR-antidepressants: F=8.37, p<0.0097) (fi g. 7). 
Surprisingly, and again in contrast to males, long-term antidepressant treatments did not 
attenuate chronic stress-induced reduction of hippocampal BrdU immunoreactivity in 
female rats. This lack of effect was evident in all antidepressants tested here including 
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tianeptine (STR-vehicle vs. STR-tianeptine: F=2.33, p<0.17), citalopram (STR-vehicle 
vs. STR-citalopram: F=0.49, p<0.51) and reboxetine (STR-vehicle vs. STR-reboxetine: 
F=0.73, p<0.42). Antidepressants, independent of their mode of action, were thus unable 
to reverse stress-induced reduction of BrdU immunoreactivity in the dentate gyrus of 
female rats (STR-vehicle vs. STR-antidepressants: F=1.43, p<0.25).

DISCUSSION

The birth of new neurons represents the beginning of a long, complex process although 
only a minority of newly-born cells survive long enough to reach maturity and integrate 
into basic hippocampal circuitry 5,52. Here the effects of repeated stress and antidepressant 
treatment were investigated on proliferation and survival of newly generated cells in the 
hippocampus of male and female rats. This survival time (of 9 days following the fi rst and 
6 days following the last BrdU injection) was chosen since recent studies report death of a 
large portion of new cells before maturity 52, while this design allows investigation 
of the effects of stress and antidepressants on neurogenesis as well as survival of newly 
born cells. In line with previous reports, chronic stress induced a signifi cant reduction 
in hippocampal BrdU-labeled cell numbers. When gender distinctions were made how-

Figure 7.

Graphs illustrating effects of stress on total BrdU-labeled cells in the dentate gyrus. “*” represents signifi cant difference 
compared to CTR-vehicle rats; “o” represents signifi cant difference between STR-vehicle and STR-antidepressant. One 
symbol signifi es p=<0.05; Two symbols signify p=<0.01; Three symbols signify p=<0.001
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ever, a strong sex-related stress effect emerged. While males illustrated a marked, yet non-
signifi cant decrease in newly born cells, females illustrated signifi cantly less hippocampal 
BrdU-labeled cells after repeated stress. Remarkably however, long-term antidepressant 
treatment, regardless of their action mechanisms, attenuated footshock-mediated sup-
pression of neurogenesis/survival in males, yet surprisingly, yielded signifi cantly reduced 
neurogenesis/survival in females, both with and without concurrent stress exposure.      
     The dynamic process of adult neurogenesis is both positively and negatively regulated 
by neuronal activity and environmental factors. Stress exerts a particularly critical role 
10 since hormones and other physiological agents mediating stress effects may have pro-
tective, adaptive results in the short run, but can accelerate pathophysiology when over-
stimulated or disturbed 15. In this study, repeated footshocks caused signifi cant adrenal 
enlargement in both genders, while previous studies have shown enhanced basal corticos-
terone levels following this regimen in male and female rats 27,56. Given this testimony 
to the ability of this procedure to induce prolonged HPA axis hyperactivity, it is interes-
ting to note that glucocorticoids are reported to exert a suppressive effect on dentate gyrus 
neurogenesis and that basal adrenal steroid levels are inversely related to the rate of hip-
pocampal cell proliferation 57,58. Although the regulatory role of stress steroids on granule 
cell proliferation has been well established, the absence of mineralocorticoid and gluco-
corticoid receptors in most granule cell precursors 53 suggests that glucocorticoid-mediated 
effects might occur through indirect infl uences and involve other factors. An interesting 
candidate for this stress-mediated inhibition of hippocampal neurogenesis is glutamate. 
Since activation of NMDA receptors has been associated with suppressed hippocampal 
cell proliferation 59 several studies suggest that new dentate gyrus cell production is directly 
regulated by excitatory input through these receptors 60. Together, the inhibitory effects of 
glucocorticoids and NMDA receptor activity on granule cell genesis suggest that chronic 
stress, by persistently elevating levels of basal corticosterone and hippocampal glutamate 
release 10,61, may represent a likely candidate to explain the reduced number of BrdU-
labeled cells in chronically stressed rats. 
     Although the molecular mechanisms underlying stress-induced suppression of hip-
pocampal cell proliferation are still a matter of debate, recent reports have also implicated 
serotonin in the regulation of adult hippocampal neurogenesis 7. Serotonin, one of the 
most widely distributed neurotransmitters in the central nervous system, is involved in 
multiple processes, such as modulation of stress and affective responses. This has led to the 
suggestion that stress may predispose development of depression by disrupting serotonin-
mediated neurogenesis modulation. Interestingly however the more recent “cellular neu-
roplasticity hypothesis” does not exclude the older “monoamine theory of depression”. 
The former in fact appears to support the latter. Whereas depression might be due to 
dysregulated molecular mechanisms that govern neuronal cell proliferation and survival, 
antidepressants might mediate their effects by attenuating stress-induced impairment of 
monoaminergic function. Long-term administration and stimulation of monoaminergic-
mediated neurotransmission, could ultimately lead to potentiation of neurogenesis and 
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activation of intracellular pathways underlying neuronal plasticity and survival 62. In line 
with suppressive chronic stress effects on neurogenesis, our results illustrate the ability of 
repeated footshocks to reduce BrdU-labeled cell numbers in the male dentate gyrus. More 
importantly however all antidepressants, despite their classifi cation, yielded attenuation 
of this inhibitory effect in males. Although citalopram, a selective serotonin reuptake 
inhibitor 63,64 was particularly effective, serotonin is unlikely to be the only factor involved 
in modulating neurogenesis, since antidepressants characterized by other pharmacologi-
cal profi les (tianeptine and reboxetine) also prevented/reversed stress-mediated inhibition 
of neurogenesis/survival. Interestingly however, in males, all antidepressants signifi cantly 
reduced plasma tryptophan concentrations while attenuating stress-induced reduction of 
hippocampal BrdU-labeled cells.
     Tryptophan, an essential amino acid, is an indispensable precursor for serotonin syn-
thesis 65. Given our incapacity to synthesize this substrate, we rely on diet for its provi-
sion, although most of the tryptophan consumed through food (about 99%) is used for 
protein synthesis and only a “negligible” amount reaches the brain where it is converted 
to 5-hydroxy-tryptophan, and subsequently serotonin 65. Central serotonin synthesis and 
function is thus strictly dependent on circulating tryptophan levels 66-68. Although altered 
central serotonin synthesis is unlikely to affect peripheral tryptophan availability, persis-
tently reduced circulating tryptophan concentrations can affect central serotonin synthe-
sis. Since the tryptophan transporter across the blood brain barrier is not saturated by 
circulating tryptophan concentrations under physiological conditions 69, elevated peri-
pheral tryptophan levels may lead to enhanced penetration of this amino acid into the 
CNS. Alternatively, persistently reduced circulating tryptophan may lower rates of sero-
tonin synthesis in the brain. Remarkably, however, despite induction of persistently low-
ered plasma tryptophan in males, all antidepressants markedly enhanced hippocampus 
neurogenesis/survival, thereby counteracting the suppressive infl uence of repeated stress. 
Considering their different pharmacological profi les, these fi ndings suggest that antide-
pressants’ effects on adult cell proliferation/survival may constitute a more complex me-
chanism than mere potentiation of serotonergic neurotransmission.   
     Chronic stress also inhibited cell proliferation/survival in females although the 
footshock-mediated effects on neurogenesis appeared to be more severe in females than 
males. In contrast to males however, long-term antidepressants (particularly citalopram 
and reboxetine), did not attenuate stress-induced reduction of BrdU-labeled cells in 
females, despite signifi cantly elevated circulating tryptophan levels. Surprisingly, anti-
depressants alone without concurrent stress exposure even inhibited cell proliferation/
survival. Although the mechanisms underlying this gender dichotomy remain obscure, it 
is intriguing to speculate that these differences in response to prolonged antidepressant 
treatment may be related to differential gender-related mechanisms governing production 
and survival of hippocampal cells 2. Therefore, by affecting gender-specifi c pathways or 
similar pathways in a gender-specifi c manner, antidepressants may be able to counteract 
deleterious stress effects on neurogenesis/survival in male but not female rats. 
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     Recent investigations confi rm sex-related differences in rates of adult neurogenesis 
with females producing more new dentate gyrus cells than males 8. Accordingly, signifi -
cantly more BrdU-labeled cells were seen in non-stressed females than non-stressed males. 
This gender difference has been attributed to modulatory effects of ovarian hormones and 
female rats do indeed exhibit naturally occurring fl uctuations in new cell numbers across 
the estrous cycle with maximal proliferation during proestrous, the stage with highest 
estrogen levels 8. This higher rate of cell proliferation during proestrous may thus account 
for the sex-related differences in new dentate gyrus cell production/survival. Interestingly 
however, while short-term estrogen treatment (up to 4 hours) has been shown to enhance 
neurogenesis, persistently elevated estradiol levels (up to 48 hours) have been associated 
with suppressed cell proliferation in female meadow voles and rats 70,71. This suggests that 
it might not be exposure to elevated ovarian steroids but periodic fl uctuations in circula-
ting sex steroid levels, that underlie estrogen-mediated stimulation of hippocampal cell 
proliferation. Infl uence of prolonged stress on ovarian axis activity, may thus provide an 
interesting possibility to explain the stronger impact of stress in cyclic females compared 
to males. Shors and colleagues, have shown that stress persistently elevates estrogen levels 
in cyclic females and reduces the amplitude of cyclic fl uctuations during estrous 72 and as 
previously mentioned, recent studies also illustrate ovarian steroids’ ability to affect neu-
rogenesis in a dual manner 70,71. The signifi cant reduction of BrdU-labeled cells following 
stress in these cyclic females might thus be related to a possible stress-induced elevation 
of ovarian hormones. Our results also illustrate the inability of antidepressants in cyclic 
females, to attenuate stress-induced reduction of hippocampal BrdU-labeled cell num-
bers, due perhaps to their incapacity to rapidly normalize stress-induced changes in estro-
gen release. With regard to the inhibition of cell proliferation/survival observed following 
long-term antidepressant treatments in the absence of concurrent stress exposure, we can 
only speculate that this effect may be related to transitory changes in estrogen release in 
response to the antidepressants themselves.     
     In summary these results support a role for stress in psychopathology development. 
Stress-induced inhibition of neurogenesis/survival may impair hippocampal neuroplasti-
city, compromise hippocampal ability to cope with novelty and complexity, and ultimately 
lead to inadequate information processing at the interface between systems involved in 
learning and affect regulation 9. Insuffi cient reactions to incoming stimuli could over-
whelm the system, result in hippocampal “shut down” and due to interconnections 
between hippocampus and other cortical-limbic structures, could also affect functioning 
of a larger network and contribute to the array of symptoms associated with depression 
such as cognitive defi cits and abnormal affective regulation. In this “cellular neuroplasti-
city hypothesis of depression”, impaired neurogenesis and depressive symptoms might be 
mutually reinforcing, leading to the vicious circle that often characterizes this disorder 18. 
This model however fails to address the temporal relationship between impaired neuro-
genesis and psychopathology development, since altered neurogenesis/survival could re-
present either a cause, consequence or correlate of depression 73. One limitation of this 
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design concerns the inability to simultaneously investigate effects on neurogenesis and 
survival. Since only cells that reach maturity are incorporated into hippocampal circuitry, 
determining BrdU-labeled cell numbers between 6 and 9 days after BrdU injections might 
still provide valuable information on the infl uence of stress and antidepressants on hippo-
campal integrity. Another limitation regards the risk of losing BrdU-labeled cells to dilu-
tion during this 6-9 day period. BrdU-labeled cells that continue to divide dilute their 
incorporated BrdU until levels in daughter cells are too low for immunohistochemical 
detection and “disappear”. Continued generation of new cells can either add new BrdU-
labeled cells, as one labeled precursor becomes two labeled cells, or paradoxically, decrease 
the number of BrdU-labeled cells, when one labeled precursor becomes two unlabeled 
daughter cells. This possibility was explored however and it has been demonstrated that 
any decrease in BrdU-labeled cells more than 4 days after BrdU injections is very unlikely 
to refl ect dilution of BrdU and can thus be attributed to cell death 52.  

Conclusions

In conclusion we report a suppressive effect of repeated stress on hippocampal 
neurogenesis/survival, particularly evident in females and refl ecting possible gender-differ-
ential mechanisms underlying these complex processes. The data also support gender as 
a major variable in the ability of long-term antidepressant treatments to attenuate stress-
induced impairments of adult cell proliferation. While tianeptine, reboxetine and (parti-
cularly) citalopram counteracted chronic stress-induced reduction in hippocampal BrdU-
labeled cells in male rats, these same antidepressants were unable to exert a similar effect 
in cyclic females. Ovarian hormones and serotonin may play a critical role in these dif-
ferences. Persistently elevated estrogen levels and disrupted serotonin neurotransmission 
may inhibit both the production of hippocampal cells as well as their survival. Together 
these fi ndings may offer new insights into the mechanisms involved in exertion of delete-
rious effects of chronic stress on the brain, the molecular events underlying antidepres-
sants’ therapeutic action and the role of gender in response to stress, psychopathology and 
pharmacotherapy.
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