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ABSTRACT Cardiomyocytes are contractile cells that regulate heart contraction. Ca2þ flux via Ca2þ channels activates acto-
myosin interactions, leading to cardiomyocyte contraction, which is modulated by physical factors (e.g., stretch, shear stress,
and hydrostatic pressure). We evaluated the mechanism triggering slow contractions using a high-pressure microscope to char-
acterize changes in cell morphology and intracellular Ca2þ concentration ([Ca2þ]i) in mouse cardiomyocytes exposed to high
hydrostatic pressures. We found that cardiomyocytes contracted slowly without an acute transient increase in [Ca2þ]i, while
a myosin ATPase inhibitor interrupted pressure-induced slow contractions. Furthermore, transmission electron microscopy
showed that, although the sarcomere length was shortened upon the application of 20 MPa, this pressure did not collapse
cellular structures such as the sarcolemma and sarcomeres. Our results suggest that pressure-induced slow contractions in car-
diomyocytes are driven by the activation of actomyosin interactions without an acute transient increase in [Ca2þ]i.
SIGNIFICANCE Cardiomyocytes are contractile cells in the heart. Physiological contraction is regulated by activation of
actomyosin interaction by an acute transient increase in [Ca2þ]i. This behavior is expected to be modified by high
hydrostatic pressure. In this study, we have reported that high pressure induces slow contraction in mouse
cardiomyocytes. We revealed that the pressure-induced slow contraction was initiated by the activation of actomyosin
interactions without an acute transient increase in [Ca2þ]i. The present study is the first report on cardiomyocyte behavior
at high-pressure levels.
INTRODUCTION

Cardiomyocytes are contractile cells that regulate contrac-
tion in the heart. Physiological cardiomyocyte contraction
is prohibited in the absence of intracellular Ca2þ since
myosin-binding sites on actin filaments are tightly covered
by the tropomyosin-troponin complex (1–6). Therefore,
the myosin heads of the filaments are unable to interact
with actin filaments. Ca2þ enters the cell through activated
Ca2þ channels, which subsequently initiates Ca2þ release
from the sarcoplasmic reticulum, the process of calcium-
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induced calcium release (CICR). CICR leads to an acute
transient increase in the intracellular Ca2þ concentration
([Ca2þ]i), which allows Ca2þ to bind to troponin C, trig-
gering conformational changes of the tropomyosin-troponin
complex and leading to actomyosin interactions (1–9). This
behavior induces cardiac contraction, which is modulated
by several physical conditions, such as stretch, shear stress,
and temperature (10–16). In addition to these physical fac-
tors, the hydrostatic pressure of 15–25 kPa (i.e., blood pres-
sure) is considered to be an essential modulator of cardiac
function (17–20). Thus, high hydrostatic pressure at the
megapascal level is also predicted to modify cardiac
contraction. This idea is well supported by previous exper-
iments on intact tissues (21–26) and purified proteins
(27–29) derived from striated muscle having sarcomere
structures. Hydrostatic pressure at tens of megapascals
could trigger muscle contraction at the tissue level by pro-
moting tropomyosin to shift its position on the actin
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Pressure-induced myocyte contraction
filament. However, cellular dynamics under high-pressure
conditions are still unclear due to the lack of a quantitative
measurement device.

Here, we investigated changes in the cellular dynamics of
live cardiomyocytes under high hydrostatic pressure using a
high-pressure microscope. Our study reports that high pres-
sure causes cardiomyocyte contraction by promoting acto-
myosin interaction without an acute transient increase in
[Ca2þ]i derived from CICR.
MATERIALS AND METHODS

Myocyte isolation

All experimental procedures were conducted in accordance with the Guid-

ing Principles for the Care and Use of Animals approved by the Council of

the Physiological Society of Japan. The Animal Subjects Committee of

Okayama University Graduate School of Medicine, Dentistry, and Pharma-

ceutical Sciences approved the animal experimental procedures. Ventricular

cardiomyocytes were isolated from the hearts of 18 male mice (C57BL/6J)

aged 8–12 weeks, as described previously (30). In brief, adult mice were

anesthetized with isoflurane (DS Pharma Animal Health, Osaka, Japan)

and injected intraperitoneally with 100 IU of heparin sodium (AY Pharma-

ceuticals, Tokyo, Japan). The mice were euthanized using isoflurane at

30 min postinjection. The heart was immediately excised and perfused on

a handmade Langendorff apparatus with oxygenated solution A (128 mM

NaCl, 2.6 mM KCl, 1.18 mM MgSO4, 1.18 mM KH2PO4, 10 mM

HEPES, 20 mM taurine, and 11 mM glucose [pH 7.4], adjusted with

NaOH) containing 10 mM 2,3-butanedione monoxime (BDM) (Sigma-

Aldrich, St. Louis, MO) at 36–38�C. Ventricular cardiomyocytes were iso-

lated using the enzyme Liberase TM Research Grade (Roche, Basel,

Switzerland). The isolated cells were placed in a storage solution (solution

A containing 1.8 mM CaCl2) for at least 30 min before the measurement.
High-pressure microscopy

We developed a high-pressure microscope optimized for achieving the best

images and stabilizing samples under high pressure up to 150 MPa, as re-

ported previously (31). This microscope allowed us to visualize the effects

of hydrostatic pressure on research targets, including molecular machines,

cells, and organisms (32–35). The high-pressure chamber for optical micro-

scopy was connected to a hand pump. The pressure apparatus was com-

bined with an inverted microscope (IX70; Olympus, Tokyo, Japan).

Microscopic observations were carried out using a long working distance

objective lens (LUCPlanFLN 40�; Olympus). Bright-field images were re-

corded with an EMCCD camera (Andor iXon X3; Oxford Instrument,

Abingdon, UK) at 1 frame s�1 and analyzed offline using Fiji/ImageJ soft-

ware (https://imagej.net/Fiji).

Isolated myocytes were put in normal Tyrode solution (140 mM NaCl,

5.4 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 5.0 mM HEPES, and

11 mM glucose [pH 7.4], adjusted with NaOH) in the high-pressure cham-

ber. All experiments were conducted at room temperature (23–25�C). The
cardiomyocyte morphology and sarcomere length (SL) were observed at

pressures of 5, 10, or 20 MPa. The pressure was controlled with an accuracy

of 51 MPa. The total elapsed time for pressure treatment of a cell popula-

tion was 3 min. After the release of the pressure, all cells were removed

from the chamber and the assay was repeated using the cells that had not

been exposed to high pressure.

The combination of the high-pressure microscope and measurement of

the SL, which is a suitable indicator of cell length, has allowed us to observe

accurate cellular kinetics in live cardiomyocytes under high pressure

(36,37). SL was analyzed offline using a SarcOptiM plug-in for Fiji/

ImageJ software (http://pccv.univ-tours.fr/ImageJ/SarcOptiM) according
to the provided instructions (36). The plug-in was developed to easily calcu-

late the SL from live-cell images using an optical microscope instead of

measuring the cell length, on which there is great variability among cardi-

omyocytes. From the images, a region of interest was selected along the

long axis of the cell. The fast Fourier transform (FFT) spectrum of the

sarcomere was calculated from the profile along the longitudinal axis of

the myocytes. The corresponding SL was then determined by considering

the X coordinate of the peak in the FFT spectrum and the pixel size

(0.4 mm).
High-hydrostatic pressure vessel system

A high-hydrostatic pressure vessel system (see Fig. S1) was used to apply

high pressure to cells. The system was composed of a pressure vessel and a

hand pump (S-8/8CC, WP-1B; RIKEN SEIKI, Japan). Isolated cardiomyo-

cytes were inserted into the pressure vessel, and the vessel cap (LP-8/8;

RIKEN SEIKI) was tightly closed. Then, hydrostatic pressure was applied

using the hand pump. The hydrostatic pressure in the vessel could be

increased and decreased in increments of 5 MPa. High-hydrostatic pressure

was maintained for 5 min. Immediately after releasing the pressure, the

cells were fixed with 4% paraformaldehyde in phosphate-buffered saline

(PBS) overnight at room temperature (23–25�C). After cell fixation, the
SL was measured using IonOptix hardware and software (IonOptix Corpo-

ration, Milton, MA) and an inverted microscope (IX70; Olympus), as

described previously (30).
Transmission electron microscopy

The effect of high hydrostatic pressure on intracellular structures was inves-

tigated using transmission electron microscopy (TEM). The specimens

were prepared for TEM as described previously (38). In brief, ambient pres-

sure (0.1MPa) or high hydrostatic pressure (20 MPa) was applied to the iso-

lated cardiomyocytes for 5 min using the high-hydrostatic pressure vessel

system. Immediately after releasing the high pressure, the isolated ventric-

ular myocytes were placed in half Karnovsky solution (2.5% glutaralde-

hyde and 2% paraformaldehyde in PBS [pH 7.4]) and fixed overnight at

room temperature (23–25�C). The fixed cells were embedded in a low-vis-

cosity acrylic embedding medium (LR white resin; Agar Scientific,

Stansted, UK). The resin block was sectioned to a thickness of 90 nm.

The tissue contrast was enhanced by exposure to 2% aqueous uranyl acetate

for 5 min, after which it was rinsed in ultrapure sterile water and exposed

for 5 min to lead citrate. The sections were imaged using a transmission

electron microscope (H-7650; Hitachi, Tokyo, Japan).
High-pressure fluorescence spectroscopy

A high-pressure optical chamber was constructed for absorption and fluo-

rescence spectroscopy measurements as reported previously (39,40). The

chamber was connected to a hand pump (HP-150; Syn Corporation,

Kyoto, Japan). The chamber was then placed inside a fluorescence spec-

trometer (F-2500; Hitachi). The sample solution was enclosed in an inner

cuvette (optical pathlength, 4 mm; inner volume, �0.25 mL) and inserted

into the main body of the chamber. The excitation wavelength used was

488 nm. The emission spectra were scanned from 500 to 600 nm for a

Ca2þ indicator (Cal-520 sodium salt; AAT Bioquest, Sunnyvale, CA).

The indicator concentration was 5 nM in EGTA-buffered solutions

(30 mM HEPES, 6.2 mM MgCl2, and 30 mM EGTA) containing

different concentrations of free Ca2þ (0, 101, and 206 nM prepared by

adding 0, 10, and 14.5 mM CaCO3, respectively) at 0.1 MPa. The pH

of each solution was adjusted to 7.2 using KOH. All the experiments

were performed at room temperature (23–25�C). The indicator concen-

tration was corrected based on the density of the distilled water at

each pressure point (41).
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Calcium imaging

Cal-520 acetoxymethyl ester (Cal-520 AM; AAT Bioquest) was used as an

organic Ca2þ dye to record [Ca2þ]i, as described previously (42). Isolated

cardiomyocytes were dye-loaded at room temperature (23–25�C) by incu-

bation for 30 min with 4.5 mM Cal-520 AM in normal Tyrode solution, and

then the cells were washed with normal Tyrode solution for 30 min before

imaging. The cytosolic Ca2þ signal was measured on the abovementioned

high-pressure microscope. Cells were exposed to ambient pressure

(0.1 MPa) or high pressure (20 MPa) in normal Tyrode solution. Cal-520

was excited at a wavelength of 470–495 nm using a mercury lamp (Filter

cube: U-FBNA; Olympus). Light emitted at a wavelength of 510–550 nm

was captured using the EMCCD camera. Images were acquired at

10 frame s�1. After collecting the images, the signal intensity was measured

offline using the Fiji/Image J software.
Statistical analysis

The results are expressed as mean5 standard error of the mean (SEM). All

results were compared using Student’s paired t-test or one-way analysis of

variance with Bonferroni’s or Dunnett’s post hoc test, as appropriate. Statis-

tical significance is defined for each experiment, with default set to p< 0.05.
RESULTS AND DISCUSSION

Morphological changes of cardiomyocytes at
high pressure

Live ventricular cardiomyocytes, enzymatically isolated
from the hearts of C57BL/6J mice, were visualized
under high-pressure conditions using a high-pressure
microscope. The cardiomyocytes were introduced into a
high-pressure chamber for optical microscopy and the
pressure-induced changes of cell shape and SL were
observed. At 0.1 MPa, the cell length and width (the
cell long and short axis, respectively) remained constant
with time (Video S1). At 5–20 MPa, the cell length slowly
decreased by �17% and the cell width increased by �11%
relative to the low-pressure controls, indicating that high
pressure induces slow contraction compared with the
physiological contraction (Fig. 1 A, Videos S2–S4, and
Table 1). In physiological myocyte contraction, the cell
length decreases within 1 s by �12% while the cell width
increases by �6% relative to the relaxed cells as the total
volume of the intact muscle remains constant (43–45),
indicating that pressure-induced cell shortening (i.e.,
change in cell morphology) resembles physiological
contraction with electrical stimulation derived from car-
diac pacemaker cells.

The SL was measured to provide a more accurate indica-
tor of cell contraction since the SL is representative of cell
length. The position of the peak in the FFT spectrum of
the sarcomere was shifted (Fig. 1 A), showing a decrease
in the SL when the cell length shortened under high pres-
sure. Data of SL versus cell length were fitted to a line
with a slope of 0.79 5 0.09 (mean 5 fitting error), demon-
strating that the change in SL was highly correlated with the
change in cell length (Fig. S2).
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Fig. 1 B displays time courses of SL at each pressure.
At 0.1 MPa, the SL remained constant with time. On the
other hand, the SL slowly decreased with time at
5–20 MPa. When applying pressure of 5 MPa, the SL
slightly shortened with time, while a significant decrease
in SL was not detected at its end state. The SL signifi-
cantly decreased with increasing pressure at the end state
under pressure of 10 and 20 MPa (Fig. 1 C). In addition,
the high pressure decreased the time constant calculated
from the exponential curve fitting, which is an indicator
of the monophasic cell contraction speed, from 70 s at
5 MPa to 5 s at 20 MPa (Fig. 1 B), indicating that the pres-
sure-induced contraction speed accelerated with an in-
crease in pressure from 5 to 20 MPa. When focusing on
a single twitch elicited by electrical stimulation (i.e.,
physiological cardiomyocyte contraction), the time to
peak twitch of a single twitch, which is the indicator of
the physiological contraction speed, is approximately
0.2 s (35). Therefore, the cell contraction speed was
entirely different between the pressure-induced slow
contraction and physiological contraction, although the
percentage changes in cell length and width in the pres-
sure-induced slow contraction were similar to those in
the physiological contraction, as described above, suggest-
ing that pressure-induced slow contraction resulted from
a mechanism different from that of physiological
contraction.

Pressure-induced contraction was also confirmed using a
high-pressure vessel system. The cardiomyocytes were
introduced into the high-hydrostatic pressure vessel system.
The measured SL was 1.88 5 0.02 mm (mean 5 SEM,
n¼ 29) under ambient conditions (Fig. S3), which is consis-
tent with previously reported values of SL (42,46) and con-
firms that cell shortening is not observed in the absence of
pressure. Hydrostatic pressures of 5, 10, and 20 MPa
were applied for 5 min to the cells in the pressure vessel.
Immediately after releasing the pressure, the cells were
chemically fixed with 4% paraformaldehyde in PBS. Subse-
quently, the detailed cellular structure and SL were moni-
tored using an optical microscope. Clear sarcomere
structure, forming a striped pattern, was observed in these
cardiomyocytes (Fig. S3 A). The pressure treatment at
20 MPa for 5 min shortened the SL (1.61 5 0.01 mm
[mean5 SEM, n¼ 32]) compared with the slack SL values.
The SL monotonically decreased with increasing pressure
(Fig. S3 B).

We further examined the alteration of the sarcomere
structure under high pressure at high resolution using
TEM. TEM images of cells exposed to 20 MPa show
that sarcomere structures, the region between two Z lines,
were shortened, and light isotropic (I) bands were not de-
tected (Fig. 1 D). At the same time, the sarcomere and
sarcolemma did not collapse. In contrast, images collected
at 0.1 MPa show a central dark anisotropic (A) band and
two adjacent half I bands in the sarcomere, indicating



FIGURE 1 High hydrostatic pressure induced slow contraction in mouse cardiomyocytes. (A) Cardiomyocyte images and their computed FFT spectrum of

sarcomere during the application of the pressure at 20 MPa. The gradual shift of the peak position in the FFT spectrum to higher frequency corresponds to a

decrease in the SL. The black inset is magnified in the lower right corner of the image. Scale bar, 20 mm. (B) The time-dependent SL alteration under ambient

pressure (0.1 MPa) and high pressure (5, 10, and 20 MPa). The SL gradually declined under pressures of 5, 10, and 20 MPa, while it remained constant under

ambient pressure. Each different data point represents the different cells. (C) Comparison of SL under each pressure condition (5, 10, and 20 MPa). Pressures

of 5, 10, and 20 MPa (n¼ 11, 8, and 12 cells, respectively) led to a decrease in SL compared with the ambient pressure of 0.1 MPa (n¼ 12 cells). **p< 0.01.

Images recorded at 1 frame s�1. Refer to Videos S1–S4. (D) TEM images of a single cardiomyocyte before and after the application of 20 MPa pressure. The

images show that the I band was clear at a pressure of 0.1 MPa, whereas it was undetectable at a pressure of 20 MPa. No collapse of sarcomere structures

(A band and Z line) was observed. Quantification of intensities derived from the white line on each image. The lowest intensity peak (darker line) corresponds

to the Z line, and the second-lowest intensity peak (lighter line) corresponds to the M line. Although the I band was detected at 0.1 MPa pressure, it dis-

appeared after the application of high pressure at 20 MPa, indicating cardiomyocyte contraction. Scale bar, 500 nm.

Pressure-induced myocyte contraction
the slack SL of the cardiomyocytes (Figs. 1 D and S4). No
remarkable changes have been observed in the structure of
the sarcomere and sarcolemma in striated muscle with
pressures of up to 100 MPa (47). These findings are
consistent with the results we obtained at 20 MPa, sug-
gesting that high pressure induces cardiomyocyte contrac-
TABLE 1 Normalized cell length and width using the initial value (

0.1 MPa (n ¼ 13) 5 MPa (n ¼
Cell length 1.00 5 0.05 0.99 5 0.0

Cell width 1.00 5 0.07 1.05 5 0.0

Values are mean 5 SEM.
tions without any collapse in sarcomere and sarcolemma
structures.

We observed that the application of pressures at 20 MPa
disrupted cardiomyocyte structure in several experiments
(Fig. S5 and Video S5). These cardiomyocytes with mem-
brane damage by extremely high collagenase and protease
t ¼ 0 s) at pressures

5) 10 MPa (n ¼ 8) 20 MPa (n ¼ 19)

7 0.93 5 0.05 0.83 5 0.04

3 1.07 5 0.09 1.11 5 0.06
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FIGURE 2 Effects of myosin ATPase inhibitor

(BDM) on the pressure-induced slow contraction.

(A) The pressure-induced slow contraction in live

cardiomyocytes is observed in normal Tyrode solu-

tion during the application of pressure (upper

panel), while its slow contraction is not observed

in BDM-containing Tyrode solution (lower panel).

Images were recorded at 1 frame s�1. Refer to

Videos S4 and S6. (B) BDM significantly inhibits

the pressure-induced shortening in cells chemically

fixed after the pressure treatment (n ¼ 30 cells),

while the shortening is still observed in the absence

of BDM (n ¼ 30 cells). ***p < 0.001.

Yamaguchi et al.
activities during cell isolation may be caused by the
slow contraction at high pressure (48). Pressure application
experiments were performed on cells with no observed
structural disruption. Thus, cellular function in the cardio-
myocytes would be preserved under high pressure when
pressure-induced slow contraction is observed in the
cardiomyocytes.
Pressure-induced slow contraction inhibited by
myosin ATPase inhibitor

The molecular mechanism of actomyosin interaction in car-
diomyocyte contraction is well studied (49,50). At high con-
centrations (50 mM), the non-selective myosin ATPase
inhibitor BDM weakens the interaction between actin and
myosin by stabilizing the myosin-ADP-Pi intermediate
(51–53). We investigated the effects of BDM on live cardi-
omyocytes at 20 MPa. High-pressure microscopy revealed
the time course of SL changes in the BDM-containing
Tyrode solution (Fig. 2 A and Video S6). Although the SL
gradually decreased with time in the absence of BDM (up-
per panel in Fig. 2 A), applied pressure of 20 MPa did not
significantly change the SL in the presence of BDM (lower
panel in Fig. 2 A).

Next, we further verified the effects of BDM on cells
chemically fixed following pressure treatment. Pressure of
20 MPa significantly decreased the SL on the cells in the
absence of BDM, whereas the pressure-induced shortening
of the SL was significantly suppressed with 50 mM BDM
in Tyrode solution, as observed in live cells (Fig. 2 B). Car-
diomyocytes, therefore, contracted at high pressure with
slow speed, which was generated by the actomyosin interac-
tion activated by high pressure.
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Calcium imaging of cardiomyocytes exposed to
high pressure

Cardiomyocyte contraction occurs as a result of actomyosin
interaction alterations, which are regulated by acute tran-
sient changes in [Ca2þ]i (7–9). We investigated the relation-
ship between pressure-induced slow contractions and an
acute transient increase in cytosolic Ca2þ levels in cardio-
myocytes. The change in the cytosolic Ca2þ at high-pres-
sure levels was assessed by measuring the Cal-520
fluorescence intensity in cardiomyocytes with high-pressure
microscopy. We first confirmed the effect of high hydro-
static pressure on the Cal-520 fluorescence intensity. The
emission spectra were recorded at pressures ranging from
0.1 to 50 MPa. High pressure tends to decrease the fluores-
cence intensity, which is similar to previously reported re-
sults using the different fluorescence indicators of Fluo-4
(54). The pressure of 20 MPa reduced the intensity of Cal-
520 by only 13–15% when the free Ca2þ concentration
was 100–200 nM, which assumes a diastolic internal Ca2þ

concentration of 150 nM (Fig. S6) (7). Furthermore, we
confirmed the acute change in cytosolic Ca2þ fluorescence
intensity during the Ca2þ wave using the high-pressure mi-
croscope (see Fig. S7 and Video S7). Subsequently, cyto-
solic Ca2þ fluorescence intensities were recorded under
each pressure condition (0.1 and 20 MPa). Fig. 3 A shows
sequential grayscale Ca2þ images of the same cardiomyo-
cyte at 20 MPa. Although the cells contracted slowly at
20 MPa, the cytosolic Ca2þ fluorescence intensity showed
no acute transient change (Fig. 3 B and Video S8). Similarly,
the cytosolic Ca2þ fluorescence intensity at 0.1 MPa showed
no acute change, while photobleaching was observed since
the slope of linear regression for the normalized fluores-
cence intensity at 0.1 MPa was (�5 5 1) �10�4 s�1



FIGURE 3 Alteration in intracellular Ca2þ of cardiomyocytes under high-hydrostatic pressure. (A) Sequential grayscale images of Ca2þ fluorescence in-

tensity in cardiomyocytes at 20 MPa pressure; Ca2þ intensity remains constant with time. Scale bars, 10 mm. (B) Time-dependent change of normalized Ca2þ

intensity to maximal Ca2þ intensity in cardiomyocytes under each pressure condition (0.1 MPa [n¼ 4 cells]; 20 MPa [n¼ 6 cells]). (C) Comparison of Ca2þ

intensity between 0.1 and 20 MPa (n¼ 4 and 6 cells, respectively) at the initial (t¼ 0 s) and end (t¼ 30 s) states. N.S., not significant. Images were recorded

at 10 frame s�1. Refer to Videos S8 and S9.

Pressure-induced myocyte contraction
(mean5 fitting error) (Fig. 3 B and Video S7). The fluores-
cence intensity at 20 MPa was not significantly different
from that at 0.1 MPa (Fig. 3 C). These results are consistent
with those of a previous study in skeletal muscle showing
that cytosolic Ca2þ fluorescence remains constant at an
applied pressure of 10–20 MPa. (44). Pressure-induced skel-
etal muscle contraction is observed at low Ca2þ levels
(pCa > 6.0), while pressure-induced muscle relaxation is
observed at high Ca2þ levels (pCa < 5.5) (55). Although
we did not observe a significant increase in cytosolic Ca2þ

at high pressure in the present study, we noted that the cyto-
solic Ca2þ intensity slightly increased at 20 MPa because
the slope of linear regression for the normalized fluores-
cence intensity at 20 MPa was (3 5 1) � 10�4 s�1

(mean 5 fitting error) (Fig. 3 B). One possibility is that
there was a slow increase in leakage from Ca2þ stores under
high pressure without an acute transient increase in [Ca2þ]i
since mechanical stresses, such as stretch and hydrostatic
pressure, have been reported to cause Ca2þ leaks in cardio-
myocytes and Chlamydomonas cells (33,42). The accumu-
lation of the Ca2þ leak, generated by high pressure, may
cause a slow and slight increase in intracellular Ca2þ, bind-
ing to the tropomyosin-troponin complex to initiate actomy-
osin interaction. Another possibility is that the increase in
fluorescence intensity is attributed to the increase in intra-
cellular chromophore concentration with the increase in my-
ocyte thickness when it shortens. However, the lack of a
significant difference in cytosolic Ca2þ between 0.1 and
20 MPa due to the decrease in fluorescence intensity under
high pressure would compensate for this increase. There-
fore, our findings suggest that high-pressure-induced
contraction can be observed in cardiac myocytes without
an acute transient increase in [Ca2þ]i induced by CICR.
A model of pressure-induced slow contraction

The effect of high hydrostatic pressure on contraction in
striated muscle has been well studied for approximately
100 years (21–26,56). Hydrostatic pressure between 5 and
40 MPa augments contraction in the striated muscle, and
pressures up to 240 MPa promote subdomain unfolding of
tropomyosin, indicating that high pressure might activate
the tropomyosin-troponin complex and promote binding to
Ca2þ (21–27). Meanwhile, pressures up to 200 MPa do
not accelerate the myosin binding to actin, although high
pressures up to 100 MPa activate myosin ATPase activity
(28,29).

We propose the following model. Applied pressure causes
part of the tropomyosin-troponin complex to dissociate from
actin filaments (1,2). Several myosin-binding sites on the
actin filament are thus exposed, which promotes actomyosin
interactions (3,11,49). Since only a limited number of
myosin can interact at a given time, the cardiomyocyte
shortens with a slow speed under high pressure. In addition
to the tropomyosin-troponin complex, the applied pressure
might affect titin molecules, which interact with actin fila-
ments, affecting the slow contraction of cardiomyocytes un-
der high pressure [57–60]. Therefore, the underlying
mechanism of the pressure-induced contraction is consid-
ered to be unique from that of the physiological contraction
of the muscle. Within relaxed skeletal muscle, it has been
observed that passive tension increases modestly at high
pressures up to 10 MPa. These results further suggest that
high pressure initiates contractions (25,61). This type of
response could be conserved in the striated muscle.

In this study, we increased hydrostatic pressures up to
20 MPa, which is significantly higher than physiological
Biophysical Journal 121, 3286–3294, September 6, 2022 3291



Yamaguchi et al.
hydrostatic pressure derived from blood pressure. However,
this pressure is insufficient to alter the tertiary structure and
enzymatic activity of contractile proteins (62–67). Skeletal
muscle myosin at 20 MPa still exhibits ATPase activity
and conserves its motility functions (28). Other ATP-driven
molecular motors also maintain roughly the same activity as
under ambient pressure (33,68). Meanwhile, the application
of such relatively low pressure can enhance protein hydra-
tion by increasing the water density (41), which weakens
the intermolecular interactions between protein molecules.
For example, the application of �20 MPa of pressure has
been shown to depolymerize microtubules in vivo and
in vitro (68,69), suggesting that water molecules invade
into mutual binding sites between tubulin molecules. In
addition, it has been reported that the application of only
1 MPa of pressure immediately induces nuclear localization
of DAF-16 in C. elegans (35). Although the pressure used in
this study is not enough to change the protein structure and
function, there is no doubt that it alters intracellular pro-
cesses. Our model remains speculative due to a lack of
direct evidence of pressure sensitivity on contractile pro-
teins at high pressure. Therefore, further studies are required
to clarify the detailed mechanism of pressure-induced slow
contraction using a combination of high-pressure micro-
scopy and purified contractile proteins, including actin,
myosin, tropomyosin, and troponin.
CONCLUSION

This study is, to our knowledge, the first to report live car-
diomyocyte dynamics under high hydrostatic pressure.
Our data show that high hydrostatic pressure perturbs the
steady state of cardiac muscle cells. The pressure-induced
slow contraction in cardiomyocytes is caused by the initia-
tion of actomyosin interaction under high pressure without
the acute transient increase in [Ca2þ]i induced by CICR.
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