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Stress plays an important role in the development of  affective disorders. 
Women show a higher prevalence for these disorders then men. The course of  a 
depression is thought to be positively influenced by social support. We have used 
a chronic mild stress model in which rats received foot-shocks daily for 3 weeks. 
Since rats are social animals we hypothesised that ‘social support’ might reduce 
the adverse effects of  chronic stress. To test this hypothesis, male and female rats 
were housed individually or socially in unisex groups of  4 rats. The proliferation 
marker BrdU was injected 2 weeks before the sacrifice to investigate if  stress and 
social housing influenced the survival of  proliferating cells in the dentate gyrus. 
To investigate changes in proliferation, another group of  rats was sacrificed 
the day after the last BrdU injection. Stress significantly decreased BrdU 
labelling in individually housed males and not significantly in socially housed 
males. In individually housed females stress increased BrdU labelling, which 
was prevented by social housing. The increase found in females is most likely 
caused by differences in survival rate, since cell proliferation was not affected by 
stress or housing conditions. These results indicate that social support can affect 
neurogenesis in both female and male rats, however in a different way.

Abstract
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Introduction

Stress plays an important role in the onset of  affective disorders. Ample evidence 
is accumulating from human as well as animal research that females react differently 
to stressors than males.1,39 While females are more susceptible to the development of  
affective disorders, preclinical stress research has focussed mainly on male animals 
and therefore little is known about the neurobiology of  females coping with stress. 

As stress has negative effects on mental health, social support is known to have 
positive effects on stress-coping and there are some indications of  a gender difference 
in the effect of  social support. Psychotherapy that could be viewed as formalised 
social support, improves symptoms10 and normalises brain activity in depressed 
patients, similar to antidepressant treatment.2 This suggests a neurobiological basis 
for the ameliorating effects of  social support/psychotherapy. 

Recent studies suggest that symptoms of  depression are thought to be related to 
reduced synaptic plasticity in the brain,25 possibly resulting in the inability to respond 
and/or adapt to aversive stimuli. Reduced levels of  neurotrophins have been found 
in the brains of  depressed patients.4,7 One of  the neuroanatomical changes found 
in depressed patients is a decreased hippocampal volume,21 which appears to be 
reversible after recovery from the depression.31 This reduction of  hippocampal 
volume might be related to a stress-induced decrease in neurogenesis in the dentate 
gyrus (DG) of  the hippocampus, as found after stress-exposure in rodents12 that can 
also be reversed by antidepressant treatment.6 

Chronic stress exposure in rodents has been proposed as a valid animal model 
for affective disorders. Chronically stressed rats show symptoms characteristic of  
depression, like anhedonia and sleep disturbances,3,8,26,38 but most studies were 
performed in male rats only. 

Since rats are social animals, social housing during stress exposure could provide 
an interesting model to study the neurobiological effects of  social support. We have 
previously shown that social housing in unisex groups ameliorates stress-coping 
in female rats but not males. In male rats social housing appeared to increase 
the stress-sensitivity, and only isolated control males showed no signs of  stress, 
whereas isolation by itself  appeared to be stressful for females.36,37 Environmental 
enrichment has been shown to increase neurogenesis.27 Although social housing 
does not qualify as environmental enrichment,34 it apparently affects the way 
animals cope with stress, which might be reflected in the number of  new neurons 
born or the survival of  these neurons. Rats were injected with the proliferation 
marker BrdU for 5 consecutive days to eliminate oestrous-cycle related variation of  
neurogenesis in females.32 The last injection was given 2 weeks before the end of  
the stress exposure, in order to investigate the long-term effect of  chronic stress on 
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neurogenesis. However, the effects, evident after 3 weeks of  stress exposure, could 
be due either to differences in cell proliferation during the time BrdU was present 
or to changes in survival of  newly generated cells during the 2 subsequent weeks. 
Several studies have shown that stress decreases cell proliferation in the DG in male 
rats.16 So, in a follow-up experiment we investigated if  females also showed this 
stress-induced decrease in cell proliferation. 

Material & Methods

Male (n=24) and female (n=24) Wistar rats where either individually (males: n=10, females n=10) 

or socially (males: n=14, females n=14) housed in unisex groups of  4 rats. Of  the individually housed 

rats, 5 rats were subjected to chronic stress and 5 rats to a control treatment. From each social group, 

two rats underwent stress exposure and two served as controls (n=7 per group). To have an equal 

number of  4 rats in each cage, in two cages of  both genders an extra rat was added. 

At the start of  the experiment rats were of  the same age with males weighing 298 ± 3 g. and females 

weighing 214 ± 1 g. The light-dark cycle was reversed (lights on 19.00-7.00 hr) and water and food was 

provided ad lib. All experimental procedures were approved by the Animals Ethics Committee of  the 

University of  Groningen (FDC: 2509).

Rats were subjected to a chronic stress protocol for 3 weeks. During the dark/active period of  the 

rats, daily at random times, rats in the stress group were transferred to a footshock box and received 5 

inescapable footshocks at random intervals during a 30-120 minute session (0.8 mA in intensity and 8 

sec in duration). A light signal (10 sec) preceded each footshock adding a ‘psychological’ component 

to the noxious event. Control rats were placed in similar, non-electrified, cages. To study the effects of  

chronic stress on neurogenesis rats were treated with the thymidine analog bromodeoxyuridine (BrdU) 

(i.p. 100 mg/kg) for 5 consecutive days to eliminate oestrous-cycle related variation of  neurogenesis in 

females.32 The last injection was given 2 weeks before the end of  the stress protocol (Figure 1B). 

In the follow-up experiment female rats were either individually or socially housed (n=6 per 

group), and subjected to the same stress exposure protocol but now they were sacrificed after the last 

BrdU injection on the eighth day of  the protocol (Figure 1A). At the end of  the experiments, rats were 

deeply anaesthetised on day 22 with sodium pentobarbital (1 ml, 6%) and transcardially perfused with 

50 ml heparinised saline and 300 ml of  a 4% paraformaldehyde solution in 0.1 M sodium phosphate 

buffer (pH 7.4). Adrenal and thymus weights, corrected for body weight, were calculated and used as 

indication of  the amount of  stress perceived.

BrdU immunohistochemistry was 

carried out on 40 μm free floating sections 

as described previously.19 For the DAB-

BrdU staining the following antibodies 

were used: rat-anti-BrdU (1:1000), Oxford 

biotechnology, (www.immunologicalsdirect

.com), 2nd antibody, biotinylated goat anti-

Figure 1. Schematic overview of  the 3 week protocol. 
Down arrows indicate BrdU injections, U show the 
endpoints of  the two experiments. A. corresponds to 
figure 2A, B corresponds to figure 2B
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rat IgG and avidin-biotin-peroxidase complex (1:900). Fluorescent triple staining were applied in TBS 

with 3% normal donkey serum with 0.1% Triton-X-100. The primary antibodies used were: mouse 

anti-NeuN (1:200, Chemicon), rabbit anti-Cow GFAP (1:500, DAKO), and rat anti-BrdU (1:300, 

Oxford biotechnology). The corresponding fluorescent antibodies used were: Donkey-anti-Mouse 

rhodamine Red-X-conjugated (1:200, Jackson), Donkey-anti-Rabbit Cy5-conjugated (1:200, Jackson), 

Donkey-anti-Rat biotin-SP-conjugated, (1:200, Jackson) together with Fluorescein (DTAF)-conjugated 

streptavidin (1:200, Jackson). 

Sections were digitised by using a Sony charge-coupled device digital camera mounted on a LEICA 

Leitz DMRB microscope (Leica, Wetzlar, Germany) at 100x magnification. The number of  DAB 

stained BrdU-positive cells in the granule cell layer (GLC) of  the DG per 0.1 mm2 were quantified and 

group differences were expressed as percentage change with the isolated controls (per sex) at 100%. 

Immunofluorescent labelling was visualised under 40x magnification with a confocal laser microscope 

(Zeiss LSM510 META-NLO). Percentages of  double labelled BrdU-positive cells in the GCL were 

quantified. None of  the BrdU labelled cells was labelled with both GFAP and NeuN.

Statistical analyses were done with SPSS (version 10.0), and p< 0.05 was considered significant. 

Weight gain for each gender was analysed with a repeated measures ANOVA with days as within 

subject factors and treatment (control or stress) and housing (individual or social) as between subject 

variables. BrdU data were analysed with an univariate ANOVA with gender, housing and treatment as 

between subject factors. Sphericity assumed modelling, with Greenhouse-Geisser and Huynh-Feldt 

adjustments, was applied.29

Results

Weight gain was significantly affected by chronic stress in male rats (F1,20 = 39.37, 
p<0.001), reducing the growth rate in both individually and socially housed males 
(resp. F1,20 = 27.63, p<0.001 and F1,20 = 12.17, p = 0.002). However no significant 
housing effect was observed. There was a significant day effect (p<0.001) with 
weight steadily increasing over the days and an interaction effect between day and 
treatment (p<0.001) (Greenhouse-Geisser correction). In contrast, in females 
chronic stress had no significant effects on the growth rate but here an effect of  
housing was observed (F1,20=8.07, p=0.010), socially housed control rats showing a 
reduced growth rate (F1,20=5.11, p=0.035) compared to individually housed control 
females. In females there was a significant effect of  day (p<0.001) and interaction 
effect between day and housing (p=0.034) (Greenhouse-Geisser correction).

Chronic stress had a significant effect on adrenal weight (F1,32=10.26, p=0.003) 
(Table 1), socially housed but not in isolated male rats, showing adrenal hypertrophy 
after chronic stress exposure (F1,16=6.85, p=0.019). In females, stress induced a 
significant increase in adrenal weight in individually housed rats (F1,16=4.60, p=0.048) 
whereas in the socially housed females the adrenal weight was not increased. Besides 
stress effects, we found a gender difference in the relative adrenal weight. The female 
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adrenal was significantly larger than the 
male adrenal (F1,32=116.43, p<0.001). 
Housing conditions alone had no 
significant effect on adrenal weight. 
Thymus weights were neither affected 
by stress nor by housing conditions.

Treatment (F1,31=5.26, p=0.029), 
gender (F1,31=106.58, p<0.001) and 
the interaction treatment*gender 
(F1,31=14.304, p<0.001) had a significant 
effect on the number of  BrdU positive 
cells in the GCL of  the DG (Figure 2B 
and 3). Females showed a significant 
effect of  treatment (F1,16=5.32, 
p=0.035) and a treatment*housing 
interaction (F1,16=8.08, p=0.012), 
whereas in the males only the treatment 
effect was significant (F1,15=9.84, 
p=0.007). Chronic stress decreased 
the number of  newly formed neurons 
in the granule cell layer in isolated 
males (F1,15=6.85, p=0.019), whereas 

in socially housed males this effect was not significant. Isolated females, in contrast 
to isolated males, showed a stress-induced increase in the number of  new neurons 
(F1,16=11.05, p=0.004), while social housing prevented this increase. Stressed 
isolated females also had higher number of  BrdU-positive cells than socially housed 
stressed females (F1,16 = 5.42, p=0.033). BrdU-labelling in the hilus was not affected 
by stress, gender or housing conditions. Male rats, except the isolated stressed rats, 
had more BrdU labelled cells than females (indiv. control: F1,31=46.198, p<0.001, 
social control: F1,31=57.808, p<0.001, social stressed: F1,31=25.404, p<0.001). The 
majority of  the BrdU-positive cells were double labelled with NeuN (87 + 2.3%), 
only a small number of  cells were double labelling for BrdU and GFAP (3 +1.7%), 
the remaining BrdU-positive cells were neither staining NeuN or GFAP. No group 
differences were found in the percentages of  double labelling, so data were pooled 
(Figure 4).

Eight days of  stress had no effect on cell proliferation in the dentate gyrus (isol. 
control: 19.8+1.8; isol. stressed: 19.2+1.6; social control; 19.2+1.1; social stressed: 
20.8+1.5)(Figure 2A). 

Figure 2. Change in BrdU-positive cells in the 
granule cell layer and hilus with isolated controls 
set at 100%. A. 8 days of  stress exposure did not 
affect cell proliferation. B. Changes after 3 weeks 
of  stress exposure. Effect of  treatment within 
housing conditions: *p<0.05, **p<0.01, effect of  
housing within treatment group: #p<0.05. 

� ���� ������

�

��

��

��

��

���

���

���

���

�
��

��
��

��
��

��
��

��� �����

�

������� ������

�

��

���

���

���

���

����� ������� ����� �������

�
��

��
��

��
��

��
��

����� ������� ����� ������ ������ ������� ������ ������

��� �����

�

��

�

�



Chapter 4

78

Gender-specific effects neurogenesis

79

Discussion

Chronic stress exposure had different effects on individually housed male and 
female rats. Male rats did show the expected decrease in BrdU-labelling,12 whereas 
females unexpectedly showed an increase in BrdU-labelling. In males rats it has been 
shown that stress decreases cell proliferation,16,23 so likely the decrease found after 
3 weeks of  stress exposure in isolated males is a consequence of  decreased cell 
proliferation. In females however we did not find an effect of  housing conditions 
nor of  acute stress on cell proliferation in the dentate gyrus, indicating that the 
differences found after 3 weeks of  stress exposure are the result of  changes in 
survival and not of  increased proliferation. The absence of  a acute stress effect on 
proliferation corresponds with data from Falconer et al. who showed no effect of  
acute predator odour stress on cell proliferation in female rats.9 The majority of  
BrdU-positive cells was also positively labelled with the neuronal marker NeuN, 
showing that most newly born cells became neurons, corresponding with other 
studies.9,22,23,28,33 

Treatments that are used for depressed patients, like antidepressant medication 
and electroconvulsive therapy have been found to increase neurogenesis in 
male rodents22,24 and hippocampal neurogenesis appears to be necessary for 
the behavioural effects of  antidepressants to occur.30 Also treatment with the 

Figure 3. Representative photomicrographs of  BrdU-positive cells in the dentate gyrus 
of  the hippocampus of  isolated control and chronically stressed rats. 
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antidepressant tianeptine prevents the stress induced decrease in hippocampal 
cell proliferation and volume in tree shrews.6 Although we previously showed 
that social housing of  males increased the adverse effects of  chronic stress on 
behaviour and FOS expression,36,37 this more stimulating environment may have a 
slight ‘antidepressive’ effect and prevent a stress-induced decrease in neurogenesis 
in these males, or more likely contributes to increased survival of  new neurons.13 
Behavioural data, adrenal weights and limbic FOS-expression data indicated that 
isolated females were more affected by chronic stress,36,37 it is therefore unlikely that 
the increased neuronal survival signifies improved stress-coping. Experimentally 
induced DG damage has been shown to increase neurogenesis in the granule cell 
layer.20 It could be speculated that increased neurogenesis, as observed in the present 
study, in chronically stressed females is a consequence of  pathological changes in the 
hippocampus, which is only observed in females due to higher stress sensitivity.14 
The increase in survival of  new neurons found in isolated females could therefore 
be a compensatory mechanism for this stress-induced neuronal damage. 

It has been found that newly generated neurons in the GLC have axons extending 
into the CA3 region after 17-24 days and that are indistinguishable in shape and size 
from neighbouring neurons.15 Van Praag and co-workers35 also showed that newly 
born neurons form functional connections and are integrated in the hippocampal 
circuitry. These newly born neurons also respond to stimuli, as shown by FOS 
expression in these neurons, comparable with the expression in older granule cells.17 

Figure 4. Confocal image 
showing representative 
BrdU  and NeuN double-
labelled cells (white arrows) 
in the dentate gyrus of  the 
hippocampus. 
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There are other reasons to assume that these new neurons may form functional 
connections in females, since it has been shown that chronic stress improves spatial 
memory, a hippocampal dependent learning task, in female rats,1 while in males 
neurogenesis is decreased 5,16 and spatial memory impaired by chronic stress.5,18 
Social housing of  females may hypothetically provide a distraction that reduces the 
long-term impact of  stress, among other things by preventing the incorporation of  
newly formed neurons into the neural circuitry that processes information related 
to the stressful events. Frodl and co-workers11 reported on a gender difference in 
hippocampal volume changes in first-episode depressed patients, with men showing 
a reduction in grey matter hippocampal volume, which was not observed in women. 
Stress-induced increased survival of  new neurons might hypothetically provide a 
possible mechanism for this gender difference. 

The present results demonstrate that chronic stress differentially affects 
neurogenesis in male and female rats and suggests that there are gender differences 
in the response to stressful events.

Acknowledgements:
We would like to thank Kor Venema, Tineke Koch and Rikje Medema for technical 

assistance. Bauke Buwalda and Arjen Krikken for advice and help with the fluorescent 
immunohistochemistry and analysis. 

References

1.  Bowman RE, Zrull MC, Luine VN. Chronic restraint stress enhances radial arm maze 
performance in female rats. Brain Res 2001;904:279-289

2.  Brody AL, Saxena S, Stoessel P, et al. Regional brain metabolic changes in patients with major 
depression treated with either paroxetine or interpersonal therapy: preliminary findings. Arch Gen 
Psychiatry 2001;58:631-640

3.  Cheeta S, Ruigt G, van Proosdij J, Willner P. Changes in sleep architecture following chronic 
mild stress. Biol Psychiatry 1997;41:419-427

4.  Chen B, Dowlatshahi D, MacQueen GM, Wang JF, Young LT. Increased hippocampal BDNF 
immunoreactivity in subjects treated with antidepressant medication. Biol Psychiatry 2001;50:260-
265

5.  Conrad CD, Grote KA, Hobbs RJ, Ferayorni A. Sex differences in spatial and non-spatial Y-maze 
performance after chronic stress. Neurobiol Learn Mem 2003;79:32-40

6.  Czeh B, Michaelis T, Watanabe T, et al. Stress-induced changes in cerebral metabolites, 
hippocampal volume, and cell proliferation are prevented by antidepressant treatment with 
tianeptine. Proc Natl Acad Sci U S A 2001;98:12796-12801

7.  Dowlatshahi D, MacQueen GM, Wang JF, Young LT. Increased temporal cortex CREB 
concentrations and antidepressant treatment in major depression. Lancet 1998;352:1754-1755

8.  Duncko R, Kiss A, Skultetyova I, Rusnak M, Jezova D. Corticotropin-releasing hormone 
mRNA levels in response to chronic mild stress rise in male but not in female rats while tyrosine 
hydroxylase mRNA levels decrease in both sexes [In Process Citation]. Psychoneuroendocrinology 
2001;26:77-89

9.  Falconer EM, Galea LA. Sex differences in cell proliferation, cell death and defensive behavior 
following acute predator odor stress in adult rats. Brain Res 2003;975:22-36

10. Fava GA, Rafanelli C, Grandi S, Conti S, Belluardo P. Prevention of recurrent depression with 
cognitive behavioral therapy: preliminary findings. Arch Gen Psychiatry 1998;55:816-820

11. Frodl T, Meisenzahl EM, Zetzsche T, et al. Hippocampal changes in patients with a first episode 



Chapter 4

82

of major depression. Am J Psychiatry 2002;159:1112-1118
12. Gould E, Tanapat P. Stress and hippocampal neurogenesis. Biol Psychiatry 1999;46:1472-1479
13. Greenough WT, Cohen NJ, Juraska JM. New neurons in old brains: learning to survive? Nat 

Neurosci 1999;2:203-205
14. Handa RJ, Burgess LH, Kerr JE, O’Keefe JA. Gonadal steroid hormone receptors and sex 

differences in the hypothalamo-pituitary-adrenal axis. Horm Behav 1994;28:464-476
15. Hastings NB, Gould E. Rapid extension of axons into the CA3 region by adult-generated granule 

cells. J Comp Neurol 1999;413:146-154
16. Jacobs BL, Praag H, Gage FH. Adult brain neurogenesis and psychiatry: a novel theory of 

depression. Mol Psychiatry 2000;5:262-269
17. Jessberger S, Kempermann G. Adult-born hippocampal neurons mature into activity-dependent 

responsiveness. Eur J Neurosci 2003;18:2707-2712
18. Krugers HJ, Douma BR, Andringa G, Bohus B, Korf J, Luiten PG. Exposure to chronic 

psychosocial stress and corticosterone in the rat: effects on spatial discrimination learning and 
hippocampal protein kinase Cgamma immunoreactivity. Hippocampus 1997;7:427-436

19. Kuhn HG, Dickinson-Anson H, Gage FH. Neurogenesis in the dentate gyrus of the adult rat: age-
related decrease of neuronal progenitor proliferation. J Neurosci 1996;16:2027-2033

20. Kuhn HG, Palmer TD, Fuchs E. Adult neurogenesis: a compensatory mechanism for neuronal 
damage. Eur Arch Psychiatry Clin Neurosci 2001;251:152-158

21. MacQueen GM, Campbell S, McEwen BS, et al. Course of illness, hippocampal function, and 
hippocampal volume in major depression. Proc Natl Acad Sci U S A 2003;100:1387-1392

22. Madsen TM, Treschow A, Bengzon J, Bolwig TG, Lindvall O, Tingstrom A. Increased 
neurogenesis in a model of electroconvulsive therapy. Biol Psychiatry 2000;47:1043-1049

23. Malberg JE, Duman RS. Cell proliferation in adult hippocampus is decreased by inescapable 
stress: reversal by fluoxetine treatment. Neuropsychopharmacology 2003;28:1562-1571

24. Manev H, Uz T, Smalheiser NR, Manev R. Antidepressants alter cell proliferation in the adult 
brain in vivo and in neural cultures in vitro. Eur J Pharmacol 2001;411:67-70

25. Manji HK, Moore GJ, Rajkowska G, Chen G. Neuroplasticity and cellular resilience in mood 
disorders. Mol Psychiatry 2000;5:578-593

26. Matthews K, Forbes N, Reid IC. Sucrose consumption as an hedonic measure following chronic 
unpredictable mild stress. Physiol Behav 1995;57:241-248

27. Nilsson M, Perfilieva E, Johansson U, Orwar O, Eriksson PS. Enriched environment increases 
neurogenesis in the adult rat dentate gyrus and improves spatial memory. J Neurobiol 1999;39:
569-578

28. Perfilieva E, Risedal A, Nyberg J, Johansson BB, Eriksson PS. Gender and strain influence on 
neurogenesis in dentate gyrus of young rats. J Cereb Blood Flow Metab 2001;21:211-217

29. Quintana SM, Maxwell SE. A Monte Carlo comparison of seven e-adjustments procedures in 
repeated measures designs with small sample sizes. Journal of Educational Statistics 1994;19:57-
71

30. Santarelli L, Saxe M, Gross C, et al. Requirement of hippocampal neurogenesis for the behavioral 
effects of antidepressants. Science 2003;301:805-809

31. Starkman MN, Giordani B, Gebarski SS, Berent S, Schork MA, Schteingart DE. Decrease 
in cortisol reverses human hippocampal atrophy following treatment of Cushing’s disease. Biol 
Psychiatry 1999;46:1595-1602

32. Tanapat P, Hastings NB, Reeves AJ, Gould E. Estrogen stimulates a transient increase in the 
number of new neurons in the dentate gyrus of the adult female rat. J Neurosci 1999;19:5792-
5801

33. Tanapat P, Hastings NB, Rydel TA, Galea LA, Gould E. Exposure to fox odor inhibits cell 
proliferation in the hippocampus of adult rats via an adrenal hormone-dependent mechanism. J 
Comp Neurol 2001;437:496-504

34. van Praag H, Kempermann G, Gage FH. Neural consequences of environmental enrichment. Nat 
Rev Neurosci 2000;1:191-198

35. van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH. Functional neurogenesis 
in the adult hippocampus. Nature 2002;415:1030-1034

36. Westenbroek C, Den Boer JA, Ter Horst GJ. Gender-specific effects of social housing on chronic 
stress-induced limbic FOS expression. Neuroscience 2003;121:189-199

37. Westenbroek C, Ter Horst GJ, Roos MH, Kuipers SD, Trentani A, Den Boer JA. Gender-specific 
effects of social housing in rats after chronic mild stress exposure. Prog Neuropsychopharmacol Biol 
Psychiatry 2003;27:21-30

38. Willner P. Validity, reliability and utility of the chronic mild stress model of depression: a 10-year 
review and evaluation. Psychopharmacology (Berl) 1997;134:319-329

39. Wolf OT, Schommer NC, Hellhammer DH, McEwen BS, Kirschbaum C. The relationship 
between stress induced cortisol levels and memory differs between men and women. 
Psychoneuroendocrinology 2001;26:711-720


