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Abstract

Background: Pharmacologic modulation has previously shown that transient receptor potential
canonical (TRPC) channels play an important role in the pathogenesis of malignant hyperthermia.
This study tested the hypothesis that genetically suppressing the function of TRPCG6 can partially
ameliorate muscle cation dyshomeostasis and the response to halothane in a mouse model relevant
to malignant hyperthermia.

Methods: This study examined the effect of overexpressing a muscle-specific nonconducting
dominant-negative TRPC6 channel in 20 RYR1-p.R163C and 20 wild-type mice and an equal
number of nonexpressing controls, using calcium- and sodium-selective microelectrodes and
Western blots.

Results: RYRI-p.R163C mouse muscles have chronically elevated intracellular calcium and
sodium levels compared to wild-type muscles. Transgenic expression of the nonconducting
TRPC6 channel reduced intracellular calcium from 331 + 34 nM (mean + SD) to 190 + 27
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nM (P < 0.0001) and sodium from 15+ 1 mM to 11 + 1 mM (P < 0.0001). Its expression lowered
the increase in intracellular Ca2* of the TRPCB-specific activator hyperforin in RYR1-p.R163C
muscle fibers from 52% (348 £+ 37 nM to 537 £ 70 nM) to 14% (185 £+ 11 nM to 210 £ 44 nM).
Western blot analysis of TRPC3 and TRPC6 expression showed the expected increase in TRPC6
caused by overexpression of its dominant-negative transgene and a compensatory increase in
expression of TRPC3. Although expression of the muscle-specific dominant-negative TRPC6 was
able to modulate the increase in intracellular calcium during halothane exposure and prolonged
life (35 £ 5 min vs. 15 + 3 min; £< 0.0001), a slow, steady increase in calcium began after 20 min
of halothane exposure, which eventually led to death.

Conclusions: These data support previous findings that TRPC channels play an important role
in causing the intracellular calcium and sodium dyshomeostasis associated with RYRI variants
that are pathogenic for malignant hyperthermia. However, they also show that modulating TRPC
channels alone is not sufficient to prevent the lethal effect of exposure to volatile anesthetic
malignant hyperthermia—triggering agents.

Malignant hyperthermia (MH) is an autosomal dominant hypermetabolic condition triggered
by volatile anesthetics, such as isoflurane and succinylcholine.14 Molecular genetic studies
have established the type 1 ryanodine receptor gene (RYRZ) encoding the skeletal muscle
sarcoplasmic reticulum Ca?* release channel as the primary locus for both MH susceptibility
and central core disease.2® A common characteristic of muscle expressing MH-RYR1
variants, both in patients” and in experimental models,8-12 is an increased intracellular

Ca?* concentration compared to muscle from nonsusceptible subjects. In three experimental
murine models of MH with variants in RYR that are known to be pathogenic in humans, we
have shown that exposure to halothane or isoflurane at clinically relevant concentrations
causes intracellular Ca2* concentration to rise several-fold in their muscles, whereas
exposure to the same concentrations of halothane or isoflurane has no effect in muscles from
mice without RYRI variants.19-12 Previously, we introduced a new paradigm that implicates
nonspecific sarcolemmal cation entry viatransient receptor potential canonical (TRPC)
channels both as the predominant source of acutely elevated intracellular Ca2* and sodium
concentration during fulminant MH and as important contributors to chronically elevated
intracellular Ca* and sodium concentrations in quiescent MH-susceptible muscles.13.14

Our aim in this study was to use molecular methods in combination with pharmacologic
agents to further test the primary hypothesis that TRPC3 and TRPC6 channels are directly
responsible for the high intracellular Ca2* concentration seen in resting MH-susceptible
muscles, with a secondary hypothesis that blocking TRPC6 could prevent the massively
elevated intracellular Ca* concentration observed during the MH crisis after exposure to
triggering agents and subsequent death. We have done this using our RYR1-p.R163C knock-
in murine model of MH10 crossed with a transgenic animal overexpressing a dominant-
negative nonconducting TRPC6 channel in their skeletal muscles.1®16 This transgene exerts
its effect by blocking the activity of TRPC6 and perhaps also by modulating TRPC3 because
these two closely related TRPC channel isoforms are known to form heterotetramers at

the plasma membrane.1’ In a previous study in two murine models of muscular dystrophy,
expressing this nonconducting channel relieved their muscle pathology and restored muscle
function to near normal levels.1®
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Materials and Methods

Animals

The animals used in this study were (1) wild-type C57BL/6J mice, (2) C57BL/6J knock-in
mice heterozygous for the RYRI variant resulting in the amino acid change p.R163C in the
RyR1 protein (R163C), (3) transgenic mice with skeletal muscle—specific overexpression
of a nonconducting TRPC6 channel,1® and (4) mice heterozygous for RYRI-p. R163C
with skeletal muscle-specific expression of a nonconducting TRPC6 channel (the result

of crossing RYR1-p. R163C with mice with skeletal muscle—specific expression of a
nonconducting TRPC6 channel). The mice were used as close as possible to the time

they achieved 3 months of age. In all, 91 mice (39 females and 52 males) were used as
experimental animals. The animals for any phase of the study were chosen by their date of
birth (oldest first) and their availability in the animal colony. All experimental procedures
on animals were in accordance with the Care and Use Handbook of Laboratory Animals
published by the U.S. National Institutes of Health (Bethesda, Maryland; publication No.
85-23, revised 1996) and approved by the Institutional Animal Care and Use Committees at
the University of California at Davis, Davis, California; the Mount Sinai Hospital, Miami
Beach, Florida, and the Home Office in the United Kingdom (London).

Experimental Preparations

The experiments were conducted (1) /n vitro using single muscle fibers obtained by
enzymatic digestion of flexor digitorum brevis muscles dissected from 3- to 5-month-old
anesthetized mice killed by cervical dislocation;18 with flexor digitorum brevis fibers used
for measurements of intracellular ion concentrations 4 to 6 h after isolation; or (2) /n vivo by
measurement of intracellular ion concentrations in surgically exposed vastus lateralis fibers
of mice anesthetized using a mixture of intraperitoneal ketamine (100 mg/kg) and xylazine
(5 mg/kg).13

Ca?*- and Sodium-selective Microelectrodes

Double-barreled Ca%*- and sodium-selective microelectrodes were prepared and individually
calibrated before and after the determination of intracellular calcium concentration or
intracellular sodium concentration as described previously.13-1° Only those Ca2* selective
microelectrodes with a linear relationship between one micromolar and one hundred
nanomolar (Nernstian response, 30.5 milivolts per negative logarithm of the calcium
concentration unit) or those sodium microelectrodes with Nernstian responses between 100
and 10 mM and a sub-Nernstian response (40 to 45 millivolts) between 1 and 10 mM were
used experimentally. The sensitivity of the Ca2*- and sodium-selective microelectrodes were
not affected by any of the drugs used in the current study. After making measurements of
resting intracellular free calcium concentration for [Ca2*], and resting intracellular sodium
concentration for [Na*];, all microelectrodes were recalibrated, and if the two calibration
curves did not agree within 5 millivolts, data from that microelectrode were discarded. This
resulted in the removal of the data of 11 animals from the final analysis.
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Recording of Intracellular Ca?* and Sodium in Muscle Fibers In Vitro and In Vivo

Intracellular Ca%* and sodium determinations were performed 7n vitro on single flexor
digitorum brevis muscle fibers as described previously!® and Jn vivo on vastus lateralis
fibers in anesthetized wild-type and RYRZ-p.R163C mice.10 The muscle fibers were
impaled with double-barreled Ca?*-selective or sodium-selective microelectrodes, and their
potentials were recorded via a high-impedance amplifier (WPI Duo 773 electrometer; WPI,
USA).10 The data were not collected in any muscle cell whose membrane potential was less
negative than minus 80 millivolts, and if that occurred at any time during the experiment, the
data for that cell were not used for analysis.

The resting membrane potential from the 3 M KCI microelectrode was subtracted
electronically from either the potential of the Ca2* microelectrode or the sodium
microelectrode to produce a differential Ca2*-specific potential or sodium-specific potential
that represents the intracellular Ca2* or intracellular sodium concentrations, respectively. All
voltage signals were stored in a computer for further analysis.

Solutions.—Normal Ringer solution contained 135 mM NacCl, 5 mM KCI, 1.8 mM

CaCly, 1 mM MgCly,, 18 mM NaHCO3, 1.5 mM NaH,PO, and 5 mM glucose, pH

7.2 to 7.3. 1-Oleoyl-2-acetyl-sn-glycerol, ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate, and hyperforin solutions were made by adding
the desired concentration of the reagent to normal Ringer solution. All /n vitro experiments
were performed at 37°C.

Halothane Survival Curve.—To investigate the effects of overexpressing a dominant-
negative nonconducting TRPC6 in RYRI-p.R163C mice on the response to exposure to
2% halothane, we conducted a survival study on cohorts (7 mice per group) of 8- to
12-week-old wild-type, wild-type/dominant-negative TRPC6, RYR1-p.R163C, and RYRI-
p.R163C/dominant-negative TRPC6 mice. Survival time was measured during an up to
60-min exposure to 2% halothane.

Western Blot Analysis of Protein Expression.—Gastrocnemius muscles from all
genotypes were dissected, minced, and homogenized in modified radiocimmunoassay
precipitation assay buffer as described before.20 Total protein concentration was determined
using the Pierce BCA protein assay kit (ThermoFisher Scientific, USA). Proteins were
separated on sodiumdodecylsulfate gel and transferred to nitrocellulose membrane. To
avoid having errors added by attempting to measure all of the proteins on a single gel,

by stripping the antibodies after making the first measurement, we performed the analysis
by first slicing each membrane horizontally according to the molecular weight of proteins
of interest. Each individual membrane strip was incubated with the primary anti-TRPC3,
-TRPCS6, and —glyceraldehyde-3-phosphate dehydrogenase antibodies based on the known
protein size and protein standard markers. The levels of TRPC proteins were normalized to
loading control using the housekeeping protein glyceraldehyde-3-phosphate dehydrogenase.
Each strip from a single gel is shown as the example. Gels for each sample were run

in triplicate and incubated with primary TRPC3, TRPCS, or glyceraldehyde-3-phosphate
dehydrogenase followed by secondary fluorescent antibodies (Abcam, USA). All antibody
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dilutions and signals were validated previously in our laboratory and by others.14:2! Signals
of the protein of interest were detected with Storm 860 fluorescent imaging system (GE
Bio-Sciences, USA). Protein signals were quantified using MylmageAnalysis software
(ThermoFisher Scientific), and the density of the TRPC proteins was normalized to the
density of glyceraldehyde-3-phosphate dehydrogenase expression, which is thought not to
be differentially expressed in these models.

No specific power calculation was conducted before experimentation. The sample sizes
used were based on our previous studies using other MH and non-MH animal models.
Randomization methods were not used to assign the animals to be studied, and blinding of
the investigators was not used. All values are expressed as means + SD. Statistical analysis
used two-tailed hypothesis testing. For studies done on muscle fibers both in vitroand in
vivo, a one-way between-subjects ANOVA was performed with Tukey’s posttest for multiple
measurements to determine significance (P < 0.05). We used histograms (most commonly
used graph to show frequency distributions) and the D’ Agostino and Pearson test to assess
the distribution of the data. Statistical analyses of Western blots were carried out using

an unpaired Student’s independent #test. To do this, we used an independent samples ¢
test; namely, we compared two sample means from different populations regarding the
same variable. The Mantel-Cox test was used to test for differences in survival between
groups. All data collected were analyzed, and no outliers were removed from our analyses.
Statistical analysis was done using GraphPad Prism 7.03 (GraphPad Software, Inc., USA).
Data from 11 mice were discarded because of (1) the loss of microelectrode sensitivity

to calcium detected by a drift of more than 5 millivolts between the first and the second
microelectrode calibration curves in the range between pCa 6 and pCa 7; (2) broken
microelectrode tips that did not allow us to carry out the postmeasurement calibration
curves; and (3) the unexpected occurrence of electronic noise during the ion measurements
that compromised the accuracy of the ion-specific voltage recorded.

Intracellular Ca2* and Sodium Concentrations in Muscle Fibers Expressing a Dominant-
negative TRPC6 Channel

In vivointracellular Ca%* concentrations were 175% higher and intracellular sodium
concentrations were 88% higher in RYR1-p.R163C vastus lateralis muscle fibers than
those observed in wild-type muscle fibers (£ < 0.0001; fig. 1). Expression of the dominant-
negative TRPC6 reduced skeletal muscle intracellular Ca?* and sodium concentrations in
both wild-type and RYR1-p.R163C mice; however, the decreases caused by its expression
were greater in RYR1-p.R163C/dominant-negative TRPC6 than in wild-type/dominant-
negative TRPC6 mice (43% [P < 0.0001] vs. 21% [P < 0.0001] and 27% [P < 0.001]

vs. 11% [P = 0.002] for intracellular Ca2* and sodium concentrations, respectively; fig.
1). There were no differences in resting membrane potential among the four different
genotypes. Similar differences in intracellular Ca2* and sodium concentrations were
observed /n vitro in enzymatically isolated single flexor digitorum brevis muscle fibers
(Supplemental Digital Content 1, http://links.lww.com/ALN/C515).
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Expressing a Dominant-negative TRPC6 Channel in Skeletal Muscle Reduces the Elevation
of Intracellular Ca2* and Sodium Concentrations Elicited by 1-Oleoyl-2-acetyl-sn-glycerol

TRPC3/6 channels are directly activated by the ubiquitous intracellular second messenger
diacylglycerol, whereas TRPC1/4/5 channels are not.22 When we exposed single flexor
digitorum brevis muscle fibers to the membrane-permeable diacylglycerol analog 1-
oleoyl-2-acetyl-sr-glycerol?1:22 (100 pM) for 15 min, intracellular Ca2* concentration
increased in RYR1-p.R163C fibers by 132% (P < 0.0001), whereas in wild-type fibers,

it increased by only 64% (£ < 0.0001; fig. 2A). Similarly, 1-oleoyl-2-acetyl-sn-glycerol
(100 uM) produced a greater elevation of intracellular sodium concentration in RYR1-
p.R163C flexor digitorum brevis muscle fibers (70%, £< 0.0001) than in wild type

(50%, P< 0.0001; fig. 2B). Similar results were obtained using 1,2-dioctanoyl-sm-glycerol,
another membrane-permeable diacylglycerol analog?3 (Supplemental Digital Content 1,
http://links.lww.com/ALN/C515). Expression of dominant-negative TRPC6 reduced the
effect of 1-oleoyl-2-acetyl-sr-glycerol on both intracellular Ca2* and sodium concentrations
in both wild-type and RYR1-p.R163C flexor digitorum brevis muscle fibers (fig. 2, A and
B).

Hyperforin-induced Elevation of Resting Intracellular Ca2* Concentration

To demonstrate that the changes in intracellular CaZ concentration seen with the expression
of the dominant-negative nonconducting TRPC6 transgene were due to a reduction in the
function of TRPC6, we measured intracellular Ca2* concentration in single muscle fibers
exposed to the TRPCG activator hyperforin.2* We have previously found that hyperforin
caused a genotype-dependent rise in resting intracellular Ca2* concentration in the RYR1-
p. G2435R murine MH model.1* Here, we found that exposure of wild-type and RYRI-
p.R163C flexor digitorum brevis muscle fibers to 10 uM hyperforin produced a statistically
significant increase in intracellular Ca%* concentrations in both genotypes, but the effect was
less marked in wild-type cells (34%, from 121 + 2 nM to 162 + 15 nM, P=<0.001) than

in RYR1-p.R163C cells (54%, from 348 + 37 nM to 537 £ 70 nM, P=<0.001; fig. 3).
Expression of dominant-negative TRPC6 in flexor digitorum brevis muscle fibers markedly
reduced the effect of hyperforin on intracellular Ca2* concentration to only a 5% increase
(from 94 £ 6 nM to 99 + 6 nM; P= 0.248) in wild-type/dominant-negative TRPC6 fibers
and a 14% increase in RYRI-p.R163C/dominant-negative TRPCG fibers (from 185 + 11 nM
to 210 £ 43 nM; P=0.288; fig. 3).

Ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylate
Reduces Intracellular Ca2* Concentration in RYR1-p.R163C/dominant-negative TRPC6
Skeletal Muscle Cells

The concept of functional specificity of CaZ*-influx pathways was

further explored by incubating single flexor digitorum brevis muscle

fibers with the pyrazole compound ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate, which is proposed to be a specific

blocker of TRPC3.25 Incubation with ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate reduced intracellular Ca* concentration in
RYRI1-p.R163C flexor digitorum brevis muscle fibers from 353 £ 29 nM to 268
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+ 34 nM (P<0.0001) and from 122 + 3nM to 108 £ 7 nM (£ < 0.001) in

wild type (fig. 4). Incubation with 10 uM ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate almost normalized intracellular Ca2*
concentration in RYRI-p. R163C/dominant-negative TRPC6 fibers from 190 + 15 nM

to 130 + 9 nM (P< 0.0001) and reduced intracellular Ca?* concentration in wild-
type/dominant-negative TRPCS6 fibers from 93 + 9 nM to 79 + 8 nM (P < 0.001;

fig. 4). In both wild-type and RYR1-p.R163C/dominant-negative TRPC6 genotypes,

the percentage of reduction caused by ethyl-1-(4-(2,3,3-trichloroacrylamide) phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate was similar to the percentage of reduction
seen after ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-
carboxylate exposure in the absence of dominant-negative TRPC6 expression.

Expression of Dominant-negative TRPC6 Reduced the Increase of Intracellular Ca2*
Concentration in RYR1-p. R163C Muscle during Exposure to Halothane

Exposure to 2% halothane had no effect on intracellular Ca?* concentration measured

in vivoin the vastus lateralis fibers of wild-type mice but caused an immediate and
statistically significant 273% elevation in intracellular Ca2* concentration (P < 0.0001)

in the vastus lateralis fibers of RYRI-p. R163C mice (fig. 5). Furthermore, all the RYR1-
p.R163C animals succumbed to the MH crisis within 16 min of halothane exposure (fig. 6).
Expression of dominant-negative TRPC6 in RYR1-p.R163C muscle, in addition to reducing
intracellular Ca%* concentration (fig. 5) before exposure to halothane, both statistically
significantly attenuated the increase in intracellular Ca* concentration (125% vs. 275%; P
< 0.0001) during exposure to halothane (fig. 5) and statistically significantly increased the
survival time (fig. 6). The mean survival time of RYRI-p.R163C/dominant-negative TRPC6
mice was 35 + 5 min (7 mice) versus 15 £ 3 min for RYR1-p.R163C mice (7 mice; P

< 0.0001). However, dominant-negative TRPC6 expression was not sufficient to entirely
prevent the elevation of intracellular Ca2* concentration after halothane inhalation over time
and did not prevent death as a result of the MH crisis. Figure 7 shows an experiment in
which intracellular Ca2* concentration and rectal temperature were recorded continuously 7
vivoin a RYR1-p.R163C/dominant-negative TRPC6 mouse until it succumbed to the MH
crisis. Intracellular Ca%* concentration rapidly increased from 236 to 465 nM immediately
after exposure to halothane, remained between 422 to 498 nM for the next 14 to 18 min, and
then increased slowly, reaching 900 to 1,000 nM after 34 min of halothane inhalation, when
death occurred.

Effects of Ethyl-1-(4-(2,3,3-trichloroacrylamide) phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-
carboxylate in RYR1-p.R163C/dominant-negative TRPC6 Muscles during Exposure to

Halothane

Although it was not possible to administer ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate systemically, we were able to measure its
local effects on skeletal muscle intracellular Ca2* concentration /n vivo by measuring
intracellular Ca?* concentration simultaneously in the left and right vastus lateralis muscles
in wild-type/dominant-negative TRPC6 and RYR1-p.R163C/dominant-negative TRPC6
mice before and after exposure to 2% halothane. The left leg muscle was used as a control,
whereas the right leg muscle was superfused continuously with 10 uM ethyl-1-(4-(2,3,3-
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trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylate for 15 min
before and during the entire exposure to halothane. In the wild-type/dominant-negative
TRPCE left leg muscle, the intracellular Ca2* concentration was 95 + 4 nM, and this was
unchanged after exposure to halothane (93 + 5 nM; fig. 8A). Intracellular Ca2* concentration
was reduced to 84 + 6 nM after 15 min of local incubation with 10 uM ethyl-1-(4-(2,3,3-
trichloroacrylamide) phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylate and as before
was unaffected by exposure to 2% halothane (86 + 6.2 nM; fig. 8A). In RYRI-p.R163C/
dominant-negative TRPC6 muscle, basal intracellular Ca%* concentration was 186 +

20 nM and rose to 415 + 29 nM immediately after exposure to 2% halothane (fig.

8B). Incubation with ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-
pyrazole-4-carboxylate reduced basal intracellular Ca2* concentration from 194 + 11 nM
to 146 £ 12 nM (P < 0.0001) and statistically significantly blunted the increase seen

after exposure to halothane (250 + 27 nM; £< 0.0001) compared to the untreated RYRI-
p.R163C/dominant-negative TRPC6 left leg muscle (fig. 8B).

Measurements of TRPC3 and TRPC6 Expression in Muscle Cells

We determined the expression of TRPC3 and TRPC6 channels in gastrocnemius muscle
homogenates from wild-type, wild-type/dominant-negative TRPC6, RYR1-p.R163C, and
RYRI1-p.R163C/dominant-negative TRPC6 mice. As expected from our previous studies
on murine models relevant to MH,14 Western blot analysis demonstrated a statistically
significantly increased expression of both TRPC3 and TRPCG6 proteins in RYR1-p.R163C
compared to wild-type muscles (P< 0.0001 and £< 0.0001, respectively). Furthermore,

as expected, we were able to see a statistically significant increase in TRPC6 expression

in wild-type/dominant-negative TRPC6 and RYRI-p.R163C/dominant-negative TRPC6
muscles compared to controls (= 0.002 and 2= 0.008, respectively). Unexpectedly, we
observed that concomitantly with the expected transgenic overexpression of TRPCB, there
was a statistically significant increase in the expression of TRPC3 protein in both wild-
type/dominant-negative TRPC6 (P = 0.013) compared to wild-type (P= 0.002) and RYRI-
p.R163C/dominant-negative TRPC6 compared to RYRZ-p.R163C muscles (P=0.014).
Figure 9A shows a representative Western blot from the four genotypes and quantification
graphs reflecting relative expression levels of TRPC3 and TRPC6 proteins normalized to the
expression of glyceraldehyde-3-phosphate dehydrogenase (fig. 9B).

Discussion

We have demonstrated that muscle-specific overexpression of the nonconducting TRPC6
channel both reduced intracellular Ca2* concentration in RYR1-p.R163C animals at

rest and reduced the absolute maximum levels of intracellular Ca?* concentration
reached during exposure to halothane. Despite this, its expression did not restore
intracellular Ca?* concentration to wild-type levels, and although its expression increased
the length of survival after the exposure to halothane, it was unable to rescue the

lethal phenotype. The physiologic effect of muscle-specific expression of a dominant-
negative TRPC6 on TRPC6 function was confirmed by the marked attenuation of
reactivity of expressing muscle fibers to the TRPC6 activator hyperforin. Although

there was a compensatory increase in expression of TRPC3 in dominant-negative
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TRPC6 mice, this does not explain the failure of molecular inhibition of TRPC6
channels to fully restore responses in RYRI-p. R163C animals and fibers to that

of wild type because the addition of ethyl-1-(4-(2,3,3-trichloroacrylamide) phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate, a TRPC3 blocker, still resulted in elevated
intracellular Ca%* concentrations at rest and during exposure to halothane. Indeed,

the contribution of TRPC3 to intracellular Ca?* concentration was proportionally

similar in RYRI-p. R163C fibers in the presence or absence of dominant-negative
TRPCS6. Our findings of an effect of dominant-negative TRPC6 and ethyl-1-(4-(2,3,3-
trichloroacrylamide) phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylate in wild-type
fibers demonstrate that TRPC3/6 channels contribute to physiologic levels of intracellular
Ca?* concentration in skeletal muscle. It is possible that their role is to help maintain
intracellular Ca2* store content during muscle activity, and this effect could be

mediated through diacylglycerol signaling in response to elevations in intracellular Ca2*
concentration.

Molecular genetic studies have established the RYRI gene encoding the skeletal muscle
sarcoplasmic reticulum Ca?* release channel as the primary locus for MH susceptibility,2:4
and secondary loci have been identified in other proteins involved with RyR1 in excitation—
contraction coupling?6:27 that are thought to sensitize the RyR1 channel. A common
characteristic of muscle expressing MH-RyR1 variants is an increased intracellular Ca2*
concentration that is thought to be caused by increased RyR1 leak.8:9.11.19.28.29 However,
evidence accumulated over the past decade suggests more complex molecular mechanisms
by which a sensitized RyR1 channel results in a MH reaction upon exposure to triggering
anesthetics, as well as nonanesthetic phenotypes associated with MH susceptibility.

The importance of extracellular Ca2* to the effects of halothane in MH-susceptible muscle
was suggested more than 40 yr ago.30 More recently, Duke et a/,3! Eltit et a/,13 and

Lopez et al1* have demonstrated transsarcolemmal Ca2* influx in human and mouse MH
muscle, which appears to be mediated by store-operated Ca?* entry, canonical transient
receptor potential channels, or both. The current study both confirms augmented expression
of TRPC3 and TRPC6 in MH muscle fibers1314 and unequivocally demonstrates, through
specific molecular inhibition, the contribution of TRPC channels that is predominantly
mediated through TRPC6. Indeed, the intracellular Ca2* dyshomeostasis observed in MH-
susceptible muscle could not be sustained solely by sarcoplasmic reticulum Ca2* leak/
release, but instead, a combination of this and TRPC-mediated transsarcolemmal CaZ* influx
were required, with the latter being the major player in terms of Ca2* contribution.

TRPC channels constitute a large and functionally versatile superfamily of cation channel
proteins expressed in many cell types that control influxes of Ca2* and other cations
(sodium, lithium, and magnesium)32 to regulate diverse cellular processes. In skeletal
muscle, they seem to be involved in muscle development, store-operated entry of Ca2*,
response to stretch,32 and modulation of glucose transport.3 TRPC channels are activated
by diacylglycerol generated in response to phospholipase C—induced phosphatidylinositol
4,5-bisphosphate hydrolysis.22 A driving force behind the recent research in the field of
TRPCs in muscle is the idea that TRPCs could be involved through abnormal Ca2* signaling
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in several striated muscle pathologies, such as Duchenne muscular dystrophy,33:35.36
myocardial remodeling and hypertrophy,34 and MH.1314

Defining the large but still partial contributions of TRPC3 and TRPCS6 to elevated
intracellular Ca2* concentration in MH-susceptible muscle at rest and during a MH episode
draws attention to other contributing mechanisms. It is possible that sarcoplasmic reticulum
Ca?* leak could fully explain residual increases in intracellular Ca?* concentration, but it

is the responses to halothane we find especially intriguing. We have previously reported

that the reverse mode function of the sodium—calcium exchanger contributes to the
elevation of intracellular Ca2* during the MH episode,8 and this may also explain the
findings in the muscle of RY/R1-p.R163C/dominant-negative TRPC6 mice pretreated with
the TRPC3 inhibitor ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-
pyrazole-4-carboxylate before addition of halothane. The reverse-mode sodium—calcium
exchanger can be activated after localized intracellular sodium accumulation through
nonselective TRPC13.14 and store-operated calcium channels. Furthermore, the sodium-
calcium exchanger has also been demonstrated to interact both physically and functionally
with certain TRPC channels, and evidence has been presented for the link between

stromal interaction molecule 1-mediated sodium influx and the activation of the sodium—
calcium exchanger.3” Here there was an initial, relatively small increase in intracellular
Ca?* concentration to a level that was sustained for approximately 10 min before the
beginning of a second, slower, more marked and progressive increase that paralleled the
increase in the rectal temperature of the animal. Such a pattern suggests that the initial
plateau represents a new equilibrium in which increased calcium sequestration compensates
for increased sarcoplasmic reticulum calcium release. Clearly this status quo cannot be
sustained. Decompensation might occur if there is disruption of ATP production, which
could occur with excessive mitochondrial uptake of calcium, leading to reduced calcium
sequestration capacity. Alternatively, mitochondrial dysfunction secondary to calcium uptake
could result in increased production of reactive oxygen species that can result in increased
RyR1-mediated calcium release.38:39 A further possibility is that the sarcoplasmic reticulum
calcium content decreases during the plateau phase to reach the level at which store-operated
calcium entry is initiated, leading to a massive sustained influx of extracellular calcium.3!

This study is not without limitations. The main limitation of this work is that it

is conducted using mice and mouse tissue rather than humans and human tissue.
Although murine models relevant to MH appear more sensitive to environmental heat
stress than MH-susceptible patients, they recapitulate the human condition in many

other respects, including increased intracellular Ca2* concentration,®-28:40 dependence on
extracellular calcium,3! and mitochondrial dysfunction.! We have also not demonstrated
that skeletal muscle—specific expression of a nonconducting dominant-negative TRPC6
completely abolishes TRPC6 conductance, although previous work with this construct
suggests this is likely.1® Finally, although we have used molecular inhibition of TRPCS,
our conclusions concerning the effect of ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate on TRPC3 must be more guarded because
selectivity of pharmacologic reagents can never be guaranteed.
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In summary, these results demonstrate that nonselective sarcolemmal cation permeability
mediated by TRPC6 and TRPC3 plays a critical role in causing cytosolic Ca2* overload both
at rest and during a MH crisis. This improved understanding of the underlying mechanisms
of MH may assist in the design of new therapies and the identification of more selective
pharmacologic agents other than our current accepted standard, dantrolene, to prevent or
reverse the MH episodes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EDITOR’S PERSPECTIVE
What We Already Know about This Topic

. The type 1 ryanodine receptor (RYRZ) gene encoding the skeletal muscle
sarcoplasmic reticulum Ca?* release channel is the primary locus for
malignant hyperthermia susceptibility

. Secondary loci have been identified in other proteins involved with RyR1 in
excitation—contraction coupling that are thought to sensitize the RyR1 channel

. Transient receptor potential canonical channels constitute a large and
functionally versatile superfamily of cation channel proteins expressed in
many cell types that control influxes of Ca2* and other cations to regulate
diverse cellular processes

What This Article Tells Us That Is New

. Muscle-specific overexpression of the nonconducting transient receptor
potential canonical 6 channel both reduced intracellular Ca?* concentration
in RYR1-p.R163C mice at rest and reduced the absolute maximum levels of
intracellular Ca%* concentration reached during exposure to halothane

. Despite this, its overexpression did not restore intracellular Ca%*
concentration to wild-type levels, and although its overexpression increased
the length of survival after halothane exposure, it was unable to rescue the
lethal phenotype
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Fig. 1.

Reduced intracellular Ca%* and sodium (Na*) concentrations in muscle fibers expressing a
dominant-negative transient receptor potential canonical 6 (TRPC6) channel. Intracellular
Ca?* or sodium concentration was measured on the superficial vastus lateralis muscle

fibers /n vivo in wild-type, wild-type/dominant-negative TRPC6, RYRI-p.R163C,

and RYRI-p.R163C/dominant-negative TRPC6 mice using double-barreled ion-specific
microelectrodes. Seven mice per genotype; wild-type, 35 cells; wild-type dominant-negative
TRPCS6, 34 cells; RYR1-p. R163C, 25 cells; RYRI-p.R163C/dominant 35 cells for
intracellular Ca%* concentration measurements. For intracellular sodium concentration
measurements, 4 mice per genotype wild type, 20 cells; wild-type dominant-negative
TRPCS, 15 cells; RYR1-p. R163C, 15 cells; RYRI-p.R163C/dominant-negative TRPCS,

15 cells. The values are expressed as means = SD for each condition. Statistical analysis was
done using a one-way ANOVA with Tukey’s posttest. *P< 0.05.
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Fig. 2.

Expressing a dominant-negative transient receptor potential canonical 6 (TRPC6) channel
reduces the elevation of intracellular Ca2* and sodium (Na*) concentrations elicited

by 1-oleoyl-2-acetyl-sn-glycerol. Exposure of quiescent flexor digitorum brevis muscle
fibers isolated from wild-type, wild-type/dominant-negative TRPC6, RYR1-p.R163C, and
RYR1-p.R163C/dominant-negative TRPC6 mice to 100 UM 1-oleoyl-2-acetyl-sm-glycerol
induced an elevation of intracellular Ca2* (A) and sodium concentration (B). Expression

of dominant-negative TRPC6 reduced the effect of 1-oleoyl-2-acetyl-sr-glycerol on both
intracellular Ca%* (A) and sodium (B) concentrations in both wild-type and RYRI-
p.R163C muscle fibers. The experimental conditions are indicated on the Ahorizontal

axes. For intracellular Ca2* concentration measurements: 5 mice per genotype, wild-type,
25 cells; wild-type dominant-negative TRPC6, 20 cells; RYRI-p.R163C 20 cells; RYRI-
p.R163C/dominant-negative, n = 21 for intracellular Ca* concentration measurements. For
intracellular sodium concentration measurements: 3 mice per genotype. Wild-type, 15 cells;
wild-type dominant-negative TRPC6, 17 cells; RYR1-p.R163C, 18 cells; RYRI-p.R163C/
dominant-negative TRPCS, 15 cells. The values are expressed as means + SD for each
condition. Statistical analysis was done using a one-way ANOVA with Tukey’s posttest. *P
<0.05.
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Fig. 3.

H3perforin induced an elevation of intracellular Ca2* concentration. Incubation of flexor
digitorum brevis muscle fibers isolated from wild-type, wild-type/dominant-negative
transient receptor potential canonical 6 (TRPC6), RYR1-p.R163C, and RYRI-p.R163C/
dominant-negative TRPC6 mice with 10 uM hyperforin produced a statistically significant
(P<0.0001) increase in intracellular Ca2* concentration in all genotypes, but the effect was
more marked in RYR1-p.R163C fibers than in wild type. Expression of dominant-negative
TRPC6 in wild type and RYR1-p.R163C reduced the effect of hyperforin. The experimental
conditions used are indicated on the horizontal axis. For intracellular Ca2* concentration
measurements: Five mice per genotype, wild-type, 19 cells; wild-type dominant-negative
TRPCS6, 20 cells; RYR1-p.R163C, 22 cells; RYRI-p.R163C/dominant-negative, TRPC6 20
cells. The values are expressed as means + SD for each condition. Statistical analysis was
done using a one-way ANOVA with Tukey’s posttest. * < 0.05.
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Fig. 4.

Ef%ect of ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-
carboxylate on intracellular Ca2* and sodium. Ethyl-1-(4-(2,3,3-trichloro-
acrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylate (10 uM) reduced
intracellular Ca%* concentration in the flexor digitorum brevis muscles of all

genotypes. The experimental conditions used are indicated on the forizontal

axis. For intracellular Ca2* determinations: 5 mice per genotype, wild-type,

20 cells; wild-type—ethyl-1-(4-(2,3,3-trichloro-acrylamide) phenyl)-5-(trifluoromethyl)-1H-
pyrazole-4-carboxylate, 23 cells; wild-type dominant-negative transient receptor potential
canonical 6 (TRPCS6), 19 cells; wild-type dominant-negative TRPC6—ethyl-1-(4-(2,3,3-
trichloro-acrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylate, 21 cells;
RYRI1-p.R163C, 22 cells; RYR1-p.R163C—ethyl-1-(4-(2,3,3-trichloro-acrylamide)phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate, 21 cells; RYR1-p.R163C dominant-negative
TRPCS, 20 cells; RYR1-p.R163C dominant-negative TRPC6—ethyl-1-(4-(2,3,3-trichloro-
acrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylate, 22 cells. The values are
expressed as means = SD for each condition. Statistical analysis was done using a one-way
ANOVA with Tukey’s posttest. *P< 0.05.
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Fig. 5.

E)?pression of dominant-negative transient receptor potential canonical 6 (TRPCG6) reduced
the increase of intracellular Ca2* concentration in RYR1-p.R163C muscle during exposure
to halothane. Intracellular Ca?* concentration was measured /n7 vivo in the vastus lateralis
fibers of wild-type, wild-type/dominant-negative TRPC6, RYR1-p.R163C, and RYRI-
p.R163C dominant/negative TRPC6 before and after the inhalation of 2% halothane.

In wild-type muscle fibers, halothane did not provoke elevation in intracellular Ca2*
concentration, whereas in RYR1-p.R163C, it induced a robust and immediate elevation

of intracellular Ca2* concentration. Expression of dominant-negative TRPC6 in RYR1-
p.R163C muscle reduced intracellular Ca* concentration and statistically significantly
attenuated the increase in intracellular Ca2* concentration during inhalation of halothane.
The experimental conditions used are indicated on the horizontal axis. For intracellular
Ca?* concentration measurements in 7 mice per genotype, wild-type, 35 cells; wild-type
dominant-negative TRPCS, 32 cells; RYR1-p.R163C, 23 cells; RYR1-p.R163C/dominant-
negative TRPCB, 37 cells. The values are expressed as means + SD for each condition.
Statistical analysis was done using a one-way ANOVA with Tukey’s posttest. *~< 0.05.
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Fig. 6.

Minutes

The survival of R163C mice is enhanced by expression. Kaplan—Meier survival curves
reveal that expression of dominant transient receptor potential canonical 6 (TRPC6)
statistically significantly increased the mice survival time in RYR1-p.R163C mice from
15.3 £ 3 min to 35.5 £ 5 min RYR1-p.R163C/dominant-negative TRPC6. Seven mice per
genotype. The values are expressed as means + SD for each condition. Statistical analysis
was done using a Mantel-Cox log rank test. *~< 0.05.
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Fig. 7.
Time course of changes in intracellular Ca2* and rectal temperature in a mouse expressing

dominant-negative transient receptor potential canonical 6 (TRPCG6). A typical experiment
was carried out /77 vivo in an anesthetized (ketamine/xylazine) RYR1-p.R163C/dominant-
negative TRPC6 mouse. Intracellular calcium concentrations on the superficial fibers of the
vastus lateralis muscle and rectal temperature were measured simultaneously before and
after halothane 2% inhalation. The /nsetin the upper left corner shows the time of death
after halothane inhalation.
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Fig. 8.

Et?\yl-l-(4-(2,3,3-trichIoroacrylamide)phenyl)-S-(trifIuoromethyl)-1H-pyrazo|e-4-
carboxylate reduces intracellular Ca2* concentration in RYR1-

p.R163C/dominant-negative transient receptor potential canonical

6 (TRPC6) skeletal muscle cells. Intracellular Ca2* concentration was measured in both the
right and left vastus lateralis muscle of wild-type/dominant-negative TRPC6 (A) and RYRI-
p.R163C/dominant-negative TRPC6 muscles (5B). In both, the right leg was superfused with
the TRPC3 blocker ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-
pyrazole-4-carboxylate, and Ca2* was measured a second time, after which

the animal was exposed to 2% halothane, and intracellular Ca2* concentration was measured
in both the right and left vastus lateralis muscles a final time. Five mice per genotype, wild-
type dominant-negative TRPC6 (left leg), 20 cells; wild-type dominant-negative TRPC6 (left
leg)-halothane, 18 cells; wild-type dominant-negative TRPC6 (right leg), 17 cells; wild-
type dominant-negative TRPC6 (right leg)—ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylate, 20 cells; wild-type dominant-negative TRPC6
(right leg)—ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-
carboxylate and halothane, 19 cells. RYR1-p.R163C/dominant-negative TRPC6 (left leg),

n = 22; RYR1-p.R163C/dominant-negative TRPC6 (left leg)—halothane, 22 cells; RYRI-
p.R163C/dominant-negative TRPC6 (right leg), 21 cells; RYR1-p.R163C/dominant-negative
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TRPCS6 (right leg)—ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-
pyrazole-4-carboxylate and halothane, 21 cells; RYRI-p.R163C/dominant-negative

TRPCS6 (right leg)—ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-
pyrazole-4-carboxylate and halothane, 22 cells. The experimental conditions used are
indicated on the horizontal axes. The values are expressed as means + SD for each condition.
Statistical analysis was done using a one-way ANOVA with Tukey’s posttest. *~ < 0.05.
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Fig. 9.
Measurements of transient receptor potential canonical (TRPC) 3 and TRPCG6 protein

expression in gastrocnemius muscles. (A) A representative Western blot analysis of

the expression of TRPC3, TRPC6, and glyceraldehyde-3-phosphate dehydrogenase

in the gastrocnemius muscle from wild-type, wild-type/dominant-negative TRPCS,
RYRI1-p.R163C, and RYRI-p.R163C/dominant-negative TRPC6 mice. (8) Summary of
the densitometric analysis. The data were normalized to glyceraldehyde-3-phosphate
dehydrogenase and expressed as mean optical unit values £ SD. Three mice per genotype.
For TRPC3 and TRPC6 protein expression, the densitometric quantitative data were based
on three independent experiments from each mouse. The values are expressed as means +
SD for each condition. Statistical analysis was done using unpaired Student’s independent ¢
test. *£< 0.05.
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