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Abstract To investigate whether dantrolene (DAN), cardiac ryanodine receptor
(RyR2) stabilizer, improves impaired diastolic function in an early pressure-overload-
ed hypertrophied heart, pressure-overload hypertrophy was induced by transverse
aortic constriction (TAC) in mice. Wild-type (WT) mice were divided into four groups:
sham-operated mice (Sham), sham-operated mice treated with DAN (DAN-+Sham),
TAC mice (TAC), and TAC mice treated with DAN (DAN+TAC). The mice were then
followed up for 2 weeks. Left ventricular (LV) hypertrophy was induced in TAC, but
not DAN+TAC mice, 2 weeks after TAC. There were no differences in LV fractional
shortening among the four groups. Catheter tip micromanometer showed that the
time constant of LV pressure decay, an index of diastolic function, was significantly
prolonged in TAC but not in DAN+TAC mice. Diastolic function was significantly
impaired in TAC, but not in DAN+TAC mice as determined by cell shortening and
Ca™ transients. An increase in diastolic Ca” leakage and a decrease in calmodulin
(CaM) binding affinity to RyR2 were observed in TAC mice, while diastolic Ca* leak-
age improved in DAN+TAC mice. Thus, DAN prevented the progression of hypertro-
phy and improved the impairment of LV relaxation by inhibiting diastolic Ca* leak-
age through RyR2 and the dissociation of CaM from RyR2.
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Introduction

Cardiac hypertrophy is usually considered a
compensatory response of the heart to pres-
sure overload." In this compensatory phase,
left ventricular (LLV) diastolic function 1is
largely impaired by abnormalities in LV

relaxation and stiffness.” Active LV relax-
ation is affected by the rate of Ca™ reuptake
into the sarcoplasmic reticulum (SR), and
abnormalities in LV relaxation are observed
early in the course of all cardiac disease.’ In
the clinical setting, diastolic LV relaxation
1s characterized by a prolonged diastolic LV
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relaxation time constant of LV pressure de-
cay, which is calculated by the time constant
of the exponential regression: P(t)= Pe"" (P,
1s the LV pressure at max dP/dt, t is the
time after onset of relaxation, and T is the
time constant)." This diastolic dysfunction
may be attributed to diastolic heart failure,
where persistent pressure overload lead to
systolic heart failure and lethal arrhyth-
mia.”” Furthermore, diastolic Ca* leakage
through cardiac ryanodine receptors (RyR2)
has been shown to be involved in the develop-
ment of cardiac hypertrophy and subsequent
heart failure.”” Therefore, the suppression of
Ca* leakage through RyR2 could potentially
serve as a new treatment for LV diastolic
heart failure.

One of the leading hypothesized mecha-
nisms of diastolic Ca* leakage through RyR2
1s a faulty domain switch (zipping/unzip-
ping) as characterized in catecholaminergic
polymorphic ventricular tachycardia (CPV'T)
and heart failure models.*” According to this
hypothesis, defective inter-domain interac-
tion 1n mutation-prone domains between
the N-terminal domain (amino acids 1-619)
and central domain (amino acids 2000-2500),
cause calmodulin (CaM) to dissociate from
RyR2, and subsequently leads to diastolic
Ca* leakage.””™" Recently, we developed
RyR2(V3599K/+) knock-in (KI) mice and
showed that a single mutation enhanced the
binding affinity of CaM to RyR2 and inhib-
ited diastolic Ca* leakage through RyR2,
thus mitigating ventricular tachycardia
(VT) when crossbred with heterozygous
CPVT (R2474S/+) - associated KI mice.”
Furthermore, in homogenous RyR2 (V3599K /
V3599K) KI mice, TAC-induced hypertrophy
and progressive heart failure were markedly
inhibited by enhancing the affinity of CaM to
RyR2, resulting in diastolic Ca” leakage inhi-
bition through RyR2.

Dantrolene (DAN), a therapeutic agent for
malignant hyperthermia, markedly improves
the function of failing cardiomyocytes by sta-
bilizing the inter-domain interaction between
the N-terminal and central domains within
RyR2.%" We reported that diastolic Ca™ re-
lease due to CaM displacement from RyR2 is
a primary cause of pressure overload-induced
hypertrophy and that genetic modulation

via a V3599K mutation in RyR2 completely
inhibited hypertrophy by enhancing the bind-
ing affinity of CaM to RyR2 and inhibiting
Ca” leakage.” Based on these findings, we in-
vestigated whether chronic DAN treatment
can prevent LV hypertrophy and improve
impaired diastolic function in a mouse TAC
model.

Materials and methods

Animal models and study protocol

This study conformed to the Guide for
the Care and Use of Laboratory Animals
published by the U.S. National Institutes
of Health (NIH Publication No. 85-23, re-
vised 1996). The care of the animals and the
protocols used were in accordance with the
guidelines of the Animal Ethics Committee
of Yamaguchi University School of Medicine.
All experimental protocols were approved by
the Animal Ethics Committee of Yamaguchi
University School of Medicine.”

C5TBL/6 male mice (10-12 weeks of age)
were used in this study. C57BL/6N mice were
obtained from Japan SLC, Inc. (Hamamatsu,
Japan). All in vivo experiments were per-
formed in random order. Mice were anes-
thetized in an induction chamber with 2%
1soflurane mixed with 0.5-1.0 L./min of 100%
O.. We used 7.0 silk to make two loose knots
tied around the transverse aorta, and a small
piece of a 27% gauge blunt needle was placed
parallel to the transverse aorta. The first
knot was quickly tied against the needle, and
the second needle was promptly removed to
yield a constriction of 0.4 mm diameter con-
striction.” For sham control mice, the entire
procedure was identical, except for ligation of
the aorta.

DAN was purchased from Sigma Aldrich
(St Louis, MO, USA). As shown in Fig. 1A,
20 mg/kg/day DAN was intraperitoneally
injected 1 week before surgery and continued
for 2 weeks. Wild-type (WT) mice were ran-
domly divided into four groups: (1) mice with
a sham operation and an intraperitoneal in-
jection (1.p.) of solvent only (Sham); (2) mice
with a sham operation and an 1.p. of solvent
and DAN (DAN+Sham, 20 mg/kg/day); (3)
mice with a TAC operation and an 1.p. of
solvent only (TAC); and (4) mice with a TAC
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operation and an 1.p. of solvent and DAN

(DAN+TAC).

Transthoracic echocardiography

Echocardiograms were obtained as pre-
viously described.” Cardiac function was
analyzed using an F37 ultrasound machine
(Hitachi Medical, Netherlands) equipped with
a 7.5 MHz probe (Hitachi, UST-5413). The
mice were initially anesthetized using 2-3%
isoflurane (mixed with oxygen) and main-
tained with 1-2% isoflurane during echocar-
diography. Cardiac ventricular dimensions
were measured using M-mode echocardiogra-
phy‘ﬁ,"l,lﬁ

LV pressure analysis

We anesthetized mice with 1.5% isoflurane
and fixed them on a heating pad (37C). The
abdominal cavity was opened and a small
opening was made under the diaphragm.
From the apex of the heart, a 1.4-F high-
fidelity micromanometer catheter (Millar
Instruments, Houston, TX, USA) was in-
troduced into the left ventricular cavity to
measure and record L'V pressure, as described
previously.’

Histology

Hearts from mice were fixed in 10% for-
malin. Hematoxylin-eosin and Masson’s tri-
chrome staining were performed for each sec-
tion of the heart, as described previously."”

Isolation of cardiomyocytes

Cardiomyocytes were isolated from mouse
hearts, as described previously.””” The mice
were anesthetized with pentobarbital sodium
(70 mg/kg, 1.p.) and heparin (i.p.). The chest
cavity was opened, and the heart was quickly
removed and perfused in retrograde with col-
lagenase-free buffer via the aorta under con-
stant flow in the perfusion system. Finally,
1solated cardiomyocytes were transferred to
laminin-coated glass culture dishes and incu-
bated at 37C in a 5% CO; and 95% O, atmo-
sphere.”""

Analysis of Ca” sparks and sarcoplasmic re-
ticulum (SR) Ca* content

We measured Ca* sparks using a laser-
scanning confocal microscope (LSM-510, Carl

Zeiss).”™ Briefly, isolated cardiomyocytes
were loaded with Fluo-4 acetoxymethyl ester
(Fluo-4 AM, 20 uM; Molecular Probes, OR,
USA) for 20 min at 37C in a 5% CO, and 95%
O, atmosphere. The microscope was set to
line-scan mode, wherein a single cardiomyo-
cyte was scanned repeatedly (520.8 Hz) along
a line parallel to the longitudinal axis, avoid-
ing the nuclei. To monitor Ca* sparks, car-
diomyocytes were stimulated until the Ca*
transient frequency reached a steady state,
and then stimulation was stopped and Ca*
sparks were recorded during the subsequent
10 second rest period.”"”

Data was analyzed using SparkMaster, an
automated analysis program that allows for
rapid and reliable Spark analysis.””” To as-
sess the SR Ca* content, caffeine (10 mM) was
rapidly perfused into the cardiomyocytes to
discharge SR-loaded Ca*, as described previ-
ously.”"”

Ca™ transient monitoring in cardiomyocytes
Isolated ventricular myocytes were incubat-
ed with 2.0 uM Fluo-4 AM for 20 min at room
temperature and washed twice with Tyrode's
solution. All experiments were conducted at
28T . Intracellular Ca” in cells stimulated
by a field electric stimulator (IonOptix, MA,
USA) was measured using a fluorescent digi-
tal microscope (BZ9000, Keyence, Japan).”" "

Binding affinity of endogenous CaM to the
RyR2 in intact cardiomyocytes

Isolated cardiomyocytes were fixed with
4% paraformaldehyde for 5 min, as previ-
ously described.”™ The isolated cardiomyo-
cytes were then incubated overnight at 4C
with a monoclonal mouse anti-CaM antibody
(EP799Y, Abcam) and anti-RyR2 antibody
(Sigma-Aldrich, C3-33) in 1% BSA and 0.5%
Triton X-100, followed by fluorescent label-
ing with an Alexa488-conjugated goat anti-
rabbit secondary antibody (Molecular Probes)
and Alexa633-conjugated goat anti-mouse
secondary antibody (Molecular Probes), re-
spectively. For colocalization of the anti-CaM
antibody (Alexa488; green) and anti-RyR2 an-
tibody (Alexa633; red), images were obtained
at 633 nm and 488 nm excitation in conjunc-
tion with an LP 650 filter and a BP 505-530
nm filter, respectively.”™"
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Fig. 1 Study design, structural and functional characteristics after TAC in mice.

A. Study design of the TAC model. B. Representative images of long axis sections of
the hearts stained with hematoxylin eosin and summarized data of heart weight (HW)/
body weight (BW). Representative images of left ventricular (LV) stained with Masson'’s
trichrome and the summarized data of LV fibrosis area. C. Representative images of
echocardiography and summarized data. LV end-diastolic diameter (LVEDD), LV end-
systolic diameter (LVESD), LV fractional shortening (LVFS) (LVEDD-LVESD]/
LVEDD x 100), intra-ventricular septum diastolic thickness (IVSD), left ventricular pos-
terior wall diastolic thickness (LVPWD). Individual mouse values are plotted as the mean
+ standard deviation (SD). The numbers in parentheses are the numbers of mice. * P <
0.05, ™ P < 0.01, ** P < 0.001 (one-way analysis of variance [ANOVA] with a post-hoc
Tukey’s multiple comparison test).
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Western blot

We  performed immunoblot analysis
of SR Ca*-ATPase (SERCA2a: Affinity
Bioreagents, Golden, CO, USA), phosphol-
amban (PLN; Millipore, Billerica, MA, USA),
phosphorylated PLN at serine 16 (P-Serl6-
PLN: Fitzgerald, Acton, MA, USA), phos-
phorylated PLN at threonine 17 (P-Thrl7-
PLN: Santa Cruz Biotechnology, Dallas,
TX, USA), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; CHEMICON
International, Inc.), as described previously."”

Results

LV hypertrophy was observed in the TAC mice,
but not in the TAC mice treated with DAN
Histology and echocardiography at 2 weeks
after the sham operation, showed no differ-
ence in the structural and functional features
of the heart between Sham and DAN+Sham
mice (Fig. 1B, C). After 2 weeks of TAC, the
LV wall thickness (intra-ventricular septum
diastolic thickness, left ventricular posterior
wall diastolic thickness) and LV weight to
body weight ratio increased in TAC mice, but
not in DAN+TAC mice (Fig. 1B, C). Moreover,
there was no difference in LV interstitial fi-
brosis among the four groups (Fig. 1B).

Catheter-tip micromanometer showed that LV
relaxation was significantly impaired in TAC
mice, but not in TAC mice treated with DAN

Both peak systolic pressures increased to
the same level in the TAC and DAN+TAC
groups (Fig. 2A, B). This indicates that a
comparable degree of pressure overload was
mmposed on the LV. There was no differ-
ence in LV end-diastolic pressure (LVEDP)
between the groups 2 weeks post-operation.
Interestingly, 2 weeks after TAC, the +dP/
dt max and -dP/dt min of LV pressure were
preserved in TAC mice. The time constant
(tau) of LV pressure decay, which represents
an index of passive LV relaxation, was sig-
nificantly prolonged in TAC mice but not in
DAN+TAC mice (Fig. 2B).

Analyses of morphology, cell shortening and
Ca™ transient, Ca” sparks, SR Ca”* content in
intact cardiomyocytes

There was no difference in cell length

among the four groups, but cell area and
width were larger in TAC mice than in TAC
mice treated with DAN (Fig. 3A, B), indicat-
ing that TAC-induced hypertrophy was sig-
nificantly inhibited. Cell shortening and Ca*
transient data showed that there were no
differences in systolic function (% sarcomere
from baseline, peak of Ca* transient) among
the four groups (Fig. 3C, D). However, the
time from peak to a 80% decline in cell short-
ening, and time from peak to an 80% decline
in Ca* transient were significantly longer
in TAC mice than in TAC mice treated with
DAN (Fig. 3C, D), indicating that chronic
DAN treatment restored the impaired LV
relaxation in TAC cardiomyocytes (Fig.3C,
D). Moreover, Ca* spark frequency was sig-
nificantly increased in TAC mice, but not
in Sham, DAN+Sham, and DAN+TAC mice
(Fig. 3E). Lastly, sarcoplasmic reticulum (SR)
Ca” content was not significantly different
among the four groups (Fig. 3F).

Chronic DAN treatment inhibited the dissocia-
tion of CaM from RyR2 in the pressure over-
loaded heart

We evaluated whether chronic DAN admin-
istration improved CaM binding to RyR2 in
TAC cardiomyocytes. In basal cardiomyo-
cytes, only approximately 1% of CaM 1is freely
diffused, bound CaM is concentrated on the Z
line, and more than 90% is bound to RyR2."”
Therefore, most of the CaM on the Z line is
thought to be bound to RyR2. In the present
study, endogenous CaM on the Z line was sig-
nificantly reduced in the TAC group, but not
in the DAN+TAC group (Fig. 4A, B).

There were no differences in the protein ex-
pression levels of SERCA, and PLN and the
phosphorylation levels of RyR2 and PLN
Western blotting was performed to clarify
whether the protein expression of SERCA,
and PLN, as well as the phosphorylation of
PLN (Ser 16 1s a protein kinase A [PKA] phos-
phorylation site and Thr 17 is a Ca*/calmod-
ulin-dependent protein kinase II [CaMKII]
phosphorylation site) affect intracellular
Ca’ handling. As shown in Fig. 5, there were
no differences in the total protein levels of
SERCA and PLN, as well as the phosphory-
lated PLN at serl6 and Thrl7, among all
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Fig. 2 Analyses of systolic and diastolic property from the left ventricular (LV) pres-

sure waveform.

A. Representative images of LV pressure. B. Summarized of hemodynamic parame-
ters: Peak left ventricular pressure (LVP), +dP/dt max of LVP, -dP/dt min of LVP, Tau,
LV relaxation time constant of LV pressure decay; LV end-diastolic pressure (LVEDP).
Individual mouse values are plotted as the mean * standard deviation (SD). The numbers
in parentheses are the numbers of mice. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analy-
sis of variance with post-hoc Tukey’'s multiple comparison test).

groups.
Discussion

General overview

Our study showed that RyR2-stabilization
with DAN prevented LV hypertrophy and
impaired LV relaxation in TAC-induced
pressure-overloaded hearts. This is supported
by the following observations: 1) LV hyper-
trophy developed 2 weeks after TAC in TAC
mice, but not in TAC mice treated with DAN;
2) histological examination showed that 2

weeks of TAC-induced pressure overload did
not cause an increase in myocardial fibrosis
in either the TAC or TAC with DAN groups;
and 3) measurement of LV pressure in vivo
using a catheter tip micromanometer revealed
that LV relaxation impairment (prolongation
of tau) occurred in the TAC group, although
the other systolic (dP/dt max) and diastolic
(-dP/dt min) indices were not impaired.
However, no LV relaxation impairments were
observed in the TAC-treated DAN group.
To our knowledge, this is the first report to
demonstrate that chronic DAN treatment can
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Fig. 3 Morphology, Ca* transients, sarcomere shortening, Ca* sparks, and content in
intact cardiomyocytes.

A. Representative images of isolated cardiomyocytes. B. Summarized data of the cell
area, cell width, and cell length in isolated cardiomyocytes (n = 250-400 cells from five
hearts.) C. Representative recordings of sarcomere shortening at a pacing rate of 1 Hz,
and summarized data oftime from peak to 80% decline (n = 20-30 cells from five hearts.)
D. Representative recording of Ca* transients and the summarized data. Data was mea-
sured using Fluo-4 AM fluorescent signals at a pacing rate of 1 Hz (n = 20-30 cells from
3-5 hearts.) E. Representative recordings of spontaneous Ca” sparks and summarized
data of spontaneous Ca” spark frequency (n=10-20 cells from five hearts.) F. representa-
tive recordings of SR Ca” content measured from caffeine-induced Ca* transient and
summarized data of SR Ca* content (n=10-20 cells from five hearts). Values for individual
mice are plotted together as mean £ standard deviation (SD). Parentheses indicate the
number of mice. *P < 0.05, P < 0.01, **P < 0.001 (one-way analysis of variance with
post-hoc Tukey’'s multiple comparison test).
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Fig. 4 CaM-RyR2 interaction in cardiomyocytes.

A. Representative images of endogenous CaM co-localized with RyR2. B. Summarized
data of the Z-line bound CaM. The immuno-fluorescence signal of the Z-line bound CaM
was divided by that of RyR2, normalized to control (baseline of wild-type [WT] Sham),
and expressed as a ratio. N=20-38 cells from 4 hearts. Values for individual mice are
plotted together as mean * standard deviation (SD). Parentheses indicate the number
of mice. *P < 0.05, **P < 0.01, **P < 0.001 (one-way analysis of variance with post-hoc
Tukey’s multiple comparison test). CaM, calmodulin.
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Fig. 5 Western blots of total RyR2, SERCA, total PLN, and phosphorylated RyR2, PLN.

A. Representative images of western blots of total SERCA, PLN, and phosphorylated
PLN. B. Summarized data of western blots. Data represent mean = standard deviation
from three hearts. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PLN, phosphol-
amban; SERCA, sarcoplasmic reticulum Ca*-ATPase.
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inhibit hypertrophy and improve the impair-
ment of LV relaxation in the early stage of a
pressure-overloaded heart.

DAN as a stabilizer of RyR2 prevents the dis-
sociation of CaM and the diastolic Ca™ leakage
from RyR2 in the pressure-overloaded hyper-
trophic heart

DAN binds to amino acids Leu™-Cys™ of
the N-terminal domain and restores the de-
fective inter-domain interaction between
the N-terminal and central domains in
MH-type RyR1."* Interestingly, DAN spe-
cifically binds to the corresponding Leu™-
Cys™ domain in RyR2 which is completely
preserved.”™ This causes a conformational
change from unzipping to zipping between
N-terminal and central domains to enhance
the binding affinity of CaM to RyR2, and
subsequently inhibits Ca* leakage in CPVT,
and heart failure.”**"™'""* Tetrameric struc-
ture analysis of RyR2 using cryo-three-di-
mensional (3D) electron microscopy revealed
that the zipping/unzipping interface between
the N-terminal (1-220 amino acids) and central
domain (2250-2500 amino acids) is proximal
to both the CaM-binding domain (3583-3603
amino acids) and DAN-binding site (601-620
amino acids), suggesting that DAN structur-
ally suppresses CaM dissociation and domain
unzipping, thereby stabilizing channels.”**

Postulated mechanism by which chronic DAN
treatment prevents LV hypertrophy and im-
paired LV relaxation

Recently, we reported that a genetic muta-
tion at V3b99K of RyR2 that inhibited dia-
stolic Ca* leakage by enhancing the binding
affinity of calmodulin (CaM) to RyR2, mark-
edly inhibiting L'V hypertrophy.” While acute
pressure overload to WT cardiomyocytes nor-
mally upregulated the hypertrophic signal
transduction in the CaMKII-histone deacety-
lase, and the calcineurin-nuclear factor of
activated T cells pathways, that to V3599K
RyR2 cardiomyocytes did not.” DAN directly
binds to Leu™-Cys™ of the N-terminal do-
main,” and its binding corrects the defec-
tive inter- and intra-subunit interactions
between the N-terminal domain and central
domains within the tetrameric RyR2, which
inhibits CaM dissociation and Ca* leakage

from RyR2.”™ Therefore, DAN is thought to
prevent L'V hypertrophy due to the inhibition
of CaM dissociation and Ca” leakage from
RyR2.

Abnormalities in LV relaxation and stiff-
ness play a crucial role in heart failure with
preserved ejection fraction.” At the cellular
level, abnormalities in Ca* uptake, possibly
caused by dysfunction in SERCA, and PLN,”
greatly contribute to the impairment of LV
relaxation.”* However, western blot analy-
sis showed that there were no differences in
the expression levels of total SERCA, PLN,
and phosphorylated PLN. The present study
showed that chronic DAN treatment prevent-
ed diastolic Ca* leakage through RyR2 and
improved the prolonged decline of Ca* tran-
sient waves and the impaired relaxation of
cell shortening, resulted in the improvement
of the impaired LV relaxation in TAC mice.

Limitations

Although DAN did not affect the protein
expression of SAECAZ2a, and PLN, or the
phosphorylation levels of PLN, further ex-
amination is needed to clarify whether DAN
affects Ca” handling through proteins other
than RyR2.

Conclusion

Stabilization of RyR2 with chronic DAN
treatment suppressed cardiac hypertrophy
and restored the impaired diastolic function
by enhancing CaM binding to RyR2 thus pre-
venting diastolic Ca” leakage.

Acknowledgments

Yaowei Chang was financed by the China
Scholarship Council (CSC) [grant number
2020080500207].

We acknowledge Yoko Okamoto and
Satomi Tateda for their technical assistance.
Conflict of Interest

The authors declare no conflict of interest.

References

1. Zipes, D., Libby, P., Bonow, R., Mann,
D., Tomaselli, G. and Braunwald, E.: A



16

Yaowei Chang et al.

Textbook of Cardiovascular Medicine,

eleventh ed, 2018, pp.1061-1078.

. Zile, M.R., Baicu, C.F. and Gaasch, W.H.:

Diastolic heart failure--abnormalities in
active relaxation and passive stiffness of
the left ventricle. N. Engl. J. Med., 350:
1953-9, 2004.

. Zhao, W., Choi, J.H., Hong, G.R. and

. Weiss,

Vannan, M.A.. Left ventricular relax-
ation. Heart Fail. Clin., 4: 37-46, 2008.

J.L., Frederiksen, J.W. and
Weisfeldt, M.L.: Hemodynamic determi-
nants of the time-course of fall in canine
left ventricular pressure. J. Clin. Invest.,

58: 751-60, 1976.

. Kato, T., Yamamoto, T., Nakamura, Y.,

Nanno, T., Fukui, G., Sufu, Y., Hamada,
Y., Maeda, T., Nishimura, S., Ishiguchi,
H., Murakami, W., Fukuda, M., Xu, X.,
Hino, A., Ono, M., Oda, T., Okuda, S.,
Kobayashi, S., Koseki, N., Kyushiki, H.
and Yano, M.: Correction of impaired
calmodulin binding to RyR2 as a novel
therapy for lethal arrhythmia in the
pressure-overloaded heart failure. Heart
Rhythm, 14: 120-127, 2017.

. Kajii, T., Kobayashi, S., Shiba, S., Fujii,

S., Tamitani, M., Kohno, M., Nakamura,
Y., Nanno, T., Kato, T., Okuda, S.,
Uchinoumi, H., Oda, T., Yamamoto, T.
and Yano, M.: Dantrolene prevents ven-
tricular tachycardia by stabilizing the
ryanodine receptor in pressure- overload
induced failing hearts. Biochem. Biophys.
Res. Commun., 521: 57-63, 2020.

. Kohno, M., Kobayashi, S., Yamamoto,

. Ikemoto,

T., Yoshitomi, R., Kaji, T., Fuji, S,
Nakamura, Y., Kato, T., Uchinoumi,
H., Oda, T., Okuda, S., Watanabe, K.,
Mizukami, Y. and Yano, M.: Enhancing
calmodulin binding to cardiac ryanodine
receptor completely inhibits pressure-
overload induced hypertrophic signaling.
Commun. Brol., 3: 714, 2020.

N. and Yamamoto, T.:
Regulation of calcium release by interdo-
main interaction within ryanodine recep-
tors. Front. Biosci., 7: d671-83, 2002.

. Oda, T., Yano, M., Yamamoto, T., Toku-

hisa, T., Okuda, S., Doi, M., Ohkusa, T.,
Ikeda, Y., Kobayashi, S., Ikemoto, N.
and Matsuzaki, M.: Defective regulation

10.

11.

12.

13.

14.

19.

of interdomain interactions within the
ryanodine receptor plays a key role
in the pathogenesis of heart failure.
Circulation, 111: 3400-10, 2005.

Yano, M., Okuda, S., Oda, T., Tokuhisa,
T., Tateishi, H., Mochizuki, M., Noma,
T., Doi, M., Kobayashi, S., Yamamoto,
T., Ikeda, Y., Ohkusa, T., Ikemoto, N.
and Matsuzaki, M.: Correction of defec-
tive interdomain interaction within ry-
anodine receptor by antioxidant is a new
therapeutic strategy against heart fail-
ure. Circulation, 112: 3633-43, 2005.
Yamamoto, T., Yano, M., Xu, X., Uchino-
umi, H., Tateishi, H., Mochizuki, M.,
Oda, T., Kobayashi, S., Ikemoto, N. and
Matsuzaki, M.: Identification of target
domains of the cardiac ryanodine recep-
tor to correct channel disorder in failing
hearts. Circulation, 117: 762-72, 2008.
Kobayashi, S., Yano, M., Suetomi, T., Ono,
M., Tateishi, H., Mochizuki, M., Xu, X,
Uchinoumi, H., Okuda, S., Yamamoto,
T., Koseki, N., Kyushiki, H., Ikemoto, N.
and Matsuzaki, M.: Dantrolene, a thera-
peutic agent for malignant hyperther-
mia, markedly improves the function of
failing cardiomyocytes by stabilizing in-
terdomain interactions within the ryano-
dine receptor. J. Am. Coll. Cardiol., 53:
1993-2005, 2009.

Yano, M., Yamamoto, T., Ikeda, Y. and
Matsuzaki, M.: Mechanisms of Disease:
ryanodine receptor defects in heart fail-
ure and fatal arrhythmia. Nat. Clin.
Pract. Cardiovasc. Med., 3: 43-52, 2006.
Ono, M., Yano, M., Hino, A., Suetomi,
T., Xu, X., Susa, T., Uchinoumi, H.,
Tateishi, H., Oda, T., Okuda, S., Doi, M.,
Kobayashi, S., Yamamoto, T., Koseki,
N., Kyushiki, H., Ikemoto, N. and Matsu-
zaki, M.: Dissociation of calmodulin
from cardiac ryanodine receptor causes
aberrant Ca(2+) release in heart failure.
Cardiovasc. Res., 87: 609-17, 2010.
Nakamura, Y., Yamamoto, T., Koba-
yashi, S., Tamitani, M., Hamada, Y.,
Fukui, G., Xu, X., Nishimura, S., Kato,
T., Uchinoumi, H., Oda, T., Okuda, S.
and Yano, M.: Ryanodine receptor-
bound calmodulin is essential to protect
against catecholaminergic polymorphic



Dantrolene and Diastolic Function 17

16.

17.

18.

19.

ventricular tachycardia. JCI Insight, 4: 20. Paul-Pletzer, K., Yamamoto, T., Bhat,

el126112, 20109.

Kobayashi, S., Bannister, M.L.,
Gangopadhyay, J.P., Hamada, T., Parness,
J. and Ikemoto, N.: Dantrolene stabilizes
domain interactions within the ryano-
dine receptor. J. Biol. Chem., 280: 6580-7,
2005.

Kobayashi, S., Yano, M., Uchinoumi,
H., Suetomi, T., Susa, T., Ono, M., Xu,
X., Tateishi, H., Oda, T., Okuda, S., Doi,
M., Yamamoto, T. and Matsuzaki, M.:
Dantrolene, a therapeutic agent for
malignant hyperthermia, inhibits cat-
echolaminergic polymorphic ventricular
tachycardia in a RyR2(R2474S/+) knock-
in mouse model. Cire. J., 74: 2579-84, 2010.
Uchinoumi, H., Yano, M., Suetomi,
T., Ono, M., Xu, X., Tateishi, H., Oda,
T., Okuda, S., Doi, M., Kobayashi,
S., Yamamoto, T., Ikeda, Y., Ohkusa,
T., Ikemoto, N. and Matsuzaki, M.:
Catecholaminergic polymorphic ventricu-
lar tachycardia is caused by mutation-
linked defective conformational regula-
tion of the ryanodine receptor. Circ. Res.,
106: 1413-24, 2010.

Okuda, S., Sufu-Shimizu, Y., Kato, T.,
Fukuda, M., Nishimura, S., Oda, T.,
Kobayashi, S., Yamamoto, T., Morimoto,
S. and Yano, M.: CaMKII-mediated phos-
phorylation of RyR2 plays a crucial role
in aberrant Ca* release as an arrhyth-
mogenic substrate in cardiac troponin
T-related familial hypertrophic car-
diomyopathy. Biochem. Biophys. Res.
Commun., 496: 1250-1256, 2018.

21.

22.

23.

24.

25.

M.B., Ma, J., Ikemoto, N., Jimenez,
L.S., Morimoto, H., Williams, P.G. and
Parness, J.: Identification of a dan-
trolene-binding sequence on the skel-
etal muscle ryanodine receptor. J. Biol.
Chem., 277: 34918-23, 2002.

Gong, D., Chi, X., Wei, J., Zhou, G,
Huang, G., Zhang, L., Wang, R., Lei, J.,
Chen, S.R.W. and Yan, N.: Modulation of
cardiac ryanodine receptor 2 by calmodu-
lin. Nature, 572: 347-351, 2019.

Peng, W., Shen, H., Wu, J., Guo, W,
Pan, X., Wang, R., Chen, S.R. and Yan,
N.: Structural basis for the gating mech-
anism of the type 2 ryanodine receptor
RyR2. Science, 354: aahb324, 2016.
Tanaka, S., Yamamoto, T., Mikawa,
M., Nawata, J., Fuji, S., Nakamura,
Y., Kato, T., Fukuda, M., Suetomi, T.,
Uchinoumi, H., Oda, T., Okuda, S.,
Okamura, T., Kobayashi, S. and Yano,
M.: Stabilization of RyR2 maintains
right ventricular function, reduces the
development of ventricular arrhythmias,
and improves prognosis in pulmonary
hypertension. Heart Rhythm, 19: 986-997,
2022.

Paul-Pletzer, K., Yamamoto, T., Ikemoto,
N., Jimenez, L.S., Morimoto, H., Williams,
P.G., Ma, J. and Parness, J.: Probing a
putative dantrolene-binding site on the
cardiac ryanodine receptor. Biochem. /.,
387: 905-9, 2005.

Marks, A.R.: Calcium cycling proteins
and heart failure: mechanisms and thera-
peutics. J. Clin. Invest., 123: 46-52, 2013.



