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Summary

Intracellular Ca2* homeostasis is a prerequisite for a
healthy cell life. While cells from some mammals may
suffer dysregulation of intracellular Ca2* levels under
certain deleterious and stressful conditions, including
hypothermia and ischemia, cells from mammalian
hibernators exhibit a remarkable ability to maintain a
homeostatic intracellular Ca&* environment. Compared
with cells from non-hibernators, hibernator cells are
characterized by downregulation of the activity of C&*
channels in the cell membrane, which helps to prevent
excessive C& entry. Concomitantly, sequestration of
Ca?* by intracellular Ca2* stores, especially the
sarcoplasmic/endoplasmic reticulum, is enhanced to keep

the resting levels of intracellular C&* stable. An increase
in stored C&* in heart cells during hibernation ensures
that the levels of C&* messenger are sufficient for forceful
cell contraction under conditions of hypothermia.
Maintenance of N& gradients, via Na*—Ca2* exchangers,
is also important in the C&* homeostasis of hibernator
cells. Understanding the adaptive mechanisms of €a
regulation in hibernating mammals may suggest new
strategies to protect nonhibernator cells, including those
of humans, from C&*-induced dysfunction.

Key words: hibernation, Ga metabolism,
excitation—contraction coupling, homeostasis.

adaptation,

Introduction

Ca* is a universal intracellular messenger that participateimcreased energy use is not an advantage (see Bickler and Buck,
in numerous biological processes from neural regulation t@998), [C&]i regulation is always important for a healthy cell
muscle contraction, and from gene expression to cell growtlife. Therefore, a precise understanding of{Gaegulation is
and death (for a review, see Berridge et al., 2000). Thigantamount not only to understanding the nature but also the
incredible versatility necessitates that intracellular2*Ca development of novel therapies for treating disease.
concentration ([CH])) be tightly regulated, to ensure Two different strategies for probing calcium homeostatic
coordination among the multiple processes involving*@at  mechanisms are: (1) the discovery of mechanisms o¥[Ca
underlie normal cell functioning. Impaired regulation of{ga  dysregulation and development of methods to prevent or
often leads to cell dysfunctioning such as occur in lifereverse the defects; and (2) investigation of wild natural
threatening diseases. For example, a transient increase mbdels that show an extraordinary capability of handling
[Ca2™]i is required to initiate contraction of muscle cells;intracellular Ca*.
inability to elevate [C#]; to the required level following an Hibernating mammals are one such special natural model.
excitation is a major pathogenic mechanism in heart failurd mammalian hibernator, like all other mammals, can maintain
(Gomez et al., 2001). In contrast, excessive elevation of restintg body temperaturelf) at approximately 37°C during most
[Ca2™]i is deleterious to almost all cell types, and can bef its lifetime. But in winter, hibernators can actively regulate
associated with either necrotic or apoptotic cell death (Trumgheir Tp down to only a few °C, entering into a distinct state
and Berezesky, 1995). Abnormal handling of {Qain the  known as hibernation (for reviews, see Lyman et al., 1982;
heart may induce severe arrhythmias and ventricular fibrillatiolVang, 1988). During hibernation, circulation and respiration
(Lakatta and Guarnieri, 1993). [€4h is also a key issue in are well maintained, although at much lower rates than normal.
transplanted organ preservation (Kim and Southard, 1998], can be periodically, temporarily restored during hibernation
Although a tightly regulated and constant #Gais not (the whole period of entry, maintenance and arousal from a
necessarily optimal under all conditions, for example whemperiod of hibernation is termed ‘hibernation bout’), indicating
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that neural regulation is still active, despite deep hypothermi: 250+
A complete arousal occurs either upon external stimulation ¢
as ‘scheduled’ by an internal clock, during which, in grounc
squirrels and hedgehogs, nornial can be restored within
30 min by internal heat production. In this hibernation—arouse
cycle, hibernators have to survive a set of extreme conditior
that are fatal to humans and other non-hibernating mammal 1504
including sustained deep hypothermia, violent shiftsTin
highly intensified sympathetic innervation (during arousal). -ﬁ i
high viscosity and hypocoagulation of blood, and oxidative 100
stress. As an adaptation during evolution, hibernators exhib 30 10
distinct resistance to hypothermia, arrhythmias (Johansso Terperature {C)
1996) and hypoxia (for a review, see Wang and Zhou, 1999a,.

In this brief review, we summarize the major known aspectFig. 1. Low temperature increases intracellular freefomarkedly
of the adaptive mechanisms of intracellula?Caomeostasis in resting cardiac myocytes from the rat, but not in those from the

in hibernating mammals, and discuss their general significan@'ound squirrel. The Ca concentration was measured using the
and possible applications indo-1 fluorescence ratio as described in Wang and Zhou (1999b).

Values are means &e.M. (N=12 for rat,N=9 for ground squirrel;
P<0.01 at 10°C).
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Enhanced capability to maintain intracellular Ca2*

homeostasis function despite some pathological or stressful stimulii

The kinetics of C# cycling are reduced at low (Johansson, 1996). It was observed that, in hedgehog hearts,
temperatures, so adaptive mechanisms to maintain intracelluldre epicardial application of aconitine, administration of high
Ca" homeostasis are one of the keys to surviving hibernatioroncentrations of Cag;linjection of procaine after previous
In resting cardiac myocytes from the rat, which does noadrenaline treatment, or ligation of the left descending
hibernate, [C&]; increases from 140nmofiat 30-35C to  coronary artery, each failed to induce the ventricular
200-300 nmoH?! during cooling to 5-1TC (Liu et al., 1991b; fibrillation that usually occurs in guinea pig hearts in response
Wang and Zhou, 1999b; Fig. 1). This is accompanied by & these perturbations (Johansson, 1996). During experimental
reduced amplitude of Gatransients during cell excitation ischemia—reperfusion paradigms, ground squirrel heart showed
(Wang et al., 2000). These changes result in increased restigignificantly less injury, monitored by creatine kinase leakage,
tension and a reduction of contractility (Liu et al., 1990; Wanghan rat heart, suggesting that hibernator cells are resistant to
et al., 1997b). Low temperature also causes spontaneoti®e oxygen paradox and calcium paradox (Gao et al., 1996).
calcium waves (Wang et al., 1999) that are arrhythmogeniBrain cells of hibernating mammals are also protected against
(Lakatta, 1992), which may be one reason why ventriculaa variety of insults that are detrimental to humans and other
fibrillation is often encountered during hypothermia (Chaononhibernating species (for a review, see Drew et al., 2001),
1959). but the relationship of the neural protection to 4Qa

In contrast to [CH] dysregulation in non-hibernating regulation still needs further study.
animals and humans during hypothermia, {Caegulation
in hibernator cells is strikingly resistant to temperature
change. At 30-10°C, resting [&& in heart cells from Reduced C&* entry through ion channels
the ground squirrel Spermophilus dauricys a well- Intracellular C&" homeostasis requires a dynamic balance
characterized hibernating rodent) changes very little (rangeetween C#& entry into and exclusion from the cell, and
125+10 nmol CalY) (Wang et al., 1999; Fig. 1). The dynamic between C# release from and re-uptake into organelles (Fig.
amplitude of C&" transients following excitation is actually 2). Although C&* entry through.-type channels shows similar
increased during cooling (Wang et al., 2000), which may helproperties in guinea pigs (a nonhibernator) and ground squirrel
to retain forceful contraction despite the decreaseé* Ca(S. richardsonij cardiac myocytes (Herve et al., 1992), there
sensitivity of myofilaments at low temperatures (Khromov eis ample evidence that intracellular €aycling is different
al., 1990; Liu et al., 1993). As a result, cardiac muscle fronduring hibernation. Action potentials of cardiac cells from
the ground squirrel and the hedgehog (another hibernatirtgbernating chipmunks, ground squirrels and hedgehogs are
mammal) exhibited even higher contraction amplitudes at lowharacterized by the absence of a plateau at 0mV (Fig. 3,
temperatures than at normal temperatures (Liu et al., 199@rrow); both action potential and contraction become less
Wang et al., 1997b), which is an adaptive mechanism to ensugensitive ta -type C&* channel antagonists such as nifedipine
sufficient pumping pressure despite the consequent increasadd Cd*, compared with the sensitivity in non-hibernating or
blood viscosity and peripheral resistance. aroused individuals (Kondo and Shibata, 1984; Kondo, 1986;

The adaptive capability to maintain intracellular °Ca Wang et al., 1995). These facts suggested that D8ux
homeostasis in hibernator cells is associated with stable cellring excitation is reduced during hibernation. Direct
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NCX Capump Cachannels to prevent excessive €aentry into cells during hypothermia.
1c2t cat cat ca* At low temperatures, ion transport becomes slow, and the cell
tends to become depolarized owing to the loss of ionic
gradients (Wang et al., 1997a). If depolarized to approximately
—-50 mV, a tonic, non-inactivating ‘window’ current of voltage-
gated C&" channels usually becomes activated, and may
further depolarize the cell, leading to more influx o Cés
a result, cells become arrhythmic and calcium-overloaded.
Downregulation of voltage-gated €a channels during
hibernation decreases the chance of activation of the window
current. Moreover, in hibernating ground squirrelS. (
undulatug the activation threshold af-type C&* channels
Mitochondria shifts towards more positive potentials (Alekseev et al., 1996);
K the cells in hibernators can also better maintain ionic gradients
(for reviews, see Willis, 1979; Wang, 1988) and thereby
the cellvia C&* channels and, in some situatiowis the N&—Ca&* maintain their membrane potential (Liu et al., 1991a; Wang .et
exchanger (NCX). G4 can be released  from al., 199.7a) mdepgndently of temperaturg. These adaptive
sarcoplasmic/endoplasmic reticulum (SR/ERJa Ce-release Mechanisms effectively prevent the excessivé* @atry and
channels, including ryanodine receptors and inositol (1,4,5)intracellular C&"* overload that would otherwise occur during
trisphosphate receptors. &as removed from the cytosol by SR/ER hypothermia.
Ca*-ATPase (SERCA), cytolemmal €aATPase, N&-Ca&*
exchange and the mitochondrial uniportor.

Fig. 2. General scheme of intracellular?Caycling. C&* can enter

Remodeling of cardiac excitation—contraction coupling

Contraction of myocytes is usually initiated by their
excitation. In heart cells, excitation—contraction (E-C)
coupling is governed by a mechanism known &&@aluced
C&* release (Fabiato and Fabiato, 1975), by whick @dlux

¥
'—‘/\ through individualL-type C&* channels triggers the €a
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potential -4

Contraction _/-\

Non-hibernating Hibernating

release channels/ryanodine receptors (RyRs) in the
sarcoplasmic reticulum (SR) to release?CANang et al.,
2001) and initiates cell contraction. Downregulation-tfpe
Ca&* channels in hibernating mammals decreases the
Fig. 3. A comparison of action potential and contraction betweemnagnitude of the trigger signal for E-C coupling. Normally
cardiac myocytes from non-hibernating and hibernating grounghjs would result in a reduced cardiac contractility. However,
squirrels. The arrow indicates the absence of the action POtemiﬁleither the calcium transient nor the contraction amplitude of
e e e s oo e . o 2102€ mscle o berating ground squirels i reduced
state (Wané ot al. 1995)9 P 9nstead, they are markedly stronger than those from non-
' hibernating animals (South and Jacobs, 1973; Wang, 1988;
Fig. 3).
measurement of whole-cell current in hibernator heart cells The enhanced contractility may be due either to increased
confirmed the downregulation of-type C&*" currents C&* transients or to an increase in myofiliment sensitivity to
(Alekseev et al., 1996) and suggested that the suppression[@22]. It was found that the myofiliment sensitivity to fCha
due to a reduction in cAMP-independent phosphorylation oflecreases as temperatures are lowered, in both hibernating and
theL-type C&* channels (Kokoz et al., 2000). The suppressiomon-hibernating mammals (Khromov et al., 1990; Liu et al.,
of voltage-dependent €aentry is also observed in other 1993). Although myofiliments from hibernating ground
hibernator tissues. The binding site density in ileal longitudinasquirrels §. richardsonii exhibit a somewhat higher &€a
smooth muscle from ground squirrelS. (richardsonjj was  sensitivity at low temperature than squirrels in the non-
approximately one order of magnitude less than that frorhibernating state, this still cannot fully explain the observed
guinea pigs (Wolowyk et al., 1990). In the neural system, foenhanced contractility over a wide temperature range.
example, both resting [€Hi and depolarization-induced  The size of the G4 transients has not yet been compared
accumulation of C# in isolated synaptosomes are in animals in the hibernating and non-hibernating states, but
significantly lower in hibernating ground squirrelsSS.( all pharmacological evidence to date supports the idea that SR
tridecemlineatus than in cold-adapted, non-hibernating Ca&2* release is increased during hibernation. Blocking SR
animals, owing to decreased Q-type2Cahannel activity Ca*release by ryanodine or caffeine caused greater inhibition
(Gentile et al., 1996). of myocardial contraction in hibernating chipmunks (Kondo
The downregulation of sarcolemmal@ahannels may help and Shibata, 1984) and ground squirres (ichardsoni
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(Zhou et al., 1991) than when they were non-hibernating. Thi 100+ o Autumn non-hibernating
implies during hibernation, cardiac E-C coupling is . _ _ _
remodeled so that a lower €anflux triggers a greater €a S ¢ Winter hibernating
release response. E 75
g
Enhanced C&* uptake by intracellular Ca2* store £ 5ol
Various pumps and exchangers are involved in maintainin ::é:
the low [C&"]; in cells. Plasma membrane £#ATPase and S}
Na'—Ca&* exchangers extrude €afrom the cell, whereas o5d : . : : : '
sarcoplasmic/endoplasmic reticulum2GaTPase (SERCA) 0O 10 20 30 40 50 60

and a mitochondrial uniporter return Lato intracellular
organelles (Berridge et al., 2000), their relative contributions
varying among cell types. In cardiac cells?Captake by SR  Fig. 4. Cardiac sarcoplasmic reticulum vesicles from winter-
is the dominant mechanism for rapid dissipation of intracellulahibemating ground squirrels exhibit faster*Captake than those
ca*, and accounts for 70-92% of total2Caemoved during from a_utumn, non-hi_bernatin_g individuals. The graph shows the
each excitation—contraction cycle (Bers, 2000). normalized change in [€4 in 1ml of reaction medium after
L Lo addition of 1mg SR protein. The initial uptake rates for non-
A reduction in temperature leads to a reduction in the rat o e matin 4 hibernati 137413 d
. ) g an ibernating  groups  were + an
of Caf removal frqm the Cytgso" Although the relgxatlon 235+17 nmol C&"min~tmg® SR protein, respectively (Tang et al.,
velocity of myocardial contraction decreases monotonically a1995).
the temperature is lowered in both rats and ground squirre
(S. dauricu¥, ground squirrel myocardium shows a higher
relaxation velocity at any temperature betweetC38nd 10C  the C&* uptake rate by the SR is still higher than those in rats
(Wang et al., 1997b). [Gq; measurements indicated that the at temperatures between°85and 3C (Liu et al., 1997).
Ca* transient decays faster in ground squirrel cells than in rat SERCA is the central protein involved in active SR/ER"Ca
cells owing to a faster Gauptake rate by the SR (Wang et uptake against an electrochemical gradient. Sincé* Ca
al., 2000). This implies that the quantity and/or quality of SRegulation in the SR during hibernation is enhanced, it is
and SERCA2 may be adaptively modified in hibernators.  surprising that the enzymatic activity of SERCA is unchanged
Indeed, ultrastructural analysis has revealed that th@elke et al., 1991). Although SERCA from ground squirrels
proportional volume of SR in myocardium from hibernating(S. richardsonii is less temperature-sensitive than that from
ground squirrel (Rosenquist, 1970; Tang et al., 1995) andhts (Liu et al., 1997), the major mechanism for enhanced SR
hamster (hibernator) (Skepper and Navaratnam, 1995) {S&* uptake is reliant upon the increased volume of SR present
double or triple that of individuals that are non-hibernatingduring hibernation.
and is mainly due to an increase in longitudinal SR, which Calsequestrin is a €abinding protein in the SR that binds
contains abundant €aATPase and is responsible for<a Ca&* at a ratio of 40-50 G& per molecule, and greatly
uptake. By contrast, the content of junctional SR, whefé-Ca increases the Ca storage capacity of the SR, facilitating
release channels are located, changes little (Tang et al., 1998ither C&* uptake by decreasing the free?Caoncentration
see Table 1; Skepper and Navaratnam, 1995). in the SR lumina. Calsequestrin also directly regulates the
The increase in quantity of SR during hibernation iseakage and release of Lavia RyRs by the structural link
paralleled by an increase in the?Captake capacity of the SR. between them (Sitsapesan and Williams, 1997). In an early
SR vesicles isolated from winter-hibernating ground squirrelglectron microscopic study, Rosenquist (1970) noticed that the
exhibit a faster rate of €auptake and a greater level of<a terminal cisternae of myocardial SR in hibernating ground
accumulation than those from non-hibernating individualsquirrels exhibits a higher electron density than those in non-
either in winter or in other seasons (Belke et al., 1991; Tangibernating animals, which suggests an increased expression
et al., 1995; Fig. 4). Even in non-hibernating ground squirrelspf calsequestrin during hibernation. A novel isoform of

Time of incubation (s)

Table 1.The proportional volume of myocardial subcellular structures in non-hibernating and hibernating
ground squirrelsS. dauricus

Sarcoplasmic reticulum

Groups Total Junctional Longitudinal Mitochondria Lipid droplets Myofilaments
Non-hibernating 14.7£1.3 1.1+0.1 13.6%1.3 324+11 2.4+0.7 510+11
Hibernating 35.8+£1.9* 1.2+0.1 34.5+1.8* 280+11 10.6+0.7* 514+11

Values are parts per thousand (measE#1., N=60).
*P<0.01.
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calsequestrin has been identified in isolated cardiac SR froin Ca&* removal is decreased in hibernator cells, possibly as an
two species of ground squirrels, with a molecular mass aboatlaptive regulation; consequently, SERCA-basett Gatake

7% greater than that of cardiac calsequestrin isolated frofmecomes more important during hibernation.

other mammals (Milner et al., 1991). The increased molecular Although the role of NCX is secondary in rapid 2Ca
mass is partially due to its distinct glycosylation, whichremoval from the cell, it is still important because it brings
appears to include an additional carbohydrate chain that is nGg2* regulation within a global ionic homeostasis. Owing to
present in other isoforms. This molecular modificationthe existence of NCX, Gahomeostasis is tightly linked to the
improves the binding of Gato calsequestrin (Milner et al., homeostasis of Naand K and to the ATP supply. An
1991) and would thus be helpful in facilitating2Caiptake, enhanced ability of hibernating animals to produce ATP and
suppressing G4 leakage and increasing the amount of'Ca to maintain Na and K gradients by N&K*-ATPase (for
available for release; therefore, this novel isoform ofreviews, see Willis, 1979; Lymann et al., 1982; Wang, 1988;
calsequestrin enhancesZGinduced C&" release in cardiac Willis et al., 1992) is thus an essential part of intracellul&t Ca
cells during hibernation. homeostasis.

The role of the Nat—Ca2* exchanger Significance and general discussions

The N&-C&* exchanger (NCX), an important cation We have summarized the major aspects of the adaptife Ca
antiporter in the surface membrane (and some organelles) iegulation in hibernating mammals. Most of these studies
most cells, transports three Nia exchange for one €4 The  described focused on the cardiovascular system. Whié Ca
transport is not coupled to ATP hydrolysis directly; instead, ihomeostasis is a key issue of cardiovascular functiors, Ca
is driven by the total Nieelectrochemical gradients across theregulation in other types of cells, such as neurons and
cell membrane, and the Ngradient is maintained by N&*-  endocrine cells, is also important for mammals to survive
ATPase. Depending on the transmembraneé hiad C&*  hibernation and therefore merits more study.
concentrations and membrane potential, NCX can operate inBased on current knowledge, the strategy used by
either an inward or an outward mode. In cardiac cells, NCXibernators to maintain intracellular €ahomeostasis is to
contributes to C& entry only during the early stages of cell reduce C&" entry into the cell while enhancing €aemoval.
excitation, when the membrane potential exceeds the reverfethe SR function in ground squirrel cardiomyocytes is
potential for NCX. In response to &aelease from SR, NCX partially inhibited by caffeine, its resistance to hypothermia is
becomes the major driving force in extruding?Ciom cells  lost, and the cells exhibit the same manifestations &f Ca
(Bers, 2000). overload as those observed in nonhibernator cells. Conversely,

Because the NCX does not consume ATP directly, it was the rat, which does not hibernate, partial blockade 8f Ca
hypothesized to be a preferred?Ctmansporting system during entry throughL-type C&* channels prevents many effects of
hibernation, when ATP production is limited owing to the lowhypothermic C&" overload in heart muscle (Wang et al.,
temperature. The major evidence for this idea is thd997b). These observations suggest that ti#é i@aneostasis
observation that the cardiac action potential in hibernatingccurring under hypothermia or other similar stressful
chipmunks (Kondo, 1987) and ground squirrels (Wang et algonditions is not ‘patented’ by hibernators. The underlying
1995) is characterized by a prolonged low-level plateau that i®gulatory mechanisms may rather also be employed by non-
sensitive to extracellular €& and N& concentrations. hibernator and human cells to improve stress resistance. In this
However, this phenomenon may also be attributed to theay, extending our studies on the mechanisms of hibernation
enhanced amplitude or prolonged duration of'G@ansient at  may provide strategies for developing new therapies or
low temperatures (Wang et al., 2000), which drive NCX morelesigning new drugs, and thereby contribute to human health.
quickly, but passively. Direct analysis of aremoval
mechanisms in both ground squirreds auricuyand rats has
failed to establish a dominant role of NCX in removing‘Ca _ References _
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