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CLOCK protein is a member of the bHLH-PAS family of tran-
scription factors, it is expressed in several tissues including
the liver and is essential for normal circadian rhythms. In this
study we investigate the distribution of CLOCK protein in
hepatocytes of euthermic and hibernating edible dormice
Glis glis as well as in hepatocytes taken from the hibernat-
ing animals submitted in vitro to experimental conditions
mimicking the arousal process. Our results demonstrate that
CLOCK protein is expressed in all animals and is mostly
located in the nucleus, in particular, on perichromatin fibrils
and nucleoli. During deep hibernation CLOCK protein
becomes more abundant but an intracellular redistribution
occurs: the protein significantly decreases in all cellular
compartments, but it accumulates in the amorphous bodies.
These nuclear bodies, typical of the hibernating state, prob-
ably represent storage sites for CLOCK protein to be quickly
used upon arousal. Accordingly, in hepatocytes submitted to
in vitro conditions mimicking arousal CLOCK protein levels
rapidly reach the euthermic values, while amorphous bodies
disappear.
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Hibernating animals undergo drastic modifica-
tions of their activity during the seasonal cycle: in
winter, when the habitat conditions become
unfavourable, they enter torpor bouts drastically
reducing body temperature and energy needs; upon
arousal the thermogenic processes rapidly restore
euthermic metabolic and physiological functions
(Lyman et al., 1982). Therefore, in hibernating ani-
mals physiological and metabolic variables follow a
circannual rhythm, which has been extensively stud-
ied in many species (review in Kortner and Geiser,
2000). By contrast, little is known about their cir-
cadian rhythms; in addition, the available data are
often discordant, probably due to the extreme vari-
ability of the hibernation strategies employed by dif-
ferent species and/or to different experimental
designs.

Recently, a new member of the bHLH-PAS fami-
ly of transcription factors, named CLOCK, has been
identified in the mouse and demonstrated to be
essential for normal circadian rhythms (Vitaterna et
al., 1994). In mammals, the primary circadian
pacemaker resides in the hypothalamic suprachias-
matic nuclei; however, extraneural tissues contain
their own circadian oscillators (e.g. King et al.,
1997; Zylka et al., 1998; Sakamoto et al., 1998).
Cells and tissues are able to maintain their own cir-
cadian clock even when submitted to in vitro condi-
tions (Balsalobre et al., 1998; Whitmore et al.,
1998). The basic mechanism of the circadian clock
relies on interlocking positive and negative tran-
scriptional/translational feedback loops (review in
Reppert and Weaver, 2001). The internal timekeep-
ing system in mammals includes several genes
besides clock, namely, period (per) 1, 2 and 3, cryp-
tochrome (cry) 1 and 2 and bmall. The proteins
CLOCK and BMAL1 form a complex that activates
per and cry genes transcription; as the PER and
CRY proteins are translated, they enter the nucleus
where CRY acts as negative regulator interacting
with CLOCK and/or BMAL1 to inhibit transcrip-
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tion, while PER2 contributes to the rhythmic tran-
scription of bmall. Increased availability of
BMAL1 presumably promotes CLOCK-BMAL1
heterodimerization needed to restart the per and
cry transcription. The positive-feedback loop there-
by augments regulation of the negative-feedback
loop, perpetuating the clock cycle that, by second-
ary pathways, elicits cyclic events in other cellular
targets.

In the present study, we investigate, by means of
biochemical and immunoelectron microscopic tech-
niques, the distribution of CLOCK protein in hepa-
tocytes of euthermic and hibernating edible
dormice, with particular attention to the nuclear
structural constituents involved in transcription and
splicing previously demonstrated to modify during
hibernation (Zancanaro et al., 1993; Malatesta et
al., 1994, 1995, 1999, 2000). Moreover, we
analyse CLOCK protein distribution in hepatocytes
submitted to in vitro experimental conditions mim-
icking the arousal process (Malatesta et al., 2001)
in order to verify a possible role of this protein in
the transitions involved in hibernation-arousal.

Materials and Methods

Animals and tissue processing

Seven male adult individuals of the edible dor-
mouse Glis glis were used in this study. Wild ani-
mals were trapped in central Italy upon permission
from local authorities and maintained in an exter-
nal animal house provided with food and bedding
material; under such conditions they spontaneously
began to hibernate in December and awoke in
March. Four animals were sacrificed in winter
(three in deep hibernation, after at least six days of
continuous torpor and one in early hibernation, 36
hours after a periodic arousal) and three during the
euthermic summer period. Dormant animals were
taken from the cage and immediately killed by cer-
vical dislocation, whereas euthermic animals were
anaesthetised with ether and then sacrificed. All
animals were killed at the same time, i.e. around
10:00 am. Samples of liver were fixed by immer-
sion in 4% paraformaldehyde in 0.1M Sorensen
phosphate buffer at 4°C for 2 h. After blocking free
aldehydes with 0.5 M NH4Cl in PBS at 4°C for 45
min, the specimens were dehydrated in ethanol and
embedded in LRWhite resin. Some liver samples
were immersed in liquid nitrogen and then stored at
-20°C for biochemical analyses.
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Electrophoresis and Western blotting

Dormouse liver extracts were prepared by homog-
enizing the minced tissue (0.05 g) at 4°C in a glass
potter with a Teflon pestle in 300 ul of extraction
solution (20 mM Hepes/KOH pH 7.5, 100 mM
KCI, 5 mM dithiothreitol, 5% glycerol, 2.5 mM
EDTA, 2.5 mM NaF, 0.1% Triton X-100, 1 mM
PMSF, 4 mM AEBSF, 10 pg/mL leupeptin, 10
pwg/mL pepstatin). Homogenates were centrifuged
for 10 min at 12000 g at 4°C and the supernatants
used for protein determination. Protein concentra-
tion was determined by the method of Bradford
(1976) using BSA as standard protein. The super-
natant fractions were diluted 1:1 in extraction solu-
tion, then an equal volume of 2x SDS sample buffer
(with 2% v/v mercaptoethanol) was added and the
mixture boiled for five minutes. Equal amounts of
total protein (30 pg total at 1 pg/uL) from the
supernatant fractions were resolved by SDS/PAGE
on 8% polyacrylamide gel and transferred to nitro-
cellulose membrane (Hybond-C extra, Amersham
Life Science) (Laemmli, 1970; Towbin et al.,
1979). The nitrocellulose membranes were then
incubated with an affinity-purified polyclonal rabbit
anti-mouse CLOCK antibody diluted 1:2000
(Alpha Diagnostic International, Inc.). Goat anti-
rabbit IgG horseradish peroxidase conjugate
(BioRad) was used at a 1:5000 dilution as a sec-
ondary antibody and specific protein bands were
visualised by the ECL (enhanced chemilumines-
cence) detection kit as recommended by the manu-
facturer (Amersham Life Sciences). Densitometric
analysis of the bands was performed by using
Chemi Doc apparatus (Bio-Rad) and quantified by
Quantity One software.

In vitro experimental conditions

Liver samples from deeply hibernating dormice
were put in a cold culture medium, cut in small
fragments and incubated as previously described
(Malatesta et al., 2001): 1) at 4°C, to preserve the
hypothermic state of the hibernating organism, for
5,30, 60 min and 24 h; 2) at 37°C, to simulate the
drastic increase in body temperature occurring dur-
ing arousal, for 5 min; 3) at 37°C, in a culture
medium containing 10~ M delta opioid D-Ala2-D-
Leu5 enkephalin (DADLE, Sigma), which mimics
the activity of the hibernation induction trigger in
hibernators (Oeltgen et al., 1988), for 5, 30 and 60
min. As previously demonstrated (Malatesta et al.,
2001), DADLE administered at 37°C is able to



slow down the arousal process, while the preserva-
tion of the cell features typical of deep hibernation
is probably possible only by a concomitant
hypothermia. After incubation, all liver samples
were fixed and processed for electron microscopy as
described above.

Immunoelectron microscopy

Ultrathin sections were placed on nickel grids
coated with a Formvar-carbon layer and then
processed for immunocytochemistry using an anti-
mouse CLOCK antibody (Alpha Diagnostic
International, Inc.). Sections were floated for 3
min on normal goat serum (NGS) diluted 1:100 in
PBS and then incubated for 17 h at 4°C with the
primary antibody diluted 1:5 with PBS containing
0.1% bovine serum albumin (Fluka) and 0.05%
Tween 20. After rinsing, sections were floated on
NGS, and then reacted for 30 min at room temper-
ature with the secondary 12 nm-gold-conjugated
antibody (Jackson ImmunoResearch) diluted 1:10
in PBS. Finally, the sections were rinsed and air-
dried. As controls, some grids were treated with the
incubation mixture without the primary antibody,
and then processed as described above. In order to
clearly identify the nuclear structural constituents
containing RN Ps, all sections were stained with the
EDTA method (Bernhard, 1969). The specimens
were observed in a Zeiss EM 902 electron micro-
scope operating at 80 kV.

Quantitative evaluation of immunolabelling and
statistical analysis

In order to assess the presence of the CLOCK
protein quantitatively, the labelling density was
evaluated over some cellular compartments: con-
densed chromatin, interchromatin granules (IG),
amorphous bodies (ABs), coiled bodies (CBs),
fibro-granular material (FGM), interchromatin
space devoid of IG and of nuclear bodies typical of
hibernation (therefore a nucleoplasmic region par-
ticularly rich in perichromatin fibrils, PF), nucleoli
and cytoplasm. The surface area of each compart-
ment was measured on 15 randomly selected elec-
tron micrographs (x20000) from each animal or
experimental condition by using a computerised
image analysis system (Image Pro-Plus for
Windows 95). For background evaluation resin out-
side the tissue was considered. The gold grains pres-
ent over each compartment were counted and the
labelling density was expressed as the number of
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Figure 1. Immunoblot analysis of total liver extracts from
euthermic (line 1), deep (line 2) and early (line 3) hibernating
dormice. Thirty micrograms of protein was electrophoresed on
a 8% (w/v) polyacrylamide gel and electro blotted onto nitro-
cellulose membrane and probed with an affinity-purified poly-
clonal rabbit anti-mouse CLOCK antibody. Enhanced chemilumi-
nescence was used as the detection system.

gold grains per square micrometer.

The data for each variable were then pooled
according to the experimental groups and the
mean+standard error of the mean (SE) values cal-
culated. Statistical analysis was performed by the
Kruskal-Wallis one-way ANOVA test and relative
procedures of multiple comparison. Statistical sig-
nificance was set at p < 0.05.

Results

CLOCK protein in liver homogenates

CLOCK protein expression in livers of euthermic
and hibernating dormice was evaluated by
immunoblot analysis using an anti-mouse CLOCK
antibody. The results (Figure 1) show the ability of
this antibody to recognise the dormouse CLOCK
protein. Moreover, our results indicate that hepatic
tissues of deeply hibernating dormice express
CLOCK protein at higher levels than euthermic and
early hibernating ones (26% and 12.5% compared
to deeply hibernating dormice, respectively).

Immunoelectron microscopy
Electron microscopic examination of immunola-

beled hepatocytes revealed that the general intra-
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Figure 2. Hepatocytes from euthermic (a-b) and hibernating (c-e) dormice; immunolabelling with anti-CLOCK antibody. In the cytoplasm
CLOCK protein labelling is associated with ribosomes (inset, arrowheads), while in the nucleus it mainly occurs on perichromatin fib-
rils (thin arrows) and on the dense fibrillar component (thick arrows) in the nucleolus (NU). The condensed chromatin (C) shows only
a weak labelling, while interchromatin granules (1G) and perichromatin granules (small arrows) are devoid of gold grains. During deep
hibernation, CLOCK protein accumulates in the amorphous bodies (arrow), whereas coiled bodies (open arrow) and fibro-granular mate-
rial (asterisks) do not show any signal. Bars 0.5 pm; inset bar 0.25 pm.

cellular distribution of CLOCK protein was similar
in all samples. In detail, the labelling appeared con-
centrated in the nucleus, where it was mostly asso-
ciated with the PF, while the condensed chromatin
showed a weak signal mainly located near the
perichromatin region (Figure 2a). The nucleolus
displayed a significant labelling especially on the
dense fibrillar component (Figure 2b). The
perichromatin granules were not labelled and IG
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clusters were almost devoid of gold grains (Figure
2a and 2c). The ground cytoplasm generally con-
tained diffuse labelling, although many gold parti-
cles were observed over free as well as membrane-
bound ribosomes (Figure 2a). As for the nuclear
bodies typical of hibernation, in deeply hibernating
animals as well as in most liver samples submitted
to in vitro conditions the ABs were strongly labelled
(Figure 2c), whereas the CBs (Figure 2d) and the
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Table 1. Mean values*SE of anti-CLOCK labeling densities (gold grains/pm?) over various cellular compartments in euthermic and
hibernating dormice. In each column values identified by asterisks are not significantly different from one another.

CYTOPLASM CONDENSED INTERCHROMATIN IG NUCLEOLUS ABs CBs FGM
CHROMATIN SPACE - IG
Euthermia 4,51+0.58* 4,74+0.38* 8.12+0.61* 0.87+0.27 6.48+2.04*
Deep hibernation 2.25+0.19 1.68+0.21 4.00+0.24 0.43:0.14 4.48+1.48 85.70+6.88 0.00+0.00 0.19:0.07
Early hibernation 3.79+0.83* 4.17+0.48* 7.45+0.45* 0.51+0.15 7.68+3.14*

Table 2. Mean values*SE of anti-CLOCK labeling densities (gold grains/um?) over various cellular compartments in different in vitro
experimental conditions. In each column values identified by asterisks are not significantly different from one another.

CYTOPLASM CONDENSED INTERCHROMATIN IG NUCLEOLUS ABs CBs FGM
CHROMATIN SPACE- 1G
4°C 5 min 4.40+0.71* 2.14+0.50* 8.02+2.01* 0.000.00* 4.83:098*  73.13+13.89* 0.00£0.00*  0.21+0.10*
4°C 30 min 5.01+0.58* 1.83+0.36* 7.39£1.52* 0.11x0.02* 458:1.06*  85.9117.61* 0.00+0.00*  0.00+0.00*
4°C 60 min 4.96+0.97* 2.090.41* 6.97+0.41* 0.700.70* 4.34+1.84* 16.77+16.77 not found 0.11+0.11*
4°C24n 4.90+0.78* 2.12+0.51* 7.32+0.58* 0.78+0.12* 4.92+1.05* not found not found not found
37°C5 min 4.99+0.33* 1.49+0.57 6.91+0.82* 0.430.17* 6.932.74 not found not found not found
DADLE 5 min 5.15+0.98* 2.17+0.66* 7.310.88* 0.35£0.11* 505+2.29*  97.31+17.65* 0.00£0.00* not found
DADLE 30 min 4.43+0.73* 1.45+0.31* 6.35+0.87* 0.770.56* 5.16+2.02* 0.00£0.00 0.000.00* not found
DADLE 60 min 4.35:0.91* 2.030.48* 7.95+0.91* 0.93£0.13* 5.00+0.65* not found not found not found

FGM (Figure 2e) appeared devoid of gold grains.
On the other hand, in liver samples incubated with
DADLE for 30 and 60 min and at 4°C for 60 min
and 24 h the rare ABs observed were either weak-
ly labelled or unlabelled (not shown).

Quantitative evaluation of immunolabelling and
statistical analysis

Quantitative evaluation of intracellular distribu-
tion of CLOCK protein confirmed that in all sam-
ples the most labelled compartments were the
interchromatin space devoid of IG and the nucleo-
lus, that in euthermia showed lower values. The con-
densed chromatin and the cytoplasm displayed sim-
ilar densities with lower values in comparison to the
nucleolus. The IG showed labelling densities not sig-
nificantly different from background. Significant
differences in labelling density were found between
euthermic and deeply hibernating dormice (Table
1). In fact, in deep hibernation the anti-CLOCK
labelling was significantly lower in the cytoplasm as
well as in most nuclear compartments. By contrast,

a striking accumulation of CLOCK protein was
found in ABs, while CB and FGM exhibited values
not significantly different from background. In the
early hibernating animal all values were similar to
the euthermic ones. In all liver samples submitted
to in vitro conditions (Table 2) CLOCK labelling
levels of cytoplasm and interchromatin space
devoid of IG always showed euthermic values,
whereas condensed chromatin and nucleolus main-
tained the hibernating values, with the exception of
samples incubated at 37°C for 5 min. IG always
displayed signals similar to background.

Quantitative evaluation of background labelling
demonstrated that it was negligible (0.15+0.04
grains/um?). Similarly, the level of labelling in the
control specimens was also negligible.

Discussion
Our observations, carried out on hepatocytes of
euthermic and hibernating edible dormice, demon-

strate that: 1) CLOCK protein is expressed in all
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animals and is more abundant in deep hibernation;
2) in all animals CLOCK protein mainly occurs in
the nucleus and, in particular, on PF and nucleoli;
3) during deep hibernation CLOCK protein signifi-
cantly decreases in all cellular compartments, but it
accumulates in the ABs; 4) in hepatocytes submit-
ted to in vitro conditions mimicking arousal CLOCK
protein levels rapidly reach the euthermic values in
the cytoplasm and in PF.

Clock gene encodes a bHLH-PAS transcription
factor able to enhance transcription through E box
elements (Reppert and Weaver, 2001) and is
expressed in several tissues, including the liver
(King et al., 1997). Accordingly, CLOCK protein
has been specifically recognised in Glis glis liver
homogenates, indicating a high homology between
mouse and edible dormouse proteins. Moreover, the
immunocytochemical analysis demonstrated that
most CLOCK protein in dormouse hepatocytes is
located in the nucleus and in particular on PF,
nucleoplasmic structural constituents containing
several transcription and splicing factors and rep-
resenting the in situ form of nascent pre-mRNA
(Fakan, 1994), and in the nucleolar dense fibrillar
component, where the transcription and early splic-
ing of rRNA take place (Cmarko et al., 2000;
Biggiogera et al., 2001). As for the anti-CLOCK
labelling observed on the condensed chromatin, it
can not be excluded that some protein binds non-
transcribing DNA; however, the absence of a clear-
cut borderline between the condensed chromatin
and the perichromatin region could lead one to
include the hardly recognisable PF in the chromatin
area. On the other hand, CLOCK protein is absent
from perichromatin granules, which represent stor-
age and/or transport sites of already spliced mRNA
or pre-mRNA (Vazquez-Nin et al., 1990; Bauren
and Wieslander, 1994) and from the IG, involved in
presplicing complex storage and/or assembly
(Puvion and Puvion Dutilleul, 1996). Finally, the
CLOCK protein found in the cytoplasm probably
represents synthesised and migrating molecules.

Our observations are in agreement with a recent
immunofluorescence study reporting a speckled dis-
tribution of CLOCK protein in the cytoplasm and in
the nucleus (Zanello et al., 2000).

By comparing euthermic and hibernating animals
it is evident that during deep hibernation liver
CLOCK protein content increases but a concomi-
tant intracellular redistribution takes place. More
precisely, CLOCK protein decreases both in the
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cytoplasm and in the usual nuclear constituents, in
accordance with the drastic reduction — but not
the arrest — in protein and RNA synthesis occur-
ring during hibernation (Derij and Shtark, 1985;
Bocharova et al., 1992); however, at the same time
large amounts of this protein are stored in ABs.
These particular nuclear bodies progressively form
during the hibernation bouts becoming quite abun-
dant in deeply hibernating dormice (about 15% of
sectioned hepatocyte nuclei show at least one AB,
and we could observe up to three ABs per nuclear
section) (Malatesta et al., 1999). ABs have been
demonstrated to contain snRNPs and hnRNPs
(Malatesta et al., 1994, 1999) and are thought to
represent storage and/or assembly sites of such
molecules requested to meet the increased meta-
bolic needs upon arousal, when they disassemble in
thin fibrils (Malatesta et al., 2001). Similarly, we
can hypothesise that ABs represent storage sites of
CLOCK protein to be rapidly used upon arousal in
order to start a massive transcription process. In
fact, our in vitro investigations demonstrate a strik-
ing increase in CLOCK protein levels on PF after an
incubation of a few minutes in all experimental con-
ditions, whereas the rare ABs found in liver samples
incubated for longer times are almost devoid of
CLOCK protein. On the other hand, CLOCK protein
is absent from CBs, which are supposed to play a
role in the metabolism of many nucleoplasmic and
nucleolar transcription and splicing factors, and
which perhaps shuttle such proteins to and from
different nucleoplasmic/nucleolar sites (Malatesta
et al., 1994; 1999). However, some factors, such as
SC-35, are absent from CBs. Similarly, CLOCK pro-
tein could follow intranuclear pathways not involv-
ing CBs. CLOCK protein is also absent from the
FGM, probably involved in post-transcriptional pro-
cessing of pre-mRNA slowly formed during hiber-
nation (Malatesta et al., 1995, 1999).

The literature data on the circadian fluctuations
during hibernation are quite poor and appear to dif-
fer among species (Kortner and Geiser, 2000). It
has been reported that hibernators which use deep
and secluded underground burrows, show no sur-
face activity and rely entirely on body fat stores or
food caches, such as Glis glis, are characterised by
a deterioration of the circadian system during the
hibernation bouts. This would be in accordance with
the decrease of CLOCK protein in both synthetic
and functional sites. Moreover, it is known that
hibernators arouse from torpor at regular intervals,



whose biological significance is still unclear
(Lyman et al., 1982). Some authors propose that
such periodic normothermic episodes would
reestablish homeostatic balance, others that they
would reflect the persistence of a lengthened circa-
dian cycle (Kértner and Geiser, 2000). In any case,
our data suggest that the periodic arousals could
reset the cellular circadian clock: upon arousal
CLOCK protein synthesis and distribution on func-
tional sites would be quickly restored (as indicated
by our in vitro experiments), while during each
hibernating bout the protein would be progressively
concentrated in the ABs (as indicated by the early
hibernating dormouse, showing CLOCK protein con-
tent and distribution quite similar to the euthermic
ones). Interestingly, dormouse hepatic tissue
appears to be able to restore the intracellular cir-
cadian clock even under in vitro condition, in the
absence of inputs from the hypothalamic master
oscillator. It is possible that stimuli such as temper-
ature changes (Liu et al., 1998) or humoral signals
(Balsalobre et al., 1998) can trigger the intracellu-
lar timekeeping system, whereas it has been exclud-
ed that mammalian peripheral clocks can respond
directly to light (Yamazaki et al., 2000).
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