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     REPEATED STRESS IMPAIRS HPA
     REGULATION IN RATS: 
     INDICATIONS FOR DIFFERENTIAL 
     GENDER- DEPENDENT MECHANISMS

     

    

      
    
      

2
Stress has been associated with complex neuroendocrine abnor-

malities, including HPA axis hyperactivity and impaired neuronal 

plasticity. Furthermore, adverse experiences are believed to exert 

a predisposing effect in the development of a wide array of affec-

tive disorders, psychiatric conditions often characterized by cor-

tical-limbic dysfunctions and marked gender-related prevalence. 

Despite advances in the understanding of stress-induced neuronal 

adaptations, the neurobiological mechanisms underlying psycho-

pathology or gender-related sensitivity to stress are still poorly 

understood. In this study, we thus explored the neurochemical 

and neuroendocrine changes in response to repeated footshock 

exposure in male and female rats, using immunohistochemical 

(FOS and phospho-CREB expression) and molecular techniques 

(RT-PCR). Our fi ndings collectively demonstrate the ability of 

repeated stress to disrupt HPA axis regulation in a gender- and/or 

region-specifi c manner and the observed differences reveal the 

complex modulation of this stress response system. Sexually 

dimorphic mechanisms underlying the regulation/dysregulation 

of HPA axis response to stress appear to encompass glucocor-

ticoid, catecholamine, and GR/MR interplay in distinct cortical 

and subcortical structures. Whereas impaired prefrontocortical 

and/or hippocampal control over the HPA axis, seems to represent 

a possible mechanism by which repeated stress leads to abnor-

mal regulation of the stress response in males, imbalanced GR/MR 

expression, disturbed autonomic function, and abnormal amy-

gdala activity seems to refl ect events involved in the development 

of HPA axis abnormalities in females. These fi ndings may in turn 

provide valuable insight into the understanding of the relation-

ships between disturbed HPA function and psychopathology.

Kuipers S.D., Trentani A., Bakker P.L., Postema F., Reuvekamp P.T.W.,

Ter Horst G.J., Den Boer J.A. Endocrinology. Submitted
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INTRODUCTION

Chronic stress has been associated with multiple abnormalities in the periphery and 
the brain. These include persistently elevated glucocorticoid concentrations, impaired 
immune response, and complex cortical-limbic dysfunctions 1-4. Stress, especially when 
persistent and severe, also plays a major role in the development of affective disorders 5, 
psychiatric conditions characterized by a marked gender-related prevalence 6. Women seem 
particularly more vulnerable to stress and psychopathology, as refl ected by their higher 
susceptibility to depression 7-11. Although advances have been made in the understanding 
of brain changes in response to stress, the neurobiological mechanisms underlying the 
development of psychopathology or gender-related sensitivity to stress are still poorly 
understood. 
     Glucocorticoids represent the major hormonal mediators in the stress response and 
their release is carefully regulated by neural circuits impinging on hypothalamic neurons 
12. Due to the marked sexual dimorphism observed in this region, the hypothalamus has 
thus been a prime focus in the search for mechanisms underlying differential male and 
female sensitivity to stress 13-15. The activity of the hypothalamic-pituitary-adrenal (HPA) 
axis however, is dynamically regulated by cortical and subcortical structures, such as the 
prefrontal cortex, the hippocampus and the amygdala, through positive and negative 
feedback mechanisms, operating over multiple time domains and at different levels 16-18. 
Adrenal steroids themselves exert inhibitory effects on HPA axis activity, actions that are 
believed to be transduced primarily by intracellular steroid receptor proteins that func-
tion as hormone-activated transcription factors, namely the glucocorticoid (GR) and the 
mineralocorticoid receptors (MR) 19. A differential impact of adverse events on the coor-
dinated activity underlying this critical stress response axis may play a central role in deter-
mining gender-related susceptibility to the negative effects of stress. 
     Despite the sex-related discrepancies and well-acknowledged role of corticosteroids 
in the development of stress-related pathology, only a few studies have investigated how 
gender actually affects the response to stress from a cellular and molecular perspective. 
In this study we thus examined in male and female rats, both neurochemical and neuroen-
docrine adaptations to repeated footshock stress, using immunohistochemical (FOS and 
phospho-CREB expression) and molecular techniques (RT-PCR). Peripheral HPA axis 
activity as well as adrenocortical function was evaluated. Subsequent identifi cation of gen-
der-related differences in the modulation of HPA axis following repeated footshock expo-
sure might be of interest in an attempt to characterize differential mechanisms involved in 
the development of abnormal stress response regulation. This in turn might provide valu-
able insight into the relationship between disturbed HPA function and psychopathology. 
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MATERIALS AND METHODS

Animals 

The experiments were performed with male (n°=24: 225-249 g; 5-6 weeks of age) and 
female (n°=24: 200-224 g; 5-6 weeks of age) Wistar rats. The animals were individually 
housed with food and water available ad libitum and maintained on a 12:12 h light/dark 
cycle at 21°C. All rats were handled daily for 5-8 min to minimize the non-specifi c 
stress response. All handling was performed in accordance with the European Communi-
ties Council Directive of November 24, 1986 (86/609/EEC), and the guidelines of the 
Animal Bio-ethics Committee of the University of Groningen (FDC: 2509).

Chronic Stress Procedure

The rodent footshock-chamber consists of a box containing an animal space positioned on 
a metallic grid fl oor connected to a shock generator and scrambler. For 3 weeks, stressed 
rats were subjected to a daily aversive session of varying duration (between 30 and 120 
min/day) in the “footshock chamber” during which 5 uncontrollable and inescapable 
footshocks were applied (0.8 mA in intensity and 8 sec in duration). In order to make 
the procedure as unpredictable as possible, starting time, inter-shock interval, and total 
time spent in the box were varied on a daily basis. Despite the nature of the stressor, this 
footshock procedure did not result in any visible injuries. 

Experimental Setup 

To investigate the cellular and molecular changes induced by repeated stress, rats were 
randomly assigned to two groups:
• STRESS (n° = 24; 12 male and 12 female rats): stressed animals were stressed, according 
to the footshock procedure described above, for 21 consecutive days;
• CTR (n°= 24; 12 male and 12 female rats): control animals followed an identical 
schedule in a similar setup. These rats were exposed to the footshock chamber on a daily 
basis but never received actual footshocks throughout the experiment.
On the fi nal day of the experiment, all rats were placed in the footshock chamber for 
a fi nal 15-minute session without receiving any footshocks. Exposure to the box on the 
fi nal day was essential as it provided a way to create a stressful condition without expo-
sing stressed animals to physical and painful stimuli. The response of control and stressed 
rats to an identical stimulus (footshock box) could then be investigated by immunohis-
tochemistry and RT-PCR. To limit circadian variability in circulating corticosterone, ca-
techolamine and gene expression levels, animals were sacrifi ced on subsequent days within 
a narrow window of 4 hours. 
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Physiological and endocrine measurements

To explore the changes underlying the response to repeated footshock stress, various 
parameters were measured. Weight gain was monitored on a daily basis and graphs were 
constructed to illustrate the body weight gain throughout the procedure. Upon termina-
tion, adrenal and thymus glands were removed, weighed and recalculated to correct for the 
body weights of the animals. Blood was also collected and the serum obtained was stored 
at –20ºC to determine plasma corticosterone and catecholamine levels with HPLC.

Extraction and Chromatography 

Catecholamines. 

Noradrenaline and adrenaline were extracted from plasma using liquid/liquid extraction 
with 3,4-dihydroxybenzylamine as internal standard 20,21. Briefl y, plasma catecholamines 
were bound to diphenylborate-ethanolamine at pH 8.6 and extraction was performed 
with n-heptane (containing 1% octanol and 25% tetraoctylammoniumbromide). After 
extraction from the organic phase with diluted acetic acid, catecholamines (20 µl acetic 
acid extract) were analyzed using an HPLC/auto-injector (CMA, Sweden) and a Shi-
madzu LC-10AD pump (Kyoto, Japan) connected to a reversed phase column (Hypersil, 
C18, 3µm, 150x2.0 mm), followed by an electrochemical detector (Antec Leyden, The 
Netherlands) working at a potential setting of 500mV vs. Ag/AgCl reference. The mobile 
phase consisted of 50mM acetate buffer, 150mg/l octane sulphonic acid, 150mg/l te-
tramethylammonium, 15mg/ml Na

2
EDTA and 3% methanol, adjusted to pH 4.1. The 

fl ow-rate was 0.35ml/min. Temperature was 30°C. The detection limit was 0.1nM.  

Corticosterone.  

For this assay, dexamethasone was used as the internal standard. After addition of the 
internal standard, plasma was extracted with 3ml of diethylether, vortexed for 5 min and 
then centrifuged for 5 min at 3000 x g. The extraction procedure was repeated twice. The 
organic phase was evaporated to dryness in a 50°C waterbath. The residue was reconsti-
tuted with 200µL of mobile phase and 50µL was injected into the HPLC system. The 
mobile phase (fl ow rate 1.0mL/min) for the determination consisted of acetonitrile in 
ultrapure water (27:73 v/v). The concentrations of both corticosterone and the internal 
standard were determined with UV detection at a wavelength of 254nm. The detection 
limit was 10nM.
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Immunohistochemistry

Twenty-four rats were terminated two hours after the beginning of the fi nal session, with 
an overdose of halothane preceding a transcardial perfusion with 4% paraformaldehyde 
solution 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 potas-
sium phosphate buffer (KPBS 0.02M, pH 7.4) and stored at 4°C. Following cryoprotec-
tion of the brains by overnight immersion in a 30% glucose solution, coronal serial sec-
tions of 40µm were prepared on a cryostat microtome. Sections were collected in KPBS 
with sodiumazide and stored at 4°C.

FOS and phospho-CREB immunoreactivity

All stainings were performed on free-fl oating sections under continuous agitation. The 
sections were pre-incubated in 0.3% H

2
O

2
 for 15 min to reduce endogenous peroxidase 

activity, before being incubated in the respective primary antibody solutions:
• polyclonal rabbit anti-c-fos antibody (commercialized by Oncogene Research Products, 
brands of CN Biosciences, Inc, an affi liate of Merck KGaA, Darmstadt, Germany) 
1:10000 dilution in KPBS 0.02M, pH 7.4, for 60-72 hr at 4°C;
• polyclonal rabbit anti-phospho-CREB (commercialized by Upstate Biotechnology, 
Charlottesville, VA, USA: www.upstatebiotech.com) 1:1000 dilution in KPBS 0.02M, 
pH 7.4, for 60-72 hr at 4°C.
Subsequently, sections were washed with KPBS and incubated at room temperature with 
secondary biotinylated goat anti-rabbit IgG antibodies (Vector Laboratories, Inc., Burlin-
game, CA, USA; 1:1000 dilution in KPBS 0.02M, pH 7.4) followed by ABC complex 
(Vector ABC kit, Vector Laboratories, Burlingame, CA, USA). After another wash, 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. 

Antibody specifi city testing. 

To control for cross-reactivity due to aspecifi c binding, immunostainings were performed 
by incubating the sections without the presence of one of the antibodies needed for 
the reaction (primary, secondary or tertiary antibody). All these reactions were negative 
thereby confi rming the specifi city of the antibodies. 

Quantifi cation and data analysis.

FOS and phospho-CREB-labeled cells were quantifi ed using a computerized image analy-
sis system by an observer who was blind to group assignment. Selected areas from regions 
of interest (ROIs) were digitized using a Sony (SONY Corporation, Tokyo, Japan) charge-
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coupled device digital camera mounted on a LEICA Leitz DMRB microscope (LEICA, 
Wetzlar, Germany). Quantifi cation was carried out at x100 using at least 5 coronal serial 
sections (the rostro-caudal distance between consecutive sections was 0.25mm) for each 
area or nucleus of interest. ROIs were outlined with a digital pen and each digitized 
image was individually set at a threshold to subtract the background optical density. ROIs 
included the medial orbitofrontal (mORB: Bregma +4.85 to +3.60) and the medial pre-
frontal cortex (prelimbic and infralimbic areas; mPFC: Bregma +3.60 to +1.70); the ante-
rior (AC: Bregma +3.20 to +0.95) and the posterior cingulate cortex (postCING: Bregma 
+1.70 to -1.08); the hippocampal dentate gyrus (DG: Bregma -2.00 to –3.90); the central 
(CeA: Bregma –1.53 to –2.85), the lateral (LaA: Bregma –2.00 to -3.70) and the basola-
teral nucleus of the amygdala (BslA: Bregma –1.78 to –3.25); the paraventricular thalamic 
nucleus (PVT: Bregma –1.33 to –3.90); the paraventricular hypothalamic nucleus (PVN: 
Bregma –1.08 to –2.00); the dorsal raphe (DR: Bregma –7.10 to –9.25) 22. The numbers 
of cell nuclei above background were quantifi ed using the computer-based image analysis 
system LEICA (LEICA Imaging System Ltd., Cambridge, England). Only cell nuclei 
that exceeded a defi ned threshold were detected by the system and subsequent counts 
were reported as number of positive cells/0.1mm2. FOS and phospho-CREB-labeled cells 
with gray levels below the defi ned thresholds were thus classifi ed as “negative”. This is 
of relevance for proper understanding of our results, since this method does not allow 
discrimination between negative nuclei with no immunoreactivity and nuclei with (too) 
low immunoreactivity. This method is thus not suitable for determining absolute protein 
levels. All areas were measured bilaterally and no left-right asymmetry was found 23. 

Silver Staining. 

To enhance distinction between adrenal cortex and medulla a silver staining was per-
formed according to a previously described protocol 24. Following perfusion the adrenals 
were removed and immersed overnight in a phosphate buffered 30% sucrose solution 
(0.1M, pH7.4) at 4ºC. Forty-micrometer sections were cut on a cryostat microtome and 
collected into buffered 4% paraformaldehyde solution (pH 9.0). After a rinse with distil-
led water, the sections were rinsed 3 x 5 min with pre-treatment solution (9% sodium 
hydroxide diluted 1:1 with 1.2% ammonium nitrate stock solution, pH 11.9) at room 
temperature. After removal of pretreatment solution, impregnation medium (9% sodium 

hydroxide diluted 1.5:1 with 16% ammonium nitrate stock) was added followed by 240 
µl 50% silver nitrate solution per 40ml medium. After 10 min incubation on a shaker at 
room temperature, the sections were rinsed 3 x 5 min with a sodium carbonate solution 
and incubated in developer solution (0.57g citric acid in 100 ml distilled water + 15ml 
37% formaldehyde solution + 100ml 96% ethanol) for 4 minutes without agitation. After 
development, sections were incubated in 37.5% sodium thiosulfate silver fi xation solution 
for 4 min and then rinsed 3 x 5 min with distilled water. Finally sections were mounted 
on slides, dehydrated and coverslipped with DePex. 
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Image analysis and volume determination. 

Per rat, every section of both adrenals was used for the analysis. Using a Sony (SONY 
Corporation, Tokyo, Japan) charge-coupled device digital camera mounted on a LEICA 
Leitz DMRB microscope (LEICA, Wetzlar, Germany), the surface area of the total adre-
nal, the medulla and the cortex (total – medulla area) was determined. Multiplication of 
area measures by 40 µm thickness of the sections, allowed calculation of the corresponding 
adrenal (medulla and cortex) volumes.  

RNA isolation and Quantitative RT-PCR 

Total RNA- and poly(A)+RNA-isolation. 

To investigate the MR, GR and CRF mRNA levels, 24 rats were anesthetized with halo-
thane and decapitated thirty minutes after the start of the fi nal session. The brains were 
dissected to separate the prefrontal cortex (Bregma +3.60 to +1.70) and the hippocampus 
(Bregma -2.30 to -4.16), which were subsequently quick-frozen in liquid nitrogen and 
stored at -80°C. Total RNA was isolated from these brain areas using Trizol  (Life Tech-
nology, Gaithersburg, MD, USA) according to the manufacturer’s instructions.  Integrity 
of total RNA was confi rmed on a 2% agarose gel and fi nal concentrations were assessed 
spectrophotometrically. Poly(A)+RNA was in turn isolated from total RNA using Micro-
FastTrack™ 2.0 Kit (Invitrogen) according to the manufacturer’s instructions.

First-strand cDNA synthesis. 

First-strand cDNA was synthesized from 200ng poly(A)+RNA using SuperScript™ First-
Strand Synthesis System for RT-PCR (Invitrogen) according to the manufacturer’s instruc-
tions. Before fi rst-strand synthesis was performed, contaminating genomic DNA was 
removed using Deoxyribonuclease I, Amplifi cation Grade (Invitrogen). The fi rst-strand 
synthesis was primed with oligo(dT), and the RNA template was not removed from the 
DNA:RNA hybrid.

Primers and PCR Conditions. 

All primers were designed with Primer Express® Software v2.0 (Applied Biosystems) 
using default parameters (sequences are listed in table 1). PCR reactions were performed 
on an ABI Prism 7900HT Sequence Detection System. Amplifi cation mixtures (25µL 
divided over 3 wells, 7µl per well) for all genes contained 2ng cDNA from poly(A)+RNA 
template, 1 x SYBR Green PCR buffer, 3mM MgCl2, 0.2mM dATP, 0.2mM dCTP, 
0.2mM dGTP 0.4mM dUTP, 0.025U/µl Amplitaq Gold, 0.01U/µl AmpErase UNG and 
300nM of each primer. The cycling conditions comprised of 2 minutes AmpErase UNG 
activity, 10 minutes Amplitaq Gold activation, 40 cycles at 95°C for 15 seconds and 60°C 
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for 1 minute, and a dissociation stage: 15 seconds 95°C, 15 seconds 60°C, 15 seconds 
95°C ramp rate 2%. The No Template Control contained all components except the 
cDNA template.

Real-time polymerase chain reaction (RT-PCR). 

Real time detection was performed using an ABI PRISM 7900HT Sequence Detection 
System and SYBR Green PCR Core Reagents. Data analysis was performed using software 
provided with the instrument. The mRNAs of the different genes were relatively quanti-
fi ed across groups with the Comparative CT Method. The CT value, or fractional cycle 
number at which the defi ned threshold is crossed above baseline, is predictive of the input 
amount of target and thus useful in quantifi cation of RNA 25. Here the threshold was set 
between 0.4 and 0.6 with a baseline range from 1 to 7. All RNA samples were measured 
in trio and the amount of target was normalized to an endogenous reference, the house-
keeping gene, RPS29 (CT). An additional reference (ß-actin) was included as an extra 
control. 

Statistical Analysis

Data are expressed as means ± standard error (SEM). Statistical signifi cance was determined 
by performing one-way analysis of variance (ANOVA) and F test of variance on the cor-
responding parameter measures from experimental and control conditions. To compare 
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RESULTS

Validation of this stress procedure has been previously reported in male rats 23,26. The fi n-
dings of the current study validate the use of this stress regimen in female rats as well. 
Verifi cation of the effi cacy of this chronic stress procedure in both genders is provided by 
various physiological, endocrine and molecular correlates described below. 

Physiological and endocrine measurements

Body Weight Gain. 

During the acclimatization period control and stressed groups of both genders displayed 
an identical weight gain. Immediately upon initiation of the stress procedure however, 
the difference in weight gain between control and stressed males increased progressively. 
While weight gain in control males continued to rise as expected, a consistent reduction 
in body weight gain was observed in stressed males, which continued until the fi nal day 
when it reached about 67% of the weight gain in controls (F=82.03, P<0.0001). In line 
with previous fi ndings, body weight gain in females remained unaffected by chronic stress 
27,28 (Fig. 1). Body weight gain, in both CTR- and STR-females, fl uctuated regularly with 
a 4-5 day cycle before the beginning of the stress regimen. It is intriguing to speculate 
that these fl uctuations might be related to changes in ovarian hormone levels during the 
estrous cycle. Interestingly however, the growth curve illustrates that while these cyclic 
changes continued to regularly fl uctuate throughout the experiment in CTR-females, they 
temporarily disappeared in STR-females following the beginning of the stress procedure 
only to reappear at the end of the experiment (Fig. 1). 

Figure 1. Male

Diagram illustrating changes in body weight gain in male (top) and female (next page) rats during the chronic stress experi-
ment. Chronic stress induced a consistent reduction of body weight gain in males immediately upon initiation of stress 
exposure and increased progressively until the fi nal day. Total body weight gain in females remained unaffected although 
stress infl uenced body weight fl uctuations. Body weight gain in females fl uctuated regularly before the beginning of the 
stressor, and while this continued in CTR-females, it temporarily disappeared in STR-females following commencement of 
the stressor, reappearing only at the end of the experiment.
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Plasma Corticosterone levels. 

Chronic footshock stress resulted in signifi cantly enhanced plasma corticosterone concen-
trations in both genders. STR-males showed a three-fold increase 30 minutes following 
the fi nal session (F=54.55; P<<0.001) versus “only” a two-fold increase detected in STR-
females (F=20.62; P<0.0011). Corticosterone levels were still signifi cantly elevated two 
hours following exposure to this fi nal session in both STR-males (F=15.19; P<0.0016) 
and STR-females (F=5.46; P<0.042) compared to the respective CTR-animals. Plasma 
corticosterone levels were also higher in females than males and this gender difference was 
found in both control (F=34.16; P<0.001) and stressed animals (30 minutes: F=15.43, 
P<0.0028; 120 minutes; F=10.24, P<0.0095) (Fig. 2b).

Plasma Adrenaline levels. 

Following repeated stress exposure, plasma adrenaline levels were signifi cantly elevated 
in males (F=7.34, P<0.024). Although adrenaline levels tended to be higher in stressed 
females, this trend did not reach statistical signifi cance. No gender differences were 
observed between control animals (Fig. 2a).

Plasma Noradrenaline levels. 

Although noradrenaline levels in males remained unchanged, females demonstrated a sig-
nifi cant rise (F=6.02, P<0.032) after repeated stress exposure. A gender-related difference 
was also evident under non-stress conditions, as females illustrated signifi cantly lower nor-
adrenaline levels than males (F=7.22, P<0.023) (Fig. 2a).

Figure 1. Female
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Adrenal Weight. 

The stress procedure caused a signifi cant rise in adrenal weight in both males (F=26.41, 
P<0.0001) and females (F=8.32, P<0.014). A gender difference was also evident, as 
females had heavier glands than males under both basal (F=82.71, P<0.0001) and stress 
conditions (F=218.14, P<0.0001) (Fig. 3a).

Figure 2. 

Graphs indicating neuroendocrine effects of chronic stress exposure. Affected parameters included plasma adrenaline (a), 
noradrenaline (a) and corticosteroid concentrations (a,b) measured the fi nal day of the experiment. Males and females illus-
trated increased adrenaline and noradrenaline concentrations respectively. Chronic stress enhanced plasma corticosterone 
in both genders. STR-males showed a three-fold increase 30 minutes following the fi nal session versus a two-fold increase 
in STR-females. Two hours after the fi nal session corticosterone levels were still signifi cantly elevated in both STR-males 
and STR-females. Absolute plasma corticosterone was higher in females than males under control and stress conditions (not 
shown). Values are shown as mean concentrations ± SEM, normalized to control conditions that are set at 1.0. * represents a 
signifi cant difference between control and stress conditions; o illustrates a signifi cant difference between the 30-minute and 
the 120-minute time points. One symbol signifi es p=<0.05; two symbols signify p=<0.01; three symbols signify p=0.001.

Figure 2b. 

Figure 2a.
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Adrenal Medulla. 

Evidently stress effects on adrenal weight were not attributable to changes in medulla 
volume as this measure was unaffected by stress in both genders. There was a basal gender 
difference however, with control females demonstrating greater medulla volumes than 
males (F=16.22, P<0.002) (Fig. 3b,c).

Adrenal Cortex. 

Adrenal cortex volumes increased following stress in male (F=4.00, P<0.073) and female 
rats (F=22.39, P<0.0008). A gender difference was also apparent as females had larger 
cortex volumes than males under control (F=17.90, P<0.002) and stress (F=51.62, 
P<0.0001) conditions (Fig. 3b,c).

Adrenal Volume. 

Effects of stress on total adrenal volume were in line with those observed on adrenal 
weights and corticosterone levels. Stress caused a trend towards increased total adrenal 
volume in males (F=3.61, P<0.087) and a signifi cant increase in females (F=17.73, 
P<0.002). A similar gender difference also occurred, as females showed greater adrenal 
volumes than males under control (F=32.71, P<0.0002) and stress conditions (F=48.58, 
P<0.0001) (Fig. 3b,c).

Thymus weights. 

Chronic footshock stress resulted in a signifi cant loss of thymus weight in female rats 
(F=7.12, P<0.020). Although thymus weight tended to decrease in males, this trend did 
not reach statistical signifi cance. Females also demonstrated larger thymus weights com-
pared to males under non-stress conditions (F=10.20, P<0.009) (Fig. 3a).

Figure 3a.
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Immunohistochemistry

c-fos immunohistochemistry.

In order to evaluate the effects of repeated stress on the adult male and female brain, FOS 
immunoreactivity was quantifi ed in various cortical and limbic regions, which are of inter-
est with regard to their involvement in regulating HPA axis function and stress-related 
pathological states. (Fig. 4).

Figure 3.

Graphs (a,b) and photomicrographs (c) 
illustrating stress effects on adrenals 
and/or thymus. Chronic stress yielded sig-
nifi cantly larger adrenal weights in males 
and females, indicative of adrenal hyper-
trophy. Stress also signifi cantly reduced 
thymus weights in females. Although 
not signifi cant, males illustrated a sim-
ilar trend. Following stress, both gen-
ders revealed increased adrenal cortex 
volumes contributing to increased total 
adrenal volumes as illustrated by the 
Gallyas silver staining micrographs of 
the adrenal glands. A signifi cant gender 
effect was observed in all measures. 
Values are shown as mean ± SEM. * re-
presents a signifi cant difference between 
control and stress conditions; # repre-
sents a signifi cant difference between 
male and female rats. One symbol signi-
fi es p=<0.05; two symbols signify p=<0.01; 
three symbols signify p=0.001.

Figure 3c.

Figure 3b.
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In male rats, chronic stress resulted in signifi cantly decreased FOS-ir in the mPFC 
(F=5.17, p<0.046), the mORB (F=5.36, p<0.043), the AC (F=12.92, p<0.0049) (fi g. 5a), 
and the DG (F=5.17, p<0.046) (fi g. 5c). Only the PVN showed an opposite effect with 
signifi cantly increased FOS-ir (F=6.58, p<0.028) (fi g. 5c). Chronically stressed females in 
contrast, illustrated a selective increase of FOS-ir in the CeA (F=7.1, p<0.024), the LaA 
(F=8.25, p<0.017), the BslA (F=6.2, p<0.032) and the PVT (F=5.36, p<0.0431(fi g. 5b), 
while no changes were observed in any of the prefrontocortical regions examined (fi g. 5a). 
Like males however, chronic footshocks in females, also induced signifi cantly increased 
FOS-ir in PVN (F=15.78, p<0.0026) (fi g. 5c).  

Figure 5b

Figure 5a.

Figure 4.

Figure 4. Photomicrographs illus-
trating stress-induced c-fos immu-
noreactivity in the PVN. Both gen-
ders illustrated increased PVN 
activity, confi rming continual stress 
discernment without habituation 
in males and females. 
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Phospho-CREB immunoreactivity.

In male rats, chronic stress exposure resulted in a general yet signifi cant reduction of phos-
pho-CREB immunoreactivity in both cortical and subcortical regions (fi g. 6). Specifi cally, 
decreased CREB phosphorylation was observed in the mORB (F=36.06, p<<0.001), the 
PrL (F=16.59, p<0.002), the InfraL (F=38.18, p<<0.001) (fi g. 6a), the AC (F=10.59, 
p<0.009), the postCING (F=6.84, p<0.026) (fi g. 6b), the hippocampal DG (F=11.99, 
p<0.006), the LaA (F=24.68, p<<0.001), and the BslA (F=42.32, p<<0.001) (fi g. 6c). Sur-
prisingly, no changes in CREB phosphorylation were evident in cyclic female rats with the 
exception of the hippocampal dentate gyrus where a marked, yet non-signifi cant, reduc-
tion was observed (F=4.38, p<0.081) (fi g. 6c).

Figure 6a.

Figure 5.

Graphs illustrating gender-distinctive effects of stress on FOS-ir in structures of the frontal cortex (a), the amygdala (b) the 
hippocampus, thalamus, hypothalamus and the raphe (c). Values are shown as mean positive cells ± SEM, normalized to 
control animals that are set at 100. * represents a signifi cant difference between control and stress conditions. One symbol 
signifi es p=<0.05; two symbols signify p=<0.01; three symbols signify p=0.001.

Figure 5c.



       Stress, gender and HPA function  / 53

CHAPTER 2

CRF and Corticosteroid Receptor Gene Expression

Statistically signifi cant alterations in the expression of CRF and both types of corticoste-

roid receptors were observed following chronic stress. These changes were region specifi c 
and varied considerably between genders.

Prefrontal Cortex. 

CRF mRNA levels. 

Although CRF mRNA tended to decreases in males and increase in females following 
stress, none of the groups illustrated signifi cant changes in the prefrontal cortex (Fig. 7).

Figure 6b.

Figure 6c.

Figure 6.

Graphs illustrating gender-distinctive effects of stress on phospho-CREB-ir in structures of the frontal cortex (a,b) and the hip-
pocampus and amygdala (c) Values are shown as mean positive cells ± SEM, normalized to control animals that are set at 100. * 
represents a signifi cant difference between control and stress conditions. One symbol signifi es p=<0.05; two symbols signify 
p=<0.01; three symbols signify p=0.001.
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MR mRNA levels. 

MR expression was unaffected by stress in both genders, while baseline levels between 
genders were similar (Fig. 8a).

GR mRNA levels. 

Whereas baseline prefrontal GR mRNA levels between genders were similar, chronic stress 
led to a trend towards increased GR expression in males (F=4.33, P<0.067) and an oppo-
site and signifi cant decrease in females (F=6.33, P<0.030) 
(Fig. 8a).

Figure 7.

CRF mRNA levels in the prefrontal cortex and hippocampus of male and female rats following repeated footshock stress. 
While males showed an inclination towards decreased CRF mRNA in the prefrontal cortex and the hippocampus, females 
demonstrated an opposite effect. These trends did not reach signifi cant levels however. To simplify the presentation of the 
data, mRNA levels on the y axis are depicted by the inverse fractional cycle number at which the defi ned threshold is passed 
(1/CT). Values are shown as mean ± SEM. * represents a signifi cant difference between control and stress conditions (p<0.05); 
# represents a signifi cant difference between male and female rats (p<0.05). 

Figure 8a,b.
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Relative GR/MR mRNA ratio. 

As a result of the gender divergent GR expression levels in the prefrontal cortex, no 
effect on GR/MR ratios was evident in males, whereas a discernable reduction (F=7.70, 
P<0.019) appeared in females (Fig. 9). Basal levels were similar in both genders under 
control conditions, although females did illustrate signifi cantly lower GR/MR ratio values 
under stress conditions (F=8.37, P<0.016).

Figure 8.

MR and GR mRNA levels in the prefrontal cortex and hippocampus of male and female rats following repeated footshock stress. 
Stress induced elevated MR mRNA in the hippocampus and no change in the prefrontal cortex of both genders. Prefrontocorti-
cal GR expression was slightly raised in males and signifi cantly decreased in females. Neither sex demonstrated altered hip-
pocampal GR expression. To simplify the presentation of the data, mRNA levels on the y axis are depicted by the inverse frac-
tional cycle number at which the defi ned threshold is passed (1/ CT). Values are shown as mean ± SEM. * represents a signifi cant 
difference between control and stress conditions (p<0.05); # represents a signifi cant difference between male and female rats 
(p<0.05). 

Figure 9.

Graphs illustrating calculated GR/MR ratios in the prefrontal cortex and hippocampus of male and female rats following 
repeated footshock stress. Chronic stress reduced GR/MR ratios in the prefrontal cortex of females only. Values are shown as 
mean ± SEM. * represents a signifi cant difference between control and stress conditions (p<0.05); # represents a signifi cant 
difference between male and female rats (p<0.05).



Hippocampus

CRF mRNA levels. 

Similar to effects seen in the prefrontal cortex, hippocampal CRF mRNA levels tended 
to be lower in males exposed to chronic stress, although this trend did not reach statis-
tical signifi cance. CRF mRNA levels in females exposed to stress remained unchanged. 
Although basal levels were similar in both genders under control conditions, stressed 
females had signifi cantly higher CRF mRNA levels compared to stressed males (F=12.79, 
P<0.005) (Fig. 7).

MR mRNA levels. 

Chronic stress induced signifi cantly increased MR mRNA levels in the hippocampus of 
males (F=12.36, P<0.005) as well as females (F=8.56, P<0.015). Under control condi-
tions females expressed a trend towards lower levels than males (F=4.04, P<0.072) which 
reached signifi cance under stress conditions (F=5.02, P<=0.049) (Fig. 8b).

GR mRNA levels. 

While stressed males illustrated a trend towards increased hippocampal GR mRNA levels 
(F=3.39, P<0.095), female levels remained unaffected by chronic stress. A basal gender 
difference was observed under stress conditions however as females illustrated signifi cantly 
lower GR mRNA levels than males (F=12.02, P<0.006) (Fig. 8b).

Relative GR/MR mRNA ratio.  

The net effect of hippocampal MR and GR expression revealed unaltered GR/MR ratios 
in both genders. Basal levels were also similar (Fig. 9).

A summarized view of the stress effects and primary gender differences discussed here is 
presented in table 2. 
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DISCUSSION

Effi cient adaptation to stressful events occurs on the psychological (emotional and cogni-
tive), behavioral (fi ght and fl ight), and biological level (autonomic and neuroendocrine) 
and is essential for an organism’s well being. It requires complex cascades of events includ-
ing neurotransmitter release 29,30, gene expression 31 and regulated phosphorylation states 
of specifi c proteins 32,33. This integrated process, dependent on genomic responses, is trig-
gered by immediately early gene induction and transcriptional activity of nuclear hor-
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Table 2.

Summarized view of sex and/or region specifi c stress effects. 
Symbols: Illustrate the effects of stress on male and female rats and the comparison of female versus male baseline levels. 
Trends toward increase (↑) decrease (↓); signifi cant increase (⇑) decrease (⇓) and no change (=) are indicated.



mone receptor ligands such as corticosterone. Following stress exposure, genomic effects 
initiate within minutes and culminate over hours into an integrated process that can 
produce long-term neuroendocrine, neurochemical, and behavioral alterations 34. Since 
activation of the stress system is meant to be brief, its time-limited nature renders its 
acute effects benefi cial rather than adverse 12. It has been speculated however, that some 
viduals may become more sensitive to subsequent stressors if initial stressors are too long 
or intense. Given that stress response systems coordinate a wide array of physiological 
responses, their prolonged activation could lead to the development of immune, neu-
roendocrine, cardiovascular, metabolic, and psychiatric abnormalities 12,35. In this study, 
immunohistochemical and neuroendocrine adaptations to repeated stress were explored 
in order to unravel the neurobiological substrates underlying regulatory mechanisms and 
eventually, dysregulation of the stress response. Moreover, as gender differences have been 
reported in chronic stress effects in humans and animals, footshock-induced changes were 
investigated in male as well as female rats. The results could provide valuable insight into 
the neurobiological mechanisms underlying HPA axis regulation and the role of gender in 
the modulation of chronic stress adaptations. While repeated stress induced signs of pro-
longed HPA axis hyperactivity in both males and females, interesting gender-differential 
cellular and molecular alterations suggest discrepant molecular and cellular events associ-
ated with this common development.

Chronic stress-induced cellular and molecular alterations in male rats.

Stressed males showed marked signs of sustained HPA axis activation such as adrenal 
hypertrophy and elevated plasma adrenaline and corticosterone concentrations. Another 
indication of prolonged exposure to elevated peripheral and central glucocorticoid levels is 
provided by analysis of stress-induced immunohistochemical alterations. Expression and 
phosphorylation of CREB, a transcription factor involved in modulating neuronal plasti-
city, is particularly sensitive to glucocorticoids and thus HPA axis activity. While brief 
stress has been associated with enhanced CREB phosphorylation 36, persistently elevated 
glucocorticoid levels have been related to reduced CREB expression and phosphoryla-
tion and impaired cognitive functions 37,38. Reduced phospho-CREB immunoreactivity, 
observed here in stressed males, thus seems to substantiate the hypothesis of persistently 
elevated glucocorticoid concentrations, associated possibly with abnormal HPA function. 

Stress-induced changes in cortical-limbic FOS-ir patterns further support this notion. 
Expression of c-fos, an immediate early gene, is infl uenced by altered neuronal activity and 
its gene product therefore provides a useful tool to mark neuronal activity 39,40. Although 
no changes were found in the amygdala, thalamus, and dorsal raphe, chronic stress-
induced FOS-ir was signifi cantly increased in the PVN and decreased in the medial orbi-
tofrontal cortex, the medial prefrontal cortex, the anterior cingulate, and the hippocampal 
dentate gyrus. The HPA axis is generally considered to function as a closed-loop auto-
regulatory system modulated by glucocorticoid-mediated negative feedback and opera-
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ting over multiple time domains, at different levels and by several sources 3,12,41. Since glu-
cocorticoids represent the fundamental hormonal mediators in this stress response their 
regulation and release is carefully regulated by coordinated interactions of this cortical and 
limbic circuitry. The PVN for instance plays a pivotal role in regulating HPA axis acti-
vity and its increased FOS-ir substantiates a lack of habituation to this footshock proce-
dure. The prefrontal cortex and the hippocampus however, modulate HPA axis activity by 
maintaining this system under tonic inhibition and lesions in these regions result, at least 
in male rats, in pronounced activation of the HPA axis 12,18. Remarkably, literature also 
reports chronic stress-induced prefrontocortical and hippocampal defi cits, which could 
ultimately compromise the ability of these regions to properly modulate HPA axis acti-
vity 42,43. Although the amygdala and raphe have also been reportedly involved in stress 
response modulation, specifi c FOS-ir changes seen here suggest that footshock-induced 
HPA axis hyperactivity in males may have resulted from prefrontocortical and hippocam-
pal abnormalities and subsequently impaired inhibitory feedback exerted by these struc-
tures. A hypothesized mechanism by which stress could lead to the attenuation of prefron-
tocortical and hippocampal negative feedback involves abnormal expression of mineralo-
corticoid and glucocorticoid receptors, localized in discrete cortical-limbic regions, such as 
prefrontal cortex, hippocampus and hypothalamus 4. Although reports have illustrated the 
ability of chronic footshocks to disrupt GR-mediated functions in the prefrontal cortex 
and hippocampus 43, our results do not support the latter, at least not in males. Not only 
did we fail to detect reduced mRNA of these receptors we actually found a marked stress-
induced rise of GR or MR mRNA in both mPFC and hippocampus, suggesting that HPA 
axis abnormalities did not result from any deleterious stress effects on the gene expression 
of these receptors. Although this discrepancy in results may be attributable to differences 
in experimental design, the mechanism involved in the attenuation of inhibitory feedback 
exerted by the prefrontal cortex and hippocampus remains unknown. An intriguing pos-
sibility to explain this abnormal interaction between higher cortical-limbic structures and 
the hypothalamus might be offered by the transcription factor c-fos and its role in regu-
lating glucocorticoid-induced genomic responses. Both MR and GR, are corticosteroid-
activated transcription factors that modulate the expression of a variety of neuronal genes 
by binding to specifi c DNA sequences 44. This binding however, can be hindered by some 
nuclear factors such as c-fos and c-jun 45,46. Interestingly, acute stress has been shown to 
enhance c-fos expression in selective cortical-limbic regions 47 and it has been speculated 

that following transient stressful events, such increased c-fos expression can dampen the 
negative feedback response and enhances HPA axis activity by interfering with glucocor-
ticoid receptor activity. In contrast, reduced c-fos expression may promote glucocorticoid 
receptor binding, thereby promoting the negative feedback response and preventing the 
deleterious consequences of persistently elevated corticosteroid levels 48. It is thus intrigu-
ing to speculate that reduced FOS-ir observed here in prefrontocortical and hippocampal 
areas may represent a neuronal adaptive mechanism specifi c for repeated adverse expe-
riences. This view is also supported by signifi cantly increased MR mRNA in the hip-
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the signifi cantly elevated corticosterone concentrations detected here more than 2 hours 
after the fi nal session. Plasma glucocorticoids have been shown to increase upon exposure 
to acute stress, reach a peak after 30 minutes and then progressively decrease to basal value 
in the next 60 minutes. Mizoguchi and colleagues however, showed that prolonged foot-
shocks can change the dynamic of this physiological response by lowering the maximal 
peak of plasma glucocorticoid concentrations and reducing the time needed by cortico-
steroids to return to basal physiological levels 42. The latter indication of reduced neuro-
nal plasticity in the hippocampus and prefrontal cortex suggests that the decreased c-fos 
expression may also represent a condition of functional hypoactivity of these regions, 
rather than a mere simple adaptation to repeated footshocks. Although increased MR 
and GR mRNA expression following chronic stress may facilitate the rapid reduction of 
plasma glucocorticoids after exposure to adverse conditions (hypersuppression), it is also 
possible that MR/GR feedback inhibition is insuffi cient to return corticosterone to basal 
levels in the absence of other specifi c feedback mechanisms. Chronic stress-induced pre-
frontocortical and hippocampal defects may impair these additional inhibitory actions 
and compromise negative feedback on HPA function, resulting in enhanced basal activity 
of this system and permanently elevated basal glucocorticoid levels. 

Chronic stress-induced cellular and molecular changes in cyclic female rats.

Similarly to males, chronically stressed females also showed multiple neuroendocrine indi-
cations of sustained HPA axis hyperactivity, such as elevated plasma norepinephrine and 
corticosterone concentrations, increased PVN FOS-ir, adrenal hypertrophy, and thymus 
hypotrophy. Particularly elevated plasma corticosterone (30 and more importantly, 120 
minutes after the fi nal session) enlarged adrenal glands and reduced thymuses seem to sug-
gest prolonged HPA axis activation leading to persistent glucocorticoid elevations. Despite 
similar neuroendocrine alterations, stress induced signifi cant gender-related differences in 
phospho-CREB and FOS-ir patterns. Unlike males for instance, female rats did not show 
marked stress-reduced phospho-CREB immunoreactivity. Dendritic atrophy in the hip-
pocampus and prefrontal cortex reported after chronic stress is believed to be mediated 
by glucocorticoid effects on neuronal plasticity, by inhibiting CREB phosphorylation and 
BDNF expression 26,49,50. This gender discrepancy however might be attributed to ovarian 
steroids in cyclic female rats, especially since stress has been shown to permanently elevate 
estrogen concentrations in female rats 51. Unfortunately, here peripheral estrogen levels 
were not measured, although females did illustrate interesting cyclic variations in body 
weight gain refl ecting probable periodic hormonal fl uctuations. Whereas cyclic variations 
occurred in both stressed and non-stressed females during acclimatization, they continued 
in the non-stressed after initiation of the stressor and disappeared in the stressed, reappear-
ing only at the end of the experiment. If the latter refl ects the infl uence of stress on ovarian 
function, it is possible that stress-induced elevated estrogen levels reduced the extent of 
their fl uctuation. More importantly however, estrogen exerts trophic actions in the brain. 
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Since this requires ovarian hormone activation of specifi c intracellular cascades leading to 
CREB phosphorylation, stress-induced elevated estrogen may thus promote CREB phos-
phorylation and partially counteract glucocorticoid-mediated inhibitory effects.
     In addition to phospho-CREB, gender-differential immunoreactivity patterns were 
also seen in c-fos. Despite marked neuroendocrine changes indicating prolonged HPA axis 
hyperactivity, females did not reveal FOS-ir patterns illustrating reduced prefrontocorti-
cal and hippocampal functions. Impaired prefrontocortical and hippocampal inhibitory 
feedback to the hypothalamus may thus explain HPA axis hyperactivity in stressed male 
but not female rats. Remarkably however, stressed females revealed a selective induction 
of FOS-ir in the amygdala, a dimorphic limbic structure involved in modulating stress 
and emotional responses 52,53. Increased amygdala metabolism has been found in various 
psychiatric conditions, like depression and anxiety and its implication in psychopathol-
ogy may be related to its role in regulating HPA axis activity 54,55. The amygdala, provides 
excitatory input to the PVN and facilitates activation of the HPA axis, so that stimuli, 
interpreted as threatening can elicit an immediate response characterized by enhanced 
vigilance, autonomic arousal, and a global catabolic state. Mobilization of these responses 
however requires activation of corticotropin-releasing hormone (CRH) neurons in se-
veral structures, including the hypothalamus and amygdala, and stimulation of the brain 
stem locus coeruleus/norepinephrine system. These systems perpetuate one another, inter-
act with several other neurotransmitter systems and directly activate the HPA axis and 
autonomic nervous system 3. Interestingly in contrast to males, stressed females showed 
increased CRH mRNA expression in the prefrontal cortex and hippocampus (signifi cantly 
higher in the latter compared to males). Although CRH mRNA was not measured in 
other regions involved in modulating this system (i.e. amygdala and locus coeruleus), 
its increased expression in the prefrontal cortex and hippocampus may represent an indi-
rect indication of enhanced CRH activity in chronically stressed females. Furthermore 
repeated stress signifi cantly elevated plasma noradrenaline in females and its circulating 
levels provide a useful estimate of neurosympathetic activity. Together these fi ndings may 
thus suggest enhanced HPA function in response to increased CRH mRNA and auto-
nomic nervous system activation. 
     Another factor that may contribute to abnormal HPA axis activity is a disrupted 
MR/GR mRNA ratio. Shifts in the balance of MR/GR-mediated action in limbic struc-
tures alters the set point of stress response system activity. Once this imbalance occurs, an 
individual loses its ability to reestablish proper internal homeostasis when challenged by 
adverse events. This conditions then leads to the disruption of neuroendocrine regulation 
and impairs behavioral adaptation, which may enhance vulnerability to subsequent insults 
and trigger the onset of stress-related disorders 56. Interestingly, abnormal MR/GR mRNA 
was observed in the hippocampus of stressed females. Combined with the previous fi n-
dings, this observation suggests that abnormal MR/GR mRNA expression, together with 
factors such as abnormal CRH mRNA and sympathetic activity, may contribute to the 
development of abnormal HPA axis regulation in female rats.
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Clinical implications and conclusions.

The results presented here may provide insight into the cellular and molecular mech-
nisms governing males’ and females’ stress susceptibility. Impaired HPA axis regulation 
due to abnormal limbic function has been frequently reported in depressed subjects. More 
importantly, reduced prefrontocortical function, hippocampal atrophy, increased amyg-
dala metabolism, and HPA axis hyperactivity represent common occurrences in depres-
sion and other stress-related psychiatric disorders, while imbalanced GR/MR expression 
has been reported in specifi c subgroups of depressed subjects 57-59. Given the association 
between disrupted limbic system GR/MR ratios and HPA abnormalities often seen in 
stress-related disorders as depression 60-62 the importance of balanced MR and GR expres-
sion for functional brain and body homeostasis has recently been re-evaluated 43,59. Inter-
estingly, depression is characterized by marked gender-related prevalence with women 
having a greater risk of developing psychopathology. Despite ample evidence, reservations 
regarding gender discrepancies and stress-related pathology remain however and may be 
attributed to the fact that most of our current knowledge on HPA function regulation 
is derived from research in males 63. This issue underscores the need for future research 
with particular attention on the gender aspect, to better understand its role in HPA axis 
modulation. In doing so however some points of consideration regarding the limitations 
of this study should be addressed. A practical limitation discerns the fact that use was 
made of commercially obtained rats. As we lack information on early life conditions such 
as housing or sibling bonds, we cannot address the well reported infl uence of prenatal 
conditions on sexually dimorphic effects of stress responses in adult life 64. Another con-
cern is posed by the cyclic fl uctuations of ovarian hormones in females and the role of 
androgens in males. As stress responses have been shown to be infl uenced by sex steroids 
65 we are currently investigating this aspect in a staged design. 
     In conclusion, these fi ndings collectively demonstrate the ability of repeated stress to 
disrupt HPA axis regulation in a gender- and/or region-specifi c manner. The observed dif-
ferences reveal the complex modulation of this stress response system. In this regard our 
fi ndings suggest sexually dimorphic mechanisms underlying the regulation/dysregulation 
of HPA axis response to stress, which encompasses glucocorticoid, catecholamine, and 
GR/MR interplay in distinct cortical and subcortical structures. Impaired prefrontocor-
tical and/or hippocampal control over the HPA axis, possibly caused by stress-induced 
reduction of neuronal plasticity seems to represent a possible mechanism by which 
repeated stress leads to abnormal regulation of the stress response in male rats, whereas 
imbalance GR/MR mRNA expression, disturbed autonomic function, and abnormal 
amygdala FOS activity could refl ect events involved in the development HPA axis abnor-
malities in female rats. Together, these fi ndings may provide valuable neuroendocrine and 
molecular insight to explain discrepant gender-related susceptibility often encountered in 
stress-induced psychiatric disorders.
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