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Introduction
Changes in environmental temperature are very com-
mon threats, which have to be exceeded in the
process of successful acclimatization of every
endothermic organism. Previous studies have shown
heat to be one of the most intense stressors when
compared to cold, immobilization, crowding and
fasting, as indicated by the highest rise of plasma
ACTH and CORT concentrations following the expo-
sure of animals to high ambient temperatures [1,2].
Rats, which are known as one of the most successful
mammals in coping with extreme environmental con-

ditions [3], are mostly used experimental model for
studying that coping strategies. Their first reaction to
the thermal stressors is primarily linked with sympa-
tho-adrenomedullary system (SAS). However, when
aversive stimuli cannot be controlled by this reaction,
animals respond by the activation of the HPA axis. In
spite of a great deal of information regarding the role
of HPA axis in stress response, to date a question
remains how the activity of the HPA axis can be
specifically regulated.

The activation of the HPA axis results in the rapid
increase in circulating ACTH, with the subsequent rise
in glucocorticoids, which is critical for successful
acclimation [4]. Several authors suggested that corti-
cotrophin-releasing hormone (CRH) plays the major
role in the regulation of pituitary corticotrophs activity
[5-7]. However, according to others [8-10], ACTH
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response to stress is dependent on the interaction of
both, CRH and VP secretion. VP may act as an impor-
tant modulator of ACTH responses to stress by poten-
tiating the stimulatory effect of its major regulator,
CRH [9,11,12]. According to Aguilera and Rabadan-
Diehl [13], parvocellular VP expression and secretion
may be independent on the osmotic status, being
increased during stress in order to potentiate ACTH
release. On the other hand, VP of magnocellular ori-
gin is responsible for water conservation and regula-
tion of its secretion depending on osmotic status [14].
However, the previous studies revealed that magno-
cellular VP could act as secretagogues for ACTH as
well, reaching the anterior pituitary via several vas-
cular pathways [15]. It was shown that VP binds to
three G protein-coupled receptors, among which V1b
receptors are primarily located at the corticotroph
surface regulating ACTH secretion [16-21]. Although
the role of VP in chronic stress response is well doc-
umented, it is still unclear how acute exposure to dif-
ferent types of stressors affects VP influence on
ACTH secretion [22]. 

The aim of the present study was to elucidate pro-
duction and secretion of the hormones related to HPA
axis activation (VP, ACTH, CORT), as well as mor-
pho-stereological changes of pituitary gland after
exposure to acute heat.

Material and methods
Animals and treatments. The experiments were performed
according to the rules of animal care proposed by Serbian Labora-
tory Animal Science Association (SLASA), which is the member
of Federation of European Laboratory Animal Science Association
(FELASA).

Male rats of Wistar strain (Rattus norvegicus), weighing
220±20 g were used for the experiments. The animals were accli-
mated to 22±1°C, synchronized to a 12 h:12 h light/dark regime
with lights on at 06:00 h and lights off at 18:00 h, with free access
to commercial rat food and a tap water. The rats were randomly
divided into three groups (Control, Acute Heat 20min and Acute
Heat 60min), each consisting of six animals. During the light phase
of the light/dark cycle, rats in the Acute Heat (20min) and Acute
Heat (60min) condition were transported into a temperature cham-
ber (Sutjeska, Beograd, YUG) maintained at 38°C for a period of
20 or 60 minutes, respectively. Rats in the Control condition were
left undisturbed in the housing facility during this time.

The animals were decapitated with a guillotine (Harward-
Apparatus, Holliston, MA, USA) without anesthesia immediately
after the stress exposure. The blood was collected from the trunk,
divided into 2 sets of tubes, with EDTA added to obtain plasma.

Biochemistry. Serum and plasma were frozen at -80°C until the
ACTH and VP determination. Serum corticosterone levels were
determined by EIA kit (Immunodiagnostic Systems Ltd, UK) and
the values were expressed as ngCORT/ml serum. The plasma
ACTH concentration was determined by a chemiluminescence
method using an IMMULITE automatic analyzer (DPC, Los Ange-
les, CA). The values were expressed as pgACTH/ml plasma. The
serum VP concentration was obtained by commercially available
ELISA test (R&D Systems, Inc.) and the values were expressed as
pgVP/ml serum.

Immunohistochemistry. The pituitary glands were promptly dis-
sected, weighed, fixed in Bouin's solution and embedded in paraf-
fin wax according to the standard procedure. Serial sections of 5
μm were obtained at different levels of blocks following a ventral-
to-dorsal sequence. The sections were deparaffinized by xylene
and rehydrated in graded ethanol. Endogenic peroxidase blocking
was performed in 3% hydrogen peroxide in phosphate-buffered
saline (PBS) for 10 min. After washing, the sections were incubat-
ed with primary antibody (ACTH, dilution 1:200, Chemicon Inter-
national, Inc., Temecula, USA or AVP, dilution 1: 10000, Chemi-
con International, Inc., Temecula, USA), followed by PBS rinsing.
After incubation with secondary antibody, immunoreactivity was
detected by the avidin-biotin-peroxidase method (ABC kit) accord-
ing to the manufacturer's protocol (Santa Cruz, CA, USA). The
final reaction product was visualized with 3,3'- diaminobenzidine
– tetrahydrochloride (Sigma – Aldrich, Taufkirchen, Germany).
Sections were washed under running tap water, counterstained
with hematoxylin and observed with a Leica DMLB (Austria)
microscope. Negative controls were prepared by omitting the pri-
mary antibody.

Morphometry. The volume densities (Vv) of ACTH-immunopos-
itive cells, as well as numerical density (Na) of their nuclei per μm3

were measured using 50 test areas of the pituitary gland at the mag-
nification of × 1000, using the multipurpose test system M42, as
described in previous papers [23,24]. Since rat ACTH cells are
mononucleated, the numerical density of nuclei (Nv) corresponds
to the number of cells per cubic millimeter. The volume density of
ACTH-immunopositive cells was expressed as percentages of total
pituitary cells.

Confocal laser microscopy. Sections were deparaffinized by
xylene and rehydrated in graded ethanol. After washing in PBS, the
sections were incubated with primary antibody (ACTH, dilution
1:200, Chemicon International, Inc., Temecula, USA or AVP, dilu-
tion 1:10000, Chemicon International, Inc., Temecula, USA) in
PBS, followed by PBS rinsing. For fluorescent microscopy, sec-
ondary antibodies were labeled with rhodamine (for ACTH) or flu-
orescein (for VP). The images were obtained by the LSM 510 sys-
tem with Axioscope FS2mot microscope (Carl Zeiss, Jena, Ger-
many). The excitation wavelengths were set up at 488nm (for flu-
orescein) and 543 nm (for rhodamine) in "single track" operation
mode. The emission wavelengths were directed toward two differ-
ent detection channels using a different combination of mirrors and
filters (Ch1: LP 560 and Ch2: BP 505-530). The images were
obtained using the Plan-Neofluar x40/1.3 Oil objective and used
for the stereological analysis. The ImageJ software was used to
evaluate the percentage of the surface covered by ACTH-
immunopositive area v. total area, and for quantifying the number
of VP-immunopositive containing varicose fibers per total area.

Electron microscopy. For electron microscopy, pituitary was fixed
in 4% glutaraldehyde in 0.2 M phosphate buffer at 4°C, washed in
the same buffer, postfixed in 2% osmium tetroxide in the phos-
phate buffer, dehydrated in graded ethanol and embedded in
Araldite (Fluka, Deisenhofen, Germany). The blocks were
trimmed and cut with glass knives on an LKB III ultramicrotome
(LKB, Bromna, Sweden). The thin sections (30 nm) were mount-
ed on copper grids, stained with uranyl acetate and lead citrate and
examined under a Philips CM12 (Philips, Eindhoven, The Nether-
lands) electron microscope.

Statistic analysis. Data were statistically evaluated by one way
analysis of variance (ANOVA), using SigmaStat (Version 3.10)
software. Holm-Sidak comparisons were performed when ANOVA
was significant. The values were presented as the means ±SEM of
six animals and the level of significance was set at p<0.05.
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Results
The acute exposure of rats to heat for 20 min induced
a significant increase in the circulating levels of ACTH
concentration as compared to the control animals (Fig.
1, p<0.01). After the exposure to heat for 60 min,
ACTH blood concentration increased further, being
significantly higher in comparison to both, controls
(p<0.001) and the animals exposed to heat for 20 min
(p<0.001). However, the serum VP concentrations
(Fig. 1) showed the significant increase only after a 60
min heat exposure (p<0.001), which was significantly
higher than the serum VP concentration in the controls
and the 20 min exposed animals (p<0.001). The CORT
serum concentration increased significantly after both,
20 and 60 min exposure (p<0.001), being much high-

er after the longer exposure as compared to the 20 min
and the control groups (Fig. 2, p<0.001).

Fig.ure 3 reveals the presence of a great number of
ACTH-immunopositive cells in the anterior pituitary
of control animals (Fig. 3-A). Although there were no
changes in numerical density of their nuclei, after 20
min exposure to heat stress the volume density of
ACTH-immunopositive cells decreased (Fig. 3-B,
Table 1). The prolonged exposure to heat for 60 min
partially restored the volume density in ACTH-
immunopositive cells (Fig. 3-C, Table 1). This is in
agreement with the observed higher circulating con-
centration of ACTH in these animals (Fig. 1, p<0.001).
Ultrastructural examinations (Fig. 3-D, E, F) and con-
focal microscopy (Fig. 4-A, B, C) additionally support
the changes in ACTH-immunopositive cells after heat
exposure and clarify virtual changes in volume densi-
ty. In the control group ACTH cells were clustered,
ovoid shaped with centrally positioned euchromatic
nucleus (Fig. 3D). Small uniform granules were regu-
larly distributed along the cell membrane. Contrary, in
heat exposed animals ACTH cells appeared stellate
and showed numerous slender cytoplasmic processes
(Fig. 3E, F). After 20 min exposures to heat stress
some of ACTH cells were in a close contact with the
dilated blood vessels showing a massive degranulation
(Fig. 3E). With longer exposure to heat, the anterior
pituitary blood vessels were found to be more pro-
nounced. After 60 minutes (Fig. 3F) granules were
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Table 1. Volume density of ACTH immunopositive cells (%);
ap<0.001; bp>0.05.

Table 2. Percentage of ACTH immunopositive area v. total area,
ap<0.05, bp<0.01.

Table 3. The number of VP immunopositive varicose fibers per
total area; ap<0.001; bp>0.05.

Fig. 1. The effect of acute exposure of rats to heat (38°C) on
ACTH and VP concentration in the blood; **p<0.01, ***p<0.001,
+++p<0.001.

Fig. 2. The effect of acute exposure of rats to heat (38°C) on
CORT concentration in the blood; ***p<0.001, +++p<0.001.
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Fig. 3. Morphology (A-C) and ultra-
structure (D-F) of ACTH-
immunopositive cells in the anterior
pituitary of control (A, D), in 20 min
(B, E) and 60 min (C, F) of heat
stress. Magnification (A-C)- ×100
orig., inset- nonimmune control.
Original magnification (D-F) –
×2650, bars-10 μm, Cap – capillary,
A – ACTH-cells.

Fig. 4. The ACTH immunofluores-
cence in anterior pituitary glands of
control (A), in 20 min (B) and 60
min heat exposed animals (C), bars
– 20 μm.

Fig. 5. VP containing varicose fibers
in the posterior pituitary glands of
the control (A), 20 min (B) and 60
min heat exposed rats (C) and in the
anterior pituitary gland (D). Arrows
indicate VP immunopositivity of
pituitary plasma membrane, as well
as blood vessel cells (D).   Original
magnification (A-D) – ×100, inset –
nonimmune control.

Fig. 6. The VP immunofluorescence
in posterior pituitary glands of con-
trol (A), in 20 min (B) and 60 min
heat exposed animals (C), bars –
20 μm.



more numerous and sparsely distributed along the cell
membrane, which was consistent with the significant
increase in percent of ACTH-immunopositive cells v.
total area (Table 2).

In the posterior pituitary the VP containing varicose
fibers were more numerous in the control (Fig. 5A, Fig.
6A) and 60 min heat exposed animals (Fig. 5C; Fig. 6C)
than in the 20 min group (Fig. 5B, Fig. 6B). This was fur-
ther confirmed by confocal microscopy (Table 3), in the
60 min heat exposed animals the number of varicose
fibers was similar to those of controls, but being much
thicker (Fig. 1). In the anterior pituitary, we observed
strong VP immunopositivity of pituitary plasma mem-
brane, as well as blood vessel cells (Fig. 5D).

Discussion
In the present study, we showed the positive correla-
tion between histomorphological and stereological
changes in the pituitary gland and the blood concen-
tration of hormones, which were synthesized in exam-
ined cells. Moreover, we found VP immunopositivity
in plasma membrane of the anterior pituitary cells and
blood vessel cells, suggesting the influence of VP on
ACTH secretion.

The blood ACTH and VP levels expectedly
increased during stress exposure, showing time
dependency. The acute exposure of rats to heat for 20
min induced an increase in the circulating levels of
ACTH concentration. After the exposure to heat for 60
min, ACTH blood concentration increased further,
being higher as compared to both, controls and the ani-
mals exposed to heat for 20 min. This is in agreement
with morphological and stereological changes we
obtained. Since the decreased density of ACTH cells
did not mean necessarily that number of those cells
was changed, it was of interest to reveal if this was due
to secretion of ACTH or decreasing a number of
ACTH-secreting cells. The numerical density of their
nuclei confirmed that hormone secretion was in the
background of those changes. This well corresponded
to increased circulating ACTH levels suggesting that
those changes were due to secretion of pre-synthesized
hormone, while de novo synthesis of ACTH was need-
ed for persistent elevation of circulating hormone.
Those changes were followed by ultrastructural
changes where cells became more stellate with numer-
ous slender cytoplasmic processes. In the first period
of degranulation, granules with pre-synthesized ACTH
were regularly distributed along the cell membrane,
suggesting intensive hormone secretion. After that
period, the new granules appeared, this time sparsely
distributed along the cell membrane. The pituitary
gland remodeling occurred very fast; the processes of
dynamic secretion and de novo synthesis of ACTH
affected weigh and volume of the pituitary gland, since

the anterior lobe weight and volume decreased and the
posterior lobe increased in the pituitary glands of ani-
mals exposed to increased ambient temperature [25].

As far as VP is concerned, observed time-depend-
ency regarding circulating VP levels is confirmed by
immunohistochemistry, where the VP containing vari-
cose fibers were more numerous in the control and in
the 60 min heat exposed animals than in the 20 min
group. Besides, in the 60 min heat exposed animals the
varicose fibers were much thicker, indicating their
increased secretory activity [26,27].

Although it is known that the anterior pituitary corti-
cotrophs are directly affected by VP originating from
parvocellular neurons of hypothalamic PVN, it has been
shown that magnocellular VP could act as secreta-
gogues for ACTH as well, reaching the anterior pituitary
via three vascular pathways [15]. The first pathway is
provided by the long portal vessels connecting the medi-
an eminence and the anterior pituitary. This pathway
might enable VP released en passant from magnocellu-
lar axons to trigger ACTH secretion. The second path-
way involves short portal vessels linking the posterior
and anterior pituitary. Finally, VP can reach the portal
blood following its secretion into the general blood cir-
culation. This option appears unlikely to have signifi-
cantly contributed to the ACTH response observed,
since the concentration of VP is orders of magnitude
higher in the portal blood than in the peripheral blood
[28]. However, our data support the role of blood ves-
sels in conducting of VP to the anterior pituitary, where
it acts as ACTH secretagogues, since we observed the
strong immunopositivity in plasma membrane of anteri-
or pituitary cells, as well as in blood vessel cells (Fig.
5D), which haven't been previously shown by routine
immunohistochemistry.

The increased blood VP levels clearly depict the
activity of the magnocellular system disturbed by
osmotic homeostasis during heat exposure. The VP cir-
culating levels, mainly originated from magnocellular
neurons of the hypothalamic paraventricular nucleus
(PVN), is increased during disturbed osmotic home-
ostasis [14]. Our results support this, since we obtained
the increased VP circulating levels after exposing ani-
mals to acute heat for 60 min (Fig. 1). This might result
from excessive water loss as judged by significant
changes in the body weight. In conditions of elevated
ambient temperature, rats must activate all mechanisms,
including characteristic behavior, which could prevent
the elevation of body temperature, and for maintaining
or re-establishing temperature homeostasis. Thus, the
intense salivation was accompanied by the excessive
body licking and the spreading of saliva, presumably to
enhance evaporation induced heat loss and lowering of
the body temperature. 

As a result of water loss and coping with increased
ambient temperature, the body weight and the rectal
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temperature changed in a manner we have previously
described [25]. However, significant decrease in body
weights we have only observed after 60 min of heat
exposure. It further suggests that the intensive water
loss began after the 20th min of heat exposure (data
were not shown).

Unfortunately, we couldn't manage to provide the
evidence for VP binding on its receptors on corti-
cotrophs. The lack of signal, in case of fluorescent
immunohistochemistry, might be due to rapid VP-
V1bR action and a relatively low abundance of corti-
cotroph membrane where these reactions occur. To
elucidate this, our future experiments will include the
examination of specific receptor-hormone interactions
on the corticotroph membrane.

In conclusion, acute exposure to high ambient tem-
perature induced significant morphological changes in
both, anterior and posterior pituitary, accompanied by
the elevation of circulating ACTH and VP. These
changes were dependent on the duration of heat expo-
sure. The VP presence in anterior pituitary strongly
suggests its role in potentiating of ACTH secretion. 
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