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Abstract:

Background: Disruption of the glucocorticoid negative feedback system evoked in animals by chronic stress can be induced by

downregulation of glucocorticoid receptors (GRs) in several brain regions. In the present study, the dynamics of the changes in GRs,

in brain structures involved in stress reactions, prefrontal cortex, hippocampus and hypothalamus was compared with the peripheral

hypothalamo-pituitary-adrenocortical (HPA) axis hormones response to chronic stress.

Methods: Rats were exposed to 10 min restraint or restrained twice a day for 3, 7 or 14 days, and 24 h after the last stress session ex-

posed to homotypic stress for 10 min. Control rats were not restrained. After rapid decapitation at 0, 1, 2, and 3 h after stress termina-

tion, trunk blood for plasma adrenocorticotropic hormone (ACTH) and corticosterone determinations was collected and prefrontal

cortex, hippocampus and hypothalamus were excised and frozen. Plasma hormones were determined using commercially available

kits and glucocorticoids and mineralocorticoids protein levels in brain structure samples were determined by western blot procedure.

Results: Restraint stress alone significantly decreased glucocorticoid receptor (GR) level in prefrontal cortex and hippocampus, and

increased mineralocorticoid receptor (MR) level in hypothalamus. Prior repeated stress for 3 days significantly increased GR protein

level in hippocampus and diminished that level in hypothalamus in 7 days stressed rats. Acute stress-induced strong increase in

plasma ACTH and corticosterone levels decreased to control level after 1 or 2 h, respectively. Prior repeated stress for 3 days mark-

edly diminished the fall in plasma ACTH level and repeated stress for 7 days moderately deepened this decrease. Plasma ACTH

level induced by homotypic stress in rats exposed to restraint for 3, 7, and 14 days did not markedly differ from its control level,

whereas plasma corticosterone response was significantly diminished. The fast decrease of stress-induced high plasma ACTH and

corticosterone levels was accompanied by a parallel decline of GR level only in prefrontal cortex but not in the hippocampus or hy-

pothalamus.

Conclusions: Comparison of the dynamics of changes in plasma ACTH and corticosterone level with respective alterations in GR

and MR in brain structures suggests that the buffering effect of repeated stress depends on the period of habituation to stress and the

brain structure involved in regulation of these stress response.
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Introduction

Stressful stimuli release corticotropin releasing hor-

mone (CRH) and vasopressin from CRH neurons in

paraventricular nucleus (PVN) to axon terminals in

the basal hypothalamus and into the pituitary portal

circulation. Portal CRH and vasopressin stimulate an-

terior pituitary corticotrophs to release ACTH, which
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causes the synthesis and secretion of corticosteroid

from adrenal cortex [21, 23]. Systemic corticosteroids

induce both rapid and protracted actions in peripheral

tissues and the brain. Circulating glucocorticoids

(GCs) can control the HPA axis activity by negative

feedback directly at the hypothalamus level and in pi-

tuitary or hippocampus and prefrontal cortex [4, 10,

38, 40]. The control of circulating levels of glucocor-

ticoids to prevent oversecretion and maintain their ho-

meostatic range is achieved by multiple types of feed-

back which use different intracellular mechanisms

[30] in numerous brain areas that influence the inhibi-

tion of the stress response [25].

Acute stress-evoked rapid and powerful glucocorti-

coid hypersecretion may induce three types of feed-

back: fast, intermediate and delayed feedback [7, 9,

12, 22]. Rate-sensitive or fast feedback is active in

seconds to turn off CRH and ACTH secretion follow-

ing application of a brief stressor. The negative GC

feedback to the HPA axis response is specific to

stimulation of higher limbic structures by psychologi-

cal stressor. Rapid GC regulation of hypothalamic

CRH neurons as well as hippocampal and prefrontal

cortex pyramidal neurons is largely mediated by

modulation of excitatory or inhibitory synaptic inputs

to these neurons [20]. Although MRs are predomi-

nantly expressed in the brain limbic structures, mainly

in the hippocampus, they are also found at the hypo-

thalamic level [13, 19]. Hippocampal MRs control the

proactive feedback involved in the maintenance of the

basal HPA activity during the circadian rhythms. MRs

play a role in the subtle control of the HPA axis in hu-

mans [2, 8, 17, 32]. GR distribution is ubiquitous, al-

though uneven, in neurons and glial cells. GR density

is the highest in the parvocellular PVN of the HPA

axis, in neurons of ascending aminergic pathways and

in limbic neurons that modulate PVN activation

trans-synaptically. Abundant coexpression of MR and

GR is found in hippocampal pyramidal cells also in

the dentate gyrus and some cortical areas of almost all

species [8, 38].

The chronic stress-induced attenuation and disrup-

tion of the glucocorticoid negative feedback system

exerts different abnormal changes in the higher cen-

ters of the HPA axis which are also observed in hu-

man depression [8, 11, 27, 33]. GCs play a key regu-

latory role in the neuroendocrine control of the HPA

axis and on the terminations of the stress response by

exerting negative feedback at the levels of hypothala-

mus and pituitary and in some supra-hypothalamic

structures. Activation of MR receptors in the hippo-

campus inhibits the activity of the HPA axis [27, 30].

In the brain, endogenous cortisol displays higher af-

finity for MRs than GRs and under basal conditions

glucocorticoids primarily bind to MRs, and GRs are

occupied when glucocorticoid levels increase in re-

sponse to stress. Glucocorticoid hormones from the

adrenal cortex released in response of HPA axis to

stress act on peripheral target tissues to restore ho-

meostasis of the organisms and engage GRs in the

CNS to control the intensity and duration of the stress

response [25]. Hippocampal formation contains high

number of receptors for GCs and modulates the re-

lease of these hormones via negative feedback loop

inhibiting the LHPA system [13]. Hippocampal activ-

ity suppresses CRH release from the neurons in PVN,

whereas suppression of the hippocampal activity dis-

inhibits CRH release [28]. Under basal conditions,

corticosterone extensively binds to hippocampal MR

receptors. The GR is occupied during high concentra-

tion of circulating glucocorticoids under stress and is

suggested to be the primary mediator of autoregula-

tory feedback inhibition, whereas the MR exerts tonic

actions on the brain [36]. Although tonic elevation of

plasma GC level may inhibit HPA axis via a negative

feedback mechanism, HPA axis usually retains re-

sponsiveness to new acutely applied stressors. The

stress-induced negative feedback effect of GC may be

reduced by inhibiting some of a variety of neurons,

mainly noradrenergic via CRH neurons in the PVN

[16]. Glucocorticoids, by negative feedback at the hy-

pothalamus and pituitary, inhibit rapidly the synthesis

and secretion of CRH and POMC/ACTH, respec-

tively, through nongenomic mechanisms. Glucocorti-

coids, by similar feedback at the hippocampus and

due to a high density of GR, inhibit the PVN and HPA

activity [36]. Corticosteroids may, by genomic action,

slow translation of mRNA important for generation of

various neurotransmitters and neuropeptides. In addi-

tion, steroid action on membrane associated receptor

protein, via monoamine and opioid mediation, may

rapidly modulate the stress-induced effects [6, 9].

Corticosteroids acting through balanced stimulation

of GRs and MRs play a crucial role for health. Dys-

function of prefrontal cortex or hippocampus is impli-

cated in the pathogenesis of depression. Alterations in

GC sensing system may underlie the HPA axis

changes associated with psychiatric diseases [9, 25].

Virtually all effective disorders are associated with

alterations in HPA axis activity and are influenced by
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a stressful environment. Homeostatic regulation of

GR signaling is critical for mental health. Primary de-

fect in central GR signaling leads to alterations in

HPA axis regulation and changes in emotionally rele-

vant behavior [19]. The purpose of the present study

was to find the effect of restraint stress on GR and

MR levels in brain structures involved in stress reac-

tions (prefrontal cortex, hippocampus and hypothala-

mus) and alterations in HPA axis activity and to deter-

mine how they adapt after prior repeated stress for 3,

7 and 14 days. Also the relations of GR and MR pro-

tein levels in these structures to the HPA axis activity

were investigated.

Materials and Methods

Experimental procedures

Experiments were performed on male Wistar rats

(190–220 g), which were housed in groups of 5 per

cage (52 × 32 × 20 cm) under controlled conditions

(12 h light/dark cycle; a constant temperature 22

± 2°C) with free access to standard laboratory diet and

tap water. The rats were allowed 1 week of habitua-

tion to the animal room before the onset of experi-

mentation. All experimental protocols were approved

by the Local Bioethics Commission of the Institute of

Pharmacology, Polish Academy of Sciences in

Kraków and met internationally accepted principles

for the care and use of laboratory animals.

Restraint stress, blood and tissue collection

Rats were exposed to 10 min stress sessions twice

a day for 3, 7 and 14 days. The restraint was per-

formed in metal tubes (length = 16 cm; inside diame-

ter = 4.5 cm) with ample holes for ventilation. After

stress, animals were returned to the same cages. The

break between stress sessions was at least 8 h. Control

animals were not restrained. On the day of the experi-

ment, 24 h after the last stress period, all rats (weigh-

ing approximately 210–240 g) were separated to indi-

vidual cages and 1 h later they were subjected to

10 min restraint. Then, animals were sacrificed by

rapid decapitation 0, 1, 2 or 3 h after restraint. Trunk

blood for plasma determinations was collected in the

presence of EDTA (10% w/v; Merck; 25 µl/ml of

blood) and for ACTH immunoassay in the presence of

EDTA and aprotinin (0.6 TIU/ml of blood; Sigma-

Aldrich). After decapitation, the brains were removed

from the skulls and three structures (prefrontal cortex,

hippocampus, hypothalamus) were excised on a cold

plate and snap frozen at –70°C until assayed.

Plasma hormones measurement

Total corticosterone and ACTH levels were measured

in plasma obtained from blood by centrifugation

(3600 rpm, 10 min, 4°C) within 30 min after collec-

tion. There were used commercially available IDS

Rat/Mouse Corticoterone EIA kit (Immunodiagnostic

Systems) and ACTH Rat/Mouse EIA kit (Phoenix

Pharmaceuticals).

Protein extracts preparation

Proteins were extracted from the frozen tissues by ho-

mogenization (Ultra-turrax, 10,000 rpm) in ice-cold

solution of RIPA buffer (Sigma-Aldrich) and freshly

added Protease Inhibitor Cocktail, Phosphatase In-

hibitor Cocktail 2 and 3 (1 : 100, Sigma-Aldrich),

then centrifuged at 14,000 rpm for 20 min at 4°C.

After determination of protein levels using BCATM

Protein Assay Kit (Thermo Scientific) and adjusting

concentrations, homogenates were mixed 1 : 1 with

Laemmli sample buffer (Bio-Rad) and b-mercapto-

ethanol (50 µl per 950 ml of Laemmli; Sigma-

Aldrich) and boiled for 5 min.

SDS-PAGE and western blot

The equal amounts of denaturated proteins (10 µg per

lane) were separated on a 7.5% SDS-polyacrylamide

gel (85 V in stacking gel; 145 V in resolving gel) and

electrotransferred (90 V, 1 h) onto a nitrocellulose

membrane (0.45 µm, Bio-Rad). The membranes were

blocked with 5% non-fat milk (Bio-Rad) in Tris-

buffered saline (TBS, pH 7.5) containing 0.05%

Tween 20 (Sigma-Aldrich) for 1 h at room tempera-

ture, and then incubated overnight at 4°C with pri-

mary rabbit polyclonal antibodies: anti-GR (GR

(M-20) 1 : 200, sc-1004, Santa Cruz Biotechnology

Inc.) or anti-MR (MCR (H-300) 1 : 200, sc-11412,

Santa Cruz Biotechnology Inc.) in 1% non-fat dry

milk in TBS with 0.05% Tween 20. b-Actin levels

were determined with monoclonal mouse antibodies

against b-actin (b-actin (C4), 1 : 10,000, sc-47778,

Santa Cruz Biotechnology Inc.) and used for normali-
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zation. After overnight incubation the membranes

were washed twice for 10 min with TBST (TBS-0.1%

Tween 20) buffer and twice with 1% nonfat milk solu-

tion in TBST buffer (10 min). Finally, the membranes

were incubated with horseradish peroxidase-conju-

gated secondary antibodies: goat-anti-rabbit (sc-2004,

1 : 2000, Santa Cruz Biotechnology Inc.) and goat-

anti-mouse (sc-2060, 1 : 2000 Santa Cruz Biotechnol-

ogy Inc.) in TBS-0.05% Tween 20 for 1 h at room

temperature [39]. After washing the membranes four

times for 15 min with TBST, the proteins were de-

tected using ECL (Lumi LightPlus Western Blotting

Kit, Roche) and visualized by a computerized video-

densitometry (FujiLas 4000 Imager). The optical den-

sity of appropriate bands was quantified by densi-

tometric analysis of blots using Image Gauge V4.0

Software (Fujifilm). Results were normalized to

b-actin and the values are expressed as a percentage

of controls.

Statistical analysis

All results are expressed as the means ± standard error

of the mean (SEM) where n = 8–10 rats per group.

Statistical analyses were performed using GraphPad

Prism 5 (GraphPad Software Inc.). Data were ana-

lyzed by one-way analysis of variance (ANOVA) fol-

lowed by Newman-Keuls Multiple Comparison test.

Groups that are significantly different from non-

stressed control group are indicated in the figures as:

+ p < 0.05, ++ p < 0.01, +++ p < 0.001, and signifi-

cant difference from group restrained for 10 min at 0,

1, 2 and 3 h, respectively, is shown as: * p < 0.05, ** p

< 0.01, *** p < 0.001.

Results

Effect of restraint stress on GR and MR protein

levels in brain structures

In this part of experiment the changes induced in GR

and MR levels induced by acute restraint for 10 min

immediately after stress termination and 1, 2 and 3 h

later were compared with one mean control value

from non-stressed rats. In these rats GR and MR pro-

tein levels did not substantially differ within 3 h ex-

perimental period. In prefrontal cortex restraint stress

for 10 min significantly declined GR protein levels,

most profoundly 1 h after stress termination (–60%)

compared to the levels in control non-stressed rats.

Then, GR level gradually returned to its control value

and moderately increased (+22%) 3 h after cessation

of restraint. After termination of restraint (2–3 h) MR

protein level only slightly differ (–13% to +5%) from

the respective control levels in non stressed rats

1166 Pharmacological Reports, 2013, 65, 1163�1175

Fig. 1. Glucocorticoids (GR) and mineralocorticoids (MR) content in
prefrontal cortex (A), hippocampus (B) and hypothalamus (C) in rats
exposed to restraint stress (1´ RS) for 10 min. Rats were restrained in
metal tubes (for 10 min) and decapitated at the termination of re-
straint and 1, 2 and 3 h later. Data were assessed by one-way ANOVA
followed by Newman-Keuls Multiple Comparison test. Each point
represents the mean ± SEM of 8�10 rats per group; + p < 0.05, ++ p
< 0.01, +++ p < 0.001 vs. non-stressed control group. Right panels
show the representative immunoblots showing the expression of MR
and GR in prefrontal cortex



(Fig. 1A). In the hippocampus restraint for 10 min

significantly decreased GR protein level (31%) imme-

diately and 1 h after stress termination compared to

the respective control levels. By contrast, this stress

significantly increased MR level to a similar extent

(20–48%) in the whole post-stress period (Fig. 1B). In

the hypothalamus acute restraint stress slightly low-

ered GR protein level (up to 10%) during 3 h after

stress termination. By contrast, this restraint signifi-

cantly increased MR protein level in the whole post-

stress period to its highest value, (78%) over the ap-

propriate control level (Fig. 1C).

The above results indicate that acute restraint stress

induced distinct alterations in GR and MR protein

level in prefrontal cortex, hippocampus and hypo-

thalamus. In general, this stress decreased, to a differ-

ent extent, GR protein level in these brain structures.

In prefrontal cortex, the largest decrease of GR level

(60%) appeared 1 h after stress termination and 2 h

later (24%) compared to respective control level. In

the hippocampus, GR protein level was markedly di-

minished (30% at 0 and 1 h) after restraint session.

A minor decline of GR level, appeared in the hypo-

thalamus during 3 h after restraint termination (Fig.

2A). By contrast, acute restraint stress did not mark-

edly alter MR protein levels in prefrontal cortex and

significantly increased MR protein level in the hippo-

campus and hypothalamus by 47 and 73% at the

maximum, respectively, 3 h after cessation of stress

(Fig. 2B).

Prior repeated restraint alters the homotypic

stress-induced GR and MR levels in brain

structures

In this part of experiment, we investigated the effect

of prior repeated restraint for 10 min two times a day

during 3, 7 and 14 days on the homotypic stress ap-

plied 24 h after the last restraint on GR and MR pro-

tein level changes in brain structures. In restraint

stress for 10 min-induced levels of GR and MR in rats

prior not restrained and restrained for 10 min were

compared in each of the time points, 0, 1, 2, and 3 h in

post-stress period. In prefrontal cortex, restraint stress

alone 1 h after termination induced the strongest de-

crease in GR protein level (by 60%) compared to con-

trol level in non-stressed rats. By contrast, prior re-

peated restraint for 3 days considerably reversed the

acute stress-induced fall of GR level 1 h after its ter-

mination from 60% to a strong increase (+87%) and

moderately intensified its increase 2 h later (Fig. 3A).

Prior restraint stress for 7 days markedly lowered GR

protein level induced by successive homotypic stress

in prefrontal cortex after stress termination, (by

21–24%) compared to the levels in a parallel control

prior non-stressed group. Repeated stress for 7 days

abolished both a significant decrease in GR protein

level after restraint stress alone, and strong reciprocal

increase in GR level present after prior stress for

3 days in the first post-stress period. Repeated stress

for 14 days reduced the time corresponding fall in GR

protein level induced by stress alone in the first post-

stress period and significantly decreased the homo-

typic stress-induced diminution of (56–52%) GR pro-

tein level (Fig. 3A). In prefrontal cortex, MR protein

level was not substantially altered by restraint stress

alone 0–3 h after its termination. Prior repeated re-
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Fig. 2. Effect of prior restraint stress for 10 min (1´ RS) on GR (A) and
MR (B) content in prefrontal cortex, hippocampus and hypothala-
mus. For other details see legend to Figure 1



straint for 3 days significantly increased the homo-

typic stress-induced MR level immediately after

stress termination (by 51%) and to a lower extent

2 and 3 h, respectively. Repeated restraint for 7 days

did not substantially alter the homotypic stress-

induced MR protein level in prefrontal cortex during

3 h post-stress period. Prolonged restraint for 14 days,

moderately increased the followed homotypic stress-

induced MR protein level in prefrontal cortex

(12–23%) compared with parallel control non repeat-

edly restrained rats (Fig. 3B). In the hippocampus, re-

straint for 10 min alone significantly lowered the GR

protein levels 0–1 h after stress termination (31%)

compared to the corresponding resting level in non-

stressed rats. Prior repeated restraint for 3 days in-

duced a significant and persistent increase of GR pro-

tein level induced by subsequent homotypic restraint

stress 1–3 h after its termination (by 39–78%) above

control level. Prior stress for 7 days did not markedly

alter the restraint stress alone-induced decrease in GR

protein level, 2 h after cessation of restraint and

blunted this decrease 1 h later. Repeated restraint for

14 days almost totally abolished the subsequent ho-

1168 Pharmacological Reports, 2013, 65, 1163�1175

Fig. 3. Comparison of the influence of restraint stress for 10 min
alone, restraint for 10 min two times per day for 3 days and 1´RS, re-
straint for 10 min two times per day for 7 days and 1´ RS, restraint for
10 min two times per day for 14 days and 1´ RS on GR (A) and MR
(B) content in prefrontal cortex. Rats were restrained in metal tubes
(for 10 min) and decapitated at the termination of restraint and 1, 2
and 3 h later. Data were assessed by one-way ANOVA followed by
Newman-Keuls Multiple Comparison test. Each point represents the
mean ± SEM of 8-10 rats per group; + p < 0.05, ++ p < 0.01, +++ p <
0.001 vs. non-stressed control group, * p < 0.05, ** p < 0.01, *** p <
0.001 vs. group restrained for 10 min at 0, 1, 2 and 3 h, respectively

Fig. 4. Comparison of the influence of restraint stress for 10 min
alone, restraint for 10 min two times per day for 3 days and 1´ RS, re-
straint for 10 min two times per day for 7 days and 1´ RS, restraint for
10 min two times per day for 14 days and 1´ RS on GR (A) and MR
(B) content in hippocampus. For other details see legend to Figure 3



motypic stress-induced marked decrease in GR level

in the hippocampus (Fig. 4A). Restraint stress alone

significantly increased MR protein level in the hippo-

campus , to the highest level (+60%) immediately af-

ter stress termination, which gradually declined (to

20%) 3 h later. Prior restraint for 3 days reversed the

homotypic stress-induced increase in MR protein

level by about 20% below its resting level. In rats

stressed for 7 days, acute restraint for 10 min induced

persistent decrease in MR protein level (11–46%) be-

low the respective control level in the post-stress pe-

riod. Prolonged restraint for 14 days induced also sig-

nificant but weaker decrease in MR protein level

compared to that exerted by prior restraint for 7 days

(Fig. 4B). In the hypothalamus, restraint alone did not

alter GR protein level compared with respective value

in control non-stressed rats. Also prior repeated re-

straint for 3 or 7 days did not substantially affect GR

protein level induced by homotypic stress alone. Re-

peated restraint for 14 days markedly increased hypo-

thalamic GR level at the cessation of restraint (32%)

which progressively declined 2–3 h later, (26 and

45%, p < 0.01, respectively) below appropriate con-

trol level (Fig. 5A). In contrast to a lack of effect of

acute stress alone on GR protein level in the hypo-

thalamus, this stress induced significant increase in

MR levels in the whole post-stress period most pro-

nounced (73%) 1 h after stress termination. This ho-

mologous stress applied to prior stressed rats for 3

days induced a significant decrease in the hypotha-

lamic MR level, up to 45% 1 h after stress termination

which gradually vanished in the latter post-stress pe-

riod. Repeated restraint for 7 days resulted in a mod-

erate increase of MR protein level which then signifi-

cantly declined, compared to corresponding levels in

non-stressed rats. Prior restraint for 14 days induced

significant decline in MR protein level 1 h after fur-

ther homotypic stress, which markedly increased in

the later post-stress period (Fig. 5B).

Repeated restraint stress-induced alterations

in plasma ACTH and corticosterone responses

to homotypic stress

Immediately after termination of restraint stress for

10 min, plasma ACTH level considerably rose to five-

fold of basal value, sharply diminished to 200% 1 h

later and returned to the basal level 2 h after stress ter-

mination (Fig. 6). Prior repeated restraint 2 × 10 min

daily for 3 days markedly diminished plasma ACTH

response to homotypic stress (18–29%) immediately

and 1 h after restraint termination and later it did not,

markedly differ from the corresponding level induced

by restraint stress in prior non-stressed rats (Fig. 7A).

Repeated restraint for 7 days markedly diminished the

homotypic stress-induced increase in plasma ACTH

immediately after stress termination (28%) and did

not alter this level 2–3 h later, compared to the respec-

tive values in prior non-stressed controls (Fig. 7B).

Repeated restraint for 14 days markedly diminished

(–35%) plasma ACTH response induced by followed

homotypic stress 1 h after its termination (Fig. 7C).

Restraint stress alone considerably increased plasma
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Fig. 5. Comparison of the influence of restraint stress for 10 min
alone, restraint for 10 min two times per day for 3 days and 1´ RS, re-
straint for 10 min two times per day for 7 days and 1´RS, restraint for
10 min two times per day for 14 days and 1´ RS on GR (A) and MR
(B) content in hypothalamus. For other details see legend to Figure 3



corticosterone level, 9 times of control immediately

after stress cessation (Fig. 6). This increase rapidly

declined 1 h later and reached control level 2 h after

restraint stress termination. Prior restraint for 3 days

markedly intensified (24%) the homotypic stress-

induced increase of plasma corticosterone level im-

mediately after stress termination and strongly low-

ered (–38%) that level 1 h later (Fig. 8A). Repeated

restraint for 7 days did not alter the homotypic stress-

induced increase in plasma corticosterone level im-

mediately after stress termination and significantly

(23%) decreased that level 1 h later (Fig. 8B). After

still longer repeated restraint for 14 days, homotypic

stress did not alter plasma corticosterone level imme-

diately after its termination but considerably dimin-

ished (35%) this level 1 h later (Fig. 8C).

Stress-induced alterations in plasma ACTH and

corticosterone and brain GC in brain structures

This series of experiment presents the changes in

plasma ACTH and corticosterone levels and GR and

MR protein levels in brain structures induced by acute

restraint stress for 10 min in rats. Acute restraint

stress alone for 10 min increased about ninefold

(916%) plasma corticosterone and over fivefold

(529%) ACTH levels immediately after stress termi-

1170 Pharmacological Reports, 2013, 65, 1163�1175

Fig. 7. Comparison of the influence of restraint for 10 min two times
per day for 3 days and 1´ RS (A), restraint for 10 min two times per
day for 7 days and 1´ RS (B), restraint for 10 min two times per day for
14 days and 1´ RS (C) on ACTH plasma level. For other details see
legend to Figure 1

Fig. 6. Effect of restraint stress for 10 min on ACTH and corticoster-
one plasma levels. Rats were restrained in metal tubes (for 10 min)
and decapitated at the termination of restraint and 1, 2, and 3 h later.
For other details see legend to Figure 1



nation compared to the levels in non-stressed con-

trols. After termination of restraint plasma ACTH

level returned faster to pre-stress values than corticos-

terone. In prefrontal cortex GR protein level signifi-

cantly decreased (60%) 1 h after stress termination in

a parallel manner with plasma ACTH and corticoster-

one levels. MR protein level remained at around sta-

ble level during post-stress period not different from

its resting level in non-stressed rats (Fig. 9A). In the

hippocampus, the significant decrease in GR levels

and similar increase in and MR protein level induced

by restraint alone were quite different from, and did

not correlate with a rapid decrease in plasma ACTH

and corticosterone levels in the first period after stress

(Fig. 9B). In the hypothalamus, restraint stress for

10 min induced significant increase in MR protein

level most pronounced 1 h after stress termination,

which was accompanied by a reciprocal sharp fall in

plasma ACTH and corticosterone levels. Acute stress

did not induce substantial changes in hypothalamic

GR protein level. The changes in hypothalamic corti-

costeroid receptors levels were not correlated with the

rapid increase and fast fall in plasma ACTH and corticos-

terone levels induced by brief restraint stress (Fig. 9C).

Discussion

The present results indicate that acute restraint stress

for 10 min significantly altered GR and MR protein

levels in brain structures involved in regulation of

HPA axis activity in first 3 h after stress termination.

Both GR and MR receptors are present in prefrontal

cortex, hippocampus and hypothalamus in different

densities and are affected by psychogenic and physi-

cal stressors [16, 18, 26]. Acute or repeated restraint

applied in the present experiment is mainly a psycho-

logical stressor [14, 15, 35] in which a stress response

results from the situation rather than on evoked nox-

ious stimuli. In our experiment, brief restraint stress

decreased strongly GR protein level in prefrontal cor-

tex and hippocampus at the maximum 1 h after stress

cessation but did not alter this level in hypothalamus.

By contrast, acute restraint did not markedly affect the

MR protein level in prefrontal cortex but significantly

increased this level in hippocampus and hypothala-

mus compared with the corresponding resting levels

in non-stressed controls. Therefore, in these struc-
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Fig. 8. Comparison of the influence of restraint for 10 min two times
per day for 3 days and 1´ RS (A), restraint for 10 min two times per
day for 7 days and 1´ RS (B), restraint for 10 min two times per day for
14 days and 1´ RS (C) on corticosterone plasma level. For other de-
tails see legend to Figure 1



tures, acute restraint stress induced opposite altera-

tions, an increase in MR in the hypothalamus and hip-

pocampus and a decrease in GR protein level in pre-

frontal cortex and hippocampus. It was reported that

repeated stress or chronic GC administration down-

regulates GC receptors in the hippocampus but not the

hypothalamus or pituitary. Our results show that pre-

frontal cortex and hypothalamus are the brain struc-

tures with most pronounced dynamic changes in GC

receptor under acute restraint stress, though MR and

GR protein levels changed in opposite directions.

Corticosteroid hormones exert rapid non-genomic ef-

fects on neurons in the hypothalamus and the hippo-

campal CA1 region. High membrane corticosteroids

(CS) levels after beginning of stress increases hippo-

campal sensitivity also for other hormones. These non

genomic effects may participate in fast feedback ef-

fects of CS on brain MR and GR systems [9, 22]. Pre-

frontal cortex, due to extensive network that deliver

variety of information, is most sensitive to the detri-

mental effects of stress [1]. The prefrontal cortex can

mediate a stressor specific inhibitory action of HPA

axis. Our present results indicate that in the prefrontal

cortex repeated restraint for 3 days strongly reversed

(+80%) the significant fall (–60%) in GR protein level

evoked by homotypic stress compared to the levels in

prior non-stressed rats. Repeated stress for 7 days

moderately lowered GR level response and prior re-

straint for 14 days significantly decreased GR protein

level after homotypic stress termination compared to

the level induced by acute stress alone. In prefrontal

cortex, prior restraint stress for 3 days, significantly

increased MR protein levels immediately after homo-

typic stress termination. Prior stress for 7 days did not

substantially alter the homotypic stress-induced MR

level, and restraint for 14 days only moderately in-

creased the MR protein level. We found that in the

hippocampus restraint stress alone markedly dimin-

ished GR protein level but significantly increased MR

level compared to control level in non-stressed rats.

By contrast, prior repeated restraint stress for 3 days

significantly increased MR protein level after stress

termination. Repeated stress for 7 days markedly di-

minished the GR protein response induced by re-

straint stress alone and restraint for 14 days increased

GR protein level response to control level in non-

stressed rats. Acute stress-induced significant eleva-

tion of hippocampus MR level was moderately

down-regulated by prior repeated stress for 3, 7 and

14 days below the control level in non-stressed rats.
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Fig. 9. Comparison of the influence of restraint stress for 10 min on
GR and MR content in prefrontal cortex (A), hippocampus (B), hypo-
thalamus (C) and ACTH and corticosterone plasma levels. For other
details see legend to Figure 6
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Prolonged RS in male rats is known to decrease GC

receptor in the hippocampus CA1 area and dentate

gyrus [24]. In the hypothalamus, acute RS for 10 min

did not substantially change GR protein level but it

significantly augmented MR level compared to con-

trol rats. Prior restraint for 3 and 7 days did not

change the homotypic stress-induced glucocorticoids

levels and stress for 14 days significantly decreased

the homotypic stress-induced GR protein level. By

contrast, significant increase in MR protein level in-

duce by RS alone was reversed after prior stress for 3,

7 and 14 days.

Therefore, we observed distinct alterations in GR

and MR protein levels in brain structures induced by

acute brief RS alone, and preceded by repeated RS for

3, 7 and 14 days. In our experiment the hippocampus

appeared as most sensitive structure in which signifi-

cant persistent up-regulation of MR and down-

regulation of GR level appeared immediately after re-

straint termination. In prefrontal cortex, GR protein

level also sharply decreased in a parallel manner dur-

ing 1 h after stress termination, while MR protein

level remained at a stable level in 0–3 h after cessa-

tion of stress. In the hippocampus, restraint stress in-

duced a significant increase in MR protein level paral-

leled by significant decline in GR protein remained at

stable equal to control level.

Restraint stress induced a rapid and strong increase

in plasma ACTH and corticosterone levels which also

promptly decreased after stress termination. ACTH

reached its basal level 1 h and corticosterone in about

2 h after termination of restraint [3]. Plasma ACTH

level immediately after termination of homotypic

stress in rats prior exposed to restraint stress for 3, 7

and 14 days did not markedly differ from ACTH level

in prior non-stressed rats. Repeated stress for 3, 7 and

14 days significantly diminished the homotypic

stress-induced plasma corticosterone response in prior

non-stressed rats by 45, 75 and 15%, respectively. The

present results indicate that only in prefrontal cortex

the fast decrease of stress-induced high plasma ACTH

and corticosterone levels was accompanied by a par-

allel decline in GR protein level. The difference in

plasma ACTH and corticosterone responses to acute

stress may be related to the presence of GR receptors

in the rat adrenal cortex, which may directly affect

corticosterone secretion independent from the level of

ACTH stimulation in adrenal cortex [10]. The fall in

plasma hormone levels was not accompanied by any

similar changes in GR or MR protein levels in the hip-

pocampus or hypothalamus. Relatively weak effect of

prior chronic restraint stress on the homotypic stress-

induced HPA axis response in our present experiment

may suggest that stronger heterotypic stress, like

chronic unpredictable stress [5], would be able to in-

duce a more robust differences in the HPA axis activ-

ity. Prefrontal cortex is hypothesized to mediate

a stressor-specific inhibitory role of HPA function

[31]. MR plays an important role in constraining the

HPA axis response to RS in RS habituated rats. The

dependence of the HPA axis on MR-mediated corti-

costeroid negative feedback during acute stress may

be an important mechanism that helps minimize the

expression of stress habituation and minimize expo-

sure of target tissue to corticosteroids in the context of

repeated stress [6, 26, 34].

The present results suggest that the involvement of

glucocorticoid receptors in stress responses is differ-

ent and structure specific. The changes in these recep-

tors level in brain structures are generally not corre-

lated with HPA axis ACTH and corticosterone re-

sponses.
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