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The hidden secrets of the hibernator’'s heart may protect

against arrhythmias
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In this issue of Heart Rhythm, Fedorov et al' describe the
activation pattern and other electrophysiologic features of
the heart of Citellus undulatus (also known as Spermophilus
undulatus), the Siberian ground squirrel, both in summer
active and in winter hibernating animals at temperatures
varying from 3°C to 37°C and compared those with data in
the rabbit heart as a nonhibernating species. The summary
of the data can be simple. There is a substantial decrease in
conduction velocity from 70-80 cm/s in the Siberian
ground squirrel at 37°C to 5-10 cm/s at 3°C. However, the
conduction patterns remain normal and do not show areas of
substantial conduction block, which might herald arrhyth-
mias. Interestingly, conduction velocity was significantly
higher in hearts obtained from winter hibernating animals
than from summer active animals at both 37°C and 3°C.
Data at such low temperatures cannot be obtained from the
hearts in nonhibernating species such as the rabbit in the
present study, but also not in man, because their hearts
become quiescent or develop ventricular fibrillation at tem-
peratures below 20°C."* Moreover, the authors show that
there is an up-regulation of connexin43 (Cx43) in working
ventricular myocardium of hibernating animals, in line with
previous research,” and an appearance of connexin45
(Cx45) in working ventricular myocardium, although the
expression of the latter normally is restricted to the conduc-
tion system.”*

This study underscores the presence of differences not
only between hibernating and nonhibernating species but
also between hibernating and nonhibernating individuals of
the same species, with all the interesting implications for
regulatory mechanisms.

Physiologic background and implications

We would like to point out first that hypothermia impairs
conduction velocity by a combined effect on the underlying
membrane currents and on gap junctions. The conductance
of gap junctions is reduced by about 70% when the tem-
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perature drops from normal to 0°C at least in cell pairs of
neonatal rat heart.” Whether the inward Na® current is
operational at temperatures well below 10°C is questionable
because it is seriously impaired at much smaller drops in
temperature than those observed in hibernators.®’ Liu et al®
reported that the L-type Ca®" current virtually disappears at
10°C in rat ventricular myocytes, although rat ventricle is
relatively resistant against low temperature compared with
other mammals. In contrast, the L-type Ca>* current has the
same amplitude in hedgehog papillary muscle in the tem-
perature range from 10°C to 35°C.® It is not possible to
decide whether conduction remains intact, although im-
paired, in hibernators at temperatures well below 10°C
because their membrane currents are relatively resistant
against low temperature or because their gap junctions func-
tion better at low temperature compared with nonhiberna-
tors. Of note, in this study arrhythmias did not develop
despite conduction velocities of 5 cm/s in the hearts from
summer active animals at 3°C and conduction velocities of
9 cm/s in the hearts from winter hibernating animals at the
same temperature (see Figure 4D in Federov et al'). Be-
cause some of the hearts isolated from animals that woke up
during hibernation (“interbout arousal”) did develop ar-
rhythmias, it cannot be excluded that the “significant” dif-
ference in conduction velocity between the hibernating
hearts and summer active hearts at 3°C, is functionally
important. At this time, the question of whether the impres-
sive 45% up-regulation of Cx43 during hibernation and the
appearance of Cx45 in the working ventricular myocardium
have any functional relevance must remain unanswered in
the absence of functional measurement of gap junction
behavior. During embryogenesis, Cx45 is more widely dis-
tributed throughout the developing heart, including the ven-
tricular myocardium.® Therefore, it appears that hibernators
use more “primitive” connexins in adapting to hypothermia.
However, even at normothermia, the relation between gap
junction density and conduction velocity is not well estab-
lished and is far from linear,'° let alone at low temperature,
as we pointed out previously.'' A substitution of Cx43 by
Cx45 seems to decrease rather than increase conduction
velocity, at least at normothermia,'? but addition of Cx45 to
increased levels of Cx43 as demonstrated in this study' may
help support conduction at low temperature.
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Figure 1  Ventricular action potential duration at 90% of repo-

larization (APDy,) as a function of temperature. Compiled from
Table 2 in Federov et al.' SA = summer active; WH = winter
hibernating. #Rabbit APD,,, significantly longer than data in both
squirrel groups; &APD,, in WH squirrels significantly shorter
than in SA squirrels.

Regulatory and molecular aspects

Some mammalian species have evolved specific strategies to
counter the harsh winter conditions in their natural environ-
ments. Some have adapted to become hypothermic during a
daily torpor, such as the dwarf hamster species Phodopus
sungorus, whereas others undergo longer bouts of deep hiber-
nation, such as Syrian hamsters and ground squirrels.'? The
winter adaptations of hibernators, which include a wide variety
of responses such as change in pelage, reproductive quies-
cence, and increased capacity for nonshivering thermogenesis,
are primarily induced by reduced photoperiod rather than low
temperatures per se. Seasonal variations in day length modify
the various circadian clocks located centrally within the supra-
chiasmatic nucleus of the hypothalamus and peripherally in
many tissues, including the heart.'"* Entering hypometabolism
seems to precede the hypothermic state.'® Interestingly, there
were animals in this study' that were subjected to the hiber-
nation-inducing regimen but escaped hibernation itself. They
demonstrated similar adaptations as the true hibernating ani-
mals, underscoring the primary regulatory effect of day length.
It will be interesting to modify the dark-light and winter—
summer temperature regimens independently and to find the
trigger for up-regulation of connexins, possibly related to “safe
conduction.”

Several studies have investigated cardiac adaptations to
hypometabolism and hypothermia at the molecular level. In
contrast to other tissues, a substantial number of hiberna-
tion-inducible genes have been found in the heart.'® This is,
beyond doubt, related to the necessity of continuous func-
tioning of the heart and requires molecular adaptations.
Some of these molecular adaptations relate to the switch
from carbohydrates to lipid-based energy sources. The con-
tractile apparatus also changes substantially. Finally, altered

calcium handling, with an increase in calcium transient
amplitude and reuptake in the sarcoplasmic reticulum, pro-
vides another basis for enhanced contractile function under
hypothermic conditions.'®

Cx43 is not expressed in the working myocardium of non-
mammalian species. The evolutionary “late” appearance of
Cx43 in the mammalian working myocardium may point to
physiologic adaptation to euthermia. To see whether hibernat-
ing species have subsequently adapted their Cx43 to encounter
the specific demands of hypothermia, we have screened the
Cx43 protein sequences of 12 different mammals, including
true hibernators among which is the European ground squirrel
Spermophilus citellus, a close relative of the Siberian ground
squirrel used in this study.' Furthermore, we included a species
that undergoes daily torpor, Phodopus sungorus, and several
nonhibernating species. Our analysis provided no evidence for
specific amino acid adaptation in hibernators vs nonhiberna-
tors.'” In fact, given the strong sequence conservation among
the different mammalian Cx43s, it is unlikely that qualitative
differences in Cx43-mediated conduction are underlying the
observations made by the authors." Alternatively, it appears
that quantitative adaptation, that is, Cx43 up-regulation, is used
instead. Several transcription factors and cofactors involved in
other cardiac adaptations may also play a role in the up-
regulation of Cx43 in hibernating hearts. Examples are
PPARY,'® PGC-1,'® and CREB." The latter may be active via
the evolutionary conserved CRE promoter element.”® Further-
more, more active p38 MAPK is found in hibernating hearts."?

Other factors relevant to avoiding arrhythmias:
future research

The human heart tends to develop atrial fibrillation at 30°C,
and asystole or ventricular fibrillation ensues with a further
decrease in temperature.”> Also, Langendorff-perfused ca-
nine or porcine hearts arrested by low temperature require
defibrillation after they warm up to normal temperature.
Although maintenance of regular conduction patterns in
hibernators at low temperature is remarkable, we doubt
whether this constitutes the pivotal adaptation to avoid ar-
rhythmias. The heart of mammalian hibernators has some
other intriguing characteristics.”?' The regulatory mecha-
nisms involved appear to be aimed at optimal reduction of
electrophysiologic inhomogeneity, probably by changing
the densities of specific membrane channels and/or by
changing intercellular coupling.

The older literature reports several other remarkable fea-
tures of the hibernator’s heart compared with that of the non-
hibernator. These characteristics (including the features dem-
onstrated in the present study') are summarized as follows.

1. The hibernator’s heart beats at temperatures well below
10°C.

2. The hibernator’s heart does not develop atrial or ventric-
ular fibrillation during onset of or arousal from hiberna-
tion. In fact, the ventricular myocardium in hibernators is
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also extremely resistant to other treatments that induce
ventricular fibrillation in other species.”

3. The hibernator’s heart has a relatively short QT interval at
normal temperature (see Figure 6 in Dawe and Morrison®?).

4. The hibernator’s heart has a relatively steep T wave at
normal temperature.”> Under certain conditions it may be
described as a “T complex,” based on its similarity to the
QRS complex, rather than a T wave.”>** Alternatively, a T
wave may be virtually lacking (see Figure 6 in Dawe and
Morrison** and Figure 4 in Biiirck and Johansson™).

5. The hibernator’s heart has a relatively low maximum
(driven) heart frequency at normal temperature. This fre-
quency is lower than what would be expected based on the
refractory period. It suggests postrepolarization refractori-
ness at normoxia (Figs. 2 and 6 in Duker et al**).

6. The hibernator’s heart is devoid of sympathetic innervation
of its ventricular (working) myocardium.>> Sympathetic
innervations seem to be restricted to the coronary vascula-
ture.

7. The hibernator heart has a negative staircase (higher
contractility at long cycle length) at normal and low
temperatures (see Figure 5 in Duker et al**), in contrast
with the nonhibernator heart, which displays lower con-
tractility at long cycle length.

Because of the optical recording technique in the study
by Federov et al,' we do not have ECG recordings. How-
ever, Figure 1 is a compilation of the action potential du-
ration data at 90% repolarization (APD,,) as a function of
the temperatures given in Table 2 of Federov et al.' APD,,
is much longer in the rabbit ventricle than in the Siberian
ground squirrel at all temperatures. In the rabbit, APDy, at
27°C is of the same order as that in the Siberian ground
squirrel at 7°C! In addition, between 27°C and 37°C, APDy,,
is significantly shorter in the ventricle of the hearts obtained
from winter hibernating than from summer active squirrels,
underscoring the significance of seasonal regulatory mech-
anisms. Interestingly, comparable differences for conduc-
tion velocity were seen at even lower temperatures (see
Introduction and Figure 3D in Federov et al'). Obviously,
the hibernator’s heart may hide many more intriguing enig-
mas that may have an antiarrhythmic potential for the hu-
man heart as well. Future research directed at the short
action potential durations in combination with an assess-
ment of their dispersion will be interesting. The roles of
regional distribution of membrane currents and of gap junc-
tions are of potential interest.
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