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Abstract - The aim of the present study was to examine intracellular redistribution of the glucocorticoid receptor (GR)
in rat liver cells during a 24-h time period after exposure of the animals to 41°C whole body hyperthermic stress. The
level of the receptor protein in the cytoplasmic and nuclear compartments was measured by immunoblotting procedures
applied to both crude cytosol and immunopurified GR, as well as by immunocytochemical analyses applied to both
paraffin-embedded liver sections and unfixed nuclear smears. All the experimental approaches employed in the study
provided similar results, demonstrating that the transient stress-related decline of the cytoplasmic GR observed during
thefirst five hours after exposure of the animals to whole-body hyperthermic stressis accompanied by enhanced nuclear
accumulation of the receptor. The study can contribute to a better understanding of the influence of stress on the gluco-
corticoid signal transduction pathway.

Key words: Glucocorticoid receptor, hyperthermic stress, intracellular localization

UDC 577.612.014
612.06:577
INTRODUCTION varying experimental procedures.

The glucocorticoid receptor (GR) is amember of the Glucocorticoid hormones play an indispensable role
nuclear receptor superfamily and functions as an induci- in the organismal response to stress. This fact, together
ble transcription factor activated by hormone binding. Its ~ With evidence indicating that hormone-free GR exists in
subcellular distribution, as an issue crucial for better un- target cells in the form of multiprotein complexes with
derstanding of molecular and cellular mechanisms under- heat shock proteins (Pratt and T oft, 1997), led re-
lying glucocorticoid hormone action, has been studied for searchers to explore possible connection between gluco-
many years, but has still remained controversial. There corticoid hormone action and heat shock response. Stud-
are studies demonstrating that unliganded GR, in contrast ies along these lines were performed predominantly on
to other nuclear receptors, is predominantly localized  cells grown in culture and have revealed that heat stress
within the cytoplasm of target cells (Pick ard and produces serious disturbances at the most important steps
Yamamoto, 1987; Sackey et al., 1996), its mi- controlling the receptor’s function. For example, heat
gration to the nucleus being provoked by hormone bind- shock treatment of avariety of mammalian cell lines was

ing. However, other studies provided datain support of a shown to result in a loss of GR-binding capacity
prevailing nuclear localization of thereceptor (B ri nk et (Vedeckis etal., 1989, Sanch ez 1992), which
al., 1992), its equilibrated distribution between the cyto- was attributed to an increased rate of GR degradation

plasm and the nucleus (W i k st r 6 m et al., 1987; (Vedeckis etal., 1989) or to stimulated nuclear trans-
Haché etal, 1999), or its continuous shuttling be- location of the receptor (San c h e z, 1992). Moreover,
tween the two compartments (M a d a n and enhancement of hormone-free GR transactivation activi-
DeFranco, 1993). It isbelieved that the observed dif- ty was demonstrated in CHO cells subjected to heat or
ferences in GR intracellular localization derive from dif- chemical stress(Shen etal., 1993). These two kinds of
ferent cell types and/or cell cycle stages, as well as from stress were also shown to potentiate the effect of dexam-
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ethasone on GR-mediated gene transcription in mouse
L929 cells stably transfected with MMTV-CAT reporter
plasmid (H u et al., 1996). Similar observations were re-
ported for other steroid receptors. Thus, increased nucle-
ar accumulation of hormone-free estrogen receptor was
noticed after heat treatment of rat uterine cells
(Campbelland Swanson, 1989), and enhance-
ment of hormone-dependent progesterone receptor trans-
activation activity in human T47D breast cancer cellswas
observed after heat or chemical shock (Edw ards et
al., 1992). Although molecular mechanisms underlying
the heat shock potentiation effect remain to be elucidat-
ed, this phenomenon is usually linked with stress-induced
increase in nuclear accumulation of the receptors.

In contrast to studies on cells grown in culture, in vi-
Vo studies on the effects of stress on steroid receptor ac-
tion have remained limited. Results from our laboratory
showed that both 41°C whole-body hyperthermic stress
(M ati¢ etal., 1989, 1995) and intoxication by heavy
metals(Dunderski etal., 1992) cause a considera-
ble reduction of rat liver GR hormone-binding capacity,
which could rather be attributed to stimulated nuclear im-
port of the receptor than to its faster degradation. Our
previous immunoblot analyses of the GR in rat liver re-
vedled a significant decrease in its cytoplasmic level in
response to both hyperthermic (Cvor o etal., 1998) and
chemical (Dunderski etal.,2000;Brkljacic¢ et
al., 2004) stress. However, Western blot analysis of the
receptor in theliver nucle failed to provide unambiguous
data, probably because of low efficiency of the receptor
immunopurification from the nuclear extracts.

In the present study, we performed immunoblotting
and immunostaining of paraffin-embedded tissue sec-
tions and unfixed smears of isolated nuclei to examinein-
tracellular redistribution of GR in the rat liver during a
24-h time period after exposure of the animals to 41°C
whole body hyperthermic stress. The results demonstrate
that the stress-related decline of the cytoplasmic GR ob-
served during the first five hours after exposure of the an-
imals to whole-body hyperthermic stress is accompanied
by enhanced accumulation of the receptor in the nuclei.

MATERIALSAND METHODS

Chemicals

Mouse monoclona anti-GR antibody BUGR2 was
obtained from Affinity BioReagents (Golden, CO, USA),
biotinylated goat anti-mouse 1gG and horseradish perox-

idase-conjugated streptavidin from StressGen (Victoria,
British Columbia, Canada), [%I]-conjugated sheep an-
ti-mouse IgG from Amersham (Amersham International,
UK), and diaminobenzidine (Sigma Fast™ DAB) and
pre-immune mouse 1gG from Sigma Chemical Co (St.
Louis, MO, USA).

Animals and treatment

Male Wistar rats (2-2.5 months old; 200-250 g b.w.)
were reared under standard laboratory conditions (22°C,
12:12 h light-dark cycle). Hyperthermic stress was
achieved by placing the rats, anesthetized with Nesdonal
(4.6 mg/100 g b.w., i.p.; Specia, Paris, France), in aven-
tilated and humidified chamber set at 44°C. Recta tem-
perature, continually monitored by adigital thermometer,
reached 41°C in about 45 min, and was maintained at
41°C for additional 15 min. The animals were then al-
lowed to recover at room temperature for 0, 2, 5, 12, or
24 h, asindicated. The control (unstressed) animals were
Nesdonal-anesthetized and kept at room temperature.
When appropriate, dexamethasone (ICN-Galenika, Bel-
grade, Serbia) wasi.p. administered in adose of 5 mg/kg
b.w. 4 h before death. All interventions were performed
following the appropriate European laws and regulations
on the care and protection of animals.

Preparation of cytosol and nuclei

After removal of the small lobes, the livers were
perfused in situ with ice cold 0.14 M NaCl and homoge-
nates from at least four animals per experimental group
were prepared in 2 vol. (w/v) of 50 mM Tris buffer,
pH 7.55, containing 0.25 M sucrose, 25 mM KCl, and
10 mM MgCl,. The homogenates were centrifuged first

for 10 min at 6000g and 4°C, then for 1 h at 105000g and
4°C. The supernatants, referred to as cytosols, were
stored in liquid nitrogen until use. Protein content of the
cytosols was determined as described by Lowry et al.
(1951). Pellets obtained after the first centrifugation were
used for preparation of purified nuclei (Chauveau et
al., 1956).

Immunopurification of cytosolic GR

Immunoadsorbent was prepared accordingto C zar
et al. by rotating (30 min, 4°C) 8 ml portions of Pro-
tein A-Sepharose pellets with 1 mg of BUGR2 anti-GR
antibody in 300 ml of TEGM buffer (10 mM Tes, pH 7.6
at 0°C containing 50 mM NaCl, 4 mM EDTA, 10% glyc-
erol, and 20 mM Na-molybdate). After addition of 200 ml
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cytosol aliquots (4 mg cytosol protein) to each tube, the
rotation was continued for another 2 h at 4°C. The im-
mune pellets were washed three times by suspension in
1 ml of TEGM buffer and centrifugation. For non-im-
mune controls, the pre-immune mouse 1gG was used in-
stead of BUGR2. The immunoadsorbed proteins were ex-
tracted by boiling in 2XSDS-sample buffer and subjected
to SDS-PAGE.

SDS-PAGE and Western blotting

Proteins were electrophoretically separated through
10% SDS-polyacrylamide gels at 4°C, according to
Laemmli (1970). Myosin (205 kDa), b-galactosidase
(116 kDa), phosphorylase b (97 kDa), bovine serum albu-
min (66 kDa), and carbonic anhydrase (29 kDa) were run
as molecular mass references. Western transfer of pro-
teins from the gels to nitrocellulose membranes was per-
formed in 25 mM Tris buffer, pH 8.3, containing 192 mM
glycine and 20% (v/v) methanol at 35V overnight. Un-
bound sites on the membranes were blocked by 20 mM
Tris buffer, pH 7.4, containing 150 mM NaCl,
0.125% BSA, and 0.1% Tween 20. The GR was detected
by rocking the membranes (16 h, 4°C) in transfer buffer
with 1 mg/ml BUGR2 antibody. Subsequently, the blots
were incubated with [%1]-labeled counter-antibody,
washed, dried, and placed on ['%]] sensitive storage
phosphor screens (Molecular Dynamics, USA). After ex-
posure, the screens were scanned (Phosphorlmager, Mo-
lecular Dynamics, USA) and images analyzed by com-
puterized densitometry (Image Quant software, Molecu-
lar Dynamics, v.3.3.).

Immunohistochemistry

For immunohistological analyses, small lobes of the
livers were fixed with 3.5% formal dehyde and embedded
in paraffin. Serial 5 pm sections were deparaffinized in
xylene and rehydrated through a series of decreasing eth-
anol concentrations followed by distilled water. The sec-
tions were successively treated in a humid chamber at
room temperature with: 0.2 % Triton X-100 in TBS
(200 mM Tris, 1.5 M NaCl, pH 7.4; 15 min), 1% H,0, in

methanol (20 min), and 2% BSA in TBS (20 min), and
then incubated for 1 h with BUGR2 antibody (dilution
1:200). Negative (non-immune) controls were prepared
by omitting the primary antibody. After washing with
TBS (3 x 15 min), the sections were transferred for 1 h
into biotinylated secondary antibody and washed again
by the same procedure. The subsequent incubation with
streptavidine-peroxidase lasted 45 min at room tempera-

ture. Freshly prepared DAB solution was used as the
chromogen. Counterstaining of the sections with methyl
green was followed by dehydration through an ethanol
series, clearing in xylene, and mounting in DPX. Light
microscope examination was performed on aLeica (Ger-
many) microscope. The experiments were replicated six
times independently.

Nuclear smear preparation and immunocytochemistry

Smears of isolated liver nuclei were made on glass
dides coated with gelatin and air-dried for 1 h at room
temperature. The protocol for immunocytochemical
staining of nuclear smears was the same as for tissue sec-
tions. For assessing the quality, preservation and morpho-
logical integrity of the nuclei, the smears were stained
with 1% toluidine blue solution.

RESULTS

The level and intracellular redistribution of GR in
the liver of rats exposed to 41°C whole body hyperther-
mic stress were determined by both immunablotting and
immunocytochemical procedures. When the concentra-
tion of GR immunopurified from hepatic cytosol by
BuGR2 monoclonal antibody was followed for 24 h aft-
er exposure of the animals to the stress, a pronounced de-
crease was observed immediately after the stress (Fig. 1).
Two hours later the level of the receptor dropped to only
about 10% of the level in hepatic cytosol of unstressed
animals. At the end of a5-h recovery period, the GR lev-
el increased to about 60% of that in the unstressed con-
trol, while 12 h after the stress aimost complete restora-
tion of the receptor level was achieved.

A very similar pattern of hyperthermia-induced
changes of the GR level was observed when the receptor
level was determined in hepatic cytosol by immunoblot-
ting without previous immunoadsorption. A 90% de-
crease of GR concentration was noticed shortly after the
stress and partial restoration was evident 5 h after the
stress (Fig. 2).

Theinfluence of hyperthermic stress on intracellular
redistribution of GR was followed by immunocytochem-
ical staining of the receptor using BUGR2 antibody (Fig.
3). In the control (unstressed) group of animals, a pre-
dominant cytoplasmic localization of the receptor was
observed. On the contrary, in dexamethasone-adminis-
tered animals serving as positive controls, the receptor
was localized almost exclusively in the nuclei. Exposure
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Fig. 1. Amount of the GR immunopurified from rat liver cytosol after exposure of the animals to 41°C whole body hyperthermic stress. (a) and (b):
GR was immunoadsorbed to Protein A-Sepharose from 200 ml liver cytosol (4 mg protein) by BUGR2 antibody. After SDS-PAGE and Western
immunoblotting GR was detected using BUGR2 as primary antibody followed by 25|-labeled secondary antibody. Two representative scans obtained
by Phosphorimaging are shown. Lane NI: nonimmune control (preimmune mouse 1gG used instead of BUGR2 for immunoadsorption); lane C:
unstressed control. The position of GR isindicated by the arrow. (c): Data obtained after quantification of immunospecific bands by ImageQuant soft-
ware. The percentages of unstressed controls are displayed. The values represent the means + S.E. from four independent experiments.

of the animals to hyperthermic stress led to a rapid shift
of immunopositivity from the cytoplasm to the nucleus,
which was evident immediately after the stress and per-
sisted for at least 2 h afterwards. At the end of a 5-h re-
covery period, a decrease of immunopositivity in the nu-
clei, accompanied by its increase in the cytoplasm, was
noticed. Such aredistribution continued during the whole
examined period after the stress, so that 24 h after the
treatment the receptor distribution within the cell resem-
bled that seen in the control group. Exactly the same pat-
tern of receptor intracellular redistribution in untreated,
dexamethasone-administered and hyperthermia-exposed
animals was observed when the smears of isolated liver
nuclei were immunostained by BUGR2 anti-GR antibody
(Fig. 3, insets).

DISCUSSION

The GR has two nuclear locaization signals. The
first one (NL1) is located within the DNA-binding do-
main, while the second (NL2), which mediates hormonal

control of receptor localization, is in the ligand binding
domain (Picard and Y amamot o, 1987). A wide
range of stressful signals, including heat stress, modulate
the circulating level of glucocorticoids, influencing the
activity and intracellular localization of the GR. The pur-
pose of this study was to examine heat stress-induced a-
terations in GR subcellular distribution under conditions
that resemble a physiological situation as much as possi-
ble. For that purpose, physiologicaly relevant whole-
body hyperthermia was applied as a stressful insult and
the GR level was measured in both the cytoplasm and the
nuclei of rat liver cells.

Subcellular distribution of the GR and the control
mechanisms implicated are not yet fully understood. In
most cells and tissues studied so far, GR was found in
both the cytoplasm and the nucleus, its shift to the nucle-
ar compartment being of the utmost importance for trans-
duction of the glucocorticoid signa to the cellular ge-
nome. Both cytological and biochemical approaches have
provided evidence for GR association with components
of the cytoskeleton, which unquestionbly play akey role
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Fig. 2. Level of GRin therat liver cytosol after exposure of the animalsto 41°C whole body hyperthermic stress. (a): Liver cytosol proteins (120 mg)
from unstressed rats (control) and rats sacrificed at indicated time intervals after exposure to the stress were resolved by SDS-PAGE and transferred
to nitrocellulose membrane. The GR was detected using BuGR2 as primary antibody followed by 125I-labeled secondary antibody. The representa-
tive scan obtained by Phosphorlmaging is shown. The samples deriving from two independent experiments are presented. (b): Data obtained after
quantification of immunospecific bands by ImageQuant software. The percentages of unstressed controls are displayed. The values represent the means

+ S.E. from four independent experiments.

in intracellular shuttling of the receptor (Pratt et al.,
2004). However, both approaches suffer from serious
limitations as for as measurements of the GR level in the
two cellular compartments are concerned. Thus, it has
been documented that the amount of the receptor meas-
ured in the cytosol and the nuclei greatly depends on the
procedure applied for preparation of the cellular fractions
(Martin and Sheridan, 1980). On the other hand,
tissue fixation procedures may affect relative nuclear to
cytoplasmic distribution of the receptor (Y amashita,
2001). In this study, we applied both immunobl otting and
immunocytochemical proceduresin order to compare the
two sets of data on GR intracellular redistribution under
conditions of hyperthermic stress. Moreover, in an at-
tempt to avoid tissue fixation as a potential source of ar-
tifacts, we also used unfixed nuclear smears to examine
the nuclear level of the GR.

The results presented in this paper confirm our pre-
vious assumption that 41°C whole-body hyperthermic
stressinduces atransient GR loss from the cytoplasm and
stimulates its nuclear accumulation (M ati ¢ et al.,
1995). Hyperthermia-related decrease of the GR level in
the cytosolic fraction of rat liver cells was evidenced by
immunoblotting (before and after GR immunopurifica
tion) and by immunocytochemical analysis of both tissue
sections and unfixed nuclear smears. The immunocyto-
chemical approaches applied herein also provide evi-
dence for a hyperthermia-induced shift of the receptor
from the cytoplasm to the nuclei, since decreasein immu-
nopositivity accumulated in the cytoplasm was accompa-
nied by its increase in the nuclei. These results are con-
sistent with previous studies on GR intracellular localiza-
tion after heat stress, which showed that this stress ap-
plied to both cell cultures (San c h e z, 1992) or the
whole organism (M ati ¢ etal. 1989, 1995; Cvoro
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Fig. 3. Immunocytochemical detection of GR in rat hepatocytes after 41°C whole-body hyperthermic stress. Paraffin-embedded liver sections and
nuclear smears were prepared from unstressed control rats (C) and rats sacrificed at indicated time intervals after exposure to the stress. The GR was
detected by immunocytochemical staining with monoclonal BUGR2 antibody followed by biotinylated secondary antibody. Representative nuclei from
unfixed nuclear smears are shown in insets. The non-immune probe is designated NI, while the sample deriving from an animal given dexamethasone
is designated Dex. The experiments were repeated six times independently. Magnification: liver sections — x100; nuclear smears — x100, orig.

et al., 1998) led to considerable loss of cytosolic GR
binding capacity. This effect of heat stress coincided with
decrease in the amount of GR protein in the cytosolic
fraction and its increase in the nuclei, whereas the tota
cellular concentration of the receptor seemed to remain
unchanged. Similar reduction of the glucocorticoid bind-
ing capacity and GR protein level in the cytosol was ob-
served during chemical stresses, such as cadmium or ar-
seniteintoxication (Simons etal.,,1990; Dunder -
ski etal., 1992).

It is interesting to note that the increase in the GR
nuclear level noticed 0 h and 2 h after exposure to the
stress was much larger than that observed after dexam-
ethasone administration, which is a well-known signal
provoking receptor shift to the nucleus. This finding is
consistent with the previously described heat shock po-
tentiation effect (H u et al., 1996) and suggests that
stress-induced increase in the nuclear level of GR could
result not only from its translocation to the nucleus in-
duced by an elevated level of endogenous glucocorti-
coids, but also from hormone-independent translocation
stimulated by stress. In support of such an assumption, it
has been documented by Hach é et al. (1999) that un-
liganded, cytoplasmic GR associated with heat shock

proteins (Hsps) may constitutively shuttle between the
nucleus and the cytoplasm, existing in adynamic equilib-
rium between the two compartments. |n addition, our pre-
vious study (C vor o etal., 1998) showing that 41°C
whole-body hyperthermic stress stimul ates association of
rat liver cytosolic GR with Hsp70 suggested that this
chaperone may be linked with intracel lular transportation
of the receptor. It has been shown that Hsp70 is required
for nuclear import of a number of proteins (Shi and
T homas, 1992) and, moreover, that it can be found on-
ly within GR heterocomplexes originating from cells in
which unliganded GR is localized in the nucleus, but not
from those in which it occurs in the cytoplasm
(Sanchez etal., 1990).

Owing to the fact that several different experimental
approaches applied in this study led to very similar obser-
vations on hyperthermic stress-related alterations in GR
intracellular localization, the results can contribute to a
better understanding of stress-related disturbances in the
glucocorticoid signa transduction pathway.
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MNPOMEHE YHYTAPREJINJCKE JJOKAJU3ALNJIE [NMTYKOKOPTUKOUIHOI'
PELENITOPA N3A3BAHE XUTIEPTEPMUJCKHUM CTPECOM

AJIEKCAHJIPA UBOPO?!, AJIEKCAH/IPA KOPAR? u TOPJAHA MATHR!

100ememe 3a ouoxemujy, Uncmumym 3a 6uonowka ucmpaxcugarsa ,, Cunuwia Cmanxosuh” , 11060 beorpan, CpoOuja;
2Uncmumym 3a 300102ujy, Buonowku gpaxyimem, Yuusepzumem y Beozpady, 11000 beorpax, Cpouja

um oBe cryamje O6uo je na ce ucnura yHytaphenujcka
peauctpubyimja rirykokoptukonasor perenrtopa (GR) y
henmujama jeTpe maroBa TOKOM 24-4aCcOBHOT BPEMEHCKOT
nepuojia Mociie U3Jarama KUBOTHIbA XUIIEPTEPMH]jCKOM
crpecy oj 41°C. 3acTymbeHOCT PElENTOPHOT MPOTEHHA
y IMTOIJIA3MAaTHYHO] U jefapHOj dpakiuju onpehupana
j€ TEXHHKOM HMYHOOJOTHHra MPUMEHEHOM Ha YKYIHH
nutocon W Ha npeuninhenn GR, ka0 ¥ UMyHOIUTOX-
€MHjCKOM aHaJIM30M MPUMCHCHOM Ha Tapa(uHCKe Mpe-

CeKe W Ha pa3Mase He(HKCHPAHHX, W30JI0BaHUX jenapa.
CBH eKCIIepUMEHTAJIHU HPUCTYNH KOPUIINEHH Yy OBOM
pay [anu cy CIMYHE pe3ysTare Koju MoKasyjy 1a je mpo-
Ja3HO cMameme nuroruiazMarnaHor GR, 3amaxeHo To-
KOM IIPBHUX 5 yacoBa HAKOH HM3Jlaramba KUBOTHHHA XUIIEP-
TEPMHUJCKOM cTpecy, npaheno mosehaHoMm akymymanujoMm
penentopa y jenpuma. OBa cTyarja OM MOIJIa Ja TOTPH-
Hece 00JbeM pa3yMeBamy yTHllaja cTpeca Ha IyT MpeHo-
ca NIYKOKOPTHKOMHOT CHT'Hasa Kpo3 henujy.



