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ABSTRACT

Myocardial function is tuned by dynamic changes in length and load via mechano-calcium feedback. This
regulation may be significantly affected by heart rhythm. We evaluated the mechano-induced modu-
lation of contractility and Ca-transient (CaT) in the rat myocardium subjected to twitch-by-twitch
shortening—re-lengthening (|—1) trains of different lengths (N = 1 ... 720 cycles) at low (1 Hz) and
near-physiological (3.5 Hz) pacing rates. Force/CaT characteristics were evaluated in the first post-train
isometric twitch (immediate effect) and during slow changes (delayed maximal elevation/decrease)
and compared with those of the pre-train twitch. The immediate inotropic effect was positive for N = 30
... 720 and negative for N = 1 ... 20, while the delayed effect was always positive. The immediate and
delayed inotropic effects were significantly higher at 3.5-Hz vs 1-Hz (P < 0.05). The prominent ino-
tropism was accompanied by much smaller changes in the CaT diastolic level/amplitude. The shortening
—re-lengthening train induced oscillations of the slow change in force at 3.5-Hz (always) and at 1-Hz
(~50% of muscles), which were dependent of the train length and independent of the pacing rate. We
suggest that twitch-by-twitch shortening—re-lengthening of cardiac muscle decreases Ca®* buffering by
troponin C and elevates Ca®* loading of the sarcoplasmic reticulum (SR); the latter cumulatively depends
on the train length. A high pacing rate intensifies the cumulative transient shift in the SR Ca?* loading,
augmenting the post-train inotropic response and prolonging its recovery to the pre-train level. The
pacing-dependent mechano-induced inotropic effects remain to be elucidated in the myocardium with
impaired Ca handling.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

reticulum (SR) and regulatory protein troponin C (TnC) of thin fil-
aments both begin to communicate with Ca®>* ions. The amount of

In the body, the myocardium constantly adapts its contractile
function to the dynamic mechanical conditions and pacing rate,
providing concerted and powerful contractions of the whole heart
(Endoh, 2004; Ferreira-Martins and Leite-Moreira, 2010; ter Keurs,
2012; Milani-Nejad et al., 2014; Biesiadecki et al., 2014; Paterek
et al,, 2016). The inherent mechanisms of this adaptation involve
the kinetics of free cytosolic calcium (Ca-transient), which regu-
lates the interaction of myofilaments (Hanft et al., 2008; ter Keurs,
2012; Eisner et al., 2017). Following the rapid elevation of free
cytosolic Ca®t during activation of the cell, the sarcoplasmic
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Ca* loading of the SR during the current beat is determined both
by the SERCA2a pumping and Ca®* leak from the SR, and the level
of cytosolic Ca?* affects these oppositely directed Ca®* fluxes
(Eisner et al., 2000, 2017; Trafford et al., 2001; Smith and Eisner,
2019), whereas the concurrent Ca** buffering by TnC is highly
dependent on the mechanical conditions, that is, dynamical
changes in length and load (Dobesh et al., 2002; de Tombe et al.,
2010; ter Keurs, 2012; Korte et al., 2012). The interplay between
SERCA2a (which is a relatively slow and mechano-independent
Ca®*-buffer) and TnC (a relatively fast and mechano-dependent
Ca®*-buffer) strongly determines the kinetics of the Ca-transient
and provides normal Ca handling (Hanft et al., 2008; Briston
et al., 2014). It is of great physiological importance that the
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mechano-dependent effects on Ca-TnC interaction in the preceding
beats may greatly modulate Ca*>* homeostasis in cardiac cells, and
consequently, influence their contractile response in the succeed-
ing beats.

The heart rate limits the diastolic interval, which is important
for the complete recovery of Ca** balance in current beat (Louch
et al,, 2012; Gattoni et al, 2016). Too high a pacing rate may
result in the incomplete Ca®>* loading of the SR. Therefore, systolic
shortening and re-lengthening via mechano-calcium feedback may
substantially affect the Ca®* balance at a high pacing rate compared
with a low one. In turn, the transient mechano-induced shift in
Ca’* redistribution between different (intra)cellular Ca** sources
may enhance, or alternatively, attenuate the contractile function of
cardiac muscle.

In this study, we evaluated the immediate and delayed effects of
twitch-by-twitch shortening—re-lengthening of the isolated rat
trabecula on its force and Ca-transient under low and near-
physiological pacing rates. The influence of the pacing rate on the
existence and expression of the observed effects was comprehen-
sively assessed, and the role of the diastolic interval in the proper
regulation of (intra)cellular Ca®* fluxes was specifically addressed.

2. Materials and methods

The animals involved in the present study were cared according
to the Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication No. 85—23,
revised 1985), their use was approved by the local Institutional
Ethics Committee. Adult Wistar rats (N = 12), aged 2—3 months,
were obtained from the Institutional Animal House. They were
maintained under standard conditions before use in the
experiments.

2.1. Muscle preparations

Each animal was euthanised by rapid cervical dislocation
immediately before the experiment. The heart was removed
immediately following euthanasia and placed in a modified Krebs-
Henseleit buffer (KHB, in mM: NaCl 118, KC1 4.7, MgS04 1.2, KH,PO4
1.2, NaHCO3 25, HEPES 10, CaCl; 2, glucose 11.1, pH adjusted to
7.35 at room temperature under continuous aeration with 95% O,/
5% CO3) containing 30 mM 2,3-butanedione monoxime (BDM). A
thin trabecula (100—300 pm thick, 1-3 mm long) was dissected
from the right ventricle and mechanically clipped to the levers of
the force transducer and length servomotor in the experimental
chamber perfused by BDM-free KHB under continuous aeration
with 95%0,/5%C0O,. The muscle was stimulated by rectangular
electrical impulses of ~20% above the threshold value. To monitor
free cytosolic Ca®", the muscles were preincubated in the saline
containing Ca’*-sensitive fluorescent indicator (5 puM fura-2/
AM + 0.4% w/v Pluronic F-127) for ~1 h at room temperature and a
0.2-Hz pacing rate. Prior to the measurements, the perfusion was
continued in dye-free saline for 30 min. The total number of muscle
strips subjected to mechanical testing was n = 12. All chemicals
were purchased from Sigma Aldrich (USA).

2.2. Data acquisition

The mechanical response of the muscle was measured by the
precise force transducer, and the muscle length was both moni-
tored and dynamically applied by length servomotor (Muscle
Research System; Scientific Instruments, Heidelberg, Germany). Ca-
transients were recorded simultaneously with the mechanical
response. The devices were synchronised with a personal computer
using a DAC/ADC (PCI—1716S; AdLink Technology, New Taipei City,

Taiwan). Data were sampled at 10 kHz using custom-made software
running in a real-time environment (HyperKernel; Nematron, Ann
Arbor, MI, USA) integrated into Windows XP (Microsoft; Redmond,
WA, USA); they were then processed off-line using custom-made
software (EqapAll6). Ca-transients were obtained as a ratio of
emitting fluorescence collected at 510 nm by excitation at either
340 nm or 380 nm and presented here in a non-calibrated (raw)
manner.

2.3. The mechanical tests

Since the muscle was equilibrated for at least 30 min at a 1-Hz
pacing rate and 25°C, the isometric force-length protocol was
implemented to determine the optimal muscle length (Lyax).
Further mechanical tests were done at a preload of 95% Lyax. Each
test comprised the application of a single half-sine shortening—re-
lengthening (| —1) cycle to the actively contracting muscle, that is,
a single cycle per twitch, to imitate the systolic ejection phase
typical of the ventricular chamber. To standardise the conditions
between different preparations, the amplitude of the |—1 cycle
was set to 20% Lyax. To reproduce the typical ejection cycle of the
ventricle, the | —1 cycle was started and ended at the level of half-
amplitude of isometric force at its rising and declining phases,
respectively. The trains of twitch-by-twitch |—1 cycles with fixed
numbers (N = 1, 5, 10, 30, 60, 120, 360 and 720, referred to
throughout as the train length) were tested. Note that the actual
duration of the train depends on both the train length and duration
of a single twitch (inverse pacing rate). The typical design of a
mechanical test is shown in Fig. 1A.

Immediate and delayed effects of the train of |—1 cycles on
specific characteristics of isometric twitches and Ca-transients
were calculated as a percentage of those characteristics measured
in the pre-train isometric twitches (Fig. 1B). For example, the im-
mediate effect was calculated as a percentage of the ratio between
the values in the first post-train isometric twitch (Yufer) and the
steady-state pre-train isometric twitch = (Ypefre), that is,
Effect = 100%*Ygfrer|Ypefore- A value of Effect = 100% indicated no
immediate changes in the characteristics. An Effect less or greater
than 100% indicates lowering or elevation, respectively, of the
characteristics compared with the pre-train state. To reveal the
delayed effects of the train of | —1 cycles on the contractility and
Ca-transient, we carefully examined post-train slow changes to find
the twitches with highest and lowest values; we refer to them as
the maximal elevation and maximal decrease, respectively (Ymax
and Ypi, in Fig. 1B). The following characteristics of isometric
twitches and Ca-transients were analysed in terms of their sensi-
tivity to the | —1 cycles, using the following parameters: diastolic
level, amplitude, time-to-peak and time to decline from peak to
50% amplitude (Tsp). The stability of contractions/Ca-transients of
the muscle was confirmed before the analysis (see Supplemental
data, Fig. S3).

In our preliminary tests of the effects of |—1 cycles on the
contractility of the cardiac trabecula, we found a minor contribu-
tion of the preload (85—100% Lyax), temperature (25°C, 30°C, 38°C)
and duration of the | —1 cycle (50—300 ms) on the extent of these
effects (see Supplemental data for details). As expected, the effect of
the |—1 cycles was directly proportional to the amplitude of
shortening; however, the train length had even greater effect. In
addition, the extent of the observed effects was strikingly depen-
dent on the pacing rate (see Supplemental data for details). At a
near-physiological pacing rate, the effects were sizeable compared
with those at a low pacing rate. The effect of saline temperature was
found to be minor compared with the pacing rate. Because of the
fast exhaustion of the metabolic reserve of cardiac muscle and due
to the substantial degeneration of Ca-sensitive fluorescent dye
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Fig. 1. Design of mechanical testing with fixed amplitude/duration of single shortening—re-lengthening (|—1) cycle but variable numbers of such cycles (N, train length)
and calculation of immediate and delayed effects of the train on the contractility and Ca-transient (CaT) of cardiac muscle. (A) The test consists of steady-state isometric
contractions recorded before application of the train and the set of trains, each with a fixed amplitude and duration of a single | —1 cycle but increased train length (as indicated by
the N value), interspersed with isometric periods of recovery to steady state. The insets show single force and length traces recorded in the isometric state (isom) and during the
1—1 cycle. (B) The method of calculation of immediate and delayed effects of the train on the characteristics of isometric force (upper trace) and CaT (lower trace). Ypefore: certain
characteristics in the pre-train isometric twitch, Yoser: the same characteristics in the first post-train isometric twitch, Ymax: the maximal value during the slow change (referred to
as maximal elevation), Yy the minimal value during the slow change (referred to as maximal decrease). An effect of 100% corresponds to no change compared with the pre-train
steady state. The black bar indicates the interval of the | —1 train. The dotted lines on force-related panels show the level of steady-state force before the test. The muscle is the right
ventricular trabecula, preload is 95% Lyax, amplitude of shortening is 20% Lyax, pacing rate is 1 Hz (A) and 3.5 Hz (B), and temperature is 25°C.

fura-2 at a physiological temperature, we conducted our tests un-
der substantially sub-physiological temperature (25°C) at non-
physiological (1 Hz) and near-physiological pacing rates (3.5 Hz).

2.4. Statistical analysis

The Mann-Whitney U test was used to evaluate the significance
of the difference between the mean values of the immediate effect,
maximal elevation or maximal decrease of certain characteristics of
isometric force and Ca-transient obtained for the same train length
at the low (1-Hz) and near-physiological (3.5-Hz) pacing rates. One-
way repeated measures analysis of variance (ANOVA) was used to
evaluate whether the increase in pacing rate significantly elevated
the effect on individual muscle at the given train length. The dif-
ferences were considered significant at P < 0.05. Data are presented
as the mean =+ standard deviation (S.D.).

3. Results
3.1. The effect of the |—1 train on the contractile response

The immediate effect of the train of | —1 cycles was strongly
dependent on the train length (N value) at both the 1-Hz and 3.5-Hz
pacing rates (Fig. 2A). On the other hand, starting from a certain
train length, the effect did not elevate further, displaying ‘satura-
tion'. This occurred at N = 120 or higher for the 1-Hz pacing rate
and at N = 360 or higher for 3.5-Hz pacing rate. Importantly, the
effect was >100% (i.e. positive inotropy) at a high enough train
length and was found to be several times higher under the 3.5-Hz
pacing rate compared with the 1-Hz rate; for example, at N = 720, it
was 1214 + 32.4% at the 1-Hz vs 211.3 + 87.1% at the 3.5-Hz
(P < 0.05). In contrast, short trains (N < 20) induced inactivation
of the first post-train isometric twitch at both pacing rates (see
inset in Fig. 2D). Surprisingly, at the 3.5-Hz pacing rate, this inac-
tivating effect was even higher, reaching ~90% of the pre-train value
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Fig. 2. Effect of train length (N value) on immediate and delayed changes in peak isometric force. Amplitude of isometric force in the first post-train twitch (A), maximal
activation (B) and maximal decrease (C) of the isometric twitch during slow post-train changes under low (1 Hz) and near-physiological (3.5 Hz) pacing rates. (D) The superimposed
effects of train length on the amplitude of the first post-train isometric twitch and maximal activation of the isometric twitch during slow post-train changes. The inset provides a
detailed view of the effects observed at the relatively short trains (N < 60); see the explanation in the text. Horizontal dotted lines in panels A—D correspond to ‘no effect’ of the
train. Data are presented as mean + S.D. * — the mean values for 1-Hz and 3.5-Hz pacing rates are significantly different (Mann-Whitney U test, P < 0.05). Number of individual

muscles = 10.

(negative inotropy). Moreover, the relationship between the effect
and train length was non-monotonic for short trains; that is, the
inactivation of the first post-train isometric twitch was smaller at
N = 1 but higher at N = 5. With a further increase of N, the inac-
tivation decreased again until no effect was seen at N = 15 ... 20.

The maximal elevation of peak force during slow changes rose
with train length until a certain level, showing ‘saturation’ highly
comparable to the immediate effects discussed above (Fig. 2B). This
delayed effect was significantly higher at the 3.5-Hz pacing rate for
the trains of N = 60 or higher (P < 0.05). In contrast, the maximal
inactivation of force during slow changes was found to be depen-
dent of the train length only at the 3.5-Hz pacing rate, whereas
minor effects were observed for the 1-Hz pacing rate (Fig. 2C). The
timing characteristics of the slow changes in force also depended
on the train length (see Section 3.3 and Fig. 9C below).

Fig. 2D superimposes the immediate and maximal activation
effects as they relate to the train length. The inset in the figure
provides a detailed view of the difference between immediate and
maximal effects of the train on the peak isometric force. As can be
seen, a short train inactivates the first post-train isometric twitch,
which is nevertheless followed by the slow elevation in peak force
over the pre-train value. A long train always potentiates both the
first and subsequent twitches. Thus, whether the first post-train
isometric twitch is inactivated by the train, the further slow post-
train changes always display elevation of the peak isometric force
above the pre-train value at both the low and near-physiological
pacing rates.

As evident from Fig. 2B, the maximal delayed effect of the | —1

train on peak isometric force is significantly higher at the 3.5-Hz
pacing rate compared with the 1-Hz pacing rate, but only for
N > 60 cycles. However, the precise analysis of the effect of shorter
trains in each individual muscle revealed that, while the mean
values are not significantly different for short trains, the effect is
still enhanced at the 3.5-Hz pacing rate (Fig. 3). This was observed
in all muscles (except one) for N = 30 cycles (Fig. 3, last panel in the
top row), although the mean effects were not significantly different
between the rates. The same was found for N = 10 cycles, where 8
of 10 muscles showed a significantly enhanced effect at the 3.5-Hz
pacing rate (Fig. 3, third panel in the top row).

The effects of the |—1 train on the time-to-peak force and
relaxation time to 50% (T50) had a high resemblance to those found
in the peak isometric force. At the 3.5-Hz pacing rate, the increase
in train length was accompanied by the substantial retardation of
the first post-train isometric twitch (Fig. 4A and D); a much lower
effect was found at the 1-Hz pacing rate. Similarly, maximal
elevation of time-to-peak and Tsp values during slow post-train
changes reached ~115—120% of the pre-train value at 3.5 Hz,
while this effect was much smaller at 1 Hz (Fig. 4B and E). In
contrast, the maximal decrease in both time values did not depend
on the pacing rate (Fig. 4C and F). In general, there was a slow
change in both the amplitude and timing properties of isometric
twitch after cyclic shortening—re-lengthening.

3.2. The effect of the | —1 train on Ca-transient characteristics

The immediate and delayed post-train slow changes in peak
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isometric force may originate from the corresponding changes in
Ca-transient kinetics. We continuously monitored Ca-transient in
the pre-train, during the train and in the post-train slow response
(Fig. 5A). Note the twitch-to-twitch changes in the diastolic and
peak systolic levels of Ca-transient for both in-train and post-train
twitches, as well as the kinetics of Ca-transient decline (Fig. 5B).
The longer the train, the greater the changes were observed. The

representative record in Fig. 5A demonstrates that repetitive | —1
cycles induce a gradual decrease in the Ca-transient diastolic level
in parallel with the gradual elevation of its amplitude. In the first
post-train twitch, both substantially differed from their pre-train
levels (Fig. 5B, last panel). However, the Ca-transient amplitude
dropped back to the pre-train level during several twitches,
whereas the Ca-transient diastolic level showed much slower
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changes, that is, an initial elevation above the pre-train level fol-
lowed by a slow return to this level (as indicated by black triangle in
Fig. 5A).

The immediate and delayed effects of the |—1 train on Ca-
transient were minor at the 1-Hz but not at the 3.5-Hz pacing
rate. The Ca-transient diastolic level in the first post-train isometric
twitch was not affected by a train of any length at 1-Hz pacing rate,
but it was substantially lower than the pre-train level at 3.5-Hz
pacing rate (Fig. 6A). In addition, the maximal elevation of the
Ca-transient diastolic level in the slow post-train changes

amounted to several percentage points of the pre-train value at the
3.5-Hz pacing rate (Fig. 6B). In contrast to the diastolic level, the Ca-
transient amplitude was always higher in the first post-train twitch
vs pre-train twitch, and this effect was observed at either pacing
rate (Fig. 6D). Importantly, even the shortest train (N = 1) induced
immediate elevation of the Ca-transient amplitude in the next
isometric twitch; for example, if averaged for all muscles, these
elevations were 6.8 + 6.8% and 9.6 + 6.9% over the pre-train value at
1-Hz and 3.5-Hz pacing rates, respectively (mean + S.D., no sig-
nificant difference between the two means). Surprisingly, the
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elevation of Ca-transient amplitude in the first post-train isometric
twitch at the 1-Hz pacing rate was independent of train length. In
contrast, the |—1 trains at the 3.5-Hz pacing rate produced sig-
nificant and gradual train length dependent elevation of Ca-
transient amplitude in the first post-train twitch. For the longest

train (N = 720 cycles), the Ca-transient amplitudes in the first post-
train isometric twitch were 104.6 + 6.8% and 126.7 + 10.8% of the
pre-train value at 1-Hz and 3.5-Hz pacing rates, respectively
(P < 0.05). Thus, the highest effect of the |—1 train on the Ca-
transient amplitude at the 3.5-Hz pacing rate occurred in the first
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twitch because the maximal elevation during the slow post-train
changes was only ~116% of the pre-train value (compare Fig. 6D
and E). At the 1-Hz pacing rate, the train produced similar magni-
tude of maximal elevation of Ca-transient amplitude in the slow
post-train changes to that found for the 3.5-Hz pacing rate (Fig. 6E).
The effect of the |—1 train on the minimal values of the Ca-
transient diastolic level and amplitude in the slow post-train
changes was not significant at the 1-Hz pacing rate for any tested
train length (Fig. 6C and F). At the 3.5-Hz pacing rate, a significantly
higher effect of moderate train length on the Ca-transient diastolic
level was found compared with the 1-Hz pacing rate (Fig. 6C);
however, no such difference was found for the Ca-transient
amplitude (Fig. 6F).

The effects of train length on Ca-transient time-to-peak and
time to decline to 50% amplitude (Tsp) were dissimilar from those
obtained for the timing characteristics of the post-train isometric
twitches. The immediate effect of the | —1 train on the Ca-transient
time-to-peak value was negligible at any train length, irrespective
of the pacing rate (Fig. 7A). Nevertheless, the delayed changes in the
Ca-transient time-to-peak values contained both transient eleva-
tion and decrease during the slow post-train change (Fig. 7B and C,
respectively). For example, the maximal elevations of the Ca-
transient time-to-peak values amounted to 150.5 + 25.4% and
146.3 + 23.7% of the pre-train values at the 1-Hz and 3.5-Hz pacing
rates, respectively (no significant difference). Surprisingly, the
maximal elevation and maximal decrease in the Ca-transient time-
to-peak value were not significantly affected by the train length and
were not significantly different between the 1-Hz and 3.5-Hz
pacing rates (Fig. 7B and C). Similar effects of the |—1 train at
the 1-Hz and 3.5-Hz pacing rates were found for T5p of Ca-transient
(Fig. 7D—F). The immediate effects were significantly different be-
tween 1-Hz and 3.5-Hz pacing rates at long enough trains (Fig. 7D).
The maximal elevation of T5g during the slow post-train change was
significantly higher at the 3.5-Hz pacing rate compared with the 1-
Hz pacing rate only for short trains (N = 5 and 10, Fig. 7E), while no
pacing-related difference was found for the maximal post-train
decrease of Tsp at any tested train length (Fig. 7F).

The slow changes in the Ca-transient kinetics were found to be

‘desynchronised’ from the slow changes in the force. The minimal
value of the diastolic level of Ca-transient and maximal value of its
amplitude were both observed much earlier compared with the
twitch where the maximal isometric force developed. The Ca-
transient diastolic level was then slowly increased over the pre-
train level and returned to this level (see black triangle in
Fig. 5A). However, the Ca-transient amplitude rapidly decreased to
the pre-train level. These time-unmatched slow changes in iso-
metric force and Ca-transient characteristics indicate that sustained
mechano-induced perturbations of (intra)cellular calcium content
may produce not only immediate but also delayed mechanical
output.

We plotted the immediate and maximal effects of the | —1 train
on the peak isometric force against the same effects on the Ca-
transient diastolic level or Ca-transient amplitude (Fig. 8). There
was no correlation between the peak force and Ca-transient dia-
stolic level when the immediate effects were compared (Fig. 8A,
open square symbols and light grey lines). In contrast, the extent of
maximal post-train (i.e. delayed) elevation of peak force showed a
roughly linear relationship against the maximal elevation of the Ca-
transient diastolic level (Fig. 8A, solid triangle symbols and dark
grey lines). It should be noted that the ~3-fold augmentation of
peak force at the 3.5-Hz pacing rate is accompanied by a change of
only a few percentage points in the Ca-transient diastolic level
(Fig. 8A, left panel). The same was observed at the 1-Hz pacing rate,
including the quantitatively similar effects (Fig. 8A, right panel).

The immediate and delayed changes in Ca-transient amplitude
(expressed as a percentage of the pre-train value) were substan-
tially higher compared with the corresponding changes in the
diastolic level and may achieve ~130% of the pre-train value at the
3.5-Hz pacing rate (Fig. 8B, left panel). The plot between the effects
on peak force and Ca-transient amplitude was substantially non-
linear compared with the plot of force vs Ca-transient diastolic
level. At the 3.5-Hz pacing rate, the same level of immediate effect
on the force amplitude requires higher Ca-transient amplitude
(Fig. 8B, left panel). In contrast, at the 1-Hz pacing rate, we found no
discrepancy between the plots for immediate and maximal delayed
effects (Fig. 8B, right panel), likely due to the longer diastolic



42 0. Lookin et al. / Progress in Biophysics and Molecular Biology 159 (2021) 34—45

interval, which allows for recovery of the Ca®* diastolic level at the
end of twitch to its pre-train level (see Fig. 8A, right panel, open
square symbols and light grey line). It was also found that the
maximal delayed effect on force amplitude is achieved at the same
value as the maximal delayed effect obtained for the Ca-transient
amplitude (~110—112% of the pre-train level, dark grey lines in
Fig. 8B, left and right panels).

3.3. The oscillatory behaviour of the post-train inotropic response

An increase in train length always resulted in the prolongation
of the slow post-train recovery of contractility to the steady-state
pre-train level (Fig. 9A). Moreover, we observed oscillatory
behaviour of the slow changes in force, especially for long trains at
high pacing rate.

First, we distinguished between the first peak of slow change
and all subsequent local maxima and minima of the slow change (as
indicated by black and grey arrows in Fig. 9A, respectively). We
found that the time of the first peak in the slow change of force was
substantially decreased with train length (Fig. 9A, as shown by the
curved dotted line). Surprisingly, no significant difference in the
effect of train length was found between 3.5-Hz and 1-Hz pacing
rates (Fig. 9B); for example, the time to first peak in the slow change
in the force decreased from 12.7 + 64 s (N = 1) to 25 + 09 s
(N = 720) at 3.5-Hz and from 125 +22s(N=1)to 44 + 16 s
(N = 720) at 1-Hz pacing rate (mean + S.D.).

Second, we evaluated the timing properties of the oscillations if
they were found during the slow change in the force. All the
muscles paced at 3.5 Hz (n = 10) showed highly prominent oscil-
lations. In contrast, some muscles paced at 1 Hz did not show
oscillatory behaviour, some displayed just single oscillation and
only 3 of 10 muscles developed several oscillations. To retrieve the
periodicity, we carefully examined the slow change in the force and
found the oscillations as local maxima/minima (as shown by grey
arrows in Fig. 9A). The interval between two consecutive local ex-
tremes in amplitude of force, for example, between the maximum
and minimum or vice versa, was interpreted as a half-period of
oscillatory behaviour. There was no substantial discrepancy be-
tween the half-period values for local extremes, measured in in-
dividual muscles at the 1-Hz and 3.5-Hz pacing rates and plotted
against the sequence number of the extreme (Fig. 9C). This finding
indicates that the slow change in isometric force triggered by the
1—1 train at either pacing rate progresses with a nearly constant
time factor (the half-period was ~40 s for all tested muscles) and
fading amplitude. The data shown in Fig. 9C were aggregated for
the longest train (N = 720 cycles) because the most prominent
oscillatory behaviour was observed for this train. However, it was
found that the mean number of half-periods, which reflects the
prominence of oscillation behaviour, was increased with the train
length (Fig. 9D) from 1.3 + 0.5 (N = 1) to 4.6 + 0.7 (N = 720) at 3.5-
Hz pacing rate and from 1.7 + 0.5(N=1)t0 3.7 + 2.0 (N = 720) at 1-
Hz pacing rate (mean =+ S.D., no significant difference between the
corresponding mean values at the 1-Hz and 3.5-Hz pacing rates).

Despite the prominent slow post-train oscillation of the iso-
metric force, we did not find such behaviour for any of the Ca-
transient characteristics (amplitude, time-to-peak, Tsp). Possibly,
we failed to observe such effects due to the much noisier fluores-
cent signals compared with the contractile responses of the muscle.
On the other hand, as noted above, very fine changes in Ca-
transient may induce great changes in contractility.

4. Discussion

The aims of our study were as follows: i) to evaluate the changes
in myocardial inotropic response and Ca-transient kinetics after

sustained twitch-by-twitch shortening—re-lengthening cycles, ii)
to reveal the role of pacing rate in the extent of these changes, and
iii) to infer the (intra)cellular mechanisms responsible for these
effects.

4.1. The modulation of Ca®* homeostasis in cardiac muscle by
shortening—re-lengthening trains

According to the results of our study, the following explanation
of shortening—re-lengthening modulation of Ca?>* homeostasis can
be proposed. The shortening-induced partial inactivation of myo-
filaments, primarily via a length-dependent decrease in the Ca®*
sensitivity of troponin C (TnC) (ter Keurs, 2012; Biesiadecki et al.,
2014), results in the elevation of non-utilised Ca®* in the cytosol.
This ‘free’ Ca®* can partially leave the cell via the sodium-calcium
exchanger (NCX) and plasma-membrane Ca?*-ATP pump (PMCA)
(Louch et al., 2012). However, it is reasonable that most of the Ca®*
is pumped back to the sarcoplasmic reticulum (SR) because the
shortening-induced decrease in Ca®*-buffering by TnC augments
the buffering capacity of the SR (Briston et al., 2014). This increases
the Ca®* load of the SR and may also decrease the Ca** diastolic
level to below the pre-train level, as demonstrated by the in-train
Ca-transient in Fig. 5B (middle panel). The shifts in Ca%* content
may be minor in a single shortening—re-lengthening cycle, but can
accumulate during a long train of such cycles (e.g. see Fig. 6D). On
the other hand, the immediate and maximal delayed inotropic re-
sponses ‘saturate’ at long enough trains (Fig. 2A and B), which may
indicate a limited capacity of the SR to accumulate Ca** ions and/or
enhanced Ca?* leakage from the SR (Shannon et al., 2002) and out
of the cell via NCX (Trafford et al., 1998). The short train (<10 cycles)
results in a negative immediate inotropic effect, and the moderate
train (15—20 cycles) gives no immediate inotropy (see inset in
Fig. 2D). This may indicate that the Ca** intake by the SR is not
instantaneous, and the cumulative elevation of the SR Ca®* load
needs enough time to be achieved.

It was found that the substantial slow post-train inotropic
changes are accompanied by less prominent alterations in the Ca-
transient characteristics (Figs. 6—8). However, the relatively small
changes in Ca-transients may affect numerous fast and deferred
Ca®*-dependent processes, including phosphorylation of phos-
pholamban and intracellular kinases (Gattoni et al., 2016), SERCA2a
conformational shifts (Raguimova et al., 2018), regulation of nu-
cleus Ca-transient (Kiess and Kockskamper, 2019) and post-
translational changes in Ca®*-regulating components (Biesiadecki
et al,, 2014; Smith and Eisner, 2019). Importantly, the changes in
the Ca®* diastolic level alone may induce positive inotropism (Shutt
et al., 2006; Louch et al., 2012). In addition, the ‘extra’ repletion of
the SR by non-utilised cytosolic Ca** may preserve the contractile
function under myocardial diseases, similar to the compensatory
elevation in SERCA2a expression in the right ventricle after left
ventricular dysfunction following myocardial infarction (Fernandes
et al., 2015). Such functional remodelling may facilitate Ca®*
loading of the SR during substantial shortening under a low after-
load, which in turn, may provide ‘extra’ Ca** for positive inotrop-
ism after a sudden increase in aortic pressure. In contrast, impaired
Ca®* uptake by the SR in the failing myocardium decreases the
systolic function under rapid changes in the afterload (Zima et al.,
2014). Therefore, there is potential clinical significance in the
development of strategies addressed to the improvement of
impaired Ca handling and homeostasis (Kho et al., 2012).

The cardiac contraction and relaxation is determined not only by
the kinetics of Ca** interaction with intracellular buffers (ter Keurs,
2012; Eisner et al., 2017) but also the kinetics of myosin cross-
bridges (Stehle and Ilorga, 2010; Milani-Nejad et al., 2016;
Reconditi et al., 2017). The inotropic response under physiological
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conditions depends on the level of peak systolic Ca®*, as well as the
Ca’* sensitivity of thin filament and its interaction with thick fila-
ment (Biesiadecki et al., 2014; Reconditi et al., 2017; Zhang et al.,
2017). It is known that regulation of active tension at submaximal
[Ca®*]; strongly depends on the preceding sarcomere length (ter
Keurs, 2012). Moreover, re-lengthening of sarcomeres in diastole
additionally activates myofilaments due to the increased Ca**
sensitivity of TnC and force-dependent recruitment of myosin
cross-bridges (Farman et al, 2011; Milani-Nejad et al., 2016;
Reconditi et al., 2017; Zhang et al., 2017; Campbell et al., 2018), and
this plays a key role in the fast decrease of intraventricular pressure
and early diastolic filling of ventricles (Stehle and lorga, 2010). The
number of cross-bridges remaining to be bound at diastole also
affects the level of diastolic Ca®>* (Ferreira-Martins and Leite-
Moreira, 2010), as well as the Ca®" activation level in the
following twitches (Smith and Eisner, 2019). In our mechanical
tests, the shortening—re-lengthening was switched to isometric
contraction in the diastole, and this may account for the additional
length-dependent activation of force in the first isometric twitch.
Indeed, the Ca®>* demand by sarcomeric myofilaments in the iso-
metric state is increased due to the length-dependence of Ca®*
sensitivity of thin filaments (de Tombe et al., 2010; Ait-Mou et al.,
2016; Zhang et al., 2017; Li et al., 2019) or by additional recruit-
ment of myosin cross-bridges (Milani-Nejad et al., 2016; Reconditi
et al., 2017; Campbell et al., 2018), and this demand can be satisfied
by the accumulated Ca®*, as evidenced by the elevated Ca-transient
amplitude (Fig. 6D). This agrees with findings that the dynamical
change in sarcomere length, not the length per se, is important in
the regulation of myocardial contractility (Tangney et al., 2014;
Kobirumaki-Shimozawa et al., 2016). The slow inotropic response
may reflect the combined effects of increased Ca>*-buffering by
TnC via length-induced increase in Ca** sensitivity and tension-
associated effects on thin filaments (Dobesh et al., 2002; Dupuis
et al,, 2018; Li et al,, 2019) and slow equilibration of Ca®* content
between the main Ca** buffers (Trafford et al., 2001; Louch et al.,
2012).

4.2. The role of the pacing rate in the mechano-induced immediate
and delayed inotropic effects

The inotropic response to changes in the stimulation rate is one
of the key adaptive responses in the mammalian myocardium
(Endoh, 2004; Janssen and Periasamy, 2007). An increase in the
pacing rate elevates the L-type Ca®" current and provides the
compensatory augmentation of Ca®* loading of the SR, giving a
higher amount of Ca®*" release in the next twitch (Endoh, 2004;
Janssen and Periasamy, 2007; Paterek et al., 2016). With time, the
integral Ca®* efflux through NCX and PMCA adjusts to compensate
for altered Ca* influx through L-type channels; following this, the
balance of Ca?* influx and efflux is achieved at the new level with
no net Ca®>* movement across the membrane during the entire
twitch (Eisner et al., 2017).

While the SR rapidly releases Ca®* into the cytosol of the acti-
vated cell, the time is needed to refuel SR. Therefore, the retention
of an adequate diastolic interval is ultimately important for a
proper cardiac cycle, and this is governed by the mechanisms of
acceleration of relaxation under an increased pacing rate (Ferreira-
Martins and Leite-Moreira, 2010; Louch et al., 2012; Biesiadecki
et al., 2014; Paterek et al., 2016; Ree et al., 2019). As the pacing
rate increases, both force development and relaxation phases are
shortened in a highly proportional manner (Janssen, 2010). This
facilitates normal systolic function in the succeeding twitches
because the diastolic interval remains long enough for normal
repletion of the SR by Ca®*. In contrast, disproportional retardation
of relaxation results in inadequate diastolic filling and a decrease in

stroke volume (Selby et al., 2011; Biesiadecki et al., 2014). Never-
theless, a shortened diastolic interval at a high pacing rate limits the
ability of Ca®* to recover to the initial levels in all intracellular
sources (Louch et al., 2012). The cumulative shift in Ca®>* homeo-
stasis explains why the immediate and delayed inotropic effects of
the shortening—re-lengthening train are significantly higher at the
near-physiological pacing rate compared with the low one (see
Fig. 2A and B).

As noted above, the mechano-induced immediate and delayed
inotropic effects are much more prominent compared with the
effects on Ca-transient characteristics both at low and high pacing
rates (Fig. 8). However, the discrepancy between immediate and
delayed effects was substantial only at the 3.5-Hz pacing rate (see
left and right panels in Fig. 8A and B). The discrepancy between the
immediate and maximal delayed effects on the force amplitude vs
Ca-transient amplitude at the near-physiological pacing rate
(Fig. 8B, left panel) may relate to the initially low Ca-transient
diastolic level in the first post-train isometric twitch (open square
symbols and light grey curve in Fig. 8A, left panel), which signals
the SR to produce elevated Ca-transient. In the succeeding twitches,
the Ca-transient diastolic level gradually increases over the pre-
train level (as indicated by black triangle in Fig. 5A), and this may
signal the SR to release a smaller amount of Ca** (smaller Ca-
transient amplitude). At the low pacing rate, a longer diastolic in-
terval gives enough time for the diastolic level of Ca®* to restore to
the pre-train level (see Fig. 8A, right panel, open square symbols
and light grey line). On the other hand, the maximal delayed
inotropic effect at both the pacing rates corresponds to the same
value as the maximal delayed effect on Ca-transient amplitude
(compare dark grey lines in the left and right panels of Fig. 8B). This
indicates that the amount of ‘free’ non-utilised Ca>* is pumped
back to the SR, and that this process does not depend on the pacing
rate.

4.3. Oscillatory behaviour of the mechano-induced delayed
inotropic response

In the present study, we observed the oscillatory behaviour of
slow post-train inotropic response in all muscles paced at the near-
physiological rate and in some of these muscles paced at the low
rate (see Fig. 9). It is unlikely that such oscillations are related to the
well-known phenomenon of alternating contractions (pulsus
alternans) in the mammalian myocardium (Eisner et al., 2000; Diaz
et al., 2004). The alternant activity is triggered by the intermittent
augmented and diminished Ca?* releases from the SR under a
certain imbalance between the SR Ca®* content and peak cytosolic
Ca*; they appear to be more prominent under lowered peak sys-
tolic Ca®* (Pogwizd and Bers, 2004; Fernandez-Tenorio and Niggli,
2018). In our experiments, the oscillations of force were larger at
3.5 Hz vs 1 Hz pacing rates and the Ca-transient amplitude was
substantially lower at 3.5 Hz vs 1 Hz in each trabecula subjected to
testing (data not shown). Nevertheless, the observed oscillations
did not reveal a regular twitch-by-twitch change, which is typical of
alternating twitches; instead, they developed during tens of
twitches. We suggest that these oscillations may reflect the slowly
fluctuating equilibration between two main intracellular Ca®*
buffers — the SR and thin myofilaments. The relatively stable
duration of single oscillation under the low and near-physiological
pacing rates in most of the muscles (see Fig. 9C) supports this hy-
pothesis because it is unlikely to observe pacing-dependent alter-
ation in inherent features of SERCA2a and TnC. Consequently, the
total duration of the slow recovery of contractility may depend on
two main factors: i) the cumulative disturbance of the Ca®* balance
induced by sustained mechanical perturbation and ii) the rates of
the main Ca?*-utilising mechanisms contributing to the recovery of
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Ca* balance (SERCA2a, NCX, etc). Assuming the latter mechanisms
are independent of the actual Ca>* levels here and there (e.g. if NCX
moves Ca®>* jons with a constant rate), enhanced accumulation of
Ca* in the SR at a high pacing rate will result in a higher amplitude
of oscillating response (darkest curve in Fig. 9A), but the number of
oscillations and the total time needed to recover the Ca>* content
to the pre-perturbation levels will remain independent of the
pacing rate (see Fig. 9D). Similarly, the result shown in Fig. 9D in-
dicates that a longer shortening—re-lengthening train simply in-
duces a higher extent of accumulated imbalance between (intra)
cellular calcium sources; therefore, a longer time is needed to
achieve the initial pre-train level of Ca®>* content in these sources.

4.4. Does the shortening—re-lengthening-induced inotropism relate
to the other known mechano-induced inotropic responses?

The phenomenon of mechano-induced modulation of suc-
ceeding contractions has been demonstrated in our recent studies
(Katsnelson et al., 2011; Markhasin et al., 2012; Balakin et al., 2018).
It has been shown that regular systolic shortening of Ca**-over-
loaded cardiac muscle may induce spontaneous Ca*" release from
the SR and out-of-rhythm contractions (Katsnelson et al., 2011).
Moreover, the direction of length change, that is, preferential
shortening or lengthening during a twitch, has a great effect on
Ca®* utilisation by myofilaments and Ca’* uptake by the SR
(Markhasin et al., 2012). The intra-myocardial slow force changes
are physiologically important because the mechanical interaction
of heterogeneous myocardial layers provides proper function to the
whole heart (Cazorla and Lacampagne, 2011; Markhasin et al.,
2012), whereas an impaired pattern of heterogeneity results in
desynchronisation of the interaction and disturbs the normal dia-
stolic function, filling and ejection of the ventricle (Ferreira-Martins
and Leite-Moreira, 2010; Ree et al., 2019). The ability of mechanical
perturbation to induce positive inotropism in the succeeding beats
may play a role in the regulation of normal contractile function of
the healthy heart and facilitate adaptive preservation of contrac-
tility in the diseased myocardium. We conclude that the mechano-
induced immediate and delayed effects, described in the present
study, are of the same nature and potential significance as the
intramyocardial slow force changes.

Another well-known phenomenon of the Slow Force Response
(SFR), which occurs after a sudden stretching of cardiac muscle (for
a review, see (Dowrick et al., 2019)), is related to distinct mecha-
nisms despite the fact that they also result in the slow elevation of
Ca®* load in SR. (Only in this respect is SFR reminiscent of the slow
inotropic responses shown in this study). We distinguish between
them because of the principally different role of the mechanical
condition in the initiation of these responses. Indeed, muscle length
remains fixed after a sudden stretch and the Ca-TnC kinetics plays a
leading role in the signalling that may regulate intracellular Ca®*
content; it should be emphasised that the ‘extra’ Ca®*, which is
accumulated in the SR, comes from the extracellular space. In
contrast, sustained twitch-to-twitch shortening—re-lengthening of
the muscle during its active state makes Ca®>*-buffering by TnC less
important in the regulation of Ca®>* content; the elevated amount of
non-utilised cytosolic Ca®* ions induces enhanced Ca** seques-
tration into the SR. Moreover, it is likely that the ‘extra’ Ca®*
accumulated in the SR has an intracellular origin; that is, it is not
supplied from the extracellular space. Here, a process of redistri-
bution of initially available Ca®>* between (intra)cellular sources is
triggered to achieve a new Ca®* balance at the given mechanical
conditions. As the mechanical perturbation suddenly ceases, the
accumulated Ca®* is redistributed back to the pre-perturbation
balance.

5. Conclusion

The immediate and delayed inotropic responses, which
occurred after the sustained shortening—re-lengthening train in
this study, reflect the combined effect of several mechano-sensitive
mechanisms of regulation of myocardial contractility. The molec-
ular basis of the regulation represents effective feedback between
the Ca®* influx, Ca®* utilisation by intracellular buffers (mainly by
the sarcoplasmic reticulum and regulatory protein troponin C) and
Ca" efflux, which is modulated by the dynamical changes in cell
length and/or load. The extent of the inotropic effects is strongly
elevated under a near-physiological pacing rate due to the
increased effect of a shortened diastolic interval on the Ca®*
balancing between intracellular sources. These mechano-induced
positive inotropic responses may indicate the contractile reserve
of the myocardium; that is, ‘extra’ Ca%™ is stored in the SR when the
cardiac muscle works against a low load, but this Ca** is immedi-
ately supplied to the myofilaments when the muscle starts to work
against a high load. Our findings elucidate a role of pacing-
dependent mechano-induced modulation of contractility via
mechano-calcium feedback in the healthy myocardium and open a
prospect for further studies on how this phenomenon is expressed
and its importance in a diseased myocardium with substantially
impaired Ca®>* homeostasis (e.g. heart failure).
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