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Abstract. It is not clear whether or not the mineralocorticoid 
receptor (MR) is involved in post-traumatic stress disorder 
(PTSD). The purpose of this study was to provide novel insights 
into the mechanism(s) through which the medial prefrontal 
cortex (mPFC) plays a role in PTSD by investigating MR 
expression in the mPFC of rats exposed to single prolonged 
stress (SPS), which is an established animal model for PTSD. A 
total of 90 healthy, male Wistar rats were selected for this study 
and randomly divided into normal control and SPS groups of 
1, 7, 14 and 28 days. This study investigated the changes in 
MR expression in the mPFC of rats after SPS, which revealed 
pathogenetic mechanisms. The expression of MR in the mPFC 
was examined by immunofluorescence, western blotting and 
reverse transcription-polymerase chain reaction (RT-PCR). 
SPS exposure resulted in a significant change in MR expression 
in the SPS model groups compared with the normal control 
group. The MR protein was found to be localized in the cyto-
plasm and its expression levels were significantly increased 
in SPS rats, peaking at SPS 7 days, followed by a gradual 
decrease; however, a positive expression revealed a restoratory 
increase in the SPS-28 day group. The results suggest that MR 
plays an important role in the pathology of PTSD.

Introduction

Post-traumatic stress disorder (PTSD) is an anxiety disorder 
that develops following exposure to a life-threatening traumatic 
experience and is characterized by symptoms that often endure 
for years, including continuous re-experience of the traumatic 

event, avoidance of stimuli associated with the trauma, numbing 
of general responsiveness and increased arousal  (1). The 
pathophysiology of PTSD has been studied widely in neurosci-
ence (2), however, the mechanism is not fully understood.

It is well known that the dysfunction of the hypothalamo-
pituitary-adrenal (HPA) axis is one of the core neuroendocrine 
abnormalities correlated with PTSD, characterized by low levels 
of adrenocorticotropic hormone (ACTH), plasma and urinary 
cortisol and enhanced suppression of cortisol in response to 
a low-dose administration of dexamethasone (3-6). Single-
prolonged stress (SPS) is a reliable animal model of PTSD 
based on the time-dependent dysregulation of the HPA axis 
and has been developed and employed for PTSD research (7-9). 
A number of studies have shown that the medial prefrontal 
cortex (mPFC) is important in modulating the responses of the 
HPA axis to emotional stress (10,11). Thus, the mPFC has been 
investigated to reveal the mechanism(s) of PTSD.

There are low levels of plasma glucocorticoid (GC) in 
PTSD  (2). Negative feedback on the HPA axis regulated 
by GC occurs via the high density of corticosteroid recep-
tors (CsRs) (12). CsRs in the brain can be divided into two 
types, Ⅰ and II. Type I has a high affinity for corticosterone 
and is similar to the human mineralocorticoid receptor (MR). 
Type II has a low affinity for corticosterone, corresponding to 
the human glucocorticoid receptor (GR) (13). MR and GR are 
involved in the physiological regulation of the HPA axis. MR 
is involved in the negative feedback regulation of the HPA axis 
at the basic level, which maintains basal activities of the HPA 
axis and is correlated with the threshold and sensitivity of the 
central stress response (14).

Little is currently known regarding MR in the brain, 
particularly in the mPFC, due to the differences between the 
roles of MR in the brain and other areas. In this study, MR 
expression in the mPFC of PTSD rats was examined in order 
to provide experimental evidence for further studies related to 
the pathogenesis of HPA.

Materials and methods

Experimental animals. A total of 80 male Wistar rats aged 7 or 
8 weeks at the start of the study and weighing approximately 
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180 g were provided by the Animal Experimental Center, 
China Medical University (Shenyang, China). Rats were 
individually housed in an air-conditioned room (22±1˚C and 
55±5% humidity) on a 12-h light/dark cycle with free access 
to food and water.

The rats were raised in the laboratory for at least 7 days 
prior to conducting the experiment. Experiments were carried 
out in accordance with the National Institute of Health Guide 
for the care and use of laboratory animals. All efforts were 
made to reduce the number of animals used and to minimize 
animal suffering during the experiment.

Model establishment and grouping. Animals were divided 
randomly into 5 groups (n=18): i)  control; ii)  SPS 1  day; 
iii) SPS 7 days; iv) SPS 14 days; v) SPS 28 days. Control 
animals remained in their home cages with no handling for 
7 days and were sacrificed at the same time as the SPS groups. 
SPS-rats underwent the SPS procedure on the first day. The 
SPS protocol was based on a combined plural stress para-
digm (7,15): immobilization (compression with plastic bags) 
for 2 h, forced swimming for 20 min (24±1˚C), rest for 15 min, 
followed by ether anesthesia (until consciousness was lost). 
The rats were returned to their home cage and left undisturbed 
until they were sacrificed for experiments.

Perfusion-based sections. Rats from both the normal control 
and SPS groups were prepared by left ventricle perfusion and 
fixation (16) and post-fixed in the same fixative at 4˚C for 6-10 h. 
The samples were then immersed in a 20% sucrose solution in 
0.01 M phosphate buffer (PB, pH 7.4) at 4˚C. Samples were 
fast frozen on liquid nitrogen and sectioned, 12-µm coronal 
sections were prepared for morphological studies.

Immunohistochemical analysis of MR. The sections were 
treated with 5% bovine serum albumin (BSA), and 0.3% 
Triton X-100 in PBS for 30 min at room temperature (RT) to 
block non‑specific staining. The sections were then incubated 
with rabbit polyclonal antibody against MR (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA; 1:500) in 2% 
BSA-PBS overnight at 4˚C. After being washed with PBS, 
the sections were incubated with goat anti-rabbit IgG (Boster 
Biological Technology, Ltd., Wuhan, China; 1:100) for 2 h 
and then with streptomycin-avidin-biotin-peroxidase complex 
(SABC) for 1 h. The sections were washed three times with 
PBS after each incubation and subsequently incubated with 
3,3'-diaminobenzidine (DAB) and H2O2. To assess non-specific 
staining, a few sections in every experiment were incubated in 
buffer without primary antibody.

Five slides were randomly selected from each group. 
Each slide was randomly selected from five visual fields in 
the mPFC (x400). The optical density (OD) of positive cells in 
each field was recorded to evaluate the average. The OD of the 
MR-immunopositive cells was analyzed using a MetaMorph/
DPIO/BX41 morphology image analysis system.

Western blotting of MR. Rats of each group were rapidly 
decapitated and the brains were removed and immediately 
placed in a dish standing on crushed ice. The mPFC was then 
dissected according to the rat brain atlas of Paxinos et al (17) 
using a stereomicroscope, and snap-frozen in liquid nitrogen. 

Materials were obtained as above. Samples of normal 
control and SPS rats were homogenized with a sample buffer 
containing 200 mM TBS, pH 7.5, 4% SDS, 20% glycerol, 10% 
2-mercaptoethanol and were denatured by boiling for 3 min. 
The protein fraction (30 µg/lane) prepared from each sample 
was separated by 12% (w/v) gradient sodium dodecyl sulfate 
(SDS)-polyacrylamide gel electrophoresis (PAGE) and elec-
troblotted onto a PVDF membrane (Millipore, Bedford, MA, 
USA) from the gel by a semi-dry blotting apparatus (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA).

The membrane was blocked with 5% dried skimmed milk, 
0.05% Tween-20 in TBST at room temperature for 2 h and 
incubated with rabbit anti-MR polyclonal antibody (1:1,000) 
overnight at 4˚C. 

The blots were washed three times with TBST and then incu-
bated with goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology 
Inc.; 1:5,000) for 2 h at room temperature and washed with 
TBST. Following incubation, the PVDF membrane was washed 
three times with TBST prior to visualization by enhanced 
chemiluminescence (ECL; Amersham Pharmacia Biotech, 
Buckinghamshire, UK). To confirm equal protein loading the 
same blots were reincubated with antibodies specific for β-actin 
(Abcam, Cambridge, UK; 1:2,500). β-actin immunoreactivity 
was detected using ECL. The OD was analyzed on the Gel 
Image Analysis System (Tanon 2500R, Shanghai, China). Each 
MR band was normalized with respect to its corresponding 
β-actin band and the values were expressed as an intensity ratio.

Reverse transcription-polymerase chain reaction (RT-PCR) 
was used to detect MR. Total mRNA of each group was 
extracted from the mPFC according to the instructions of 
the TRIzol kit (Invitrogen, Carlsbad, CA, USA) and 1 µg of 
total RNA was reverse transcribed into cDNA. An RNA PCR 
kit (AM Ver. 3.0, Takara Bio, Inc., Otsu, Japan) was used to 
amplify the cDNA. The primers were designed and synthe-
sized by Shenggong Biotech Company (Shanghai, China) 
according to the serial number from Genbank (Table I). The 
reaction was started at 94˚C for 4 min and amplified to 36 
cycles of 45 sec at 94˚C, 40 sec at 60˚C, 50 sec at 72˚C and 
ended with a 10-min extension at 72˚C. β-actin mRNA used 
as an internal control was co-amplified with MR‑mRNA. The 
products were observed after electrophoresis on 1.2% agarose 
gel and the OD of each band was analyzed on the Gel Image 
Analysis System. The level of MR-mRNA was determined by 
calculating the density ratio of MR mRNA/β-actin mRNA.

Statistical analysis. Data were shown as the means ± standard 
error. Data among groups were analyzed by one-way analysis 

Table I. MR and β-actin sequences.

	 Upstream	 Downstream	 Product
Name	 primer 5'-3'	 primer 5'-3'	 size (bp)

MR	 agaagatgcatcagtctgcc	 gtgatgatctccaccagcat	 380
β-actin	 atcacccacactgtgcccatc	 acagagtacttgcgctcagga	 542

MR, mineralocorticoid receptor.
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of variance (ANOVA) using SPSS 13.0 software (SPSS, Inc., 
Chicago, IL, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Immunohistochemical analysis results of MR. MR was 
widely distributed throughout the mPFC region, primarily in 
the cytoplasm, and appeared as puffy particles (Fig. 1A-E). 
Evaluation of MR content by immunohistochemistry indicated 
a significant change in the SPS model groups compared with 
the normal control group. The staining results showed that the 
number of MR-positive cells was less in the normal control 
group (Fig. 1A) and that of SPS rats was significantly increased 
and peaked at 7 days after exposure to SPS (P<0.01; Fig. 1C). 
Positive MR expression gradually decreased in the SPS-14 day 
group (Fig. 1D). However, in the SPS-28 day group positive 
expression increased again (Fig. 1E), but remained lower than 
that of the control group. The analysis results are shown in 
Fig. 1F (P<0.05).

Western blotting analysis of MR. Immunoreactive signals 
for MR and β-actin appeared on western blotting at 112 and 
42 kDa, respectively (data not shown), while the mean value 
of band densities of the control group was set as 100%. Data 
were expressed as normalized OD. Changes of MR expres-
sion in the mPFC region between the control and SPS groups 
are shown in Fig. 2 (P<0.05). The MR protein expression of 
mPFC showed a significant change following SPS stimulation 

and the trend of change was consistent with the results of the 
immunohistochemistry.

RT-PCR analysis of MR mRNA. The levels of MR mRNA were 
normalized with the β-actin mRNA level. The results indicated 
a significant change following SPS stimulation and the trend of 

Figure 1. Presentation of MR expression in the mPFC of each group (A-E) magnification, x400. (A) Control group; (B) SPS 1 day; (C) SPS 7 days; (D) SPS 
14 days; (E) SPS 28 days; (F) Semi-quantitative analysis results of optical density *P<0.05 vs. control group. MR, mineralocorticoid receptor; SPS, single 
prolonged stress.

Figure 2. MR expression in mPFC by western blotting. (A) Bands show MR 
protein levels. (B) Relative quantitative data levels of MR are shown. *P<0.05 
vs. control group. MR, mineralocorticoid receptor; mPFC, medial prefrontal 
cortex; SPS, single prolonged stress.
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the change was consistent with the results of the immunohisto-
chemical and western blot analysis (P<0.05; Fig. 3).

Discussion

PTSD is thought to involve a dysfunction in the response to 
fear-related stimuli. The four major characteristic symptoms 
of PTSD are: re-experiencing, avoidance, numbing and hyper-
arousal (1).

Previous studies have paid little attention to the role of 
MR in the rat central nervous system compared with that of 
GR and have mainly investigated an adjusting function of the 
water-salt balance in epithelial cells. The present opinion is 
that MR exists in the brain tissue, most substantially in the 
hippocampus. GR and MR coexist in certain brain regions, 
including the hippocampus CA1, CA2, CA3 and dentate gyrus 
sub‑region (18). The choice function of MR on mineralocorti-
coid (aldosterone) in the hippocampus is different from that in 
epithelial cells. GC combines with the two sets of receptors, 
GR and MR, at the same time after stimulation. The binding 
affinity of corticosterone to MR is approximately 10 times 
higher than that to GR. Low levels of GC combine with MR 
first, only high levels of GC can combine with GR after MR 
is saturated. MR is a high-affinity and low-capacity receptor 
system for GC, while GR is a low-affinity and high-capacity 
receptor system for GC (19).

The effects of corticosterone are mediated by MR and 
are also regulated by GR. GR is constantly occupied during 
the physiological rhythm rising period following GC stress 
and GC affects the paraventricular nucleus (PVN) through 
negative feedback. The hippocampus maintains excitability 
when MR activity dominates and inhibition projects to the 
PVN through cross-synapses, inhibiting the basic activity of 
the HPA. Instead, the activation of GR inhibits hippocampal 
signal output with the increase of GC concentrations, which 
leads to inhibition of the PVN neurons. The functions of the 

two types of receptor are interrelated (20). MR defects make 
corticosterone responses occur more quickly and produce a 
more GR-mediated effect. The above information shows the 
importance of MR- and GR-mediated effects in balancing HPA 
regulation. Therefore, more and more researchers support the 
balance theory of the receptor-mediated role, which assumes 
that MR primarily maintains the function of GC and GR is 
mainly involved in a GC-negative feedback role (21). Since the 
affinity between MR and GC is higher than that between GR 
and GC, in the early HPA axis activation or basic level, GC first 
combines with the MRs of the hippocampus and maintains 
basal HPA activity, known as proactive feedback. When the 
GC concentration continues to rise, the high concentration GR 
continues to combine with GC, inhibiting HPA axis activity 
via GR-negative feedback, known as reactive feedback (22). 
GC allows HPA activity to remain at the appropriate level 
through two types of feedback modes, MR- or GR-mediated, 
imbalance of which leads to disease. Long-term abnormal 
corticosteroid levels affect the hippocampal cell response and 
endanger cell survival (23). Therefore, the hippocampus also 
functions as a control site of the HPA axis. 

One study has shown that MR also exists in the mPFC, 
with the exception of the hippocampus (20). Selective 
knockout of MR from the mouse forebrain damages spatial 
learning ability. By contrast, selective expression of MR in 
the forebrain reduces anxious behavior of the mouse after 
stress (20), indicating that MR also exists outside the area of 
the hippocampus, but its mechanism is not clear. In this experi-
ment MR expression is mainly observed in the cytoplasm of 
the mPFC, as the transcription role has not yet occurred in the 
nucleus. MR expression was upregulated significantly after 
SPS and then decreased 7 days after SPS stimulation, indi-
cating that there was not only a feedback-regulated increase of 
GR in the hippocampus after stress, but also a change of MR 
in the mPFC. Expression of MR gradually decreased, but was 
not restored until 28 days later and differed from that prior to 
the experiment. This finding indicates that changes of MR in 
the mPFC were in accordance with HPA axis regulation, as 
well as changing with time after SPS stimulation. However, 
the change of MR in the mPFC may be the result of an HPA 
axis change, or an MR change leading to an HPA axis change, 
as the role of MR closely correlates with that of GR, which 
may play a different role in the same cells. Further studies are 
needed to confirm the mechanism by which changes in MR 
occur. 

This study revealed the presence of mPFC-MR at the protein 
level using immunohistochemistry and western blotting. There 
were also quantitative changes in PTSD experimental animals, 
which all provided an experimental basis for revealing the 
pathogenetic mechanism of PTSD. Further studies are needed 
to explore the relevant functional mechanisms and effective 
interventions in order to find new methods of treatment. 
However, this experiment is limited to the study of mPFC-MR 
receptors of PTSD rats, thus, receptor changes of other parts 
in the brain and its effects on the HPA-axis need further study.

At present, the pathogenesis of PTSD is not yet entirely 
clear. PTSD may cause a series of biochemical abnormalities 
and dysfunction of the mPFC, leading to dysfuction of the 
brain. Thus, more studies should be conducted to determine 
the pathogenesis of PTSD.

Figure 3. The representative gel pattern of MR, (A) normalized with β-actin 
cDNA bands and (B) relative levels of MR mRNA. Lane 0, marker; lane 1, 
control; lane 2, SPS 1 day; lane 3, SPS 7 days; line 4, SPS 14 days; line 5, 
SPS 28 days. *P<0.05 as compared with control group. MR, mineralocorti-
coid receptor; SPS, single prolonged stress.
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