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In the present study, we investigated the effects of infra-red laser irradiation on sarcomere dynamics in
living neonatal cardiomyocytes of the rat. A rapid increase in temperature to >~38°C induced
[Ca?*]i-independent high-frequency (~5-10 Hz) sarcomeric auto-oscillations (Hyperthermal Sarcomeric
Oscillations; HSOs). In myocytes with the intact sarcoplasmic reticular functions, HSOs coexisted with
[Ca**]-dependent spontaneous beating in the same sarcomeres, with markedly varying frequencies
(~10 and ~1 Hz for the former and latter, respectively). HSOs likewise occurred following blockade of
the sarcoplasmic reticular functions, with the amplitude becoming larger and the frequency lower in a
time-dependent manner. The present findings suggest that in the mammalian heart, sarcomeres
spontaneously oscillate at higher frequencies than the sinus rhythm at temperatures slightly above the
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physiologically relevant levels.
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1. Introduction

It is well established that an increase in body temperature,
albeit by a slight magnitude, results in dramatic changes in the
functions of various organs, coupled with altered cellular homeo-
stasis. In the heart, an increase in the temperature causes a positive
chronotropic effect, coupled with acceleration of the pacemaker
activity [1,2].

We previously demonstrated that microscopic heat pulses (AT,
~0.2 °C) induced Ca®* transients in HeLa cells [3]. It has likewise
been reported that rapid increases in temperature by increments
of ~0.5°C depolarize cellular membranes [4,5]. These previous
studies highlight the importance of temperature change by merely
<~1°C in the modulation of cellular functions. In cardiovascular
research, recent studies demonstrated that infra-red (IR) laser

Abbreviations: F.I, fluorescence intensity; [Ca®*]; intracellular Ca®>* concentra-
tion; HSOs, Hyperthermal Sarcomeric Oscillations; SL, sarcomere length; SR,
sarcoplasmic reticulum.
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irradiation induced cardiac beating in various specimens [6-8]),
coupled presumably with acceleration of membrane depolariza-
tion [4,5]. In contrast to these previous studies focusing on myo-
cardial membrane functions, we demonstrated that an increase
in solution temperature from 36 to 41-43 °C (i.e., AT, 5-7 °C)
induced Ca®*-independent, actomyosin-based isotonic contrac-
tions in isolated adult ventricular myocytes of the rat [9].

The state of myocardial sarcomeres depends on the “on-off”’
equilibrium of the thin filament, regulated not only by the intracel-
lular Ca?* concentration ([Ca?'];) but also by strongly bound cross-
bridges, in a cooperative fashion [10,11]. Because of the graded
nature of the “on-off’ regulation, cardiac sarcomeres exhibit
spontaneous oscillations (SPOCs) at partial activation (i.e., at the
non-equilibrium state) when both the force-generating and non-
force-generating cross-bridges co-exist over certain threshold pop-
ulations (i.e., minimum requirement for SPOCs), in the steady-state
ionic environment [12].

In the present study, using living neonatal cardiomyocytes, we
tested the hypothesis that rapid changes in temperature (within
or slightly above the physiologically relevant temperature levels)
modulate the state of myocardial sarcomeres via alteration of the
thin filament “on-off” equilibrium, i.e., relaxation, oscillations
and contraction. Experimental findings were analyzed by taking
advantage of sarcomere length (SL) nanometry [13].
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2. Materials and methods

All of the experiments in the present study conformed to the
Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996).

2.1. Microscopic system

Real-time nanoimaging was performed based on our previous
studies [13] using an inverted optical microscope (IX-70; Olympus
Co., Tokyo, Japan) equipped with an electron-multiplying charge
coupled device camera (iXon +897; Andor Technology, Belfast,
UK) using a 60x oil immersion objective (N/A, 1.45). A 488 nm
laser [FITEL HPU50211 (Blue); Furukawa Electric, Tokyo, Japan]
was used for the excitation of AcGFP in the Z-disks of cardiomyo-
cytes, and epi-illumination fluorescence was obtained. As in our
previous study [13], we measured the changes in [Ca?*]; simulta-
neously with sarcomeric motions, and the myocytes were bathed
in a solution containing 2 pM Fluo-8-AM (Dojindo, Kumamoto,
Japan) for 20 min at 25 +0.5°C. To obtain the highest possible
precision in the SL displacement measurement (i.e., 8 nm in the
present study; same level as in our previous study [13] on
Fluo-4-loaded myocytes), we performed imaging experiments at
a video rate, 33 fps, throughout experimentation.

The temperature of the extracellular solution was controlled
with an error of 0.2 °C by a thermostatically controlled incubator
on the sample stage (INUG2-ONICS, Tokai Hit, Tokyo, Japan), and
measured with a digital thermometer (ASF-250T, AS ONE, Osaka,
Japan). The solution was directly heated by focusing the IR laser
beam with a wavelength of 1455 nm (KPS-STD-BT-RFL-1455-02-
CO, Keopsys, Lannion, France). The changes in temperature were
calculated from thermal quenching of the fluorescent dye
europium thenoyltrifluoroacetonate trihydrate (Eu-TTA) (Acros
Organics, Pittsburgh, PA) coated on the glass-based dish. Eu-TTA
(5 mg/ml) and PMMA (10 mg/ml) in acetone were spin-coated on
glass-based dishes. The temperature sensitivity of the fluorescence
intensity was —2.8% at 25 °C. A mercury lamp (Olympus) and an
excitation filter (BP360-370, Olympus) were used for the excitation
of Eu-TTA (as in [14]).

2.2. Experimental procedure

Nano-imaging was performed 1 day after pAcGFP-actinin plas-
mid transfection [13]. In experiments with IR laser irradiation, a
cell culture medium [Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F-12, HEPES) (Life Technologies) supple-
mented with 10% fetal bovine serum (Life Technologies),
100 Unit/ml penicillin and 100 pg/ml streptomycin (Life Technolo-
gies)] was used as the bathing solution. For experiments on non-
beating myocytes, we added 20 mM EGTA, 4 uM thapsigargin
(Sigma-Aldrich) and 200 M ryanodine (Sigma-Aldrich) to the
solution, in order to block the sarcoplasmic reticular functions
(see [13] and references therein). All the experiments were
performed at the basal temperature of 25.0 £ 0.5 °C.

2.3. Data analyses

SL oscillations and [Ca®*]; were analyzed based on our previous
study (see [13] and the Supplementary Material).

2.4. Statistics

Significant differences were assigned using the paired or
unpaired t test as appropriate. Data are expressed as means + SEM

unless otherwise noted, with n representing the number of prepa-
rations examined. Linear regression analyses were performed in
accordance with the method used in a previous study [13]. Statis-
tical significance was assumed to be P<0.05. N.S. indicates
P>0.05.

3. Results and discussion

First, the a-actinin-AcGFP construct produced periodic fluores-
cence along the longitudinal direction of the neonatal cardiomyo-
cyte, showing AcGFP expression in Z-disks ([13]; Fig. 1A). Infra-
red (IR) laser irradiation instantaneously increased the solution
temperature, as a function of the distance between the laser center
and the target point (Fig. 1B). We found that high-frequency sarco-
meric auto-oscillations (termed “Hyperthermal Sarcomeric Oscilla-
tions”; HSOs) were induced upon IR laser irradiation in a
reversible and reproducible fashion (Fig. S1A), concurrently with
normal beating without detectable wave interference (tempera-
ture increased from 25 to ~40 °C in the sarcomere indicated by
the yellow arrow in Fig. 1A) (see Movie-1).

The frequency of the change in [Ca®*]-dependent fluorescence
intensity (F.I.) and subsequent beating was ~0.5 Hz before heating,
increased to ~1.3 Hz during heating (coupled presumably with
acceleration of the excitation-contraction coupling; see [15]) and
decreased to ~0.5 Hz following cessation of heating (Fig. 1C). The
heating-induced change in the frequency of spontaneous beating
was qualitatively consistent with the in vivo observation that the
heart rate of rat neonates is increased approximately two fold upon
increase in temperature from 23 to 33 °C [15]. As shown in the
enlarged view of Fig. 1C, HSOs occurred independently of [Ca®'];
changes, and coexisted with [Ca®*];-dependent sarcomeric contrac-
tions. In the myocyte of Fig. 1A, approximately seven HSOs existed
in one cycle of [Ca®'];-dependent sarcomeric contraction, and on
average, SL decreased (or increased) in response to an increase
(or a decrease) in [Ca®*];. Our FFT analyses revealed that in contrast
to one peak (~1.1 Hz) for F.I. changes, two distinct peaks of ~1.1
and ~7 to ~10 Hz were present for SL changes, the former corre-
sponding to the F.I. change and the latter to HSOs. A multiple set
of data demonstrated that the frequency of Ca?" transient was
increased from ~0.5 to ~1.3 Hz upon heating, two times consecu-
tively (Fig. 1D). And the frequency of HSOs remained nearly
unchanged at ~10 Hz during heating (Fig. 1D), showing the charac-
teristics of HSOs unaffected by periodic [Ca%*]; changes.

Next, we investigated whether or not HSOs occurred in myo-
cytes following blockade of the functions of the sarcoplasmic retic-
ulum (SR) (by adding ryanodine (200 pM) and thapsigargin (4 pM)
in the solution; [13]). As shown in Fig. 2A, HSOs were induced by
heating (from 25 to ~42 °C) in the presence of ryanodine and
thapsigargin (see Movie-2), indicating no involvement of the mem-
brane system (i.e., changes in [Ca®*];) in the occurrence of this phe-
nomenon. Unlike in beating myocytes however, HSOs occurred in a
delayed fashion, especially upon the 1st laser irradiation (Fig. S1B),
in that the oscillations were clearly observed ~7 s after the onset of
heating. Upon the 2nd and 3rd laser irradiation, HSOs appeared ~1
and ~0.5 s after the onset of heating, respectively (Figs. 2A and
S1B). As in the myocytes with intact SR functions (Fig. 1), oscilla-
tions disappeared upon cessation of heating, consistent with the
notion that a rise in temperature directly triggers HSOs.

To confirm that HSOs are indeed a sarcomere-based phenome-
non, we tested the effects of the actomyosin inhibitor N-benzyl-p-
toluenesulfonamide (BTS, 200 ptM) on the oscillations. As shown in
Fig. S2, during heating, the single SL displacement was significantly
less (~4 times) in the presence of BTS. We previously demon-
strated that the heating-induced free shortening of adult cardio-
myocytes was blocked by blebbistatin (a myosin II inhibitor) [9].
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Fig. 1. HSOs in spontaneously beating cardiomyocytes. (A) Epi-illumination image of a myocyte expressed with AcGFP in Z-disks. Fluo-8 loaded into the myocyte. Laser
center is indicated (closed red circle). A yellow arrow indicates the sarcomere for the analysis in (C). (B) Top: changes in temperature induced by IR laser irradiation for 10 s.
Bottom: relationship of the distance from laser center and AT. Given the distance from the laser center, the temperature in the sarcomeres, indicated by the yellow arrow in
(A), was estimated to be 39.7 °C. (C) Left, top: time-dependent changes in SL and F.I. in the myocyte in (A) upon IR laser irradiation (2nd irradiation; see Fig. S1A for data of 1st
and 2nd irradiations). F.I. was obtained from the whole myocyte in the view window. Heat pulse was given for 10, i.e., from 3 to 13 s (in gray). Due to the temperature
sensitivity of fluorescence [23], F.I. was decreased (or increased) as heat pulse was given (or ceased). Left, bottom: enlarged view of the graph showing SL on top from 6 to
10 s. HSOs are clearly seen coexisting with [Ca®*];-dependent spontaneous beating. Right, top: FFT analysis for the changes in F.I from 4.7 to 12.5 s. Right, bottom: same as in
Right, top for the changes in SL. Note that while only one peak is present for F.I, two different components, i.e., slow and fast components, are seen for SL (with the former
corresponding to that for F.I; see arrows). (D) Left: effects of IR laser irradiations on the frequency of Ca?* transient. Closed red circles with error bars, average values; open
circles in various colors without error bars, individual data. *P < 0.05 compared with the data before heating (for both 1st and 2nd heating). Right: effect of heating on the
frequency of HSOs. Closed black circles with error bars, average values; open circles in various colors without error bars, individual data. The HSO frequency was not
significantly changed during the course of heating (both 1st and 2nd heating). Data obtained 1.5, 5 and 8.5 s after the onset of heating were analyzed. n =24 (12 cells).

In an in vitro study, Ishiwata demonstrated that an increase in tem-
perature above ~40 °C induces dissociation of the troponin-tropo-
myosin complex from actin [16,17], suggesting that an increase in
temperature promotes the shift of the “on-off” equilibrium of the
thin filament state toward the “on” state and subsequently, the
myosin binding to actin via thin filament cooperative activation
[10,11]. A recent work by Brunet et al. likewise reported that the
sliding velocity of actin filaments (reconstituted with the regula-
tory proteins troponin and tropomyosin) on the myosin-coated
cover glass was increased with an increase in solution temperature
[18]. Accordingly, sarcomeric auto-oscillations will be generated
when the thin filament activation level becomes partial, viz., under
conditions where both force-generating and non-force-generation
cross-bridges coexist beyond threshold proportions, based on the
mechanism discussed in our previous studies [12,19,20].

We then applied IR laser irradiation to myocytes with blockade
of the SR functions, consecutively three times (Fig. S1B), and per-
formed analyses on the waveform properties of HSOs. First, while
the changes in maximal SL (at the peak of lengthening) were small
in magnitude, minimal SL (at the peak of shortening) became
shorter during heating (10 s for each heating; Fig. 2B). As a result

of time-dependent enhancement of shortening, the amplitude
was increased in a time-dependent manner during heating
(Fig. 2C). We also found that saw-tooth oscillations (similar to
cell-SPOCs; [13]) appeared as heating continued (see Fig. 2A, bot-
tom, right). In contrast to the amplitude, the frequency was
decreased in a time-dependent manner during heating, and it
was lowest during the 3rd heating (Fig. 2D). Shortening velocity
was slightly decreased during heating, with the magnitude less
than that of the amplitude or the frequency (Fig. 2E).

These experimental findings on HSOs can be qualitatively
explained by our mathematical model of SPOCs [19,20]. Namely,
we previously reported that an increase in the myosin attachment
rate (o) results in an increase in the amplitude, as well as a
decrease in the frequency [13,19]. Taking into account the findings
by Ishiwata [16] as well as those of skinned muscle studies demon-
strating the effects of temperature on cross-bridge kinetics [21], it
is likely that heating continuously shifts the “on-off’ equilibrium
of the thin filament state toward the “on” state (i.e., accelerates
the cross-bridge cycling rate), thereby increasing the amplitude
of HSOs, coupled with an increase in o Table 1). Consistent with
this notion, heating changed the waveform of HSOs from triangular
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Fig. 2. HSOs in cardiomyocytes with blockade of the SR functions. (A) Top, left: epi-illumination image of a myocyte expressed with AcGFP in Z-disks. Fluo-8 was loaded into
the myocyte, and 200 uM ryanodine and 4 uM thapsigargin were present. Laser center is indicated (closed red circle). The yellow arrow indicates the sarcomere used for the
analysis. Top, right: time-dependent changes in temperature induced by IR laser irradiation for 10 s (2nd irradiation; see Fig. S1B for data of 1st, 2nd and 3rd irradiations).
Given the distance from the laser center, the temperature in the sarcomeres indicated by the yellow arrow in Top, left was estimated to be 40.8 °C. Bottom, left: enlarged view
of the graph (2-6 s) showing the occurrence of HSOs. Note that HSOs were induced in a delayed fashion (~1.5 s after the onset of heating). Bottom, right: enlarged view of the
graph showing HSOs at the steady-state. Note no periodic F.I (i.e., [Ca?*];) changes in any of the graphs, due to the presence of ryanodine and thapsigargin. (B) Effect of heating
on peak SLs during HSOs. IR laser irradiation (for 10 s each) was applied three times consecutively. Minimal and maximal SLs, obtained at the peak of shortening and
lengthening, respectively. (C) Effect of heating on the amplitude of HSOs. Amplitude was defined as maximal SL (at the peak of lengthening) minus minimal SL (at the peak of
shortening) [cf. (B)]. (D) Effect of heating on the frequency of HSOs. (E) Effect of heating on the sarcomere shortening velocity during HSOs. Velocity was calculated based on
our previous study employing SL nanometry [13]. In (B), (C), (D) and (E), data obtained 1.5, 5 and 8.5 s after the onset of heating (i.e., beginning, middle and end of heating)
were analyzed for 2nd and 3rd heating. Due to time delay of the appearance of HSOs [see (A) and Fig. S1B], data obtained 4, 6.5 and 9 s after the onset of heating (i.e.,
beginning, middle and end of heating) were analyzed for 1st heating. *P < 0.05 compared with the corresponding value obtained in the beginning of heating. #P < 0.05
compared with the corresponding value obtained in the middle of heating. 'P < 0.05 compared with the corresponding value during the 1st heating. *P < 0.05 compared with
the corresponding value during the 2nd heating.

to saw-tooth-shaped (see Fig. 2A; [19]). Likewise, a heating- and the ensuing acceleration of cross-bridge detachment [13,19].
induced continuous decrease in the frequency (coupled at least Future studies with various technologies are needed to fully
in part with a decrease in shortening velocity; Fig. 2E) can be uncover the effects of heating on the properties of HSOs.

explained as a result of a gradual increase in « (Table 1; [19,20]). One may point out that there is a qualitative difference in the

Furthermore, the high frequency features of HSOs (i.e., ~5 Hz even findings of the present study and those of the previous studies
at the end of the 3rd heating in non-beating myocytes; Fig. 2D), as regarding the effects of heating on the state of cardiac sarcomeres.

compared to cell-SPOCs (~2 Hz at 36 °C; [13]), are likely to under- Namely, while heating induced “oscillations” in the present study,
lie the enhanced actomyosin activity (due to higher temperature) “shortening” was observed in our previous study [9] on isolated rat
Table 1

Summary of the effects of heating on the cross-bridge attachment rate and the properties of HSOs. Our mathematical model predicts that heating increases amplitude and
decreases frequency via an increase in the attachment rate constant of cross-bridges, «. Arrows, directions of change. See [19,20] for details of our model.

Parameter Physiological meaning +Heating

Parameter change Amplitude Frequency

o Cross-bridge attachment rate 1 T 1
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ventricular myocytes. There could be two possible reasons for this
apparent discrepancy: first, upon the same magnitude of heating
(i.e., AT), the adult cardiac thin filament may be quickly shifted
toward the “on” state from the “off’ state, presumably via
enhanced cooperative activation [22], compared with the neonatal
counterpart. Second, compared with free shortening in adult
cardiomyocytes, cultured myocytes are likely under auxotonic con-
ditions [13], hence ideal for observation of SPOCs [12,13]. As math-
ematically simulated by us [19,20], it is considered that in our
previous study with isolated adult cardiomyocytes [9], sarcomeric
auto-oscillations became synchronized and accordingly exhibited
shortening under isotonic conditions.

To explore the physiological relevance of HSOs, we quantified
AT (basal temperature, 25 °C) to induce HSOs by changing the dis-
tance between the laser center and sarcomeres in beating (n = 16)
and non-beating (n = 8) cardiomyocytes. As shown in Fig. 3A, HSOs
were observed in sarcomeres at which AT was between ~12 and
~17 °C under the beating condition in 16 myocytes [4 myocytes
(#13-#16) showing no HSOs]. HSOs were observed in the range
of temperatures between 38.6 £ 0.3 and 41.9 £ 0.3 °C (Table 2),
and three myocytes (#3, #8 and #10) exhibited contraction (with-
out oscillations) beyond the temperature range. Following block-
ade of the SR functions, a slightly higher level of temperature
was needed to induce HSOs (AT between ~15 and ~19 °C. Namely,
HSOs occurred in the range of temperature between 40.5 + 0.6 and
43,5 +0.3 °C (Table 2). As shown in Fig. 3B, with the exception of
one myocyte (#5), sarcomeres in all myocytes were relaxed in
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the low temperature range, and HSOs occurred as the temperature
was increased. As in beating myocytes, five myocytes (#4-#8)
exhibited contraction (without oscillations) at higher temperatures
(at 43-45.5 °C). In both beating and non-beating myocytes, con-
tracted sarcomeres (due to high temperatures) were lengthened
upon cessation of heating, and responded to subsequent heating
by showing HSOs at appropriate temperatures. These results sup-
port the notion that HSOs occur at partial thin filament activation,
when temperatures become slightly above the physiologically
relevant levels (see [22] for body temperature of rat neonates,
i.e,, ~38°C).

In order to investigate whether or not HSOs are induced by a
smaller magnitude of AT, we increased the temperature from
38.0 to 41.3 °C by IR laser irradiation in myocytes (i.e., AT, 3.3 °C)
(Fig. S3). We found that HSOs were indeed induced by a AT of
3.3°C and coexisted with [Ca®']-based sarcomeric contractions
(see two peaks in Fig. S3C, middle). We therefore consider that it
is the absolute intracellular temperature and not AT that is the
factor which induces HSOs, via modulation of the “on-off” equilib-
rium of the thin filament state.

Finally, we quantified the waveform properties between HSOs
and cell-SPOCs (data obtained in our previous study; [13])
(Fig. S4). We found that HSOs exhibited the saw-tooth waveform,
i.e., shortening time (or shortening velocity) longer (or slower)
than lengthening time (or lengthening velocity), characteristic to
SPOCs [12]. This finding suggests that common molecular
mechanisms operate in HSOs and cell-SPOCs, as mathematically
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Fig. 3. Temperature dependence of the occurrence of HSOs. (A) Top: relationship between the distance from the laser center and AT in spontaneously beating myocytes,
showing whether or not HSOs were induced by heat pulses. Myocytes were set on the microscopic system at the initial temperature of 25 °C, and the heat pulse was given for
10 s. The values of AT that induced HSOs are shown in orange, and those at which HSOs were not observed are shown in gray. The lowest and highest end of the temperature
range for HSOs are shown in blue and red triangles, respectively. Bottom: temperature dependence of the state of sarcomeres in neonatal myocytes, i.e., spontaneous beating
without HSOs (green) or spontaneous beating with HSOs (yellow), or contraction [with no oscillations (red)]. Cell numbers are indicated on left. Of the total 16 myocytes
tested, four myocytes (#13-16) did not exhibit HSOs (one even at 41.5 °C). Note that the lowest temperatures at which HSOs occur in various myocytes are likely lower than
those shown in this graph (Table 2). (B) Top: same as in (A) top in non-beating myocytes, showing whether or not HSOs were induced by heat pulses. As in (A), myocytes were
set on the microscopic system at the initial temperature of 25 °C, and the heat pulse was given for 10 s. The values of AT that induced HSOs are shown in orange, and those at
which HSOs were not observed are shown in gray. The lowest and highest end of the temperature range for HSOs are shown in blue and red triangles, respectively. Bottom:
temperature dependence of the state of sarcomeres in neonatal myocytes, either relaxation (green), HSOs (yellow) or contraction [with no oscillations (red)]. Cell numbers are
indicated on left. Of the total 8 myocytes tested, one myocyte (#5) did not exhibit relaxation, presumably because the lowest temperature at which observation started was

relatively high (i.e., 40.6 °C).
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Table 2

Summary of maximal and minimal temperatures for HSOs in beating and non-beating
myocytes. Tax (Tmin), Maximal (minimal) temperature at which HSOs were observed
in the experiments of Fig. 3. Note that the real Ty, value may be even lower than the
value (~38.6°C) in this table and hence closer to the body temperature of rat
neonates [22] in beating myocytes, because in all myocytes showing HSOs, the
oscillations were already induced at the lowest temperatures (37-40 °C; see Fig. 3A)
given. AT, Tpnax minus Tyin. n, 12 and 8 for beating and non-beating myocytes,
respectively.

Beating (°C) Non-beating (°C)

Tinin 38.6+0.3 40.5+0.6
Timax 41903 435+0.3"
AT 33+03 3.0+04

" P<0.05 compared with the corresponding values for beating myocytes.

demonstrated in our previous studies [19,20]. Detailed results and
discussions are provided in the Supplementary Material.

In conclusion, we successfully induced HSOs in cultured neona-
tal cardiomyocytes by taking advantage of a local heating tech-
nique with IR laser irradiation. HSOs can co-exist with slower
paced Ca%*-dependent sarcomeric contractions. Our analyses with
SL nanometry revealed that the oscillatory properties of HSOs are
similar to those of SPOCs. An area of future research will be to
investigate whether HSOs occur in the beating heart in vivo at var-
ious developmental stages in health and disease.
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