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Synchrony of sarcomeric movement regulates left
ventricular pump function in the in vivo beating
mouse heart
Fuyu Kobirumaki-Shimozawa1*, Togo Shimozawa2*, Kotaro Oyama1,3*, Shunsuke Baba4, Jia Li5, Tomohiro Nakanishi1, Takako Terui6,
William E. Louch5,7, Shin’ichi Ishiwata8, and Norio Fukuda1

Sarcomeric contraction in cardiomyocytes serves as the basis for the heart’s pump functions. It has generally been considered
that in cardiac muscle as well as in skeletal muscle, sarcomeres equally contribute to myofibrillar dynamics in myocytes at
varying loads by producing similar levels of active and passive force. In the present study, we expressed α-actinin–AcGFP in
Z-disks to analyze dynamic behaviors of sequentially connected individual sarcomeres along a myofibril in a left ventricular
(LV) myocyte of the in vivo beating mouse heart. To quantify the magnitude of the contribution of individual sarcomeres to
myofibrillar dynamics, we introduced the novel parameter “contribution index” (CI) to measure the synchrony in movements
between a sarcomere and a myofibril (from −1 [complete asynchrony] to 1 [complete synchrony]). First, CI varied markedly
between sarcomeres, with an average value of ∼0.3 during normal systole. Second, when the movements between adjacent
sarcomeres were asynchronous (CI < 0), a sarcomere and the ones next to the adjacent sarcomeres and farther away moved
in synchrony (CI > 0) along a myofibril. Third, when difference in LV pressure in diastole and systole (ΔLVP) was lowered to
<10 mm Hg, diastolic sarcomere length increased. Under depressed conditions, the movements between adjacent sarcomeres
were in marked asynchrony (CI, −0.3 to −0.4), and, as a result, average CI was linearly decreased in association with a
decrease in ΔLVP. These findings suggest that in the left ventricle of the in vivo beating mouse heart, (1) sarcomeres
heterogeneously contribute to myofibrillar dynamics due to an imbalance of active and passive force between neighboring
sarcomeres, (2) the force imbalance is pronounced under depressed conditions coupled with a marked increase in passive
force and the ensuing tug-of-war between sarcomeres, and (3) sarcomere synchrony via the distal intersarcomere interaction
regulates the heart’s pump function in coordination with myofibrillar contractility.

Introduction
Myocardial sarcomeres repeat shortening and lengthening
in vivo at a heart rate (HR) that is dependent on the animal
species. A sarcomere length (SL) change of merely ∼100 nm
dramatically changes the heart’s pump functions, indicating the
importance of high-precision tracking of individual sarcomere
movements along myofibrils in the in vivo beating heart
(Kobirumaki-Shimozawa et al., 2014, 2016; Shimozawa et al.,
2017).

Recent advances in optical fluorescence technologies have
enabled measurements of SL at high spatial and temporal

resolution in cardiac cells by using various techniques, such
as expression of GFP derived from Aequorea coerulescens
(AcGFP; Shintani et al., 2014) or Cameleon-Nano140
(Tsukamoto et al., 2016) in Z-disks, binding of quantum dots
to Z-disks (Serizawa et al., 2011), and fluorescence staining of
the T-tubules (Bub et al., 2010; Botcherby et al., 2013; Ibarra
et al., 2013; Inoue et al., 2013). To our knowledge, Aguirre
et al. (2014) were the first to visualize the motions of the
fluorescence-labeled T-tubules in the mouse heart upon
external electric stimulation under two-photon microscopy
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following reconstruction of the original images. However,
large movements of the contracting heart per se hindered
nanoscale analyses of inter–T-tubular distances. Moreover,
T-tubule positions may deviate from Z-disks when the heart is at
work, especially in diseased conditions (see Guo et al., 2013 and
references therein). To solve these problems, we previously
developed a high-precision in vivo real-time cardiac nano-
imaging system for use in the left ventricle of mice via ex-
pression of AcGFP in Z-disks, enabling SL analyses at 20-nm
(100 frames per s [fps]) precision during the cardiac cycle, si-
multaneous with electrocardiogram (ECG) and left ventricular
(LV) pressure measurements (Kobirumaki-Shimozawa et al.,
2016). In this previous work, we reported that (1) the working
range of SL exists on the shorter resting distribution side
(i.e., ∼1.7–1.9 µm) and (2) the difference in LV pressure in diastole
and systole (ΔLVP) is a linear function of sarcomere shortening
that occurs on the order of only 100 nm. These data have provided
a novel insight into the role of sarcomere dynamics in the regu-
lation of ventricular function in vivo.

It has been perceived that sarcomeres in myofibrils of stri-
ated muscle contribute uniformly to the dynamic behavior of
muscles under various loaded conditions by generating a similar
level of active force (most notably, see Huxley, 1957; Gordon
et al., 1966; Huxley and Simmons, 1971). Under this premise,
the developed force of a myofibril is simply in proportion to the
sum of force-generating cross-bridges in a sarcomere, formed
via either Ca2+ binding to troponin C or the binding of strongly
bound cross-bridges to thin filaments or both (e.g., Fukuda et al.,
1998; Kobirumaki-Shimozawa et al., 2014). However, it remains
to be elucidated whether sarcomeres along a myofibril do in fact
operate uniformly during repeated contractions, especially in
the in vivo beating heart. We previously demonstrated that (1)
a large variation in SL of as much as ∼300 nm existed along
myofibrils (five sarcomeres in two myofibrils analyzed) in
both diastole and systole, and (2) although a typical SL
waveform (consisting of rapid shortening followed by slow
lengthening) appeared after averaging the individual SL sig-
nals, individual sarcomeres moved in a rather asynchronous
fashion (Kobirumaki-Shimozawa et al., 2016). This finding
appears to be consistent with observations made in the
tibialis anterior muscle of living mice because SL distri-
bution was observed to become broader (i.e., indicating
greater SL nonuniformity) upon electric stimulation at both
short (90° ankle flexion) and long (180° ankle flexion) SL
(Moo et al., 2017). SL nonuniformity has likewise been re-
ported at the cardiomyocyte level. For example, Sarai et al.
(2002) reported that SL distribution is inhomogeneous in
isolated rat cardiomyocytes even under the resting condi-
tion. Weiwad et al. (2000) showed, in isolated skinned rat
cardiomyocytes, that SL nonuniformity is increased upon
an increase in the Ca2+ concentration at SL >2.5 µm. Most
recently, by taking advantage of SL nanometry, we dem-
onstrated that although Ca2+ transients are synchronized
in single sarcomeres along a myofibril, timings of individ-
ual SL shortening and lengthening vary markedly in rat cul-
tured myocytes expressed with Cameleon-Nano140 in Z-disks
(Tsukamoto et al., 2016).

In the present study, we focused on the dynamic behaviors of
sarcomeres and systematically investigated how individual
sarcomere movements generate organized contractions of a
myofibril in an LV myocyte in the in vivo beating mouse heart.
We analyzed sequentially connected individual sarcomeres (up
to 35) in mice with varying levels of ΔLVP. Accordingly, we
found that ΔLVP was a function of the magnitude of sarcomere
synchrony caused via distal interactions along a myofibril.
Physiological implications, focusing on the role of titin (con-
nectin), are discussed.

Materials and methods
This study was performed in accordance with the Guidelines on
Animal Experimentation of The Jikei University School of
Medicine. The study protocol was approved by the Animal Care
Committee of The Jikei University School of Medicine and the
Recombinant Gene Research Safety Committee of The Jikei
University School of Medicine. All experiments were performed
at The Jikei University School of Medicine.

α-Actinin–AcGFP expression in the heart of living mice in vivo
Adenovirus vector (ADV) was constructed based on our previous
studies (Kobirumaki-Shimozawa et al., 2016, 2018, 2020). In
brief, recombinant adenoviruses encoding mouse α-actinin-3–
AcGFP (Genbank/European Molecular Biology Laboratory/DNA
Data Bank of Japan accession no. NM_013456) were constructed
using the AdMax ADV creation kit (Microbix Biosystems). The
ADV was then purified using the Vivapure AdenoPACK 20 pu-
rification kit (Sartorius) and concentrated by ultrafiltration to
yield 1 × 1011 to 1 × 1012 viral particles/ml in PBS (−) (as in
Kobirumaki-Shimozawa et al., 2016). ADV was stored at −80°C
for up to 2 mo. ADV was injected into the surface of the left
ventricle of male BALB/c mice (aged 3–8 wk) anesthetized with
∼2% isoflurane during ventilation (Kobirumaki-Shimozawa
et al., 2016). In brief, left thoracotomy was performed in order
to visualize the anterior surface of the left ventricle under
ventilation (first surgery). The animal body temperature was
maintained at 38°C. PBS (−) containing ADV at various viral
titers was injected into the epicardial surface of the central re-
gion of the left ventricle (10 µl in ∼3 × 3 mm2; ∼10 spots) using a
1-ml syringe pump with a 32-gauge needle. To analyze the
movements of individual single sarcomeres at the highest pos-
sible precision in a target myocyte, we decreased the number of
α-actinin-AcGFP–expressing myocytes to a minimum, based on
our previous study (Kobirumaki-Shimozawa et al., 2018). We
previously reported that an ADV injection at 1 × 1011 to 1 × 1012

viral particles/ml does not cause distortion or swelling of the
sarcolemma, disarrangement of the T-tubules, or sarcomere
shortening (Kobirumaki-Shimozawa et al., 2018). 2 d after chest
closure, the mouse was anesthetized again with ∼2% isoflurane
and ventilated, and the anterior thoracic wall was removed by
cutting the ribs, muscles, and intercostal arteries with an electric
scalpel for in vivo cardiac sarcomere nanoimaging (second
surgery; see Kobirumaki-Shimozawa et al., 2016 for details).
Throughout the present study, mice were euthanized after ex-
periments with an isoflurane overdose (greater than ∼5%).
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CellMask treatment
The heart was treated with the plasma membrane stain
CellMask Orange (CellMask; Thermo Fisher Scientific) based
on our previously published treatment method (Kobirumaki-
Shimozawa et al., 2018). See Materials and methods in the
supplemental text at the end of the PDF for details.

Echocardiography
Noninvasive transthoracic echocardiograms were performed
based on previous reports (Nadadur et al., 2016; Lindsey et al.,
2018; see Materials and methods in the supplemental text for
details). Also see Results and discussion I in the supplemental
text, Fig. S1, and Table S1.

Microscopic system
Our microscopic system for in vivo nanoimaging was described
in detail in our previous studies (Kobirumaki-Shimozawa et al.,
2016; Shimozawa et al., 2017). In brief, an upright microscope
(BX-51WI; Olympus Co.) combined with a Nipkow confocal
scanner (CSU21; Yokogawa Electric Co.) and an electron-multiplying
charge-coupled device camera (iXonEM+; Andor Technology
Ltd.) were used at a 512 × 170–pixel resolution at an exposure
time of 9.8 ms. A 60× water immersion lens (LUMPLFLN
60×W, numerical aperture 1.00; Olympus Co.) was used to
visualize the LV surface. α-Actinin-AcGFP–expressing myocytes
in the left ventricle were excited by a 488-nm laser light
(HPU50211-PFS; Furukawa Electric Co.), and the resultant
fluorescence signals were detected by using a BA510–550
bandpass emission filter (Olympus Co.).

In vivo nanoimaging
Nanoimaging was performed in accordance with our previous
studies (Kobirumaki-Shimozawa et al., 2016, 2018, 2020;
Shimozawa et al., 2017). Briefly, an open-chest mouse anesthe-
tized with ∼2% isoflurane was placed on a custom-made mi-
croscope stage (250 × 350 mm) while ventilated, and the animal
was warmed to 38°C throughout the cardiac nanoimaging pro-
cedure. ECG lead III was recorded by using an amplifier (JB-611J/
MEG-6108/AB-611J; Nihon Kohden), and LVP was recorded by a
pressure catheter (FTH-1211B-0018; Transonic Systems, Inc.)
inserted through the apex of the heart. The ECG and LVP signals
and image acquisition timing from the camera were simulta-
neously recorded by the LabScribe software (iWorx Systems,
Inc.) at 5 kHz. ΔLVP was defined as systolic LVP minus diastolic
LVP. A coverslip (0.04–0.06-mm thickness, 12-mm diameter, no.
000; Matsunami Glass Ind.) was gently placed on the surface of
the central part of the left ventricle (see Fig. S2) using glue
(∼2 mm apart, KrazyGlue; Toagosei Co.). The field of view was
large enough to allow examination of several myocytes ex-
pressing α-actinin-AcGFP (as in Kobirumaki-Shimozawa et al.,
2018). The position of the coverslip was carefully controlled
using a custom-made micromanipulator (Sigmakoki Co.). The
LVP change caused by the coverslip setting procedure is <5%, as
addressed in our previous study (Kobirumaki-Shimozawa et al.,
2016). The ventilator was turned off during imaging. The pre-
cision value for the single SL measurement with the present
optical systemwas 11 nm (100 fps) at a depth of up to ∼150 µm in

the α-actinin-AcGFP–expressing left ventricle of themouse heart
in vivo (Fig. S3 and Video 1; cf. Kobirumaki-Shimozawa et al.,
2016). In some experiments, mice were anesthetized with ∼5%
(or ∼1.5%) isoflurane to depress (or enhance) the heart’s pump
function (compare Kobirumaki-Shimozawa et al., 2018, 2020);
nanoimaging was performed at low (or high) systolic condition.
Individual sarcomere movements were analyzed from two to
three myofibrils in a myocyte of a mouse. Six mice with various
ΔLVP values were used. Cardiac arrest was defined by the ab-
sence of an ECG signal.

Analyses
SL analysis was performed in accordance with our previous
studies (Kobirumaki-Shimozawa et al., 2016, 2018, 2020;
Shimozawa et al., 2017). All data were analyzed using ImageJ
software (National Institutes of Health). In brief, SL profiles
were analyzed using multipeak Gaussian fitting with a linear
function of offset (Y = aX + b), based on the Levenberg-
Marquardt algorithm, and the lengths of individual sarcomeres
were calculated as the distance between the centers of two ad-
jacent peaks (indicating the positions of Z-disks; for details, see
Kobirumaki-Shimozawa et al., 2016). The lengths of sequentially
connected sarcomeres in a myofibril of interest were measured
frame by frame, and, during each cardiac cycle, the time course
of changes was obtained for each sarcomere. By using the R
statistical analysis software, we obtained correlation coefficient
matrices for (1) the average time series of all sarcomeres (average
SL) and (2) the time series of each sarcomere (expressed as “no.”
from left to right along a myofibril), which were shown in heat
maps ranging from full positive correlation (dark blue; 1) to full
negative correlation (dark red; −1). Throughout the present
study, “contribution index” (CI) is defined as the R value (i.e., the
correlation coefficient).

Statistics
Linear regression analyses were performed by OriginPro 8.6
(OriginLab). Dunnett’s test was performed using the R software
(3.6.3, 2020-02-29). Student’s two-tailed unpaired t test was
performed using Microsoft Excel 2016 MSO (16.0.14026.20304)
only for the echocardiographic experiments. Data are expressed
as mean ± SD.

Online supplemental material
Fig. S1 shows echocardiographic evaluation of the LV structure
and function in mice with and without the first open-chest
surgery. Fig. S2 shows the coverslip setting for nanoimaging of
sarcomeres on the LV surface in an open-chest mouse. Fig. S3
shows the fluctuation analysis for the length of a single sarco-
mere in a myocyte in an in vivo mouse heart at rest. Fig. S4
shows the representative data of SL changes in an LVmyocyte in
a mouse with normal systolic function. Fig. S5 shows scatter
plots between average and individual SLs in an LV myocyte of a
mouse with normal systolic function (myofibril 1 [M1]). Fig. S6
shows the in vivo tracking of individual sarcomeres in LV myo-
cytes of mice with low systolic function. Fig. S7 shows scatter
plots between adjacent sarcomeres in an LV myocyte of a mouse
with normal systolic function. Fig. S8 shows the representative
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data of time course of changes in individual versus average SLs in
an LV myocyte of a mouse with normal systolic function. Fig. S9
shows the representative data of time course of changes in in-
dividual SL versus LVP in an LVmyocyte of a mouse with normal
systolic function. Fig. S10 shows scatter plots between sarco-
meres at the same longitudinal positions in neighboring myofi-
brils in an LV myocyte of a mouse with normal systolic function.
Fig. S11 shows scatter plots between average and individual SLs in
an LV myocyte of a mouse with normal systolic function (myo-
fibril 2 [M2]). Fig. S12 shows triangular heat maps of the corre-
lation between sarcomeres in sequential cardiac cycles in a
mouse with normal systolic function. Fig. S13 shows the fluctu-
ation analysis for the T-tubular distance in a myocyte in an
in vivo mouse heart at rest. Fig. S14 shows the in vivo analysis of
individual T-tubular distances in an LV myocyte of a mouse. Fig.
S15 shows the in vivo tracking of individual sarcomeres along
myofibrils in an LV myocyte of a mouse with high systolic
function. Fig. S16 shows individual SL distributions in LV myo-
cytes of mice with various systolic functions. Fig. S17 shows the
time course of changes in LVP and average SL in an LV myocyte
in a mouse under deep anesthesia. Fig. S18 shows the in vivo
tracking of individual sarcomeres in a LVmyocytes of mice under
deep anesthesia. Fig. S19 shows the interplay between sarco-
meres connected in series in an LV myocyte of a mouse under
deep anesthesia. Fig. S20 shows the in vivo tracking of individual
sarcomeres along myofibrils in LV myocytes of mice at various
systolic states. Table S1 summarizes echocardiographic data of
mice with and without the first open-chest surgery. Table S2
summarizes the average values of CI in sequential cardiac cycles
under various contractile conditions. Table S3 summarizes CI,
LVP, and HR with CellMask treatment. Table S4 summarizes CI,
LVP, and HR under physiological and near-physiological con-
tractile conditions. Video 1 shows an image sequence of a myo-
cyte in the left ventricle of a mouse at rest. Video 2 shows an
image sequence of a myocyte in the left ventricle of a mouse with
normal systolic function. Videos 3 and 4 show image sequences of
a myocyte in the left ventricle of a mouse with low systolic
function. Video 5 shows an image sequence of a CellMask-stained
myocyte in the left ventricle of a mouse at rest. Video 6 shows an
image sequence of a CellMask-stained myocyte in the left ven-
tricle of a mouse. Video 7 shows an image sequence of a myocyte
in the left ventricle of a mouse with high systolic function. Videos
8 and 9 show image sequences of a myocyte in the left ventricle of
a mouse under deep anesthesia. Additional text at the end of the
PDF provides additional information about the methods used in
our research.

Results and discussion
First, we analyzed the dynamic behaviors of individual sarco-
meres in a myofibril in an LV myocyte of the mouse heart with
normal systolic function in vivo. As in our previous studies
(Kobirumaki-Shimozawa et al., 2016, 2018, 2020), an ADV in-
jection effectively expressed α-actinin-AcGFP in Z-disks along
myofibrils, enabling visualization of clear striation patterns in a
myocyte (Fig. 1 A and Video 2). The fluorescent Z-disks were
subjected to our multipeak fitting program (see Kobirumaki-

Shimozawa et al., 2016) to yield the lengths of individual sar-
comeres along a myofibril at various time points during cardiac
cycles (Fig. S4). See Results and discussion II in the supplemental
text for details.

Fig. 1 B, top, shows the time course of changes in average SL
from 30 sequentially connected sarcomeres along a myofibril
(i.e., M1 in the yellow-lined rectangle in Fig. 1 A). Average SL
measures showed cyclical shortening and lengthening during
each of six consecutive cardiac cycles in a manner inversely
related to changes in LVP (Fig. 1 B, bottom; ΔLVP, 96.4 ± 4.7 mm
Hg; HR, 469 ± 2.9 beats per minute [bpm]; see Table 1). Average
diastolic and systolic SLs during six cardiac cycles were 1.85 ±
0.02 µm and 1.70 ± 0.04 µm, respectively (compare 1.97 ± 0.10
µm and 1.72 ± 0.07 µm in diastole and systole, respectively;
Kobirumaki-Shimozawa et al., 2016). This is consistent with our
previous observation that the working SL range in the central
part of the left ventricle exists within the shorter range of the
resting SL distribution (1.97 ± 0.20 µm; Kobirumaki-Shimozawa
et al., 2016; compare Aschar-Sobbi et al., 2015). We observed a
large variation in SL (SD, ∼0.16–0.47 µm) during cardiac cycles,
larger than the precision of the single SL measurement under
our microscopic system (i.e., 11 nm; see above). We consider that
the variation results from asynchronous behaviors of individual
sarcomeres (as found in cardiomyocytes; Shintani et al., 2014;
Tsukamoto et al., 2016) and not from a lack of resolution (see
below for details on asynchronous behaviors of individual
sarcomeres).

Fig. 1 C shows the time course of changes in the lengths of 30
individual sarcomeres in M1. Typical examples of plot profiles
from confocal images and time-dependent changes in the
lengths of sequential sarcomeres are shown in Fig. S4 (sarco-
mere nos. 1–6; from0.42 to 0.46 s). Even along the samemyofibril,
(1) the absolute SL in diastole or systole, as well as the mag-
nitude of change, varied between sarcomeres; (2) individual
sarcomere movements did not occur in synchrony; and (3)
some sarcomeres (e.g., nos. 3 and 6) moved in opposite di-
rections (see Fig. S4).

Next, in order to investigate whether individual sarcomere
movements vary depending on the location in a myofibril
(i.e., proximal or distal to the edge [intercalated disc] of a myo-
cyte; cf. Kobirumaki-Shimozawa et al., 2020), we analyzed
correlations of individual versus average SLs for M1 on the
basis of scatter plots in Fig. S5. Typical examples illustrated in
Fig. 1 D show that although most correlations were positive
(e.g., no. 1; CI, 0.59), indicating that the sarcomere shortened
and lengthened with the same pattern as the overall change in
SL, other sarcomeres showed no correlation (no. 8; CI, 0.06) or
a negative correlation (no. 20; CI, −0.17). We found that CI
varied markedly between sarcomeres, and its magnitude did
not depend on the longitudinal position along a myofibril. Be-
cause the P value for the slope was <0.05 when CI was >0.2 in
Fig. S5, with the exception of sarcomere no. 5 (CI, 0.22; P =
0.066), in the present study, we define the sarcomeres with
CI > 0.2 as “contributing sarcomeres” (i.e., sarcomeres that
contribute to myofibrillar dynamics).

To summarize the correlation of individual sarcomere
movements versus myofibrillar dynamics, we converted scatter
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plots to a triangular heat map (Fig. 1 E). The top row (denoted
by Avg.) in this map indicates CI between each sarcomere (from
no. 1 to no. 30; Fig. S5) and the average of 30 sarcomeres. Ir-
regular color configurations in the top row were consistent
with the notion that CI does not depend on the longitudinal
position of a sarcomere along a myofibril in a myocyte. The
fraction of contributing sarcomeres was ∼67% for M1 (Table 1).
Analyses in mice with somewhat lower systolic function are
shown in Fig. S6 (see Videos 3 and 4); namely, the fractions of

contributing sarcomeres were ∼57% and ∼64% (average of two
myofibrils for both mice) when ΔLVP values were 60.5 ±
4.2 mm Hg and 40.6 ± 2.5 mm Hg, respectively (HR, 581 ± 6.6
bpm and 347 ± 7.9 bpm in mice with 60.5 mm Hg and 40.6 mm
Hg, respectively; see Table 1).

The rows below the top row in Fig. 1 E indicate CI between
each sarcomere (nos. 1–30) and others (average CI, 0.30 ± 0.22).
For instance, the second row shows CI between no. 1 and nos.
2–30, and the third row CI between no. 2 and nos. 3–30. Similar

Figure 1. In vivo tracking of individual sarcomeres along amyofibril in an LVmyocyte. (A) Confocal image of a myocyte expressing α-actinin-AcGFP. Note
clear striation patterns along myofibrils. In the yellow-outlined rectangle (M1), 30 sequentially connected sarcomeres in a myofibril were analyzed. Numbers on
top of the myofibril indicate longitudinal positions of sarcomeres (i.e., nos. 1–30). Scale bar, 10 µm. See Video 2. (B) Time course of changes in average SL (top)
and LVP (bottom) during six cardiac cycles (cardiac cycle determined based on LVP recording). Average SL indicates the average of the lengths of 30 sar-
comeres in M1. During six cardiac cycles, HR was 469 ± 2.9 bpm, and ΔLVP (systolic LVP minus diastolic LVP) was 96.4 ± 4.7 mm Hg. Error bars for average SL
indicate the SD of 30 sarcomeres. (C) Time course of changes in the lengths of sarcomere nos. 1–30 (from top downward for sarcomere nos. 1–30; see right) in
M1. Note that large, abrupt length changes (e.g., in sarcomere no. 20) are due to irregular movements of the target myocyte and do not reflect SL changes.
(D) Typical examples of scatter plots showing a positive correlation (no. 1), no correlation (no. 8), and a negative correlation (no. 20) between changes in
average and individual SLs during six cardiac cycles in B. CI values are 0.59, 0.06, and −0.17 for nos. 1, 8, and 20, respectively. See Fig. S5 for data on all
sarcomeres. (E) Triangular heat map showing correlation between average and individual SLs (top row) and between an individual sarcomere and other
sarcomeres in M1 (second row and below). Sarcomere number (i.e., from nos. 1 to 30; or average) is indicated on top and at the left end of each row. CI is
illustrated on a color scale, as indicated on right (i.e., from 1 [dark blue] to −1 [dark red]). (F) Color diagram showing CI between average and individual SLs from
nos. 1 to 30 during six cardiac cycles for M1. Sarcomere numbers are indicated on top, and cardiac cycle numbers on left. Bottom: Average of six cycles
(i.e., same as top row in E). Arrows indicate sarcomeres at nos. 6, 18, and 25 showing marked changes in CI during consecutive cardiac cycles.

Kobirumaki-Shimozawa et al. Journal of General Physiology 5 of 16

Sarcomere synchronization and ventricular contractility https://doi.org/10.1085/jgp.202012860

D
ow

nloaded from
 http://rup.silverchair.com

/jgp/article-pdf/153/11/e202012860/1804975/jgp_202012860.pdf by guest on 20 M
arch 2024

https://doi.org/10.1085/jgp.202012860


to the data in the top row, color configurations were disordered
in each row (see below for quantitative analysis). Comparing
each sarcomere with its immediate neighbor (i.e., one position
right of the leftmost edge of the heat map) revealed that a pos-
itive correlation (CI > 0.2) was observed in only 7 of 29 cases
(∼24%), while no correlation (0.2 > CI > 0) was observed in 6
cases (∼21%) and a negative correlation (CI < 0) in 16 cases
(∼55%; see Fig. S7 for scatter plots between adjacent sarco-
meres). The scatter plots between adjacent sarcomeres in Fig. S7
(from 1 versus 2 to 29 versus 30) correspond to the diagonal
portion of the triangular heat map in Fig. 1 E. This finding
suggests that in a heart with normal systolic function, only∼24%
of adjacent sarcomeres exhibit synchronized movements, while
more than half (∼55%) exhibit shortening or lengthening in
opposite directions. This is likely to account, at least in part, for a
certain level of asynchronous sarcomere movements along a
myofibril (fraction of contributing sarcomeres, ∼67% for M1;
Table 1).

We further analyzed whether CI between individual and
average SLs varies during the course of cardiac cycles (i.e., cycles
1–6; Fig. 1 F; see Fig. S8 for examples of sarcomeres with high or
low CI, corresponding to Fig. 1 C). We found that (1) CI for each
sarcomere changed between cardiac cycles (see marked changes
in color, especially, nos. 6, 18, and 25); and (2) sarcomeres
showing a positive correlation (in blue) in one cardiac cycle
could show either no correlation (in white) or a negative cor-
relation (in red) during the next cardiac cycle; and, despite (1)
and (2), (3) average CI was similar in each cardiac cycle in order,
presumably to maintain LV contractility (Table S2). These

findings demonstrate clearly that in the left ventricle under
normal systolic function, sarcomeres that contribute to myo-
fibrillar dynamics change from one cardiac cycle to another,
with the fraction of contributing sarcomeres of ∼50–73% in each
cardiac cycle (∼67% for the average of six cardiac cycles). Sim-
ilarly, we investigated whether the dynamics of individual sar-
comeres along the same myofibril correlate with the LV pump
function by analyzing the correlation between individual sar-
comeremovements and −LVP (i.e., LVP × −1) during each cardiac
cycle. Although some sarcomeres showed a high correlation
with −LVP, such as no. 3, others showed no correlation with
−LVP, such as no. 20 (Fig. S9). Thus, as observed for average
sarcomere dynamics in Fig. 1 F, CI for each sarcomere varied
markedly between cardiac cycles, indicating that sarcomeres
contributing to the ventricular pump function change from one
cardiac cycle to the next.

We next analyzed the relationship between CI, the difference
in SL in diastole and systole (ΔSL; i.e., sarcomere dynamics; see
Kobirumaki-Shimozawa et al., 2016), and diastolic and systolic
SL, by using the average values for 30 sarcomeres in M1 ob-
tained during the course of six consecutive cardiac cycles (Fig. 1
B). First, we observed a positive linear relationship between CI
and ΔSL (R = 0.66; P < 0.001; Fig. 2 A) and between CI and di-
astolic SL (R = 0.41; P < 0.05; Fig. 2 B), but not between CI and
systolic SL (R = −0.12; P > 0.05; Fig. 2 C). Likewise, there was a
positive linear relationship between diastolic SL and ΔSL (R =
0.71; P < 0.001) in the range between∼1.6 and∼2.2 µm (Fig. 2 D),
but not between systolic SL and ΔSL (R = −0.06; P > 0.05; Fig. 2
E). We previously reported that a positive linear relationship

Table 1. Summary showing CI, LVP, and HR under various contractile conditions

Myofibril Frequency Total number
of sarcomeres

CI Avg. CI Diastolic
LVP (mm Hg)

Systolic
LVP (mm Hg)

ΔLVP
(mm Hg)

HR
(bpm)

CI > 0.2 0.2 > CI > 0 CI < 0

M1 5 0 0 5 0.51 ± 0.06 0.48 ± 0.24 −3.8 ± 0.1 131.9 ± 1.4 135.7 ± 1.5 496 ± 0.4

M2 5 1 0 6 0.42 ± 0.12

M3 4 0 1 5 0.54 ± 0.43

M1 20 7 3 30 0.30 ± 0.22 0.29 ± 0.20 −4.5 ± 1.2 88.6 ± 3.1 96.4 ± 4.7 469 ± 2.9

M2 23 5 2 30 0.29 ± 0.19

M1 8 4 4 16 0.20 ± 0.24 0.26 ± 0.25 −0.5 ± 0.1 61.2 ± 1.1 60.5 ± 4.2 581 ± 6.6

M2 9 4 1 14 0.33 ± 0.25

M1 21 5 6 32 0.32 ± 0.36 0.27 ± 0.33 0.5 ± 0.1 42.1 ± 0.4 40.6 ± 2.5 347 ± 7.9

M2 22 5 8 35 0.22 ± 0.31

M1 5 4 0 9 0.25 ± 0.16 0.23 ± 0.16 13.3 ± 0.1 20.2 ± 0.1 7.2 ± 0.1 159 ± 45.4

M2 4 4 1 9 0.21 ± 0.17

M1 2 4 1 7 0.17 ± 0.27 0.17 ± 0.24 9.9± 0.1 14.6 ± 0.2 4.7 ± 0.2 80 ± 14.2

M2 3 2 2 7 0.17 ± 0.24

M3 3 3 1 7 0.20 ± 0.23

Data were taken from Fig. S15 (135.7 mm Hg), Fig. 3 (96.4 mm Hg), Fig. S6 (60.5 and 40.6 mm Hg), and Fig. S18 (7.2 and 4.7 mm Hg). Two or three myofibrils
were analyzed in one mouse, each of which provided the fraction of CI (twomyofibrils, 96.4, 60.5, 40.6, and 7.2 mm Hg; three myofibrils, 135.7 and 4.7 mm Hg).
Avg. CI indicates the average value of CI of individual sarcomeres in analyzed myofibrils (see Fig. 4 D).
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exists between ΔSL and ΔLVP in data from 13 individual mice
(Kobirumaki-Shimozawa et al., 2016), demonstrating an im-
portant role of sarcomere dynamics in the regulation of LV
pump function. Therefore, the above findings, obtained from 30
sequential sarcomeres from a myofibril in the same mouse,
suggest that CI, ΔSL, and diastolic SL are interrelated such that
under conditions where sarcomeres along a myofibril repeat
contractions with a certain magnitude of synchrony (CI, ∼0.3;
fraction of contributing sarcomeres, ∼67%) in vivo, ΔSL in-
creases as a function of diastolic SL, and, as a result, systolic LVP
increases.

What is the mechanism underlying the correlation between
diastolic SL and ΔSL? We consider that when SL becomes longer
than ∼1.85 µm (i.e., slack length in intact mouse ventricular
myocytes; see King et al., 2011) along a myofibril, titin-based
passive force reduces the thick–thin filament spacing in indi-
vidual sarcomeres; this promotes myosin binding to actin and
the ensuing thick–thin filament sliding under auxotonic con-
ditions, as in the in vivo beating heart (SL-dependent activation
as a basis of the Frank-Starling mechanism; e.g., Cazorla et al.,
2001; Fukuda et al., 2003, 2005a; Terui et al., 2008, 2010;
Kobirumaki-Shimozawa et al., 2014). This scenario is likely to
operate in the range of ∼1.6–2.2 µm for diastolic SL (Fig. 2 D)
because the mouse ventricle almost exclusively expresses the
stiff N2B titin isoform rather than the compliant N2BA (e.g.,
Cazorla et al., 2000; Wu et al., 2000; Inoue et al., 2013). This
relationship, however, likely varies between individual mice
with differing levels of ventricular contractility (i.e., ΔLVP) due
to a variance in the SL range (compare Kobirumaki-Shimozawa
et al., 2016). We suggest that under normal physiological con-
ditions, (1) this titin-basedmechanism operates stochastically on
a beat-to-beat basis at the single-sarcomere level along a myo-
fibril (see Fig. 1 F) due presumably to a relatively large magni-
tude of freedom for the length of each sarcomere at physiological
partial activation (see Kobirumaki-Shimozawa et al., 2014
and references therein), and (2) ΔLVP, as a function of ΔSL
(Kobirumaki-Shimozawa et al., 2016), is related to the frac-
tion of contributing sarcomeres within each myofibril.

It has been reported that in adult myocardial cells of mam-
mals, Z-disks are connected by structural proteins, such as
desmin (e.g., Lockard and Bloom, 1993; Zhang et al., 2001;
Epstein and Davis, 2003; Conover and Gregorio, 2011). It is
therefore expected that although the fraction of contributing
sarcomeres along a myofibril is ∼67% under the normal systolic
condition (Fig. 1, E and F; and Table 1), sarcomeres at the same
longitudinal positions in neighboring myofibrils move in syn-
chrony.We analyzed this correlation in individual sarcomeres at
the same longitudinal positions in neighboring myofibrils
(i.e., M1 and M2 in Fig. 3 A). The average lengths of 30 sarco-
meres in 2 myofibrils changed with time in synchrony during
the course of 6 cardiac cycles. However, at the single-sarcomere
level, we observed that some moved in synchrony with those in
the parallel myofibril (see longitudinal position no. 2), whereas
others showed asynchrony (see no. 20; Fig. 3 B). Converting the
time courses to scatter plots allowed quantification of the cor-
relation in SL dynamics; that is, sarcomeres at no. 2 exhibited a
positive correlation (CI, 0.46), and those at no. 20 exhibited a

negative correlation (CI, −0.18; Fig. 3 B; see Fig. S10 for all sar-
comeres). To summarize parallel interactions between sarco-
meres, we performed correlation analyses for individual
sarcomeres inM1 andM2 (Fig. 3 C). The top row in the heat map
shows the correlation between the average of 30 sarcomeres in
M1 (denoted as M1 Avg.) and each individual sarcomere in M2
(i.e., nos. 1–30, or the average of 30 sarcomeres in M2; right end;
M2 Avg.). As is apparent from the time-course data in Fig. 3 B, a
high correlation (CI, 0.82) was observed for the average move-
ments between two myofibrils (note dark blue for M2 Avg. in
the top row). For the lower rows in the heat map, the left edge in
each row indicates the CI between sarcomeres located at the
same longitudinal position, from 1 to 30 (compare Fig. 3 C and
Fig. S10). The inconsistent colors of these blocks illustrate the
lack of regularity of the sarcomeric function in neighboring
myofibrils. Indeed, the average of the numbers in the left edges

Figure 2. Relationship between CI, ΔSL, and diastolic or systolic SL.
(A) Plots of ΔSL (diastolic SL minus systolic SL) versus CI. A significant linear
relationship was observed (R = 0.66; P < 0.001). Diastolic and systolic SLs
were obtained for 30 sarcomeres in M1 (Fig. 1, A and B) at which average SL
became maximal and minimal, respectively, during each of six consecutive
cardiac cycles. Resultant ΔSL values, as well as diastolic and systolic SL
values, were averaged for six cardiac cycles; CI was quantified from Fig. 1 E,
top (Fig. 1 F, bottom). (B) Plots of diastolic SL versus CI revealed a significant
linear relationship (R = 0.41; P < 0.05). (C) Plots of systolic SL versus CI
showed no significant correlation (n.s.). (D) Plots of ΔSL versus diastolic SL,
using values in A and B, revealed a significant linear relationship (R = 0.71; P <
0.001). (E) Plots of ΔSL versus systolic SL, using values in A and C, showed no
significant relationship (n.s.). In A–E, dashed lines indicate 0 values.
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Figure 3. In vivo tracking of individual sarcomeres along parallel myofibrils in an LV myocyte. (A) Confocal image of a myocyte expressing α-actinin-
AcGFP (same as in Fig. 1 A). 30 sarcomeres, in yellow-outlined rectangles, were analyzed for M1 and M2 were analyzed. Scale bar, 10 µm. See Video 2. (B) Top:
Time course of changes in the lengths of averaged 30 sarcomeres (left), and examples of sarcomeres at the same longitudinal positions showing a positive
correlation (middle, no. 2) or a negative correlation (right, no. 20). Data were obtained from six cardiac cycles. Black line, M1; blue line, M2. Average diastolic
and systolic SLs for M1 were 1.85 ± 0.02 µm and 1.70 ± 0.04 µm, respectively (as in text; see Fig. 2, B–E, for plots of 30 sarcomeres). Average diastolic and
systolic SLs for M2 were 1.77 ± 0.02 µm and 1.66 ± 0.02 µm, respectively. Average shortening ratios were 8.0% and 6.5% for M1 and M2, respectively (compare
Kobirumaki-Shimozawa et al., 2016). Bottom: Scatter plots for dynamics between sarcomeres in M1 (x axis) and M2 (y axis). Left: Averaged 30 sarcomeres (CI,
0.82); middle, sarcomeres at no. 2 (CI, 0.46); right, sarcomeres at no. 20 (CI, −0.18). (C) Triangular heat map showing correlation between the average of 30
sarcomeres in M1 and each sarcomere in M2 or the average of 30 sarcomeres in M2 (right end). Sarcomere numbers are indicated on top. Underlying rows
show correlations between sarcomere nos. 1–30 in M1 and each sarcomere in M2, or the average of 30 sarcomeres in M2. In this diagram, CI is displayed on a
color scale, as indicated on right (i.e., from 1 [dark blue] to −1 [dark red]). (D) Color diagram showing CI between sarcomeres in M1 and M2 at the same
longitudinal positions during six cardiac cycles. Sarcomere numbers are indicated on top. The diagram on bottom indicates average CI along myofibrils during
six cardiac cycles. Data for M1 are the same as in Fig. 1 F. (E) Top: Illustration showing the numbering of sarcomeres in M1 and M2. In this analysis, six positions
(i.e., 0–5) in M2 in relation to M1 are defined. Position 0 is defined as the same longitudinal position along M2. Position 1 is adjacent to position 0 on both sides,
and positions 2–5 are defined as illustrated. Bottom left: Graph showing CI for sarcomeres located at positions 0–5 in M2. *, P < 0.05 compared with position 0.
Bottom right: Relationship between average CI for individual sarcomeres along M1 (x axis) and CI at position 0 in M2 (y axis). A significant linear relationship
was present (R = 0.51; P < 0.01). (F) Top: Illustration showing the numbering of sarcomeres in a myofibril (either M1 or M2). In this analysis, seven positions
(i.e., 0–6) in series are defined. Position 1 is adjacent to position 0 on both sides, and positions 2–6 are defined as illustrated. Bottom left: Graph showing CI for
sarcomeres located at positions 1–6. Data fromM1 andM2 are pooled. *, P < 0.05; ***, P < 0.001 compared with position 1. Bottom right: Relationship between
average CI for individual sarcomeres along a myofibril (x axis) and CI between neighboring sarcomeres (i.e., at positions 0 and 1; y axis). A significant linear
relationship was present (R = 0.50; P < 0.001). Data from M1 and M2 are pooled in this graph. In B–D and F, Avg. indicates average.
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of sarcomeres nos. 1–30 was 0.13 ± 0.17, and the fraction of CI
>0.2 along myofibrils was only ∼37%.

Fig. 3 D compares changes in CI for individual versus average
sarcomeres in M1 and M2 during six cardiac cycles (i.e., cycles
1–6; see scatter plots showing correlations of individual versus
average SL for M2 in Fig. S11). CI for each sarcomere varied
between cardiac cycles in both myofibrils (see triangular heat
maps in each cardiac cycle; i.e., cycles 1–6 for M1 and M2 in Fig.
S12), with differing magnitudes at the same longitudinal posi-
tions during each cardiac cycle, and this tendency held true for
the average of six cardiac cycles (see row on bottom in Fig. 3 D).
It should be pointed out, however, that average CI, as well as the
fraction of contributing sarcomeres, was similar in each cardiac
cycle in both myofibrils (see Table 1).

One may point out that the apparently low values of CI in
Table 1, even under the normal physiological condition, result
from the surgeries and α-actinin-AcGFP expression in myocytes
via adenovirus infection (see Materials and methods). However,
the experiment with T-tubule staining by CellMask yielded a
similar value of CI of ∼0.3 (see Figs. S13 and S14, Table S3, and
Videos 5 and 6). Because the CellMask experiment does not re-
quire the first open-chest surgery and adenovirus infection for
nanoimaging, it is unlikely that the asynchronous sarcomere
movements in the in vivo beating heart observed via α-actinin-
AcGFP expression are caused by our experimental procedures
(see Results and discussion III in the supplemental text for
details).

We next quantified whether CI varies depending on the
geometrical position of a sarcomere relative to the one in a
neighboring myofibril (i.e., M1 versus M2 in Fig. 3 A; see also
illustration for sarcomere positions in Fig. 3 E, top). First, the
average value of CI for sarcomeres at the same longitudinal
positions, nos. 1–30, was 0.13 ± 0.17 (see data for position 0 in
Fig. 3 E, bottom left). The positive value shows that the sarco-
meres at the same longitudinal positions in neighboring my-
ofibrils tend to move, albeit weakly, interacting with each other.
Our analysis revealed that although CI at position 1 was similar
to that at position 0 with a value of 0.15 ± 0.16 (P > 0.05 com-
pared with the value at position 0), that at position 2 and farther
(analyzed up to position 5) was lower than that at position 0
with a value close to 0 (values significantly different at positions
0 versus 2). Therefore, a sarcomere in a myofibril affects the
movements of sarcomeres in neighboring myofibrils at the same
longitudinal position or those that are one position removed.We
likewise found that a significant linear relationship (R = 0.51; P <
0.01) was present for the values between average CI for indi-
vidual sarcomeres alongM1 (x axis) and CI at position 0 inM2 (y
axis; Fig. 3 E, bottom right). This correlation indicates that the
sarcomeres synchronizing with the ones in a neighboring my-
ofibril contribute to the average dynamics of the myofibril.

Previous works by others have indicated that transitional
junctions, located at the end of myofibrils in a myocardial cell,
are easily distorted upon movements of myofibrils due to their
immature structure (e.g., Bennett et al., 2006; Bennett, 2018). In
contrast, our own work has shown that Z-disks have a solid
structure with little or no distortions during cardiac cycles in the
in vivo mouse heart (Kobirumaki-Shimozawa et al., 2020). The

present findings (Fig. 3 E) indicate that protein connections
between aligned Z-disks may play a role in synchronizing the
movements of sarcomeres in neighboring myofibrils in the
in vivo heart.

Longitudinal intersarcomere interactions may fine-tune the
imbalance of movements between sarcomeres along a myofibril
in the in vivo beating heart (compare de Souza Leite and Rassier,
2020 [and references therein] in isolated skeletal myofibrils). To
investigate whether this mechanism operates along a myofibril
in a myocyte in the in vivo beating heart, we quantified the
magnitude of correlation for sequentially connected sarcomeres
(see illustration for geometrical sarcomere positions in Fig. 3 F,
top). As found in Fig. S7 in that the fractions of pairs of adjacent
sarcomeres with no correlation and negative correlation were
∼21% and ∼55%, respectively, in M1, CI between a sarcomere
and its immediate neighbors (see position 1 in Fig. 3 F, top)
showed a negative value of −0.06 ± 0.31 (Fig. 3 F, bottom left;
data from M1 and M2 pooled in this graph). This finding shows
that during systole in the in vivo beating heart, a sarcomere
tends to move in directions opposite to its immediate neighbors
due presumably to the imbalance of force between them along
a myofibril. It is interesting that the sarcomeres at position
2 (i.e., just beyond the immediate neighbors) showed a positive
correlation with a value of 0.13 ± 0.22 (P < 0.001 compared with
the value at position 1). The values for the sarcomeres at posi-
tions 3, 4, 5, and 6 were likewise positive, but with a lesser
magnitude than that at position 2. In Fig. 3 F (bottom right) is the
relationship between average CI for individual sarcomeres along
a myofibril (x axis) and CI between neighboring sarcomeres
(i.e., sarcomeres at positions 0 and 1 in Fig. 3 F, top; data fromM1
and M2 pooled in this graph; y axis), providing a significant
linear relationship (R = 0.50; P < 0.001; i.e., sarcomere
synchronization).

Should longitudinal intersarcomere interactions be at play in
regulating the heart’s pump function, more synchronized indi-
vidual sarcomere movements will be observed at a higher con-
tractile state. We therefore investigated whether and how
sarcomere synchrony is altered in a mouse under shallow an-
esthesia (∼1.5% isoflurane). This is because the well-known
positive inotropy via stimulation of β receptors affects the lo-
cal Ca2+ signaling at/around the T-tubules in myocytes, and
therefore individual sarcomeric movements as well as syn-
chronization behaviors along myofibrils may be affected ac-
cordingly (see, e.g., Tsukamoto et al., 2016). Fig. S15 A shows a
typical example of an α-actinin-AcGFP–expressing myocyte in
the left ventricle of a mouse anesthetized with ∼1.5% isoflurane
(Video 7), in which ΔLVP was 135.7 mm Hg (HR, 496 ± 0.4 bpm;
Table 1). The individual SL distribution was similar to that at
ΔLVP 96.4 mm Hg (1.74 ± 0.24 µm) with the value of 1.76 ± 0.18
µm (Fig. S16); similar maximal and minimal SL values were
likewise obtained, with 1.97 ± 0.17 µm and 1.54 ± 0.16 µm, re-
spectively (as compared with 2.03 ± 0.26 µm and 1.46 ± 0.22 µm,
respectively, at ΔLVP 96.4 mm Hg). We then analyzed SL cor-
relations for individual sarcomeres. In five to six sequential
sarcomeres, the CI values were 0.51 ± 0.06, 0.42 ± 0.12, and 0.54
± 0.43 for M1, M2, and M3, respectively (Fig. S15 B and Table 1).
The average CI value was 0.48 ± 0.24, which was significantly
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(P < 0.05) greater than that obtained at ΔLVP 96.4 mm Hg (0.29
± 0.20; see below). As observed under the normal physiological
condition (Fig. 1 F), CI for each sarcomere changed between
seven cardiac cycles (Fig. S15 C).

We previously reported that in open-chest mice, an increase
in the isoflurane concentration from ∼2% to ∼5% markedly
depresses ventricular contractility accompanied by a decrease in
HR (Kobirumaki-Shimozawa et al., 2016). By taking advantage of
these effects (see Materials and methods), we investigated
whether the individual sarcomere movements are altered under
low contractile conditions. Fig. 4 A, top left, shows a typical
example of an α-actinin-AcGFP–expressing myocyte in the left
ventricle of a mouse anesthetized with∼5% isoflurane (Video 8),
in which SL varied between ∼2.0 and ∼2.2 µm with ΔLVP 7.2 ±
0.1 mm Hg (HR, 159 ± 45.4 bpm; Fig. S17). The individual SL
distributionwas shifted to the longer side with the average value
of 2.11 ± 0.24 µm as compared with 1.74 ± 0.24 µm under the
normal physiological condition (Fig. S16); the maximal and
minimal SL values were 2.03 ± 0.26 µm and 1.46 ± 0.22 µm,
respectively, at ΔLVP 96.4mmHg, and 2.70 ± 0.45 µm and 1.60 ±
0.28 µm, respectively, at ΔLVP 7.2 mmHg. We then analyzed SL
correlations for individual sarcomeres. In nine sequential sar-
comeres, individual sarcomeres showed some positive correla-
tion with the average movements (average CI, 0.23 ± 0.16 during
eight cardiac cycles; Table 1 and Fig. 4 A, bottom left); however,
more than half of the interactions between individual sarco-
meres were asynchronous (as indicated by dominant white and
red colors in Fig. 4 A, bottom left).

Occasionally, ∼5% isoflurane dramatically depressed the LV
pump function, finally leading to cardiac arrest. Fig. 4 A, top
right, shows an example of an α-actinin-AcGFP–expressing
myocyte in the left ventricle just before cardiac arrest (ΔLVP, 4.7
± 0.2 mmHg; HR, 80 ± 14.2 bmp; Video 9). As in the case of ΔLVP
7.2 mm Hg, the individual SL distribution was shifted to the
longer side with the average value of 2.03 ± 0.17 µm (Fig. S16);
the maximal and minimal SL values were 2.37 ± 0.20 µm and
1.67 ± 0.18 µm, respectively. Even under this condition in which
the heart’s pump function was markedly depressed, some cor-
relation was observed between individual sarcomeres and the
averagemovements (average CI, 0.17 ± 0.24 during three cardiac
cycles; Table 1 and Fig. 4 A, bottom right). However, most of the
interactions between individual sarcomeres were asynchronous,
as dominated by white and red colors in rows below the top
(Fig. 4 A, bottom right). It should be stressed that when ΔLVP
wasmarkedly depressed to <10mmHg, themovements between
neighboring sarcomeres became negatively correlated, as shown
by dominant red colors in the diagonal portion of the triangular
heat map for ΔLVP of 7.2 or 4.7 mm Hg (Fig. 4 A, bottom left
and right). See Results and discussion IV in the supplemental
text for the possible effects of isoflurane on cardiac excitation–
contraction coupling and the ensuing sarcomere dynamics in
the in vivo beating heart.

Fig. 4 B compares the CI values of individual versus average
sarcomere movements in mice with various levels of ΔLVP (see
Fig. S18 for analyzed myofibrils in mice with ΔLVP 7.2 and
4.7 mmHg). Under the physiological condition of ΔLVP 96.4 mm
Hg, the fractions of contributing (CI > 0.2 in blue) and

noncontributing (0.2 > CI > 0 and CI < 0 in white and red, re-
spectively) sarcomeres were ∼72% and ∼28%, respectively (see
Table 1). In association with an increase in ΔLVP to 135.7 mmHg,
the fraction of contributing sarcomeres increased (∼88%), ac-
companied by a decrease in noncontributing sarcomeres (∼12%).
Conversely, as ΔLVP decreased, the fraction of contributing
sarcomeres decreased, whereas noncontributing sarcomeres
increased. Indeed, the fractions of contributing and non-
contributing sarcomeres were ∼38% and ∼62%, respectively,
at ΔLVP 4.7 mm Hg. Our analysis revealed that a significant
positive linear relationship (R = 0.90; P < 0.001) existed be-
tween ΔLVP and the fraction of contributing sarcomeres
(Fig. 4 C).

Fig. 4 D shows the CI values for individual versus average SLs
at various ΔLVP (six mice were analyzed as in Fig. 4, B and C; see
Table 1). At ΔLVP 96.4 mm Hg, CI was positive (0.29 ± 0.20),
indicating that sarcomere synchronization generates organized
myofibrillar dynamics, and it was significantly (P < 0.05) in-
creased at ΔLVP 135.7 mm Hg (0.48 ± 0.24). CI tended to be
decreased as ΔLVP was reduced from 96.4 mm Hg (i.e., 0.26 ±
0.25, 0.27 ± 0.33, and 0.23 ± 0.16 at ΔLVP 60.5, 40.6, and 7.2 mm
Hg, respectively). At ΔLVP 4.7 mm Hg, CI was significantly (P <
0.05) decreased with a value of 0.17 ± 0.24. Accordingly, there
existed a linear relationship (R = 0.93; P < 0.01) between ΔLVP
and CI over the range of ΔLVP tested (Fig. 4 E). Interestingly, the
intersarcomere interaction between a sarcomere and those
distal to it operated even at low ΔLVP conditions (Fig. S19); that
is, the CI values between a sarcomere and the ones at position
2 and farther away were significantly higher than that with its
neighbors (i.e., position 1; −0.25 ± 0.13 and −0.43 ± 0.13 at ΔLVP
7.2 and 4.7 mm Hg, respectively; see Fig. 3 F, top for sarcomere
geometry along a myofibril). These findings suggest that (1)
distal intersarcomere interactions operate along myofibrils in
LV myocytes regardless of the contractile state and (2), reduced
sarcomere synchrony exacerbates disorganized myofibrillar
movements and underlies, at least in part, a decrease in the
myocardial contractile force in the in vivo beating heart.

We further investigated CI in myocytes from the mice of
ΔLVP 96.4 and 60.5 mm Hg, but at different pressure points in
the physiological and near-physiological levels (Fig. S20 and
Table S4). The inclusion of these data confirmed that there exists
a significant positive linear relationship between ΔLVP and CI
(see Results and discussion V in the supplemental text for
details).

Finally, we investigated how CI between neighboring sarco-
meres or individual ΔSL varies as a function of ΔLVP. Fig. 5 A
compares CI between immediate neighbors along a myofibril
(i.e., position 1 in Fig. 3 F) in mice with various ΔLVP. As stated
above, the value was −0.06 ± 0.28 under the normal physio-
logical condition at 96.4 mm Hg, −0.03 ± 0.35 (P > 0.05 com-
pared with the value at 96.4 mm Hg) at 135.7 mm Hg, and 0.10 ±
0.27 (P < 0.05 compared with the value at 96.4 mm Hg) at
60.5 mm Hg, and it was decreased to −0.22 ± 0.32 (P < 0.01
compared with the value at 96.4 mm Hg) at 40.6 mm Hg. At 7.2
and 4.7 mm Hg, the values were further decreased to −0.25 ±
0.13 and −0.43 ± 0.13, respectively (values at 7.2 and 4.7 mm Hg,
P < 0.05 and P < 0.001, respectively, compared with that at
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Figure 4. Analyses of individual sarcomeric movements in the left ventricle with varying levels of contractility. (A) Top left: Confocal image of an
α-actinin-AcGFP–expressing LV myocyte in a heart with depressed cardiac function during deep anesthesia (∼5% isoflurane). ΔLVP, 7.2 ± 0.1 mmHg; HR, 159 ±
45.4 bpm (see Fig. S18 A). In the yellow-outlined rectangle, nine sequentially connected sarcomeres were analyzed for M1. Scale bar, 10 µm. See Video 8.
Bottom left: Triangular heat map showing correlation between average and individual SLs (top row) and between an individual sarcomere and other sar-
comeres in M1 (second row and below). Sarcomere number (i.e., from nos. 1 to 9 [or average]) is indicated on top and left of each row. Top right: Confocal
image of an α-actinin-AcGFP–expressingmyocyte in the left ventricle just before cardiac arrest under deep anesthesia with∼5% isoflurane. ΔLVP, 4.7 ± 0.2 mm
Hg; HR, 80 ± 14.2 bpm (see Fig. S18 B). In the yellow-outlined rectangle, seven sequentially connected sarcomeres were analyzed for M1. Scale bar, 10 µm. See
Video 9. Bottom right: Triangular heat map showing the correlation between average and individual SLs (top row) and between an individual sarcomere and
other sarcomeres in M1 (second row and below). Sarcomere number (i.e., from nos. 1 to 7 [or average]) is indicated on top and left of each row. In bottom left
and right, CI is shown based on a color scale (i.e., from 1 [dark blue] to −1 [dark red]). (B) Bar graph showing the fractions of CI between average and individual
SLs at various levels of ΔLVP. Data at 135.7, 96.4, 60.5, 40.6, 7.2, and 4.7 mm Hg are shown. CI was categorized into the following three groups: blue (CI > 0.2
[positive correlation]), white (0.2 > CI > 0 [no correlation]), and red (CI < 0 [negative correlation]). (C) Relationship between ΔLVP and the fraction of
contributing sarcomeres in myofibrils from mice with varying contractile conditions. Contributing sarcomeres are defined as those with CI >0.2 in the average
data of three to eight cardiac cycles. Each plot indicates a myofibril (i.e., sequentially connected sarcomeres). A significant relationship was observed (R = 0.90;
P < 0.001). (D) Plots of CI between average and individual SLs at various levels of ΔLVP. A significant difference (*, P < 0.05) was observed between ΔLVP
96.4 mm Hg and 135.7 mm Hg and between ΔLVP 96.4 mm Hg and 4.7 mm Hg, but not between ΔLVP 96.4 mm Hg and 60.5, 40.6, or 7.2 mm Hg (n.s.).
Horizontal bars, average; vertical bars, SD. (E) Relationship between ΔLVP and the average values of CI (Avg. CI) in D. A significant linear relationship (R = 0.93;
P < 0.01) was observed. In B–E, two myofibrils were analyzed for ΔLVP 96.4, 60.5, 40.6, and 7.2 mm Hg (Figs. 3, S6, and S18), and three myofibrils were
analyzed for 135.7 and 4.7 mm Hg (Figs. S15 and S18).
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96.4 mm Hg). Therefore, similar to the finding for average CI
(Fig. 4 E), CI between adjacent sarcomeres was decreased in
association with a decrease in ΔLVP.

Fig. 5 B compares individual ΔSL (maximal SLminusminimal
SL) at various ΔLVP. We found that ΔSL was 0.56 ± 0.33 µm at
96.4 mmHg. The value was decreased by∼24% to 0.43 ± 0.19 µm
(P < 0.01 compared with the value at 96.4 mm Hg) at 135.7 mm
Hg and similar at 60.5 mm Hg with 0.55 ± 0.41 µm (P > 0.05).
Then, it was decreased by ∼30% to 0.39 ± 0.29 µm (P < 0.001
compared with the value at 96.4 mm Hg) at 40.6 mm Hg. In-
terestingly, ΔSL was increased by ∼98% to 1.11 ± 0.56 µm (P <
0.001 compared with the value at 96.4 mm Hg) at 7.2 mm Hg,

and it remained ∼23% larger at 4.7 mm Hg than at 96.4 mm Hg
(P < 0.05). Therefore, ΔSL changes in a nonlinear fashion in
response to a change in ΔLVP. Namely, (1) ΔSL decreases in
response to an increase in ΔLVP from the normal physiological
level to ∼135 mmHg; (2) similar to this, it decreases when ΔLVP
is decreased to ∼40 mm Hg; but (3) it increases when ΔLVP is
lowered to <10 mmHg. Provided that maximal SL was markedly
increased when ΔLVP was lowered from the normal physio-
logical level to <10 mm Hg (i.e., 2.03 ± 0.26 µm at 96.4 mm Hg,
and 2.70 ± 0.45 µm and 2.37 ± 0.20 µm at 7.2 and 4.7 mm Hg,
respectively; Fig. S16), we consider that this SL elongation in
diastole predominantly underlies the increased ΔSL at low
contractile states. Namely, an increase in maximal SL to greater
than ∼2.25–2.3 µm is likely to increase the thick–thin filament
sliding distance during contraction. Conversely, shortening of
SL in diastole at the high contractile state, albeit by a slight
magnitude, is likely to underlie the observed decrease in ΔSL at
135.7 mm Hg.

Here, it is important to discuss the physiological significance
of the present findings. It has long been considered that in
striated muscle, sarcomeres along a myofibril generate equal
levels of active force as well as thick–thin filament sliding during
activation under various loaded conditions (see Introduction). In
the present study, however, our nanoimaging technology re-
veals that individual sarcomeres alternatively contributed to
myofibrillar dynamics at various levels of ΔLVP (Fig. 1 F; Fig. 3 D;
and Figs. S6, S15, and S18) with average CI, which was similar in
each cardiac cycle (Table S2), and that there was a linear rela-
tionship between ΔLVP and CI (Fig. 4 E). It is therefore suggested
that, in the in vivo beating heart, the following occurs: (1) active
as well as passive force varies between sarcomeres even along
the same myofibril; (2) sarcomeres per se have a property to
move asynchronously, but when connected in a series, myofi-
brils exert stable dynamics; and (3) myocardial contractility is a
function of synchrony of sarcomere movements in LVmyocytes.
Provided that the heart undergoes millions of contractions
during a lifetime at various inotropic states, “alternative con-
tribution” of sarcomeres is an intrinsic property of cardiac
muscle to prevent potential damage to the thick–thin filament
structure during normal cardiac cycles; the “noncontributing
sarcomeres” may operate as a “cushion” to absorb external
forces (e.g., when myocytes are stretched due to an increase in
ventricular filling, thereby protecting the cellular structure).

What is the mechanism of sarcomere synchronization in the
heart under normal physiological conditions? We consider that
the finding in Fig. 3 F provides a novel insight into the syn-
chrony of sarcomere movements. Namely, the present analysis
using heat maps revealed that there was a certain fraction of
sarcomeres moving in opposition to their immediate neighbors;
along a myofibril, however, sarcomere movements were posi-
tively correlated with the ones next to the immediate neighbors
(and farther; Fig. 3 F), suggesting that a distal intersarcomere
interaction (compare de Souza Leite and Rassier, 2020, and
references therein), by taking advantage of the opposite move-
ments of immediate neighbors, operates to synchronize their
movements, resulting in CI ∼0.3 at ΔLVP 96.4 mm Hg (Fig. 1 F,
Fig. 3 D, and Table 1). In the mouse ventricle, stiff N2B titin, rather

Figure 5. Sarcomere dynamics and interplay between adjacent sarco-
meres at various levels of LV contractility. (A) CI between adjacent sar-
comeres at various levels of ΔLVP (i.e., between position 0 and 1 in Fig. 3 F,
top). CI, −0.03 ± 0.35, −0.06 ± 0.28, 0.10 ± 0.27, −0.22 ± 0.32, −0.25 ± 0.13,
and −0.43 ± 0.13 at 135.7, 96.4, 60.5, 40.6, 7.2, and 4.7 mm Hg, respectively.
Horizontal bars, average; vertical bars, SD. *, P < 0.05; **, P < 0.01; and
***, P < 0.001 compared with 96.4 mm Hg. (B) Individual ΔSL at various
levels of ΔLVP. ΔSL (maximal SL minus minimal SL): 0.43 ± 0.19, 0.56 ± 0.33,
0.55 ± 0.41, 0.39 ± 0.29, 1.11 ± 0.56, and 0.69 ± 0.25 µm at 135.7, 96.4, 60.5,
40.6, 7.2, and 4.7 mm Hg, respectively (compare Fig. S16). Horizontal bars,
average; vertical bars, SD. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 compared
with 96.4 mm Hg. In A and B, data from two myofibrils were pooled for
96.4, 60.5, 40.6, and 7.2 mm Hg (Figs. 3, S6, and S18), and three myofibrils
were pooled for 135.7 and 4.7 mm Hg (Figs. S15 and S18).
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than the more compliant N2BA titin, is expressed (e.g., Wu
et al.,1999; Cazorla et al., 2000; Inoue et al., 2013). Therefore,
when SL is, on average, elongated to ∼2.0 µm (Fig. S16), it is
expected that some sarcomeres will produce inward-oriented,
titin-based passive force. As stated above, longer sarcomeres
are more sensitive to Ca2+ than shorter ones (i.e., they exhibit
length-dependent activation), thus enabling actomyosin in-
teraction and thick–thin filament sliding, resulting in the
lengthening of shorter sarcomeres, which produce less active
force. This is illustrated schematically in Fig. 6 A for a hypo-
thetical circumstance with five sequentially connected sar-
comeres along a myofibril in a myocyte with varying diastolic
lengths (see Kobirumaki-Shimozawa et al., 2016, for SL vari-
ance in diastole). Because of its longer length, the sarcomere
at no. 2 shortens more than those at nos. 1, 3, and 5 in response
to a rise of the intracellular Ca2+ concentration ([Ca2+]i) upon
systole. The shortest sarcomere in the myofibril, positioned at
no. 4, is lengthened, however. Then, when [Ca2+]i falls upon
diastole, the shortened sarcomeres (nos. 1, 2, 3, and 5) lengthen,
presumably due, at least in part, to outward-oriented, titin-based
restoring force (shown in sarcomeres at nos. 2 and 5; see, e.g.,
Helmes et al., 1999; Fukuda et al., 2005b for restoring force). In
contrast, because of inward-oriented, titin-based passive force
that is developed in the preceding systole, sarcomeres lengthened
during systole (e.g., no. 4) will shorten upon diastole, promoting
lengthening of neighboring sarcomeres (e.g., nos. 3 and 5). Thus,
sarcomeres at nos. 1, 2, 3, and 5 move in synchrony during the
cardiac cycle, and, importantly, those distally located at nos. 3 and
5 do so by taking advantage of opposite length changes of the one
at no. 4. We hereby propose that the distal intersarcomere in-
teraction operates effectively on a beat-to-beat basis along a my-
ofibril to synchronize sarcomeric movements under normal
physiological (and high contractile) conditions. It is likely that
sarcomere synchrony regulates the heart’s pump function in co-
ordination with myofibrillar contractility.

It is likewise important to discuss the possible mechanism
underlying a reduction of synchrony at low contractile states
(i.e., ΔLVP 7.2 and 4.7 mm Hg; see Fig. 4, A–D). First, under
depressed conditions, maximal (diastolic) SL was shifted toward
a longer range (i.e., greater than or equal to ∼2.25–2.3 µm; Fig.
S16), coupled presumably with enhanced ventricular filling (as
indicated by increased diastolic LVP; see Table 1 and Fig. S17). It
has been reported that, at average SL greater than or equal to
∼2.25–2.3 µm, N2B titin-based passive force increases expo-
nentially in mouse myocardium (e.g., Wu et al., 1999). There-
fore, it is likely that when only a slight stretch is imposed
on elongated sarcomeres, inward-oriented, titin-based passive
force will dramatically increase, surpassing the actomyosin-
based active force. In a well-controlled study using N2B titin-
expressing rat ventricular myocytes, Weiwad et al. (2000)
demonstrated that the magnitude of SL variance increased lin-
early upon stretch under the resting condition in the range be-
tween 1.8 and 2.8 µm. Therefore, as illustrated for our example
string of sarcomeres placed in a low contractile state (Fig. 6 B),
longer sarcomeres (nos. 2 and 4) shorten more extensively upon
systole by producing greater active force than shorter sarco-
meres (nos. 1, 3, and 5) via length-dependent activation (see

above). It is likely that shortening of sarcomeres at nos. 2 and 4
causes lengthening of those at nos. 1, 3, and 5, in which titin-
based passive force markedly increases. In turn, upon diastole,
high passive force–generating sarcomeres (nos. 1, 3, and 5) will
abruptly shorten, resulting in stretching of their neighbors
(nos. 2 and 4) and the generation of asynchronous movements
between sarcomeres. We consider that despite an increase in
ΔSL (Fig. 5 B) coupled with elongation of SL, asynchrony in
the movements of sarcomeres along myofibrils, as evidenced
by low CI (Fig. 5 A), promotes weakening of myocardial
contractile force. Ultimately, we postulate that this asyn-
chrony exacerbates the heart’s pump function under depressed
conditions.

It is worthwhile discussing the range of maximal (diastolic)
SL observed under depressed conditions (Fig. S16). As men-
tioned above, stiff N2B titin (compared with the more compliant
N2BA titin) is expressed in the mouse heart. In N2B titin, the
A-band region is composed of relatively simple patterns of Ig-
like and fibronectin type 3 repeats. With strong binding to the
rod portion of myosin andmyosin-binding protein C, this region
shows little or no compliance. In contrast, the I-band portion has
a complex sequence with distinct extensible segments: the tan-
dem Ig segments, the PEVK segment, and a region that has a
unique amino acid sequence called N2B (see Granzier and
Labeit, 2002, 2004; Fukuda et al., 2008, 2010). It has been re-
ported that when SL is elongated up to ∼2.25–2.3 µm (i.e., the
physiological limit), the PEVK and N2B sequences are
straightened and then stretched, resulting in the production of
passive force (see Granzier and Labeit, 2002, 2004; Fukuda
et al., 2008, 2010). Given the relatively long SL range in
myocytes at ΔLVP 7.2 and 4.7 mm Hg (Fig. S16), it is reasonable
to consider that N2B titin’s individual Ig domains are unfolded
in the majority of sarcomeres during diastole. While this issue
remains disputed (e.g., Trombitás et al., 1998), mechanical
studies have demonstrated that N2B titin-expressing myofi-
brils (from rats) can be stretched up to ∼2.5–2.6 µm, which
unfolds the Ig domains but causes no irreversible damage to the
sarcomere structure (Linke et al., 1999; Weiwad et al., 2000). It
can therefore be considered that in failing conditions with low
ventricular contractility, SL can be stretched beyond the
physiological limit to ∼2.5–2.6 µm, with unfolding of titin’s Ig
domains in the I-band.

One may point out that in the LV myocardium of rats and
mice, collagen is well developed, preventing myocytes from
stretching beyond the “physiological limit” (e.g., Wu et al., 1999).
However, a well-known study using intact rat ventricular tra-
beculae demonstrated that although average SL is set at ∼2.15
µm in the relaxed state, SL varies from ∼1.70 to ∼2.60 µm. Thus,
there is likely a coexistence of myocytes with various ranges of
SL at rest, including some that are longer than the “physiological
limit” (Kentish et al., 1986), in agreement with our present ob-
servations in a myocyte from a heart with reduced contractility
(ΔLVP 7.2 mm Hg; see Fig. S16).

Although the majority of sarcomeres were less than ∼2.5–2.6
µm in diastole, some sarcomeres were observed to fall outside
this range, especially under depressed contractile conditions
(Fig. S16). There could be two reasons for this. First, the myocyte
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relative to the confocal image planemay result in an overestimation
of SL (see Bub et al., 2010; Botcherby et al., 2013; Kobirumaki-
Shimozawa et al., 2016). Second, compared with normally func-
tioning hearts, myocardium exposed to depressed conditions tends
to exhibit unorganized, complex movements due to Ca2+ wave–
induced contractions inmyocytes proximal to the imaging site (see,
e.g., Shimozawa et al., 2017 for Ca2+ waves). Occasionally, because
of resulting movements in the Z-direction, the intensity of AcGFP
fluorescence in Z-disks was not sufficiently high to be detected by
our custom-made multipeak fitting program (see Kobirumaki-
Shimozawa et al., 2016), and, consequently, the length of two sar-
comeres would have been detected. It is therefore likely that
maximal (diastolic) SL values longer than ∼2.5–2.6 µm, especially
in the hearts of ΔLVP 7.2 and 4.7 mmHg, represent measurements
from two adjacent sarcomeres. Likewise, there could be two rea-
sons for the minimal SL values shorter than the A-band length
(i.e., ∼1.6 µm), which we observed under all contractile conditions
(Fig. S16). First, given the average value of 1.46 ± 0.22 (or 1.54 ±
0.16) μm at ΔLVP 96.4 (or 135.7) mm Hg, sarcomeres, and the
A-band in particular, may be reversibly deformed or distorted by
the high contractile force exerted under normal physiological or

high contractile conditions, resulting in SL values that are shorter
than the normal A-band length (i.e., ∼1.6 µm). Second, as men-
tioned above, noise accompanied by irregular movements of target
myocytes can steer our program to yield short SL values under all
contractile conditions.

In conclusion, we analyzed the dynamic behaviors of indi-
vidual sarcomeres along a myofibril in an LV myocyte of a
beating in vivo mouse heart under various contractile con-
ditions, and we demonstrated that sarcomere synchronization
was correlated with ventricular contractility. Future studies are
warranted to quantify how synchronized sarcomere movements
occur along a myofibril via distal intersarcomere interactions by
carefully measuring the phase of shortening or lengthening of
individual sarcomeres under various loaded conditions in iso-
lated single myofibrils (e.g., Shimamoto et al., 2009; Kagemoto
et al., 2018; de Souza Leite and Rassier, 2020; Kono et al., 2020;
and references therein). Likewise, it is important to investigate
whether a heterogeneous rise or fall of local [Ca2+]i plays a role
in the asynchrony of sarcomere movements at a variety of in-
otropic states (see Results and discussion VI in the supplemental
text) in the healthy and diseased heart.

Figure 6. Schematic illustrating the postulated mechanism of intramyofibril sarcomeric asynchrony in the in vivo beating heart. (A) Changes in the
lengths of five sequentially connected sarcomeres along a myofibril during a cardiac cycle under normal physiological conditions (e.g., ΔLVP 96.4 mm Hg in the
present study). Average SL during diastole is ∼2.05 µm (compare Fig. S16 and Kobirumaki-Shimozawa et al., 2016). Upon systole, sarcomeres at nos. 2 and 5
exhibit greater shortening than those at nos. 1 and 3 due to their longer SL (via length-dependent activation, see text; active force shown by pink closed
arrows). Concomitantly, the no. 4 sarcomere, which is short during diastole, is lengthened by its neighbors, producing inward-oriented, titin-based passive
force (blue closed arrows). Upon diastole, shortened sarcomeres (nos. 1, 2, 3, and 5) lengthen due, at least in part, to outward-oriented, titin-based restoring
force (blue open arrows in sarcomeres at nos. 2 and 5), but the one at no. 4 shortens due to inward-oriented, titin-based passive force (produced in systole),
causing asynchrony. (B) Sarcomere interactions during conditions of depressed contractility (ΔLVP <10 mm Hg; i.e., ΔLVP 7.2 or 4.7 mm Hg in the present
study). Average SL is greater than ∼2.25–2.30 µm during diastole (compare Fig. S16). Sarcomeres with longer diastolic lengths (nos. 2 and 4) exhibit greater
length-dependent activation (active force shown by pink closed arrows) and shorten upon systole at the expense of shorter sarcomeres, which are lengthened
(nos. 1, 3, and 5). Thus, titin-based passive force (blue closed arrows) markedly increases in sarcomeres at nos. 1, 3, and 5, causing them to abruptly shorten
upon diastole, stretching their neighbors (nos. 2 and 4). Consequently, sarcomeres move in marked asynchrony under depressed conditions.
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Supplemental material

Materials and methods

Echocardiography
A short-axis M-mode cine loop was recorded at the level of papillary muscles to assess LV end-diastolic and end-systolic internal
dimensions, posterior wall end-diastolic and end-systolic thicknesses, and LV function via measurement of fractional shortening
(FS) and ejection fraction (EF; based on Nadadur et al., 2016; Lindsey et al., 2018). Images were obtained with the Vevo 3100 High
Resolution Imaging System (Visual-Sonics) using the model MX550D scan head designed for mice. Following anesthetic induction
with ∼5% isoflurane, mice were placed in the supine position on a heated platform for echocardiography. Body temperature was
maintained at 37°C during measurement, and anesthesia was maintained with ∼0.5–1.0% isoflurane. HR was maintained in the
range of ∼400–500 bpm.

CellMask treatment
The mouse heart was treated with the plasma membrane stain CellMask Orange (CellMask; Thermo Fisher Scientific) according to
our previously published procedure (Kobirumaki-Shimozawa et al., 2018). Namely, animals were anesthetized with ∼2% isoflurane
and warmed at 38°C during ventilation. A small piece of gauze was placed on the LV surface of open-chest mice (i.e., second surgery
as in the text), and the CellMask solution (dissolved in PBS (−)) at a concentration of 0.1 μg/ml was gently dropped onto it for 5 min
using a pipette. CellMask-treated myocytes on the LV surface were excited by a 532-nm laser light (PID-1500; Snake Creek Lasers)
and observed under the microscopic system used for AcGFP imaging. The resultant fluorescence signals (emission filter, BA575IF;
Olympus Co.) were detected at a 512 × 80–pixel resolution at an exposure time of 4.82 ms.

Results and discussion I
We confirmed by using echocardiography that the first open-chest surgery did not affect macroscopic cardiac functions; namely,
echocardiography measurements revealed that the values of LVEF, FS, diastolic and systolic LV internal dimensions, and the
thickness of the ventricular wall in diastole and systole in mice 2 d after the surgery were similar to those in mice without surgery
(Fig. S1 and Table S1).

Results and discussion II
Recently, Garćıa-Olloqui et al. (2020) systematically investigated in mice the expression of cardiac-specific troponin T via adeno-
virus injections. They demonstrated that viral expression was detected by day 1 and reached a peak by days 3–7. The present result
that α-actinin-AcGFPwas expressed 2 d after an ADV injection is consistent with the finding of their previous work. Given, however,
the short period of time (2 d) between an ADV injection and the second open-chest operation for sarcomere imaging employed in the
present study, it is not impossible that local Ca2+ homeostasis, or local excitation–contraction coupling, or both, is affected via ADV
injection in nearby myocytes, even though the appropriate doses (1 × 1011 to 1 × 1012 viral particles/ml; determined in Kobirumaki-
Shimozawa et al., 2018) are used.

Results and discussion III
In order to confirm asynchronous sarcomere behaviors, we performed a control experiment in a CellMask-treated in vivo beating
heart because this procedure allows us to avoid the first open-chest surgery and adenovirus infection and hence is less invasive than
α-actinin-AcGFP expression. As previously shown by us (Kobirumaki-Shimozawa et al., 2018), clear striation patterns were ob-
served following CellMask treatment (Fig. S13 A and Video 5). First, we analyzed the precision of the single T-tubular distance
measurement in a myocyte in the left ventricle of the in vivo mouse heart at rest (Fig. S13 B and Video 5). The precision value for the
single T-tubular distance measurement was 110 nm at 197 fps (see Fig. S13 C).

In the in vivo beating mouse heart treated with CellMask, we selected three regions of interest (i.e., M1, M2, and M3) in an LV
myocyte when ΔLVP was 73.0 ± 0.3 mm Hg (HR, 492 ± 0.4 bpm; Fig. S14 A and Video 6). The CI values were 0.31 ± 0.18, 0.28 ± 0.11,
and 0.39 ± 0.15 for M1, M2, andM3, respectively (average, 0.33 ± 0.15; Table S3). This average value was similar to that at ΔLVP 96.4,
60.5, or 40.6 mm Hg with α-actinin-AcGFP expression (cf. Table 1). Irregular color configurations in the top row of the triangular
heat maps are consistent with the notion that the magnitude of contribution of individual sarcomeres (surrogated as the T-tubular
distances) to the average myofibrillar movements varies between sarcomeres (Fig. S14 B), as found with α-actinin-AcGFP ex-
pression. Likewise, color configurations were disordered in rows below the top, especially in the diagonal portion (i.e., one position
right of the leftmost edge), indicating asynchronous movements between adjacent sarcomeres. Moreover, individual sarcomeres
alternatively contributed to myofibrillar dynamics during six cardiac cycles (Fig. S14 C). These findings are consistent with those
obtained via α-actinin-AcGFP expression in the heart (see text for details). We therefore consider that the apparently low value of CI
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(∼0.3) is not caused by the procedures for α-actinin-AcGFP expression in Z-disks, such as the first open-chest surgery and ade-
novirus infection, but rather it represents a fundamental nature of the sarcomere dynamics in LV myocytes of the beating mouse
heart in vivo.

Results and discussion IV
In the present study, we used isoflurane to anesthetize mice as well as to depress ventricular contractility. Isoflurane is widely used
to anesthetize mice for various types of in vivo experiments, such as pressure–volume loop and echocardiography experiments in
the cardiovascular field; it exerts its negative inotropic effect on the heart via alteration of excitation–contraction coupling, as
evident by diminished intracellular Ca2+ transients (Bosnjak et al., 1992; Hanley and Loiselle, 1998; Davies et al., 2000). Numerous
earlier studies have suggested that the negative inotropic effect is caused via inhibition of L-type Ca2+ channels (e.g., Bosnjak et al.,
1991; Camara et al., 2001), not via an activating effect on cardiac ryanodine receptors (and the resultant depletion of Ca2+ in the SR;
e.g., Laver et al., 2017). Likewise, isoflurane may decrease myofibrillar Ca2+ sensitivity. Some investigators reported data that are
consistent with this idea (e.g., Murat et al., 1988; Bosnjak et al., 1992; Davies et al., 2000), whereas others concluded that a reduction
in myofilament Ca2+ sensitivity plays little or no role in the negative inotropic effects of isoflurane (e.g., Herland et al., 1993).
Therefore, it is reasonable to consider that the negative inotropic effect of isoflurane is primarily caused by suppression of Ca2+ entry
through L-type Ca2+ channels and subsequent reduction of the amount of Ca2+ release from the SR (Bosnjak et al., 1991; Camara et al.,
2001; Hannon and Cody, 2002). Therefore, it may be possible that isoflurane-induced changes in local [Ca2+]i in myocytes may
influence the magnitude of synchrony (CI) in myocytes, especially under deep anesthesia (Fig. 4). Future studies are needed to
investigate whether asynchronous sarcomere movements depend on the isoflurane concentration by simultaneously measuring
local [Ca2+]i and individual sarcomere movements in the in vivo beating heart (see Results and discussion VI).

Results and discussion V
As demonstrated in our previous study (Kobirumaki-Shimozawa et al., 2018), an ADV injection allows the expression of α-actinin-
AcGFP in a fewmyocytes in the left ventricle of a mouse, with the fraction of α-actinin-AcGFP–expressing myocytes being ∼10%. By
taking advantage of this methodological property, we further analyzed SL synchrony in myocytes at ΔLVP in the physiological and
near-physiological levels (i.e., mice with ΔLVP 96.4 and 60.5 mm Hg; see, e.g., Figs. 4 and 5 and Table 1). Fig. S20, A and B, shows
myocytes in the left ventricle of a mouse with ΔLVP 96.4 mm Hg, but at different pressure points (i.e., ΔLVP 107.7 ± 2.8 mm Hg, HR
464 ± 15.7 bpm; and ΔLVP 90.4 ± 4.1 mm Hg, HR 550 ± 22.6 bpm, respectively). We analyzed two myofibrils at ΔLVP 107.7 ± 2.8 mm
Hg and three myofibrils at 90.4 ± 4.1 mm Hg. We found that the average CI values were 0.49 ± 0.14 and 0.26 ± 0.31 for M1 and M2,
respectively, at 107.7 ± 2.8 mmHg (six cardiac cycles), and 0.25 ± 0.19, 0.28 ± 0.20, and 0.31 ± 0.13 for M1, M2, and M3, respectively,
at ΔLVP 90.4 ± 4.1 mm Hg (six cardiac cycles). Fig. S20, C and D, shows myocytes of the mouse with ΔLVP 60.5 mm Hg at different
pressure points (i.e., ΔLVP 87.2 ± 1.4 mmHg, HR 595 ± 0.4 bpm; and 70.5 ± 1.7 mmHg, HR 582 ± 25.3 bpm, respectively).We analyzed
three myofibrils at both pressures. It was found that the average CI values were 0.28 ± 0.23, 0.32 ± 0.23, and 0.34 ± 0.30 for M1, M2,
and M3, respectively, at 87.2 ± 1.4 mm Hg (seven cardiac cycles), and 0.25 ± 0.15, 0.29 ± 0.22, and 0.23 ± 0.28 for M1, M2, and M3,
respectively, at 70.5 ± 1.7 mm Hg (eight cardiac cycles).

Inclusion of these data revealed that there was a significant positive linear relationship (R = 0.75; P < 0.001) between ΔLVP and
contributing sarcomeres (Fig. S20 E; total 25 myofibrils at 10 pressure points). Similarly, a significant positive linear relationship
(R = 0.89; P < 0.001) was revealed between ΔLVP and average CI (Fig. S20 F), supporting the notion that ventricular pump function
is under the influence of sarcomere synchrony.

Results and discussion VI
We previously developed an experimental system for simultaneous nanoimaging of changes in the [Ca2+]i at Z-disks and in the
lengths of individual sarcomeres along a myofibril in rat neonatal cardiomyocytes (Tsukamoto et al., 2016). Namely, a FRET-based
Ca2+ sensor yellow Cameleon-Nano140 (kon and koff, ∼2.4 μM−1 s−1 and ∼0.3 s−1 at 25°C, respectively) was fused to α-actinin in order
to localize to Z-disks. We found that although local Ca2+ transients were synchronized along a myofibril, the sarcomere movements
were asynchronous (Tsukamoto et al., 2016). This previous finding is consistent with the notion that asynchronous behaviors of
individual sarcomere movements in LV myocytes in the in vivo beating heart occur independently of Ca2+ but via intrinsic inter-
sarcomere interactions. However, Sarai et al. (2002) demonstrated nonuniformity of individual sarcomere dynamics (shortening
and lengthening) coupled, presumably, with inhomogeneous local Ca2+ transients in isolated adult rat cardiomyocytes. Therefore,
future studies are needed to investigate whether asynchronous sarcomere movements are independent of Ca2+ by, for example,
expressing a fast-kinetics, Ca2+-sensitive fluorescent protein in Z-disks under an advanced microscope allowing simultaneous
nanoimaging of local [Ca2+]i and individual sarcomeric movements in LV myocytes in vivo at physiological heartbeat frequencies.
This is likewise because it cannot be ruled out completely that the presently found asynchronous sarcomere movements may be
caused by alteration of excitation–contraction coupling in myocytes at the single-sarcomere level due to technical procedures for
in vivo cardiac nanoimaging (e.g., coverslip setting, adenovirus infection, and the use of isoflurane).
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Figure S1. Echocardiographic evaluation of the LV structure and function in mice with and without the first open-chest surgery. (A and B) Rep-
resentative 2-D guided M-mode images of the left ventricle in a mouse without surgery (A) and the age-matched animal with surgery (B) during diastole (d) and
systole (s). In B, echocardiographic evaluation was performed 2 d after surgery. IVS, interventricular septum; LVID, LV internal dimension; LVPW, LV
posterior wall.
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Figure S2. Coverslip setting for nanoimaging of sarcomeres on the LV surface in an open-chest mouse. A coverslip set on a metal ring (denoted by Ring;
diameter, 12 mm) was gently placed on the LV surface of the heart (see Materials and methods). Animal head position is to the left. The LVP change caused by
this procedure is <5% (as in Kobirumaki-Shimozawa et al., 2016). The coverslip and catheter (inserted into the left ventricle via the apex) are indicated by white
arrows, and one of four glued areas (yellow circles; diameter,∼1 mm; ∼2 mm apart) is indicated by the yellow arrow. An observation area between glued areas
(dotted white circle; diameter, ∼2 mm) is likewise indicated by a white arrow. Scale bar, 2 mm.
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Figure S3. Fluctuation analysis for the length of a single sarcomere in a myocyte in an in vivo mouse heart at rest. (A) Confocal image showing a
myocyte expressed with α-actinin-AcGFP in Z-disks in the left ventricle of the heart at rest in a mouse (with greater than ∼5% isoflurane). The sarcomere
within the yellow-outlined rectangle (indicated by the arrowhead) was analyzed. Scale bar, 10 µm. See Video 1. (B) Time course of changes in SL. Imaging was
performed at 100 fps. (C) Histogram showing the variance of SL. Average SL, 2.260 ± 0.011 µm, indicating that the SD (i.e., index of spatial resolution) was
11 nm.
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Figure S4. Representative data showing SL changes in an LV myocyte in a mouse with normal systolic function. (A) Left: Confocal image of a myofibril
used for the analysis of sarcomeres (enlarged view of M1 in the yellow-outlined rectangle in Fig. 1 A). Right: Same as in left image, processed by Gaussian
smoothing filter (1 σ). Data on sarcomere nos. 1–6 are shown below. Scale bars, 10 µm. (B) Left: Confocal images for sarcomere nos. 1–6 at various time points
(i.e., 0.42, 0.43, 0.44, 0.45, and 0.46 s from the onset of imaging; compare Fig. 1 B). Sarcomere numbers are indicated on top and time points on left. Right:
Same as in left image, processed by Gaussian smoothing filter (1 σ). Plot profiles were obtained from the raw data (left). Colored lines below the plot profiles
indicate individual SLs (derived based on the plot profiles). Scale bars, 2 µm. (C) Data showing time course of changes in the lengths of sarcomere nos. 1–6
(sarcomere numbers indicated on right). At the midpoint of 0.44 s, SL values were 1.90, 1.79, 1.61, 1.89, 1.70, and 2.48 µm for sarcomere nos. 1, 2, 3, 4, 5, and 6,
respectively (shortest [no. 3] and longest [no. 6] sarcomeres indicated by arrows). Magnitudes of change in SL were 11.8%, 15.6%, 14.7%, 16.1%, 20.2%, and
28.7% for sarcomere nos. 1, 2, 3, 4, 5, and 6, respectively. See Video 2.
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Figure S5. Scatter plots between average and individual SLs in an LV myocyte of a mouse with normal systolic function. Data from M1 in Fig. 1 A
during six cardiac cycles are shown for sarcomere nos. 1–30 (79 plots for each sarcomere). Sarcomere number is shown on top of each graph. X axis, average SL
(average length of 30 sarcomeres); y axis, individual SL. Number in graph indicates CI for each sarcomere (i.e., R between average and individual SLs).
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Figure S6. In vivo tracking of individual sarcomeres in an LV myocyte of a mouse with low systolic function. (A) Top: Confocal image of a myocyte
expressing α-actinin-AcGFP in a mouse with ΔLVP 60.5 mm Hg. During six cardiac cycles, ΔLVP was 60.5 ± 4.2 mm Hg, and HR was 581 ± 6.6 bpm (Table 1). In
2 myofibrils, 16 and 14 sequentially connected sarcomeres (in yellow-outlined rectangles) were analyzed for M1 and M2, respectively. Numbers indicate
longitudinal positions of sarcomeres. Scale bar, 10 µm. See Video 3. Bottom: Color diagram showing CI between average and individual SLs during six cardiac
cycles for M1 and M2. Sarcomere numbers are indicated on top and cardiac cycle numbers on left. Data on the average of six cycles are shown on bottom.
(B) Top: Same as in A, in a mouse with ΔLVP 40.6 mm Hg. During six cardiac cycles, ΔLVP was 40.6 ± 2.5 mm Hg, and HR was 347 ± 7.9 bpm (Table 1). In
2 myofibrils, 32 and 35 sequentially connected sarcomeres (in yellow-outlined rectangles) were analyzed for M1 and M2, respectively. Numbers indicate
longitudinal positions of sarcomeres. Scale bar, 10 µm. See Video 4. Bottom: Color diagram showing CI between average and individual SLs during six cardiac
cycles for M1 and M2. Sarcomere numbers are indicated on top, and cardiac cycle numbers on left. Data on the average of six cycles are shown on bottom.
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Figure S7. Scatter plots between adjacent sarcomeres in an LV myocyte of a mouse with normal systolic function. Data obtained from M1 in Fig. 1 A
during six cardiac cycles were plotted for adjacent sarcomeres (i.e., from 1 versus 2 to 29 versus 30). Sarcomere numbers are indicated on x and y axes in each
graph. CI is indicated on bottom right in each graph.
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Figure S8. Representative data showing the time course of changes in individual versus average SLs in an LV myocyte of a mouse with normal
systolic function. (A) Time course of changes in an individual SL versus average SL showing a positive correlation during six cardiac cycles. Cardiac cycle
number is shown on top of each graph. Black circles, individual SL; blue squares, average SL. Sarcomere nos. 3, 25, 30, 23, 26, and 4 are shown for cycles 1, 2, 3,
4, 5, and 6, respectively. (B) Same as in A, showing a negative correlation during six cardiac cycles. Cardiac cycle number is shown on top of each graph. Black
circles, individual SL; blue squares, average SL. Sarcomere nos. 25, 18, 12, 13, 6, and 7 are shown for cycles 1, 2, 3, 4, 5, and 6, respectively. In A and B, data were
obtained from M1 in Fig. 1 A. Number in each graph indicates CI.
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Figure S9. Representative data for the time course of changes in individual SL versus LVP in an LV myocyte of a mouse with normal systolic
function. (A) Changes in an individual SL versus LVP (top) and an individual SL versus −LVP (bottom) showing a positive correlation. Data on sarcomere no. 3 in
M1 (Fig. 1 A) were plotted. Black and blue lines indicate SL and LVP (or −LVP), respectively. (B) Same as in A, showing a negative correlation. Data on sarcomere
no. 20 in M1 (Fig. 1 A) were plotted. Black and blue lines indicate SL and LVP (or −LVP), respectively. In A and B, number in bottom graph indicates CI. (C) Color
diagram showing CI between individual SLs (nos. 1–30) and −LVP during six cardiac cycles. Sarcomere numbers are indicated on top and cardiac cycle numbers
on left. Data on the average of six cycles are shown on bottom. Sarcomere nos. 3 (positive correlation; A) and 20 (negative correlation; B) are indicated by
arrows.
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Figure S10. Scatter plots between sarcomeres at the same longitudinal positions in neighboringmyofibrils in an LVmyocyte of amouse with normal
systolic function. Data from M1 and M2 in Fig. 3 A during six cardiac cycles are shown for sarcomeres located at the same longitudinal positions (i.e., nos.
1–30; 79 plots for each sarcomere). Longitudinal position is shown on top of each graph. X axis, individual SL in M1; y axis, individual SL in M2. Number in graph
indicates CI.
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Figure S11. Scatter plots between average and individual SLs in an LV myocyte of a mouse with normal systolic function. Data from M2 in Fig. 3 A
during six cardiac cycles are shown for sarcomere nos. 1–30 (79 plots for each sarcomere). X axis, average SL (average length of 30 sarcomeres); y axis,
individual SL. Sarcomere number is shown on top of each graph. Number in graph indicates CI for each sarcomere (i.e., R between average and individual SL).
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Figure S12. Triangular heat maps showing correlation between sarcomeres during consecutive cardiac cycles in a mouse with normal systolic
function. (A) Diagrams for M1 in Fig. 3 A (and Fig. 1 A). Correlation between average and individual sarcomeres (top row) and between an individual sarcomere
and other sarcomeres (second row and below) are shown. (B) Same as in A for M2 in Fig. 3 A. In A and B, CI is displayed on a color scale, as indicated on right
(i.e., from 1 [dark blue] to −1 [dark red]), and sarcomere number (i.e., from nos. 1–30 [or average, denoted as Avg.]), as indicated on top and left, of each row.
Data on six sequential cardiac cycles are shown.
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Figure S13. Fluctuation analysis for the T-tubular distance in a myocyte in an in vivo mouse heart at rest. (A) Confocal image showing a CellMask-
treated myocyte in the left ventricle of the heart at rest in a mouse (with greater than ∼5% isoflurane). The T-tubular distance in the yellow-outlined rectangle
(indicated by the arrowhead) was analyzed. Scale bar, 10 µm. See Video 5. (B) Time course of changes in the T-tubular distance. Imaging performed at 197 fps.
(C) Histogram showing the variance of the T-tubular distance. Average T-tubular distance was 2.11 ± 0.11 µm, indicating that the SD (i.e., index of single
T-tubular distance measurement resolution) was 110 nm.
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Figure S14. In vivo analysis of individual T-tubular distances in an LV myocyte of a mouse. (A) Confocal image of a CellMask-treated LV myocyte in a
heart of a mouse. ΔLVP, 73.0 ± 0.3 mm Hg; HR, 492 ± 0.4 bpm. In three myofibrils, five sequentially connected T-tubular distances (within yellow-outlined
rectangles) were analyzed (M1, M2, and M3). Arrowheads indicate T-tubule nos. 1 and 5, respectively. Scale bar, 10 µm. See Video 6. (B) Triangular heat maps
showing correlation between average and individual T-tubular distance (top row) and between an individual T-tubular distance and others in M1 (left), M2
(middle), and M3 (right; second row and below). Numbers for T-tubular distances are indicated on top and left of each row. (C) Color diagram showing CI
between average and individual T-tubular distances during six cardiac cycles for M1 (left), M2 (middle), and M3 (right). Cardiac cycle numbers are shown on left.
Numbers for T-tubular distances, same as in B. Bottom: Average of six cycles (i.e., same as top row in B) for each myofibril. In B and C, CI is shown based on a
color scale (i.e., from 1 [dark blue] to −1 [dark red]).
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Figure S15. In vivo tracking of individual sarcomeres along myofibrils in an LV myocyte of a mouse with high ΔLVP. (A) Confocal image of a myocyte
expressing α-actinin-AcGFP. ΔLVP, 135.7 ± 1.5 mm Hg; HR, 496 ± 0.4 bpm. Within the yellow-outlined rectangles, five, six, and five sequentially connected
sarcomeres were analyzed for M1, M2, and M3, respectively. Numbers indicate longitudinal positions of sarcomeres. Left and right arrowheads indicate
sarcomere nos. 1 and 5 (or 6), respectively. Scale bar, 10 µm. See Video 7. (B) Triangular heat maps showing correlation between average and individual SLs
(top row) and between an individual sarcomere and other sarcomeres in M1 (left), M2 (middle), and M3 (right; second row and below). (C) Color diagram
showing CI between average and individual SLs during seven cardiac cycles for M1 (left), M2 (middle), and M3 (right). Cardiac cycle numbers are shown on left.
Sarcomere numbers, same as in B. Bottom: Average of seven cycles (i.e., same as top row in B) for each myofibril. In B and C, CI is shown based on a color scale
(i.e., from 1 [dark blue] to −1 [dark red]).
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Figure S16. Individual SL distributions in LV myocytes of mice with normal and depressed systolic functions. (A) Histograms showing individual SL
distributions in mice with ΔLVP 135.7, 96.4, 7.2, and 4.7 mm Hg (from top to bottom). SL: 1.76 ± 0.18 (Fig. S15 A), 1.74 ± 0.24 (Fig. 3 A), 2.11 ± 0.24 (Fig. 4 A, top
left), and 2.03 ± 0.17 (Fig. 4 A, top right) μm for ΔLVP 135.7, 96.4, 7.2, and 4.7 mm Hg, respectively. (B) Same as in A, but the individual maximal SL (SLmax) and
minimal SL (SLmin) data frommice with ΔLVP 135.7, 96.4, 7.2, and 4.7 mmHg (from top to bottom) were plotted. SLmin, light gray; SLmax, dark gray. SLmin: 1.54 ±
0.16, 1.46 ± 0.22, 1.60 ± 0.28, and 1.67 ± 0.18 µm for ΔLVP 135.7, 96.4, 7.2, and 4.7 mm Hg, respectively. SLmax: 1.97 ± 0.17, 2.03 ± 0.26, 2.70 ± 0.45, and 2.37 ±
0.20 µm for ΔLVP 135.7, 96.4, 7.2, and 4.7 mm Hg, respectively. In A and B, two myofibrils were analyzed for 96.4 and 7.2 mm Hg and three myofibrils for 135.7
and 4.7 mm Hg.
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Figure S17. Time course of changes in LVP and average SL in an LV myocyte in a mouse under deep anesthesia. The mouse was anesthetized with ∼5%
isoflurane. Black line indicates changes in the average length of nine sarcomeres in M1 (M1 Avg. SL) in Fig. 4 A, top left. Blue line indicates changes in LVP. In
contrast to the mouse under normal physiological condition (ΔLVP 96.4 mm Hg), the LVP and average SL signals tended to be less coupled (compare Fig. 1 B).

Figure S18. In vivo tracking of individual sarcomeres in an LV myocyte of a mouse under deep anesthesia. (A) Top: Confocal image of a myocyte
expressing α-actinin-AcGFP in a mouse with ΔLVP 7.2 mm Hg. During eight cardiac cycles, ΔLVP was 7.2 ± 0.1 mm Hg, and HR was 159 ± 45.4 bpm (Table 1). In
the yellow-outlined rectangle, nine sequentially connected sarcomeres were analyzed for both M1 and M2. Numbers indicate longitudinal positions of sar-
comeres (i.e., nos. 1–9 for both M1 and M2). Scale bar, 10 µm. See Video 8. Bottom: Color diagram showing CI between average and individual SLs, from nos.
1 to 9, during eight cardiac cycles for M1 (left) and M2 (right). Sarcomere numbers are indicated on top and cardiac cycle numbers on left. Data on the average
of eight cycles are shown on bottom. (B) Top: Same as in A, in a mouse with ΔLVP 4.7 mm Hg. During three cardiac cycles, ΔLVP was 4.7 ± 0.2 mm Hg, and HR
was 80 ± 14.2 bpm (Table 1). In the yellow-outlined rectangle, seven sequentially connected sarcomeres were analyzed for M1, M2, and M3. Numbers indicate
longitudinal positions of sarcomeres (i.e., nos. 1–7 for M1, M2, and M3). Scale bar, 10 µm. See Video 9. Bottom: Color diagram showing CI between average and
individual SLs, from nos. 1 to 7, during three cardiac cycles for M1 (left), M2 (middle), and M3 (right). Sarcomere numbers are indicated on top and cardiac cycle
numbers on left. Data on the average of three cycles are shown on bottom. Arrowheads (with numbers) indicate longitudinal positions of sarcomeres.
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Figure S19. Interplay between sarcomeres connected in series in an LV myocyte of a mouse under deep anesthesia. (A) Graph showing CI for sar-
comeres located at positions 1–5 in a mouse with ΔLVP 7.2 mmHg. Data fromM1 and M2 in Fig. S18 A were pooled. Horizontal bars, average; vertical bars, SD.
**, P < 0.01; and ***, P < 0.001 compared with position 1. (B) Same as in A for sarcomeres located at positions 1–3 in a mouse with ΔLVP 4.7 mmHg. Data from
M1, M2, and M3 in Fig. S18 B are pooled. Horizontal bars, average; vertical bars, SD. ***, P < 0.001 compared with position 1. In A and B, sarcomeres at position
1 are adjacent to the ones at position 0. See Fig. 3 F for sarcomere geometry.
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Figure S20. In vivo tracking of individual sarcomeres along myofibrils in LV myocytes of mice at various systolic states. (A) Top: Confocal image of a
myocyte expressing α-actinin-AcGFP in the left ventricle of a mouse at ΔLVP 107.7 mm Hg (same myocyte as in Figs. 1 A and 3 A). Within the yellow-outlined
rectangles, 8 and 24 sequentially connected sarcomeres were analyzed for M1 and M2, respectively. Left and right arrowheads indicate sarcomere nos. 1 and 8
(or 24), respectively. Bottom: Color diagram showing CI between average and individual SLs during six cardiac cycles for M1 and M2. Average of six cycles is
shown. (B) Top: Same as in A, with ΔLVP at 90.4 mm Hg (∼0.5 mm distal to the myocyte in A from the same mouse). Within the yellow-outlined rectangles,
five, five, and six sequentially connected sarcomeres were analyzed for M1, M2, and M3, respectively. Arrowheads indicate sarcomere nos. 1 and 5 (or 6),
respectively. Bottom: Same as in A, during six cardiac cycles for M1, M2, and M3. Average of six cycles is shown. (C) Confocal image of a myocyte expressing
α-actinin-AcGFP in the left ventricle of a mouse at ΔLVP 87.2mmHg (∼0.5 mm distal to the myocyte shown in Fig. S6 A). Within the yellow-outlined rectangles,
seven, six, and seven sequentially connected sarcomeres were analyzed for M1, M2, and M3, respectively. Arrowheads indicate sarcomere nos. 1 and 7 (or 6),
respectively. Bottom: Color diagram showing CI between average and individual SLs during seven cardiac cycles for M1, M2, and M3. Average of seven cycles is
shown. (D) Same as in Cat ΔLVP 70.5 mm Hg (∼0.5 mm distal to the myocyte in C or that in Fig. S6 A from the same mouse). Within the yellow-outlined
rectangles, six, seven, and six sequentially connecting sarcomeres were analyzed for M1, M2, andM3, respectively. Arrowheads indicate sarcomere nos. 1 and 6
(or 7), respectively. Bottom: Same as in C, during eight cardiac cycles for M1, M2, andM3. Average of eight cycles is shown. In A–D, CI is shown based on a color
scale (i.e., from 1 [dark blue] to −1 [dark red]). Scale bars, 10 µm. (E) Relationship between ΔLVP and the fraction of contributing sarcomeres in myofibrils from
mice at various ΔLVP values. Closed circles, myofibrils in Fig. S15 A (135.7 mm Hg); closed squares, myofibrils in A (107.7 mm Hg), Fig. 3 A (96.4 mm Hg) and B
(90.4 mm Hg); closed diamonds, myofibrils in C (87.2 mm Hg) and D (70.5 mm Hg) and Fig. S6 A (60.5 mm Hg); open circles, myofibrils in Fig. S6 B (40.6 mm
Hg); open squares, myofibrils in Fig. S18 A (7.2 mmHg); open diamonds, myofibrils in Fig. S18 B (4.7 mmHg). Contributing sarcomeres are defined as those with
CI >0.2 in the average data of three to eight cardiac cycles. A significant linear relationship was observed (R = 0.75; P < 0.001). (F) Relationship between ΔLVP
and the average values of CI (Avg. CI) in myofibrils from mice with various ΔLVP values. Symbols, same as in E. Error bars indicate SD of Avg. CI (compare
Fig. 4 D). A significant linear relationship (R = 0.89; P < 0.001) was observed. In E and F, two myofibrils were analyzed for ΔLVP 107.7, 96.4, 60.5, 40.6, and
7.2 mm Hg, and three myofibrils were analyzed for 135.7, 90.4, 87.2, 70.5, and 4.7 mm Hg (see above for corresponding figures).
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Video 1. Image sequence of a myocyte in the left ventricle of a mouse at rest. A myocyte expressing α-actinin-AcGFP in the central part of the left
ventricle was imaged (see Fig. S3 A). Scale bar, 10 µm. Imaging performed at 100 fps.

Video 2. Image sequence of a myocyte in the left ventricle of a mouse with normal systolic function. ΔLVP 96.4 mm Hg. A myocyte expressing
α-actinin-AcGFP in the central part of the left ventricle was imaged (see Figs. 1 A and 3 A and Table 1). Scale bar, 10 µm. Imaging performed at 100 fps.

Video 3. Image sequence of a myocyte in the left ventricle of a mouse with low systolic function. ΔLVP 60.5 mm Hg. A myocyte expressing α-actinin-
AcGFP in the central part of the left ventricle was imaged (see Fig. S6 A and Table 1). Scale bar, 10 µm. Imaging performed at 100 fps.

Video 4. Image sequence of a myocyte in the left ventricle of a mouse with low systolic function. ΔLVP 40.6 mm Hg. A myocyte expressing α-actinin-
AcGFP in the central part of the left ventricle was imaged (see Fig. S6 B and Table 1). Scale bar, 10 µm. Imaging performed at 100 fps.

Video 5. Image sequence of a CellMask-stained myocyte in the left ventricle of a mouse at rest. A CellMask-stained myocyte in the central part of the
left ventricle was imaged (see Fig. S13 A). Scale bar, 10 µm. Imaging performed at 197 fps.

Video 6. Image sequence of a CellMask-stained myocyte in the left ventricle of a mouse. ΔLVP 73.0 mm Hg. CellMask-stained myocyte in the central
part of the left ventricle was imaged (see Fig. S14 A and Table S3). Scale bar, 10 µm. Imaging performed at 197 fps.

Video 7. Image sequence of a myocyte in the left ventricle of a mouse with high systolic function of ΔLVP 135.7 mmHg.Myocyte expressing α-actinin-
AcGFP located in the central part of the left ventricle was imaged (see Fig. S15 A and Table 1). Scale bar, 10 µm. Imaging performed at 100 fps.

Video 8. Image sequence of a myocyte in the left ventricle of a mouse under deep anesthesia with ΔLVP 7.2 mm Hg. Myocyte expressing α-actinin-
AcGFP located in the central part of the left ventricle was imaged (see Figs. 4 A and S18 A and Table 1). Scale bar, 10 µm. Imaging performed at 100 fps.

Video 9. Image sequence of a myocyte in the left ventricle of a mouse under deep anesthesia with ΔLVP 4.7 mm Hg. Myocyte expressing α-actinin-
AcGFP located in the central part of the left ventricle was imaged (see Figs. 4 A and S18 B and Table 1). Scale bar, 10 µm. Imaging performed at 100 fps.

Provided online are four tables. Table S1 summarizes echocardiographic data of mice with and without the first open-chest surgery.
Table S2 summarizes the average values of CI in sequential cardiac cycles under various contractile conditions. Table S3 summarizes
CI, LVP, and HR with CellMask treatment. Table S4 summarizes CI, LVP, and HR under physiological and near-physiological
contractile conditions.
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