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Abstract. The hypothalamic–pituitary–adrenal (HPA) axis plays an important role in the adaptation of the 
organism to stress. Because of a key role of neuroendocrine system in response to a stressful situation, as well as a 
significant impact of stress on neuronal plasticity, in this work we investigated how chronic restraint stress (CRS: 
2 hours × 14 days) affected the protein levels of BDNF in the prefrontal cortex (PFC), as well as the concentration of 
adrenocorticotropic hormone (ACTH) and corticosterone (CORT) in the plasma. In addition, the aim of this study was 
to determine a possible correlation between levels of BDNF in the PFC and plasma CORT levels of animals exposed to 
CRS. We found that CRS increases levels of prefrontal BDNF protein by 25% and levels of CORT by 280%, but 
decreases levels of ACTH by 18%. Also, we recorded a low, but significant positive correlation between prefrontal 
BDNF levels and concentrations of CORT in the plasma of chronically stressed rats. Our data confirm that prefrontal 
BDNF might be an important regulator involved in the adaptive strategy of the HPA axis to maintain adequate 
reactivity in stress conditions provoked by CRS. 
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1. INTRODUCTION 

The hypothalamic–pituitary–adrenal (HPA) axis is 
very significant in the adaptation of the organism to 
stress [1]. Numerous studies have confirmed that the 
HPA axis plays an important role in the 
pathophysiology of stress-related psychiatric diseases 
[2]. It is known that the most important 
neuroendocrine abnormality in depression is HPA axis 
hyperactivity [3]. In addition, the prefrontal cortex 
(PFC) is an important brain region in the pathology of 
depression [4]. The literature data have shown that the 
medial PFC lesion increases depression-like behavior 
[5], and the HPA axis is disrupted due to this lesion as 
well [6]. In addition, the research of the immuno-
neurobiological interactions is also important for the 
understanding of etiopathogenesis of mood disorders. 
For example, the levels of immune biomarkers are a 
significant predictor of depressive and bipolar disorder 
[7]. In our previous studies, we confirmed that chronic 
restraint stress (CRS) provokes depressive-like 
behaviors in rats [8] and that this stress has a 
significant impact on hippocampal neuronal plasticity 
[9]. Phillips [10] showed that chronic stress lowers the 
brain-derived neurotrophic factor (BDNF). In addition, 
Dunham et al. [11] observed that BDNF mRNA and 
protein levels are suppressed in the postmortem brains 
of depressed patients. Also, Numakawa [12] have 

suggested that the downregulation of expression and 
function of BDNF is associated with the onset of 
depression. However, very little is known about the 
interrelationship of prefrontal BDNF levels and HPA 
axis activity during CRS. Because of a key role of 
neuroendocrine system in response to a stressful 
situation, as well as significant impact of stress on 
neuronal plasticity, in this work we investigated how 
chronic restraint stress (CRS: 2 hours × 14 days) 
affected the protein levels of BDNF in the prefrontal 
cortex (PFC), as well as concentration of 
adrenocorticotropic hormone (ACTH) and 
corticosterone (CORT) in the plasma. An additional 
aim of the study was to determine a possible 
correlation between BDNF expression in the PFC and 
plasma CORT levels of animals exposed to CRS. 
Detecting the degree of correlation between HPA axis 
activity and neuronal plasticity in the PFC in stress 
conditions is important for indicating the possible 
causative relationship between stress-activated 
systems. 

2. METHODS 

2.1. Animals and stress models 

Wistar male rats (11-week-old) were kept under 
standard laboratory conditions with water and food ad 
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libitum, three to four per cage [13]. In accordance with 
our previous protocol [14] animals were divided into 
two groups: the CONTROL group (n=10) was not 
exposed to any treatment and the CRS group (n=10) 
consisted of animals exposed to the treatment of 
chronic restraint stress. Animals in CRS groups were 
exposed to 2h of restraint stress every day, for a period 
of 14 days, which is in accordance with the protocol of 
Popović et al. [14]. Animals were sacrificed under no-
stress conditions by rapid decapitation. The prefrontal 
cortices were rapidly dissected, frozen in liquid 
nitrogen and stored at -700 C until analyzed. 

2.2. RNA isolation, cDNA synthesis and real-time 
RT-PCR 

Methods of RNA isolation and cDNA synthesis have 
been described previously by Gavrilović et al. [13]. 
BDNF mRNA levels were quantified by quantitative 
real-time RT-PCR. TaqMan PCR assays were carried 
out using Assay-on-Demand Gene Expression Products 
(Applied Biosystems, USA) for BDNF 
(Rn01484924_m1) and for cyclophilin A - endogenous 
control (Rn00690933_m1). The relative expression of 
the target gene was normalized to cyclophilin A and 
expressed in relation to the calibrator, i.e. the control 
sample as previously described by Gavrilović et al. [13].  

2.3. Western blot analysis 

BDNF protein was assayed by Western blot analysis 
as described previously by Gavrilović et al. [13]. 
Antibodies used for quantification of specific proteins 
were as follows: for BDNF (ab6201, Abcam, USA) and 
for β-actin (ab8227, Abcam, USA). After washing, the 
membranes were incubated in the secondary anti-
mouse and anti-rabbit (dilution 1:5000, Amersham 
ECLTM Western Blotting Analysis System, UK) 
antibodies conjugated to horseradish peroxidase. The 
result was expressed in arbitrary units normalized in 
relation to β actin, which is in accordance with the 
protocol of Gavrilović et al. [13].  

2.4. ACTH and CORT measurements 

Plasma ACTH was determined by a 
chemiluminescent method using IMMULITE 
automatic analyzer (Diagnostic Products Corporation, 
Los Angeles, CA, USA) and the values were expressed 
as pg ACTH/ml plasma. The CORT level was 
determined by using the OCTEIA Corticosterone EIA 
kit according to the manufacturer’s instructions 
(Immunodiagnostic Systems Inc.). The concentration 
of CORT (ng/ml) was determined using a standard 
curve.  

2.5. Data analysis 

The data are presented as means ± S.E.M. 
Differences of gene expression (mRNA and protein 
levels) of BDNF in the PFC, as well as plasma 
concentration of ACTH and CORT between control and 
CRS animals were analyzed by the t-test. Statistical 
significance was accepted at p<0.05. Correlations of 
BDNF levels and CORT levels were analyzed by the 
Pearson test, using the Sigma Plot v10.0 (with 
SigmaStat integration).  

3. RESULTS 

3.1. Changes in plasma concentrations of ACTH 
and CORT  

Chronic restraint stress decreased plasma 
concentrations of ACTH by 18% (p<0.05, t-test, see 
Figure 1a) and increased CORT concentration by 280% 
(p<0.01, t-test, see Figure 1b), compared with control 
animals.  

 
Figure 1. Effects of chronic restraint stress (CRS) on the 

concentration of adrenocorticotropic hormone (ACTH) [a] 
and corticosterone (CORT) [b] in the plasma. The values are 
means ± S.E.M. of 10 rats. Statistical significance: *p<0.05, 

**p<0.01 animals exposed to chronic restraint stress vs. 
control animals (t-test). 

3.2. Changes in the BDNF mRNA levels and BDNF 
protein levels in the prefrontal cortex  

The animals exposed to CRS showed decreased 
levels of BDNF mRNA by 50% (p<0.01, t-test, see 
Figure 2a) and increased levels of BDNF protein by 
25% (p<0.05, t-test, see Figure 2b) in the prefrontal 
cortex, compared with control animals.  

 
Figure 2. Effects of chronic restraint stress (CRS) on brain-
derived neurotrophic factor (BDNF) mRNA levels [a] and 
protein levels [b] in the prefrontal cortex. The values are 

means ± S.E.M. of 10 rats. Statistical significance: *p<0.05, 
**p<0.01 animals exposed to chronic restraint stress vs. 

control animals (t-test). Levels of mRNA were expressed as 
fold change relative to the calibrator and normalized to 

cyclophilin A and protein levels were expressed in arbitrary 
units normalized in relation to β actin. (A) Distribution of 

BDNF and ß actin proteins in the prefrontal cortex of control 
animals [I] and animals exposed to CRS [II]. 
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A significant positive correlation was found 
between the levels of BDNF in the prefrontal cortex 
and plasma concentration of CORT (Pearson R=0.678; 
p<0.05, see Figure 3) of animals exposed to CRS.   

 
Figure 3. The correlations between BDNF levels in the 

prefrontal cortex and concentration of corticosterone (CORT) 
in the plasma (Pearson). 

4. DISCUSSION 

In the present study, we have found that the 
animals exposed to CRS showed decreased 
concentrations of ACTH and increased CORT 
concentration in the plasma. Numerous studies have 
confirmed that the adaptive mechanism of the HPA 
axis could be explained by the involvement of extra-
hypothalamic pathways in CORT control [3], 
particularly of splanchnic sympathetic innervation [15], 
which is under the control of hypothalamic 
paraventricular nucleus (PVN) neurons [16]. Also, 
arginine-vasopressin (AVP) originating from 
hypothalamic magnocellular neurons could directly 
stimulate CORT release [17] and thus participate in 
adaptive mechanisms of the HPA axis [3].  In addition, 
in our study, we observed a decreased level of BDNF 
mRNA, but significantly increased BDNF protein levels 
in the investigated brain regions of chronically stressed 
animals. The decreased level of BDNF mRNA after CRS 
could be due to the decreased stability of mRNA. Also, 
message degradation may be the primary target of the 
regulation of gene expression [18] in chronic stress 
conditions. In addition, the discrepancy between 
mRNA levels and protein levels of BDNF may be in fine 
control over post-transcriptional regulation of BDNF 
expression. A significant increase in prefrontal BDNF 
protein levels is an adaptive response which is probably 
necessary to maintain the prefrontal BDNF capacity in 
conditions provoked by CRS. The literature data 
confirm that the central administration of BDNF 
substantially modifies HPA axis activity [19] via direct 
stimulation of the CORT release [17]. An important 
result in our study is that we recorded a low, but 
significant positive correlation between the levels of 
BDNF in PFC and plasma levels of CORT in stress 
conditions. It is possible that measurements of BDNF 
levels in other brain areas, for example, in the 
hypothalamus, especially in the PVN might 
demonstrate a more direct relationship between levels 
of BDNF and CORT. The results presented in this study 
support the hypothesis that BDNF might be an 

important regulator involved in the adaptive strategy of 
the HPA axis to maintain adequate reactivity under 
chronic stimulation, which is in accordance with 
studies of Naert et al. [3].  

5. CONCLUSION 

Our results point to a relationship between HPA 
axis activity and neuronal plasticity in the PFC in stress 
conditions. 
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