Molecular and Metabolic Aspects
of Mammalian Hibernation

Expression of the hibernation phenotype results from the
coordinated regulation of nultiple physiological and molecular
events during preparation for and entry into torpor

s winter approaches and snow

fills the air, mammals that
hibernate avoid the energetic
emands of maintaining high body
temperatures by seeking shelter, fall-
ing asleep, and becoming deeply hy-
pothermic. Hibernation is best
viewed as an adaptation to antici-
pated famine and not to winter or
cold per se. For example, near the
beaches of Santa Cruz, adult Cali-
fornia ground squirrels hibernate
from late May until November,
avoiding the hot summer months
when grasses are dried and seeds
long blown away. Even in northern
climes, hibernators often overlap in
distribution with species of similar
body size that feed and remain active
throughout the winter. Throughout
montane and boreal forests, red tree
squirrels and flying squirrels con-
tinue to move about during winter,
high above buried hibernating
ground squirrels, in their search for
treeborne seeds and dormant insects.
These animals also make use of cached
cones, fungi, and berries. During win-
ter on the tundra, small voles and
lemmings live in the subnivian space
between the ground and depth hoar
layers of snow. All winter long they
continue to clip and feed from grasses
and sedges. In contrast, most hiber-
nating species do not climb trees or
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coordinates entrance
into the suspended state
of animation known
as hibernation

eat seeds from cones and are too
large to use the subnivian space; for
these animals, winter can be a long
season without foraging opportuni-
ties, and they have therefore evolved
the ability to pass winter by while in
a torpid state of lethargy.

A highly regulated sequence of
physiological events beginning
months in advance of winter coordi-
nates entrance into the suspended
state of animation known as hiber-
nation. However, with the exception
of bears, which become only moder-
ately hypothermic, no hibernating
mammal remains deeply hypother-
mic for longer than several weeks.
Instead, for reasons that are not yet
known they expend significant
amounts of energy to periodically
rewarm back to normal body tem-
peratures for less than a day before
recooling.

The seasonal changes in body tem-
perature that occur in an arctic ground
squirrel (Spermophilus parryii) liv-

ing near the edge of its northernmost
distribution in Alaska are especially
profound and provide an extreme
example of hibernation physiology
(Figure 1). In a male arctic ground
squirrel monitored for body tem-
perature throughout hibernation,
minimum body temperature de-
creased in autumn in parallel with
the drop in soil temperature, indicat-
ing that when ambient temperatures
are above freezing there is a passive
thermal equilibrium between arctic
ground squirrels and their surround-
ings. In early December, soil tem-
peratures decreased toward —15 °C,
but the ground squirrel’s body tem-
perature remained a constant-2.0 °C
during torpor, indicating that this
species actively thermoregulates.
Substantial thermogenesis is also re-
quired throughout hibernation to fuel
arousal episodes that interrupt tor-
por every 10-21 days.

Although there is a rich literature
of physiological research related to
the seasonally programmed changes
that prepare the body for hiberna-
tion and regulate entry into, mainte-
nance of, and recovery from torpor
(e.g., Lymanetal. 1982, Carey et al.
1993, Geiser et al. 1996), the mo-
lecular and cellular mechanisms of
mammalian hibernation have re-
mained largely a mystery. In this
article, against a background of the
natural history of hibernation, we
focus on recent progress defining the
molecular and cellular changes that
potentially regulate preparation for
and entrance into hibernation and
that result in differential regulation
of gene products during torpor (Fig-
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ure 2). We draw together literature
from a variety of hibernating spe-
cies, most frequently highlighting the
h1bernat1ng arctic ground squirrel,
which overwinters at an environ-
mental extreme.

Preparation for hibernation

For seasonal hibernators (i.e., ani-
mals that predictably enter dormancy
periods lasting several months each
year), entrance into hibernation is
anticipated several weeks or more in
advance by changes in behavior and
physiology that lead to accumula-
tion of energy stores.
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Fuel storage. Hibernating species
prepare for winter by storing food or
becoming obese, and sometimes by
doing both. Chipmunks, pocket mice,
and hamsters do not fatten apprecia-
bly but rather store food, principally
seeds, in their hibernacula. They then
feed from these food caches during
their arousal episodes, which occur
more frequently than in hibernators
that fatten. Males of several species
of ground squirrels both fatten and
store food. These caches are prob-
ably crucial for use during spring,
when males end hibernation early to
return to high body temperatures
during their sexual maturation,

which is prolonged compared to
sexual maturation in females (Barnes
1996).

Food intake and body mass of
species that fatten, such as ground
squirrels and marmots, nearly double
over the summer, and 60-80% of
this increase can be accounted for as
white adipose tissue, which triples in
mass (Galster and Morrison 1976,
Florant et al. 1990). Adipose tissue
represents the most efficient fuel stor-
age form for overwintering animals
because, unlike carbohydrates, which
are stored as hydrated glycogen,
triacylglycerides (glycerol and fatty
acids) are hydrophobic and stored
without water. Furthermore, fatty
acid oxidation provides more than
twice as much energy on a per gram
basis than carbohydrate oxidation.
Although white adipose tissue pro-
vides most of the energy used during
hibernation, other body reserves are
also used and may be essential. For
example, as much as 43 % of protein
(fat-free mass) is lost in arctic ground
squirrels during the hibernation sea-
son (Galster and Morrison 1976,
Buck and Barnes 1999). Protein can
serve as a carbon source for carbo-
hydrate synthesis through gluconeo-
genesis during prolonged fasts, when
triacylglyceride turnover and release
of glycerol from fat metabolism are
low. Hibernating bears use protein
as well, but they have solved the
problem of protein wastage by recy-
cling urea released by the breakdown
of protein back into amino acids
(Nelson 1980, Barboza et al. 1997).

Lipid accumulation in adipose tis-
sue results from white adipose cell
enlargement rather than increased
numbers of adipocytes (Mrosovsky
and Faust 1985). Fattening is stimu-
lated by increased plasma insulin in
the presence of unchanging gluca-
gon levels (Florant et al. 1985,
Tokuyamaetal. 1991). Insulin stimu-
lates the synthesis and inhibits the
breakdown of glycogen, triacyl-
glycerides, and protein. Insulin lev-
els are high during the late summer
peak in body mass, further contrib-
uting to fattening by increasing both
the synthesis and activity of lipopro-
tein lipase, which promotes deposi-
tion of dietary lipid into fat stores
(Wilson et al. 1992). High insulin
levels also decrease the activity, and
possibly the synthesis, of hormone-
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sensitive lipase, the major lipolytic
enzyme that releases free fatty acids
from triglyceride stores (Wilson et
al. 1992). Additional lipogenic en-
zyme activities increase during fat-
tening, including fatty acid synthase,
the multienzyme complex responsible
for fatty acyl chain lengthening and
lipid synthesis; fatty acid—CoA li-
gase, the enzyme required to activate
fatty acids for glycerolipid synthesis;
and diacylglycerol acyl transferase,
which catalyzes the acylation of
diacylglycerol in triglyceride synthe-
sis (Mostafa et al. 1993).

Set-point hypothesis. Almost 30 years
ago, a “sliding set-point” hypothesis
was proposed to explain the sea-
sonal cycle of changing body mass in
mammalsthat hibernate (Mrosovsky
and Fisher 1970). According to this
model, adipose tissue mass is con-
trolled by a hypothalamic “lipostat”
that senses body lipid content and
initiates compensatory changes in
appetite and energy expenditure to
maintain a seasonally appropriate
level of adiposity, leading to fat gain
during late summer and autumn and
loss during winter. Experimental sup-
port for an adipose-sensing lipostat
in animals that fatten in preparation
for hibernation comes from manipu-
lations of adipocyte size and num-
ber. Both surgical removal of adi-
pose tissue, which reduces adipocyte
number without affecting the size of
the cells left behind, and food re-
striction, which reduces adipocyte
size without affecting cell number,
trigger compensatory increases in
food consumption and metabolism
to replace lost adipose mass to sea-
sonally appropriate levels (Heller and
Poulson 1970, Dark et al. 1985).

Leptin. Molecular support for a
lipostat has come from the recent
cloning of the leptin (lep) gene, which
was first identified as the gene that is
defective in obese ob/ob mice. These
mice overeat to such an extent that
they become as much as four to five
times as fat as their lean littermates
(Zhang et al. 1994). The lep gene,
which is expressed in white and
brown adipose tissue, codes for a 16
kD protein termed leptin (Greek root,
leptos, meaning thin). In humans,
mice, and rats, blood concentrations
of leptin are proportional to total
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Figure 2. Some of the major physiological events that characterize the hibernation cycle

of ground squirrels. See text for details.

body fat. Leptin production is hy-
pothesized to function as a periph-
eral signaling component of the
lipostat, with high levels causing
decreased food intake and increased
energy expenditure and low levels
resulting in greater hunger and en-
ergy conservation (Stephens and Caro
1998). Leptin action is mediated
through binding to central and pe-

ripheral leptin receptors that belong
to the cytokine receptor superfamily.

In arctic ground squirrels, circu-
lating levels of leptin are also posi-
tively correlated with adipose tissue
mass, although the range of plasma
leptin levels, as detected by mouse
leptin antibodies, is small (14 ng/ml;
Bert B. Boyer and Olav Ormseth,
unpublished observations) compared
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to that in humans (1-100 ng/ml;
Considine et al. 1996) and in mice or
rats (1-60 ng/ml; Ahren et al. 1997).
Leptin in arctic ground squirrels has
a protein structure that is 86 % iden-
tical to the mouse amino acid se-
quence (Ruth Stafford and Bert B.
Boyer, unpublished data). This highly
conserved protein structure suggests
that leptin may participate with a
lipostat in the regulation of season-
ally changing levels of white adipose
tissue mass in hibernating mammals.

Arctic ground squirrels are ca-
pable of responding to leptin in a
similar way as mice and rats. For
example, administration of recom-
binant leptin to leptin-deficient ob/ob
mice normalizes their food intake,
body mass, and energy expenditure
to that of lean littermate control
mice (Halaas et al. 1995). Continu-
ous delivery of mouse recombinant
leptin to arctic ground squirrels dur-
ing prehibernation fattening also in-
hibits food intake and reduces body
mass (Ormseth et al. 1996, Boyer et
al. 1997). However, additional stud-
ies on the seasonal regulation of leptin
production, leptin receptor sensitiv-
ity, and post-receptor signaling pro-
cesses are necessary to determine
whether leptin plays a physiological
role in the regulation of adipose tis-
sue mass in hibernators.

Entrance into hibernation

Suitably fat and with sufficient stores
of food secured in its burrow, a male
arctic ground squirrel finally retreats
into its hibernaculum, where it will
remain until spring. Among arctic
ground squirrels, adult and juvenile
males are the last to enter hiberna-
tion, waiting until late September;
adult females begin hibernating in
early August. Emergence from hi-
bernation occurs in the opposite or-
der, males before females, with the
first hardy adult male digging up
through snow the second week of
April and females emerging 1-2
weeks later, ending a 6-8-month hi-
bernation season (Buck and Barnes
1999). Several of the physiological
events that characterize entrance into
hibernation have been well described.

Central nervous system. Electroen-

cephalography (EEG) measurements
demonstrate that hibernators enter

716

torpor via slow-wave sleep (Walker
et al. 1977, Kilduff et al. 1993),
which in mammalsis associated with
a small decrease in body tempera-
ture and metabolic rate (Glotzbach
and Heller 1976, McGinty and
Szymusiak 1990). In nonhibernators,
body temperature and metabolic rate
rise briefly during subsequent epi-
sodes of rapid eye movement (REM)
sleep and again before waking. In
contrast, hibernators suppress REM
sleep and instead passively cool to
low body temperatures. As the brain
cools, the amplitude of the EEG sig-
nal diminishes, until at body tem-
peratures below 20 °C it essentially
becomes a flat line. Electrophysi-
ological recordings of individual neu-
rons demonstrate the absence of ac-
tion potentials at brain tissue
temperatures of below 15 °C when
measured in vitro in the suprachias-
matic nucleus of hypothalamic slices
(Miller et al. 1994) or in vivo by
single-cell recordings in the poste-
rior thalamus (Krilowicz etal. 1988).

However, central nervous system
function persists in this apparently
brain-dead state. Some behaviors
continue in deep hibernation, such
as slow movements to adjust posture
and even vocalizations (Strumwasser
1959) and response and habituation
to disturbance (Pengelley and Fisher
1968). Brainstem and hypothalamic
control over respiration and ther-
moregulatory responses also continue.
Regulation of these and other inte-
grated functions, such as keeping
track of time for circadian rhythms
(Grahnetal. 1994), must be retained
in the absence of action potentials or
by the activity of as yet undetected
small populations of neurons.

Cardiorespiratory system. The arc-
tic ground squirrel’s heart, which
during euthermia beats 200-300
times per minute, slows gradually
during entry into torpor, eventually
reaching rates as low as 3—4 beats
per minute. Breathing can become
episodic, consisting of 5-10 succes-
sive breaths followed by periods of
apnea that last from several minutes
to an hour or more. The slowed
heart rate and reduced blood pres-
sure during torpor decrease cerebral
blood flow by 80-90% compared to
levels during euthermia. In nonhib-
ernating mammals, such as rats or

humans, equivalent reductions in the
flow of blood to the brain cause
damage and neuronal death within
minutes. That hibernators are not
subject to such damage is probably
due in part to an accompanying 98—
99% drop in cerebral metabolic rate
and, thus, in the demand for oxygen
(Frerichs et al. 1995). However, ad-
ditional protective factors may be
necessary to prevent inflammation
and damage from free radicals dur-
ing rewarming, when high pressures
of oxygenated blood suddenly
reperfuse the brain.

Leukocyte sequestration. During
entrance into torpor or during tor-
por itself, several changes in blood
composition take place that may
contribute to the ability of torpid
animals to survive reduced oxygen
and substrate delivery to the brain.
Hibernation is associated with in-
creased blood-clotting time, reduced
blood volume, and decreased plasma
erythrocyte and leukocyte concen-
trations. Concentrations of leukocytes
(white blood cells) are reduced to less
than 10% of their original levels dur-
ing torpor, which may partially ex-
plain the ability of hibernating
ground squirrels to survive pro-
foundly reduced oxygen and sub-
strate delivery to the brain (Yasuma
et al. 1997). If the concentrations of
circulating leukocytes were not re-
duced, their presence could lead to
an inflammatory cascade resulting
in cerebral ischemia, such as that
observed following stroke or trau-
matic head injury.

Prevention of cerebral ischemia in
hibernating ground squirrels is
thought to occur by sequestration of
circulating leukocytes into the spleen
and liver. The proposed mechanism
for leukocyte removal involves the
up-regulation of intracellular adhe-
sion molecules (ICAM-1) that par-
ticipate in the migration of circulat-
ing leukocytes across the endothelial
cell membrane (Yasuma et al. 1997).

Body temperature regulation. Most
temperate-zone hibernators pro-
tected within a warmnest and buried
beneath insulating layers of earth
and snow rarely experience subfreez-
ing temperatures. Their bodies pas-
sively cool to near ambient tempera-
tures, typically leveling off at 0.2-1 °C
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higher than surrounding soil tem-
peratures. Arctic hibernators face far
more severe conditions. In their hi-
bernacula, trapped between concrete-
like permafrost below and extreme
arctic winter above, hibernating arc-
tic ground squirrels endure burrow
temperatures that can reach =18 °C
or lower (Barnes 1989). Under these
conditions, their core body tempera-
ture falls to as low as -2.9 °C, or 2.3
°C below the equilibrium freezing
point of their body fluids. At these
body temperatures, arctic ground
squirrels avoid freezing by super-
cooling, which refers to the meta-
stable state that fluids enter when
cooled below their crystallization
temperature in the absence of cata-
lysts of freezing, or nucleators.
Arctic ground squirrels are the
largest animal to use the precarious
strategy of supercooling to resist
freezing (Lee and Costanzo 1998),
and in so doing they adopt the lowest
body temperature measured in any
mammal. This strategy is dangerous
because, in the supercooled condi-
tion, arctic ground squirrels are vul-
nerable to both exogenous and en-
dogenous nucleation of freezing.
Exogenous nucleation can occur
when supercooled arctic ground
squirrels are penetrated by an ice
shard. We have demonstrated that
freezing can occur through inocula-
tive nucleation, in one scenario by
ice simply touching a toe (Brian M.
Barnes, unpublished data). Endog-
enous nucleation occurs when some
molecular substance within tissues
or blood acts to nucleate freezing
from within. Endogenous nucleation
can also occur if ambient tempera-
tures drop too fast and torpid arctic
ground squirrels, unable to rapidly
increase rates of heat generation, cool
below their supercooling points
(Brian M. Barnes, unpublished ob-
servations). It is not yet known how
common freezing is in the field.

Metabolic rate. During steady-state
torpor, and at ambient temperatures
greater than 0 °C, whole-body me-
tabolism is profoundly slowed. Heat
production is almost completely ab-
sent, and rates of oxygen consumption
in arctic ground squirrel decrease to
as low as 0.01 mL - g™ - hr!, corre-
sponding to only 1% of the basal
metabolic rate (BMR) during eu-
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and Song et al. (1997).

thermia (Geiser and Ruf 1995). How
this reduction in metabolic rate is
achieved is controversial. The reduc-
tion in body temperature is generally
considered to lead to a slowing of
cellular processes, in accordance with
the van’t Hoff generalization, which
states that rates of biochemical reac-
tions typically halve with each 10 °C
decrease in temperature. For rates of
physiological processes (e.g., metabo-
lism, heartbeats), this temperature-
sensitivity factor, or Q, (the factor
of difference between two rates 10
°C apart), is typically 2-3. Thus, for
an arctic ground squirrel passively
cooling a maximum of 40 °C from a
euthermic body temperature of 38
°C to -2 °C, metabolic rate during
torpor would be expected to be re-
duced by a factor of 16, to 6.25% of
BMR, for a Q,, of 2, and by a factor
og 81, to 1.2% of BMR, for a Q,,
of 3.

Because this range well represents
measured values of how far metabo-

lism is decreased overall in the arctic
ground squirrel, from a BMR of ap-
proximately 0.6 mL O, - g - hr™ to
a minimum BMR during torpor of
0.01 mL O, - g™ - hr', our data are
consistent with the van’t Hoff gener-
alization (Barnes et al. 1998). How-
ever, for other hibernating species,
particularly smaller rodents and
marsupials, calculated Q,, values for
comparing metabolic rate during
euthermia and torpor can exceed
expected values, reaching 4 or more.
Furthermore, close inspection of the
time course of decreases in body tem-
perature and metabolic rate of these
mammals, such as the pygmy pos-
sum (Cercartetus nanus), during en-
try into torpor reveals that substan-
tial reductions in metabolism often
precede significant decreases in body
temperature (Figure 3). These obser-
vations suggest that entry into tor-
por can result from a regulated sup-
pression of metabolic rate and that
body temperature then drops as a
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consequence of the lowered rates of
heat production, rather than the low-
ered body temperature causing the
lowered rates of metabolism. This
mode of entry into torpor has been
referred to as a temperature-inde-
pendent, or regulated, suppression
of metabolism.

Regulation of enzyme activity. Sev-
eral cellular mechanisms may con-
tribute to the regulated suppression
of metabolism and thermogenesis
during entrance into torpor. Revers-
ible phosphorylation of enzymes and
proteins, as well as reductions in the
levels of allosteric activators and
substrates, limit rates of flux through
metabolic pathways (Storey 1997).
Reductions in glycolytic enzyme
binding to the cytoskeleton and mi-
tochondria and diminished maximal
enzyme activity also decrease glu-
cose breakdown during entrance into
torpor by altering enzyme confor-
mation and reducing substrate and
product channeling between sequen-
tial membrane-bound glycolytic en-
zymes (Nestler et al. 1997). Inhibi-
tion of potassium transport and the
subsequent reductions in mitochon-
drial potassium concentrations may
further suppress metabolic rate dur-
ing entrance into torpor by reducing
the influx into, and oxidation of,
respiratory fuels in mitochondria
(Fedotcheva et al. 1985).

Thermogenesis. Brown adipose tis-
sue is one of the major thermogenic
tissues in hibernating rodents, pro-
viding the metabolic heat necessary
for arousals from hibernation. Like
white adipose tissue, brown adipose
tissue undergoes a two- to threefold
mass increase in arctic ground squir-
rels during preparation for hiberna-
tion (Feist et al. 1986), resulting in
brown adipocyte enlargement due to
lipid accumulation (Boyeretal. 1993).
Brown fatgrowsin large masses along-
side the shoulder blades of hibernat-
ing ground squirrels and wraps along
the aorta and heart like heat tape.
Asbody temperature decreases dur-
ing entry into torpor, shivering and
other heat-generating mechanisms for
thermoregulation are not activated
because the hypothalamic set-point
for body temperature control is ap-
parently reprogrammed. Results of
experimentally cooling and heating
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the hypothalamus of hibernating
ground squirrels and marmots while
simultaneously measuring ther-
mogenic responses suggest that this
thermostat is gradually lowered dur-
ing entry into torpor, from euther-
mic levels of 37-38 °Ctoa new level,
often between 0 °C and 5 °C (Heller
etal. 1977). This temperature repre-
sents the minimum level to which a
hibernator will allow its body tem-
perature to cool before either arous-
ing back to euthermic levels or ac-
tively thermoregulating to maintain
a constant temperature.

Differential regulation of gene
products during torpor

The evolutionary origin of hiberna-
tion is not known, with both ances-
tral and recent derivations hypoth-
esized (Malan 1996, Geiser 1998).
Species capable of entering profound
and regulated hypothermia and hypo-
metabolism have been found in di-
verse families among seven orders of
mammals: Monotremata, Marsupi-
alia, Primates, Insectivora, Chirop-
tera, Carnivora, and Rodentia. The
interspersed phylogenetic distribu-
tion of hibernating and nonhiber-
nating species has led to the hypoth-
esis that, rather than requiring the
creation of novel gene products, the
hibernation phenotype results from
the differential expression of exist-
ing genes during torpor (Srere et al.
1992).

Simple thermodynamic consider-
ations suggest that low body tem-
perature globally reduces rates of
macromolecular synthesis and deg-
radation, thereby maintaining con-
stant RNA and protein concentra-
tions during torpor (Figure 4).
According to this model, the net re-
sult of low body temperature would
be a reduction in the activity of all
enzymes related to protein homeo-
stasis, such that the rates of tran-
scription, translation, mMRNA degra-
dation, and protein degradation
should all decrease proportionately
as a function of reduced body tem-
perature. However, the identifica-
tion of gene products (mRNAs and
proteins) that accumulate or are re-
duced relative to others in torpid
hibernators suggests that specific
mRNAs and proteins are preferen-
tially synthesized, stabilized, or de-

graded during hibernation. These re-
sults are consistent with the hypo-
thesis that differential gene regula-
tion is necessary to hibernate
successfully. The molecular mecha-
nisms underlying the differential gene
regulation associated with hiberna-
tion in mammals are just beginning
to be unraveled.

Gene expression in the liver. The
first reports of differentially regu-
lated gene products in hibernators
were identified from plasma of Asian
chipmunks (Tamias asiaticus; Kondo
and Kondo 1992). Three of these
differentially regulated proteins (HP-
20, HP-25, and HP-27), each of
which has a collagenlike amino acid
domain, exist in blood of summer
animals (hibernators that are not in
torpor) as a 140 kD protein complex
(Kondo and Kondo 1992). Although
the function of the three proteins of
the complex is not known, they are
reduced in concentration before hi-
bernation, disappear from the blood
during hibernation, and do not reap-
pear until hibernation has ended.
These three proteins are not found in
tree squirrels or rats, suggesting that
they may be specific to hibernators.
Cloning of the genes coding for these
proteins revealed that their DNA
sequences are similar, their mRNAs
arerestricted to the liver, and changes
in their mRNA levels reflect observed
changes in plasma concentrations of
the proteins (Takamatsuetal. 1993).

A fourth protein depleted from
the plasma of hibernating Asian chip-
munks (HP-55) interacts weakly with
the 140 kD complex and is highly
homologous to oy-antitrypsin, a
member of the serine protease in-
hibitor (serpin) superfamily and an
acute phase reactant protein. Acute
phase reactant proteins participate
in defense during injury and infec-
tion; these proteins include a num-
ber of hepatic proteins, such as fi-
brinogen, complement proteins, and
clotting factors. Other members of
the serpin superfamily are proteolytic
inhibitors that are involved in inflam-
matory cascades and hormone bind-
ing (Takamatsu et al. 1993). Four
additional members of the oy-anti-
trypsin—like gene family have now
been cloned from Asian chipmunks
(Takamatsu et al. 1997), although
the functional significance of these
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proteins in hibernation is not known.

Control of blood clotting. A differ-
ent acute phase reactant protein, Q-
macroglobulin, increases in the
plasma of hibernating ground squir-
rels; these changes in plasma protein
levels are accompanied by increases
in mRNA for q,-macroglobulin in
the liver (Srere etal. 1992). Although
o,-macroglobulin levels are elevated
in hibernating mammals, the entire
acute phase response is not activated
during hibernation (Srere etal. 1995).
Rather, the functional role of in-
creased op-macroglobulin levels and
activity may be to facilitate micro-
circulation by inhibiting blood co-
agulation when blood pressure and
temperature are low.

Gene expression in the brain. The c-
fos gene codes for the Fos protein, a
transcription factor that can hetero-
dimerize with other transcription
factors (e.g., Jun) toactivate the tran-
scription of other genes. The abun-
dance of c-fos mRNA is slightly el-
evated in the suprachiasmatic nucleus
of the hypothalamus (the location of
the mammalian circadian clock) dur-
ing torpor and is significantly elevated
during arousals from hibernation
(Bitting et al. 1994). Accumulation of
c-fos mRNA during arousals may
initiate a “warm-up” signal thatleads
to the transcription of additional
genes required during euthermia.

Metabolic rate depression. Several

enzymes involved in carbohydrate
metabolism are inactivated by phos-
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phorylation during the transition to
torpor, thereby preserving limited
carbohydrate stores and permitting
selective oxidation of lipid reserves
(Storey 1997). Recent evidence sug-
gests that selective fuel use may be
controlled in part by differential gene
expression. Reduced glyceraldehyde-
3-phosphate dehydrogenase mRNA
levels in muscle have been observed
in hibernating jerboas (Jaculus
orientalis), a rodent from the Mo-
roccan Highlands (Soukri et al.
1996). Although liver mRNA levels
for this enzyme are unchanged dur-
ing hibernation, enzyme activity is
reduced 51gn1f1cantly Thus, both
transcriptional regulatory mecha-
nisms and decreases in enzyme activ-
ity reduce glycolytic flux and pre-
serve stored carbohydrate during
hibernation.

Another enzyme that is phosphory-
lated and inactivated during torpor is
pyruvate dehydrogenase (PDH). This
enzyme complex converts pyruvate
to acetyl CoA, thereby controlling
aerobic oxidation of carbohydrates
in the mitochondrial tricarboxylate
acid cycle. PDH activity is controlled
by several allosteric effectors and by
covalently bound kinases and phos-
phatases that, respectively, phospho-
rylate (inactivate) and dephosphory-
late (reactivate) the PDH complex.
Dramatic reductions in aerobic car-
bohydrate oxidation during torpor
have been explained by PDH kinase—
mediated phosphorylation of the
PDH complex (Storey and Storey
1990). The recent observation that
PDH kinase isozyme 4 mRNA is sig-

nificantly up-regulated in the heart
and skeletal muscle of thirteen-lined
ground squirrels (Spermophilus
tridecemlineatus) during torpor pro-
vides a molecular mechanism that
accounts for increased PDH phos-
phorylation and reduced enzyme ac-
tivity in these tissues (Andrews et al.
1998).

Employing the same differential
gene expression screen that was used
to identify up-regulated PDH kinase
isozyme 4 mRNA, Andrews et al.
(1998) discovered that pancreatic li-
pase mRNA and enzyme activity are
also elevated in the heart of hiber-
nating thirteen-lined ground squir-
rels. Pancreatic lipase is normally
expressed in the pancreas and se-
creted into the small intestine, where
it hydrolyzes dietary triglycerides into
free fatty acids. Soluble heart frac-
tions obtained from hibernating
ground squirrels not only have higher
pancreatic lipase activity than frac-
tions from nonhibernating ground
squirrels at the typical assay tem-
perature of 37 °C, but also maintain
significant enzyme activity at low
assay temperatures (7 °C). Thus, hi-
bernating ground squirrels may con-
tain a cold-tolerant form of the en-
zyme that would provide a steady
supply of free fatty acids for mito-
chondrial 8-oxidation during torpor.

Collectively, these results indicate
that genetic controls participate in
directing the flux of metabolic fuels
by limiting carbohydrate oxidation
and increasing free fatty acid avail-
ability in hibernating ground squir-
rels. Moreover, these results further
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support the hypothesis that differen-
tial regulation of existing genes con-
tributes to the adaptive changes that
define the hibernating phenotype
(Srere et al. 1992).

Nonshivering thermogenesis. As soil
temperatures fall below -5 °C, the
body temperature of arctic ground
squirrels remains constant (Figure
1). To maintain body temperature as
the thermal gradient between body
temperature and soil temperature
expands during winter, arctic ground
squirrels must produce heat con-
stantly, most likely through non-
shivering thermogenesis. Nonshiver-
ing thermogenesis is analogous to
heat production provided by anidling
engine, in this case fueled by the
oxidation of endogenous substrates
(fatty acids and glucose) and, ulti-
mately, by proton transport across
the mitochondrial membrane. Non-
shivering thermogenesis in hibernat-
ing mammals involves the activation
of a brown adipose tissue—specific
mitochondrial uncoupling protein
(UCP1), which promotes tutile pro-
ton transport across the mitochon-
drial membrane without the produc-
tion of ATP (Smith and Horwitz
1969). Loss of the proton gradient
without the subsequent production
of ATP, together with increased oxi-
dation of fuels to reestablish the pro-
ton gradient necessary for adequate
ATP synthesis, result in metabolic
heat production, or nonshivering
thermogenesis.

Uncoupling proteins. Two new un-
coupling protein homologues (UCP2
and UCP3) have recently been iden-
tified that may contribute to non-
shivering thermogenesis and energy
expenditure. In rats and mice, Ucp2
mRNA is present at high levels in
white adipose and spleen and is de-
tectable in several additional tissues;
Ucp3 mRNA is expressed at high
levels in muscle and brown adipose
tissue (Fleury et al. 1997, Vidal-Puig
et al. 1997). To determine the ex-
pression pattern of Ucp homologues
i animals that hibernate, we com-
pared mRNA levels of Ucpl1, Ucp2,
and Ucp3 in brown and white adi-
pose tissue and skeletal muscle of
arctic ground squirrels both before
and during hibernation (Boyer et al.
1998). Ucp1 mRNA levels were not
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significantly increased following the
onset of hibernation, and they re-
mained unchanged during hiberna-
tion when ambient temperatures were
above 0 °C. This result confirms ear-
lier findings that demonstrated that
thermogenic capacity in brown adi-
pose tissue increases before hiberna-
tion as a result of increases in brown
adipose tissue mass, not UCP1 con-
centration (Milner et al. 1989).

In contrast, Ucp2 mRNA levels
were induced 1.6-told in white adi-
pose tissue, and Ucp3 mRNA levels
were induced 3-fold in skeletal
muscle, of arctic ground squirrels in
hibernation compared to ground
squirrels that had not yet hibernated.
Furthermore, mRNAs for Ucpl,
Ucp2, and Ucp3 were elevated ap-
proximately 2-fold in white adipose
tissue, brown adipose tissue, and
skeletal muscle of arctic ground
squirrels hibernating atambient tem-
peratures below 0 °C, compared to
their levels in squirrels hibernating
at temperatures above freezing
(Boyer et al. 1998).

The differential regulation of Ucp
gene homologues under differing ther-
mogenicconditionsin hibernating arc-
tic ground squirrels suggests that sev-
eral tissues, including brown adipose
tissue, skeletal muscle, and white adi-
pose tissue, may participate in
nonshivering thermogenesis in hiber-
nators. Future studies aimed at de-
termining the thermogenic contribu-
tion of UCP homologues in multiple
tissues of animals that are in hiber-
nation will be necessary to define the
physiological relevance of these dif-
ferentially regulated Ucp mRNAs.

Digestion. The small intestine atro-
phies as food intake is significantly
reduced or abolished during hiber-
nation, yet intestinal gene expression
persists (Careyand Martin 1996). This
result is somewhat surprising in light
of the necessary biosynthetic costs of
gene expression and the observation
thatintestinal activity is significantly
reduced at the low temperatures of
deep hibernation. Recently, increased
levels of moesin, a cytoskeletal link-
ing protein, have been observed in
intestinal brush border membranes
of torpid thirteen-lined ground squir-
rels (Gorham et al. 1998). This obser-
vation is intriguing because moesin is
not normally expressed in this cell

type in nonhibernating rodents and
is not expressed at all in euthermic
ground squirrels. Although the func-
tional significance of this protein for
hibernation is currently unknown,
an intriguing possibility is that it
may be involved in stabilizing mem-
brane—cytoskeletal associations dur-
ing torpor.

Several laboratories are just be-
ginning to identify mRNAs and pro-
teins that appear to be differentially
regulated during hibernation; how-
ever, much remains to be learned
about their physiological role. Fu-
ture studies aimed at elucidating tis-
sue-specific transcription rates, trans-
lation rates, and half-lives of gene
products during each stage of hiber-
nation will be necessary to under-
stand the mechanisms responsible
for differential gene regulation in
hibernating mammals. In addition,
such studies should be informative
in revealing potentially unique ad-
aptations of biochemical regulation
at low body temperatures in mam-
mals, as well as in deciphering the
evolutionary origin of hibernation.

mRNA and protein turnover

The cells of hibernators face dra-
matic metabolic adjustments and
appear to function extremely well
over a wide range of temperatures
not faced by other mammals. Total
RNA and protein concentrations are
moderately decreased in liver
(Whitten and Klain 1968), muscle
(Wickler et al. 1991), and brain
(Bocharova et al. 1992a) tissue of
hibernating ground squirrels, com-
pared to ground squirrels that are
not hibernating. RNA and protein
synthesis rates are also reduced dur-
ing torpor and up-regulated during
each arousal (Whitten and Klain
1968, Zhegnuov et al. 1988). Sev-
eral potential mechanisms could ac-
count for the reduced mRNA and
protein synthesis during hibernation.

RNA synthesis during torpor. Re-
duced RNA synthesis during torpor
may result from reduced RNA poly-
merase activity at low temperatures
or reduced supplies of the nucleotide
precursors for RNA polymerases. For
example, in one of the few studies to
investigate the temperature sensitiv-
ity of uptake of labeled precursors
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into RNA, DNA, and protein in
nonhibernators (cultured chick em-
bryo cells), incorporation rates at
4 °C were less than 1% of those at
37 °C (Scholtissek 1967a). In hiber-
nating arctic ground squirrels, in-
corporation of labeled uridine in-
jected into the lateral ventricles of
the brain is reduced approximately
eightfold during torpor compared to
after an arousal (Bocharova et al.
1992Db). Interestingly, however, rates
of nucleotide uptake and phospho-
rylation are equivalent in torpid and
euthermic squirrels (Bocharovaetal.
1992b), whereas studies on cultured
chick embryo cells indicate that the
rate of uridine phosphorylation at
4 °C is 20% of the rate at 37 °C
(Scholtissek 1967b). Collectively,
these findings suggest that uridine
transporters and kinases of ground
squirrels operate in a “hypothermia-
tolerant” mode, in contrast to those of
nonhibernating animal cells, and that
the supply of nucleotide precursors is
not limiting during torpor. Thus, the
reduced RNA concentration in tor-
pid hibernators may result primarily
from reductions in RNA polymerase
activity.

Protein synthesis during torpor. In a
landmark paper, Whitten and Klain
(1968) demonstrated that the rate of
hepatic protein synthesis is substan-
tially decreased during hibernation.
They also observed that hepatic
polyribosomes disappear during tor-
por and reassemble during arousal
episodes. Surprisingly, however, they
found that protein synthesis rates in
liver microsomes obtained from hi-
bernating or aroused squirrels and
assayed at 37 °Cwere threefold lower
than rates in preparations obtained
from euthermic arctic ground squir-
rels sampled outside the hibernation
season. Based on this evidence,
Whitten and Klain (1968) suggested
that either protein synthesis must be
actively inhibited during hibernation
by factors in addition to temperature
or critical components of the protein
synthetic apparatus are missing in
hibernating animals.

Over 30 years later, investigators
are just beginning to unravel some of
the molecular mechanisms respon-
sible for the inhibition of protein
synthesis in hibernating ground
squirrels. Using elegant in vivo label-
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ing techniques, Frerichs etal. (1998)
have not only confirmed and quanti-
fied the dramatically decreased rate
of protein synthesis in the liver of
thirteen-lined ground squirrels dur-
ing hibernation but also shown that
protein synthesis is decreased in the
brain and heart as well. Use of cell-
free translation systems showed that
the suppression of protein synthesis
in the brains of hibernators contin-
ues even at incubation temperatures
of 37 °C, demonstrating that, like
the decline in overall metabolic rate,
inhibition is not due solely to low
temperatures but rather results from
aregulated shutdown. Frerichs et al.
(1998) demonstrated that approxi-
mately 13% of the alpha subunit of
eukaryotic translation initiation fac-
tor-2 (eIF2¢q) in the brains of hiber-
nating ground squirrels is phospho-
rylated, compared to only 2% in the
brains of active squirrels. Phospho-
rylation of elF2q; inhibits the initia-
tion of protein synthesis, the pri-
mary step for translational control
of gene expression. Translation may
also be controlled through modifica-
tions of the elongation machinery,
and indeed, Frerichs et al. (1998)
showed that the rate of protein elon-
gation is reduced threefold in ex-
tracts from hibernating brains com-
pared to extracts from active brains.
Although ADP ribosylation of eu-
karyotic elongation factor-2 could
explain the observed reductions in
elongation rates, no ADP ribo-
sylation was detected in extracts de-
rived from active or hibernating
squirrels. Frerichs et al. (1998) sug-
gest that these molecular changes,
which result in neuroprotection dur-
ing hibernation, may offer clues for
treating or preventing stroke-related
brain injury in humans, when blood
flow transiently reaches the low lev-
els typical of hibernation.

Although these studies have pro-
vided valuable clues to explain the
dramatic reductions in protein syn-
thesis (i.e., the decreased initiation
and elongation rates) during hiber-
nation, additional investigations are
necessary to completely understand
the molecular controls governing this
suspended state of animation. What
is becoming clear, however, is that
hibernation results from a highly
regulated and coordinated shutdown
of cellular activity, stabilizing physi-

ological systems in the face of pro-
found changes in tissue temperature
and the availability of energy, sub-
strates, and oxygen.

Perspectives

Over the last decade, significant
progress has been made in defining
the molecular architecture of the
hibernation phenotype. However,
scientists are just beginning to un-
derstand some of the molecular physi-
ological controls governing the
preparation, entrance, and torpor
stages of hibernation, and many clas-
sical questions about hibernation are
still unanswered.

Arousals from torpor. The striking
periodicity of arousal episodes con-
stitute one of the most dramatic fea-
tures of the hibernation cycle (Figure
1). Arousal episodes represent a tre-
mendous shift in physiological and
metabolic activity. The frequency of
arousal episodes varies seasonally,
among species, and among individu-
als of a species according to sex and
age, but frequency is not closely cor-
related with body size, mass of stored
adipose tissue reserves, or availabil-
ity of stored food (Willis 1982). How-
ever, the fact that arousals are ener-
getically expensive, yet shared by all
hibernating species, has led to the
suggestion that some “inescapable
constraint” of low body temperature
makes rewarming an absolute neces-
sity (Willis 1982). Recent hypotheses
proposed to explain the need for
arousal episodes include the neces-
sity tosleep (Daanetal. 1991, Trachsel
etal. 1991), to restore “neuronal con-
nectivity” (Strijkstra and Daan 1998),
to replace neurochemicals (Wang
1993), and to resynthesize gene prod-
ucts (Martin et al. 1993). Research
in these areas will help to define the
physiological and molecular mecha-
nisms that allow hibernators to sur-
vive extended periods without food
or water in extreme climates. Addi-
tional overwintering strategies used
by hibernating animals to survive
famine and hypothermia undoubt-
edly await discovery.

Hibernation induction trigger. Many
years ago, Dawe and Spurrier (1969)
hypothesized that a “trigger” for
mammalian hibernation in the blood

721



of thirteen-lined ground squirrels in
deep hibernation was capable of ini-
tiating hibernation when transfused
into ground squirrels that were not
hibernating. Since then, tissue and body
fluid extracts from hibernating ani-
mals potentially containing the elu-
sive “hibernation induction trigger
molecules” (HIT) have been injected
into nonhibernating and hibernat-
ing species, with inconsistent results
(Wang 1988, Vybiral and Jansky
1997). HIT molecules have never
been purified, and their existence
remains controversial. Available data
in support of the existence of HIT
molecules has led investigators to
speculate that they are small, ther-
molabile proteins that are strongly
bound to plasma albumin and may
act through opiate receptors.

Based on the inconsistent and
negative results of investigators at-
tempting to identify HIT molecules
(for reviews, see Wang 1988, Vybiral
and Jansky 1997) and reproduce the
initial results of Dawe and Spurrier
(1969), data indicating that circulat-
ing HIT molecules lower body tem-
perature and initiate hibernation
should be viewed with extreme skep-
ticism. A true hibernation induction
substance would have to be multi-
factorial in its action to sequentially
initiate each of the diverse physi-
ological events required for hiberna-
tion. Furthermore, this substance
would have to produce regulatory
modifications at such disparate lev-
els of control as appetite, fattening,
thermoregulation, and blood clot-
ting, among others.

Although there has not been much
support for a multifactorial hiberna-
tion induction substance, research
to identify a potential trigger has led
to the discovery of an opiatelike com-
pound, DADLE (D-Ala2,D-LeuS$ en-
kephalin), which extends the time
that isolated animal organs (e.g.,
heart, liver, and kidneys) can be kept
viable before transplantation (Chien
et al. 1994). The mechanisms re-
sponsible for the increase in tissue
survival time are not known, but a
DADLE-induced regulated inhibition
of cellular metabolism and protein
synthesis, as occurs in the blood-
deprived brains of hibernators,
should contribute to organ survival
in vitro.

Clearly, many questions remain

722

to be answered about the molecular
and physiological mechanisms that
are responsible for the hibernation
phenotype. Does a single master con-
trol gene trigger the diverse cascade
of physiological and behavioral
events that lead to the suite of adapta-
tions that characterize hibernation?
Do low body temperatures indiscrimi-
nately drive the thermodynamic sup-
pression of molecular and physiologi-
cal processes? What accounts for
thermoregulation during hiberna-
tion, and how are low body tempera-
tures reversed? What cellular adjust-
ments are necessary to allow mammals
to survive low body temperatures and
associated changesin substrate avail-
ability? Is there a gradual loss of
homeostasis during torpor that may
explain the necessity for periodic
arousals to euthermic body tempera-
ture? Future research in these areas
will undoubtedly solve many of the
mysteries surrounding this fascinat-
ing physiological adaptation.
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