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Abstract

Mice exposed to chronic subordinate colony housing (CSC, 19 days), an established paradigm for chronic psychosocial
stress, show unaffected basal morning plasma corticosterone (CORT) concentrations, despite enlarged adrenal glands and
an increased CORT response to an acute heterotypic stressor. In the present study we investigate the mechanisms
underlying these phenomena at the level of the pituitary. We show that both basal and acute stressor-induced (forced swim
(FS), 6 min) plasma adrenocorticotropic hormone (ACTH) concentrations, the number of total and corticotroph pituitary
cells, and relative protein expression of pituitary mineralocorticoid receptor and FK506-binding protein 51 was increased in
CSC compared with single-housed control (SHC) mice, while relative corticotropin releasing hormone (CRH) receptor 1
(CRH-R1) and glucocorticoid receptor protein expression was down-regulated. Relative pituitary pro-opiomelanocortin and
arginine vasopressin (AVP) receptor 1b (AVPR-1b) protein expression, FS (6 min)-induced ACTH secretion in
dexamethasone-blocked mice, and the number of AVP positive magnocellular and parvocellular neurons in the
paraventricular hypothalamic nucleus (PVN) was unaffected following CSC. Taken together, the data of the present study
indicate that 19 days of CSC result in pituitary hyperactivity, under both basal and acute heterotypic stress conditions.
Although further studies have to assess this in detail, an increased number of pituitary corticotrophs together with
unaffected relative pituitary AVPR-1b and decreased CRH-R1 protein expression following CSC suggests that pituitary
hyperdrive is mediated by newly formed corticotrophs that are more sensitive to AVP than CRH. Moreover, our data indicate
that changes in PVN AVP and negative feedback inhibition seem not to play a major role in pituitary hyperactivity following

CSC.
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Introduction

The acute activation of the hypothalamus-pituitary-adrenal
(HPA) axis in response to stressful stimuli represents an important
mechanism to promote survival, whereas, in contrast, a prolonged
increase in plasma glucocorticoid (GC) concentrations has
deleterious consequences for an organism, amongst others
promoting intestinal and affective disorders (for review see
[1,2,3]). Therefore, it is beneficial for the long term health of an
individual to habituate possibly fast to a prolonged and not life
threatening homotypic stressor [4,5], and to be sensitized to
subsequent heterotypic and possibly dangerous challenges [6,7,8].
Although it is generally accepted that these habituation/sensitiza-
tion phenomena do not occur if the chronic stressor is of social
nature (for review see [9]), we just recently provided first evidence
that this holds not true for the chronic subordinate colony housing
(CSC, 19 days) paradigm, a pre-clinically validated chronic
psychosocial stress paradigm relevant for human affective and
somatic disorders [10,11]. CGSC compared with single-housed
control (SHC) mice show unaffected basal morning plasma
corticosterone (CORT) levels, despite significantly enlarged
adrenals [12], and a more pronounced CORT response to an
acute heterotypic stressor (elevated platform (EPF), 5 min).
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Interestingly, and this is in contrast to studies describing
habituation to the same (homotypic) stressor and sensitization to
a novel (heterotypic) stressor to be mediated mainly at the level of
the pituitary gland (for review see [13]), in CSC mice adrenal
mechanisms seem to play the major role. This was indicated by the
fact that SHC and CSC mice did not differ in plasma
adrenocorticotropic hormone (ACTH) concentrations 5 min after
EPF exposure [12]. However, as basal plasma ACTH concentra-
tions have never been assessed following CGSC and as pituitary
weight was increased in CSC compared with SHC mice 8 d after
termination of CSC exposure [14], it can’t be ruled out at this
stage that pituitary mechanisms are not at least partly involved in
the observed HPA axis adaptation/sensitization processes seen
following 19 days of CGSC exposure. To test this hypothesis was the
aim of the current study.

Pituitary ACTH production and release are influenced by
various stimuli, with the neuropeptides corticotropin releasing
hormone (CRH) and, to a lesser extent, arginine vasopressin
(AVP) from the hypothalamus representing the main ACTH
secretagogues (for review see [13,15]). CRH neurosecretory cells
are located in the dorsal medial parvocellular subdivision of the
paraventricular nucleus (PVN) of the hypothalamus, with about
50% of the cells coexpressing AVP [16,17]. The axons of these
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neurons project to the external zone of the median eminence from
where CRH and AVP are released into the pituitary portal
circulation in order to drive ACTH production/secretion in/from
pituitary corticotroph cells [18,19] upon binding to CRH receptor
1 (CRH-R1) or AVP receptor 1b (AVP-R1b), respectively. ACTH,
via the blood stream, subsequently reaches the adrenal cortex and
induces the production and secretion of GC (for review see [15])
which, in turn, bind to both mineralocorticoid receptors (MR) and
glucocorticoid receptors (GR) and mediate, amongst others, the
termination of the HPA axis stress response (for review see [20]).
The major sites for this GCG-mediated negative feedback inhibition
are the anterior pituitary gland [21], the hippocampus, and the
PVN [22,23,24]. Upon binding of GC to the cytoplasmic MR and
GR, these receptors translocate into the nucleus and either alter
the transcriptional activity of GC-responsive genes by binding to
specific promotor sequences (GC response elements) [25] or
interact with other transcription factors [26,27,28]. GR function-
ality/sensitivity is, amongst others, regulated by its bound
chaperones. The most prominent one is the heat shock protein
90 and its co-chaperone FK506-binding protein 51 (FKBP51) (for
review see [29]). An increase in FKBP51, induced by GC via an
ultra-short feedback loop, reduces sensitivity and in turn nuclear
translocation of the receptor (for review see [29]). At the level of
the pituitary, GC exert their negative feedback function by
repressing the gene encoding for pro-opiomelanocortin (POMC),
the precursor of ACTH [30], by directly inhibiting the release of
ACTH vesicles into the periphery [31,32] or by reducing CRH-
R1 binding [33].

Therefore, to test the hypothesis that pituitary mechanisms are
mvolved in the observed HPA axis adaptation/sensitization
processes seen following CSC exposure, in the present study we
examined (i) basal as well as acute stress-induced (forced swim (FS),
6 min) plasma ACTH concentrations, (ii) relative protein expres-
sion of pituitary POMC, (iii) pituitary weight and (iv) the number
of total and corticotroph pituitary cells following 19 d of CSC.
Moreover, we analyzed (v) relative pituitary CRH-R1 and AVP-
R1b protein expression and (vi) the number of AVP positive
magnocellular and parvocellular PVN neurons. Finally, to address
CSC-induced changes in the negative feedback function we
assessed pituitary (vii) GR and MR as well as (viii) FKBP51 relative
protein expression and (ix) the ability of dexamethasone (Dex) to
inhibit HPA axis activation [21] in response to an acute stressor

(FS, 6 min).

Materials and Methods

Ethics Statement

All experimental protocols were approved by the Committee on
Animal Health and Care of the local government, and conformed
to international guidelines on the ethical use of animals. All efforts
were made to minimize the number of animals used and their
suffering.

Animals

Male C57BL/6 mice (Charles River, Sulzfeld, Germany)
weighing 19-22 g (experimental mice) were individually housed
in standard polycarbonate mouse cages (16 x22x14 cm) for one
week before the CSC paradigm started. The male offspring
(weighing 30-35 g) of high anxiety-related behavior female mice
(kindly provided by Prof. Dr. R. Landgraf, Max Planck Institute of
Psychiatry in Munich) and C57BL/6 male mice (Charles River,
Sulzfeld, Germany) were used as dominant animals. All mice were
kept under standard laboratory conditions (12 h light/dark cycle,
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lights on at 0600 h, 22°C, 60% humidity) and had free access to
tap water and standard mouse diet.

Experimental procedures

All experimental mice were either chronically stressed by 19-day
exposure to the chronic subordinate colony housing (CSC)
paradigm or single-housed for control (SHC).

On day 20 of CSC 5 sets of SHC (n = 6-13) and CSC (n =6-20)
mice were decapitated between 0800 and 1000 h and the
pituitaries were removed for assessment of relative protein levels
of AVPR-1b and CRH-R1 (I* set), relative cytoplasmic protein
levels of MR, GR, POMC and FKBP31 (2™ sct), ACTH
Immunoreactivity (Srd set), overall pituitary cell number (4-th set),
and AVP immunoreactivity in the PVN (5th set). Plasma ACTH
concentrations and pituitary weight was assessed in all 5 sets of
SHC (n=42) and CGSC (n=61) mice. Another set of SHC (n=7)
and CSC (n = 6) animals was used to analyze plasma ACTH levels
following acute heterotypic stressor exposure (forced swim (FS),
6 min) on day 20 between 0700 and 0800 h. The last set of SHC
(n=11) and CSC (n = 12) mice was injected with either vehicle or
dexamethasone (Dex) prior to I'S (6 min) on day 20 to determine
whether CSC affects the i vivo feedback response.

Chronic subordinate colony housing (CSC)

The chronic subordinate colony housing (CSC) paradigm was
conducted as described previously [10,11,12,34,35,36,37]. Briefly,
four experimental CSC mice were housed together with a
dominant male mouse for 19 consecutive days, in order to induce
a chronic stressful situation. Before the CSC procedure, the future
dominant males were tested for their aggressive behavior. Males
that started to injure their opponents by harmful bites were not
used. To avoid habituation, each dominant male was replaced by
a novel dominant male at days 8 and 15. SHC mice remained
undisturbed in their home cage except for change of bedding once
a week. In a previous study we convincingly demonstrated that
single housing is the adequate control group for the CSC
paradigm, as group housing itself was shown to be stressful and
to affect parameters assessed routinely in studies employing the

CSC paradigm [36].

Trunk blood sampling

On day 20, SHC and CSC mice were rapidly killed by
decapitation under COy anaesthesia within 3 min after entering
the animal room between 0800 and 1000 h. Trunk blood was
collected in EDTA-coated tubes (Sarstedt, Niirnbrecht, Germany)
on ice and centrifuged at 4°C (5000 rpm, 10 min). Per mouse,
230-240 pul plasma were collected and stored at —20°C until
assayed.

Forced swim (FS) exposure

The FS exposure on day 20 was used as acute heterotypic
stressor in order to determine the acute plasma ACTH concen-
trations and was conducted as described previously [14]. Briefly,
the FS tank consisted of an open top cylinder (25 cm height,
13 cm diameter) filled with tap water (21=1°C) to a depth of
about 13 cm. Mice were immersed into the water tank for 6 min
and decapitated 10 min following termination of IS exposure
(under COy anaesthesia). Trunk blood was collected and stored as
described above. The water was changed after every animal.

ELISA for ACTH

Plasma samples (200 pl) were analyzed using a commercially
available ELISA kit for ACTH (analytical sensitivity 0.22 pg/ml,
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intra-assay and inter-assay coefficients of variation =7.1%, IBL
International, Hamburg, Germany).

Determination of pituitary weight and pituitary cell
number

After decapitation on day 20 the pituitary of each mouse was
removed and weighed. For determination of the pituitary cell
number, the whole pituitary was enzymatically digested in 2 ml
HBSS (Life Technologies, Inc., Grand Island, NY, USA)
containing Trypsin (Sigma, Deisenhofen, Germany) for 20 min
at 37°C (95% Os, 5% COy). Digestion was stopped by adding
HBSS containing 10% FCS. After two washing steps with HBSS,
the pituitary was triturated with a Pasteur pipette in 1 ml DMEM
(DMEM/F-12, Life Technologies, Inc., Grand Island, NY, USA).
After centrifugation (20°C, 10 min, 1500 rpm), cells were
resuspended in DMEM/F-12 and the number of isolated cells
per pituitary was assessed using a Cell Viability Analyzer (Vi-
Cell"™ XR, Beckman Coulter, Krefeld, Germany).

Western Blotting

Pituitaries were removed, weighed and immediately frozen in
liquid nitrogen and stored at -80°C until further preparation. For
the CRH-R1 and AVP-R1b, frozen pituitaries were homogenized
in ice-cold EDTA lysis buffer (0.5 mM EDTA, 250 mM NaCl,
50 mM HEPES, 0.5% Igepal, 10% complete mini protease
inhibitor (Roche Diagnostics GmbH, Mannheim Germany)). For
the cytoplasmic GR, MR, POMC and FKBP51, frozen pituitaries
were homogenized in S1 buffer (10 mM HEPES (pH 7.9), 10 mM
KCl, 1.5 mM MgCl,, 0.1 mM EDTA (pH 8)) supplemented with
0.5 mM dithiothreitol, 0.2 mM Na orthovanadate, 2 mM NaF
and complete mini protease inhibitor (Roche Diagnostics GmbH,
Mannheim, Germany). Total protein concentration was deter-
mined using a commercial kit (Bicinchoninic Acid Protein Assay
Kit, Thermo Scientific, Rockford, USA).

Western Blotting was performed as described previously
[11,12,38] using equal amounts of protein lysates (20 pg for
AVP-R1b, GR, MR, FKBP51 and POMC and 40 ug for CRH-
R1) and antibodies for AVP-R1b (1:400, Santa Cruz Biotechnol-
ogy, Inc., Heidelberg, Germany), CRH-R1 (1:200, Santa Cruz
Biotechnology, Inc., Heidelberg, Germany), GR (1:700, Santa
Cruz Biotechnology, Inc., Heidelberg, Germany), POMC (1:500,
Santa Cruz Biotechnology, Inc., Heidelberg, Germany), FKBP51
(1:500, Santa Cruz Biotechnology, Inc., Heidelberg, Germany)
and MR (1:200, Santa Cruz Biotechnology, Inc., Heidelberg,
Germany). After incubation with horseradish peroxidase (HRP)-
conjugated donkey anti-goat secondary antibody (1:1500 for AVP-
R1b, 1:8500 for CRH-RI1, 1:6000 for FKBP51, Santa Cruz
Biotechnology, Inc., Heidelberg, Germany) or HRP-conjugated
goat anti-rabbit antibody (1:5000 for GR, 1:1000 for POMC,
1:2000 for MR, Cell Signaling Technology, New England Biolabs
GmbH, Frankfurt am Main, Germany) immunoreactive bands
were visualized with a Molecular Imager® ChemiDoc™ XRS+
system (Bio-Rad Laboratories, Miinchen, Germany) using an
Enhanced chemiluminescent Western Blotting detection reagent
(GE Healtcare, Freiburg, Germany). Afterwards, each membrane
was stripped using Re-Blot Plus Mild Antibody Stripping Solution
(Millipore GmbH, Schwalbach, Germany) and probed with
primary rabbit anti-B-Tubulin antibody (1:1000, Cell Signaling
Technology, New England Biolabs GmbH, Frankfurt am Main,
Germany) as loading control for whole and cytoplasmic protein.
Semiquantitative densitometric analysis of the signals was
performed using Image Lab™ Software (Bio-Rad Laboratories,
Miinchen, Germany). CRH-R1 (~48 kDa), AVP-R1b (~45—
50 kDa), GR (~86 kDa), POMC (~27 kDa), FKBP51 (~51 kDa)
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and MR (~107 kDa) protein expression for each mouse was
normalized to B-Tubulin (~50 kDa) expression and averaged per
group. For the AVP-R1b two bands appear corresponding to the
glycosylated and unglycosylated form of the receptor [39,40],
whereby both forms were considered in the semiquantitative
densitometric analysis.

Dexamethasone suppression test (DST)

SHC and CSC mice received an ip injection of either water-
soluble dexamethasone phosphate (Dex, dexamethasone 21-
phosphate disodium salt, Sigma, Schnelldorf, Germany) solved
in sterile 0.9% saline (3 ug/100 g body weight in 100 ul) or 0.9%
saline (vehicle) between 0700 and 0800 h and afterwards were
returned to their home cage (SHC) or CSC cage, respectively. The
dose of Dex was chosen according to another study conducted in
mice [41]. Four hours following the injection, SHC and GSC were
subjected to an acute heterotypic stressor (IS, 6 min, conducted as
described above). 10 min following termination of FS exposure,
mice were decapitated and trunk blood was collected and stored
for the analysis of ACTH concentrations.

Cryo-sectioning of pituitary tissue

After removal on day 20 of CSC pituitaries were weighed and
embedded in protective freezing medium (Tissue-Tek, Sakura
Finetek Europe, Zoeterwoude, The Netherlands) and stored at
—80°C.. Subsequently, one series of five 5-pm cryo-sections was
cut using a cryostat (at -20°C) and then thaw-mounted onto pre-
coated slides (SuperFrost Plus, Menzel-Gliaser, Braunschweig,
Germany).

ACTH immunostaining in pituitary cryo-sections

Frozen sections were fixed with ice-cold acetone for 10 min, air-
dried for 20 min and washed 2 times with PBS for 10 min.
Immunohistochemical (IHC) slices were then blocked with PBS/
10% normal goat serum (NGS, Biozol Diagnostica, Eching,
Germany) for 20 min followed by incubation with rabbit anti-
ACTH antibody (1:200, Abcam, Cambridge, UK) in PBS/0.1%
NGS overnight at 4°C. After washing 3 times with PBS for 5 min,
IHC slices were incubated with the respective biotinylated anti-
rabbit secondary antibody (1:500, Vector Laboratories, Loerrach,
Germany) for 30 min at RT and afterwards washed 3 times with
PBS for 5 min. Respective positive cells were visualized by the use
of Vectastain ABC Kit followed by Vector NovaRed Substrate Kit
(Vector Laboratories, Loerrach, Germany). Finally, sections were
mounted with Vectashield Mounting Medium (Vector Laborato-
ries, Loerrach, Germany) and covered with a glass cover slip. Per
slide, the area positively stained for ACTH and the visible area of
the anterior pituitary were quantified in digitized images of three
to six sections using Leica QWin V3 (Leica Microsystems,
Wetzlar, Germany). Positively stained anterior pituitary tissue
was expressed in percent of total anterior pituitary tissue.
Furthermore, the number of ACTH positive pituitary cells [n]
was counted in the same three to six digitized images and averaged
per animal to provide individual means.

Cryo-sectioning of brain tissue

Immediately after decapitation the brains were collected and
mmmersed for 24 h in fixative consisting of 4% paraformaldehyde
in PBS (pH 7.4). Afterwards they were cryo-protected in 30%
sucrose in PBS, snap-frozen in isopentane and stored at —80°C.
Serial sections (20 um) containing the PVN, according to the
mouse brain atlas [42], were cut using a cryostat (at -20°C) for
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AVP immunostaining and put in PBS containing 0.01% sodium
azide for free floating staining.

AVP immunostaining in brain cryo-sections

Free floating sections were incubated in PBS containing 10%
NGS (Biozol Diagnostica, Eching, Germany) and 0.3% Triton-X
(PBS/Triton) for 2 h at RT to block unspecific binding. This was
followed by incubation with primary antibody against AVP (1:400,
p41 mouse monoclonal, which was a generous gift of Dr. Gainer,
NIH, USA) in PBS/Triton/1% NGS overnight at 4°C. After-
wards, sections were washed 3 times in PBS/Triton for 5 min and
incubated with the respective biotinylated goat anti-mouse
antibody (1:300, Vector Laboratories, Loerrach, Germany) for
2 h at RT and washed again 2 times with PBS/Triton for 5 min.
Respective positive cells were visualized by the use of a Vectastain
ABC Kit followed by DAB Peroxidase Substrate Kit (Vector
Laboratories, Loerrach, Germany). Finally, the free floating
sections were put on pre-coated slides (SuperFrost Plus, Menzel-
Glaser, Braunschweig, Germany), mounted with Vectashield
Mounting Medium (Vector Laboratories, Loerrach, Germany)
and covered with a glass cover slip. Counting of positive cells was
performed in digitized images using Leica QWin V3 (Leica
Microsystems, Wetzlar, Germany). Parvocellular neurons in the
PVN were differentiated histologically from magnocellular neu-
rons according to their smaller size and their lower level of AVP
expression [43]. According to the literature [44], the size of
magnocellular neurons was approximately set to >14 um and for
parvocellular neurons <14 um. For each animal, five to six
sections, containing the regions rostral, rostral-medial, medial-
caudal and caudal, were counted bilaterally. Numbers of
parvocellular and magnocellular AVP positive neurons were
counted within each region (1-2 sections per region) of the PVN
and the average value for each mouse was calculated to provide
individual means. Omission of the primary antibody resulted in no
immunoreactivity, confirming specificity of the antibody used. The
characteristics of the AVP antibody are further described in the
original publication [45].

Statistics

For statistical comparisons, the software package SPSS statistics
(version 19.0) was used. Data of two experimental groups (SHC
versus CSC) were analyzed using the parametric Student’s ttest.
The number of AVP positive neurons (factor region and factor
CSC) and plasma ACTH levels following DST (factor CSC and
factor stimulus) were compared using a two-way ANOVA
followed by Bonferroni pairwise comparisons when appropriate.
Data represent the mean + SEM. The level of significance was set
at P<0.05.

Results

CSC increases basal and FS-induced plasma ACTH
concentrations

Compared with SHC mice, basal morning plasma ACTH
concentrations were significantly increased in CSC  mice
(P=0.001; Fig. 1A), as were plasma ACTH concentrations
10 min following termination of FS exposure (6 min) (P=0.030;
Fig. 1B).

CSC increases absolute pituitary weight as well as total

and corticotroph pituitary cell number
Absolute pituitary weight (P=0.001, Fig. 2A), the number of
isolated pituitary cells (P=0.030; Fig. 2B), the percentage (in
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Figure 1. Effects of CSC on the basal morning and forced swim
(FS)-induced plasma ACTH concentrations in trunk blood.
Following decapitation on day 20 of CSC between 0800 and 1000 h,
basal morning plasma ACTH [pg/ml] concentrations were determined in
trunk blood of SHC (n=42) and CSC (n=61) mice (A). Another set of
SHC (n=7) and CSC (n=6) mice was exposed to 6 min forced swim (FS)
on day 20 of CSC and decapitated 10 min following FS exposure
whereby trunk blood was collected for determination of plasma ACTH
[pg/ml] concentrations (B). Grey bars represent SHC, black bars CSC
mice. Data represent the mean + SEM. * represent P<<0.05, ** represent
P<0.01 vs. respective SHC mice.
doi:10.1371/journal.pone.0084161.9001

relation to anterior pituitary tissue) of ACTH positive tissue
(P=0.019; IFig. 2C/E), as well as the number of ACTH positive
corticotroph cells (P=0.009; Fig. 2D/E) was significantly
increased in GSC compared with SHC mice.

CSC does neither affect POMC nor AVP-R1b, but
decreases CRH-R1 relative protein expression in the
pituitary

Statistical analysis revealed no differences between CGSC and
SHC mice regarding POMC (Fig. 3A/B) and pituitary AVP-R1b
(Fig. 3E/F) relative protein expression. However, relative pituitary

CRH-R1 protein expression was significantly reduced in CSC
compared with SHC mice (P=0.029; Fig. 3C/D).

CSC does not affect the number of AVP positive neurons
in the PVN

Two-way ANOVA considering the factors region (rostral,
rostral-medial, medial-caudal, caudal) as well as CSC only
revealed significant effects for factor region in parvocellular
(F155=19.886; P<0.001; Fig. 4A) and magnocellular
(F1,55=64.861; P<0.001; Fig. 4B) AVP positive neurons. In
detail, the number of AVP positive parvocellular and magnocel-
lular neurons was significantly increased within the rostral-medial
part of the PVN compared to the rostral (parvocellular: P=0.037;
magnocellular: P<<0.001), medial-caudal (parvocellular: P=0.008;
magnocellular: P<<0.001) and caudal part (parvocellular and
magnocellular: P<0.001).

CSC decreases GR and increases MR relative protein

expression in the pituitary

Statistical analysis revealed that under basal conditions relative
cytoplasmic GR protein expression (P=0.011; Fig. 5A/B) was
decreased while respective MR expression (P=0.014; Fig. 5C/D)
was increased in CSC compared with SHC mice.
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Figure 2. Effects of CSC on pituitary weight, pituitary cell number and the number of ACTH positive cells. Following decapitation on
day 20 of CSC the pituitaries of SHC (n=42) and CSC (n=61) mice were removed and absolute pituitary weight [mg] was determined (A). The
pituitary cells of one set of SHC (n=6) and CSC (n=14) mice were isolated and subsequently quantified (per ml) by means of a Cell Viability Analyzer
(B). Pituitaries from another set of SHC (n=6) and CSC (n=6) mice were cut on a cryostat and subsequently one series of cry-sections was stained
with an antibody against ACTH. Per animal, three to six different sections were analyzed and averaged for the percentage of ACTH positive anterior
pituitary tissue in relation to the total anterior pituitary tissue (C). Moreover, the number of ACTH positive pituitary cells [n] was counted in the same
three to six digitized images and averaged per animal to provide individual means (D). Grey bars represent SHC, black bars CSC mice. Data represent
the mean + SEM. * represent P<<0.05, ** represent P<<0.01 vs. respective SHC mice. (E) Representative images of cryo-sections stained with antibody
against ACTH showing anterior and intermediate pituitary.

doi:10.1371/journal.pone.0084161.g002

CSC increases plasma ACTH response to FS exposure in gland. In detail, CSC results in pituitary hyperactivity, under both
vehicle-injected but not in Dex-blocked mice basal and acute heterotypic stress conditions, mediated most likely

Plasma ACTH release during FS was dependent on both factor by corticotroph cell hyperplasia and, thus, the increased availabil-
CSC (F.40=7.18; P=0.010) and factor treatment (F, 4o =29.74; ity of fully functional - relative pituitary POMC protein expression
P<0.001; Fig. 6). In detail, ACTH response to FS was increased in was C(.)mpa.ral?le between GSC and SHC - ACTH producing al_ld
vehicle-injected CSC  compared with respective SHC mice secreting pituitary cells. Although further studies have to clarify
(P=0.002), an effect that was absent in Dex-blocked mice. this in detail, unaffected relative pituitary AVPR-1b and decreased
Moreover, FS-induced ACTH release was significantly lower in CRH-R1 protein expression in this context imply that these newly

Dex-blocked SHC (P=0.018) and CSC (P<0.001) mice compared formed corticotrophs are shifted in their sensitivity from CRH to
AVP, providing support for the idea that during conditions of

prolonged/chronic stress AVP becomes the main pituitary ACTH
secretagogue. However, as the number of AVP positive parvocel-
lular PVN neurons was comparable between CSC and SHC mice,
an increased PVN AVP output — as suggested by other studies
dealing with repeated/chronic stressor exposure — seems not to
further promote pituitary AVP stimulation and, thus, to contribute

with respective vehicle-injected mice.

CSC increases relative FKBP51 protein expression in the
pituitary

Relative pituitary FKBP51 protein expression was significantly
increased in CSC compared with SHC mice (P=0.006; Fig. 7A/

B). to the increased ACTH drive in CSC mice. Moreover, the
. . contributing role of changes in the negative feedback inhibition to
Discussion the increased basal and stress-induced ACTH secretion in CGSC

mice seems to be negligible, at least at the level of the pituitary, as
DST indicated a fully functional feedback system. The latter
finding clearly indicates that a decrease in pituitary cytoplasmic

In the present study we reveal, and this is in accordance with
our initial hypothesis, that CSC not only affects the adrenals but
also causes alterations at higher HPA axis levels, i.e. the pituitary
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Figure 3. Effects of CSC on relative POMC, CRH-R1 and AVP-
R1b protein expression in the pituitary. Following decapitation on
day 20 pituitaries of both SHC and CSC mice were removed. Afterwards,
protein was extracted from the pituitaries either for determination of
relative POMC (SHC: n=13, CSC: n=13; A), CRH-R1 (SHC: n=9, CSC:
n=12; C), and AVPR-1b (SHC: n=8, CSC: n=20; E) protein expression
[grey density], all normalized to the loading control B-Tubulin. Grey bars
represent SHC, black bars CSC mice. Data represent the mean + SEM.
*represents P<<0.05 vs. respective SHC mice. Representative images of
bands detected for POMC (~27 kDa; B), CRH-R1 (~48 kDa; D) and AVP-
R1b (~45-50 kDa; F) and respective loading control B-Tubulin
(~50 kDa; B/D/F) are shown for SHC and CSC mice.
doi:10.1371/journal.pone.0084161.g003

GR protein expression cannot generally be interpreted as
impairment of negative feedback function, a finding per se of
significance for the field of stress research.

19 days of CSC exposure in the present study resulted in
increased basal plasma morning ACTH concentrations, even
though previous studies reported comparable plasma CORT
concentrations between CSC and SHC mice at that time of the
day [10,12]. Together with the decreased i vitro adrenal ACTH
responsiveness in CSC mice [10,12], this clearly supports the idea
of a developing adrenal ACTH insensitivity during/following
CSC; probably to prevent basal hypercorticism as a consequence
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of the CSC-induced increase in adrenal mass [10,11] and basal
plasma ACTH concentrations.

As this increased basal ACTH drive following CSC is in
contrast to the desensitization of the ACTH response described
during repeated homotypic stressor exposures, like e.g. repeated
immobilization [6,46], the mechanisms underlying this phenom-
enon were in the focus of the present study. Interestingly, exposure
to a subsequent heterotypic stressor, i.e. 6-min of FS, in CSC
compared with SHC mice resulted in an exaggerated ACTH
response, suggesting not only pituitary hyper-activity, but also
hyper-reactivity. This facilitated response to a novel heterotypic
challenge following chronic stressor exposure is in line with other
studies [6,47] but in contrast to own recent data showing similar
ACTH levels in SHC and CSC mice 5 min following termination
of a 5-min EPF exposure [12]. The most likely explanation for this
discrepancy simply lies in the experimental design and the
intensity of the acute stressor applied. In contrast to the present
study where 10 min elapsed between acute stressor termination
and killing, CSC and SHC mice in the Uschold-Schmidt study
(2012) were killed only 5 min after heterotypic stressor exposure.
Moreover, given that in CGSC mice plasma ACTH levels were
about 10-fold higher following FS (~300 pg/ml) than EPF
(~25 pg/ml) exposure, FS in the present study represents a much
more severe acute heterotypic challenge than EPF. The latter
might be due to the fact that EPF exposure represents an
exclusively emotional stressor, while IS exposure additionally
holds a strong physical component [48]. Thus, it is likely that an
increased ACTH response to acute heterotypic stressors following
CSC needs a certain time and/or stressor severity to develop. In
general this supports the idea that the process of HPA axis
adaptation during CSC is mainly achieved at the level of the
adrenal gland [12], whereas adrenal [11,12] and pituitary
mechanisms are combined to realize the concept of HPA axis
sensitization to acute heterotypic stressors in CSC mice.

As main factor contributing to the increased pituitary activity/
re-activity following CSC, we in the present study identified
pituitary enlargement, paralleled by an increased number of
overall and, most importantly, corticotroph pituitary cells. The
latter was indicated by an increased percentage of ACTH positive
pituitary tissue as well as number of ACTH positive cells in the
anterior pituitary of CGSC compared with SHC mice. Cortico-
trophs represent one out of five major cell types in the anterior
pituitary (corticotrophs, thyrotropes, gonadotropes, somatotropes
and lactotropes) (for review see [49]), characterized by the
production and secretion of ACTH. Pituitary hyperplasia on day
20 of CSC, as seen in the present study, is in line with an elevated
pituitary weight previously described 8 days after termination of
CSC exposure [14], indicating that GSC-induced changes in HPA
axis parameters are reliable and long lasting. Importantly, an
unaffected relative pituitary protein expression of POMC — the
precursor molecule of ACTH - together with an increased number
of corticotrophs indicates that newly formed corticotrophs during
CSC are fully functional and, thus, allow a CSC mouse to overall
produce and secrete increased amounts of ACTH. To investigate
whether increased pituitary activity/re-activity following CSC is
additionally driven by an increased stimulatory input from the
PVN, we, in a next step, quantified relative pituitary protein
expression of the two main ACTH secretagogue receptors, namely
AVPR-1b and CRH-R1. As relative AVPR-1b protein expression
was unaffected and CRH-R1 protein expression even decreased in
CSC compared with SHC pituitaries, an increased secretagogue
receptor-mediated pituitary input, at least at the first glance, seems
not to play a major role in increased pituitary drive following CSC
exposure. However, when considering that the number of
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Figure 4. Effects of CSC on the number of AVP positive neurons in the PVN. Following decapitation on day 20 of CSC brains were removed
and immersed in fixative. One series of cryo-sections (5-7 sections per animal), containing the regions rostral, rostral-medial, medial-caudal and
caudal was stained for AVP employing a free-floating approach. Number of parvocellular (A) and magnocellular (B) AVP positive neurons were
counted within each region (1-2 sections per region) of the PVN and averaged per animal for SHC (n=8 per region) and CSC (n=7-8 per region).
Grey bars represent SHC, black bars CSC mice. Data represent the mean + SEM. ¥ represent P<0.05, ™ represent P<0.01, ¥ represent P<<0.001 vs.
rostral-medial region. (C) Representative image of cryo-section stained for AVP in the PVN (magnification: 5x; scale bar 50 um). (D) Higher
magnification (400x) of the magnocellular (black arrow) and parvocellular (white arrow) AVP positive neurons depicted in the white frame of

Figure 4C (scale bar 20 um).
doi:10.1371/journal.pone.0084161.g004

corticotrophs was increased in GSC compared with SHC mice
these relative protein expression data suggest that newly formed
corticotrophs during CSC only express the AVPR-1b and not the
CRH-RI and, thus, are shifted in their sensitivity from CRH to
AVP. Although, this would be in accordance to studies suggesting
AVP to become an important ACTH secretagogue during
conditions of prolonged/chronic stress [43], conclusive insight
needs to be revealed in future studies quantifying for instance
ACTH release during m vitro pituitary stimulation with different
doses of CRH, AVP and a combination of both as well as
coexpression of proliferation markers with ACTH, AVPR-1b, and
CRH-R1 protein employing immunohistochemistry.

An increased pituitary input might also be due to an
exaggerated ACTH secretagogue production in the PVN. Based
on our above discussed pituitary protein findings we in the present
study quantified the number of AVP positive neurons in the PVN
of CSC and SHC mice employing immunohistochemistry and

PLOS ONE | www.plosone.org

differentiating between magnocellular and parvocellular neurons
according to their staining intensity, size, and localization within
the PVN [43,44]. Support for this approach was also provided by
the down-regulated AVP mRINA expression that we previously
reported in the PVN of GSC compared with SHC mice [34].
Decreased mRNA levels, at least in the supraoptic nucleus, have
been interpreted to represent an increased mRNA turn over and,
thus, to indicate increased AVP protein synthesis [50]. However,
comparable numbers of magno- and parvocellular AVP contain-
ing PVN neurons between CSC and SHC mice suggested that at
least the PVN AVP system is not further - in addition to possible
AVPR-1b-mediated effects - promoting pituitary AVP stimulation
and, thus, contributing to the increased ACTH drive in CSC mice.
Importantly, our finding of magnocellular and parvocellular AVP
neurons being localized mainly in the mid part of the PVN is in
accordance to what is described in another study in mice [44],
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Figure 5. Effects of CSC on relative GR and MR protein
expression in the pituitary. Following decapitation on day 20
pituitaries were removed and protein was extracted from the pituitaries
of SHC (GR: n=11; MR: n=8) and CSC (GR: n=10; MR: n=7) mice for
determination of relative GR and MR protein expression [grey density]
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P<0.05 vs. respective SHC mice. Representative images of bands
detected for GR (~86 kDa; B) or MR (~107 kDa; D) and respective
loading control B-Tubulin (~50 kDa; B/D) are shown for SHC and CSC
mice.

doi:10.1371/journal.pone.0084161.9005

supporting our experimental approach and the way we quantified
AVP positive PVN neurons.

As increased basal and acute stress-induced ACTH concentra-
tions in CSC mice might be mediated, or at least exaggerated, by a
decreased negative feedback inhibition, another aim of this study
was to assess GR expression at the level of the pituitary and Dex
suppression during acute heterotypic stressor exposure. Interest-
ingly, and in line with this hypothesis, an increased pituitary
weight in patients with depression and psychosis [51,52] is often
associated with a decreased negative feedback inhibition (for
review see [53,54]). Alterations in the negative feedback function
following 19 days of CSC exposure are further not unlikely as
former studies revealed a decreased GC sensitivity in both
splenocytes [10] and T helper 2 cells from peripheral lymph
nodes [35] of CSC compared with SHC mice. However, although
a down-regulated relative pituitary GR protein expression in CSC
compared with SHC mice at the first glance supports a
compromised feedback function, performance of the DST
following CSC clearly indicated that under  vivo conditions the
negative feedback function is, if at all, increased following CSC.
The latter was indicated by a comparable or even increased Dex
suppression of acute stressor (10 min after a 6-min IS exposure)-
induced ACTH release in CSC compared with SHC mice. In
detail, while vehicle-injected CSC mice showed increased plasma
ACTH levels following I'S compared with respective SHC mice —
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Figure 6. Effects of CSC on the plasma ACTH concentrations in
trunk blood following DST. On day 20 of CSC, between 0700 and
0800 h, SHC and CSC mice were injected with vehicle or Dex (30 pg/kg,
ip). Four hours later all animals were exposed to forced swim (FS) for
6 min. 10 min after termination of the acute stressor exposure all mice
were decapitated and trunk blood was collected for determination of
plasma ACTH [pg/ml] (SHC: n=11; CSC: n=12). Grey bars represent
SHC, black bars CSC mice. Data represent the mean + SEM. ** represent
P<0.01 vs. respective SHC mice; # represent P<<0.05, ##+# represent
P<0.001 vs. respective vehicle group.
doi:10.1371/journal.pone.0084161.9g006

an effect that is in line with our data obtained in respective un-
injected mice (see Fig. 1) - Dex treatment reduced the plasma
ACTH response to I'S in SHC and, to an even larger extent, in
CSC mice.

Interestingly, an increased GR sensitivity and/or GR nuclear
translocation in CSC compared with SHC mice - suggested by the
lower relative cytoplasmic pituitary GR protein expression but
unaffected Dex suppression - is supported by an elevated relative
pituitary FKBP51 protein expression following CSC. FKBP51
expression is induced by GC via an ultra-short feedback loop (for
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Figure 7. Effects of CSC on relative FKBP51 protein expression
in the pituitary. Following decapitation on day 20 of CSC pituitaries of
both SHC (n=13) and CSC (n=13) mice were removed for protein
extraction and subsequent determination of relative FKBP51 protein
expression [grey density] normalized to the loading control B-Tubulin
(A). Grey bars represent SHC, black bars CSC mice. Data represent the
mean + SEM. ** represents P<<0.01 vs. respective SHC mice. (B)
Representative images of bands detected for FKBP51 (~51 kDa) and
the loading control B-Tubulin (~50 kDa) are shown for SHC and CSC
mice.

doi:10.1371/journal.pone.0084161.g007
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review see [29]) and, thus, can be interpreted as marker for the
potential of GC to bind to GR, subsequent GR translocation, and
DNA binding. However, given that FKBP51 reduces sensitivity
and in turn nuclear translocation of GR (for review see [29]) it
might also be interpreted as additional indication for a reduced
GR signaling, in line with the reduced GR protein expression [55].
Moreover, in mice overexpressing MR in the hippocampus it was
shown, that at least under stressful conditions, MR can partly
reconstitute negative feedback under GR deficiency [56]. As the
pituitary also expresses both, GR and MR [57,58,59], we finally
analyzed pituitary relative cytoplasmic MR protein expression and
found it increased in CSC compared with SHC mice. However,
whether in CGSC mice the decreased relative cytoplasmic GR
expression is compensated by an increased GR translocation or by
the presence of increased MR has to be addressed in detail in
further studies.

Taken together, in the present study we show that 19 days of
CSC result in pituitary hyperactivity, under both basal and acute
heterotypic stress conditions, mediated most likely by corticotroph
cell hyperplasia and, thus, the increased availability of fully
functional ACTH producing and secreting pituitary cells. Unaf-
fected relative pituitary AVPR-1b and decreased CRH-R1 protein
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expression following CSC further suggests that these newly formed
corticotrophs are more sensitive to AVP than CRH. Moreover our
data support the idea that an increased stimulatory PVN AVP
output as well as a decreased negative feedback inhibition do not
play a major role in pituitary hyperactivity following CSC
exposure. Together with previous findings, the process of HPA
axis adaptation during CGSC seems to be mainly achieved at the
level of the adrenal gland, whereas adrenal and pituitary
mechanisms act synergistically to realize the concept of HPA axis
sensitization to acute heterotypic stressors.

Acknowledgments

The authors are grateful to N. Grunwald, N. Uschold-Schmidt, S. Peters,
C. Stangl and V. Kufner for excellent technical and experimental
assistance.

Author Contributions

Conceived and designed the experiments: AF SR. Performed the
experiments: AF DL SR. Analyzed the data: AF DL. Contributed
reagents/materials/analysis tools: AF DL SR. Wrote the paper: AF SR.

19. Gillies GE, Linton EA, Lowry PJ (1982) Corticotropin releasing activity of the
new CRF is potentiated several times by vasopressin. Nature 299: 355-357.

20. De Kloet ER, Vreugdenhil E, Oitzl MS, Joels M (1998) Brain corticosteroid
receptor balance in health and disease. Endocr Rev 19: 269-301.

21. Miller AH, Spencer RL, Pulera M, Kang S, McEwen BS, et al. (1992) Adrenal
steroid receptor activation in rat brain and pituitary following dexamethasone:
implications for the dexamethasone suppression test. Biol Psychiatry 32: 850
869.

22. Kovacs KJ, Makara GB (1988) Corticosterone and dexamethasone act at
different brain sites to inhibit adrenalectomy-induced adrenocorticotropin
hypersecretion. Brain Res 474: 205-210.

23. Feldman S, Weidenfeld J (1999) Glucocorticoid receptor antagonists in the
hippocampus modify the negative feedback following neural stimuli. Brain Res
821: 33-37.

24. Weiser MJ, Osterlund C, Spencer RL (2011) Inhibitory effects of corticosterone
in the hypothalamic paraventricular nucleus (PVN) on stress-induced adreno-
corticotrophic hormone secretion and gene expression in the PVN and anterior
pituitary. J Neuroendocrinol 23: 1231-1240.

25. Datson NA, van der Perk J, de Kloet ER, Vreugdenhil E (2001) Identification of
corticosteroid-responsive genes in rat hippocampus using serial analysis of gene
expression. Eur J Neurosci 14: 675-689.

26. Nissen RM, Yamamoto KR (2000) The glucocorticoid receptor inhibits
NFkappaB by interfering with serine-2 phosphorylation of the RNA polymerase
II carboxy-terminal domain. Genes Dev 14: 2314-2329.

27. Jonat G, Rahmsdorf HJ, Park KK, Cato AC, Gebel S, et al. (1990) Antitumor
promotion and antiinflammation: down-modulation of AP-1 (Fos/Jun) activity
by glucocorticoid hormone. Cell 62: 1189-1204.

28. Diamond MI, Miner JN, Yoshinaga SK, Yamamoto KR (1990) Transcription
factor interactions: selectors of positive or negative regulation from a single DNA
element. Science 249: 1266-1272.

29. Binder EB (2009) The role of FKBP5, a co-chaperone of the glucocorticoid
receptor in the pathogenesis and therapy of affective and anxiety disorders.
Psychoneuroendocrinology 34 Suppl 1: S186-195.

30. Drouin J, Sun YL, Chamberland M, Gauthier Y, De Lean A, et al. (1993) Novel
glucocorticoid receptor complex with DNA element of the hormone-repressed
POMC gene. Embo J 12: 145-156.

31. Sakakura M, Yoshioka M, Kobayashi M (1982) ACTH content in the anterior
pituitary after the infusion of various doses of corticosterone and dexamethasone
in normal and adrenalectomized rats. Tohoku J Exp Med 137: 191-198.

32. John C, Cover P, Solito E, Morris J, Christian H, et al. (2002) Annexin 1-
dependent actions of glucocorticoids in the anterior pituitary gland: roles of the
N-terminal domain and protein kinase C. Endocrinology 143: 3060-3070.

33. Hauger RL, Millan MA, Catt KJ, Aguilera G (1987) Differential regulation of
brain and pituitary corticotropin-releasing factor receptors by corticosterone.
Endocrinology 120: 1527-1533.

34. Reber SO, Neumann ID (2008) Defensive behavioral strategies and enhanced
state anxiety during chronic subordinate colony housing are accompanied by
reduced hypothalamic vasopressin, but not oxytocin, expression. Ann N'Y Acad
Sci 1148: 184-195.

35. Schmidt D, Reber SO, Botteron C, Barth T, Peterlik D, et al. (2010) Chronic
psychosocial stress promotes systemic immune activation and the development
of inflammatory Th cell responses. Brain Behav Immun 24: 1097-1104.

December 2013 | Volume 8 | Issue 12 | e84161



36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

Singewald GM, Nguyen NK, Neumann ID, Singewald N, Reber SO (2009)
Effect of chronic psychosocial stress-induced by subordinate colony (CSC)
housing on brain neuronal activity patterns in mice. Stress 12: 58-69.
Veenema AH, Reber SO, Selch S, Obermeier F, Neumann ID (2008) Early life
stress enhances the vulnerability to chronic psychosocial stress and experimental
colitis in adult mice. Endocrinology 149: 2727-2736.

Peters S, Grunwald N, Rummele P, Endlicher E, Lechner A, et al. (2012)
Chronic psychosocial stress increases the risk for inflammation-related colon
carcinogenesis in male mice. Stress 15: 403—415.

Hawtin SR, Davies AR, Matthews G, Wheatley M (2001) Identification of the
glycosylation sites utilized on the Vla vasopressin receptor and assessment of
their role in receptor signalling and expression. Biochem J 357: 73-81.
Rabadan-Diehl C, Martinez A, Volpi S, Subburaju S, Aguilera G (2007)
Inhibition of vasopressin V1b receptor translation by upstream open reading
frames in the 5'-untranslated region. J Neuroendocrinol 19: 309-319.

Ridder S, Chourbaji S, Hellweg R, Urani A, Zacher C, et al. (2005) Mice with
genetically altered glucocorticoid receptor expression show altered sensitivity for
stress-induced depressive reactions. J Neurosci 25: 6243-6250.

Paxinos G, Franklin KBJ (2001) The mouse brain in stereotaxic coordinates. San
Diego, Calif. London: Academic. xxv, [264] p.

Ma XM, Lightman SL, Aguilera G (1999) Vasopressin and corticotropin-
releasing hormone gene responses to novel stress in rats adapted to repeated
restraint. Endocrinology 140: 3623-3632.

Kadar A, Sanchez E, Wittmann G, Singru PS, Fuzesi T, et al. (2010)
Distribution of hypophysiotropic thyrotropin-releasing hormone (TRH)-synthe-
sizing neurons in the hypothalamic paraventricular nucleus of the mouse.

J Comp Neurol 518: 3948-3961.

. Whitnall MH, Key S, Ben-Barak Y, Ozato K, Gainer H (1985) Neurophysin in

the hypothalamo-neurohypophysial system. II. Immunocytochemical studies of
the ontogeny of oxytocinergic and vasopressinergic neurons. J Neurosci 5: 98—
109.

Zelena D, Mergl Z, Foldes A, Kovacs KJ, Toth Z, et al. (2003) Role of
hypothalamic inputs in maintaining pituitary-adrenal responsiveness in repeated
restraint. Am J Physiol Endocrinol Metab 285: E1110-1117.

Bhatnagar S, Vining C (2003) Facilitation of hypothalamic-pituitary-adrenal
responses to novel stress following repeated social stress using the resident/
intruder paradigm. Horm Behav 43: 158-165.

PLOS ONE | www.plosone.org

10

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

Chronic Stress and the Pituitary

Neumann ID, Kromer SA, Toschi N, Ebner K (2000) Brain oxytocin inhibits
the (re)activity of the hypothalamo-pituitary-adrenal axis in male rats:
involvement of hypothalamic and limbic brain regions. Regul Pept 96: 31-38.
Yeung CM, Chan CB, Leung PS, Cheng CH (2006) Cells of the anterior
pituitary. Int J Biochem Cell Biol 38: 1441-1449.

Yoshii T, Sakamoto H, Kawasaki M, Ozawa H, Ueta Y, et al. (2008) The single-
prolonged stress paradigm alters both the morphology and stress response of
magnocellular vasopressin neurons. Neuroscience 156: 466-474.

Garner B, Pariante CM, Wood §J, Velakoulis D, Phillips L, et al. (2005)
Pituitary volume predicts future transition to psychosis in individuals at ultra-
high risk of developing psychosis. Biol Psychiatry 58: 417-423.

Pariante CM, Dazzan P, Danese A, Morgan KD, Brudaglio F, et al. (2005)
Increased pituitary volume in antipsychotic-free and antipsychotic-treated
patients of the AEsop first-onset psychosis study. Neuropsychopharmacology
30: 1923-1931.

Pariante CM, Miller AH (2001) Glucocorticoid receptors in major depression:
relevance to pathophysiology and treatment. Biol Psychiatry 49: 391-404.
Raison CL, Miller AH (2003) When not enough is too much: the role of
insufficient glucocorticoid signaling in the pathophysiology of stress-related
disorders. Am J Psychiatry 160: 1554-1565.

. Wagner KV, Marinescu D, Hartmann J, Wang XD, Labermaier C, et al. (2012)

Differences in FKBP51 Regulation Following Chronic Social Defeat Stress
Correlate with Individual Stress Sensitivity: Influence of Paroxetine Treatment.
Neuropsychopharmacology.

Harris AP, Holmes MC, de Kloet ER, Chapman KE, Seckl JR (2013)
Mineralocorticoid and glucocorticoid receptor balance in control of HPA axis
and behaviour. Psychoneuroendocrinology 38: 648-658.

Spencer RL, Miller AH, Stein M, McEwen BS (1991) Corticosterone regulation
of type I and type II adrenal steroid receptors in brain, pituitary, and immune
tissue. Brain Res 549: 236-246.

Oitzl MS, van Haarst AD, Sutanto W, de Kloet ER (1995) Corticosterone, brain
mineralocorticoid receptors (MRs) and the activity of the hypothalamic-
pituitary-adrenal (HPA) axis: the Lewis rat as an example of increased central
MR capacity and a hyporesponsive HPA axis. Psychoneuroendocrinology 20:
655-675.

Krozowski Z, Funder JW (1981) Mineralocorticoid receptors in the rat lung.
Endocrinology 109: 1811-1813.

December 2013 | Volume 8 | Issue 12 | e84161



