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MOLECULAR CORRELATES OF 
IMPAIRED PREFRONTAL 
PLASTICITY IN RESPONSE TO 
CHRONIC STRESS

Disturbed adaptations at the molecular and cellular levels fol-

lowing stress could represent compromised neural plasticity that 

contributes to the pathophysiology of stress-induced disorders. 

Evidence illustrates atrophy and cell death of stress-vulnerable 

neurons in the prefrontal cortex. Reduced plasticity may be 

realized through the destabilized function of selective proteins 

involved in organizing the neuronal skeleton and translating 

neurotrophic signals. To elucidate the mechanisms underlying 

these effects, rats were exposed to chronic footshock stress. Pat-

terns of c-fos, phospho-extracellular-regulated protein kinases 1/2 

(ERK1/2), calcineurin and phospho-cyclic-AMP response-element 

binding protein (CREB) expression were subsequently investi-

gated. The results indicate chronic stress-induced impairments in 

prefrontal and cingulate signal transduction cascades underlying 

neuronal plasticity. The medial prefrontal cortex, demonstrated 

functional hyperactivity and dendritic phospho-ERK1/2 hyper-

phosphorylation, while reduced c-fos and calcineurin immuno-

reactivity occurred in the cingulate cortex. Signifi cantly reduced 

phospho-CREB expression in both cortical regions, considering 

its implication in brain-derived neurotrophic factor (BDNF) tran-

scription, suggests reduced synaptic plasticity. This data confi rms 

the damaging effect of stress on cortical activity, on a molecular 

level. Due to the association of these markers in the regulation of 

BDNF signaling, these fi ndings suggest a central role for intracel-

lular neurotrophin transduction members in the pathways under-

lying cellular actions of stress in the brain.

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

Journal of Neurochemistry, 2003, 85 : 1312-1323
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INTRODUCTION

An emerging hypothesis suggests that the pathogenesis and treatment of stress-related dis-
orders is likely to involve disturbed neuronal pathways. Depression is one of the most 
common and perhaps most studied stress-related psychiatric disorders, and many believe 
that it could result from an inability to make the appropriate adaptive response to stress or 
other aversive stimuli. Numerous clinical fi ndings substantiate such a link between stress 
and loss of neuronal plasticity in the development of psychopathology 1-3. It has also been 
reported that depressed subjects exhibit dysfunctions in the cortical-limbic system, the 
neural network of highly interconnected forebrain structures responsible for the modula-
tion of mood, emotions and the stress response 4. Cortical neuronal and glial pathology 
5,6, hippocampal atrophy 7,8, and hypothalamic-pituitary-adrenal axis hyperactivity 9 are 
exemplary features often associated with this disorder. Despite much investigation how-
ever, the neurobiological mechanisms underlying these cortical-limbic defects, and conse-
quently the ontogeny of depression, remain greatly allusive.           
     Several of the mechanisms which could mediate stress-induced deleterious effects 
involve hyperactivity of the hypothalamic-pituitary-adrenocortical (HPA) axis, as long-
term exposure to elevated glucocorticoid levels has been associated with altered neu-
rotransmitter function 3,10 and reduced synaptic plasticity 1,11,12. Prolonged stress exposure 
may affect brain plasticity by destabilizing the function of selective proteins involved in 
the organization and maintenance of the neuronal cytoskeleton and the translation of 
neurotrophic signals 13. Accordingly, several theories associating neurotrophin abnormali-
ties to depression have recently been proposed 14,15. The transduction of neurotrophic 
signals requires the coordinated interaction of several protein kinases, phosphatases and 
transcription factors in the cascade, including extracellular signal-regulated kinase (ERKs), 
calcineurin and cyclic AMP (cAMP) response element binding protein (CREB) 16,17. Stress 
however has been shown to affect this coordination by altering the expression and func-
tion of these enzymes 13. Consistently, clinical results seem to confi rm preliminary obser-
vations from experimental models of depression regarding the relevance of neurotrophins 
in depression 15. Decreased plasma brain derived neurotrophic factor (BDNF) levels for 
instance have also been reported in depressed individuals 18. This data thus seems to sup-
port the association between defects in the neurotrophin signaling transduction pathway 

and stress-related neuropsychiatric disorders.  
     In an attempt to elucidate the neurobiological substrates mediating the deleterious 
effects of prolonged stress, adult male rats were exposed to chronic footshock stress. This 
3-week design offers a closer resemblance to the chronicity of stressful life events often 
reported by patients to precede the onset of a depressive episode. Subsequent patterns of 
frontocortical FOS-ir (molecular marker of neuronal activation) 19-21, phospho-ERK1/2, 
calcineurin and phospho-CREB (markers of neuronal plasticity and survival) 16,22 were 
then immunohistochemically characterized. The results indicate chronic stress-induced 
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defects in the prefrontal and cingulate cortices at the molecular and cellular levels. The 
present article provides preclinical data to support the deleterious effects of chronic 
stress on cortical activity. The results confi rm morphological and functional abnormalities 
associated with long-term stress exposure and suggest a central role for neurotrophin 
intracellular signaling members in the pathway underlying the deleterious effects of stress 
on brain function. 

MATERIALS AND METHODS

Animals 

The experiments were performed on male Wistar rats (n=18 weighing 212-240 g at the 
beginning of the experiment). Eighteen rats were used in this experiment. Twelve rats were 
stressed (6 chronic and 6 acute), while 6 served as controls. The animals were individually 
housed (cages 45 x 28 x 20 cm) with food and water available ad libitum while maintained 
on a 12 h light/dark cycle at 20°C. All rats were weighed (09:00) and handled daily 
for 5-8 min to minimize the effects of non-specifi c stress during the actual experiment. 
The experiments were performed in accordance with the European Communities Council 
Directive of November 24, 1986 (86/609/EEC), and the guidelines of the Animal Bio-
ethics Committee of the University of Groningen (FDC: 2509). 

Chronic stress procedure

The rodent test-chamber consists of a box containing an animal space positioned on a 
metallic grid fl oor connected to a shock generator and scrambler. A light, on the inner 
chamber wall, was used for conditioning. The set-up allows for a treatment of 12 rats per 
session. Test rats were subjected to a daily footshock protocol for 21 days (chronic experi-
ment) or 3 days (acute experiment), receiving one session per day during which 5 inesca-
pable footshocks were applied (0.8 mA in intensity and 8 sec in duration: unconditioned 
stimulus; US). During the daily sessions, starting time, shock order, inter-shock interval 
and total time spent in the box were randomized in order to make the procedure as unpre-
dictable as possible. Each footshock was preceded by a 10 sec light pulse and a 5 sec rest 
in order to condition the rats to this signal (conditioned stimulus; CS). Control rats fol-

lowed a similar schedule in an identical setup but were exposed to the CS only, without 
receiving any shocks. On the fi nal day of the experiment (21st for the chronic, 3rd for the 
acute) all rats received a session of 5 CSs without USs. The coupling of CSs to USs was 
fundamental on the fi nal day of the experiment as it allowed the investigation of protein 
expression patterns induced by the conditioned stress experienced by the rats rather than 
footshock-related physical pain, as the latter can activate closely related neurocircuits 23.
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Physiological and neuroendocrine correlates of the chronic stress 
response

To defi ne the dynamics of the chronic stress response, various physiological and neuroen-
docrine parameters were measured. Weight gain was monitored on a daily basis through-
out the experiment, and upon termination, adrenals were removed and weighed. Graphs 
were constructed in which body and adrenal weights were recorded and calculated to serve 
as a reference to verify the severity of stress perceived by the animals. In addition, upon 
termination blood samples were taken and stored at -20°C after the last sessions to deter-
mine plasma corticosterone and adrenaline 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 24,25. Briefl y, plasma catecholamines 
were bound to diphenylborate-ethanolamine at pH 8.6. Extraction was performed with 
n-heptane (containing 1% octanol and 25 % tetraoctylammoniumbromide). Next, cat-
echolamines were extracted 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 Shimadzu LC-10AD pump (Kyoto, Japan) connected to a reversed 
phase column (Hypersil, C18, 3 µm, 150x2.0 mm), followed by an electrochemical 
detector (Antec Leyden, The Netherlands) working at a potential setting of 500 mV vs. 
Ag/AgCl reference. The mobile phase consisted of 50 mM acetate buffer, 150 mg/l octane 
sulphonic acid, 150 mg/l tetramethylammonium, 15 mg/ml Na

2
EDTA and 3% metha-

nol, adjusted to pH 4.1. The fl ow-rate was 0.35 ml/min. Temperature was 30°C. The 
detection limit was 0.1 nM.  

Corticosterone.  

For this assay, dexamethasone was used as internal standard. After addition of the internal 
standard, plasma was extracted with 3 ml 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 
200  µL of mobile phase and 50  µL was injected into the HPLC system. The mobile 
phase (fl ow rate 1.0 mL/min) for the determination consisted of acetonitrile in ultrapure 
water (27:73 v/v). The concentration of both corticosterone and the internal standard was 
determined with UV detection at a wavelength of 254 nm. The detection limit was 10 
nM.
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Immunohistochemistry

Two hours after the start of the fi nal session, the rats were deeply anaesthetized with halo-
thane and transcardially perfused 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 potassium phosphate buffer 
(KPBS 0.02M, pH 7.4) and stored at 4°C. Following cryoprotection of the brains by over-
night immersion in a 30% glucose solution, coronal serial sections of 40µm were prepared 
on a cryostat microtome. Sections were collected in KPBS with sodiumazide and stored at 
4°C. All stainings were performed on free-fl oating sections under continuous agitation.

c-fos immunohistochemistry (FOS-ir). 

The sections were preincubated in 0.3% H
2
O

2
 in H

2
O for 15 min to reduce endogenous 

peroxidase activity, before being incubated in a primary polyclonal rabbit anti-c-fos anti-
body (Oncogene Research Products; Darmstadt, Germany; 1:10000 dilution) for 48 hr 
at 4°C. Sections were subsequently rinsed with KPBS and incubated at room tempera-
ture with biotinylated goat anti-rabbit IgG (Vector Laboratories, Inc., Burlingame, CA; 
1:1000 dilution) followed by the ABC complex (Vector ABC kit, Vector Laboratories, 
Burlingame, CA). After another rinse, the reaction product was visualized by adding 
diaminobenzidine as chromogen and 1% H

2
O

2 
in H

2
O for 15 min. Finally, sections were 

washed, mounted on slides, dehydrated and coverslipped with DePex.

c-fos analysis - relative regional expression. 

In view of the fact that many clinical studies perform functional investigations using ima-
ging techniques, an attempt was made to perform a calculation, which could serve as a 
more reliable marker for extrapolating c-fos measurements to clinical fi ndings. Imaging 
analysis scale down global activity to physiologically realistic values to identify regional 
differences that are not explicable by changes due to total activation patterns. With this 
in mind we attempt to simulate this global normalization technique in order to reduce 
potential bias. By considering the customary absolute c-fos values alongside their calcu-
lated contributions relative to the entire limbic system, (taking into account the size or 
analyzed areas per region) we hope to obtain a better indication of the response of indi-
vidual brain regions relative to the network as a whole rather than limiting the analysis to 
their absolute levels of activation. 
The neural network of forebrain regions often termed the cortical-limbic system is com-
prised of various structures besides the prefrontal cortex and cingulate (table 1). Specifi c 
relay of information between these components determines its effi cacy in modulating 
mood and emotions and regulating the stress response. In order to perform this calcula-
tion, we determined the average regional surface (ARS) of all regions of interest (ROIs), 
which was calculated by determining the mean surface area of each region across all the 



animals. The c-fos positive cell densities of each region were then multiplied by the aver-
age regional surface for all animals (regional cell density

 rat n
 * ARS), in order to correct 

for possible differences in quantifi ed areas between different rats. This provides c-fos posi-
tive cell numbers across a similar cortical-limbic quantifi ed surface area in all rats, sui-
table for comparison. By adding the number of c-fos positive cells of every region (regional 
cell density

 rat n
 * ARS) together for each animal we obtained the total number of cortical-

limbic c-fos positive cells (TOT
 rat n

). To acquire the relative regional activation values of 
each animal (% regional activation

 rat n
), the “regional cell density

 rat n
 * ARS” was divided 

by the TOT
 rat n

. Table 1 provides a sample calculation to illustrate the formulas used.

Phospho-CREB immunohistochemistry. 

The sections were pre-incubated in 0.3% H
2
O

2
 in H

2
O for 15 min to reduce endog-

enous peroxidase activity, before being incubated in a primary polyclonal rabbit anti-
phospho-CREB antibody (commercialized by New England BioLabs, Inc., Beverly, MA, 
USA; 1:300 dilution in KPBS 0.02 M, pH 7.4) overnight at room temperature. Subse-
quently, sections were rinsed with KPBS and incubated at room temperature with bio-
tinylated goat anti-rabbit IgG (Vector Laboratories, Inc., Burlingame, CA; 1:1000 dilu-
tion in KPBS 0.02 M, pH 7.4) followed by the ABC complex (Vector ABC kit, Vector 
Laboratories, Burlingame, CA). After another rinse, the reaction product was visualized 
by adding diaminobenzidine as chromogen and 1% H

2
O

2
 in H

2
O for 15 min. Finally, the 

sections were washed, mounted on slides, dehydrated and coverslipped with DePex.

Phospho-ERK1/2 immunohistochemistry. 

The staining was performed on free-fl oating sections under continuous agitation. The sec-
tions were pre-incubated in 0.3% H

2
O

2
 in H

2
O for 15 min and thereafter incubated in 

a primary monoclonal mouse anti-phospho-ERK1/2 antibody (commercialized by New 
England BioLabs, Inc., Beverly, MA, USA; 1:5000 dilution in KPBS 0.02 M, pH 7.4) 
overnight at room temperature. Subsequently, sections were washed with KPBS and incu-
bated at room temperature with biotinylated goat anti-mouse IgG (Vector Laboratories, 
Inc., Burlingame, CA, USA; 1:1000 dilution in KPBS 0.02 M, pH 7.4) followed by the 
ABC complex (Vector ABC kit, Vector Laboratories, Burlingame, CA, USA). The reac-
tion product was visualized by adding diaminobenzidine as chromogen and 1% H

2
O

2
 in 

H
2
O for 15 min. Finally, the sections were washed, mounted on slides, dehydrated and 

coverslipped with DePex. 

Calcineurin immunohistochemistry. 

The sections were preincubated in 0.3% H
2
O

2
 in PBS (0.1M, pH 7.4) for 30 min to 

reduce endogenous peroxidase activity followed by a blocking step with 3% normal rabbit 
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serum for 2 hrs. Sections were subsequently incubated in a primary polyclonal goat anti-
calcineurin antibody (Santa Cruz Biotechnology, Inc.; 1:250 dilution in PBS 0.1M pH 
7.4, 0.25% triton, 3% normal rabbit serum) overnight at room temperature. Afterwards 
sections were washed with PBS, and incubated at room temperature with biotinylated 
rabbit anti-goat IgG (Vector Laboratories, Inc., Burlingame, CA; 1:1000 dilution in PBS 
0.1M pH 7.4, 0.25% triton, 3% normal rabbit serum) followed by the ABC complex 
(Vector Laboratories, Inc., Burlingame, CA). After another wash, visualization of the reac-
tion product was accomplished by adding diaminobenzidine as chromogen and 1% H

2
O

2 

in H
2
O for 30 min. Finally sections were washed, mounted on slides and coverslipped 

with DePex. 

Antibody specifi city testing. 

To control for cross-reactivity due to aspecifi c binding, negative controls were included by 
incubating several sections and performing the immunostaining without one of the anti-
bodies needed for the reaction (primary, secondary, or tertiary). All reactions were negative 
thereby confi rming the specifi city of the antibodies. 

Quantifi cation and data analysis.

Immunohistochemical positive nuclei and dendrites were counted using a computerized 
imaging analysis system. The selected areas from regions of interest (Fig. 3) were digitized 
with a Sony charge-coupled device digital camera (SONY Corporation, Tokyo, Japan) 
mounted on a LEICA Leitz DMRB microscope (LEICA, Wetzlar, Germany). FOS, phos-
pho-CREB, phospho-ERK1/2 and calcineurin immunoreactivity was blindly quantifi ed 
26 using a computerized image analysis system (LEICA Imaging System Ltd, 
Cambridge, UK).
     All quantifi cations of immunopositive cells were carried out at x100 magnifi cation 
using at least fi ve coronal serial sections (the rostro-caudal distance between consecutive 
sections was 0.04 mm) for each area analyzed. In each rat, the average regional surface 
(ARS) quantifi ed in the medial prefrontal cortex (mPFC; Bregma +3.60 to +1.70) was 1.5 
mm2 for phospho-CREB and phospho ERK1/2, 3.5 mm2 for calcineurin, and 6.5 mm2 
for c-fos. The average area quantifi ed in the cingulate cortex (CING; Bregma +3.20 to 
+0.95) was 1.0 mm2 for phospho-CREB and phospho-ERK1/2, 2.1 mm2 for calcineurin, 
and 2.9 mm2 for c-fos 27. Additional regions quantifi ed to calculate relative FOS immu-
noreactivity included: 1.25 mm2 for the hippocampal dentate gyrus (DG; Bregma –2.00 
to –3.90), 1.18 mm2 for the hippocampal CA1 (CA1; Bregma –2.45 to –4.60), 1.50 mm2 
for the paraventricular hypothalamic nucleus (PVN; Bregma –1.08 to –2.00), 2.00 mm2 
for the dorsomedial hypothalamic nucleus (DMH; Bregma –2.45 to –3.70), 1.00 mm2 for 
the central nucleus of the amygdala (CeA; Bregma –1.53 to-2.85), 1.40 mm2 for the lat-
eral nucleus of the amygdala (LaA; Bregma –2.00 to –3.70), 1.60 mm2 for the basolateral 
nucleus of the amygdala (BslA; Bregma –1.78 to –3.25), 2.00 mm2 for the medial nucleus 
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of the amygdala (MeA; Bregma –1.78 to –3.25), 0.80 mm2 for the centromedial thalamic 
nucleus (CMT; Bregma –1.53 to –3.90), 1.60 mm2 for the dorsomedial thalamic nucleus 
(DMT; Bregma –2.00 to –3.90) and 1.80 mm2 for the  paraventricular thalamic nucleus 
(PVT; Bregma –1.33 to –3.90). 
The areas of interest were acquired and digitized using LEICA Imaging software (LEICA 
Imaging System Ltd) to reduce quantifi cation errors. After image acquisition, all measure-
ments were performed bilaterally and no left-right asymmetry of FOS, phospho-ERKs, 
phospho-CREB and calcineurin immunoreactivity were found. FOS positive nuclei were 
quantifi ed and the densities were reported as absolute numbers of positive cells/0.1mm2 
for each region and as relative FOS-ir of each region compared to the entire limbic system. 
Phospho-CREB-densities were reported as the number of positive nuclei/0.1 mm2. Phos-
pho-ERK1/2-stained dendrites were quantifi ed, as previously described 13, as the number 
of horizontal (H) and vertical (V) intersections (H + V contacts) between positive den-
drites and an imaginary detection grid (composed of 514 horizontal x 698 vertical lines) 
present in the quantifi cation fi eld. Phospho-ERK1/2-positive dendrites were reported as 
the number of positive cell H + V intersections/0.1 mm2. Calcineurin immunoreactivity 
was expressed as grey value intensity (GVI) 28 of the selected region after correction with 
corpus callosum as background value and internal control for each section.

Statistics 

The data are expressed as means ± standard error (SEM). Statistical signifi cance was deter-
mined by performing one-way analysis of variance (ANOVA) and F test of variance on 
the number of immunoreactive cells of individual brain regions from experimental and 
control conditions. To compare the cell counts from individual brain regions, values 
between males and females, and/or control and experimental conditions, t tests for equal 
or unequal variance were performed. P<0.05 was defi ned as the level of signifi cance 
between groups. Calculations were made using Jandel SigmaStat statistical software.

RESULTS

Physiological and neuroendocrine correlates of the chronic 
stress response

To defi ne the dynamics of the chronic stress response, several physiological and neuroen-
docrine parameters were measured including body weight gain during the experiment, 
adrenal gland weight, and plasma corticosterone and adrenaline levels upon termination. 
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Body weight gain. 

During the acclimatization period control and stress groups displayed an identical weight 
gain. Immediately upon initiation of the stress procedure however, the difference in 
weight gain between control and stressed rats increased progressively reaching a signifi cant 
value on day 6 of the procedure (F=6.13; P<0.033). While weight gain in control animals 
continued constantly as expected, a consistent reduction in body weight gain was observed 
in stressed rats, which continued until the fi nal day when it reached about 71% of the 
weight gain in controls (F=18.1; P<0.0019).

Adrenocortical function. 

By the end of the experiment, neuroendocrine parameters were signifi cantly affected by 
the stress procedure. Following the chronic stress regimen a signifi cant increase in adrenal 
weight was observed in the test rats (F=24.20, p<<0.001). On the fi nal day, despite expo-
sure to the conditioned stimulus only, basal plasma corticosterone levels were also signifi -
cantly higher in chronically stressed animals (F=8.14; p<0.021). Adrenaline concentra-
tions, although higher in chronically stressed rats, did not reach a signifi cant difference 

compared to non-stressed animals (F=2.87, p<0.12) (fi g. 2b). The adrenal hypertrophy 
combined with elevated corticosterone levels up to 2 hours after cessation of the stressor, 
are indicative of a prolonged HPA axis hyperactivity (fi g. 2c). 

Figure 1.

Diagram illustrating changes in body weight gain during the chronic experiment. A consistent reduction in body weight gain 
was observed in chronically stressed rats. In contrast, weight gain in control animals continued to grow constantly as expected. 
This difference in weight gain between non-stressed and stressed rats commenced immediately after the beginning of the 
stress, increased progressively reaching a signifi cant value on day 6 of the procedure and continued to increase until the fi nal 
day.  

Figure 2.

Graphs illustrating adrenocortical effects and neuroendocrine correlates of chronic stress exposure. Affected parameters 
included plasma corticosterone and adrenaline levels (2a) and adrenal weights (2b) measured the fi nal day of the chronic 
experiment two hours after CSs exposure. Chronically stressed rats showed a signifi cantly higher plasma corticosterone level 
compared to non-stressed controls and adrenaline concentrations, although not signifi cant indicated a similar elevation. 
Chronic stress also lead to signifi cantly increased adrenal weight, indicative of hypertrophy. Continual stress discernment 
without habituation was confi rmed by signifi cantly increased PVN activity (2c). (*=p<0.05; **=p<0.01; ***=p<0.001)
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Immunohistochemistry.

In order to evaluate the effects of sustained stress exposure on the adult rat brain, various 
markers for neuronal function and plasticity were stained (fi g. 4), including FOS, phos-
pho-ERK1/2, phospho-CREB and calcineurin. Following each staining, the immunore-
activity was quantifi ed in the medial prefrontal cortex (mPFC) and the cingulate cortex 
(CING), two cortical regions which receive much interest with regard to the actions of 
stress and related disorders as depression (fi g. 3). 

Figure 3.

Schematic diagram illustrating the cortical-limbic regions investigated during immunohistochemical analysis. 

Figure 2a.

Figure 2b,c.
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Figure 4.

Photomicrographs illustrating immunohisto-
chemical effects of chronic footshock stress 
in prefrontocortical regions. Chronic stress 
lead to increased c-fos expression (b) com-
pared to controls (a) as well as increased 
phospho-ERK1/2-positive medial-prefronto-
cortical dendrites (d). Moreover, while, phos-
pho-ERK1/2 expression was limited to the 
nucleus and proximal dendrites in controls 
(c), chronic stress lead to an intense immu-
noreactivity especially in the most distal parts 
of the dendrites (d). Phospho-CREB immuno-
reactivity however, was signifi cantly reduced 
following chronic stress (f) compared to 
controls (e).

FOS immunoreactivity. 

Regional relative FOS-ir, following long-term exposure, is reported for the mPFC, the 
cingulate (fi g. 5) and the PVN (fi g. 2c). Stress-induced increased PVN activity (F=6.88; 
p<0.031) after chronic footshock exposure suggests no habituation occurred during the 
experiment. While acute stress lead to decreased activity in the mPFC (F=64.4; p<0.001) 
and increased activity in the cingulate (F=19.71; p<0.0016), chronic stress induced an 
increase of functional activity in the mPFC (F=6.79; p<0.031) and a signifi cant decrease 
of relative FOS-ir in the cingulate cortex (F=14.44; p<0.0052). Although there is some 
discussion about the in- or exclusion of different (sub)regions to the cortical limbic 
system, a selection was made of the most often cited structures in order to perform the 
calculations (table 1). As it goes beyond the scope of this study to discuss the signifi cance 
of all the measurements obtained from these structures, table 1 provides an overview of 
the original cell counts and regional relative c-fos expression (mean±SEM) calculated for 
each region.

Figure 5.

Relative cortical c-fos immunoreactivity. Whereas acute stress induced a decreased relative FOS-ir in the mPFC and an 
increase in the CING, chronic stress induced a specifi c opposite effect of increased relative activity in the mPFC and a 
reduction in the cingulate. *Signifi es the comparison between controls and chronically stressed rats (*=p<0.05; **=p<0.01; 
***=p<0.001).



Phospho-ERK1 and phospho-ERK2 expression. 

Phospho-ERK1/2 immunoreactivity was analyzed in the mPFC and cingulate, following 
acute and chronic stress. A reduction was observed in the mPFC following acute stress 
(F=6.44; p<0.032), while prolonged footshock exposure lead to an increased number of 
positive dendrites (F=9.35, p<0.005 (Fig. 6). Hyperactivity was particularly evident in 
the most distal parts of the dendrites of the higher medial prefrontocortical layers, while 
phospho-ERK1/2 expression in controls was limited to the nucleus and proximal den-
drites  (Fig. 4c,d).  
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Figure 6.

Phospho-ERK1/2 immunoreactivity. While acute stress signifi cantly decreased phospho-ERK1/2 immunoreactivity, chronic 
footshock exposure induced a selective phospho-ERK1/2 accumulation in medial prefrontocortical dendrites of the higher 
cortical layers. *Signifi es the comparison between controls and stressed rats (*=p<0.05; **=p<0.01; ***=p<0.001).
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Figure 7.

PP2b (calcineurin) immunoreactivity. Chronic stress induced a signifi cantly decreased immunoreactivity in the cingulate 
cortex whereas the mPFC remained unchanged. Acute stress had no effect on calcineurin expression. *Signifi es the compari-
son between controls and stressed rats (*=p<0.05).

Calcineurin expression. 

Calcineurin expression was quantifi ed in the frontal regions. Whereas no stress effect was 
evident in the medial prefrontal area, a signifi cant decrease of calcineurin expression was 
detected in the cingulate cortex following chronic footshock exposure (F=10.02; p<0.014) 
(fi g.7).

Phospho-CREB expression. 

Acute stress had no effect in the frontal regions, although chronic stress induced an over-
all and signifi cant decrease of cortical phospho-CREB expression in the mPFC (F=107, 
p<<0.001) as well as the cingulate cortex (F=11.67, p<0.002) (fi g. 8). 

Figure 8.

Phospho-CREB immunoreactivity. Whereas acute stress had no effect, a signifi cant decrease of phospho-CREB expression was 
detected in both cortical structures following chronic stress. *Signifi es the comparison between controls and stressed rats 
(*=p<0.05; **=p<0.01; ***=p<0.001).
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CHAPTER 3

DISCUSSION

It is well established that stress-induced neuronal activity greatly infl uences the organiza-
tion and function of circuits in the brain yet the molecular signals that translate activity 
into structural and functional changes in connections remain largely obscure. This study 
illustrates the effects of long-term stress exposure on frontocortical functions in adult male 
rats using multiple markers of neuronal activity and synaptic plasticity. The differential 
regulation of phospho-ERK1/2, calcineurin and phospho-CREB in this region provides 
evidence that neural plasticity in the adult central nervous system is infl uenced by stress, 
at least in part through these candidate proteins. Moreover, the decreased relative FOS 
immunoreactivity in the cingulate and its increased expression in the medial prefrontal 
cortex, confi rm that the chronic stress response involves these regions, although it also 
suggests that stress may exert its infl uence through different regional mechanisms. These 
structures are of particular interest with respect to the pathogenesis of mood disorders 
due to their connections with the amygdala, hypothalamus, and periaqueductal gray, 
which have been implicated in emotional behavior and responses to stress 29,30,31. The link 
between stress and induced pathology has been well established 1,32,33,34 and previous stud-
ies have shown that it may result from disturbed adaptations at the cellular and molecu-
lar levels. At the cellular level, preclinical studies have reported atrophy, cell death and 
decreased neurogenesis in stress-vulnerable neurons of the hippocampus 35,36, while clini-
cal studies provide evidence for pathophysiology in the prefrontal cortex, as depressed 
patients demonstrate altered blood fl ow, metabolism and volume of this region 33,37. The 
predictive validity of this model for studying stress-related disorders in humans is sup-
ported by the similar action of prolonged stress exposure on the modeled adrenocortical 
symptoms found in depressed patients 38. These entail a persistent HPA axis activation 
throughout the stress challenge (suggesting no habituation occurred), PVN hyperactivity 
(fi g. 2c), reduced weight gain (fi g. 1), elevated corticosterone levels and adrenal hypertro-
phy (fi g. 2ab). Moreover, previous behavioral fi ndings illustrate that rats exposed to this 
stress paradigm also demonstrate signifi cantly altered activity in an open fi eld, a widely 
used test to study anxiety 39. 
     It has been suggested that damage in stress-vulnerable neurons may be attributed 
to increased glucocorticoid levels and decreased neurotrophin levels 36. This in turn 
could potentiate stress-induced cellular alterations in neurotrophin-related intracellular 
mechanisms in individuals genetically predisposed to depression 14. Chronic antidepressant 
administration has been shown to counteract stress-induced reductions of BDNF, and 
seem to exert their effects by stimulating appropriate adaptive changes to oppose these 
adverse effects and loss of neural plasticity 36,40. Since stress and antidepressants both 
regulate specifi c neurotrophin-related target genes, thereby affecting structural neuronal 
plasticity, this has lead to the hypothesis that stress-induced pathology and in turn its 
treatment involve the regulation of the BDNF signaling cascade 15. Although not fully 
understood the molecular mechanisms underlying this process include adaptations in 
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the cAMP transduction cascade, including ERK, CREB and calcineurin 13. Here we 
demonstrate altered expression of these BDNF signaling cascade members by stress, 
indicating that the regulation of these proteins is a molecular correlate of prefrontal 
metaplastic changes as well as of functional and morphological alterations after stress 
exposure in vivo. 

Medial prefrontocortical hyperactivation and dendritic ERK1/2 hyper- 
phosphorylation

The mPFC revealed signifi cant chronic stress-induced molecular and cellular abnormalities. 
Signifi cantly increased relative FOS-ir in this region indicates prefrontocortical functional 
hyperactivity (fi g. 5). Since the mPFC plays a key role in modulating higher brain 
functions and integrating cognitive and emotional processes with complex stress and 
behavioral responses 41, this region represents one of the highest hierarchical structures 
involved in receiving and processing sensory input from various cortical and subcortical 
regions. This position may therefore expose the mPFC to functional hyperactivity, 
particularly when sensory input is strongly increased as during long-term stress. These 
fi ndings are in agreement with previously obtained molecular data, as gene expression 
patterns demonstrating a general upregulation of prefrontocortical gene expression 
following chronic stress are in line with mPFC hyperfunction illustrated by relative 
FOS-ir 13,42.
     The increased relative FOS-ir in this region following chronic footshock stress coincides 
with signifi cant ERK1/2 hyperphosphorylation in the distal dendrites (fi g. 6) whereas 
acute challenge induced a signifi cant reduction of both markers. ERK, also known as 
mitogen-activated protein kinase (MAPK), is a family of serine/threonine protein kinases 
implicated in signal transduction from cell surface to nuclei. ERKs serve to coordinate 
responses to extracellular signals in adult neurons and function in proper maintenance of 
synaptic plasticity, learning and memory processes 43,44. Intricate regulation of their dual 
phosphorylation states determines the effi ciency of ERK mediated activities as perturbed 
ERK signaling has been associated with cytoskeletal destabilization 45,46, neuronal dysfunc-
tion and even death 47,48. Since stress is believed to infl uence brain functions through its 
effects on neuronal plasticity and neurogenesis, hyperphosphorylated ERK1/2 observed 
here might represent neurochemical evidence for its deleterious action on the regulation 
of intracellular signaling cascades involved in modulating synaptic plasticity. Disturbed 
ERK phosphorylation offers one potential explanation for impaired neuronal plasticity 
associated with mPFC dysfunction. Recent data supporting this possibility report that 
prolonged ERK cascade activation in cortical neurons through glutamate exposure lead 
to excitotoxic degeneration or neuronal death 48. Since studies show that prefrontocortical 
atrophy also results from long-term stress and sustained exposure to elevated glucocorti-
coid levels 34, our data seem in accordance as prefrontocortical ERK1/2 hyperphosphory-
lation only characterized animals exposed to chronic stress as opposed to acute (3 days) or 
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even subchronic (10 days) exposure 13. 
     A direct indication in support of the deleterious effects of chronic stress on prefronto-
cortical function is provided by the marked reduction of cortical phospho-CREB expres-
sion (fi g. 8). Activation of this transcription factor is heavily implicated in synaptic plasti-
city, learning and survival 49. As a target of calcium/calmodulin- and ERK1/2- signaling 
cascades, phosphorylation of CREB regulates the transcription of specifi c target genes 
including the neurotrophin BDNF 50. Through downregulating phospho-CREB expres-
sion or infl uencing its phosphorylation state, chronic stress may thus compromise PFC 
plasticity required for proper response and/or adaptation to (stressful) stimuli. 

Cingulate hypofunction and reduced calcineurin expression

Contrary to the functional hyperactivation observed in the mPFC, long-term stress expo-
sure induced a signifi cantly reduced relative FOS-ir in the cingulate. Like mPFC hyperac-
tivity, cingulate hypoactivation was also selective for chronic stress exposure, as acute stress 
signifi cantly increased its activity (fi g. 5). In line with observations characterizing several 
stress-related neuropsychiatric diseases such as post-traumatic stress disorder and depres-
sion, reduced cingulate activity appears to be the result of neuronal or glial abnormalities 
33,51. Reversal of this condition by antidepressants leads to improved symptomatology and 
clinical recovery 52. The stress-induced hypofunction observed here coincided with signifi -
cantly reduced calcineurin (PP2B) expression. This calcium-dependent protein phospha-
tase is involved in modulating intracellular calcium transduction pathways and is impli-
cated in various aspects of synaptic plasticity 53-56. It is widely believed that calcium plays 
a primary role in the development of neuronal cell injury in different pathological states 
of the brain, as abnormal calcium homeostasis has been associated with reduced synaptic 
plasticity, neuronal defects and excitotoxic degeneration 57. Calcium-mediated cascades 
are also fundamental for the regulation of gene expression underlying short- and long-
term neuronal plasticity 49,58-60. Initial altered calcineurin activity could lead to detained 
CREB dephosphorylation and thus increased phospho-CREB immunoreactivity. How-
ever, due to the involvement of several other phosphatases the regulation of CREB and 
its phosphorylation can ultimately return to basal levels.  Upon continuation the situa-
tion differs as long-term defects in calcineurin regulation may lead to abnormal calcium 
homeostasis and consequently disrupted neuronal functions, potentially contributing to 

reduced CREB phosphorylation (fi g. 8) and possibly disturbed BDNF expression. 

Activity-dependent regulation of prefrontocortical plasticity

In short, these fi ndings demonstrate that long-term footshock stress induces functional 
hyperactivity and ERK1/2 hyperphosphorylation in the mPFC, and reduced function 
and calcineurin immunoreactivity in the cingulate. Although stress appears to target 
distinct intracellular pathways in these regions, the fi nal downstream target seems to 



be common in both areas, since reduced phospho-CREB immunoreactivity and subse-
quently decreased BDNF expression are detrimental for the modulation of neuronal plas-
ticity.
     The maintenance of cortical plasticity however requires activity-dependent changes in 
synaptic strength, which stipulate long-lasting biochemical alterations in the postsynaptic 
neuron 61-64. Neurotrophins like BDNF play a central role in coupling these changes to 
lasting effects on synaptic function 59,65. The induction of BDNF transcription is regu-
lated in part by intracellular calcium although this process is dependent on its route of 
entry into the cell, the integrity of intracellular pathways responsible for transmitting 
calcium-mediated signals and CREB phosphorylation 22,58,66. In the cingulate therefore the 
combined disturbances of calcium-dependent calcineurin and phospho-CREB expression 
may represent profound intracellular disturbances ultimately impairing multiple neuronal 
functions in addition to synaptic plasticity. This view is in line with neuronal and/or glial 
defects repeatedly observed in the cingulate of depressed patients 6. Similarly, impaired 
plasticity in the mPFC may also be attributable to the activity dependent nature of CREB-
mediated transcription and thus BDNF release from cortical dendritic terminals. Since 
this process is subject to the availability of phospho-CREB 59,67,68, it infers that neuro-
trophin is released only when needed. Yet, while stress-induced hyperfunction of the 
mPFC can initially cause massive BDNF release, prolonged discharge following chronic 
exposure can deplete reserves and exhaust the system leading to BDNF withdrawal 13. 
Preclinical data confi rm the ability of stress to reduce BDNF levels through decreased 
phospho-CREB expression in these regions 13,69-71. This neurotrophin depletion may in 
turn disrupt the intracellular transduction pathway causing dendritic ERK1/2 hyperphos-
phorylation as seen in the mPFC. Since ERKs are essential for regulating cytoskeletal 
integrity 72, dendritic phospho-ERK1/2 accumulation may cause hyperphosphorylation 
of cytoskeletal proteins consequently weakening dendritic structure, namely in the synap-
tic terminals where these proteins are particularly abundant 45,73,74. Abnormal dendritic 
traffi cking, signal transmission, and neurotransmitter release can follow, contributing to 
reduced prefrontocortical plasticity and in turn reduced CREB phosphorylation, thereby 
completing a vicious circle.
     Evidently, neuronal plastic function is an intricate process requiring careful regulation 
of multiple factors. Crucial to proper functioning is a close modulation of the phosphory-
lation state of synaptic proteins by protein kinases and phosphatases 75-77. Maintenance of 

their ratios as well as Ca2+ dependent mechanisms may thus prove essential for sustained 
homeostasis. Such regulatory processes are part of the stress response in the brain and 
their effects could be modifi ed by the decreased expression of calcineurin and increased 
expression of ERK1/2 after chronic footshock exposure as observed in this study. Altered 
expression patterns of such proteins may also be associated with frontocortical impair-
ment that occurs during prolonged stress, as well as with stress-induced plastic changes 
such as adaptation and sensitization. In line with the reduced plasticity markers observed 
here, previous gene expression analysis illustrates decreased expression of genes associated 
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primarily with synaptic plasticity including SNAP, synaptophysin, and synapsin1a/1b 13. 
Current studies are being performed to further highlight the roles of these correlates in the 
chronic stress response. In conclusion, our fi ndings demonstrate that phospho-ERK1/2, 
calcineurin and phospho-CREB are stress-responsive compounds, which raise the possi-
bility that alterations in the expression of these or other synaptic proteins might be impor-
tant in producing some of the physiological and pathophysiological effects of stress in the 
frontal regions. Although it remains to be shown whether or not these effects are part of a 
normal adaptive response to chronic footshocks, the nature of these compounds and their 
changes suggest that plasticity is adversely effected. The lack of or opposed effects seen 
under acute conditions suggest that these changes are specifi c for chronic exposure. Ne-
vertheless, although seemingly negative, these adaptations could also represent a normal 
response to long-term footshock stress. These fi ndings prove particularly relevant to such 
clinical disorders as depression and posttraumatic stress disorder that are sensitive to stress 
and involve changes in neural and synaptic plasticity.
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