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DURING COOLING
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In some cases mechanical activity of isolated fragments of myocardium from warm~-blooded
animals is accompanied by periodic damped oscillations of isometric strain or isotonic con-
tractions, which develop immediately after the end of contraction evoked by an external
stimulus (mechanical oscillations). The conditions for appearance of mechanical oscillatious
in myocardial cells are somewhat variable. 1In the papillary muscles of the guinea pig heart
"postcontractions'" have been recorded in medium with an increased Catt ion concentratiom, in
response to an increased frequency of stimulation, and under the influence of dihydro-
ouabain. '"Postcontractions'" developed against the background of oscillations of membrane
potential [6]. In preparations of guinea pig auricle mechanical oscillations have been
found, accompanied by electrical oscillations during lowering of the temperature of the
perfusion solution to 20-10°C. However, other workers [3] found no such changes of membrane
potential during the development of mechanical oscillations either in preparations of the
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Fig. 1. Absence of oscillations of mem~
brane potential during development of
first half-period of mechanical oscilla-
tions. A) Action potential and contrac-
tion in Tyrode solution (33°C), B) the
same during rapid lowering of the temper-
ature of the solution to 10°C, C) regular
contractions and mechanical oscillations
between them, D) reaction of mechanotron—
preparation system to holding mechanotron
rod.

Laboratory of Biophysical Research, A. V. Vishnevskii Institute of Surgery, Academy of
Medical Sciences of the USSR, Moscow. (Presented by Academician of the Academy of Medical
Sciences of the USSR V. N. Chernigovskii.) Translated from Byulleten' Eksperimental'noi
Biologii i Meditsiny, Vol. 90, No. 11, pp. 516-519, November, 1980. Original article sub-
mitted March 13, 1979.

0007-4888/80/9011-1473$07.50 © 1981 Plenum Publishing Corporation 1473



U
io}

4 ;
L1 TS N B |

1 L 1 1 1
6 8 1012 7% 16 18 20 22 24 26 28 30 33 °C

Fig. 2. Dependence of development of
contractions and mechanical oscillations
on temperature. 1 and 3) Contractiouns
and oscillations, respectively, in Tyrode
solution (CaCl, concentration 18 mM), 2
and 4) the same, after addition of 1 mM
caffeine to the solution. Apsy) Maximal
amplitude of contraction or of first half-
period of oscillations. A) Amplitude of
contraction and oscillation at that tem~-
perature.

auricle or in papillary muscles of guinea pig heart when the temperature of the perfusion
solution was lowered to 14-10°C. Brief oscillations of mechanical activity (for 10-15 min)
were observed in the papillary muscles of the cat's heart in Tyrode solution with a reduced
Nat concentration and an increased K' concentration [5]. Mechanical oscillations have been
recorded in single heart muscle fibers isolated from the rat ventricle, after removal of

the surface membrane, in response to an increase in the external Catt concentration [1].

The object of this investigation, conducted on the guinea pig auricle, was to study
the temperature dependence (within the range 17-7°C) of development of mechanical oscilla-
tions arising spontaneously after contraction to a stimulus.

EXPERIMENTAL METHOD

The guinea pig auricle served as the test object. Preparations were placed in a per-
fusion chamber through which flowed Tyrode solution (composition in mM: NaCl 136.9, KCl
2.68, NaHCO; 11.95, NaH,P0,-2H.0 0.42, CaCl,*2H,0 1.8, glucose 5.6), saturated with carbogen
(95% 02 + 5% Coz), pH 7.2-7.4. The normal temperature in the chamber was maintained at
33-34°C. TFor the 30 min before the experiment began the preparation was stimulated by
supraliminal pulses with a duration of 5-10 msec and a frequency of 1 Hz. Stimulation was
applied through two silver electrodes located in the chamber along the preparation. Con-
tractions were recorded isometrically by the 6MKhlS mechanotron. Contractions were recorded
on film from the screen of a type S1-18 oscilloscope. The preparation was cooled by lower-
ing the temperature of the perfusion solution with a microrefrigerator. The working temper-
ature range was 33-7°C. During the study of mechanical contractions the preparation was
stimulated by supraliminal pulses with a duration of 20-70 msec and a frequency of 0.1 Hz.
Intracellular potentials were measured by means of "floating" glass microelectrodes filled
with 2.5 M KCl (resistance of the tip 10-20 mQ).

EXPERIMENTAL RESULTS

Cooling the myocardium of the guinea pig auricle to 17-7°C led to the development of
spontaneous mechanical oscillations, unaccompanied by any changes in membrane potential of
the myocardial fibers, immediately after the end of the next in the regular series of con-
tractions. A record of one of the 10 experiments of this series is illustrated in Fig. 1A
and B. It will be clear from Fig. 1 that a rapid fall of temperature (in the course of 1
min) from 33°C (frame A) to 10°C (frame B) led to an increase in duration of the action
potential (AP) and to the appearance of a well-defined plateau. Under these circumstances
the initial resting potential fell a little. After the end of contraction evoked by the
AP, the first half-period of mechanical oscillations appeared. As a rule, under steady-
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Fig. 3. Disappearance of mechanical os~
cillations in solution containing 10 mM
caffeine or 20 mM KC1 (effects of caffeine
and excess of KCl). A) Contractions and
oscillations in Tyrode solution (10°C),
arrow indicates time of addition of caf-
feine, B) contractions and oscillations in
Tyrode solution (10°C), C) disappearance
of oscillations on addition of 20 mM KCl.

state conditions, in solution at a temperature of 10°C, 0.5-1 period of mechanical oscilla—
tions was able to develop between two consecutive contractions in the regular series. Im-
mediately after the appearance of the next contraction, when stimulation of the preparation
stopped, mechanical oscillations of damped character appeared (Fig. 1C). The appearance of
the oscillations was not connected with the presence of elastic elements in the mechanotron
preparation system. As Fig. 1D shows, no mechanical oscillations appeared when the rod of
the mechanotron, rigidly comnected to the preparation, was simply held.

The amplitude and number of oscillations depended on the Ca'™ concentration in the
Tyrode solution. With a tenfold rise in the external Ca'™ concentration the amplitude of
the oscillations increased sharply and their number reached eight; the period of oscilla-
tions was correspondingly reduced and the amplitude of the main contractions also increased.
The same effects were observed when the 50% NaCl was replaced by isotomic sucrose solution.
In potassium-free solution and in solution containing compound D-600, which blocks slow
Na,Ca-channels, the amplitude of the mechanical oscillations and of the main contractions
was reduced.

Dependence of the relative amplitude of contractions of the preparation (curve 1) in
the steady-state and of the first half-period of oscillations (curve 3) in Tyrode sclution
with 18.8 mM CaCl, on temperature is shown in Fig. 2. Clearly the amplitude of contractions
of the preparation increased as the temperature was lowered from 33 to 16°C (nine experi-
ments). Mechanical oscillations appeared at 17°C. Their amplitude increased with further
cooling of the preparation to reach a maximum at 9°C. At lower temperatures the amplitude
of the oscillations fell. The damping time of the oscillations (Tdamp) was determined; this
is the time during which the amplitude of the oscillations was reduced by 2.7 times. Within
the range from 12 to 8°C there was no significant change in Tgamp. The period of the os-—
cillations increased from 2.87 + 0.4 (14°C) to 5.8 % 0.5 sec (7°C). In a special series of
10 experiments substances significantly exhausting the Catt reserves in the sarcoplasmic
reticulum (SR) of the myocardial fibers were used. The addition of 1 mM caffeine to the
solution caused a decrease in the amplitude of contractions (Fig. 2, curve 2) and oscilla-
tions (curve 4) within the range from 29 to 7°C, and the maximum of the oscillations was
shifted from 9°C in Tyrode solution to 12°C in solution with caffeine. An increase in the
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caffeine concentration in the solution to 10 mM led to a sharp decrease in the amplitude of
contractions in the regular series and to complete disappearance of the mechanical oscilla-
tions (Fig. 3A). Tyrode solution with an increased KC1l concentration (20 mM) had a similar
action (Fig. 3B, C) on the regular contractions and spontaneous mechanical oscillations.

In both cases the temperature of the solutions was 10°C.

It can now be regarded as firmly established that the force of contraction of a muscle
fiber, other conditions being the same, is determined by the concentration of free Ca™t
ions in the myoplasm in the region of the myofibrils [2]. The amplitude of contractions
of the preparation was found to increase progressively as the temperature was lowered from
29 to 17°C, evidently because of an increase in the Ca't™ concentration near the myofibrils
of the heart muscle cells after the end of each successive contraction in the regular series.
The amplitude of the contractions reached a maximum at 17°C, and the first mechanical os-
cillations appeared at that same temperature. The question of the progressive decrease in
the amplitude of contractions at temperatures below 17°C has not yet been answered, but
coincidence of the maximum of the contractions and the temperature threshold of development
of the oscillations can be regarded as evidence that both the time of appearance of the
oscillations (at 17°C) and the increase in their amplitude as the temperature is lowered
further are probably connected with the fact that the residual calcium in the myoplasm
cannot be pumped out by the longitudinal system of the SR of the heart cells, whose seques-
tering ability is depressed at the temperatures studied. The calcium remaining in the myo-
plasm evokes a regenerative release of calcium from the lateral cisterns of SR, Evidence
that it is SR which is responsible for generation of the mechanical oscillations is given
by the fact that treatment with substances (10 mM caffeine and 20 mM KCl) leading to ex-
haustion of the Ca™ reserves in SR caused complete disappearance of the oscillations al-
though the contractions remained as before. There are also indications in the literature
that SR of the myocardial fibers of warm~blooded animals is the sole source responsible for
the appearance of mechanical oscillations [2]. Damping of the oscillations is probably
attributable toleaking of Catt ions from the myoplasm of the fibers. Since Tdamp is vir-
tually independent of temperature, it can be postulated that leaking of Catt ions at low
temperatures is a passive process.
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