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Abstract

Purpose Malignant hyperthermia (MH) results from dis-
ordered calcium (Ca®>") homeostasis in skeletal muscle
during general anesthesia. Although Ca>" channel blockers
may be given to treat the tachycardia and circulatory
instability, coadministration of Ca®* channel blockers and
dantrolene is contraindicated during MH crisis. We eval-
uated the effect of Ca’" channel blockers on Ca®"
homeostasis and their interactions with dantrolene in
human skeletal muscle.

Methods Human skeletal muscle samples were obtained
by biopsy and divided into two groups according to the
results of the Ca*"-induced Ca®" release rate test. Differ-
entiated myotubes were labeled with Fura-2, and changes
in the 340/380-nm ratio were used to calculate changes in
Ca”" concentration following nifedipine treatment in the
absence or presence of dantrolene.

Results Nifedipine induced a transient increase in the
intracellular Ca®" concentration ([Ca”]i) in a dose-
dependent manner. The half-maximal concentration (ECs()
for nifedipine was 0.718 £ 0.329 uM in the accelerated
group and 1.389 + 0.482 uM in the nonaccelerated group
(P = 0.009). The addition of 50 pM dantrolene attenuated
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by 15.4% the increase in [Ca®']; caused by the 0.5 uM
nifedipine.

Conclusion Ca** channel blockers led to increased
[Ca2+]i in human skeletal muscle cells. The increase is thus
scarcely affected by dantrolene treatment. Data provide a
greater physiologic basis for avoiding the use of Ca®"
channel blockers during MH crisis.

Keywords Malignant hyperthermia - Calcium channel
blocker - Dantrolene

Introduction

Malignant hyperthermia (MH) is a potentially fatal com-
plication caused by depolarizing muscle relaxants and/or
volatile agents during general anesthesia. A disorder of
calcium (Ca®") regulation by the sarcoplasmic reticulum
(SR) of skeletal muscle is thought to be responsible [1-4].
Ca”* channel blockers are often used during anesthesia and
may be given to control the tachycardia and circulatory
instability present before MH is recognized. However,
Ca*" channel blockers should be avoided during MH crisis
and are contraindicated in the presence of dantrolene, the
specific remedy for MH. Shortly after introduction of
dantrolene, cardiac collapse was seen after a combination
of verapamil and dantrolene was given to swine and dogs
[5, 6]. Whereas dantrolene alone produced a mild increase
in arterial pressure, in verapamil-pretreated animals, it
profoundly depressed cardiac function and markedly
increased serum potassium (K*). Hence, the combination
of Ca?* channel blockers and dantrolene is contraindi-
cated. However, an amlodipine—dantrolene combination
did not increase serum K™ or cause severe cardiac collapse
in pigs [7]. Verapamil, classified as belong to the
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phenylalkylamine group, induced hyperkalemia by reduc-
ing cardiac output and organ perfusion, further aggravating
depression of contractility. Amlodipine, a member of the
dihydropyridine group, has only minor effects. Use of Ca®"
channel blockers to treat arrhythmia in MH crisis should be
avoided [4]; the European Malignant Hyperthermia Group
(EMHG) guideline recommends administration of amio-
darone or f-blockers [8]. It is unclear what effect Ca>*
channel blockers have on skeletal muscle cells, although
their depressive effect on cardiac muscle is well docu-
mented [5-7]. Here, we evaluated the effects of Ca’"
channel blockers and their interactions with dantrolene on
Ca”* homeostasis in human skeletal muscle.

Methods
Preparation of myotubes

This study was reviewed and approved by the review board
of our institutional ethical committee. Written informed
consent was obtained from patients and their families.
Human skeletal muscle samples were obtained by
quadriceps or biceps brachii muscle biopsy. Thirteen
patients susceptible for the development of MH were
identified (Table 1) and classified into an accelerated group
(n = 7) and a nonaccelerated group (n = 6) based on the
Ca*"-induced Ca”" release (CICR) rate test according to
the Endo protocol [10, 11]. In brief, chemically stripped

Table 1 Patient characteristics and results from the calcium-induced
calcium release rate (CICR) rate test

No. Age (years) Gender MH history Result

1 64 F MH family Accelerated

2 45 M MH family Accelerated

3 18 M MH (CGS 38 rank 5) Accelerated

4 F MH (CGS 20 rank 4) Accelerated

5 7 F No Accelerated

6 89 M MH family Accelerated

7 35 F MH (CGS 50 rank 6) Accelerated

8 4 M No Nonaccelerated
9 28 F No Nonaccelerated
10 37 F MH family Nonaccelerated
11 15 M No Nonaccelerated
12 53 M No Nonaccelerated
13 75 M No Nonaccelerated

Accelerated CICR rate test denotes predisposition to MH. The brother
of patient 1 died with a high fever during general anesthesia. The
brother of patient 2 had an episode of MH (CGS 58, rank 6) in
halothane anesthesia with succinylcholine. Patient 5 did not have an
MH episode but had congenital scoliosis with torticollis. The daughter
of patient 6 died with a high fever after general anesthesia

MH malignant hyperthermia, CGS Clinical Grading Scale [9]
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muscle fibers were made from biopsied muscle tissue using
saponin, and fibers were treated with varying concentra-
tions of Ca>* (0,0.3, 1.0, 3.0, and 10.0 uM). The tension of
each sample was measured using a force transducer, and
CICR rates were calculated. Mean normal CICR values
were determined using samples from 12 individuals with
negative in vitro contracture tests (IVCT; EMHG protocol)
and caffeine-halothane contracture tests (CHCT; North
American MH Group protocol) [12]. CICR values 2 stan-
dard deviations (SD) above the mean of normal individuals
were defined as being accelerated. Susceptibility to MH is
traditionally diagnosed by the CICR rate test [13-15];
IVCT was not clinically used in Japan. An accelerated
CICR rate indicates predisposition for the development of
MH, and the accelerated group comprised two individuals
who developed rank 5-6 MH crises according to the
Clinical Grading Scale (CGS) [9].

Cell culture

Biopsied skeletal muscle cells were maintained in
Dulbecco’s modified Eagle medium (DMEM/F12; Invit-
rogen, Carlsbad, CA, USA) supplemented with 10% heat-
inactivated bovine calf serum (FBS; Sigma-Aldrich, St.
Louis, MO, USA) containing 1% ampicillin, kanamycin
sulfate (Sigma-Aldrich), and amphotericin B (Invitrogen)
in 25 cm? cell-culture flasks (Corning, New York, NY,
USA) and a 5% carbon dioxide (CO,) atmosphere at 37°C.
The medium was changed every 3 days. After 2—-3 weeks in
culture, the cells were plated on 35-mm glass-bottom cul-
ture dishes with 10-mm microwells (MatTek, Ashland,
MA, USA) and allowed to grow for 10-14 days [16] in
DMEM/F12 with 2% FBS until the myoblasts fused to
form myotubes. We used myotubes formed by fusion of
myoblasts with a fiber-like shape and multiple nuclei.

Ca”* imaging of myotubes

Myotubes were washed in 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES)-buffered salt solution
(HBSS) containing 130.0 mM sodium chloride (NaCl),
5.4 mM potassium chloride (KCIl), 20.0 mM HEPES,
2.5 mM calcium chloride (CaCl,), 1 mM magnesium chlo-
ride (MgCl,), and 5.5 mM glucose at pH 7.4. The myotubes
were loaded with 5.0 pM Fura-2 (Dojindo, Tokyo, Japan) in
HBSS for 1 h at 37°C and subsequently washed with HBSS
to remove excess extracellular Fura-2. Microwell plates
containing Fura-2-loaded myotubes were mounted on a
fluorescence microscope (Nikon, Tokyo, Japan) and alter-
nately stimulated at 340 and 380 nm. Fluorescence emis-
sions at 510 nm were acquired every 619 ms for 40 min
using a cooled high-speed digital video camera (ORCA-AG;
Hamamatsu Photonics, Hamamatsu, Japan). Regions of
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interest (ROIs) were determined within the cytoplasm of
cells. Paired 340/380 fluorescence ratios for each ROI were
calculated every 5 s to measure intracellular Ca** concen-
tration ([Ca**];) using a calibration curve (Fura-2 Calcium
Imaging Calibration Kit; Invitrogen, Carlsbad, CA, USA).

Nifedipine

Only myotubes that demonstrated increased [Ca®*"]; in
response to 10.0 mM caffeine (Wako, Osaka, Japan) were
used for experiments, and alpha-actinin in immunofluo-
rescence staining was used to confirm the cellular com-
position of caffeine-reacting cells. A 50-mM nifedipine
stock solution in dimethylsulfoxide (DMSO) was diluted
with HBSS to the following working concentrations: 0.015,
0.05,0.15,0.5, 1.5, 5.0, 15.0, and 50.0 pM. These solutions
were perfused into the microwells at a rate of 1.2 ml/min at
37°C. Myotubes were treated with each concentration of
nifedipine for 2 min and washed with HBSS. Fura-2 fluo-
rescence was measured, and the [Ca2+]i was derived from
340/380-nm ratios calculated using a Ca®" imaging system.
The changes in ratios were calculated from the difference
between the maximal response following nifedipine treat-
ment and the preceding baseline. Caffeine-induced changes
in Fura-2 fluorescence were used as a positive control.

Three Ca®™ channel blockers

Stock solutions of 50 mM nifedipine, verapamil, or dilti-
azem in DMSO were diluted with HBSS to make a
50.0 uM working solution. Ca®" channel blockers were
perfused into the sample microwells at a rate of 1.2 ml/min
at 37°C. Myotubes were treated in random order with each
concentration of drug for 2 min and washed with HBSS.
Nifedipine-, verapamil-, or diltiazem-induced changes in
Fura-2 fluorescence were measured. Data denote the ratio
of verapamil or diltiazem to nifedipine.

Dantrolene

Myotubes were treated with 0.5 uM nifedipine alone for
2 min as a control and washed with HBSS. After pretreat-
ment with 50.0 pM dantrolene, 0.5 pM nifedipine was
added for 2 min. Fura-2 fluorescence was measured, and the
340/380-nm ratios were calculated. The same procedure was
performed with 1.5 and 5.0 puM nifedipine. Data represent
the percentage of control dantrolene-free condition response.

Data analysis
Changes in ratios were calculated from the difference

between the maximal response and the preceding baseline.
Data analysis was performed using PRISM software

(GraphPad Software, San Diego, CA, USA) with Excel-
based templates (Microsoft, Redmond, WA, USA). Values
shown are the mean =+ standard error of mean (SEM).
Unpaired ¢ tests were used for statistical comparisons
between accelerated and nonaccelerated groups. Paired
t tests were used to for comparisons within groups. P values
<0.05 were considered to be statistically significant.

Results
Effect of nifedipine on [Ca”]i in skeletal muscle

Treatment of human skeletal myotubes with nifedipine
induced a transient increase in [Ca®']; (Fig. 1a). When the
nifedipine dose-response curves were normalized to the
maximal response observed after treatment with 50 uM
nifedipine, the curve of the accelerated group was shifted to
the left compared with the nonaccelerated group (Fig. 1b).
The nifedipine-induced half-maximal concentration (ECsg)
for activation was 0.718 £ 0.329 pM (n = 7) in the accel-
erated group, and 1.389 + 0.482 pM (n = 6) in the non-
accelerated group (P = 0.009) (Table 2), and DMSO had no
effect on the 340/380 ratio. The ECsq values for caffeine
were 2.553 £ 0.162 mM (n = 7) and 4.918 + 0.231 mM
(n = 6) for the two groups, respectively (P = 0.003).

Effect of different L-type Ca>" channel blockers
on [Ca*™];

We next examined the effects of three representative
L-type Ca®" channel blockers, nifedipine, verapamil, and
diltiazem, on [Ca2+]i in myotubes. Whereas similar
increases in [Ca2+]i were observed in myotube treated with
verapamil or diltiazem, nifedipine induced greater changes.

Effect of dantrolene on nifedipine-induced changes
in [Ca®*];

Myotubes were treated with dantrolene or untreated as a con-
trol before application of nifedipine (Fig. 2a). In the presence
of 50.0 uM dantrolene, the increased [Ca2+]i induced by 0.5,
1.5, and 5.0 uM nifedipine was attenuated by 15.4%, 27.9%,
and 28.1% in the accelerated group compared with control
response (Fig. 2b). Treatment with 1.5 and 5.0 uM nifedipine
significantly attenuated the increased [Ca”]i compared with
control response (P = 0.0066, 0.0007).

Discussion
We isolated skeletal myotubes from patients predisposed to

MH and showed that nifedipine increased [Ca2+]i. Depo-
larizing stimuli were not used, although pretreatment with
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Fig. 1 The effect of nifedipine
on intracellular calcium [Ca**];
of myotubes. a Representative
data demonstrating the transient
Ca®" response following
nifedipine treatment. Nifedipine
increased [Ca*"]; in primary
human skeletal myotubes. — mm  mmm = — — — —

b Representative nifedipine 10- caffeine nifedipine caffeine nifedipine

dose-response curve for the 10.0(mM) 0.015 0.05 0.15 0.5 15 5.0 15.0 10.0 (MM) 50.0 (uM)
percentage increase in Ca>"

response. Squares, accelerated;
triangles, nonaccelerated. These
curves were normalized to the
maximal response observed
with 50 uM nifedipine. Data are
the mean = standard error of
mean

o
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Table 2 Half-maximal concentration (ECs) values for nifedipine

Group ECs5 for nifedipine (uM) No. mycotubes ECs for caffeine (mM) No. mycotubes

Accelerated 0.718 £ 0.329* 7 2.553 + 0.162*
Nonaccelerated 1.389 + 0.482 6 4918 £ 0.231

Values are mean =+ standard error of mean

* P < 0.05 versus nonaccelerated group

Fig. 2 The effect of dantrolene
on nifedipine-induced
intracellular calcium [Ca2
changes. a Representative data
demonstrating the transient
Ca®" response following
nifedipine treatment in the
absence and presence of

-
[
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dantrolene 50.0 (uM)
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Wave-length ratios X
(340/380 nm)
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dantrolene. b Data represent the . o o o _
percentage of control response caffeine nifedipine nifedipine nifedipine  caffeine
which was taken in a 0.5- 100 5.0 5.0 5.0 (UM) 10 (mM)

dantrolene-free condition. Data control response

are mean =+ standard error of
mean. *P < 0.05 versus control
response
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@ Springer



J Anesth (2012) 26:579-584

583

nifedipine has been used in vitro studies to reduce [Ca2+]i
release after cell stimulation with depolarizing agents such
as KCI [17, 18]. Additionally, the increase in [Ca”]i by
nifedipine was only slightly modified by dantrolene.

Ca*" channel blockers are used to treat hypertension,
coronary artery disease, and heart failure at 10-nM con-
centrations. There are no reports of MH induced by Ca®"
channel blockers taken as normal medication. The ECs for
nifedipine on skeletal muscle is tenfold higher than the
commonly used therapeutic doses. Intravenous use may
cause a rapid and greater increase in [Ca’']; and chain
reaction, as Ca®" concentrations are already high during the
MH crisis. Calcium homeostasis during the MH crisis differs
from the normal state, and the use of Ca®* channel blockers
involving elevated myoplasmic [Ca>*]; may not be safe.

Whereas nicardipine is clinically popular, nifedipine is
often used in in vitro studies. As both are classified as
belonging to the dihydropyridine group, other Ca*™ chan-
nel blockers were investigated. All three Ca®" channel
blockers tested in this study, nifedipine, verapamil, and
diltiazem, increased [Ca**];. L-type Ca®" channel blockers
are classified into dihydropyridine (DHP), phenylalkyl-
amine (PAA), and benzothiazepine (BTZ) groups based
upon their dihydropyridine-receptor (DHPR) binding sites;
they vary in the number of binding segments [19-24].
Interestingly, in this study, drug potency correlated with
the number of binding sites on DHPR, i.e., nifedi-
pine > verapamil > diltiazem. In a previous study, nifed-
ipine increased [Ca”]i in human skeletal muscle cells
obtained from volunteers. However, it did not affect
[Ca”]i in PC12 cells, which lack both DHPR and RYRI.
An increase of [Ca’']; caused by nifedipine could be
explained by Ca®" release from ryanodine-sensitive stores
through a membrane-potential-dependent mechanism [25].
Skeletal muscle shows specific interaction; DHPR and
RYRI directly interact without using Ca®* as a second
messenger. Based on the specific mechanism of the skeletal
muscle, Ca®* blockers increase [Ca”]i by release of Ca*t
through the ryanodine receptor, mediated by facilitation of
DHPR gating. We previously reported that nifedipine
increased [Ca2+]i in myotubes with both DHPR and RYRI;
however, it did not affect [Ca2+]i in human embryonic
kidney (HEK)-293 cells expressing RYRI but lacking
DHPR [26]. Data in the study reported here are thus con-
sistent with the previous study: Ca*" channel blockers
release Ca’>" from the sarcoplasmic reticulum (SR) without
directly affecting the ryanodine receptor, but they require
DHPRs [25].

We compared the effect of predisposition on the
development of MH, classified using the CICR rate test.
The ECs for nifedipine was 0.718 uM in the accelerated
group with MH predisposition and 1.389 uM in the non-
accelerated group. The CICR rate test decides the

predisposition for MH according to the acceleration of
Ca”" release from SR, using skinned fibers that hold SR
membrane function. The acceleration of CICR rate indi-
cates a disorder of RYRI function. That nifedipine binds on
DHPR causes Ca®" release. As with RYR! stimulators such
as caffeine and halothane [15], the ECsq for nifedipine in
the accelerated group was half that in the nonaccelerated
group. The accelerated group is thus more sensitive to
nifedipine. In other words, that nifedipine binds on DHPR
may cause the similar effect on RYRI with RYRI stimu-
lators. Dantrolene sodium, the only effective treatment for
MH, reduces the uncontrolled rise in [Ca**]; by binding the
N-terminus of RYRI [27], the region responsible for RYRI
activation. It thus stabilizes the closed state of the RYRI
channels and inhibits Ca* efflux from the SR [28]. In the
study reported here, the concentration of dantrolene used,
50 uM, is consistent with clinical use. Indeed, EMHG
recommendations for treating MH result in 24-h plasma
dantrolene concentrations of 14-18 mg/l (45-57 uM) [29].
Using skeletal myotubes, we showed that clinical doses of
dantrolene attenuate the nifedipine-induced [Ca”]i
increase by only about 20% compared with dantrolene-free
conditions. DHP- bound Ca®* channel blockers also bind
to the N-terminal of RYRI; thus, dantrolene could inhibit
the binding RYRI conformational-sensitive site. Whereas
we did not observe a greater interaction of clinical con-
centrations of nifedipine and dantrolene in skeletal muscle,
the effect of dantrolene was insufficient to prevent nifedi-
pine-induced [Ca”"]; increase. Thus, even in the presence
of dantrolene, the use of Ca®* channel blockers is not
advisable. Recent data suggest that dantrolene may act by
suppressing entry of Ca>* from extracellular fluid [29-32].
In this study, the nifedipine-induced increase in [Ca2+]i
was approximately 80% of that seen in the absence of
dantrolene; therefore, [Ca2+]i probably derived from Ca>*
stores. This is consistent with a previous report [25]
showing that nifedipine is able to promote Ca®" release in
the absence of extracellular Ca®". Taken together, these
data indicate that increased [Ca2+]i seen following nifedi-
pine treatment is derived from the SR.

In conclusion, we used myotubes isolated from skeletal
muscle of individuals predisposed to MH to show that
Ca®* channel blocker treatment led to increased [Ca2+]i.
Importantly, the increases in [Ca2+]i were seen even in the
presence of dantrolene. These data provide a greater
physiologic basis for the current practice of avoiding Ca®"
channel blocker in an MH crisis.
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