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Abstract

BACKGROUND—Robust cell-to-cell coupling is critically important in the safety of cardiac
conduction and protection against ventricular fibrillation (VF). Hibernating mammals have evolved
naturally protective mechanisms against VF induced by hypothermia and reperfusion injury.

OBJECTIVE—We hypothesized that this protection strategy involves a dynamic maintenance of
conduction and repolarization patterns through the improvement of gap junction functions.

METHODS—We optically mapped the hearts of summer-active (SA) and winter-hibernating (WH)
ground squirrels Spermophilus undulatus from Siberia and nonhibernating rabbits during different
temperatures (+3°C to +37°C).

RESULTS—Midhypothermia (+17°C) resulted in nonuniform conduction slowing, increased
dispersion of repolarization, shortened wavelength, and consequently enhanced VF induction in SA
ground squirrels and rabbits. In contrast, wavelength was increased during hypothermia in WH hearts
in which VF was not inducible at any temperature. In SA and rabbit hearts, but not in WH, conduction
anisotropy was significantly increased by pacing acceleration, thus promoting VF induction during
hypothermia. WH hearts maintained the same rate-independent anisotropic propagation pattern even
at 3°C. connexin 43 (Cx43) had more homogenous transmural distribution in WH ventricles as
compared to SA. Moreover, Cx43 and N-cadherins (N-cad) densities as well as the percentage of
their colocalization were significantly higher in WH compared to SA epicardium.

CONCLUSION—Rate-independent conduction anisotropy ratio, low dispersion of repolarization,
and long wavelength—these are the main electrophysiological mechanisms of antiarrhythmic
protection in hibernating mammalian species during hypothermia. This strategy includes the
improved gap junction function, which is due to overexpression and enhanced colocalization of Cx43
and N-cad.
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Introduction

Methods

Animals

Hibernating mammals represent a unique model that is characterized by the puzzling ability
to undergo rapid (100-fold) changes in metabolic rate, protein expression, oxygen
consumption, and heart rate.1~3 During the winter season, the hibernators undergo bouts of
torpor (winter hibernating state [WH)]) lasting approximately 7 to 14 days, with periods of inter-
bout arousal approximately 1 day. In torpor, the core body temperature can drop as low as -2.9°
C.4 Unlike human and other nonhibernating mammals, hibernators do not experience life-
threatening cardiac arrhythmias, reperfusion injuries, or other ill effects during either the onset
of hibernation, a relatively slow process involving drastic changes in levels of protein
expression, or during arousal, which takes 1 to 3 hours and results in an increase in protein
expression.}2:> Recently, we have shown that in contrast to nonhibernators, the WH ground
squirrel (GS) Spermophilus undulatus has a slow but safe ventricular activation at extreme
hypothermia (+3°C), possibly caused by upregulation of connexin 43 (Cx43) and Cx45.5:6
Moreover, we observed seasonal differences in conduction safety: WH hearts had high
conduction velocity and low stimulation threshold as compared to summer-active (SA) hearts
at all temperatures.

The goal of the study was to investigate the electrophysiologic mechanisms through which
improved cell-to-cell coupling contributes to the resistance of hypothermia-induced ventricular
tachyarrhythmias. To test this hypothesis, we investigated the role of hypothermia-induced
electrophysiological heterogeneities of conduction and repolarization as well as the wavelength
of reentry in the onset of ventricular fibrillation (VF) in WH and SA Siberian GS. The study
investigated dynamic changes of conduction anisotropy during different temperatures. We
further aimed to study another important player in the formation of gap junctions, the adherens
junctional protein N-cadherent (N-cad),” and to determine the contribution of both Cx43 and
N-cad to enhanced cell-cell coupling.

All procedures were approved by Washington University in St. Louis and the Cardiology
Research Center (Moscow) Animal Care and Use Committees.

We studied the wild hibernating GS Spermophilus undulatus. Animals were captured in August
2004 and 2005 in the coldest region of Siberia, which is located in the Lena river valley near
the city of Yakutsk, Russia.?> We used animals in 2 different states, which are known to have
significant differences in metabolism and physiology: SA (n =12, 556 £ 61 g) and WH (n =

14, 612 + 46 g). We also used 8 rabbits (Russian breed Shinshilla) as a nonhibernating control.

Optical mapping experiments

The optical mapping system and Langendorff-perfused GS and rabbit heart have been
previously described.® The entire anterior ventricular epicardial surface was mapped with a
127 x 128-pixel charge coupled device (CCD) camera (Dalsa, Waterloo, Canada) with a field-
of-view of approximately 16 x 16 mm to 18 x 18 mm. The excitation—contraction uncoupler
2,3-butanedione monoxime (BDM) (15 mmol/l; Fisher Scientific, Fair Lawn, New Jersey) was
added to the perfusate to suppress motion artifacts.

The pacing site was located on the anterior left ventricular (LV) epicardium midway between
apex and base. The pacing current was at least 4X the pacing threshold. We used the restitution
S1-S1 protocol as described earlier.8 Hearts were paced with a basic cycle length from 400 to
200 ms (at 37°C), from 1,000 to 300 ms (at 27°C), and from 2,000 to 500 (at 17°C) in steps of
50 ms, and further in steps of 10 ms until 1:1 capture failed or ventricular tachycardias,
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including VF, occurred. Arrhythmias that continued for more than 1 minute were electrically
defibrillated by a custom-made LV implantable defibrillation lead and defibrillator (Gold SM
1211). The shortest pacing S1 interval to capture without Wenckebach periodicity was deemed
the ventricular functional refractory period (VFRP).

A custom Matlab (Math Works, Inc. Novi, MI) computer program was used to analyze the
optical action potentials (AP) in the ventricles as previously described.® First, we filtered the
signal using the low-pass Butterworth algorithm at 200 Hz. Then, the 2 control beats of the
optical signal were averaged and normalized between -85 and 15 mV. Finally, AP duration at
90% of repolarization levels (APD90) and maximum upstroke derivative (dV/dtyay) were
calculated for each AP using the normalized optical signal and its derivatives (Figure 1B).
Control dV/dtyax values for all tissues were from 6 V/s to 14 V/s. These values are significantly
lower than the dV/dt,,x of AP recorded by microelectrodes because of the averaging of optical
signals from different cell layers and filtering.®

To characterize a spatiotemporal pattern of repolarization, the following parameters were
measured or calculated in all the animals groups at different temperatures: APD90 for 256
epicardial sites, standard deviation of mean APD90 (SD-APDg, in ms), and maximum
dispersion (Dmax, iN Ms). Dymax Was calculated as the difference between the minimum and the
maximum values of APD90 along the field of mapping.®

Immunohistochemistry

After the blood was washed from the hearts with Tyrode solution for 10 to 15 min (SAn =4,
WH, n = 4), hearts were embedded in Tissue-Tek OCT, (Torrance, CA) compound, frozen,
and cryosectioned parallel or perpendicular to the epicardium. Sections were then stained for
fluorescence immunohistochemistry with commercially available antibodies: rabbit Cx43
(Sigma, St. Louis, Missouri; 1:1000 dilution) + mouse a-actinin (Sigma, 1:1600), rabbit o-
actinin, mouse N-cad (Sigma, 1:100), or rabbit Cx43 + mouse N-cad. Primary stains were
applied overnight, and then secondary antibodies were applied for 2.5 hours. Confocal imaging
was performed using a 40X lens on a Nikon C1/80i confocal microscope (Melville, NY).
Protein density was measured using a custom Matlab program as previously described.10

The epicardium was defined as tissue within 100 um from the outer surface of the heart, the
endocardium as tissue within 100 x«m from the inner surface, and the midmyocardium as the
remaining tissue not within 100 xm of either surface.

Colocalization analysis

Colocalization plots were used to determine the amount of Cx43 that colocalized with N-cad.
In a 2-channel confocal image, each voxel has 2 intensity values (ranging from 0 to 4,095 in
a 12-bit image), 1 for each red and green staining. Voxels with intensities <1,024 were
considered background fluorescence and were excluded from analysis. A colocalization plot,
generated with Volocity (Improvision, Inc., Lexington, Massachusetts), displays these
intensity values as a function of each other. By definition, 2 proteins are highly colocalized in
a particular volume when fluorescence intensities corresponding to these 2 proteins are high
in the voxel corresponding to this volume.11 Therefore, if 2 proteins are colocalized in many
voxels, the colocalization plot will contain a significant diagonal distribution. Voxels with the
highest degree of colocalization will be displayed in the upper-right quadrant. In contrast, if
the 2 proteins are not colocalized, the colocalization plot shows voxel values near each axis,
with no diagonal elements present. We consider colocalized Cx43 signal as functional Cx43.
Total Cx43 was defined as the number of voxels above the threshold 1,024, and functional
Cx43 as voxels above 1,024 in both red and green.
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Statistical analysis

Group data were represented as mean + standard error. Comparisons between groups of data
were performed using an unpaired t test, chi-squared analysis with Yates correction, and
Kolmogorov-Smirnov test. A value of P < .05 was considered statistically significant.

Results

Activation pattern of ventricles under control and hypothermia conditions

Decreasing temperature from +37°C to +3°C did not induce cardiac arrest in any SA (n=7)
or WH (n=7) hearts, as we previously reported.® In contrast, the rabbit heart (n = 6) experienced
a complete loss of excitability at 12°C + 1°C. In all animals, the temperature reduction resulted
in an increased pacing threshold. Table 1 summarizes the excitation threshold data in rabbit
and GS LV. A significant increase in the pacing threshold was observed in both rabbit and SA
ventricles at temperatures as low as 27°C. In contrast, the increase in pacing threshold for WH
became significant only after a reduction of temperature to +7°C. Moreover, the pacing
threshold in WH was significantly lower compared to SA and rabbit ventricles at all
temperatures.

Hypothermia induced during the basic pacing cycle length caused a significant increase of
optical action potential duration (APD) as well as its dispersions and in rabbit and SA hearts
compared to WH. At all temperatures, WH hearts had shorter APD (Table 1). However, the
VFRP was increased significantly more in WH than SA (Table 2). This result shows the
existence of postrepolarization refractoriness in WH but not in SA hearts.

The temperature reduction leads to significant decreases in longitudinal and transversal
conduction velocities (CV|_and CV7) in rabbit compared to GS hearts. Moreover, hypothermia
induced an increase of conduction anisotropy (CV(/CV) in SA and rabbit heart, but not in
WH ventricles because of more significant CVt slowing in these hearts (Tables 1 and 2).

Figure 1A shows representative activation maps of optical signals from the LV epicardium of
WH GS and rabbit heart. Figure 1B shows superimposed upstrokes and their first derivative
dV/dt of representative action potentials recorded from adjacent sites along the fast and slow
axis of impulse propagation. Although conduction slowed, the Langendorff-perfused WH
hearts almost maintained the same pattern of epicardial activation during basic pacing at all
studied temperatures down to 3°C. In contrast to WH, rabbit hearts during hypothermia resulted
in a significant increase of conduction anisotropy because of a depression of transversal CT
along the transverse direction up to the block as evidenced by the crowding of isochronal lines
(Figure 1B) and the greater delay between action potential upstrokes (Figure 1A and B, rabbit).

The excitation wave was almost blocked in the transverse direction of propagation (anisotropy
index was >4) at 12°C. The base of the LV was activated by a wide front of excitation in a
retrograde and/or intramural conduction as a result of the wave front diving below the
hypothermia-induced epicardial conduction block and resurfacing into epicardial tissue.®

Figure 2A shows a dependence in conduction anisotropy of pacing cycle length in WH, SA,
and rabbit hearts at different temperatures. Conduction anisotropy in WH was lower as
compared with SA and rabbit ventricles during hypothermia and at all pacing cycle lengths
(Figure 2A, Tables 1 and 2). Even at 37°C, conduction anisotropy in rabbit hearts significantly
increased at shortened pacing cycle lengths, which were performed during VFRP
measurements. Rabbit hearts had a steeper slope of anisotropy restitution, which is a cycle
length dependence in anisotropy. Hypothermia resulted in a significant increase in anisotropy
at a basic cycle length and made the slope of anisotropy curve steeper in rabbit hearts and SA,
but not in WH hearts. Maximums from conduction anisotropy values were 3.4 + 0.1 in rabbit,
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2.7+0.1in SA, and only 2.1 £ 0.1 in WH hearts. These values were achieved at 17°C during
the fastest cycle length (VFRP) (Table 2).

Figure 2B shows the temperature dependence of the main ventricular electrophysiological
parameters: VFRP, minimal CV|, and CV, which were measured during VFRP, and
wavelength for reentry (WL = VFRP x minCV/1).12 The WL values were not different between
animal groups at 37°C. The WL increased in WH during hypothermia. In contrast, we observed
a significant reduction of WL in rabbits and SA during hypothermia.

Both wavelength shortening and increased conduction anisotropy enhanced the vulnerability
to ventricular arrhythmias in rabbit and SA hearts during hypothermia (Figure 2C).
Hypothermia increased the probability of pacing-induced VVF in rabbit and SA hearts from 17%
to 67% (P < .01) and 0% to 17%, respectively. In contrast, we could not induce VF in WH
hearts at any temperature.

Figure 3 shows an example of VVF occurrence in the rabbit heart during fast pacing at 17°C.
The gradual shortening of the pacing interval from 2,000 ms to 470 ms leads to a slowing of
conduction velocities and increases of anisotropy. A further increase in stimulation frequency
resulted in the occurrence of conduction blocks in the transverse direction and induction
reentrant wave breaks, which induced a loss of pacing capture (see electrogram recording in
Figure 3). Thus, this mechanism of VF induction includes several seconds of interference
pacing with reentrant arrhythmias. After stop pacing we observed a figure-eight type of reentry
resulting in sustained VF (V1 and V2 maps in Figure 3).

Seasonal expression of Cx43 and N-cadherin

Alterations in either the total amount or the distribution of the gap junction protein Cx43 has
been shown to promote conduction abnormalities and facilitate arrhythmias.13:14 Therefore,
we tested the hypothesis that the transmural distribution of Cx43 may be altered in GS during
summer and winter. Epicardial Cx43 density in SA hearts was found to be significantly
decreased as compared with the epicardial density for WH hearts. Transmural expression of
Cx43 was significantly altered in SA hearts as compared with WH hearts (Figure 4). The WH
hearts did not show significant changes in Cx43 density from epicardium to endocardium.
However, in SA, midmyocardial Cx43 density was significantly higher compared with the
epicardium.

Epicardial parallel section double staining of Cx43 and N-cad showed a significant increase
in the density of both proteins in WH compared to SA hearts (Figure 5A). We found that there
was a greater Cx43 and N-cad colocalization in WH (50% + 3%) compared to SA (39% + 2%,
P <.05 vs. WH). On average, the total amount of Cx43 signal that was colocalized with N-
cadherin increased by 1.7-fold in the epicardial layers of WH hearts relative to SA (P < .01)
(Figure 5B).

Discussion

Electrophysiological mechanisms of arrhythmia protection in hibernator heart

It is well established that predisposition to onset of life-threatening arrhythmias such as
ventricular tachycardia (VT) and VF are frequently associated with the following
electrophysiological factors: dispersion of repolarization/refractoriness, slow conduction, high
anisotropy of conduction, and short wavelength for reentry.15:16 Dynamic change in action
potential duration and conduction within the framework of the restitution theory can explain
tissue predisposition to wave break and induction of reentry.17:18 However, analysis of rate-
dependent changes has not been applied to conduction anisotropy in the settings of reentry
induction.
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Hibernating species present a particularly intriguing model of antiarrhythmia protection, being
resistant to VVF in contrast to most mammals.! During hypothermia, ventricular arrhythmias
are the most common cause of death in humans.® Hypothermia can induce the downregulation
of Cx43 expression and/or dephosphorylation, and thus produces cell-to-cell uncoupling as
evidenced by reduced conduction velocity®29:21 and increased heterogeneity of conduction,
and repolarization.22 These effects form the substrates for induction and maintenance of VF.
In contrast, hibernating mammalian species do not experience cardiac dysfunction and/or
malignant arrhythmias during either the onset of hibernation or arousal, during which core
body temperature can be changed more than 30°C during 1 to 3 hours.

Saitongdee et al?3 proposed that Cx43 overexpression in hamsters during the winter could be
a mechanism of protection against conduction block and arrhythmia during hibernation and
arousal. We confirmed this hypothesis by optical mapping of WH and SA Siberian GS hearts.
This species is one of the most resilient mammalian hibernators, able to adapt to and
spontaneously arouse from core body temperatures as low as -2°C without freezing.*24 We
found that they maintained spontaneous sinus rhythm, safe propagation through the entire
conduction system, and normal pattern of ventricular excitation even at 3°C temperatures.>:5:
25 However, all rabbit and rat hearts lost excitability at 12°C + 1°C and 10°C # 1°C,
respectively. At any temperature, WH ventricles had faster longitudinal conduction velocity
and lower excitation threshold compared to SA. Immunolabeling showed that Cx43 and Cx45
were significantly upregulated in WH as compared to SA myocardium.®

In this study, we investigated for the first time the electrophysiological and molecular
mechanisms of arrhythmia resistance during hibernation in detail. We found significant
slowing of CV than CV|_ during the acceleration of pacing in rabbits and SA. Hypothermia
significantly increased the slope of conduction anisotropy restitution and thus provoked
induction of reentrant arrhythmias (Figures 1 to 3). Progressive cycle length shortening resulted
in slower conduction and increased anisotropy, which formed a functional substrate26:27 for
arrhythmia occurrence in rabbit and SA hearts, but never in WH (Figures 1 to 3). The WH
hearts maintained both wavelength and anisotropic ratio at all temperatures (down to 3°C). We
believe that these electrophysiological features of WH myocardium can explain why VF was
not inducible at any temperature in these hearts.

Progressive hypothermia caused a greater increase in refractory period per increase in APD in
WH than SA. This effect resulted in the development of postrepolarization refractoriness
during hibernation (Table 1). Hibernation-induced postrepolarization refractoriness may
prevent the slowing of conduction during premature beats and tachyarrhythmia induction.28:
29 Thus, the development of postrepolarization refractoriness during hibernation may be an
additional protective mechanism against arrhythmia associated with hypothermia and
reperfusion. Moreover, the increase in VFRP almost compensated for conduction slowing
during hypothermia and thus prevented proarrhythmic decrease of wavelength in WH hearts.

Role of gap junction in the hibernator antiarrhythmia protection

Numerous studies have shown that abnormal intercellular coupling through the main cardiac
gap junction proteins Cx43, Cx40, and Cx45 is an important mechanism for atrial and
ventricular heterogeneities of repolarization and propagation.30-33 Abnormal function of Cx43
could be responsible for life-threatening ventricular arrhythmias, including VT/VF.34:35
However, hypothermia can also induce gap junction channel uncoupling through the reduction
of conductance of Cx43 channels.36 It was shown that pharmacological gap junction
uncoupling may enhance intrinsic nonuniformities in conduction.33:37 Recent studies have
shown that the loss of Cx43 in knockout mice34:35 is directly correlated with anisotropic
slowing of conduction, thus an increased propensity for arrhythmogenesis. In contrast,
pharmacological preservation of intercellular coupling diminished conduction slowing and
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heterogeneous repolarization, eliminating arrhythmogenic substrates.38 A gap junction opener
was proposed to treat ventricular tachycardia during ischemia by opening of Cx43.38:39
Alternatively, gap junction upregulation is proposed here to improve conduction safety and
thus to protect myocardium against life-threatening tachyarrhythmia.

Cardiac N-cad is an integral part of the intercalated disc junction, essential for the adherens
junctions in myocyte, Cx43 delivery to cell—cell contact, and thus the establishment of
Cx43.40:41 Conditional deletion of this important adherens junctional protein (N-cad) in the
adult mouse heart leads to a complete dissolution of the intercalated disc structure and a
significant decrease in the Cx43 expression. This deletion results in dilated cardiomyopathy,
conduction slowing, and higher conduction anisotropy and thus spontaneous ventricular
tachycardia and arrhythmic death.” In contrast, mice with cardiac overexpression of N-cad
suffer from cardiac hypertrophy and further structural abnormalities.*?

The intracellular co-assembly of connexin and cadherin is required for gap junction and
adherens junction formation, a process that likely underlies the intimate association between
gap junction and adherens junction formation.*3 Moreover, N-cad—mediated adhesion is
critical for maintaining Cx43 at the plasma membrane thus for cardiac conduction.#1,43:44

We found that both gap junction proteins Cx43 and N-cad were overexpressed during
hibernation season (Figure 5). Akar et al'4 proposed that Cx43 is functional only when it is
expressed alongside N-cad. We observed a significant increase in the colocalization of these
proteins in WH. Based on this theory, our results suggest that there is a greater functional Cx43
in WH than SA (Figure 5). This observation indicates that there may be stronger adherence
between myocytes during the hibernation period, resulting in stronger connections and
synchronized contractions.

The remodeling process of gap junctions during hibernation is completely different from the
remodeling in knockout Cx43 mice3° as well as in aged mice,*® in which heterogeneous

downregulation of Cx43 takes place. The hibernator’s strategy during the winter is to improve
the function of normal gap junctions. This conclusion confirms that even during the summer
these animals have more resistance to arrhythmia compared to nonhibernating rabbits and rats.

It was shown that heterogeneity of gap junction proteins between epicardium and
midmyocardium can lead to anisotropic conduction and reentrant ventricular arrhythmias.32 If
hypothermia is induced, these changes may become more apparent and more aggravated. In
WH we found more homogeneous, transmural Cx43 expression (Figure 4), which may aid in
preventing any differences in the transmural distribution of action potential duration and
conduction safety.

Previously, we found that another cardiac gap junction protein Cx45 also overexpressed in the
Siberian GS ventricle during hibernation.> The Cx45 signal was clearly observed in the
intercalated disk area in the LV endocardium of the WH heart. For all animals in the SA and
winter active groups, no Cx45 signal was observed. The quantitative comparison was
impossible for Cx45 immunolabeling because of a lack of signal in the SA myocardium and
low Cx45 signal in epicardium of WH. However, we still believe that Cx45 could be another
potential contributor to the arrhythmia protective effects in WH.

We emphasize that not only Cx43 with N-cad is colocalized highest in the WH, but also there
is more total Cx43. The CV was affected by hypothermia in both directions in all animals.
However, in WH transversal CV slowing was less than SA. Thus, probably because of higher
total and colocalized Cx43, WH hearts can almost keep the same anisotropy ratio during
different temperatures. We found statistical differences between SA and WH anisotropies only
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during hypothermia and relatively fast pacing—extreme condition which affected the
conduction safety factor.

lonic mechanism of hibernator resistance to hypothermia-induced cardiac arrest

Although it is likely that Cx43 and N-cad play an important role, many other mechanisms such
as ionic channels remodeling may be involved in arrhythmia protection of hibernator hearts.
It has been proposed that the both Ca2* and Na* currents may be responsible for the excitation
of the hibernator myocytes at about 5°C.46:47 Unfortunately, only a few studies were performed
to investigate this important issue. Liu et al*’ showed that in hedgehog cardiac preparations,
the peak of Ca?* current did not significantly change at low temperatures, and the Na* current
was less suppressed by the cooling in hibernator than in rats. Another study by Yatani et al*8
showed evidence of increased calcium capacity of the SR, a 30% downregulation of the a1p-
subunit of the L-type calcium channel, and a 2-fold acceleration of inactivation rate during
hibernation season in woodchuck ventricles. Thus, Icadensity was found to significantly
decrease and SR Ca2* uptake capacity to increase in myocytes of hibernating compared with
active woodchucks, which could protect the heart from calcium overload.4® Moreover, they
did find differences between active and hibernating in Ixq and 4.2

Interestingly, we previously found in the isolated papillary muscle of the Siberian GS that under
different temperatures (37°Cto 7°C), resting potential was mildly elevated in WH myocardium
as compared to SA myocardium, but dV/dt.ax Values were not different. Based on these data
and the observed improvement of threshold of excitation and accelerated conduction velocity
in WH ventricles (Table 1), we suppose that upregulation of Na* channels during hibernation
season can play an importantrole in the hibernator heart protection to conduction abnormalities.

Study limitations

We showed colocalization data only for LV epicardium, in which we performed optical
mapping because of technical restrictions and limits of fresh tissue samples. Moreover, our
colocalization analysis was based only on immunohistochemistry, which could not show direct
biochemical interaction of these proteins.

The use of di-4ANNEPS and BDM could affect the observed results because of partial ion
channel blockage. However, our previous studies, in which we did not use BDM?® and any
drugs,2® showed that WH animals have the highest conduction velocity and antiarrhythmia
protection compared with SA and nonhibernating rabbit and rat.

Conclusion

The WH species Spermophilus was protected against malignant arrhythmias such as VF
because it maintained a conduction anisotropy ratio homogeneity of repolarization, and
wavelength during hypothermia, and thus is protected against malignant arrhythmias such as
VF. The enhanced expression and colocalization of Cx43 and N-cad during hibernation
suggests that improved gap junction function is an important determinant of the maintenance
of anisotropic propagation and repolarization.
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Figure 1.

The effect of hypothermia on the left ventricular activation pattern. A: Optical maps during
epicardial pacing of the winter-hibernating (WH) ground squirrel and rabbit heart shown at
various temperatures during pacing (400 ms at 37°C, 1,000 ms at 17°C, 2,000 ms at 12°C, and
4,000 at 3°C, respectively). Epicardial pacing at the center of the left ventricle produced an
ellipsoidal spread of propagation with fast conduction parallel to the fiber axis (longitudinal
conduction) and slow conduction perpendicular to the fiber axis (transverse conduction).
Arrows show the directions of conduction velocity measurements longitudinal (CV) and
transversal (CV). The values of corresponding CVs are presented at the right bottom corner
of each map. B: Superimposed upstrokes of optical APs and their derivatives corresponding
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to recording sites in longitudinal direction L1, L2, and L3 and transversal T1, T2, and T3 in
maps in panel A. Optical APs were normalized to range from -77 to +12 mV (WH) and from
-85 to +15 mV (rabbit) 37 °C, range from -65 to 17 mV (WH) and -61 to +5 mV (rabbit) at
17°C using previously published microelectrode data.®
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The influence of hypothermia on the main electrophysiological parameters and ventricular
fibrillation (VF) vulnerability. A: Ventricular functional refractory period (VFRP), the
minimal conduction velocity (CV) and the wavelength during maximum pacing rate (WL) in
rabbit and ground squirrel hearts. Data summarizes summer-active (SA) and winter-
hibernating (WH) ground squirrels (black and white circles) and rabbits (red circles). B:
Conduction anisotropy versus pacing cycle length at different temperatures in rabbit and
ground squirrel hearts. The anisotropy index was calculated as the ratio of longitudinal and
transversal components of conduction velocity. *P < .05 versus WH ground squirrel. #P < .05
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versus 37 °C. C: Effect of hypothermia on incidence of pacing-induced ventricular fibrillation
(VF) in rabbit and ground squirrel hearts.
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Figure 3.

Induction of ventricular fibrillation in rabbit heart during fast pacing at 17°C. On the ventricular
bipolar electrogram at the top, a recording of ventricular stimulation with progressively
shortening pacing interval are presented. Red frames indicate the mapped space. V1 and V2
are mapped VF waves. The gradual shortening of the pacing interval from 2,000 ms to 470 ms
(top maps) leads to increasing the conduction anisotropy because of the depression of
conduction velocity along the transverse direction. Representative traces of optical
transmembrane action potentials recorded from right (e) and left (*) ventricle areas are
presented near activation maps.
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Figure 4.

Transmural expression of connexin 43. A: Sample confocal images from a winter-hibernating
(WH) and summer-active (SA) heart taken from endocardial, midcardial, and epicardial
locations. B: Average connexin 43 densities at each tissue location. We analyzed 5 sister
sections from epicardial and midcardial and 4 sections from endocardial for each animal WH
(n =3) and SA (n = 3). *P < .05 versus WH ground squirrel. *P < .05 versus epicardium.
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Figure 5.

Expression of connexin 43 (Cx43) and N-cadherins (N-cad), and their colocalization in
epicardium of winter-hibernating (WH) and summer-active (SA) ground squirrels. A, Left:
Immunohistochemical images of Cx43 (red) and N-cad (green) staining in the WH and SA left
ventricular epicardium. A, Right: Colocalization of Cx43 and N-cad, showing that voxels of
high Cx43 intensity also have a high N-cad signal in both WH and SA. However, the amount
of colocalized Cx43 in WH is higher than in SA. Intensity level of 1,024 units was used as a
threshold. B: Summary density of N-cad, total Cx43, and colocalized Cx43 with N-cad. We
analyzed 4 sister sections from epicardium for each animal WH (n =4) and SA (n=4). *P <.
05 versus WH ground squirrel. See text for details.
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