beat, allowing us to study the molecular changes throughout a cardiac cycle. Thus,
experiments were made under this condition. The x-ray beam is presumed to be
passing through endocardium and left ventricle (12). Marking of the recorded region
after an experiment, with an x-ray flux three orders of magnitude higher than that used
for the x-ray diffraction measurement, confirmed that the beam actually passed through

the left ventricular free wall.

The x-ray recording was repeated up to 10 times (average 5.3 recordings) with a
horizontal shift of a mouse by 0.2 mm. The data were analyzed only when distinct
diffraction from cardiac muscle was observed throughout a cardiac cycle. After
dobutamine infusion, the mouse was moved vertically by about 0.2 mm to avoid
radiation damage, and the recordings were repeated. No sign of radiation damage,

such as broadening or weakening of the equatorial intensity profile, was seen.

Since the x-ray recording was not in synchrony with the cardiac cycle, it was necessary
to determine correspondence between the x-ray frames and the cardiac cycle. At the
heart rate of 400 - 500 per minute, there were 8 - 9 frames per each cycle, and 7 - 8
cycles were recorded in each x-ray recording which lasted for 15x70=1050msec. In
the present study, only the data with 9 frames per cycle were analyzed. The frames
that contained the R-wave in the electrocardiogram (Figure 1) were used as the first
frame of a cycle (end-diastole). Then, frames in the same phase of the cycle were
averaged. Thus, for each recording, a set of 9 images was obtained. As the R-wave
could take place any time within a frame, the data had an ambiguity of one frame (15
msec) in time. This ambiguity is averaged out because, in total, data from 53 and 58

recordings were used for the baseline and dobutamine conditions, respectively.

Data analysis

Diffraction in the region of the x-ray pattern without contribution from skeletal
muscles was circularly averaged. The background was fitted with a cubic spline
function and the area above the background was used as the diffraction peak (Figure 4).
The integrated area was used as the integrated intensity, and the center of gravity of the
(1,0) reflection was converted to the (1,0) lattice spacing. The integrated intensity of
the (1,1) reflection obtained this way is underestimated by V3 compared to that of the
(1,0) reflection, because the intensity is averaged, not summed, along an arc. Thus,
the (1,1) intensity was multiplied by V3. Since the intensity of each equatorial
reflection depends on the thickness of the sample, which changes considerably across a
heart, the ratio of the intensities of the (1,0) and (1,1) reflections (I(1,0)/I(1,1)) was
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used as an index of the equatorial intensity change.

Then, data from different x-ray recordings were analyzed. Results from recordings
on each mouse were averaged, providing a set of intensity ratios and lattice spacings
for each mouse over frames. Then, data sets from 10 mice were treated statistically.

The same procedure was used on the data taken after dobutamine infusion.

The half-time of contraction and relaxation was obtained by the following method.
(1) The intensity ratio or lattice spacing in the first frame was taken as a diastolic level,
(2) the smallest intensity ratio or the largest lattice spacing value was taken as a
systolic level, (3) the average of the diastolic and systolic levels was taken as the
mid-level, (4) the time when the intensity ratio or lattice spacing crossed the mid-level
during the early or late phase of a heart beat was obtained by interpolation between

frames and taken as the half-time of contraction or relaxation.

Using the ratio of the (1,0) and (1,1) intensities (I(1,0)/I(1,1)), the electron-density
distribution in the transverse section of the hexagonal myofilament lattice was
calculated by Fourier synthesis. From this, the mass associated with the thin
filaments was estimated following the method of Haselgrove & Huxley (10) on the
assumption that the lowest density in the electron-density map represented the
background level. The ‘apparent’ thin-filament mass, thus calculated was interpreted
as consisting of the thin filament and the myosin heads present in the vicinity of the
thin filament. The mass of the thin filament was approximated by assuming that no
myosin heads are present in the vicinity of the thin filament at the resting state. Then,
by subtracting this from the ‘apparent’ thin-filament mass, the mass of heads associated
with the thin filament was obtained. The same procedure was done with the intensity
ratio obtained in the rigor state, and the total mass of heads can be obtained by
assuming that all heads are attached to the thin filament. From these masses of heads,

the proportion of heads present in the vicinity of thin filaments was calculated.

All data are expressed as mean =+ standard deviation. Differences were analyzed

using Student's paired t-test with P < 0.05 being regarded as statistically significant.

Results

Figure 2 shows x-ray diffraction patterns from a mouse heart in vivo at end-diastole
and systole. Although diffraction spots from skeletal muscles are superposed, arcs of

equatorial diffraction from cardiac muscles are clearly seen. The origin of the
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reflection can be assigned without ambiguity because the skeletal muscle has a smaller
filament lattice spacing and hence the reflections appeared at a larger radius. When
the region where the equatorial reflections from cardiac muscle were strong, it was
possible to subtract background from other tissues such as skin, lung and skeletal
muscle (Figure 4). Figure 5a (blue points) shows the time course of changes in the
(1,0)/(1,1) intensity ratio during a cardiac cycle at baseline. The diastolic intensity
ratio was about 2.1 at end-diastole and decreased to a minimum of 0.8 in about 50

msec, which are comparable to the ratios observed in rat heart muscle (13).

Figure 5b (blue points) shows the time course of changes in the (1,0) lattice spacing at
baseline. The lattice spacing at end-diastole was 37.2 nm and increased to 39.1 nm
within about 90 msec after the R-wave in the electrocardiogram. If strict
constant-volume behavior is assumed, this corresponds to about 10 % shortening of
sarcomere. The lattice spacing continued to increase after the intensity ratio started to
increase (that is, after the muscle began to relax), until the mitral valve opened and the

left ventricular volume began to increase.

The experiment was repeated after dobutamine had been infused for 10 min (20
ng/kg/min).  The heart rate did not change significantly (from 446 + 26 to 449 + 26
beats per minute, n = 10). The systemic blood pressure increased significantly from
83.9+13.1t097.1 £ 14.9 mmHg (n=10). Figure 5a (red points) shows the change in
the (1,0)/(1,1) intensity ratio under the influence of dobutamine. The second, third,
and fourth data points between 20 and 60 msec after the R-wave were significantly
lower than those in the control mouse, showing a faster and larger shift of mass of
cross-bridges. Figure 5b (red points) is the time course of the (1,0) spacing change.
The third and fourth data points are significantly larger than those in the control mouse,
showing a faster shortening of muscle. The half-time of the reduction in the intensity
ratio was significantly shortened by dobutamine (24.4 + 1.4 to 20.3 + 1.3 msec, n=10)
and that of the lattice spacing was also shortened (52.8 + 5.9 to 38.3 + 1.8 msec, n=10).
The half-relaxation time of the lattice spacing was significantly shorter after
dobutamine (112.6 = 3.0 to 106.8 + 2.8 msec, n=10). Since the larger change in the
lattice spacing suggests larger sarcomere shortening, the systolic intensity ratio might
be affected by a larger filament overlap in the presence of dobutamine. However,
since cardiac muscle normally works at a sarcomere length shorter than 2 pm where
the thick and thin filaments are fully overlapped, this effect is not considered

significant.

After an experiment, a mouse was killed by overdose of pentobarbital and left for 30
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min. Then, a diffraction pattern in the rigor state was recorded. The (1,0)/(1,1)
intensity ratio was 0.30 £ 0.08 (n = 8).

Discussion

The present study is the first to investigate myosin cross-bridge activity in a heart in a
living body. As stated in Introduction, it is usually difficult to study murine,
especially mouse, cardiac muscle in an isolated specimen under conditions that very
closely match physiological. The present technique enables one to investigate mouse
cardiac muscle under the most physiological condition, opening a way to study cardiac

muscle functions of transgenic mice with x-ray diffraction.

The (1,0) lattice spacing observed in the present study (37.2 nm in diastole) is close to
that reported in an isolated rat heart with saline perfusion (12), as well as in an isolated
intact rat papillary muscle at a sarcomere length of 2.1 pm (7). If we assume that a
mouse heart in vivo has the same sarcomere length-lattice spacing relation as an
isolated rat papillary muscle, the working range of sarcomere length is between 1.9 and
2.1 pm. On the other hand, a much larger lattice spacing has been reported in a
thoractomized rat (13). This may be due to a change in osmolarity which is caused
by exposure of the circulatory system to the air.  Although the open-chest model of rat
has an advantage that pressure and volume of left ventricle can be measured easily
during the x-ray measurement, it may be too invasive to study the true physiological
state of the heart. The present closed-chest method and the open-chest method should
be regarded complementary. A lattice spacing of 34 nm was reported in isolated
intact rat trabeculae at a sarcomere length of 2.2 um (16), which is smaller than the
present value. Lattice spacing may be important in cardiac muscle because the
distance between myofilaments may affect the contractile tension and play a role in the
Frank-Starling’s law. Previous studies to examine the effect of lattice spacing on
tension development were made in skinned fibers which had a (1,0) spacing larger than
40 nm (17,18). Tt is desirable to investigate the effect at smaller lattice spacings

which are more physiological.

The intensity ratios in diastole and systole found in the present study are generally
similar to those in previous studies. It has been reported that more cross-bridges are
formed in heart muscle preparations that are perfused by blood than in those perfused
by saline (9). However, comparison of the results on saline-perfused rat heart (12),

blood-perfused rat heart (13) and the present study on mouse heart under the normal
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condition shows only small differences. Since the early studies required many
contractions to record an x-ray diffraction pattern on a photographic film, deterioration
of the sample was probably the major cause of low contractility observed in previous

studies on saline-perfused specimens.

In isolated cardiac muscles, it has been found that adrenergic p-stimulation enhances
the contractile force and makes both tension development and relaxation faster. This
is explained by acceleration of calcium uptake (through phosphorylation of
phospholamban) and reduction of the binding affinity of troponin-C to calcium
(through phosphorylation of troponin-I) (2-4). These lead to faster development of
tension, larger twitch tension, and faster decline of tension in cardiac muscle. In the
present study, the shorter half-time of reduction in the intensity ratio shows a faster
formation of cross-bridges with p-stimulation and the lower minimum intensity ratio
shows that more cross-bridges are formed. Although the change in the intensity ratio
during relaxation was not clearly accelerated, PB-stimulation shortened the
half-relaxation time of the lattice spacing. These results demonstrate that the changes
of contractile properties previously observed in isolated muscle are actually taking

place in a heart muscle in vivo.

In the present study, the blood pressure and the amount of myosin cross-bridge
formation was increased by dobutamine infusion. On the other hand, the heart rate
did not change, indicating that the effects of dobutamine stress were modest. Under
this condition, the most interesting finding is that p-adrenergic stimulation does not
affect the end-diastolic state. Especially, the lattice spacing at end-diastole was
unchanged (Figure 5b). Since the lattice spacing is related to sarcomere length, this
suggests that the left ventricular volume at end-diastole was unaffected. The
elevation of blood pressure by B-stimulation was simply due to recruitment of more
cross-bridges in cardiac muscle of the free wall. The Frank-Starling mechanism,
which would be relevant if the end-diastolic volume were larger and the sarcomere

length longer, was not playing a major role.

By assuming that all myosin cross-bridges are in the vicinity of the thick filaments in a
resting state and that all are bound to the thin filaments in the rigor state, it is possible
to calculate the fraction of cross-bridges that are transferred to the vicinity of the thin
filaments during contraction (see Methods). In canine cardiac muscle, the resting
(quiescent) state may not be the same as the diastolic state (9). However, in rat heart
muscle, no such evidence has been found. Thus, the diastolic ratio (the first frame in

Figure 5a) is taken as the resting value. Then, the peak cross-bridge mass transfer
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ratio under the normal condition is 56 % which increases to 74 % by dobutamine
infusion. The increase is by 34 %, while the systemic blood pressure increased by
16 %. If we take the resting ratio as an average of those in the absence and presence
of dobutamine (2.23), the increase is by 26%. In both cases, the increase in the mass
transfer ratio is larger than that in the systemic blood pressure. Since the mass
transfer ratio with the -stimulation (75 %) is close to the maximum level observed in
tetanus of frog skeletal muscle, the major fraction of cross-bridges is recruited for
contraction. Thus, even at this modest level of stress that causes an increase in blood
pressure but not in heart rate, most of the potential cross-bridge attachments have been

made with few in reserve in the B-stimulated heart.

Weisberg and Winegrad (19) showed by electron microscopy that the heads of the
a-isoform of myosin heavy chain are more extended from the backbone of the filament
when C-protein was phosphorylated by protein kinase A. Since the a-isoform is
dominant in adult mouse ventricle (20) and B-stimulation causes C-protein
phosphorylation (1,3,6), a change in the equatorial intensity ratio is expected.
Although the present results do not support this observation, more studies at higher
dobutamine stress are needed to clarify the effects of C-protein phosphorylation on the

behavior of myosin heads.
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Figure 1 Legend Electrocardiogram (blue) and frame timing of the CCD camera
(red) during time-resolved x-ray recording. There is noise in the electrocardiogram
from the AC power line (60 Hz) but sharp QRS peaks and preceding small Q peaks are
clearly seen. The rising edge of the frame timing pulses corresponds to the beginning

of a new frame.

Figure 2 Legend X-ray diffraction patterns from a heart in vivo. (a) In end-diastole
(first frame), (b) in systole (fourth frame). The intensity distribution is shown in
pseudo-color. The four spots are from skeletal muscles. The rings in the rest of the
pattern (arrows) are from cardiac muscle: the inner one is the (1,0), and the outer (1,1)
equatorial reflection. These are averages of 6 diffraction patterns from a normal

mouse.
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Figure 3 Legend Positions of the x-ray beam relative to the left ventricle. The
shaded areas represent a left ventricular free wall. The area between solid curves is a
wall in diastole, while that between broken curves a wall in systole. At the position A,
the beam is out of the heart. At B, the beam is passing through the epicardium in
diastole but out of the heart in systole. At C, the beam is always in the wall but it is
in the epicardium in diastole and in the endocardium in systole. At D, the beam is
always passing through the wall on both sides of the heart. At E, the beam also
passes through the wall on both sides but absorption by blood in the cavity hampers the
x-ray measurement. In the actual experiment, a mouse (hence a heart) was moved

relative to a fixed x-ray beam.

Figure 4 Legend Intensity profiles of the (1,0) and (1,1) equatorial peaks. (a) In
end-diastole, (b) in systole. The data were from Figure 3, integrated within arcs of
10.5 o’clock through 2 o’clock and its opposite side. The background was drawn

using a spline function.

Figure S Legend Effects of B-stimulation on the cross-bridge activity of mouse heart
muscle. (a) The (1,0)/(1,1) intensity ratio, (b) the (1,0) lattice spacing. The abscissa
is time after the R-wave in the electrocardiogram. Open squares represent data
obtained before dobutamine infusion and filled circles after dobutamine infusion (20
ng/kg/ml). The error bars represent the standard error of the mean of data from 10
mice. The asterisks indicate the data points which are statistically different in paired

t-tests between baseline and dobutamine data.
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Interdomain interactions between N-terminal and
central domains serving as a “domain switch” are be-
lieved to be essential to the functional regulation of the
skeletal muscle ryanodine receptor-1 Ca®* channel. Mu-
tational destabilization of the domain switch in malig-
nant hyperthermia (MH), a genetic sensitivity to volatile
anesthetics, causes functional instability of the channel.
Dantrolene, a drug used to treat MH, binds to a region
within this proposed domain switch. To explore its
mechanism of action, the effect of dantrolene on MH-like
channel activation by the synthetic domain peptide DP4
or anti-DP4 antibody was examined. A fluorescence
probe, methylcoumarin acetate, was covalently at-
tached to the domain switch using DP4 as a delivery
vehicle. The magnitude of domain unzipping was deter-
mined from the accessibility of methylcoumarin acetate
to a macromolecular fluorescence quencher. The Stern-
Volmer quenching constant (K) increased with the ad-
dition of DP4 or anti-DP4 antibody. This increase was
reversed by dantrolene at both 37 and 22 °C and was
unaffected by calmodulin, [*H]Ryanodine binding to the
sarcoplasmic reticulum and activation of sarcoplasmic
reticulum Ca®* release, both measures of channel acti-
vation, were enhanced by DP4. These activities were
inhibited by dantrolene at 37 °C, yet required the pres-
ence of calmodulin at 22 °C. These results suggest that
the mechanism of action of dantrolene involves stabili-
zation of domain-domain interactions within the do-
main switch, preventing domain unzipping-induced
channel dysfunction, We suggest that temperature and
calmodulin primarily affect the coupling between the
domain switch and the downstream mechanism of reg-
ulation of Ca®" channel opening rather than the domain
switch itself.

Dantrolene (hydrated 1-(((5-(4-nitrophenyl)-2-furanylmeth-
ylene)amino)-2,4-imidazolidinedione sodium salt) is an intra-
cellularly acting skeletal muscle relaxant used for the treat-
ment of malignant hyperthermia (MH).! MH is a potentially
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deadly, pharmacogenetically mediated, hypermetabolic re-
sponse to volatile anesthetics that results from unregulated
intramyoplasmic Ca®" release (1). The drug is known to inhibit
excitation-contraction coupling of skeletal muscle (2) by sup-
pressing depolarization-induced sarcoplasmic reticulum (SR)
Ca?* release in normal and MH-susceptible skeletal muscle
without affecting voltage sensor activation (3). In MH, the
voltage dependence of contractile activation is shifted to lower
voltages (4), whereas in the presence of clinical concentrations
of dantrolene, i.e. 10 uM (5), the voltage dependence of contract-
ile activation is shifted to higher voltages (6, 7). Normalization
of the voltage dependence of contractile activation may there-
fore be one of the important components of the therapeutic
action of dantrolene. Dantrolene also confers a normal Mg**
sensitivity to MH-susceptible muscle fibers, which would oth-
erwise show a considerably reduced sensitivity to the normal
inhibitory action of myoplasmic Mg®* on the SR Ca®* release
mechanism (8, 9). Conferring normal Mg?" sensitivity to mu-
tated ryanodine receptor (RyR1) may be another key compo-
nent of dantrolene therapeusis in MIH.

Extensive studies have been carried out to examine the effect
of dantrolene on the function of isolated skeletal muscle SR. It
has been shown that both dantrolene and its equipotent, water-
soluble analog azumolene suppress SR Ca”* release induced by
Ca®* and various pharmacological agents (3, 10-12). Although
dantrolene has been shown to suppress the ryanodine binding
activity of the SR (13, 14), this finding is not universal (15).
Dantrolene (1-5 um) has been reported to have a biphasic effect
on the open probability of RyR1 channels in lipid bilayers, first
activating and then blocking at nanomolar concentrations (16),
but others have not been able to see any effect of this drug on
single channels (3). Importantly, dantrolene has been shown to
at least partially restore the normal properties of RyR1 Ca®*
channels in SR isolated from MH-susceptible pigs (1, 17, 18).
Thus, these studies together suggest that dantrolene interacts
with the RyR to suppress the channel dysfunction that occurs
with MH mutations.

As widely recognized, MH mutations are not randomly dis-
tributed along the RyR1 sequence. The vast majority of them
are localized to two restricted regions, the N-terminal (Cys™-
Arg®'*) and the central (Asp®'?°-Arg®*®®) domains, whereas a
third, C-terminal region (11e*"*°~Gly*™?) contains fewer MH
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vlcoumarin-3-acetamidolethyl-1,3'-dithiopropionate; CAPS, 3-(cyelo-
hexylaminojpropanesulfonic acid; AMP-PCP. adenosine 5'-(B,y-
methylene)triphosphate: MOPS, 3-(N-morpholinoipropancsulfonic
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mutations (19-24). The pathophysiological consequences of
MH mutations are hyperactivation and/or hypersensitization
of RyR1 Ca®" channel activity to stimulating conditions (both
pharmacological and voltage-dependent) (1, 18). In contrast,
most mutations conferring susceptibility to central core dis-
ease, a rare myopathy showing a different phenotype (19, 25,
26), are located in the C-terminal putative channel pore region
(11eP¥16_Ala?"*?) (19, 26). The Ca®" release properties of ex-
pressed RyR1 channels containing randomly selected MH mu-
tations from the N-terminal and central domains have been
shown to display similar properties of hyperactivation and
hypersensitization (27). To explain these results, we have pro-
posed a model of channel regulation that involves interdomain
interactions between the N-terminal and central domains of
RyR1 serving as a “domain switch” for Ca®* channel regulation
(28--31). In the resting state, the N-terminal and central do-
mains make close contact at several as yet undetermined sub-
domains. The conformational constraints imparted by the
“zipped” configuration of these two domains stabilize and main-
tain the closed state of the Ca®* channel. Stimulation of the
RyR via excitation-contraction coupling weakens these critical
interdomain contacts (unzipping of the domain switch), thereby
lowering the energy barrier for Ca2* channel opening. Partial
unzipping or weakening of the domain switch may also occur
secondary to MH mutations in either the N-terminal or central
domain. As a result of this, MH-susceptible RyR1 channels are
hypersensitive to agonist stimuli.

Recently, Parness and co-workers (32) localized a dan-
trolene-binding site within the primary structure of RyR1 us-
ing [*Hlazidodantrolene, a pharmacologically active photoaf-
finity analog of dantrolene. [*H]Azidodantrolene specifically
photolabels the N-terminal 1400-amino acid fragment of RyR1
cleaved by an endogenous, SR membrane-bound calpain (33}
and is localized within sequence Leu®”’—Cys®*® based on the
following evidence. 1) Of several synthetic RyR1 domain pep-
tides examined, [*H]azidodantrolene specifically photolabels
only peptides containing the Leu®°-Cys%%? sequence (named
DP1 for domain peptide-1), and 2) an anti-RyR1 monoclonal
antibody recognizing DP1 inhibits [*H]azidodantrolene photo-
labeling of RyR1 (34). The dantrolene-binding site is therefore
located within the domain comprising the N-terminal portion of
our proposed domain switch. Since dantrolene seems to inhibit
Ca®" release, these findings have led us to suggest that dan-
trolene may act by reinforcing interactions between the N-
terminal and central portions of the RyR1 domain switch that
favor a zipped conformation. Here, we present new evidence
suggesting that this is indeed at least a portion of the mecha-
nism of action of dantrolene.

In this study, we produced MH-like conditions of RyR1 (i.e.
hyperactivation and hypersensitization of Ca®>* channels) in
SR isolated from normal skeletal muscle by adding DP4, a
synthetic domain peptide corresponding to amino acids 2442
2477 of RyR1, or anti-DP4 antibody, which, as we have recently
shown, induces spectroscopic changes consistent with domain
unzipping (29, 31). The magnitude of domain unzipping was
determined from the accessibility of a fluorescence probe,
methylcoumarin acetate (MCA), attached to the N-terminal
domain, to a macromolecular fluorescence quencher (bovine
serum albumin-conjugated QSY). The Stern-Volmer quenching
constant (Kg), a measure of domain unzipping, increased with
the addition of either DP4 or anti-DP4 antibody. Here, we show
that the addition of dantrolene reversed the increase in K, that
was produced by DP4 or anti-DP4 antibody with an IC,, of 0.3
pa. This blocking effect of domain unzipping by dantrolene was
present at both 37 and 22 °C and was independent of calmod-
ulin (CaM). Although, at 37 °C, dantrolene alone inhibited DP4
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enhancement of [*Hlryanodine binding and activation of SR
Ca®* release, both measures of Ca®" channel activation, it
required calmodulin to do so at 22 °C. These resulls suggest
that inhibition of RyR1 domain unzipping plays a role in the
therapeutic action of dantrolene. The present data also suggest
that the temperature and CaM dependence of dantrolene ac-
tivity on RyR1 is due to their effects on the mechanism by
which the domain switch is coupled to Ca®* channel function.

EXPERIMENTAL PROCEDURES

Preparation of SR Vesicles—The SR microsomes were prepared from
rabbit back paraspinous and hind leg skeletal muscles (Pel-Freez Bio-
logicals, Rogers. AR) using the method of differential centrifugation
described previously (35).

Domain Peptide and Site-specific Antibody—We used a domain pep-
tide (DP4) corresponding to Leu®**“-Cys*'™" of RyR1 both as a channel-
activating reagent and as a site-directed carrier to incorporate the
fluorescence probe MCA into RyR1. The peptide was synthesized on an
Applied Biosystems Model 431A synthesizer, purified by reversed-
phase high-pressure liquid chromatography, and cvaluated by mass
spectroscopy. To localize the DP4-binding site within the primary strue-
ture of RyR1, the site-specific anti-DP1 (Leu™-Cys®"), anti-DP4
(Leu***2_Cys?'™), and anti-DP3 (Asp™1-Val®™") polyclonal antibodics
were used {31).

Site-specific MCA Labeling at the DP4-binding Site of RyR1-—Site-
specific fluorescence labeling of the DP4-binding sites on RyR1 in skel-
etal muscle SR was performed using the cleavable heterobifunctional
cross-linking reagent sulfosuccinimidyl 2-(7-azido-4-methylcoumarin-3-
acetamidojethyl-1,3'-dithiopropionate (SAED) (36).

Localization of the Site of MCA Attachment within the RyR—MCA-
labeled RyR1 was purified from fluorescently labeled SR using heparin
and hydroxylapatite affinity columns as described by Inui and Fleischer
(37). MCA-labeled RyR1 was digested with trypsin (1:100, 1:10 trypsin/
protein ratio) at 22 °C for 45 min, and the resultant tryptic fragments
were analyzed for fluorescence after SDS-PAGE on 8% polyacrylamide
gels. For Western blot analysis, tryptic fragments were transferred to
Immobilon-P membranes (Millipore Corp., Bedford, MA) at 90 V in 10%
methanol and 10 myM CAPS (pH 11.0) at 4 °C. The blots were developed
with anti-DP1, anti-DP3, and anti-DP4 primary antibodies and perox-
idase-conjugated secondary antibodies.

[*H]Ryanodine Binding Assay—Isolated skeletal muscle SR (0.5 mg/
ml) that had heen labeled with MCA was incubated with 10 nm [*H]ry-
anodine (68.4 Ci/ml; PerkinElmer Life Sciences) and the desired con-
centration of DP4 at 22 °C for 12 h or at 37 °C for 1.5 h. Solutions
contained 0.15 v KC1, 1 mM AMP-PCP, and either 10 uM dantrolene or
an equivalent volume of methanol vehicle (final concentration of 0.7%)
and 20 myM MOPS (pH 7.2). The [Ca®>"] was kept at 0.1 uM using
BAPTA/calcium buffer (0.449 mm CaCl,, 1 mm BAPTA, and 20 mu
MOPS (pH 7.2)). The effect of CaM (1 wm) on radioligand binding was
determined under identical assay conditions. Assays were carried out in
duplicate according to established protocols (38), and each datum point
was obtained by averaging the duplicates.

Ca®* Release Assay—Isolated skeletal muscle SR (0.2 mg/ml) was
incubated at 22 or 37 °C in a solution containing 0.15 M KCl, 0.1 uM
Ca** (BAPTA/ealcium buffer), and either 10 um dantrolene or an equiv-
alent volume of methanol vehicle (final concentration of 0.7%), 2.0 um
fluo-3, and 20 mm MOPS (pH 7.2} in the presence or absence of CaM.
Ca®* uptake was initiated by the addition of 1 mmM MgATP to the
cuvette, and the time course of Ca®* uptake was monitored in a Cary
Eelipse spectrophotometer (Varian Inc.) using fluo-3 (excitation at 488
nm and emission at 525 nm) as a Ca?" indicator (31). After Ca?* uptake
had reached a plateau, various concentrations of DP4 were added, and
the resultant Ca®?* rclease was monitored. During the Ca** uptake/
release reaction, the sample was continuously stirred, and the temper-
ature was kept constant at either 22 or 37 °C.

Spectroscopic Monitoring of Domain Unzipping—To make a macro-
molecular collisional quencher, QSY'™ 7 carhoxylic acid (2.5 mM) was
conjugated with 0.5 ma bovine serum albumin by incubation in 20 mm
HEPES (pH 7.5) at 22 °C for 60 min in the dark. Unreacted QSY™ 7
carboxylic acid was removed by Sephadex G-50 gel filtration. Fluores-
cence quenching by the conjugate was performed by measuring the
steady-state fluorescence of SR labeled with MCA (excitation at 348 nm
and emission at 445 nm; Cary Eclipse spectrophotometer). Fluores-
cently labeled SR (0.2 mg/ml) was incubated at either 22 or 37 °C in a
solution containing 0.15 M KCI, 1 mm AMP-PCP, 0.1 uy Ca®* (BAPTA/
calcium buffers, and either various concentrations of dantrolene or an
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Fic. 1. Site-directed MCA labeling of RyR1 by DP4 results in the labeling of a §1-kDa N-terminal tryptic fragment. Purified
MCA-labeled RyR1 from SR was digested with varying protein/trypsin ratios. Potential trypsin cleavage sites are denoted by the short arrows in
the scheme. The epitopes for anti-DP1 and anti-DP3 antibodies are labeled with a Y. Note that the 51-kDa MCA-labeled fragment stained with

anti-DP3 antibody, but not with anti-DP1 antibody.

equivalent volume of methanol vehicle (final concentration of 0.7%) and
20 mM MOPS (pH 7.2). Various concentrations of DP4 or 20 pg/ml
anti-DP4 antibody was used to induce domain unzipping, and DP4-mut,
in which one mutation was made to mimic R2458C MH mutation, was
used as a negative control. The effect of dantrolene on domain unzip-
ping was investigated by determining the effect of this drug on RyR1
MCA fluorescence in the presence or absence of 1 uM CaM. The data
were analyzed using the Stern-Volmer equation: F/F = 1 + K[Q],
where F and F, are fluorescence intensities in the presence and absence
of added quencher, respectively; K is the quenching constant, a measure
of the accesgibility of the protein-bound probe to the quencher; and {Q}
is the concentration of the quencher (QSY) (29, 31).

RESULTS

Dantrolene Inhibits an Abnormal Unzipping of the Domain
Switch—To investigate the effect of dantrolene on the mode of
interdomain interaction, we utilized the MCA f{luorescence
quenching technique we developed to determine the extent of
unzipping of the RyR1 domain switch (see “Experimental
Procedures”) (29, 31). As shown previously (29), DP4 medi-
ates the specific MCA labeling of the N-terminal 1400-amino
acid segment of RyR1. The precise location of DP4-mediated
MCA labeling of RyR1 within the N-terminal 1400-amino
acid region has not been determined, and we do not yet know
whether it occurs in the N-terminal MH domain (Cys®®-
Arg®"). To better define where MCA is incorporated, we used
DP4 conjugated with the heterobifunctional cross-linker
SAED, as a site-directing carrier, as described previously
(29). The SAED-DP4 conjugate was photo-cross-linked to its
binding site, and the DP4 moiety was removed under reduc-

ing conditions. MCA-labeled RyR1 was purified and subjected
to tryptic digestion. The process of degradation of the fluo-
rescently labeled polypeptide chain was then followed by
SDS-PAGE. As shown in Fig. 1, partial digestion of fluores-
cently labeled RyR1 with a low concentration of trypsin
(100:1 (w/w) RyR protein/trypsin ratio) resulted in the ap-
pearance of two major fluorescently labeled fragments with
approximate molecular masses of 155 and 140 kDa. Digestion
with a higher concentration of trypsin (10:1 RyR protein/
trypsin ratio) resulted in the appearance of several fluores-
cently labeled fragments. As shown in the Western blot of
Fig. 1, the 155- and 140-kDa MCA-labeled bands stained with
both anti-DP1 (Leu®?°—-Cys®%?) and anti-DP3 (Asp***-Val®®!)
antibodies, whereas the 51-kDa MCA-labeled band stained
with anti-DP3 antibody, but not with anti-DP1 antibody.
Given the established trypsin cleavage sites of RyR1 (Fig. 1,
scheme, arrows) (39, 40), these results suggest that the MCA-
labeled RyR1 polypeptide chain degrades in the following
order: 550 kDa > N-terminal 155 kDa > N-terminal 140
kDa > N-terminal 51 kDa, as illustrated in the scheme shown
in Fig. 1. Since the 51-kDa MCA-labeled region is included in
the N-terminal MH domain encompassed by Cys®®-Arg®,
these results indicate that DP4-mediated MCA labeling has
taken place within the presumed N-terminal domain portion
of the domain switch. These results also suggest that DP4,
hence Leu4*2_Pro2¢77 of the central domain of RyR1, binds to
the N-terminal domain, as predicted from our domain switch
hypothesis.
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The domain switch hypothesis predicts that, if the MCA
probe attached to the N-terminal domain is buried in the
zipped configuration, it will be relatively inaccessible to a mac-
romolecular fluorescence quencher, bovine serum albumin-con-
jugated QSY. Unzipping should, however, render the MCA
probe more accessible to the quencher. DP4 has been previ-
ously shown to enhance [*H]ryanodine binding (28), to induce
Ca”" release from the SR (29), to induce contraction in skinned
muscle fiber at an inhibitory Mg?* concentration (41), to in-
crease the frequency of Ca®" sparks in saponin-permeabilized
fibers (42), and to increase the open probability of single chan-
nels (42). Thus, DP4 mimics MH-like hyperactivation and hy-
persensitization of the RyR1 Ca®" channel in the otherwise
wild-type system. Furthermore, a mutation in DP4 (DP4-mut)
that mimies the R2458C MH mutation results in virtually
complete loss of the activities of wild-type DP4 (28, 29, 41, 42).
This is consistent with the idea that MH mutations weaken
domain-domain interactions within RyR1 that are mimicked by
synthetic domain peptide-domain (RyR) interaction. Thus, we
used DP4 herein to mimic MH-like channel dysfunction and to
investigate the effects of dantrolene on these functions.

We first determined the fluorescence intensity of bound MCA
as a function of increasing concentrations of the quencher in
the absence or presence of DP4 at 22 °C. Fig. 24 shows the
Stern-Volmer plot of fluorescence quenching of MCA attached
to the N-terminal domain in the presence of various concentra-
tions of DP4. The slope of the plot, which is equal to the
Stern-Volmer quenching constant (K), is a measure of the
degree of domain unzipping. As shown in Fig. 2B, the K'/K,
value (where K¢ is the quenching constant in the presence of
DP4 or DP4-mut, and K, is the quenching constant in their
absence) was used to assess the extent of domain unzipping.
K'/K, increased with increasing concentrations of DP4 and
leveled off at ~100 um peptide. Significantly, the DP4 concen-
tration dependence of the increase in K'/Kj correlates well
with the DP4 concentration dependence of activation of RyR
Ca®* channels (¢f. Fig. 5). As shown in Fig. 2B, the single MH
mutation in DP4-mut has made the peptide incapable of en-
hancing fluorescence quenching, presumably due to mutation-
induced loss of affinity for the N-terminal domain. DP4-in-
duced domain unzipping provides a simple and versatile model
for the study of pathogenic and therapeutic mechanisms of MH.

We extended the above observations to investigate the effect
of various concentrations of dantrolene on DP4-induced domain
unzipping, again using the fluorescence quenching technique
(Fig. 3). As shown in Fig. 3A, 1 um dantrolene reduced K, from
the level induced by 100 um DP4 to near control levels. Fig. 3B
shows the concentration dependence of the dantrolene-induced
decrease in the degree of fluorescence quenching (Kq'/K,). The
major effect of dantrolene was seen in the concentration range
of 0.1-1.0 pM, with half-maximal inhibition at 0.3 pwm, agreeing
well with the reported K, of ~0.275 um for [*H]dantrolene
binding to the SR (43). The maximal inhibitory effect (~73% of
the control) was attained well below 10 pm, the serum concen-
tration generally achieved during clinical treatment. IFig. 3C
shows the effect of increasing concentrations of DP4 on K,'/Kq
in the presence of 10 pm dantrolene. The drug suppressed
fluorescence quenching at all concentrations of DP4 tested.
These results are consistent with the view that dantrolene
reverses DP4-induced domain unzipping and restabilizes the
zipped configuration of the domain switch.

To confirm that the observed dantrolene inhibition repre-
sents an effect on the functionality of the domain switch rather
than a localized specific binding effect te.g. competition with
DP4 for its mating domain), we used anti-DP4 polyclonal an-
tibody as another agent to induce domain unzipping. Like DP4,
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Fic. 2. Fluorescence quenching analysis of domain unzipping
by a fluorescence MCA probe attached to the RyR1 N-terminal
domain. A, a family of Stern-Volmer plots of fluorescence quenching as a
function of increasing concentrations of a macromolecular fluorescence
quencher, bovine serum albumin (BSA)-conjugated QSY, in the presence
of increasing concentrations of DP4. The slope of each plot, which is
equivalent to the Stern-Volmer guenching constant (K,), was used to
assess the degree of fluorescence quenching. B, K'/K, versus synthetic
domain peptide concentrations. K," and K, are the Stern-Volmer quench-
ing constants in the presence and abgence of various concentrations of
DP4 (@) or DP4-mut (2), respectively. DP4 increased the extent of domain
unzipping in a concentration-dependent manner, leveling off at ~100 ua.
DP4-mut had no effect. Each datum point represents the mean = S.D.
obtained from at least four different experiments.

anti-DP4 antibody induces domain unzipping and also pro-
duces MH-like hyperactivation and hypersensitization effects
(31) by binding to the central domain portion of the domain
switch. Anti-DP4 antibody (20 pg/ml was added to MCA-la-
beled SR in the absence or presence of increasing concentra-
tions of dantrolene, and the magnitude of macromolecular flu-
orescence quenching was determined (Fig. 4). Here, too,
dantrolene inhibited anti-DP4 antibody-induced enhancement
of macromolecular fluorescence quenching. The concentration
dependence of dantrolene inhibition of anti-DP4 antibody-in-
duced fluorescence quenching parallels that of its inhibition of
DP4-induced activity, i.e. it occurred in the concentration range
of 0.1-1.0 um, with half-maximal inhibition at 0.3 pum. In this
case, however, the extent of inhibition was significantly greater
than when “domain unzipping” was produced by DP4. In all the
experiments above, the addition of 10 um dantrolene in the
absence of DP4 (Fig. 3B) or anti-DP4 antibody (Fig. 4) produced
no significant effect on K'/K,.
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quenching induced by DP4. A, Stern-Volmer plots of fluorescence
quenching in the absence and presence of dantrolene. Dantrolene (1 M)
reduced the DP4-maximized K," toward control values. BSA, bovine
serum albumin. B, the concentration dependence of the dantrolene-
induced decrease in the degree of domain unzipping (K,'/K;} (@). The
effect of dantrolene was seen between 0.1 and 1.0 pm. Half-maximal
inhibition occurred at 0.3 uM, and the maximal effect occurred at ~1
uM. Dantrelene produced no effect on K,'/K,, in the absence of DP4 (2).
C, effect of increasing concentrations of DP4 on K,'/K, in the presence
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Fic. 4. Dantrolene inhibits macromolecular fluorescence
gquenching induced by anti-DP4 antibody. Shown is the concentra-
tion dependence of the dantrolene-induced decrease in the degree of
domain unzipping (K,'/K,) (¥). Dantrolene produced no effect on
KK, in the absence of antibody (Z). Each datum point represents the
mean + S.D. of at least four experiments.

According to the literature, higher temperature (37 °C) (¢f.
Refs. 7, 12, 13, and 45) and calmodulin (14) are required for
significant inhibition of RyR1 Ca** channels by dantrolene. We
investigated the effect of 10 um dantrolene on domain unzip-
ping (Kqo'/Kq) induced by 100 um DP4 at both 22 and 37 °C. As
shown in Table I, raising the temperature from 22 to 37 °C
produced only a statistically insignificant increase in the extent
of dantrolene inhibition of domain unzipping from 73.7 = 10.9
to 80.9 * 7.4%. The addition of 1 unm CaM at 22 °C also pro-
duced virtually no change in the extent of dantrolene inhibition
of DP4-induced domain unzipping.

Inhibition of Skeletal Muscle SR Ryanodine Binding and
Ca®* Release by Dantrolene—Ryanodine binds to RyRs only
when the channel is in the open state, and the degree of ryano-
dine binding is widely used as a biochemical measure of the
degree of channel activation (44). Fig. 5 shows the concentration-
dependent effects of DP4 or DP4-mut on [*H]ryanodine binding
at 22 °C. In these experiments, MCA-labeled SR was used to
correlate the physiological properties of the Ca®" channel with
the fluorescence quenching data. MCA-labeled and -unlabeled
SR preparations showed essentially the same responses to DP4,
dantrolene, and the other effectors (data not shown). Fig. 5 dem-
onstrates that DP4 enhanced [*H] ryanodine binding to the SR in
a concentration-dependent manner. Comparison of Figs. 3C and
5 reveals that the enhancement of [PH]ryanodine binding and
fluorescence quenching occurred in approximately the same con-
centration range of DP4. This indicates that unzipping of the
domain switch and activation of Ca®* channels are well coordi-
nated. Surprisingly, 10 us dantrolene caused little inhibition of
[PH]ryanodine binding at 22 °C (Table II). At this temperature,
dantrolene inhibition, if any, was not more than 10% of the
control at all concentrations of DP4 tested (data not shown). CaM
alone (1 ) increased the specific activity of [*H}ryanodine bind-
ing to the SR at 22 °C, but dantrolene was now able to signifi-
cantly suppress radioligand binding (~35%) (Table 1I). When we
carried out the same type of experiments at 37 °C, dantrolene
produced equivalently significant inhibition of [*Hlryanodine
binding (~59%) in the presence or absence of CaM, in agreement
with previous reports (7, 12, 13, 45). These results suggest that
higher temperature and CaM have similar effects on the extent of
dantrolene inhibition of DP4-induced activation of RyR Ca®*
channels. These effects of temperature and CaM on the extent of

of 10 pum dantrolene. The drug suppressed fluorescence quenching at all
concentrations of DP4, Each datum point represents the mean = S.D.
obtained from at least four different experiments.
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TaBLE 1
Dantrolene inhibition of DP4-induced macromolecular fluorescence quenching of MCA-labeled RyR1: effects of temperature and CaM

The K,'/K, values were determined in the absence or presence of 10 uy dantrolene at 22 and 37 °C to examine the effect of dantrolene on domain
unzipping (K,,'/K,) induced by 100 uy DP4. The same experiments were carried out in the presence of 1 um CaM. Each datum point represents
the mean = 8.D. The number of experiments is shown in parentheses. A paired ¢ test was employed to determine the statistical significance of the

data (p value). ND, not determined.

Ky /IR,

22°C 37°C

100 pum DP4

100 py DP4 + 10 pm dantrolene

Inhibition (%)

100 py DP4 + 1 um CaM

100 p DP4 + 1 pm CaM + 10 pm dantrolenc
Inhibition (%)

1.76 = 0.09(7) 1.82 = 0.03(5»)
1.20 % 0.07 (7) 1.16 + 0.06 (5

73.7 £10.9(N 80.9 = 7.4(5)
1.80 + 0.09 (6) ND
1.21 £ 0.07 (6Y ND
74.8 * 8.7(6) ND

“p < 0.05 versus 100 um DP4.
o p < 0.05 versus 100 uM DP4 + 1 uM CalM.
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Fi¢. 5. DP4-induced activation of [*Hlryanodine binding ver-
sus DP4 or DP4-mut concentiration at 22 °C. The data were fitted to
the equation y = aK**(1 + K*x?), where y is the amount of ryanodine
bound at x concentration of DP4, a is the maximal binding, and K is the
association constant. Each datum point represents the mean * S.D. of
at least four experiments carried out in duplicate.

dantrolene inhibition of RyR Ca®* channels are in sharp contrast
to the lack of effect of these factors on the extent of dantrolene
inhibition of fluorescence quenching.

Our data above (Fig. 2B) demonstrate that DP4-mut had vir-
tually no effect on fluorescence quenching. This suggests that
MH mutations in DP4 destroy the ability of this sequence to bind
to its mating domain on the N-terminal region of RyR1. Accord-
ingly, there should be no channel activation by DP4-mut, as was
indeed demonstrated by the inability of this mutated peptide to
enhance [*H|ryanodine binding at 22 °C (Fig. 5) and at 37 °C
(data not shown). Taken together, our results suggest (a) that
domain unzipping is a prerequisite for DP4-induced channel
opening, (b) that dantrolene exerts its inhibitory action directly
upon the domain switch, and (c) that the inhibition signal elicited
in the domain switch is transmitted to the Ca®* channel in a
temperature- and CaM-dependent manner.

We next investigated the effect of temperature and CaM on
the ability of dantrelene to inhibit DP4-induced SR Ca®" re-
lease, as measured by the time- and Ca®*-dependent changes
in fluo-3 fluorescence spectrophotometry (Fig. 6). These Ca2*
release experiments were carried out with an MCA-unlabeled
SR preparation because MCA labeling did not produce appre-
ciable changes in the RyR properties in preliminary experi-
ments (data not shown). Approximately 20 s after Ca®* uptake
was initiated by the addition of MgATP, 100 um DP4 was added
to induce Ca®* release, and the effect of 10 um dantrolene on
the Ca®" release time course in the absence and presence of 1
uM CaM was analyzed. The Ca®" release time courses (shown
in Fig. 6) were fitted to a double exponential equation: y = y, +
a(l — e %) + b{1 — e *¥) where ¢ and b are the magnitude of

the fast and slow phases of release, respectively; and £, and &,
are the rate constants of the fast and slow phases, respectively.
The calculated values of the initial rate of Ca®>* release ((dy/
dt),..q = ak, + bky) and the amount of Ca®* release (a + b) are
listed in Table III. At 22 °C and in the absence of CaM, dan-
trolene produced no appreciable effect on the initial rate of
Ca®" release, although there was a small but appreciable in-
hibition of the slow phase of Ca®" release (Fig. 64 and Table
III). The addition of 1 um CaM resulted in a significant increase
in the initial rate of Ca®" release. Under these conditions, 10
uM dantrolene produced a significant reduction in the initial
rate (~ 41%) and an appreciable reduction in the total amount
of Ca®" released, as well. Interestingly, raising the experimen-
tal temperature to 37 °C produced an effect similar in magni-
tude to that produced by CaM at 22 °C. Thus, at 37 °C, dan-
trolene produced a significant reduction in both the initial rate
and the amount of Ca®" release even in the absence of CaM.
These results are again consistent with the view that CaM and
temperature seem to affect the dantrolene-blocking signal from
the domain switch to the Ca®* channel pore domain.

DISCUSSION

Dantrolene acts as an intracellular skeletal muscle relaxant
and is the primary therapeutic agent used for the treatment of
MH (46). A considerable amount of information accumulated in
the literature suggests that, at micromolar concentrations,
dantrolene blocks some step(s) of activation of RyR1 Ca?*
channels, but the detailed mechanism of its pharmacological
action remains obscure. The main aim of this study was to gain
a deeper insight into the molecular mechanism of the pharma-
cological action of dantrolene,

We proposed the domain switch model to explain both the
mechanism of channel activation under normal conditions and
the mechanism of pathogenesis of channel dysfunction. The
model assumes that the mode of interaction between the N-
terminal and central domains of the RyR (the two major regions
harboring many of the reported MH mutations) is involved in
Ca®* channel regulation and also in the pathogenesis of MH. In
the resting state, the two domains make close contact at several
subdomains forming the zipped configuration (i.e. the “off” con-
figuration of the on/off switch), and this configuration stabilizes
the closed state of the Ca®* channel. Stimulation of the RyR by T
tubule depolarization or chemical agonists causes unzipping of
the domain switch (the “on” configuration of the switch), leading
to Ca®* channel opening. Mutations in conformationally active
portions of either region of the domain switch weaken the inter-
domain interactions, causing partial unzipping of the switch. As
a result, MH-susceptible RyR1 channels are more readily opened
as manifested in hyperactivation/hypersensitization effects. In
our recent studies, the domain switch hypothesis was tested by
examining the effects of synthetic peptides corresponding to the
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Tapre II
Dantrolene inhibition of DP4-induced enhancement of [*Hryanodine binding activity: effects of temperature and CaM

[*H]Ryanodine binding to skeletal muscle SR vesicles was determined in the absence ot presence of 10 pa dantrolene at 22 or 37 “C as described
under “Experimental Procedures.” The same experiments were carried out in the presence of 1 gy CaM. Each datum point represents the mean =
S.D. The number of experiments is shown in parentheses. A paired ¢ test was employed to determine the statistical significance of the data

(p value).

[*H]Ryanodine bound

22°C 37°C

pmalimg

100 um DP4 0.76 = 0.07 (12) 0.64 = 0.18 (6)
100 pm DP4 + 10 uM dantrolene 0.72 = 0.04 (10) 0.26 = 0.06 16)"
Inhibition (%) 5.5+ 18.1(10) 59.1 = 9.3 (6)
100 um DP4 + 1 pum CaM 1.95 = 0.46 (8)" 1.85 * 0.26 (8)
100 um DP4 + 1 s CaM + 10 pM dantrolene 1.28 = 0.16 (6)" 0.75 = 0.11 6
Inhibition (%) 345 + 13.2(6) 59.2 * 6.2 (6)

@ p < 0.05 versus 100 um DP4.

b p < 0.05 versus 100 uM DP4 + 1 pum CaM.
0 o 3 T racan o Vi —opm .

: . DPd4Dantrolene 22°C o PHPAECaM4Dantrolenc 22°C -~ P4+ Dantrolene 37 °C

25~ 251 25 ¢

> »’*«* “Mww&@wmwwwﬁ

Amount of Ca®* Released, nmol/mg

H

5 ’

0 ' Loz i il 2 ] : P i
0 5 10 I3 20 0 5 10 t5 20 0 5 Y 15 20

Time, sec Time, sec Time, see

Fic. 6. Dantrolene inhibits DP4-induced Ca®* release with a temperature and CaM dependence. A, time course of DP4-induced Ca*’
release in the absence of dantrolene (black trace) and in the presence of 10 um dantrolene (gray trace) at 22 °C. After the Ca®" uptake initiated by
the addition of 1 mM MgATP had reached a plateau, various concentrations of DP4 were added, and the resultant Ca®* release was monitored by
fluo-3 fluorescence spectrophotometry. B, the same experiment as described for A, except that 1 um CaM was present during the course of the Ca?*
release experiment. C, the same experiment as described for A, except that it was carried out at 37 °C. Each Ca®* release trace presented here was
obtained by signal averaging a total of 35-75 traces originating from four to seven experiments.

TaBLE HI
Inhibition of SR Ca®* release by dantrolene: effects of temperature and CaM
The initial rate (ak, + bk,) of Ca®* release was calculated by fitting a double exponential function (y =y, + a1 — ¢ ™1 + 6(1 — ™), where
a and b are the magnitude of the fast and slow phases of release, respectively; and &, and k, are the rate constants of the fast and slow phases,
respectively) to the first 20 s of the time course of fluo-3 fluorescence change after the addition of DP4. Each datum point represents the mean =*
S.D. The number of experiments is shown in parentheses. A paired ¢ test was employed to determine the statistical significance of the data
(p value). ND, not determined.

Initial rate (ak, + bky) Total Ca®" release (@ + b)

22°C 37°C 22 ¢C 37°C
nmolimgls

100 um DP4 7.86 = 1.75(5) 6.79 *+ 0.47 (5) 19.49 + 2.66 (5) 18.34 = 0.95 (5
100 pM DP4 +10 um dantrolene 8.53 = 1.03(4) 3.35 = 0.97 (6" 17.38 = 1.18(4) 16.08 = 1.11 (6
Inhibition (%) -85 * 12.9(4) 50.7 £ 14.3(6) 10.8 £ 12.9(4) 12.3 = 6.1(6)
100 um DP4 + 1 um CaM 12.02 = 3.11(7)" ND 22,43 = 0.83(7) ND
100 pm DP4 + 1 um CaM + 10 pM dantrolene 7.07 +1.11(6)* ND 20.60 * 0.65 (6)" ND
Inhibition (%) 41.2 + 8.8 (6) ND 8.0 = 2.9(6) ND

¢ p < 0.05 versus 100 unm DP4.
b p < 0.05 versus 100 pnm DP4 + 1 um CaM.

putative critical domains of the RyR (domain peptides) and an-
tibodies raised against these domain peptides. DP4 enhances
ryanodine binding (28), induces Ca®* release from the SR (29),
induces contraction in skinned muscle fibers at an inhibitory
Mg?* concentration (41), increases the sensitivity to caffeine (41),
increases the frequency of Ca®" sparks in saponin-permeabilized
fibers (42), and increases the open probability of single channels
(42). Similarly, anti-DP4 polyclonal antibody, directed against
the Leu®**Pro?'"? region (a portion of the central domain) of
RyR1, produces hyperactivation of Ca®?* channels and hypersen-

sitization of CaZ' channels to agonists (31).

The most important aspect of this study is the finding that
dantrolene inhibits the DP4-induced increase in KQ, l.e. dan-
trolene stabilizes a zipped configuration of the domain switch
even in the presence of domain-unzipping agents such as DP4
and anti-DP4 antibody. Since domain unzipping produced by
DP4 or anti-DP4 antibody seems to simulate the channel dys-
function caused by MH mutations, the present findings suggest
that the molecular mechanism of therapeutic action of dan-
trolene in MH is to stabilize a zipped configuration of the
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domain switch, despite the tendency of the mutation to desta-
bilize the domain switch. As a result, the channel hyperactivity
and hypersensitivity caused by MH mutations are suppressed
by dantrolene. Since the dantrolene-binding site is located in
the Leu®—Cys®¥ region of the proposed RyR1 domain switch
(37), interdomain stabilization by dantrolene must be produced
by direct binding of the drug to a region of the domain switch.

In agreement with previous reports (7, 12, 13, 45, 46), we
found that the extent of dantrolene inhibition of DP4-induced
RyR1 channel activation, as determined by both [*H]ryanodine
binding and SR Ca*" release, varies with the temperature, i.e.
significant inhibition was observed at 37 °C, with only negligi-
ble inhibition at 22 °C. An interesting new finding in this study
is that dantrolene inhibition of DP4-induced domain unzipping
is independent of temperature. Thus, it seems that the require-
ment for physiological temperatures for dantrolene activity is
not due to a temperature dependence for the stabilization of a
zipped configuration of the domain switch. Rather, the temper-
ature requirement is for the downstream mechanism(s) of ac-
tual channel opening. According to our working hypothesis, the
on/off signal elicited in the domain switch is transmitted to the
putative channel gating/pore domain by mediation of some
intraprotein coupling mechanism that requires higher temper-
atures for activation or inhibition.

According to an earlier report (13), the addition of CaM is
required to observe dantrolene inhibition of RyR1 channel
funetion. We addressed the question of the possible role of CaM
in modulating dantrolene activity in this study. We detected no
further effect of CaM on dantrolene inhibition of ryanodine
binding or Ca®* release at 37 °C, where there was already
significant inhibition by dantrolene. However, at 22 °C, where
there was very little dantrolene intrinsic inhibition, the extent
of dantrolene inhibition of both ryanodine binding and Ca®*
release was considerably increased in the presence of CaM. At
22 °C, however, CaM had no effect on the extent of dantrolene
inhibition of domain unzipping. These results suggest that, like
raising the temperature from 22 to 37 °C, CaM may lower the
conformational energy barrier for the proposed coupling be-
tween the domain switch and the channel gating/pore domain
and enhance blocking signals elicited in the domain switch to
more effectively transmit them to the functional Ca®* channel.
These results further suggest that the CaM-binding site on
RyR1 is an intervening domain that mediates inhibitory sig-
nals from the domain switch to the channel gating/pore do-
main. Clearly, more work is required to elucidate the detailed
molecular mechanism of pharmacological and therapeutic ac-
tions of dantrolene.

In summary, we speculate that dantrolene binding to the
Leu®®—Cys%? region of the N-terminal portion of the domain
switch produces a local conformational change that results in
reinforcement of the interdomain interactions between itself and
its mating subdomain, likely located within the central domain
portion of the domain switch. This stabilizes a zipped (i.e. closed)
configuration. Thus, further characterization of the domain-do-
main interactions involving the dantrolene-binding region will be
significant for further resolution of the molecular mechanism of
dantrolene action on RyR1 in health and disease, as well as the
mechanism of intraprotein control of channel opening.
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Safety and Efficacy of Repeated Sauna Bathing in Patients With
Chronic Systolic Heart Failure: A Preliminary Report
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ABSTRACT

Background: We sought to determine the safety and efficacy of repeated 60°C sauna bathing in patients
with chronic systolic congestive heart failure (CHF).

Methods and Results: This study included 15 hospitalized CHF patients (New York Heart Association
class = 2.8 = 0.4) in stable clinical condition on conventional treatments. Sauna bathing was performed
once per day for 4 weeks. Repeated sauna bathing was safely completed without any adverse effects in
all patients. Symptoms improved in 13 of 15 patients after 4 weeks. Sauna bathing decreased systolic
blood pressure without affecting heart rate, resulting in significant decrease in the rate-pressure product
(6811 = 1323 to 6292 * 1093). Echocardiographic left ventricular ejection fraction was significantly
increased from 30 = 11 to 34 = 11%. Sauna bathing significantly improved exercise tolerance manifested
by prolonged 6-minute walking distance (388 = 110 to 448 * 118 m), increased peak respiratory oxygen
uptake (13.3 £ 1.8 to 16.3 = 2.1 mL/kg/min), and enhanced anaerobic threshold (9.4 = 1.2 to 11.5 *
1.9 mL/kg/min). Four-week bathing significantly reduced plasma epinephrine (40 £ 42 to 21 * 23 pg/
mL) and norepinephrine (633 = 285 to 443 = 292 pg/mL). Sauna bathing reduced the number of hospital
admission for CHF (2.5 = 1.3 to 0.6 = 0.8 per year).

Conclusion: Repeated 60°C sauna bathing was safe and improved symptoms and exercise tolerance in
chronic CHF patients. Sauna bathing may be an effective adjunctive therapy for chronic systolic CHF.

Key Words: Thermal therapy, exercise tolerance, echocardiography, catecholamines.

The primary therapeutic goals of chronic congestive heart
failure (CHF) are improvement of prognosis and main-
tenance of quality of life. In this regard, great progress
has been achieved by recent advances in pharmacologic
treatment using angiotensin-converting enzyme inhibitors,
angiotensin II receptor blockers,* B-blockers,* and aldoste-
rone antagonists.” However, many patients on conventional
treatment still have impaired quality of life. Therefore, some
other modalities of treatment are desirable.
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Cardiovascular responses to ordinary hot (80°C) sauna
include tachycardia, systolic hypertension, and increased
cardiac workload, which are mediated by peripheral vasodi-
latation and stimulation of the sympathetic nerve system.* '
These changes are similar to the response to heat stress. Thus
hot sauna bathing is considered to be inappropriate or harmful
for CHF patients. However, Tei et al'! have demonstrated
that a single 60°C dry sauna bathing for 15 minutes was
tolerable to CHF patients and produced beneficial acute he-
modynamic effects, such as increase in cardiac output and
decreases in systemic vascular resistance and pulmonary
capillary wedge pressure via thermal peripheral vasodilata-
tion. In addition, the same group showed that repeated 60°C
sauna bathing for 2 weeks improved subjective well-being
and the forearm endothelial function in CHF patients.'* How-
ever, there were no reports on the effects of repeated sauna
bathing on the exercise tolerance. Accordingly, the safety
and efficacy of repeated 60°C sauna bathing for 4 weeks
were investigated in patients with systolic chronic CHF on
conventional treatment. For these purposes, we determined
the effects of sauna bathing on clinical symptoms, exercise
tolerance, neurohumoral factors, and echocardiographic left
ventricular ejection fraction (LVEF).
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