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Summary: As a result of the global warming, the average
ambient temperature during summertime has increased in
regions with moderate continental climate. The effects of
24 h exposure to heat stress (35±1 °C) on the morphology
and function of pituitary adrenocorticotropes were examined
in adult male Wistar rats. Significant changes in the morphofunctional features of adrenocorticotropes were found after
the heat stress, with no differences noted in the cell shape or
localization, compared to controls. The adrenocorticotropes
cell volume, as well as the volume density, were significantly
decreased (p<0.05) by 12.3% and 26.7%, respectively, in
comparison with controls. The concentration of plasma adrenocorticotropic hormone and serum corticosterone in the
heat stressed group were significantly decreased (p<0.05)
by 21.9% and 27.2%, respectively, compared to controls.
These findings suggest that 24 h exposure of adult male rats
to heat stress has an inhibitory effect on the morphofunctional characteristics of adrenocorticotropes.
Keywords: heat stress, ACTH, male rats

Kratak sadr`aj: Usled globalnog otopljavanja u regionima
sa umereno kontinentalnom klimom dolazi do pove}anja
srednje vrednosti temperature vazduha tokom letnjih meseci.
U ovoj studiji ispitivani su efekti 24-~asovnog izlaganja toplotnom stresu (35±1 °C) na morfologiju i funkciju hipofiznih
adrenokortikotropa kod odraslih pacova Wistar soja. Dobijeni
rezultati ukazuju na zna~ajne promene u morfofunkcionalnim osobinama adrenokortikotropa nakon izlaganja toplotnom stresu, bez uo~enih razlika u obliku i lokalizaciji }elija u
pore|enju sa kontrolama. Volumen adrenokortikotropa kao
i njihova volumenska gustina bili su zna~ajno smanjeni
(p<0,05) za 12,3% odnosno 26,7%, u pore|enju sa kontrolom. Koncentracije adrenokortikotropnog hormona u plazmi
i kortikosterona u serumu u eksperimentalnoj grupi bile su
zna~ajno smanjene za 21,9% odnosno 27,2%, u pore|enju
sa kontrolnim vrednostima. Navedeni rezultati pokazuju da
24-~asovno izlaganje odraslih mu`jaka pacova toplotnom
stresu ima inhibiraju}i efekat na morfofunkcionalne osobine
hipofiznih adrenokortikotropa.
Klju~ne re~i: toplotni stres, ACTH, mu`jaci pacova

Introduction
Global warming and its impact on average temperature elevation during the summer period in the
southeastern parts of Europe, including Macedonia,
Address for correspondence:
Verica Milo{evi}, Ph.D.
Senior scientist
Institute for Biological Research
142, Despota Stevana Blvd.
11060 Belgrade, Serbia
Tel: +381-11-2078304
Fax: +381-11-2761433
e-mail: dimiªibiss.bg.ac.rs

represent an inevitable stress for all living organisms.
Activation of the hypothalamic-pitu itary-adrenal
(HPA) system during exposure to various types of
stressors is a well-known physiological concept. Heat
stress was shown to be the strongest stressor, when
compared to immobilization or cold stress (1, 2).
The critical moment of the ACTH response to
acute stress implies a synergy between the most
List of Abbreviations: ACTH, adrenocorticotrophic hormone; ACTH
cells, pituitary adrenocorticotropes; AVP, arginine-vasopressin; CRH,
corticotrophin-releasing hormone; HPA, hypothalamic-pituitaryadrenal; PAP, peroxidase-antiperoxidase complex; Vc, volume of
cells; Vn, volume of nuclei; Vv, volume density.
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stress-sensitive paraventriculo-infundibular corticotrophin-releasing hormone (CRH) and arginine-vasopressin (AVP) producing neurons (3, 4). ACTH, released into the peripheral circulation in response to
stress, stimulates the synthesis and secretion of adrenal glucocorticoids (3, 5, 6). Studies carried out with
rats demonstrate that the feedback effects between
some hypothalamic peptides (CRH, AVP) and
adrenocortical steroids influence the morphology,
size, and number of pituitary ACTH cells (7, 8).
Plenty of data demonstrate that acute heat
stress (35–41 °C) increases plasma levels of ACTH
and serum corticosterone concentration after several
minutes (9), or in the first 2–3 hours of exposure
(10–13). On the other hand, data concerning the
effects of a 24-hour exposure to heat stress are rather
contradictory while reporting an increase (14, 15),
decrease (11) or no changes (16, 17) in the ACTH
and corticosterone blood concentrations. There is an
assumption (hypothesis) of a three-phase reaction of
the HPA axis upon thermal stress, consisting of the
activation, suppression and normalization of the
activity, somewhere below the normal value (18).
Taking all these facts into consideration, as well
as the lack of data about the effect of high ambient
temperature on the morphology of ACTH cells, the
present study was focused on the morphological as
well as hormone secreting characteristics of immunopositive ACTH cells in male rats, after one-day exposure to high ambient temperature (35±1 °C).
Material and Methods
Animals
The animals used in this study (both the control
and the experimental group) were adult male Wistar
rats (280–350 g), aged 3–4 months. The animals
were kept under a 12:12 h light–dark regimen, with
access to food and water ad libitum throughout the
whole experiment.
The experimental group of rats was exposed to
35±1 °C for 24 h, in a specific thermal chamber, with
controlled temperature and humidity of 30–40%,
whereas the control group was kept at room temperature (20±2 °C). There were 7 animals per group.
The experimental protocols were approved by
the Local Animal Care Committee in conformity with
the recommendation provided in the European Convention for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes (ETS
no. 123, Appendix A).
Light microscopy and immunocytochemistry
The pituitary glands were excised, fixed in Bouin’s
solution for 48 h and embedded in paraplast. Serial 5mm thick tissue sections were deparaffinized in xylol and

serial alcohol. Pituitary hormones were localized by the
peroxidase-antiperoxidase complex (PAP) method of
Sternberger et al. (19). The endogenous peroxidase
activity was blocked by incubation in a 9 mmol hydrogen peroxide solution in methanol for 30 min at ambient temperature. Before the application of specific
primary antisera, nonspecific background staining was
achieved by incubation of the sections with nonimmune, i.e. normal porcine serum diluted with phosphate buffered saline (PBS) pH 7.4 for 60 min. Sections
were then overlaid with appropriate dilutions of the
specific primary antibodies (hACTH antisera, Dako A/S,
Glostrup, Denmark) for 48 h at 4 °C. This antibody
strongly cross-reacts with rat ACTH (Star~evi} et al.
(20); verified by Dr B. A. Yang of Dako Corp). After
washing in PBS for 5 min, sections were incubated for
60 min with a secondary antibody, swine anti-rabbit
IgG (DAKO, Glostrup, Denmark; diluted 1:100 in PBS),
rinsed again in PBS for 5 min and then incubated with
rabbit PAP complex (DAKO A/S, Glostrup, Denmark;
diluted 1:100 in PBS), for 45 min. Binding sites were
visualised using 0.05% diaminobenzidine (DAB; Serva,
Heidelberg, Germany) and 0.03% hydrogen peroxide in
0.2 mol/L TRIS-HCl buffer, pH 7.4. The sections were
counterstained with hematoxylin and mounted in
Canada balsam (Molar Chemicals KFT, Budapest, Hungary). For the control sections, the primary antibody was
omitted and replaced by PBS, pH 7.4.
Morphometry
Volume densities (Vv) of the nuclei and cytoplasm of ACTH-immunoreactive cells, as well as numerical density (Na) of their nuclei per mm3 were
measured using 50 test areas in the pituitary gland
with a magnification of ×1000, using the multipurpose test system M42 (21).
The number of nuclei of immunoreactive
ACTH-cells per mm3 was estimated using Weibel and
Gomez (21) formula according to Weibel (22). Since
the rat ACTH cells are mononucleated, the numerical
density of nuclei (Nv) corresponds to the number of
cells per cubic millimeter.
Nv = (k/b) x (Na3/2/Vv1/2)
On the basis of earlier karyometric studies (23)
the shape coefficient b was estimated to be 1.382, for
the pituitary cells. It relates the Nv (number of cells
counted per unit volume) to the Na (number of
cells counted per square millimeter) and Vv (volume
density) and depends on the axial ratio of the nuclei.
The volume densities of ACTH-positive cells were
expressed as percentages of total pituitary cells in mm3.
Hormonal analyses
Blood was collected from the trunk and
separated plasma and sera samples from all animals
were stored at the same time at –70 ˚C until assayed.
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Plasma levels of ACTH were determined without diluting the plasma, by the IMMULITE method (DPC, Los
Angeles, USA), in duplicate samples within a single
assay, with an intra-assay CV of 9.6%. Serum corticosterone concentrations were determined without
diluting the sera, by immunoassay (R&D Systems Inc.,
Minneapolis, USA), in duplicate samples within a single
assay, with an intra-assay CV of 8.0%.

and Katsumata and Yano (24) according to which the
body weight is decreased regardless of the duration of
heat exposure, demonstrated to be the consequence of
food-intake reduction and increase of water consumption (25). After the heat stress the relative pituitary
weight was significantly increased (p<0.05) by 16.5%,
in comparison with the corresponding control (Table I).
These findings are, primarily, the consequence of
evidently decreased body mass.

Statistical analysis
The morphometric and biochemical data obtained for each group were averaged and the
standard deviation of the mean was calculated by
Student’s t-test. A probability value of 5% or less was
considered statistically significant.
Results and Discussion
Body weight, absolute and relative
pituitary weights
Data for the body weight, the absolute and relative pituitary weights are summarized in Table I. The
body weight in heat stressed rats was decreased
(p<0.05) by 15.3%, compared to the controls. Our
data are in agreement with the results from Mitev (18)
Table I Body weight, absolute and relative pituitary weights
in control and heat stressed rats.
Groups

Body weight
(g)

Absolute
Relative
pituitary
pituitary
weight (mg) weight (mg%)

Control

337.5±26.9

6.5±0.58

2.5±0.1

Experimental 285.8±13.2*
group
(–15.3%)

6.8±0.6
(+4.6%)

2.9±0.2*
(+16.0%)

The values are the means±S.D. for seven animals per
group.*p<0.05 vs. control

Immunohistochemical and
morphometric findings
The ACTH-immunopositive cells, in both
groups, were mostly located in the central part of the
pituitary pars distalis. In control males, they were present as small groups in close proximity to numerous
capillaries. ACTH-immunopositivity was granular,
uniformly distributed throughout the relatively small
portion of cytoplasm surrounding the prominent
nuclei. Corticotropes were ellipsoid or polygonal in
shape, often with processes among neighboring cells
(Figure 1A). In comparison to the controls, the ACTHimmunopositive cells in heat stressed rats were less
numerous, darker and smaller, although their location
and shape remained as in the controls (Figure 1B).
Stereological analyses showed that the ACTH cells in
control rats had a mean cell volume of 1091 mm3,
a nuclear volume of 189 mm3 and they occupied
15.0% of the pituitary volume (Figure 2A-C). After
exposure to heat stress, the volume of ACTH cells and
their volume density were significantly decreased
(p<0.05) by 12.3% and 26.7%, respectively, compared to the control group (Figure 2A, C).
Different studies have established a positive
correlation between the morphological changes of
the ACTH cells and their functional state. Investigations demonstrating an increased activity of ACTH
cells, showed an increase in serum ACTH concentration, cellular area and immunopositive area of the

Figure 1 Immunopositive ACTH cells in: A) control rats; B) rats exposed to 35±1 °C. (PAP, bar 16 mm)
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Figure 3 Hormonal concentrations in adult male rats. A.
Plasma concentrations of ACTH (pg/mL). B. Serum concentrations of corticosterone (pg/mL). Data are expressed
as the means±SD (n =7), *p<0.05 vs. control.

these findings. According to them, when ACTH cells
start to recover, these degranulated cells will start to
store secretory granules again.
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Figure 2 Morphometric parameters of ACTH cells in
control and rats exposed to 35±1 °C: A) volume of cells
(Vc; mm3), B) volume of nuclei (Vn; mm3), C) volume
density (Vvc; %). The values are the means±SD (n =7),
*p<0.05 vs. control.

pituitary ACTH cells, while decreased activity of these
cells showed decreased values of those parameters in
rats (7, 8) as well as in male viscachas (26). Our
findings of decreased cellular volume as well as
volume density of ACTH cells suggest a decreased
activity of this type of cells, which may be, to some
point, due to total or partial degranulation of ACTH
cells after secreting its hormone. Fillipa and Mohamed (26) have suggested that preparation of the
organism for different environmental conditions such
as seasonal variations throughout the year, as a metabolic adjustment adequate for survival, underlies

Plasma ACTH and serum corticosterone level
The ACTH and corticosterone concentrations in
the blood of heat stressed rats obtained in our study
were found to be significantly reduced (p<0.05), by
21.9% and 27.2%, respectively, in comparison with
the corresponding values in the control group (Figure
3). Decreased plasma ACTH concentration, till the
control values, was reported during the 24-hour heat
exposure study (16). Considering the data about decreased concentration of serum corticosterone found
in this study, we assume that the decreased activity of
ACTH cells may be due, in some part, to the negative
feed-back mechanism of glucocorticoids upon the
HPA axis, and therefore, upon ACTH cells. Generally,
there is a synergistic relationship between the adrenal
and thyroid gland through the HP axis (27, 28). The
data from Rousset et al. (25) have shown suppression
of thyroid activity in the first two days of exposure to
34 °C, and therefore decreased activity of the CRH
and ACTH (27). Our findings of a decreased plasma
concentration of ACTH, as well as the decreased cell
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volume and volume density of the ACTH cells, might
be, in some degree, the result of decreased activity of
CRH via the thyroid gland. Decreased corticosterone
level in our study is in accordance with the findings of
Bertin (29), who have reported that the exposure to
moderate heat caused a decrease in adrenocortical
activity as evaluated by the fall of both adrenal and
plasma corticosterone levels. Low corticosterone levels in rats exposed to 35 °C for 24 hours were also
reported, indicating depressed adrenocortical activity
(30, 11, 31). Furthermore, the latter authors have
shown that the transient increase in corticosterone
serum concentration, 1–3 hours after heat exposure,
is followed by a decrease below the control value in
the next 24 hours. According to these authors, the
first reaction to heat has some similarity to the pattern
of the »alarm« reaction, but 24 hours of exposure to
a hot environment produced suppression in adrenocortical activity.
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The findings revealed in this study suggest that
one day exposure of adult male rats to high ambient
temperature (35±1 °C) has an inhibitory effect on
the morphological and hormone secreting characteristics of ACTH cells in adult male rats.
Acknowledgements. Thanks are due to Olga Stefanovi} (Vicor D.O.O., New Belgrade, Serbia) and to
Dragan Risti} (Laviefarm D.O.O., Belgrade, Serbia) for
technical support. This work was supported by the Ministry of Education and Science, Republic of Serbia, Grant
number 193007.
Conflict of interest statement
The authors stated that there are no conflicts of
interest regarding the publication of this article.

References
1. \or|evi} J, Cviji} G, Davidovi} V. Different activation of
ACTH and corticosterone release in response to various
stressors in rats. Physiol Res 2003; 52: 67–72.

11. Petrovi} V, Jani}-[ibali} V. Effect of corticotropin and
dexamethazone on monoamine oxidase activity in rat
brain. Bull Acad Serbe Sci 1978; 61: 1–4.

2. Bocheva A, Dzambazova E, Hadjiolova R, Traikov L,
Mincheva R, Bivolarski I. Effect of Tyr-MIF-1 peptides
on blood ACTH and corticosterone concentration
induced by three experimental models of stress. Auton
Autacoid Pharmacol 2008; 28: 117–23.

12. Koko V, \or|evi} J, Cviji} G, Davidovi} V. Effect of acute
heat stress on rat adrenal glands: a morphological and
stereological study. J Exp Biol 2004; 207: 4225–30.

3. Aguilera G. Regulation of pituitary ACTH secretion
during chronic stress. Front Neuroendocrinol 1994;
15: 331–50.

13. Koko V, \or|evi} J, Cviji} G, Davidovi} V. Effect of the
acute heat stress on the rat pituitary gland. Morphological and stereological study. J Therm Biol 2006; 31:
394–9.

4. Panti} V. Biology of hypothalamic neurons and pituitary
cells. Int Rev Cytol 1995; 159: 1–112.

14. Kotby S, Johnson HD. Rat adrenal cortical activity during exposure to a high (34 degrees C) ambient temperature. Life Sci 1967; 6: 1121–32.

5. Trainer PJ, Faria M, Newell-Price J, Browne P, Kopelman P, Coy DH, et al. A comparison of the effects of
human and ovine corticotrophin-releasing hormone on
the pituitary–adrenal axis. J Clin Endocrinol Metab
1995; 80: 412–17.

15. Yamamoto S, Ando M, Suzuki E. High-temperature
effects on antibody response to viral antigen in mice.
Exp Anim 1999; 48: 9–14.

6. Dun|erski J, Mati} G. Glucocorticoid receptor in health
and disease. Journal of Medical Biochemistry 2009;
28: 248–261.

16. Baniska A. The influence of temperature as an external
factor upon hormonal detection and the level of some
hormones. Master thesis. Skopje, FYR of Macedonia (in
Macedonian), 2001.

7. Childs GV. Structure–function correlates in the corticotropes of the anterior pituitary. Front Neuroendocrinol
1992; 13: 271–317.

17. \uladin T. The Influence of High Environmental Temperature on the hormonal status of diabetic rats. Master
thesis. Skopje, FYR of Macedonia (in Macedonian), 2004.

8. Westlund KN, Aguilera G, Childs GV. Quantification of
morphological changes in pituitary corticotropes produced by in vivo corticotrophin-releasing factor stimulation and adrenalectomy. Endocrinology 1985; 116:
439–45.

18. Mitev S. Influence of High Environmental Temperature
and some endocrine factors on glycogen content in
rat’s liver. Doctoral thesis. Skopje, FYR of Macedonia
(in Macedonian), 1983.

9. Groenink L, Van der Gugten J, Zethof T, Van der Heyden J, Olivier B. Stress-induced hyperthermia in mice:
hormonal correlates. Physiol Behav 1994; 56: 747–9.
10. Christison GI, Johnson HD. Cortisol turnover in heatstressed cow. J Anim Sci 1972; 35: 1005.

19. Sternberger LA, Hardy PHJ, Cuculius JJ, Meyer HG. The
unlabelled antibody enzyme method of immunohistochemistry. Preparation and properties of soluble antigenantibody complex (horseradish peroxidase-antihorseradish peroxidase) and its use in identification of
spirochetes. J Histochem Cytochem 1970; 18: 315–33.

292 Per~ini}-Popovska et al.: ACTH cells after heat stress
20. Star~evi} V, Milo{evi} V, Brki} B, Severs W. Effects of
centrally applied somatostatin on pituitary adrenocorticotropes in female rats. Pharmacology 2000; 60:
203–7.

26. Filippa V, Mohamed F. ACTH cells of pituitary pars distalis
of viscacha (Lagostomus maximus maximus): immunohistochemical study in relation to season, sex, and growth.
Gen Comp Endocrinol 2006; 146: 217– 25.

21. Weibel ER. Stereological methods 1. Practical methods
for biological morphometry. New York: Academic Press,
1979: 1–415pp.

27. Andersson K, Eneroth P. Thyroidectomy and central
catecholamine neurons of the male rat. Neuroendocrinology 1987; 45: 14–27.

22. Weibel ER, Gomez DM. A principle for counting tissue
structures on random sections. J Appl Physiol 1962;
17: 343–8.

28. Kamilaris TC, DeBold CR, Pavlou SN, Island DP, Hoursanidis A, Orth DN. Effect of altered thyroid hormone
levels on hypothalamic-pituitary-adrenal function. J Clin
Endocrinol Metab 1987; 65: 994–9.

23. Malendowicz LK. Sex differences in adrenocortical
structure and function. II. The effects of postpubertal
gonadectomy and gonadal hormone replacement on
the rat adrenal cortex evaluated by stereology at the
light microscope level. Cell Tissue Res 1974; 151:
537– 47.
24. Katsumata M, Yano H. The influence of high ambient
temperature and thyroxine administration on body
composition in growing rat. Jpn Zootech Sci 1989; 60:
965–70.
25. Rousset B, Cure M, Jordan D, Kervran A, Bornet H,
Mornex R. Metabolic alterations induced by chronic
heat exposure in the rat: the involvement of thyroid
function. Pflugers Arch 1984; 401: 64–70.

29. Bertin R. Influence of the adaptation to temperature on
several adrenal hormones in rats. J Physiol (Paris)
1971; 63: 204–7.
30. Vanjonack WJ, Johnson HD. Effect of sulphur dioxide
(SO2) and heat (35 °C) stressors on plasma glucocorticoids and thyroxine levels in mice. Int J Biometeorol
1974; 18: 301–5.
31. Petrovi} V, Jani}-[ibali} V. Catecholamine synthesizing
and degrading enzymes in the heat stressed or adapted
rats. In: Usdin E, Kvetansky R, Kopin IJ, editors. Catecholamines and stress. Amsterdam: Elsevier/North
Holland, 1980: 365–70 pp.

Received: March 22, 2011
Accepted: April 19, 2011

