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Abstract: Background — The aim of the work was to study the influence of myocardial repolarization on the indices of the pump function
in animals with different types of the myocardial activation (dog, amphibians) under ectopic excitation of the ventricles.

Material and Methods — Intraventricular blood pressure in animals was measured using a hemodynamic Prucka MaclLab 2000 system
under basal and apical locations of the stimulating electrode on the ventricles of the heart. The activation-recovery intervals (ARIs) were
determined from unipolar myocardial electrograms recorded in the intramural layers of apical and basal parts of the ventricles in dog
(n=16) and amphibians (toads Bufo bufo, n=11; frogs Rana temporaria, n=23). Data are presented as median with lower and upper
quartiles.

Results — The pacing of the left ventricle apical area in dogs with more prolonged ARIs, as compared with the base, does not change the
isovolumic indices of the left ventricle pump function. However, ARIs were longer at the ventricular base — 248 (206, 260) ms for dog’s right
ventricle and 742 (680, 929) ms for froggy ventricle, as compared with the apex in the canine right ventricle — 238 (219, 249) ms, and the
ventricle in the amphibians — 692 (637, 860) ms. Therefore, pacing of the right ventricle in the apical area in dog and ventricular apex in
amphibians leads to a significant decrease of their pump function.

Conclusion — In the animals with successive (amphibians) and flash-successive (dog) types of activation of the myocardium, parameters of
the pump function of ventricles were better at pacing of the area with the longest repolarization at the baseline and worse at pacing of the
shortest repolarization area.

Keywords: pump function, contractility, pressure, repolarization, activation, activation-recovery intervals, ventricle, pacing, dog,
amphibians.
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convenient objects for studying the influence of ectopic excitation
on the pump function of the heart, because they have a single
ventricle and functional equivalents of the His-Purkinje system [10]
that excludes the availability of the interventricular asynchronism
of depolarization and contraction of the myocardium in the heart
of full-blooded vertebrates.

Introduction

The investigation of the pump function of the hearts in
different classes of vertebrates having different types of
myocardial activation is of considerable significance for the
comparative electrocardiology. In most investigations [1-6] pump
function is studied only in the left ventricle (LV), whereas little is

known about RV in the full-blooded vertebrates [7]. Research of
the patterns formation of the right ventricle (RV) pump function is
relevant for the search of the optimal areas of electrical
stimulation, at which disturbances of the hemodynamics will be
minimal.

The dependence of the LV pump function on the localization of
the focus of ectopic excitation is connected with the ventricular
conduction system. In most cases the sequence of activation
during pacing of the ventricles is governed by the slow conduction
through the normal myocardium, away from the pacing point to
the ends of the Purkinje fibers [1, 7-9]. The amphibians are

Since the sequence of activation of ventricular myocardium
differs in various systematic groups of animals [11], the question
of the comparative-physiological aspect of the cardiac pump
function is relevant, for example, in amphibians and predators. At
present the influence of the sequence of activation on the cardiac
pump function under electrical stimulation is more obvious [2-9],
however, little is known, how the repolarization properties of the
myocardium affect the indices of the pump function of the
ventricles in animals of different classes of vertebrates under
ectopic excitation of the ventricles.

Relevant to biomedical sciences is the study of the functional
reserve of the heart in animals with low structural organization of
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the myocardium in response to myocardial stress, as is the
electrical stimulation. Thus, the aim of the study was to investigate
the influence of the duration of repolarization of the myocardium
on the heart ventricles pump function indices in animals with
different types of the myocardium activation (dog, amphibians) at
ectopic excitation of the ventricles.

Material and Methods
Animals’ preparation

The experiments were perfomed on eleven toads (Bufo bufo),
twenty three frogs (Rana temporaria) and sixteen adult male
mongrel dogs. The toads (weighing 68-108 g) and frogs (weighing
38-46 g) were anesthetized by placing the animal in the jar with
40% alcoholic solution for three minutes. After that, chest cavity
and pericardium were opened. The temperature of the body in the
amphibians was maintained at approximately 18-20°C.

Dogs, weighing 20-35 kg were anesthetized by zolelil
(25 mg/kg body weght, i.m.) with muscle relaxant xylazine
(3 mg/kg body weight, i.m.). The study complies with the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised
1996).

During the experiment the dog was injected with a 0.85%
saline to mainlain perfusion of tissues. The animals were rapidly
intubated and ventilated artificially through the endotracheal
tube. The thorax was opened by a midsternal incision. The
pericardium was cut and the heart was suspended in the
pericardial cradle. The temperature of the heart was maintained at
38°C by the superfusion of the pericardial cradle with
temperature-controlled saline.

The stages of the experimental study consisted in measuring
the pressure in the LV and RV of the dog and the ventricle in the
amphibians, registration of the intramural unipolar electrograms
under supraventricular rhythm and successive change of the
location of stimulating electrodes in the heart of dogs and
amphibians.

Hemodynamic measurements

Ventricular end-diastolic ventricular pressure (EDVP), maximal
systolic ventricular pressures (MSVP), and isovolumic indices
(maximal rate of the rise of ventricular pressure — dP/dtmax
maximal rate of the fall of ventricular pressure — dP/dt,,;,) were
continuously monitored using a Prucka MacLab 2000 system (Ge
Medical System, GmbH). For measuring the pressure of the RV in
dog and the ventricle in amphibians, a catheter (inside diameter 1
mm) filled with heparinized saline was inserted through the free
wall into the ventricle cavity. A Swan-Hanz catheter was inserted
in the left ventricle through the left femoral artery. Invasive
monitoring of the pressure was carried out using the transducers,
transforming blood pressure inside the vessels at registering the
mechanical changes.

Electrophysiological measurements

After the catheterization, the plunge needle was inserted into
the ventricular myocardium. A set of needle electrodes of diferent
lenght having four electrode terminals each was used. General
quantity of the electrode terminals was 64 for dogs and 24 for
amphibians (Figure 1).

In every intramural lead the activation time (AT), the
repolarization time (RT) and the activation-recovery intervals
(ARIs) were registered. The latter was used to assess local
repolarization duration. The AT, RT and ARIs were determined as
dV/dti, during QRS complex, dV/dt,,,, during ST-T complex, and
the period between the latter and the former, respectively. The
values were determined automatically, inspected by the observer
and corrected manually if necessary. In each set of simultaneously
recorded electrograms, the beginning of the QRS-complex in the Il
lead was chosen as the reference timepoint with respect to which
ATs and RTs were measured in the given set of electrograms. In
order to construct isochronal activation maps, a zero point was
determined by the time of the intramural activation breakthrough.
Similarly, the zero points on the repolarization maps identify the
earliest repolarization of the myocardium.

Pacing protocol

In both animals epicardial pacing of the ventricles was
performed by laboratory electrocardiostimulator EKSN-04M
(Axion Ltd, Russia). Supraventricular rhythm was used, in order to
avoid high variability of the heart rate, which was observed under
the sinus rhythm. In animals the right atrium and the ventricular
epicardium were stimulated by rectangular impulses (amplitude —
3.5 V; duration — 1 ms) with a forced heart rate of 50 beats per
minute in amphibians and 150 beats per minute in dog.

Epicardial electrical pacing of the base and apex of the LV and
RV (Figure 2a) was performed to change the sequence of
activation of the myocardium. In amphibians a pacing electrode
was placed in the right atrium, the base and the apex of the
ventricle (Figure 2b).

Electrograms were recorded later than 100 cardiac cycles in
dog and 20 cycles in amphibians after the change of rhythmic
regime. The duration of each series of the impulse was 5 minutes
in dog and 0.5 minutes in amphibians.

Statistical analysis

A statistical study was performed using nonparametric
Wilcoxon test for paired comparisons and Fridman test followed
by the Newman-Keuls or Dunnet’s tests for multiple comparisons.
The differences were considered significant at P<0.05.
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Figure 1. Representative electrograms from the different areas of base (A)
and apex (B) of the ventricle of heart in the frog R. temporaria under atrial
pacing. 1 — subendocardium, 2 — midmyocardium, 3 — subepicardium.
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Table 1. Repolarization durations measured as ARIs throughout the ventricular subepicardium at atrial pacing in dog and frog R. temporaria

Parameter Dog E R. temporaria
_________________________________________________________________________________ IR
LV apex LV base RV apex RV base | Ventrical apex Ventrical base
ARIs, ms 255 (199, 281) 235 (232, 257), P=0.049 238 (219, 249) 248 (206, 260), P=0.010 . 692 (637, 860) 742 (680, 929), P=0.025

Data are presented as median with lower and upper quartiles — Me (LQ, UQ). P-level for differences with apex of the same ventricle.

ARI, activation-recovery interval; LV, left ventricular; RV, right ventricular.

Table 2. Hemodynamic variables at atrial and ventricular pacing in amphibians

Parameters . R temporaria .. o B.bufo .
Atrial pacing Pacing of Pacing of ventricular ‘E— Atrial pacing Pacing of Pacing of
ventricular base apex ! ventricular base ventricular apex
MSPV, mmHg 9(5,12) 6(3,8) 5(3,7) ! 25(22,28) 18 (15, 24) 17 (14, 23)
. P1=0050 | Pi=0.035,P,=0179 | P=0.045 P1=0.028, P,=0.052
dP/dtma, mmHg/s 19 (14, 25) 16 (11, 21) 13 (10, 20) r 142 (135, 173) 125 (101, 157) 118 (88, 128)
. Pz0.042 | Pi=0.027,P=0042 1 _P=0028 _ P1=0.017,P,=0.023 ___
dP/dtmin, mmHg/s 36 (23, 44) 30 (17, 32) 25 (14, 30) ' 123 (111, 155) 88 (75, 113) 77 (70, 97)
. P1=0043 | Pi=0.042,P,=0021 i P=0032 P1=0.010,P,=0.029
EDPV, mmHg 2(1,2) 1(0,2) 1(0,2) 12(0,2) 2(0,2) 1(0,2)
P1=0.960 P,=0.570, P,=0.131 E P1=0.240 P,=0.078,P,=0.089

Data are presented as median with lower and upper quartiles — Me (LQ, UQ). P;-level for differences with atrial pacing; P,-level (apex vs. base).

MSPV, maximal systolic ventricular pressure; dP/dtn. and dP/dtm,i,, the maximal rate of the rise and fall of ventricular pressure; EDPV, end-diastolic
ventricular pressure.
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Figure 2. Layout of stimulating electrodes on the ventricular epicardium
and right atrium in the heart dog (A: 1- right atrium; 2- base of right
ventricle; 3- apex of right ventricle; 4- apex of left ventricle; 5- base of left
ventricle) and frog (B: 1- right atrium; 2- base of ventricle; 3- apex of
ventricle).

Results

The apical-basal distribution of the repolarization durations
of the subepicardium of the ventricles in amphybians and dogs
under supraventricular rhythm

In amphibians (R. temporaria) repolarization durations
decreased (P=0.025) from the basal area of the ventricle to the
apex (Table 1).

At supraventricular excitation in the LV in dogs ARIs were
significantly longer at the apex and shorter in the basal area
(P=0.049), whereas the reverse was observed in the RV (P=0.010)
(Table 1).

The parameters of the pump function of the heart at
ventricular pacing in amphibians

The maximal systolic pressure in the ventricle of the
amphibians (B. bufo, R. temporaria) was reduced (P<0.05), as
compared with supraventricular rhythm (Table 2). This stimulation
regime reduced (P<0.05) the maximum rate of the ventricular
pressure rise dP/dt.., and the maximum rate of the ventricular
pressure fall dP/dt,, in toad and frog, as compared to
supraventricular rhythm. However, under apical pacing the
maximal systolic pressure, dP/dt..« and dP/dt.,, in the ventricle
were reduced to a greater degree (P<0.01), as compared to
supraventricular rhythm and basal pacing (Table 2). The preload in
the ventricle in amphibians decreased significantly at pacing the
ventricular apex (Table 2).

Thus, the stimulation of the ventricular apex in amphibians

(B. bufo, R. temporaria) significantly worsened all parameters of
systolic (MVSP, dP/dt,,.,) and diastolic functions (dP/dt,,).
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Table 3. Hemodynamic variables at atrial and ventricular pacing in dog

Parameters Atrial pacing | RVpacing j ___________________ Lvpacing
Apex Base i Apex Base
MSPLV, mm Hg 111 (106, 129) 96 (92, 101) 100 (94, 113) 107 (104, 116) 105 (98, 116)
e Pm0050 '_’1_=_Q-9_59:_P_z_=9;1_5_§____j_P;?9;Q7_1_ _________________ P1=0.050,P,=0.050
dP/dtma LV, mmHg/s 1296 (1080, 1696) 1104 (984, 1280) 1152 (960, 1536) 1440 (1116, 1596) 1242 (1126, 1368)
e Pe0082 Pi=0.045,P,=0187 __ : P=0054 P1=0752,P,=0.022
dP/dtmin LV, mmHg/s -1200 (-995, -1583) -851 (-683, -910) -909 (-825, -959) i -1125(-1011, -1565) -967 (-844,-1164)
e P=000 '_’1_=_Q-9_3_2:_P_z_=9;9_fé§____j_P;?9;Q%% _________________ P1=0.046,P,=0.123
EDPLV, mmHg 9(4,17) 7(5,13) 13 (3, 16) 9(2,14) 9 (4,14)
e Pe00E1 Pi=0.067,P,=0067 __ : P=1000 P1=1.000,P,=1.000
MSPRV, mmHg 18 (18,23) 14 (14, 20) 16 (14, 21) 15 (14, 20) 16 (15, 23)
e Pm0050 '.’1.?‘2-9??:_"_2?9;‘29%____j_P;?E);QS_Q _________________ P1=0.061,P,=0.386
dP/dtmax RV, mmHg/s 264 (196,381) 230(153, 240) 265 (228, 306) 286 (215, 291) 280 (240, 337)
e Pm0050 Pi=0.923,P,=0046 __ : P=0073 P1=0.068,P,=0.803
dP/dtmin RV, mmHg/s -239 (-171,-345) -136 (-124, -182) -230 (-166, -291) i -204 (-94, -289) -218 (-117,-320)
e P00 P=0762,P=0.064 | P=0075 P1=0.083,P,=0.257
EDPRV, mmHg 0(0,1) 1(0,4) 2(1,5) ﬂ 2(1,3) 1(0,3)
P,=0.092 P,=0.083, P,=0.256 P,=0.085 P,=0.099, P,=0.871

Data are presented as median with lower and upper quartiles — Me (LQ, UQ). P;-level for differences with atrial pacing; P,-level (apex vs. base).

LV, left ventricular; RV, right ventricular; MSPLV and MSPRV, maximal systolic LV and RV pressure; dP/dtn. and dP/dt,, the maximal rate of the rise and fall

of ventricular pressure; EDPLV and MSPRYV, end diastolic LV and RV pressure.

The parameters of the pump function of the LV and RV of the
heart at ventricular pacing in dog

Pacing of the LV base and apex. Under the LV basal pacing the
maximal LV systolic pressure and LV dP/dt,., were largely
decreased (P<0.05), as compared to supraventricular rhythm.
Besides, the systolic function (maximal LV systolic pressure and LV
dP/dtm.) was reduced (P<0.05), as compared to LV apical pacing.
Maximal RV systolic pressure, maximal rate of the rise of RV
pressure, maximal rate of the fall of RV pressure were reduced
insignificantly, as compared to supraventricular rhythm. Left
ventricular apex pacing did not change maximal LV systolic
pressure, LV dP/dt,., and LV dP/dt., in the LV as compared to
supraventricular rhythm, but maximal RV systolic pressure was
reduced (P<0.05) (Table 3).

Pacing of the RV base and apex

The maximal LV systolic pressure and LV dP/dt,., were
reduced (P<0.05) under the RV basal pacing, as compared to
supraventricular rhythm, at that the maximal rate of the rise of RV
pressure increased (P<0.05) as compared to RV apical pacing
(Table 3). RV apex pacing significantly reduced (P<0.05) all indices
of systolic (maximal systolic pressure and dP/dt..,) and diastolic
function (dP/dt.;,) in the LV and RV (except for dP/dt..), as
compared to supraventricular rhythm and electrical stimulation of
other areas of the ventricles. Generally, ventricular pacing did not
affect the preload (LV and RV end-diastolic pressure) (Table 3).

Thus, pacing of the right ventricular apex reduced RV function
more than electrical stimulation of the RV basal area, whereas the
reverse was observed in the LV.

Discussion
The present investigation, perfomed in the hearts of dog and

amphibians has shown that: 1) pacing of the apical area of the
ventricle considerably reduces the parameters of the cardiac
hemodynamics more in animals with successive (toad and frog)
type of activation of the myocardium; 2) in dog the indices of the
pump function of the LV were better at pacing of the LV apex,
while in the RV conversely — at pacing of the RV base; 3) in animals
with successive (frog) and flash-successive (dog) types of
activation of the myocardium, the parameters of the pump
function of ventricles decreased to a lesser extent at stimulation of
the area with prolonged repolarization in the initial state.

The ventricular pump function of the heart at electrical
stimulation in animals with successive (toad and frog) and flash-
successive (dog) types of activation of the myocardium

Ventricular pacing reduces the pump function independent of
pre- and afterload in animals with successive (toad and frog) and
flash-successive (dog) types of activation of the myocardium. The
ectopic excitation of the RV apical area more expresses the
inotropic effect on the pump function in both ventricles in dogs. At
that, parameters of cardiac hemodynamics were significantly
lower at pacing of the RV apex that corresponds to the data of
other authors [6, 15-20]. In amphibians the indices of the pump
function of the heart decreased at ventricular pacing (base and
apex). However, the pump function of the heart suffers more
when pacing the apical area of the ventricle, as compared to
supraventricular rhythm and basal pacing.

Previously, it was shown that at pacing of the middle part of
the LV epicardium [21] and RV pacing [16, 22-24] the systolic
pressure and dP/dt..,, are reduced, as compared to
supraventricular rhythm. Nevertheless, one of the groups has
shown better isovolumic indices at LV apex pacing5 and pacing of
the middle ventral part of LV [21], as compared to LV base pacing.
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Table 4. The correlating relation between contractility and relaxation indices of the ventricles of canine heart under supraventricular rhythm and ectopic

excitation of the ventricles (n=11)

Pairs of variables Supraventricular rhythm Pacing of RV apex Pacing of RV base Pacing of LV apex Pacing of LV base
dP/dtmax — dP/dtmin (LV) r=0.92, P=0.001 r=0.79, P=0.013 r=0.84, P=0.011 r=0.76, P=0.010 r=0.75, P=0.013
dP/dtmin — dP/dtmax (RV) r=0.94, P=0.001 r=0.79, P=0.048 r=0.77, P=0.046 r=0.71, P=0.048 r=0.71, P=0.047

LV, left ventricular; RV, right ventricular; dP/dt . and dP/dt,i,, the maximal rate of the rise and fall of ventricular pressure.

Because ventricular pacing increases the degree of
inhomogeneity in contraction and relaxation, it is not surprising
that ventricular pacing also impairs ventricular relaxation [5, 6, 25].
Many studies report that only LV pacing leads to the increase of
the duration of contraction and thus, reduces velocity of
isovolumic relaxation of the ventricle [18, 26]. In the present study
we found out that ventricular pacing in dogs and amphibians
decreases isovolumic indices (dP/dt,., and dP/dt,).

Thus, pacing of various areas (apex and base) has similar effect
on LV dP/dt,., and LV dP/dt.;, [5, 6, 25, 21 27]. It proves the
presence of positive correlation between dP/dt., and dP/dt,, in
the canine LV and RV (Table 4) and the ventricle in the amphibians
(basal pacing r=0.66, P=0.048; apical pacing r=0.91, P=0.001). This
relationship between contractility and relaxation parameters can
be explained as follows. At the increase of the contractility the
greater stroke volume reduces end-systolic volume. Under the
reduced end-systolic volume, as a result of increase of the velocity
of dissociation of the Ca**-TnC complex (Ca® ions troponin C-
related) [28], the maximal rate of the rise in ventricular pressure
increased, and, accordingly, the relaxation process improved [29].

As a result, pacing of RV apex in dogs worsens the RV function,
as compared with its basal pacing, and vice versa — the LV function
is consistently better at pacing of the LV apex than at pacing of the
LV base. In amphibians pacing of the ventricular apical area leads
to a significant decrease of its pump function.

Differences of contractile characteristics at change of the
ectopic focus of activation within the ventricles in dogs and
amphibians are, possibly, connected with the mechanism of
regulation of contractions of the myocardium at the cellular level.
This mechanism involves the change in the duration of local
repolarization and homeostasis of cardiomyocytes [30].

The effects of the repolarization durations on the indices of
the pump function of ventricles in dogs and amphibians

The ARIs duration corresponding to the action potential
durations [31, 32] at ventricular pacing is unlikely to have changed
in different areas of the ventricles in homothermic and
poikilothermic animals. In earlier studies [12-14] it was shown that
in dogs at supraventricular rhythm ARIs were longer in the apical
LV area, as compared to its base. While, for the RV the opposite is
characteristic — larger ARIs at the base of the ventricle, as
compared to the apical area.

In this study it was found, that the duration of repolarization in
the RV basal area was longer in dogs and the LV of amphibians,
while LV in dogs is characterized by longer ARIs in the apical area.

Mathematical models of heterogeneous myocardium [28, 30]
show that excitation wave goes from “fast” to “slow” virtual
cardiac muscle [30, 33]. Under the similar amplitude of
contraction: the “fast” muscle reached peak force earlier and
relaxed faster, than the “slow” one. This difference is the result of
the change in the velocity of Ca®' release from the sarcoplasmatic
reticulum that reflected the duration of Ca’* transition in the

muscles: faster and less prolonged contraction in “fast” muscle
was accompanied by more rapid and short Ca** transition. Besides,
relative to “slow” muscle Ca’* transition to a faster virtual muscle
has a rapid contraction and shorter duration of action potential. At
the same time, pacing of the “fast” muscle reduces the
contractility of the myocardium, but pacing of the “slow” one —
changes insignificantly [30, 34-36]. Thus, we can assume that the
electrical pacing of the ventricular area with longer ARIs does not
change the contractility, while pacing of the ventricular area with
shorter ARIs leads to the reduction of the pump function of the
heart.

Our results showed that in dogs pacing of the LV apical area
with more prolonged ARIs as compared to the basal part did not
change the isovolumic indices of the LV pump function. However,
in the RV in dogs and the ventricle in amphibians ARIs were longer
at the ventricular base, as compared to the apex. Therefore,
pacing of the RV apical area in dogs and ventricular apex in
amphibians leads to a significant decrease of their pump function.

Conclusion

In animals with successive (toad) and flash-successive (dog)
types of activation of the myocardium, parameters of the pump
function of ventricles were better at pacing of the area with the
longest repolarization duration in the initial period and worse at
pacing of the area with the shortened repolarization duration.

Limitations

In our study the frogs were anaesthetized by 40% ethanol. In
experimental works in amphibia authors used for anaesthesia
different drugs: methanesulfonate (MS-222) [37, 38], ether [39,
40] and urethane [41]. So further experiments are necessary to
compare effects of these drugs on the amphibian cardiovascular
system.

The extrapolation of the experimental results of the present
investigation obtained from the canine hearts to the clinical
settings could be done only with caution taking into account
potential interspecies differences. On the other hand, the findings
of the electrophysiological studies reviewed by Nerbonne and Kass
[42] suggested that the properties of cardiac ion channels and
action potential variables are similar in humans and other large
mammals including dogs, thus supporting the validity of such an
extrapolation. Another limitation concerns the fact that the
animals used in the experiments were healthy. The underlying
heart diseases characteristic to patients with indications for
cardiac resynchronization therapy could have made a contribution
to either the electrophysiological or haemodynamic effects of
stimulation. Furthermore, only the acute responses to cardiac
pacing were examined here while the long-term electrical and
mechanical remodelling could modify the suggestions of the
present investigation. Finally, the measurements of repolarization
durations were done by the ARIs in the unipolar electrograms. This
method was chosen because of its applicability for the
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measurements in in vivo settings, specifically in the intramural
ventricular layers. Although this approach has been validated
several times [31, 32, 43, 44] it should be used cautiously due to its
indirect nature.
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