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Hypothermia-Induced Postrepolarization Refractoriness
Is the Reason of the Atrial Myocardium Tolerance to the Bioelectrical
Activity Disorders in the Hibernating and Active Ground Squirrel
Citellus undulatus
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Abstract—The electrophysiological mechanism of the atrial myocardium resistance to the cold-induced
arrhythmias was studied in the hibernating ground squirrel Ciftellus undulatus. The atrial action potentials
(APs) and refractoriness were recorded with microelectrodes in isolated multicellular preparations of the
atrial myocardium taken from the hibernating and summer active ground squirrels (HS and SAS, respec-
tively) at 37, 27, and 17°C to estimate the AP and refractoriness durations. In both HS and SAS, hypothermia
increased the duration of the AP and refractoriness period (APD and RD, respectively), and in both animal
groups RD was longer than APD under hypothermia but not at 37°C. This last observation can be a result of
the postrepolarization refractoriness (PRR), which seems to contribute substantially to the atrial myocardium
tolerance of the hibernating animals to the hypothermia-induced arrhythmias because it prevents afterdepo-

larizations.
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The hibernating animal heart is currently consid-
ered a natural model that demonstrates myocardium
resistance to ischemic disorders and arrhythmias.
Yakut ground squirrels (Citellus undulatus) are the
most prominent among the hibernating heterotherm
mammals. They are characterized by the most pro-
longed periods of the hypothermic hypometabolic
hibernation when their body temperature can drop
from 37°C to —1°C. During hypothermic dormancy,
their cardiac activity remains coordinated and rhyth-
mic. In all non-hibernating mammals, a decrease in
the body temperature to 30—17°C is accompanied by
the so-called hypothermia-induced arrhythmias and
both atrial and ventricular fibrillations, which lead to
cessation of the organized cardiac activity [1—3].

The hibernating animal heart is well known to dif-
fer from that of a non-hibernating animal in numerous
parameters at the molecular, cellular. and tissue levels.
Nevertheless, despite century-long studying of the
hibernating animals and hibernation phenomenon,
the electrophysiological mechanisms of the heart tol-
erance to the rhythm disorders are not still completely
understood. The ventricular myocardium was the sub-
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ject of study in the overwhelming number of reports on
electrophysiology of the hibernating animal heart [4—6].
Bioelectrical activity of the atrial myocardium has
been little studied under various conditions. Specifi-
cally, only two reports characterize bioelectrical activ-
ity [7, 8] and one report characterizes contractility [9]
of the hibernating animal atria under hypothermia.
The purpose of this study was to estimate the action
potentials (APs) and refractoriness of the ground
squirrel atria during the animal summer activity and
under hibernation at moderate hypothermia.

MATERIALS AND METHODS

The isolated multicellular perfused atrium prepara-
tions of the winter hibernating (HS) and summer
active (SAS) Yakut ground squirrels (Citellus undula-
tus) were used in our study. The ground squirrels
caught in Yakutia were kept in a dark room at a tem-
perature of +2°C, where they fell into hibernation.
The animal activity and body temperature were mon-
itored through December—January to determine the
moment corresponding to the middle of the hiberna-
tion period when the animals were taken into experi-
ments. The active animals were taken in the middle of
summer and kept in a vivarium for 12 h at the day light
under normal conditions.

The animals were euthanized to isolate atrial myo-
cardium either at 20°C or at 2—4°C from the SAS or
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HS, respectively. The preparations were placed into a
5-mL perfusion chamber and after their fixation the
solution temperature was gradually raised (by 1°C
during 3 min) to 37°C. The solution flow rate was
15 mL/min; it was oxygenated with a mixture of 95%
of O, and 5% of CO, and had the following composi-
tion (MM): NaCl, 130; KCl, 4.7; NaH,PO, - 2H,0,
1.2; NaHCO,, 18, Mg(Cl,, 1.05; CaCl,, 3; glucose, 11;
pH 7.2—7.4. The rhythm of the multicellular prepara-
tion activity was set using silver electrodes connected
with an ESL-2 electronic stimulator. The stimulus
duration was 2 ms at 37°C and 3—4 ms at 27—17°C; the
stimulus amplitude was twice higher than the exci-
tation threshold.

The APs were recorded at 37, 27, and 17°C using
the standard microelectrode technique, glass micro-
electrodes (€2 = 10—-20 MQ) filled with 3 M KCl, a
WPI1701 amplifier (WPInstruments, United States),
an ADC L-card E-154 (Russia), and a PC with the
Power Graph 3.3 software (Russia). The AP duration
was measured at repolarization levels of 50% and 90%
(APD50 and APD90) using the MiniAnalysis 6.0.7.
software (Synaptosoft, United States) [1, 7].

The refractoriness period (RP) of the papillary
muscles was estimated using the standard “extrasys-
tolic” protocol, according to which after 20 “precon-
ditioning” stimuli (S) applied at regular intervals (500,
300, 250, or 200 ms), an extra stimulus (S1) was added.
The time interval between the last, 20th precondition-
ing stimulus and S1 was gradually reduced (at a step of
4—20 ms) until the absence of AP in response to the
extra stimulus. The time interval from the precondi-
tioning stimulus to the extra stimulus that failed to
induce AP was considered RP duration. The resultant
RD was approximately similar to the refractoriness
duration in vivo. RD was measured at 37,27, and 17°C.
The RP was normalized to APD90 in order to deter-
mine the postrepolarization refractoriness (PRR).

The results were processed statistically using the
Statistica 6.0 software (StatSoft). The significance of
differences between groups were estimated using two-
way ANOVA (with subsequent tests for multiple com-
parisons in groups with repeated or independent post-
hoc measurements, as well as using the subsequent
Dunnett correction) after preliminary check up by the
Shapiro—Wilk test of the distribution normality in
groups. The data were considered significant at p <
0.05; they are presented as the mean * standard devi-
ation.

RESULTS AND DISCUSSION

Under the conditions of hypothermia, the AP
duration (APD) grows in the atrial myocardium of
both HS and SAS. This effect of hypothermia on APs
is characteristic of almost all mammalian animals.
Figure la demonstrates a typical example of AP
changes in an HS during a temperature decrease from
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37 to 17°C. Both in HS and SAS, AP duration
increased mostly due to the increase in APD90, while
the AP duration at 50% repolarization varied slightly
(Fib. 1b; hereinafter, no data on APD50 are shown).
The cold-induced changes in the ground squirrel AP
are manifested in retarding of the final repolarization
phase, which is probably a result of changes in potas-
sium repolarizing currents. Since APDS50 is correlated
with the values of calcium transmembrane depolariz-
ing current, calcium currents in the atrial myocardium
of HS seem to be less sensitive to temperature than
potassium currents.

Inboth HS and SAS, the atrium AP duration grows
with increasing cycle duration (Figs. 1c, 1d). The
same dependence is preserved under hypothermia,
although in the HS, the APD-rhythm dependence was
the most pronounced at the least temperature (17°C)
(Fig. 1d): in the HS, APD90 changed from 112 &+ 11 to
162 £ 18 ms (n = 6) in response to stimulation at inter-
vals from 200 to 500 ms, respectively. In general, the
ground squirrel pattern of the rhythm-dependent
changes in APD during cooling was similar to that
observed in the non-hibernating small rodents, e.g., in
rats.

Like the AP duration, the refractoriness duration
also increased in the atrial myocardium of both SAS
and HS (Figs. 2a, 2b), which is typical of mammals.
The RP duration in HS and SAS depended on the
excitation rhythm of the atrial myocardium: in gen-
eral, with increasing intervals between stimuli, the
refractoriness duration also increased and this was also
characteristic of both ventricular and atrial myocar-
dium of the non-hibernating ground squirrels. In the
HS, the RP dependence on intervals between stimuli
was the most pronounced at the least temperature tested:
RP duration changed from 115 £ 16 to 217 £ 20 ms
(n=6) at stimulation intervals of 200 and 500 ms
(Fig. 2¢).

The refractoriness duration normalized for APD at
37°C proved to be significantly less than unity in the
active ground squirrels at the cycle range of 200—500 ms
(Fig. 3a). This ratio is characteristic of the non-hiber-
nating animals, which were shown to have an effective
refractoriness magnitude of 66—85% of the AP dura-
tion. Normalized refractoriness of HS ground squir-
rels also approaches the unity or exceeds this magni-
tude insignificantly at 37°C (Fig. 3b). However, under
hypothermia (27 and 17°C), and at the cycle durations
of 500 and 200 ms in SA and 500 and 300 ms in HS
animals, the magnitude of normalized refractoriness
of atrial myocardium is significantly greater than at
37°C and substantially greater than unity (Fig. 3).
Thus, hypothermia causes in the ground squirrel atrial
myocardium the postrepolarization refractoriness,
i.e., an atypical state when the refractoriness duration
(the time required to restore excitability) was signifi-
cantly greater (by values close to 30% in our experi-
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Fig. 1. The effect of hypothermia on the action potentials (APs) of the Yakut ground squirrel atrial myocardium. (a) A represen-
tative example of changes in the atrial AP configuration in a winter-hibernating ground squirrel (HS) during a temperature
decrease from 37 to 17°C. (b) A temperature decrease little affects the atrial AP duration at the repolarization level of 50%
(APD50), but lead to an increase of the same parameter at the repolarization level of 90% (APD90). (c, d) Dependence of AP
duration (APD90) on the cycle time (an interval between stimuli) at 37°C and under hypothermia in the atria of the hibernating
and summer active ground squirrels (HS and SAS, respectively) * p < 0.05 (from the magnitude at 37°C); # p < 0.05 (from the
magnitude at 27°C). n is the number of animals and multicellular preparations.

ments) than the action potential duration and repolar-
ization time.

Thus, our study is the first to demonstrate the phe-
nomenon of PRR in the atrial myocardium of the HS.
We have earlier reported that under cooling to 17°C
the duration of refractoriness in the ground squirrel
ventricular myocardium reaches virtually the AP
duration [1]. Unlike the ventricular myocardium, in
the atrial myocardium, PRR is observed already under
a light hypothermia (27°C) in both HS and SAS, and
it reaches a greater magnitude than in the ventricular
myocardium. In the ground squirrel atrium myocar-
dium, PRR is little dependent on rhythm, because
similar values were recorded at stimulation with 200-
and 500-ms intervals.
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Postrepolarization refractoriness can be observed
not only in hibernating animals, but also in myocar-
dium of the non-hibernating animals under normo-
thermia. In non-hibernating animals, PRR can play a
dual role under different conditions. PRR is formed in
the cardiac ventricles in the central areas of ischemic
foci [10]. In this case, PRR is a negative physiological
phenomenon that promotes re-entry and the fibrilla-
tion arising because of reducing the speed of the extra
stimulus conduction. The mechanisms of the isch-
emic PRR are still not completely elucidated. Never-
theless, potassium accumulation in the extracellular
medium and a significant decrease in AP duration are
believed to be responsible for PRR arising in the isch-
emized myocardium [10].
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Fig. 2. The effect of hypothermia on the refractoriness duration in the atrial myocardium of Yakut ground squirrels. (a) Repre-
sentative examples of the moments preceding the onset of refractoriness (above) and of the refractoriness onset at 37, 27, 17°C in
the atrium of a hibernating ground squirrel. (b, ¢c) Dependence of the refractoriness duration in the atria of a winter-hibernating
(HS) and summer active SAS) ground squirrels on the cycle duration (interval between stimuli) at 37°C and under hypothermia.

* p <0.05 (from the magnitude at 37°C).

Under normal physiological conditions, PRR
develops in response to a series of antiarrhythmic
pharmacological preparations (AAP) of the first and
third classes. Moreover, PRR is considered an import-
ant mechanism of the antiarrhythmic AAP effect. For
instance, class I AAP, such as propafenone, procain-
amide, ranolazine and class III AAP such as
amiodarone, dronedarone, and vernakalant, cause
PRR [11—13]. AAP-induced antiarrhythmic PRR
effect is believed to be involved in suppression of post-
depolarizations, which are triggers of the extra stimuli;
this effect is also responsible for an increase of the
excitation wave length in myocardium and re-entry
prevention.

“Cold postdepolarizations” appear in non-hiber-
nating animals under hypothermia because the depo-
larizing and repolarizing ionic currents differ in the
degree of cold inhibition. Note that, in non-hibernat-
ing animals, rhythm disorders often arise under mod-
erate hypothermia. The hibernating animals under
moderate hypothermia that develops, e.g., in vivo
when they are going into or out of hibernation never
have rhythm disorders. PRR that suppress postdepo-
larizations seems to be a mechanism underlying the
atrium myocard tolerance to arrhythmias.

Under the action of class I AAP, PRRs seem to
appear because they influence the kinetics of the
sodium potential-sensitive Na,1.5 ionic channels, in
particular, because of an increase in the time required
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Fig. 3. Normalized refractoriness duration in the atrial myocardium of a hibernating and active ground squirrels (HS and SAS,
respectively) at 37°C and under hypothermia. RP, period of refractoriness. * p < 0.05 (from the magnitude at 37°C). The values
above the dotted line indicate the postrepolarization refractoriness.

for the ionic channel recovery after inactivation. The
class III AAP effect on the mechanism of PRR induc-
tion is also assumed to depend on AAP effect on the
sodium apart from potassium channels. The mecha-
nism of PRR development in the atrial myocardium of
the hibernating animals may be similar.

During hibernation, numerous changes are known
to occur in the hibernating animal heart, such as an
increased expression of gap junctions Cx43, Cx45 [2]
and Na, K ATPase resistant to hypothermia [14]. In
addition, expression of the cold-tolerant isoform of
the sarcoplasmic Ca ATPase increases, while the
incoming calcium current /, ; is reduced [3, 15]. One
would assume that when hibernating animals fall into
hibernation some specific forms of the potential-sen-
sitive sodium or other channels are produced. How-
ever, PRRs in our experiments were recorded in both
hibernating and active ground squirrels in the middle
of summer under the acute cooling of the atrial prepa-
rations. This means that PRR development is probably
not related to changes in expression of the ionic chan-
nel genes. In the Yakut ground squirrels, either the
cardiac Na,1.5 channels have a specific sensitivity to
temperature or hypothermia activates some intracellu-
lar regulatory mechanisms that prolongate Na,l.5
inactivation.

Of interest is that a series of AAP (ranolazin, ver-
nakalant) are capable of PRR inducing only in the
atrial myocardium. The atrial Na, 1.5 isoforms and/or
some additional regulatory subunits of the channel are
more prone to the formation of PRR than the ventric-
ular ones, which is especially characteristic of HS.

Thus, a number of reports suggest that a series of
adaptations have been developed in hibernating ani-
mals to support cardiac activity under hypothermia.
These adaptations include the capabilities of prevent-
ing excessive AP increase under hypothermia, sup-
porting calcium cycle at the required level and pre-
venting cardiomyocyte overload with calcium, as well
Vol. 486
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as maintaining the excitability and conductance of the
cardiac myocardium. Another important feature of
the HS found in our experiments is the fact of the
refractoriness “balance” is maintained in them: the
refractoriness duration is long enough to prevent pre-
mature myocardium excitation, but it is not too long,
so that the cardiac activity is not suppressed under low
temperatures.
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