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ABSTRACT Calsequestrin-1 (CASQ1) is a moderate-
affinity, high-capacity Ca®*-binding protein in the sarco-
plasmic reticulum (SR) terminal cisternae of skeletal
muscle. CASQI functions as both a Ca®*-binding protein
and a luminal regulator of ryanodine receptor (RYRI)-
mediated Ca** release. Mice lacking skeletal CASQ1 are
viable but exhibit reduced levels of releasable Ca*" and
altered contractile properties. Here we report that
CASQI1-null mice exhibit increased spontaneous mortality
and susceptibility to heat- and anesthetic-induced sudden
death. Exposure of CASQ1-null mice to either 2% halo-
thane or heat stress triggers lethal episodes character-
ized by whole-body contractures, elevated core temper-
ature, and severe rhabdomyolysis, which are prevented
by prior dantrolene administration. The characteristics
of these events are remarkably similar to analogous
episodes observed in humans with malignant hyperther-
mia (MH) and animal models of MH and environmen-
tal heat stroke (EHS). In vitro studies indicate that
CASQIl-null muscle exhibits increased contractile sen-
sitivity to temperature and caffeine, temperature-de-
pendent increases in resting Ca®*, and an increase in
the magnitude of depolarization-induced Ca** release.
These results demonstrate that CASQ1 deficiency alters
proper control of RYRI1 function and suggest CASQ1
as a potential candidate gene for linkage analysis in
families with MH/EHS where mutations in the RYRI1
gene are excluded.—Dainese, M., Quarta, M., Lyfenko,
A. D., Paolini, C., Canato, M., Reggiani, C., Dirksen,
R. T., Protasi, F. Anesthetic- and heat-induced sudden
death in calsequestrin-1-knockout mice. FASEB J. 23,
1710-1720 (2009)
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EXcITATION-CONTRACTION (EC) COUPLING, the process
that controls release of Ca*" from the sarcoplasmic retic-
ulum (SR) during muscle activation (1), is coordinated by
several interacting proteins localized in intracellular junc-
tions named Ca®’ release units (CRUs). Sarcolemma
depolarization during an action potential is sensed by
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dihydropyridine receptors (DHPRs or L-type Ca**
channels) in the T-tubule membrane that in turn
activate SR Ca®" release channels or ryanodine recep-
tors (RYR1) in the SR (1). Correct functioning of the
EC coupling machinery is crucial for normal muscle
function and health, since altered control of intracel-
lular Ca®" levels leads to muscle dysfunction and
disease (2, 3).

Calsequestrin (CASQ) is an acidic, high-capacity Ca**-
binding protein located within the SR terminal cisternae
that serves to concentrate exchangeable Ca®" ions near
sites of RYR1-mediated Ca®" release (4, 5, 6). Two CASQ
isoforms, products of two different genes, are found in
mammalian muscle: a skeletal muscle isoform (CASQI)
and a cardiac muscle isoform (CASQ2; refs. 7, 8). Cardiac
muscle exclusively expresses CASQ?2, independent of de-
velopmental stage. On the other hand, both isoforms are
present in skeletal muscle but are differentially expressed
during development. In adult muscle, CASQ] is the only
isoform expressed in fasttwitch fibers and 75% of all
CASQ expressed in slow-twitch muscle (9, 10).

In addition to being an important determinant of SR
Ca*" store content, CASQ has also been shown to mod-
ulate RYR-mediated SR Ca®" release (11, 12). CASQ is
connected to RYRs vig triadin and junctin, forming a
quaternary RYR-triadinjunctin-CASQ complex that is hy-
pothesized to modulate RYR-Ca*" release in relation to
luminal Ca** (13). However, the precise regulatory func-
tion of CASQ on RYR channel activity remains unclear.
While some studies (12, 14) report that RYR channels
are activated by CASQ), others (15, 16) provide evidence
for CASQ-mediated inhibition. A recently published
study (17) shows that down-regulation of CASQ2, but
not of CASQI, in C2C12 skeletal myotubes leads to
impaired SR Ca®*" storage and release. We found that
ablation of CASQI in mice affects CRU structure and
both the amount of Ca®* released and the kinetic
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parameters (time-to-peak and half-relaxation time) of
contractile responses evoked by electrical stimulation
and caffeine application (18).

Several muscle diseases are associated with defects in
proteins involved in EC coupling (2). Loss-offunction mu-
tations in the CASQ2 gene (19) are linked to catecholamin-
ergic polymorphic ventricular tachycardia (CPVT), a rare
arrhythmogenic disorder characterized by physical/emo-
tional stress-induced syncopal events and sudden cardiac
death. Interestingly, CVPT can result from either loss-
offunction mutations in CASQ2 (19-21) or gain-of-
function mutations in the cardiac RYR (RYR2) (22).

So far, no specific skeletal myopathy has been associ-
ated with mutations and/or deletions in the CASQ1 gene.
However, by analogy to cardiac CVPT, we hypothesized
that CASQI deficiency in mice might result in increased
susceptibility to malignant hyperthermia (MH) and exer-
tional/environmental heat stroke (EHS) similar to that
observed for gain-of-function mutations in RYR1 (23-27).
Malignant hyperthermia susceptibility (MHS) in hu-
mans is a life-threatening hypermetabolic response to
volatile anesthetics (halothane, isofluorane, efc.) in
which RYR1 mutations lead to release channels that
exhibit increased SR Ca®" leak and sensitivity to uncon-
trolled activation by volatile anesthetics (28, 29). Inter-
estingly, hypermetabolic episodes similar to MH crises
can also result from emotional stress and mating (in
pigs), as well as vigorous exercise and prolonged eleva-
tions in ambient temperature (in mice and humans;
refs. 24, 25, 30-35). Therefore, we investigated whether
CASQ deficiency in mice results in an MH/EHS-like
phenotype characterized by lethal stress-induced (i.e.,
exposure to halothane or high temperatures) hyper-
metabolic crises and sudden death.

MATERIALS AND METHODS
In vivo experiments
CASQI-null mice

CASQIl-null mice were generated as described previously
(18). Mice were housed in microisolator cages at 20°C, 12-h
light-dark cycle, with free access to water and food.

Age-dependent survival analysis of male and female wild-type
(WT) and CASQI-null mice housed under standard conditions

The rate of spontaneous mortality of CASQI-null and WT
mice in standard housing conditions was evaluated across the
entire colony up to 10 mo of age (300 d) using the Kaplan-
Meier method. Age-dependent probability of survival is
shown in Fig. 1A.

Halothane sensitivity test

To determine sensitivity to volatile halogenated anesthetics,
male and female CASQI-null and WT mice were exposed to
an air mixture containing halothane (Sigma Aldrich, Milan,
Italy) at concentrations sufficient to induce stage 3 anesthesia
(2% halothane, with more added as necessary to induce and

MALIGNANT HYPERTHERMIA IN CASQ1-NULL MICE

maintain this level of anesthesia) using an Isotec 3 evaporator
(Datex-Ohmeda; GE Healthcare, Wauwatosa, WI, USA). The
procedure used was similar to that described by Chelu et al.
(24; see Supplemental Material for additional details). The
number of mice tested and experimental outcomes are
reported in Fig. 1B and Supplemental Table 1.

Heat-stress test

The effects of heat challenge were studied in male and female
CASQ]l-null and WT animals by placing animals in a temper-
ature-controlled environmental chamber in which the ambi-
ent temperature was maintained at 41°C, using a procedure
similar to that used by Chelu et al. (24). For core body
temperature measurements, the initial absolute internal tem-
perature ({,), as well as the temperature every minute there-
after, was determined using a rectal thermometer taped to
the tail of the animal (see Supplemental Material). The
number of mice tested and experimental outcomes are
reported in Fig. 1C, Supplemental Table 1, and Fig. 2.

Dantrolene pretreatment

CASQI-null male mice were pretreated with 4 mg/kg dan-
trolene intraperitoneally before either heat-stress or halo-
thane exposure. A protective effect of dantrolene was tested
in male CASQl-null animals since they were found to be
more susceptible to heat- and halothane-induced lethal epi-
sodes. The number of mice tested and experimental out-
comes are reported in Fig. 1D.

Histology and electron microscopy (EM)

Immediately after heat stress-induced lethal episodes, exten-
sor digitorum longus (EDL) and soleus muscles were care-
fully dissected from CASQI-null male mice. EDL and soleus
muscles were also removed from WT male mice subjected to
identical treatment after killing the animals by cervical dislo-
cation. Muscles were fixed, embedded, and analyzed using
standard procedures (18; see Supplemental Material for
additional details). The structural damage and number of
muscles/fibers analyzed are described in Fig. 3 and Supple-
mental Table 2.

Ex vivo and in vitro experiments

Temperature and caffeine sensitivity of isolated intact muscles

EDL and soleus muscles were dissected from hind limb of
male WT and CASQl-null mice in warm oxygenated Krebs
solution and mounted between a force transducer (KG Sci-
entific Instruments, Heidelberg, Germany) and a microma-
nipulator-controlled shaft in a small chamber where oxygen-
ated Krebs solution was continuously circulated and
temperature maintained at 25°C (see Supplemental Mate-
rial). For heat stress, muscles were exposed to an increase in
temperature of 2°C every 5 min while being continually
stimulated with single pulses (single twitch). For caffeine
contractures, muscles under continuous single twitch stimu-
lation were exposed to increasing concentrations (0.5, 1, 2, 4,
6, 8, 10, 12, and 15 mM) of caffeine every 3 min (at 25°C).
The number of mice/muscles tested and experimental out-
comes are in reported in Fig. 44, B and Supplemental Fig. 1.
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Resting cytosolic Ca®" concentration in primary cultures of

myotubes and of single flexor digitorum brevis (FDB) muscle fibers

Primary cultures of myotubes were derived from newborn
mice and single adult muscle fibers were enzymatically disso-
ciated from FDB muscles using standard techniques (36, 37).
The intracellular calcium concentration was measured in
primary myotubes and FDB fibers loaded with the Ca®"-
sensitive intracellular probe fluo-4 (Molecular Probes, Invitro-
gen, Eugene, OR, USA). After being loaded with dye, cells
were moved to the stage of an upright Nikon TE-2000
microscope equipped with high numerical aperture oil im-
mersion objectives (Nikon, Tokyo, Japan), and fluorescence
was measured in a selected region of interest at increasing
temperatures, as described in detail in Supplemental Mate-
rial. The number of myotubes/fibers tested and experimental
outcomes are in reported in Fig. 4C, D.

Voltage-clamp experiments

The whole-cell patch-clamp technique was used to simulta-
neously measure the voltage dependence of L-type Ca®*
currents (L-currents) and intracellular Ca®" transients in WT
and CSQIl-null myotubes, as described previously (38; see
Supplemental Material for additional details).

2+

Electrically evoked and caffeine-induced Ca™" release in myotubes

Electrically evoked and caffeine-induced Ca®" transients were
measured in intact myotubes loaded with Indo-1 AM (Molec-
ular Probes) as described previously (38; see Supplemental
Material for additional details).

Statistical analysis

Data in Figs. 4 and 5 and Supplemental Table 3 are given as
means * SE. Data in Fig. 2 and Supplemental Table 2 are
given as means * sp. A x> test was used to evaluate statistical
significance in experiments on halothane- and heat-induced
mortality and dantrolene protection in WT and CASQl-null
mice (Fig. 1B-D), incidence of muscle damage after a lethal
heat-induced event in CASQI-null mice (Supplemental Table
2), and caffeine threshold sensitivity (Fig. 4B). Statistical
significance for all other experiments was determined using a
Student’s ¢ test. For all analyses, differences were considered
statistically significant at P < 0.05.

RESULTS

In a recent study, we described the phenotype of mice
with a null mutation for the skeletal muscle CASQI gene
(18). Two lines of reasoning prompted us to investigate
the phenotype of CASQIl-null mice under conditions of
increased stress. First, compared with their wild-type coun-
terparts, we observed an apparent increased mortality rate
of male CASQI-null mice placed in reproductive cages,
particularly as animals progressed toward a more ad-
vanced age (after 6 mo of age). Second, loss-of-function
mutations in CASQ2 result in CPVT, a stress-induced
arrhythmogenic disorder characterized by syncopal
events and sudden cardiac death (see introduction and
refs. 19, 21).
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High rate of spontaneous mortality in CASQ1-null
male mice

We determined the rate of spontaneous mortality under
standard housing conditions from birth to 10 mo of age in
our CASQI-null colony. The survival function of CASQ]I-
null and WT mice, both males and females, is provided in
Fig. 1A. The mortality rate of male CASQI-null mice was
significantly (£<0.01) higher than that of females, as well
as both male and female WT mice. A modest increase in
mortality was also apparent in female CASQI-null mice
compared with female WT mice, although this trend was
not statistically significant. Interestingly, most of the spon-
taneous deaths were registered in male CASQI-null mice
while they were housed in reproductive cages, suggest-
ing a contribution of stress due to mating to the
observed increase mortality of male CASQI-null mice.

CSQI1-null mice exhibit lethal halothane-induced
MH:-like episodes

Halothane exposure triggers MH episodes in suscepti-
ble humans (29), MHS pigs (30), and heterozygous
Y522S- and R163C-knockin mice (24, 25). Therefore,
we determined the effect of halothane exposure on
CASQI-null mice. Male CASQI-null animals exhibited
a very high mortality rate during exposure to 2%
halothane. Specifically, 80% (16/20) of male CASQ]1-
null mice died during halothane exposure, while the
identical treatment was well-tolerated in all WT animals
(Fig. 1B). Female CASQI-null mice displayed a higher
survival rate after halothane exposure compared with
male CASQI-null mice, but still lower than WT mice
(Fig. 1B). However, increased mortality after halothane
exposure was highly significant only for male CASQ]-
null mice (P<0.01; see Supplemental Table 1).

CASQI-null mice undergo lethal EHS-like episodes
after exposure to heat stress

Since heat stress triggers fatal events in both pigs and mice
carrying MH mutations in RYR1 (24, 25), we determined
the heat sensitivity of CASQI-null mice. WT and CASQ]1-
null mice were placed for up to 30 min in an environ-
mental chamber in which the ambient temperature was
maintained at 41°C. Under these conditions, >70% (17/
24) CASQl-null male mice underwent lethal episodes
characterized by impaired movement, difficulty in breath-
ing, and whole-body contractions that were followed by
sudden death (Fig. 1C). Triggered events lasted no longer
than a few minutes (5-10 min) and could easily be
anticipated by increased agitation and movement of
CASQI-null mice before triggering. Identical heat chal-
lenge was well tolerated in WT mice, although 1 of the 20
WT animals tested died during heat challenge (Fig. 1C).
While female CASQI-null mice were more susceptible
than either male or female WT mice, the difference in
mortality after heat stress was highly significant (P<0.01)
only within the male population. In addition, some de-
layed deaths (within 24 h after heat challenge) were also
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Figure 1. CASQIl-null male mice exhibit a high incidence of spontaneous mortality and enhanced sensitivity to heat stress (41°C) and
halothane exposure (2%), which are prevented by dantrolene pretreatment. A) Age-dependent survival analysis of male and female
WT and CASQI-null mice housed under standard conditions evaluated using the Kaplan-Meier method. B) Incidence of sudden
death in WT and CASQ1-null mice as a result of halothane exposure (2% for 1 h). C) Incidence of sudden and delayed (within
24 h after challenge) death in WT and CASQI-null mice as a result of heat challenge (41°C for 30 min). D) Dantrolene
administration (4 mg/kg) protects male CASQI-null mice from heat- and halothane-induced sudden death (compare & and #

in B-D). ¥*P < 0.01 vs. WT (see Supplemental Table 1).

observed in surviving CASQI-null mice after heat chal-
lenge (3 males, 2 females; Fig. 1C; see Supplemental
Table 1).

In humans, MH episodes are associated with sustained
muscle contractures accompanied by enhanced body
temperature and metabolic rate (39, 40) Since a propor-
tion of CASQIl-null mice responds to heat stress with
MH/EHSHike episodes, we monitored rectal tempera-
tures in male and female WT and CASQIl-null mice
throughout the 30-min 41°C temperature challenge
(Fig. 2). The results indicate that heat stress caused a
larger time-dependent increase in core temperature in
CASQI-null male and female mice compared with WT
animals. Specifically, the internal temperature of male
CASQl-null mice at the end of the heat stress protocol
(42.2%1.2°C) was higher than the corresponding values
observed in CASQ]I-null female (41.0£1.3°C), WT female
(40.2x1.0°C), and WT male (40.3=0.5°C) mice (Fig. 2A4).

A Student’s ¢ test performed during the 30-min heat
exposure (Fig. 2B) indicates that absolute core tempera-
ture of male CASQI-null mice was significantly (£<0.05)

MALIGNANT HYPERTHERMIA IN CASQ1-NULL MICE

higher than that of both female CASQI-null and male WT
mice starting from ~15 min after initiation of heat
exposure, while the difference between WT and CASQ]1-
null female mice was not significant (Fig. 2B). The
observed higher elevation in core temperature and
greater susceptibility for muscle rigidity in male CASQ]1-
null mice are indicative of an increased metabolic rate in
these animals during heat stress. The results presented in
Figs. 2A and 1 Creflect a strict correlation between hyper-
thermia susceptibility and mortality during heat chal-
lenge.

Dantrolene pretreatment prevents halothane- and
heat-induced sudden death

Dantrolene administration is the only pharmacological
intervention for MH in humans (41) and has also been
considered in the treatment of EHS (42). Therefore, we
determined the efficacy of prior intraperitoneal injection
of dantrolene (4 mg/kg) in preventing halothane- and
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heatinduced crises in male CASQ1-null mice. Dantrolene
pretreatment protected male CASQIl-null mice from
acute fatal events during both halothane exposure (10/
10) and 30-min heat challenge (10/10; Fig. 1D), treat
ments that were lethal in ~80% of untreated male
CASQIl-null mice (Fig. 1B, C). While delayed (within
24 h) deaths were observed in two dantrolene-treated
male CASQI-null mice exposed to heat stress (Fig. 1D),
dantrolene protection from halothane- and heatinduced
mortality was highly significant (P<0.01).

Rhabdomyolysis in CASQ1-null mice after lethal heat
stress

During lethal crises induced by high temperature,
CASQIl-null mice exhibited impaired movement and
spasmodic contractions, whereas WT animals in the
same chamber moved normally. To assess possible
muscle damage after lethal episodes, EDL muscles from
male CASQI-null mice were quickly dissected at the
end of a lethal heatinduced episode and compared
with those of WT mice killed after exposure to the same
heat challenge. Male animals were used in these studies
since they are more susceptible to heat-induced lethal
episodes (Fig. 2C). After fixation, histological examina-
tion revealed that ~40% (36/89) of fibers analyzed (3
EDL muscles from 3 different animals) from post-trigger
CASQl-null mice were severely damaged (rhabdomyoly-
sis; Fig. 3B; Supplemental Table 2). Similar alterations
were not found in surviving WT mice after exposure to
the same treatment (Fig. 3A): only 1 disrupted fiber out of
44 (2 EDL muscles from 2 animals) was found in WT mice
killed after 30 min of heat exposure (Supplemental Table
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2). The increased incidence of EDL damage in male
CASQI-null mice after a lethal heatinduced event was
highly significant (P<0.01). Whereas quantitative data
were collected from light microscopy images (Fig. 34, B),
EM analysis of these areas revealed that damaged fibers
exhibited regions of contractures and overstretched sar-
comeres (Fig. 3C), Z1ine misalignment, loss of M line,
and SR swelling.

Enhanced temperature and caffeine sensitivity of
skeletal muscles from CASQI1-null mice

The uncontrolled whole-body muscle contractures
observed in CASQ]l-null mice during heat challenge
suggest that CASQ]1 deficiency results in a tempera-
ture-induced impairment in skeletal muscle Ca*"
homeostasis. To test this hypothesis, we determined
the effect of temperature challenge on in vitro basal
tension of EDL and soleus muscles isolated from
4-mo-old male WT and CASQ]l-null mice. Male ani-
mals were used since they were found to exhibit the
greatest susceptibility to lethal heat-induced episodes
(Fig. 2C). CASQI-null EDL muscle showed an increase in
basal tension at temperatures above 27°C, which was
significantly greater than that observed in WI EDL mus-
cles (P<<0.05) in which basal tension did not increase until
temperatures exceeded 35°C (Fig. 4A). Similar differ-
ences were not observed in soleus muscle (Supplemental
Fig. 1), possibly reflecting compensation by CASQ2,
which is expressed at moderate levels in slow-twitch mus-
cle (9).

MH susceptibility is clinically diagnosed using a
standardized in vitro contracture test (IVCT), which

DAINESE ET AL.



determines the contractile threshold of muscle bi-
opsy samples to low concentrations of caffeine and
halothane (43). Therefore, we compared the in vitro
caffeine contracture threshold of EDL muscles iso-
lated from male WT and CASQ]I-null mice. Figure 4B
shows that a higher percentage (50%) of EDL mus-
cles from male CASQI-null mice exhibit contractures
at a significantly (P<0.05) lower caffeine threshold
(<5 mM) compared with EDL muscles from WT
male mice (10% <5 mM).

Finally, to determine if the increase in basal tension
observed in the skeletal muscle of CASQIl-null mice
results from a defect in Ca®" homeostasis, the temper-

Figure 3. Rhabdomyolysis in
CASQIl-null mice after heat
stress. A, B) Damaged EDL fi-
bers are frequent (B, asterisks)
in male CASQ]1-null mice after
heat stress-induced sudden
death but very rare in male WT
mice exposed to the same
treatment (A) (see Supple-
mental Table 2). C) Areas of
excessive contracture (solid ar-
rows) and overstretched sarco-
meres (open arrows) shown in
arepresentative damaged fiber
(inset, asterisk) from a post-
trigger  CASQIl-null  male
mouse. Scale bars= : 10 pm

(A, B); 2 pm (C).

ature-dependence of resting cytosolic Ca®" concentra-
tion was determined in single FDB fibers (Fig. 4C) and
myotubes (Fig. 4D) derived from WT and CASQ]I-null
mice. Compared with WT, resting Ca®* was signifi-
cantly (P<0.05) increased at temperatures =30°C in
CASQ]l-null fibers and myotubes.

Voltage-gated Ca** release is increased in
CASQI-null myotubes

We previously reported an increase in twitch tension
and the twitch-to-tetanus ratio in EDL muscles from
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Figure 4. Temperature and caffeine dependence of basal muscle tension and resting
cytosolic Ca®" concentration in EDL muscles, single FDB fibers, and cultured primary
myotubes. A) Temperature dependence of basal tension in EDL muscles isolated
from male WT (O) and CASQl-null (@) mice; n = 10; *P < 0.05. B) Percentage of
EDL muscles from male WT (left) and CASQIl-null (right) mice exhibiting a
contracture at caffeine concentration below 5 mM during exposure to increasing
concentrations of caffeine (0.5, 1, 2, 4, 6, 8, 10, 12, and 15 mM). C, D) Temperature
dependence of resting cytosolic Ca®" concentration in single FDB muscle fibers
o (€) and cultured myotubes (D) from WT (O) and CASQI-null (®) mice; n = 10;
*P < 0.05; ##P < 0.01.
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CASQI-null mice (18). Moreover, others (16) have
suggested that CASQI limits SR Ca®" loss during EC
coupling by reducing RYR activity when luminal Ca**
levels drop during release. Thus, the observed effects
of CASQI ablation of twitch tension and twitch-to-
tetanus ratio could result from the loss of CSQI-
mediated inhibition of Ca*" release during EC cou-
pling. To test this hypothesis, we compared the
magnitude and voltage dependence of depolariza-
tion-induced Ca®" release in whole-cell voltage-
clamp experiments of WT and CASQ]I-null myotubes.
Figure 5A shows representative L-type Ca®" currents
(top traces) and intracellular Ca®* transients (bot-
tom traces) elicited by 200 ms depolarization to the
indicated potentials (=50, —10, 30, and 70 mV) in
WT (left) and CASQl-null myotubes (right). The
magnitude and voltage dependence of L-type Ca®*
currents were similar in the two myotubes popula-
tions (Fig. 5B; Supplemental Table 3, I-V data). The
magnitude and voltage dependence of depolariza-
tion-induced intracellular Ca®* transients are sum-
marized in Fig. 5C. While the voltage for half-maxi-
mal activation of voltage-gated Ca®" release (Vi s9)
did not differ between WT and CASQI-null myo-
tubes, maximal voltage-gated Ca%" release was signif-
icantly increased (184%) in CASQl-null myotubes
(Supplemental Table 3, F-Vdata). We also found that
maximal (30 mM) caffeine-induced Ca®* release was
significantly (P<0.01) reduced in CASQI-null myo-
tubes (see Supplemental Fig. 2A4), consistent with
prior results obtained in FDB fibers (18). Thus, the
observed increase in voltage-gated Ca®" release in
Fig. 5C occurred despite the fact that the total
RYR-releasable Ca”®" store content was actually re-
duced in CASQI-null myotubes.
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Figure 5. Maximal voltage-gated Ca®" calcium release is enhanced in
myotubes from CASQ1-null mice. A) Representative L-type Ca®" currents
(bottom traces) and intracellular Ca®* transients (top traces) elicited by
200 ms depolarization to the indicated test potential in WT (left) and
CASQI-null (right) myotubes. B, C) Average voltage dependence of peak
L-type Ca®* current density (B) and intracellular Ca®* transients (C) in
WT (@, n=21) and CASQIl-null (O, n=20) myotubes (see also Supple-
mental Table 3 and Supplemental Fig. 2).

DISCUSSION

Background

CASQI is proposed to function both as a reservoir for
storage of Ca’" ions in the SR (4) and as a Ca®" sensor
that modulates RYR1 Ca®* release channel activity (11,
16) Therefore, mutation/ablation of this critical SR
Ca®*-binding protein would be expected to result in
abnormal SR Ca®" storage and altered regulation of
RYR-mediated Ca®" release, possibly leading to defects
in muscle contractile function.

MH/EHS-like phenotype of CASQ1-null mice

In this study, we report a striking MH/EHS-ike phenotype
in CASQI-null mice. Specifically, exposure of CASQI-null
mice to either 2% halothane or heat stress triggers lethal
episodes of whole-body contractures, hyperthermia, and
prominent rhabdomyolysis, which are prevented by prior
systemic administration of dantrolene (Figs. 1-3). EDL
muscles of CASQI-null mice exhibit increased sensitivity
to temperature- and caffeine-induced contractures. We
also found that intracellular Ca®" levels are increased at
physiological temperatures in FDB fibers and myotubes of
CASQl-null mice (Fig. 4). Together, these results strongly
indicate that the anesthetic and heat sensitivity of CASQ]1-
null mice closely resemble that of pig and mouse models
of MH/EHS based on gain-of-function RYRI gene muta-
tions (23, 25, 30, 31). Furthermore, our results reinforce
a parallel between MHS and EHS and support the notion
that the two syndromes may in some cases arise from a
common pathogenic mechanism, e, lack of proper
regulation of SR Ca®" release (31-33, 35, 44, 45).
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Spontaneous and stress-induced mortality

We found that adult male CASQIl-null mice not only
exhibit anesthetic-induced MH-like crises but also dis-
play an unusually high rate of spontaneous mortality.
The exact reasons for this increase in spontaneous
mortality are not yet clear. However, other animal
models of MH also exhibit anesthetic-independent
events triggered by emotional stress (e.g., transporta-
tion in pigs), mating, vigorous exercise, and prolonged
elevations in ambient temperature (23-25, 30, 31).
Similarly, sudden death due to hyperthermia and/or
strenuous exercise, but unrelated to anesthetic adminis-
tration, has also been reported in humans (46-49). Two
of these cases (47, 48) and another case of exercise-
induced rhabdomyolysis (34) occurred in humans with
family history of MH. A further indication that exercise-
induced rhabdomyolysis and MH may be related syn-
dromes comes from a study showing that 10 of 18 patients
with a history of MH-like episodes induced by physical
stress also exhibited a positive IVCT (50).

The significant increase in spontaneous death in
male CASQI-null mice was observed primarily for mice
housed in reproductive cages, where mating may result
in increased stress sufficient to trigger lethal episodes in
these animals. Whereas this is a possible explanation,
further investigation is needed to confirm the exact
reasons for increased spontaneous mortality of male
CASQI-null mice.

Gender mortality differences of CASQI1-null mice

The striking difference in spontaneous and stress-induced
mortality between male and female CASQ-null mice was
an unexpected observation of our study. However, a
similar disproportionate male susceptibility has also been
observed in a murine MHS/EHS model (RYR1Y?2%5/wt
mice; S. L. Hamilton, personal communication) and
also reported in epidemiologic studies of MH in hu-
mans. Specifically, Strazis and Fox (51) reported a
male-to-female ratio of 2.2:1 for MH susceptibility in
humans with males exhibiting a far greater fatality rate.
Other studies found males representing 78 % of the 181
MH cases in the North American MH Registry
(NAMHR) (52) and 73% of the 308 NAMHR patients
included in a recent MH recrudescence study (53). A
similar male prevalence (~4:1) was observed in an
epidemiological study of 383 MH cases in Japan from
1961 to 2004 (54). Moreover, EHS is also reported to be
much more common in young men and quite rare in
women (55). In light of these studies (51-55), the
similar increased male prevalence for heat- and halo-
thane-induced crises in both CASQl-null mice and
human MHS populations provides additional support
for a relation between CASQI deficiency and MHS.
However, the precise mechanisms responsible for the
increased susceptibility of male CASQI-null mice (or
increased protection in female CASQI-null mice) are
unclear and will clearly require further investigation.

MALIGNANT HYPERTHERMIA IN CASQ1-NULL MICE

CASQ1 deficiency results in defects in proper SR
Ca** handling

Similar to that reported for knockin mice harboring MH
point mutations in RYRI1 (24, 25, 31), the MH/EHS-ike
phenotype of CASQ]I-null mice likely arises from defects
in SR Ca®* handling. The specific mechanisms by which
gain-of-function mutations in RYR1 and CASQI1 defi-
ciency alter SR Ca** handling are likely to be fundamen-
tally different. In MH/EHS due to mutations in RYRI,
channel activity is directly altered in a manner that leads
to increased SR Ca®" leak (24, 25) and subsequent
RYR1 Snitrosylation increases the temperature sensitiv-
ity of the channel for activation (31). Our finding that
voltage-gated Ca®" release is increased in CASQIl-null
myotubes is consistent with the proposed role of
CASQI as a luminal Ca®* sensor that acts to limit SR
Ca®" depletion during RYRI-mediated Ca®* release
(16, 56) In planar lipid bilayers studies, Beard et al. (16)
found that CASQ binding to the RYR1 complex inhibits
channel activity and dissociation results in a 10-fold
increase in the duration of channel opening. Thus,
CASQI1 ablation would be expected to remove this
inhibitory influence on RYRl-mediated Ca®" release.
Loss of CASQI would also be expected to increase SR
Ca®" leak by reducing total releasable SR Ca®" content
(18) while increasing free SR Ca®" (57) and, by analogy
to CASQ?2 in the heart (21), cause a leftward shift in the
SR Ca®" leakload relation. As CASQI is the major
Ca®*-binding protein in the SR lumen, CASQI defi-
ciency may also impair SR Ca®" reuptake (58) in a
manner that further contributes to an increase in
resting myoplasmic Ca®*" under conditions that stress
the cellular Ca®" regulatory control mechanisms. Thus,
the combination of loss of proper CASQI-mediated RYR1
inhibition, increased SR Ca®* leak, and reduced SR Ca®*
reuptake in CASQIl-null muscle would lead to increased
resting Ca®" and uncontrolled Ca®" flux across the SR
during caffeine/halothane exposure, heat stress, and,
possibly, also physical/emotional stress due to mating. It
will be important in future work to determine if RYRI
Snitrosylation underlies increased heat sensitivity of
CASQI-null mice as has been shown to occur in RYRI-
knockin mice (31).

An increase in the magnitude of depolarization-in-
duced calcium transients in CASQIl-null myotubes was
another unexpected finding of our study (Fig. 5). This
increase occurred despite the fact that total RYRI-releas-
able SR Ca”" store content assessed by caffeine applica-
tion was reduced >50% in CASQIl-null myotubes (Sup-
plemental Fig. 2A), consistent with results observed in
adult muscle fibers (18). We also found that the first
derivative of the fluo-4 fluorescence transient during
depolarization, which provides an approximation of the
maximal rate of Ca®" release in myotubes (59), was
significantly increased in CASQ]I-null myotubes (Supple-
mental Fig. 2B). Finally, the rate of electrically evoked
(action potential-induced) Ca®* transient decay was
not significantly different between intact WT and
CASQI-null myotubes (data not shown). Together,
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these results suggest that the observed increase in
depolarization-induced Ca®* transients in CASQIl-null
myotubes results from enhanced release channel activ-
ity rather than from differences in store content
and/or removal. An increase in RYR1-mediated Ca®*
release during depolarization in CASQIl-null myotubes
could result from the loss of CASQ]1 inhibition of RYR1
channel activity (16, 60). Alternatively, Royer et al. (61)
recently found that an increase in SR “evacuability”
(i.e., ability of the store to empty its contents) increases
if either release channel permeability increases or SR
Ca®" buffering power and store content decrease.
Since both SR Ca”" store content and total SR Ca*"
buffering decrease in CASQI-null myotubes, then this
property could also contribute to the increase in volt-
age-gated Ca”®" release observed in CASQI-null myo-
tubes.

CASQ: a new candidate gene for MH linkage studies

While the majority of MHS kindreds are linked to
mutations in the RYRI gene, causative mutations in this
gene are not found in ~30% of families with a clear
clinical MHS diagnosis (26, 27) and have been reported
for only a few cases of EHS (34, 47, 48, 50). In the
absence of an RYRI mutation, MH (and potentially
EHS) most likely arises from mutations to other pro-
teins that coordinate and regulate SR Ca** handling
and EC coupling in skeletal muscle. Indeed, at least five
other genetic loci (on chromosomes 1, 3, 5, 7, and 17)
have been implicated in MH (see ref. 27 for review),
one of which involves confirmed mutations to the
ay-subunit of DHPR (62) that enhance RYRI sensitivity
to activation by endogenous and exogenous triggers
(63). Our demonstration that CASQI deficiency results
in MHS and EHS in mice: I) validates the potential role
of loss-of-function mutations in CASQ1 as an alternative
mechanism for MHS where mutations in RYRI1 are
excluded, and 2) suggests an alternative genetic locus
(CASQI) for linkage studies in those MHS patients
(~30%) in which mutations in RYR1 have been ex-
cluded. However, in the absence of a confirmed human
kindred, we can not rule out the possibility that CASQ1
deficiency results in MHS/EHS susceptibility in mice
but not humans.

CONCLUSIONS

Our results demonstrate that CASQI1 deficiency leads to
MH/EHS in mice, and together with prior results
obtained for CASQ2 (19, 21), support the notion that
disruption of CASQ) function represents an important
and common pathogenic mechanism that underlies
stress-induced sudden death in a range of genetically
inherited cardiac (CPVT) and skeletal muscle (MH and
EHS) disorders.
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