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IMMUNOHISTOCHEMICAL CHANGES 
INDUCED BY REPEATED FOOTSHOCK 
STRESS: 
REVELATIONS OF GENDER-BASED 
DIFFERENCES

As a growing amount of literature has proven, adverse experi-

ences, particularly when severe and persistent, play a pivotal role 

in the development of neuronal dysfunctions and psychopatho-

logy. In the present study, the neurochemical changes induced 

by acute and repeated footshock exposure were investigated at 

the molecular and cellular level, using c-fos and phospho-ERK1/2 

immunoreactivity, and gene expression arrays. Marked gender-

related differences were found following both acute and pro-

longed footshock exposure. Acute aversive conditioning resulted 

in signifi cant immunohistochemical changes that might be criti-

cally involved in the modulation of fear-related responses, espe-

cially in males. Prolonged footshock exposure, in contrast, was 

associated with sustained hypothalamic-pituitary-adrenal axis 

hyperactivity, differential gender-related patterns of cortical-limbic 

activity, and abnormal neuronal plasticity, especially in medial pre-

frontocortical regions. This data may provide additional insights 

into the understanding of the neural circuits underlying the effects 

of acute and repeated footshock exposure and clarify some of the 

mechanisms involved in the development of stress-related neuro-

nal abnormalities.

Kuipers S.D.,* Trentani A.,* te Meerman G.J., Beekman J., 
Ter Horst G.J., Den Boer J.A. (* Co-fi rst authorship) Neurobiology of 
Disease, 2003, 14: 602-618
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INTRODUCTION

Recent advances have been made in understanding the changes of neuronal plasticity in 

response to stress. Acute stressful experiences, for instance, facilitate the consolidation of 

new memories and promote cognitive processes 1,2 while adverse experiences, particularly 

when severe and persistent, may contribute to the development of neuronal dysfunctions 

and psychopathology 3. At the cellular level, evidence has emerged to indicate dendritic 

atrophy and neuronal loss in response to stress 4-7. At the molecular level, it has been 

suggested that these abnormalities, detected mostly in the hippocampus and prefrontal 

cortex, result from a decreased neuronal plasticity associated with persistent elevation of 

glucocorticoid levels 8-10. Although in the short run, adrenal steroids play a critical role 

in the acquisition of fear-conditioned responses 11,12, prolonged exposure to elevated glu-

cocorticoid levels results in functional and structural abnormalities and cognitive impair-

ment 4,7,13,14. It is of interest to note that although considerable progress has been made in 

the elucidation of neurobiological substrates underlying the acute stress response, chronic 

stress-induced neurochemical changes remain poorly understood. Furthermore, although 

gender represents a critical aspect in both sensitivity to stress and psychopathology 15,16, 

most of the clinical and preclinical research concerning stress-related neuronal abnormali-

ties have been conducted in males 17.

With this in mind, the cellular and molecular changes associated with short-term (2 days) 

and prolonged footshock stress (20 days) were investigated in male and cyclic female rats, 

in an attempt to gain new insights into the neuronal circuits modulating the response 

to acute and chronic footshock stress as well as the mechanisms underlying the biphasic 

effects of stress on cognitive and emotional processes. By using identical settings (5 foot-

shocks delivered randomly during 30-minute sessions) but extending the length of expo-

sure from 2 to 20 days, these footshock procedures might prove a potentially useful model 

for investigating the dynamics of stress-induced disruption of cognitive processing in a 

gender comparative setting. Footshock-induced neurochemical changes were examined 

using molecular and immunohistochemical techniques, including c-fos immunoreactiv-

ity (FOS-ir), phospho-ERK1/2 expression, and gene expression microarrays as markers 

of neuronal activity 18-20 and neuronal plasticity 21-23. This data may thus contribute to 

the understanding of the mechanisms underlying gender-related differences in emotional 

processing and their relationship with the development of stress-induced cortical-limbic 

dysfunctions.
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MATERIALS AND METHODS

Animals

The experiments were performed using adult male (n=28: 212-240 g at the beginning 
of the experiments) and cyclic female Wistar rats (n=25: 195-212 g). The animals were 
housed individually (cages 45 x 28 x 20 cm) with food and water available ad libitum, 
and maintained on a 12/12-hr light/dark cycle. All rats were weighed and handled daily 
for 5-8 min to minimize the 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 with the guidelines of the Animal Bio-Ethics Committee of the 
University of Groningen (FDC: 2509).  

Footshock procedure

The rodent test-chamber consists of a box containing an animal space placed on a grid 
fl oor connected to a shock generator and scrambler. Test-rats received one session of 30 
min/day in the footshock box during which 5 inescapable footshocks were given (0.8 mA 
in intensity and 8 sec in duration: unconditioned stimulus; US) with different inter-shock 
intervals in order to make the procedure as unpredictable as possible. Each footshock was 
preceded by 10 sec of light (conditioned stimulus; CS). Control rats followed the same 
schedule in an identical setup but were exposed to CSs only without receiving any shocks. 
This conditioning procedure was followed for 2 (acute conditioning) or 20 days (chronic 
conditioning). The fi nal day of each experiment (3rd for the acute and 21st for the chronic) 
all rats were placed in the footshock box and exposed to 5 CSs only, without receiving 
any painful footshocks. This allowed investigation of the pattern of protein expression 
(FOS-ir) and phosphorylation (phospho-ERK1/2) induced by identical and painless sti-
muli hereby avoiding exposure of animals to physical stress.

Acute experiment. 

Six male and six cyclic female rats were used in the acute experiment. Test-rats were con-
ditioned for two consecutive days. The third and last day all rats were subjected to 5 CSs.

Chronic experiment. 

Eleven males and ten females were used in this experiment. Test-rats were conditioned for 
20 consecutive days. On the fi nal (21st) day all rats received 5 CSs without consequent 
footshocks. 
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Control rats. 

Eleven males and nine females were used as control animals. These were exposed to the 
same stimuli as the stressed rats (as they were housed in the same room and similarly 
exposed to the footshock box and CSs). They did not however receive USs during the 
entire duration of the experiment.  

Physiological and neuroendocrine changes following repeated footshock exposure 

To defi ne the dynamics of the response to repeated footshock stress, various physiologi-
cal and neuroendocrine parameters were measured. Weight gain was monitored on a daily 
basis throughout the experiment, and upon termination, plasma corticosterone concen-
trations were measured and adrenal glands were removed and weighed. Blood samples 
were also drawn by transcardial puncture immediately upon termination and stored at 
-20°C. These samples were then used to determine plasma corticosterone and adrenaline 
concentrations with HPLC. Graphs were constructed to serve as a reference to verify the 
severity of stress perceived by the animals. 

Extraction and Chromatography

Adrenaline. 

Adrenaline was extracted from plasma using liquid/liquid extraction with 3,4-dihydroxy-
benzylamine as internal standard 24,25. Briefl y, plasma adrenaline was bound to diphenyl-
borate-ethanolamine at pH 8.6. The extraction was performed with n-heptane (contain-
ing 1% octanol and 25% tetraoctylammoniumbromide). Finally, adrenaline was extracted 
from the organic phase with diluted acetic acid. Adrenaline (20 µl acetic acid extract) was 
analysed using an HPLC/auto-injector (CMA, Sweden) and a Shimadzu LC-10AD pump 
(Kyoto, Japan) connected to a reversed phase column (Hypersil, C18, 3µm, 150x2.0mm), 
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 tetramethylammonium, 15mg/ml 
Na

2
EDTA and 3% methanol, adjusted to pH 4.1. The fl ow-rate was 0.35ml/min. Tem-

perature was 30°C. The detection limit of the method was 0.1nM.  

Corticosterone. 

For the assay, dexamethasone was used as internal standard. After addition of the internal 
standard, plasma was extracted with 3ml of diethylether, vortexed for 5 min and then cen-
trifuged 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 reconstituted with 
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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 concentration of both corticosterone and internal standard was deter-

mined with UV detection at a wavelength of 254nm. The detection limit of the method 

was 10nM.

Histological procedure - Immunohistochemistry 

Two hours after the beginning of the fi nal session, the rats were terminated with an over-

dose of halothane, which preceded 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 0.02 M, 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 40 µm were prepared on a cryostat microtome. Sections were collected in KPBS 

with sodiumazide and stored at 4°C.

c-fos and phospho-ERK1/2 immunoreactivity. 

The stainings were performed on free-fl oating sections under continuous agitation. The 

sections were preincubated in 0.3% H
2
O

2
 for 15 min to reduce endogenous peroxidase 

activity, before being incubated in primary monoclonal mouse anti-phospho-ERK1/2 

(New England Biolabs, Inc., Beverly, MA, USA; www.neb.com; 1:5000 dilution in KPBS 

0.02 M, pH 7.4, overnight at room temperature) or polyclonal rabbit anti-FOS anti-

body (Oncogene Research Products, brands of CN Biosciences, Inc, an affi liate of Merck 

KGaA, Darmstadt, Germany; 1:10000 dilution in KPBS 0.02 M, pH 7.4, 60-72 hours at 

4˚C) depending on the primary antibody host. Subsequently, sections were washed with 

KPBS and incubated at room temperature with biotinylated goat anti-mouse or goat anti-

rabbit IgG (Vector Laboratories, Inc., Burlingame, CA, USA; 1:1000 dilution) followed 

by ABC complex (Vector ABC kit, Vector Laboratories, Burlingame, CA, USA). After 

another wash, the reaction product was visualized by adding diaminobenzidine as chro-

mogen and 1% H
2
O

2 
for 15 min. Thereafter, sections were washed, mounted on slides, 

dehydrated and coverslipped with DePex.

Antibody specifi city testing. 

To control for cross-reactivity due to aspecifi c binding, immunostainings were performed 

by incubating several 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 all antibodies used. 
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Image analysis and counting procedure (semi-quantitative analysis).

FOS immunoreactive cells were quantifi ed in 14 different brain regions or subregions with 

reference to the rat Swanson’s brain atlas 26 while the quantifi cation of phospho-ERK1/2 

immunoreactivity was limited to the medial prefrontal cortex (prelimbic and infralimbic 

areas) where an abnormal phosphorylation of these enzymes was found in chronically 

stressed male rats 10. This quantifi cation was performed by an observer who was blind to 

group assignment. For counting of the immunoreactive cell nuclei, at least 4-5 sections 

per brain area were analyzed. ROIs included prefrontal (prelimbic and infralimbic area; 

mPFC: Bregma +3.60 to +1.70) and cingulate cortices (AC: Bregma +3.20 to +0.95); hip-

pocampal CA1 (CA1: Bregma –2.45 to –4.60) and dentate gyrus (DG: Bregma -2.00 to 

–3.90); central (CeA: Bregma –1.53 to –2.85), lateral (LaA: Bregma –2.00 to -3.70), baso-

lateral (BslA: Bregma –1.78 to –3.25) and medial (MeA: Bregma –1.78 to –3.25) nuclei 

of the amygdala; paraventricular (PVT: Bregma –1.33 to –3.90), dorsomedial (DMT: 

Bregma –2.00 to –3.90) and centromedial (CMT: Bregma –1.53 to –3.90) thalamic 

nuclei; paraventricular (PVN: Bregma –1.08 to –2.00) and dorsomedial (DMH: Bregma 

–2.45 to –3.70) hypothalamic nuclei; dorsal (DR: Bregma –7.10 to –9.25) and medial 

(MR: Bregma –9.25 to –10.35) raphe nuclei 26. The areas from structures of interest 

(ROI) were digitized using a Sony (SONY Corporation, Tokyo, Japan) charge-coupled 

device digital camera mounted on a LEICA Leitz DMRB microscope (LEICA, Wetzlar, 

Germany) at x100 magnifi cation. Each digitized image was individually set at a threshold 

to subtract the background optical density, and the numbers of cell nuclei above back-

ground were counted using the computer-based image analysis system LEICA (LEICA 

Imaging System Ltd., Cambridge, England). After image acquisition, FOS positive nuclei 

and phospho-ERK1/2-stained dendrites were quantifi ed. All areas were measured bilater-

ally (no left-right asymmetry for FOS and phospho-ERKs immunoreactivity was found) 

and therefore the resulting data was reported as number of positive cells/0.1mm2 (FOS-ir) 

or number of horizontal (H) and vertical (V) intersections (H+V contacts) between posi-

tive dendrites and an imaginary detection grid (composed by 514 horizontal x 698 ver-

tical lines) present in the quantifi cation fi eld (H+V intersections/0.1mm2) 10. The abso-

lute regional FOS and phospho-ERK1/2 densities (mean±standard error (SEM)) for each 

region were reported (see Table 1). F tests of variance were run on numbers of immunore-

active cell nuclei from individual brain regions from experimental and control conditions. 

That value determined whether t tests for equal or unequal variance were performed to 

compare the cell counts from individual brain regions of control and experimental condi-

tions. P < 0.05 was defi ned as the level of signifi cance between groups.
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Histological procedure  - Molecular biology

Tissue and RNA Preparation. 

Thirty minutes after the start of the fi nal session, rats used for molecular biology were 
anesthetized with halothane and decapitated. The prefrontal cortex was dissected, quick-
frozen in liquid nitrogen and stored at -80°C. Total RNA was isolated from the prefrontal 
cortex of each animal by using Trizol  (Life Technology, Gaithersburg, MD, USA) accord-
ing to the manufacturer’s instructions. Integrity of total RNA was confi rmed on an agarose 
gel and fi nal concentrations were assessed spectrophotometrically.

cDNA microarray. 

RNA was extracted from the prefrontal cortex of 4 or 5 rats within the groups participat-
ing in the chronic experiment and their controls. RNA (2-5mg/rat), subsequently con-
verted into a 32P-labeled fi rst-strand cDNA, was used to hybridize cDNA microarrays (rat 
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atlas cDNA array 1.2; Clontech, Palo Alto, CA, USA). Use of a broad coverage array 
instead of a stress array was intentionally chosen because of our interest in the role of tran-
scription factors and second messengers in stress-induced neuronal dysfunction, which 
could involve the expression of numerous candidate genes. In this microarray, plasmid 
and bacteriophage DNAs are included as negative controls, along with several housekee-
ping cDNAs as positive controls. A complete list of the genes and controls spotted on the 
array, as well as array coordinates and GenBank accession numbers, is available at Clon-
tech’s web site, (http://www.clontech.com).  In order to suppress non-specifi c background 
each membrane was prehybridized for 30 min at 68ºC in 5ml of hybridization solution 
(ExpressHyb, Clontech) with continuous agitation. Hybridization was subsequently car-
ried out by the addition of the denatured, labeled cDNA to the prehybridization solution 
at 68ºC for overnight incubation to reach a fi nal probe concentration of 2-5 x 106cpm/ml.  
Membranes were stringently washed with continuous agitation at 68ºC in 2 x SSC, 1% 
SDS (4x30 min) and then in 0.1 SSC, 0.5% SDS (30 min). After a fi nal rinse in 0.1 x 
SSC (5 min), membranes were mounted on Whatman paper, plastic-wrapped, exposed to 
x-ray fi lm overnight at -80ºC followed by exposure to a phosphoimager screen for 3 days. 

PhosphoImaging analysis. 

Membranes were scanned using a Molecular Dynamics STORM PhosphoImager (Mole-
cular Dynamics, Inc., Sunnyvale, CA, USA), and images were analyzed by ImageQuant 
(Molecular Dynamics, Inc., Sunnyvale, CA, USA). According to the Array manufacturer, 
Clontech, the radioactive cDNA signal is linear for RNAs present at levels of 0.01-3% of 
the total RNA population. An admonition of this quantitative analysis however, is that the 
accuracy for the extremely low abundant genes may not be reliable due to the detection 
limitation of this technique. The expression level for each gene was measured by the phos-
phoimager in arbitrary signal intensity units. This original raw output was subsequently 
used to perform the statistical analysis.

Statistics. 

To perform the following analysis, use was made of specifi c Delphi 5.0 data transforma-
tion software to convert data from Clontech format to SPSS readable datasets (available 
on demand) and SPSS 11.0 software. Data from the 19 hybridizations was analyzed by 
log transforming the datapoints. Subsequently, factor analysis was performed to identify 
the common component in the (log) data. This common component serves as the ref-
erence value, comparable to a control labeling in two-dye array analysis. Subtraction of 
this common component yields a log ratio value, used for further analysis. The data was 
checked for systemic positional effects, using analysis of variance on blocks of spots. A 
signifi cant effect was found in the y coordinate of the genes, but since this only explained 
1% of the variance, a correction step for this effect would have minimal infl uence on data 
quality, and was thus omitted. To further analyze the data, a reference set of genes was 



130 / Stress and gender mediated neuronal impairments

 

chosen against which to test hypotheses with regard to the experimental variation. The 
genes selected for inclusion in the analysis set were those which displayed the greatest 
variation compared to other genes, while the reference set contained the genes with the 
least amount of variation between arrays.  To verify the sensitivity of the results for this 
selection procedure, the criterion for inclusion of genes in the test set versus the reference 
set was variation in log expression ratio over a range of standard deviations (>1.5, >1.8, 
>1.9, >2.5). In order to identify the strongest alterations of individual genes a plot was 
made of the common variation or expression of the genes (fi rst principal component of the 
subset of genes selected for analysis) against the interarray differences or variation (second 
principal component).  A test of signifi cance of individual gene expression alterations was 
not done, because the observed variation was quite small and the required multiple test-
ing correction would have given negative test results. The outliers in table 3 are genes 
most likely responsible for the observed experimental effects. The statistical analysis was 
performed on the average log expression ratio of the genes included in the test set, because 
we reasoned that only an aggregate of individual genes would yield enough information 
about the response of the subgroups.  

RESULTS

Physiological and neuroendocrine changes following repeated foot-
shock exposure

To defi ne the dynamics of the response to prolonged footshock stimulation, various phy-

siological and neuroendocrine parameters were measured, including body weight gain 

throughout the experiment, plasma corticosterone concentrations and adrenal weights 

upon termination. 

Body weight gain

Body weights were measured daily during the acclimatization period and the chronic stress 

procedure in control and stressed rats (fi g. 1a). During the acclimatization period both 

groups showed an identical weight gain. Immediately after the initiation of stress exposure 

however, a consistent reduction in body weight gain was observed in stressed males, while 

weight gain in non-stressed animals continued constantly as expected. The difference in 

weight gain between non-stressed and stressed males increased progressively reaching a 

signifi cant value on day 6 of the procedure (F=6.13, p<0.033) and continued to increase 

until the fi nal day (F=18.09, p<0.0019). No differences were found in chronically stressed 

females. This fi nding was in accordance with previous preclinical data showing that stress 

exposure does not affect body weight gain in female rats as much as it does in males 27.
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 [Fig. 1a]

Plasma corticosterone levels

Corticosterone and adrenaline concentrations were measured by HPLC. Although chroni-
cally stressed rats, on the fi nal day, were only exposed to psychological (CSs and exposure 
to the box) and not to physical stress (USs), they showed signifi cantly elevated plasma cor-
ticosterone concentrations (F=8.14, p<0.021, non-stressed vs. chronically stressed males; 
F=9.81, p<0.014, non-stressed vs. chronically stressed females). Adrenaline concentra-
tions, although higher in chronically stressed rats, did not reach a statistical difference 
compared to non-stressed animals (F=2.87, p<0.12, males; F=1.75, p<0.22 females) 
(fi g.1b). This evidence seems to suggest the lack of habituation in the neuroendocrine 
response to repeated footshock stress, both in male and female rats. It is interesting to 
note that females, both under stressed and non-stress conditions, reported higher plasma 
corticosterone levels than males (F=3.86, p<0.085, non-stressed males vs. females; F=6.26, 
p<0.037, chronically stressed males vs. females) (fi g.1b)

[Fig. 1b]

Figure 1b.

Plasma corticosterone levels in male and female rats following repeated footshock exposure.

Figure 1a.

Body weight gain in male and cyclic female rats exposed to footshock stress.
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Adrenal weights

Both males and females repeatedly subjected to footshock stress showed a signifi cant adre-
nal hypertrophy (F

males
=24.20, p

males
<0.001: F

females
=6.05, p

females
<0.039) that appears to 

suggest a prolonged HPA axis activation (fi g. 1c). Additionally, female rats showed higher 
adrenal weights compared to males, both under non-stressed and stressed conditions (fi g. 
1c). 

Immunohistochemistry

In the present study, two experiments were performed: a short-term training, consisting of 
two daily sessions of footshock stress during which 5 electric shocks were delivered, and a 
chronic experiment, consisting of 20 daily sessions of footshock stress. After each experi-
ment, FOS-ir (fi g. 2) and phospho-ERK1/2 expression (fi g. 3) were quantifi ed through-
out several cortical and limbic regions involved in the modulation of emotional and stress 
responses, including the frontal cortex, the hippocampus, the amygdala, the thalamus, the 
hypothalamus, and the midbrain (fi g. 4).

Figure 1c.

Effect of repeated footshock exposure on adrenal weight in male and female rats.

Figure 2.

FOS-ir in the paraventricular hypo-
thalamic nucleus. a) control males; 
b) acutely stressed males; c) 
chronically stressed males; d) con-
trol females; e) acutely stressed 
females; f) chronically stressed 
females.
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Figure 3.

Phospho-ERK1/2 immunoreactivity 
in medial prefrontocortical den-
drites. a) control males; b) acutely 
stressed males; c) chronically 
stressed males; d) control females; 
e) acutely stressed females; f) 
chronically stressed females.

Acute footshock challenge. 

Gender-related differences in the patterns of cortical-limbic activity were found in 
response to acute challenge. Male rats showed a signifi cantly increased FOS-ir in the AC 
(F=14.35, p<0.0043) (fi g. 5a), the CA1 (F=5.39, p<0.045) (fi g. 5b), the CeA (F=13.45, 
p<0.0063), the LaA (F=16.39, p<0.0037), the BslA (F=8.93, p<0.017), the MeA (F=6.12, 
p<0.038) (fi g. 5c), the CMT (F=9.54, p<0.013), the PVT (F=11.42, p<0.008) (fi g. 5d), 
the PVN (F=6.45, p<0.032) (fi g. 5e), the MR (F=6.24, p<0.034), and the DR (F=8.46, 

p<0.02) (fi g. 5f ). On the contrary, female rats, acutely exposed to footshock stress, showed 
a reduction of FOS-ir in the mPFC (F=88.35, p<<0.001), the AC (F=5.81, p<<0.039) 
(fi g. 5a), the CA1 (F=94.88, p<<0.001), the DG (F=20.96, p<0.0013) (fi g. 5b), the 
LaA (F=30.52, p<<0.001), the BslA (F=9.49, p<0.013), the MeA (F=11.43, p<0.008) 
(fi g. 5c), the CMT (F=28.15, p<<0.001), the DMT (F=26.15, p<<0.001), the PVT 
(F=28.89, p<<0.001) (fi g. 5d), the DMH (F=5.24, p<0.048) (fi g. 5e), and the MR 
(F=7.18, p<0.028) (fi g. 5f ). An opposite effect was found in the PVN, where a signifi -
cantly increased FOS-ir was observed (F=6.61, p<0.033) (fi g. 5e). 

Figure 4.

Schematic diagram illustrating 
the location of cortical-limbic 
regions used in the quan-
tifi cation of FOS and phos-
pho-ERK1/2 immunoreactivity 
(Swanson, 1998). PFC, medial 
prefrontal cortex (prelimbic 
and infralimbic cortices); AC, 
cingulate cortex; CA1, fi eld 
CA1 of the hippocampus; DG, 
dentate gyrus; CeA, central 
nucleus of the amygdala; LaA, 
lateral nuclues of the 
amygdala; BslA, basolateral 
nucleus of the amygdala; MeA, 
medial nucleus of the amygala; 
PVT, paraventricular thalamic 
nucleus; DMT, dorsomedial 
thalamic nucleus; CMT, cen-
tromedial thalamic nucleus; 
PVN, paraventricular hypotha-
lamic nucleus; DMH, dorso-
medial hypothalamic nucleus; 
DR, dorsal raphe nucleus; MR, 
medial raphe nucleus.



134 / Stress and gender mediated neuronal impairments

 

Unexpectedly, acute footshock exposure caused a signifi cant decrease of phospho-ERK1/2 
immunoreactivity in medial prefrontocortical dendrites in male rats while no changes 
were found in cyclic females (fi g. 6).

Figure 5.

Patterns of FOS-ir in controls, acutely and chronically stressed male and female rats. The symbol * expresses the comparison 
of FOS-ir between controls and stressed rats (*=p<0.05; **=p<0.01; ***=p<0.001). 

Males Females
a

b

c
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Chronic footshock exposure

Gender specifi c patterns of neuronal activity were also observed in response to repeated 
footshock exposure. Male rats showed an increased cortical-limbic FOS-ir in 12 of the 15 
regions (80%) (table 1): the increase was signifi cant in 8 of the 15 areas (53%), including 
the mPFC (F=36.90, p<0.0003) (fi g. 5a), the CeA (F=6.52, p<0.034), the BslA (F=14.72, 
p<0.005), the MeA (F=12.25, p<0.0081) (fi g. 5c), the DMH (F=10.05, p<0.013), the 

Males Females
d

e

f
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PVN (F=14.72, p<0.005) (fi g. 5e), the MR (F=9.95, p<0.016), and the DR (F=28.65, 
p<0.0011) (fi g. 5f ). Only DG (F=6.63, p<0.033) and CMT showed an opposite effect 
such as a decreased FOS-ir after prolonged footshock stress (fi g. 5b). Chronically stressed 
females, in contrast, showed a widespread reduction of cortical-limbic FOS-ir (11 out of 
15 regions analyzed). The effect was signifi cant in the mPFC (F=8.62, p<0.026) (fi g. 5a), 
the CA1 (F=11.14, p<0.016), the DG (F=8.96, p<0.024) (fi g. 5b), the LaA (F=45.60, 
p<0.001) (fi g. 5c), the CMT (F=6.08, p<0.049), and the DMT (F=44.20, p<0.001) (fi g. 
5d). An opposite effect was found in the PVN where a signifi cantly increased FOS-ir was 
observed after chronic stress exposure (F=8.04, p<0.03) (fi g. 5e). 
In addition, chronic footshock stress caused a selective and prolonged ERK1/2 hyperacti-
vation in dendrites of the higher medial prefrontocortical layers (II and III) in males but 
not in cyclic female rats (fi g. 6).

Basal level of protein expression and phosphorylation

A signifi cant gender-related dimorphism in the level of basal FOS immunoreactivity 
(FOS-ir quantifi ed under non-stressed conditions) was found in several cortical and sub-
cortical areas (fi g. 5). In fact, non-stressed females showed signifi cantly higher FOS-ir 
than male rats in the mPFC (F=131.45, p<0.001), the AC (F=55.54, p<0.001) (fi g. 5a), 
the CA1 (F=65.96, p<0.001), the DG (F=28.23, p<0.0011) (fi g. 5b), the CeA (F=9.69, 
p<0.017), the LaA (F=77.98, p<0.001), the BslA (F=30.81, p<0.001), the MeA (F=31.82, 
p<0.001) (fi g. 5c), the CMT (F=97.25, p<0.001), the DMT (F=68.07, p<0.001), the 
PVT (F=51.23, p<0.001) (fi g. 5d), the PVN (F=64.79, p<0.001) (fi g. 5e), the MR 
(F=8.09, p<0.025), and the DR (F=11.10, p<0.013) (fi g. 5f ). 
No differences however were observed in the pattern of medial prefrontocortical phospho-
ERK1/2 between male and cyclic female rats (fi g. 6).

Molecular biology - Gene expression patterns

Since functional and morphological changes have been reported in medial prefrontocorti-
cal regions following chronic stress exposure, nineteen animals where assigned randomly 

Figure 6.

Patterns of prefronto-
cortical phospho-ERK 
1/2 immunoreactivity in 
controls, acutely and 
chronically stressed 
male and female rats. 
The symbol * expresses 
the comparison of 
FOS-ir between con-
trols and stressed rats 
(*=p<0.05; **=p<0.01; 
***=p<0.001). 
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to 4 groups and used for the analysis of gene expression patterns in this cortical region in 
response to prolonged footshock stimulation. The animals were assigned as follows:
• CTR-males (n=5) and CTR-females (n=5): these rats were exposed to the footshock box 
and CSs but did not receive any footshocks. 
• STR-males (n=4) and STR-females (n=5): These animals were exposed daily to the foot-
shock procedure for 20 consecutive days. On the fi nal day of the experiment they only 
received CSs without consequent footshocks.
The results illustrate a signifi cant gender difference with regard to gene expression follow-
ing repeated footshock exposure. The males responded with stronger changes following 
stress and display an opposite change compared to stressed females. Whereas females illus-
trated reduced mRNA transcription (-0.0080 to –0.0252), males demonstrated a strong 
increase in prefrontocortical gene expression following chronic footshock stress (-0,284 to 
0.0594). This interaction effect is quite signifi cant (p=0.006) although it only explains a 
minimal amount of variation (~0.1 %). If the genes to be compared relative to the others 
are selected for higher variance, the number of analyzed genes decreases and noise becomes 
more important. The signifi cance of the results depends on the amount of data included; 
yet despite the chosen threshold, the trend remains the same. The strongest effect, illus-
trated below, was obtained with a standard deviation threshold of 1.8 (table 2). 

   

  
  

  
  

     
     

   

   

)

Table 2.

Results of the analysis of variance generated by SPSS.  Two factors were used for the analysis. Female (“sex1”) and male 
(“sex2”) rats were used, in two conditions: non-stress (“stress1”) and stress (“stress2”).  The effects found indicate that there 
are signifi cant expression differences between male and female rats in response to stress, with about similar levels of expres-
sion in the control conditions and an increase in expression under stress compared to controls, that was stronger for males 
compared to females.
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These opposing fi ndings in gene expression seem to confi rm FOS-ir data concerning a 
sex-related dimorphism in the pattern of protein expression and possibly, neuronal activ-
ity in response to repeated footshock exposure. In support of recent studies that docu-
mented atrophy of prefrontocortical dendrites in chronically stressed male rats 7, the pres-
ent investigation reports an abnormal pattern of prefrontocortical ERK1/2 phosphoryla-
tion in chronically stressed males (fi g. 6). Due to the pivotal role played by ERK1 and 2 
in this neuronal function, the expression arrays were further analyzed to identify changes 
in genes that have been reported to modulate synaptic plasticity in the medial prefrontal 
areas and might be affected by prolonged footshock exposure. When regression factor 
score 1 was plotted against factor 2 a skewed distribution was evident (table 3). 

In line with the gender effects, the majority of outliers were located on the negative part of 
the X axis, coinciding with the greatest variation between highly expressive genes in males 
and low expressive genes in females. It is of interest to note that the expression of several 

genes involved in the modulation of neuronal plasticity, such as synapsins II, SNAP25, 
calmodulin, and ERK2, was differentially affected by repeated footshock stimulation in 
male compared to female rats (table 4)

Table 3.

Plot of the fi rst factor against the second factor illustrates similar variation across the entire range of expression with 
distribution skewed to <0.
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DISCUSSION

Upon analysis of neuroendocrine and immunohistochemical changes induced by acute 
and prolonged footshock stress, important gender-related differences emerged in the pat-
terns of cortical-limbic FOS-ir and prefrontocortical phospho-ERK1/2 expression. The 
choice of investigating the level of expression and phosphorylation of these specifi c pro-
teins was made upon reviewing their specifi c cellular functions. Changes of FOS-ir have 
been widely used as molecular marker of neuronal activity 18-20. The analysis of FOS-ir 
has become a molecular tool to investigate complex processes, such as learning 28-34 and 
memory 35-38 as well as the neurocircuits activated by stress 39-48. The extracellular signal-
regulated kinase (ERK) is a member of a family of serine/threonine protein kinases impli-
cated in the transduction of neurotrophic signals from the cell surface to the nucleus 
21. The ERK cascade plays a central role during neurodevelopment in the regulation of 
cell growth, proliferation, and differentiation but, interestingly, several family members, 
including ERK1 and ERK2, are also widely expressed by post-mitotic neurons in the 
mammalian nervous system 49. This evidence has suggested that ERKs might contribute 
to the regulation of important functions in the adult brain, including neuronal plasticity, 
learning, and memory 50,51. A critical step in the regulation of ERK-mediated activities 
is the dual phosphorylation of these kinases that leads to their transient activation and 
translocation from the cytoplasm to the nucleus 52. Only phosphorylated ERKs (phospho-
ERKs) are able to interact with and activate cytoplasmic and nuclear targets, and modu-
late such critical neuronal functions 21. Changes in the levels of ERK1/2 phosphorylation 
may thus provide crucial indications concerning the ability of stress to infl uence neuronal 
plasticity.

Immunohistochemical changes in response to acute footshock challenge

Acute footshock exposure activated, in male rats, cortical and subcortical structures, 
including the cingulate cortex (fi g. 5a), the hippocampal CA1 (fi g. 5b), the central, lateral, 
basolateral, and medial nucleus of the amygdala (fi g. 5c), the centromedial and paraven-
tricular nucleus of the thalamus (fi g. 5d), the paraventricular hypothalamic nucleus (fi g. 
5e), the median and dorsal raphe nucleus (fi g. 5f ). In contrast, in female rats, acute foot-
shock stress was associated with a signifi cant reduction of FOS-ir in most of the above-
mentioned cortical-limbic regions (fi g. 5), with the only exception of the PVN where, 
similarly to males, a marked increase of neuronal activation was observed (fi g. 5e). 
     Acute emotional experiences have been reported to promote learning and memory 
53-55. A growing body of evidence has pinpointed in particular the amygdala and the hip-
pocampus as core components of the brain’s fear system 56-62. Thus, the increased FOS-ir 
reported by males in the amygdala (CeA, LaA, BslA, and MeA) (fi g. 5c) and hippocampus 
(CA1) (fi g. 5b) may support the participation of these limbic structures in the modulation 
of acute fear-related responses. Surprisingly, a different pattern of cortical-limbic FOS-ir 
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was observed in female rats following short-term aversive challenge. In contrast to male 
rats, acutely stressed females showed a signifi cant reduction of FOS expression in both 
amygdala (LaA, BslA and MeA) and hippocampus (CA1) compared to non-stressed ani-
mals (fi g. 5b,c). This differential pattern of neuronal activation was not limited to these 
two limbic structures but also involved the anterior cingulate cortex (fi g. 5a), the tha-
lamus (centromedial and paraventricular nuclei) (fi g. 5d), and the midbrain (median 
raphe nucleus) (fi g. 5f ). Interestingly, a decreased phospho-ERK1/2 immunoreactivity 
was observed in medial prefrontocortical dendrites of acutely stressed males while no 
changes in the level of kinase phosphorylation were found in cyclic females (fi g. 6). A criti-
cal step in ERK-mediated facilitation of neuronal plasticity involves their dual phosphory-
lation followed by translocation from the cytoplasm to the nucleus 52. Reduced phospho-
ERK1/2 immunoreactivity, observed in the medial prefrontocortical dendrites of males, 
might thus illustrate the translocation of these enzymes from the periphery to the nucleus 
(fi g. 3a,b, 6) and support the molecular changes underlying the consolidation of fear-
related memories. 
     In recent years a cumulative body of evidence concerning the existence of morphologi-
cal 63-69 and functional differences 70-75 between the male and female brain has emerged. 
Cognitive processes, such as learning and memory, as well as behavioral responses to stress 
are infl uenced by sex 70,74,76-81. The gender-related patterns of neuronal activity observed in 
the present study following acute challenge might represent sex-specifi c coping strategies 
under aversive conditions. That males and females may differ in their coping strategies has 
been proposed by Taylor and colleagues 82. Taylor stated that the male response to stress in 
humans along with some animal species, is characterized by a “fi ght-or-fl ight” response, 
whereas the female response is more typically characterized by a pattern termed “tend-
and befriend” 82. These gender-related behavioral responses may refl ect the involvement 
of different neural pathways and our results might offer indirect immunohistochemical 
evidence linking such gender-related coping styles with differential patterns of neuronal 
activity. A closer look at our data reveals that the divergent response to acute footshock 
challenge appears to be strongly related to the different level of basal FOS-ir (FOS-ir in 
non-stressed animals) (fi g. 5). Non-stressed females reported, in fact, an overall higher 
neuronal activation than males (up to 5-7 times higher), especially in frontocortical areas 
(fi g. 5a). In line with these fi ndings, neuroimaging investigations have also found gender-
related diversities in brain activity patterns in humans, as women illustrated higher values 
than men 71,83,84. Furthermore, Esposito and colleagues reported substantial gender-related 
differences in the frontal lobe rCBF during performance of a variety of cognitive tasks 
with women showing signifi cantly higher activation 70. Although functional brain imag-
ing studies have illustrated sex-related differences in global as well as regional brain activ-
ity, reports of differential activation in the frontal lobes have been particularly prevalent 
71,85. The results presented here may thus provide new insights into gender-related differ-
ences in the neuronal circuitry engaged in the acute stress response and the molecular 
mechanisms underlying its modulation.



Gender-related dimorphism following repeated footshock exposure

Brief elevations of glucocorticoid levels play a critical role in the modulation of fear-
related responses 86, promoting learning acquisition and memory consolidation 2,55,87. This 
benefi cial effect of adrenal steroids however, is only temporary as prolonged exposure to 
high glucocorticoid concentrations has been shown to impair cognitive processes, pos-
sibly through the deleterious effects of stress hormones on neuronal plasticity 4,6,7,10,88-90. It 
is intriguing to speculate that the gender-related differences in FOS-ir and ERK1/2 phos-
phorylation, detected following repeated footshock stress, may illustrate the deleterious 
effects of prolonged exposure to a hostile environment, on functional and structural integ-
rity of the brain. The latter is supported by physiological and neuroendocrine evidence, 
such as the reduction of body weight gain (fi g. 1a, non-stressed vs. chronically stressed 
males), the signifi cant elevation of corticosterone levels (fi g. 1b), the hyperactivity of the 
PVN (fi g. 5e) and, more importantly, the adrenal hypertrophy, observed in both males 
and cyclic females (fi g. 1c). Footshocks have been reported to strongly activate the PVN, 
elevating plasma corticosteroid concentrations 44. Given the pivotal role of the PVN in 
the regulation of the HPA axis 91,92, these neuroendocrine changes seem to substantiate a 
lack of habituation and, possibly, an abnormal HPA axis activation in response to repeated 
stress. An intriguing possibility is that repeated footshock exposure promotes functional 
and morphological impairments by persistently elevating corticosteroid concentrations in 
the brain 7,10,90. Prolonged exposure to high glucocorticoid levels is also known to exert 
a deleterious infl uence on important neuronal functions, such as neurogenesis and synap-
tic plasticity 4,93,94, and cause functional and morphological abnormalities in vulnerable 
regions, such as the hippocampus 13,95-97 and the prefrontal cortex 7,10. Functional cortical-
limbic alterations included, in chronically stressed males, a reduced neuronal activation 
in the DG and an increased FOS-ir in the mPFC (fi g. 5a), amygdala (CeA, BslA and 
MeA) (fi g. 5c), hypothalamus (DMH and PVN) (fi g. 5e) and raphe (MR and DR) (fi g. 
5f ). The abnormal ERK1/2 phosphorylation in medial prefrontocortical dendrites (fi g. 
6) may, instead, document a stress-related structural impairment. In female rats, on the 
contrary, prolonged aversive stimulation was associated with a general reduction of FOS-ir 
in most cortical and subcortical regions, including the mPFC (fi g. 5a), the hippocampus 
(CA1 and DG) (fi g. 5b), the LaA (fi g. 5c), and the thalamus (CMT and DMT) (fi g. 5d). 
No changes in the level of phospho-ERK1/2 immunoreactivity were observed (fi g. 6). 

These gender-related patterns of neuronal activity were also confi rmed at the molecular 
level, as gene expression analysis illustrates a general up-regulation of gene transcription 
in the frontal lobe of chronically stressed males, while a differential response was observed 
in females. It is interesting to note that, in addition to the gender-related dimorphism 
observed in the level of FOS and phospho-ERK1/2 immunoreactivity following repeated 
footshock exposure, differential gene expression patterns were also detected between male 
and female rats, including various key genes underlying neuronal plasticity (table 4). 
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CHAPTER 5

Conclusions and limitations

In this study, c-fos expression was used as a marker of neuronal activation. The use of this 
immediate early gene as activation marker may raise some doubts. Although c-fos may 
be considered an imprecise and unspecifi c marker, its reliability in the investigation of 
the neurocircuits underlying various processes, including learning and memory, has been 
confi rmed by numerous reports 18,30,31,37,98-105. In addition, the differential responses follow-
ing chronic stressful stimulation, and consequently the reliability of FOS analysis, were 
confi rmed at a molecular level by gene expression analysis. An additional confounding 
element in the interpretation of the immunohistochemical data is represented by the hor-
monal state of the female animals. In fact, since the neurocircuits regulating the stress 
response are prime targets for ovarian hormone action 106-108, estrogen and progesterone 
may play a central role in determining the gender-related dimorphisms observed here. In 
a parallel study specifi cally performed to assess the roles of these steroids in central stress 
integration however, the immunohistochemical changes associated with sustained stress 
exposure were analyzed in both cyclic and ovariectomized female rats. Surprisingly, no dif-
ferences in FOS-ir between cyclic and ovariectomized females were found following long-
term aversive stimulation in any of the cortical and subcortical regions examined 109 sug-
gesting that, although important, ovarian hormones did not account for all the differences 
observed between males and females.  
     In conclusion, in the present study we have reported signifi cant immunohistochemical 
differences, following acute and repeated footshock exposure, in the patterns of FOS and 
phospho-ERK1/2 immunoreactivity in both male and cyclic female rats. In addition, a 
marked gender-related dimorphism was also found in the number of cortical-limbic FOS 
positive nuclei, the level of ERK1/2 phosphorylation, and the patterns of gene expres-
sion. These fi ndings might be indicative of different mechanisms underlying neuronal 
processing and provide additional evidence supporting the existence of functional gender-
based brain dimorphisms. More importantly, the functional dimorphism observed follow-
ing repeated footshock stimulation, instead, might illustrate gender-related differences in 
vulnerability to the deleterious effects of stress. Differences in the molecular mechanisms 
underlying cognitive and/or emotional processes, sex-related coping strategies, together 
with gender-related levels of basal neuronal activity, may represent important predisposing 
factors involved in the differential response of male and female rats to acute and chronic 

stressful experiences.
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