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The Effects of Volatile Anesthetics on Calcium Regulation by
Malignant Hyperthermia—Susceptible Sarcoplasmic Reticulum

Charles F. Louis, Ph.D.,* Kristine Zualkernan, B.S.,T Timothy Roghair, B.S.,T James R. Mickelson, Ph.D.t

To clarify the mechanism by which volatile anesthetics initiate
malignant hyperthermia (MH), we examined the effect of halothane,
isoflurane, and enflurane on Ca?* uptake and release by sarcoplasmic
reticulum vesicles isolated from MH-susceptible (MHS) and normal
pig muscle. Clinical concentrations of these anesthetics (0.1-0.5 mM)
stimulated sarcoplasmic reticulum ATP-dependent Ca®* uptake
(maximal at approximately 4 mM), whereas 10-20 times the clinical
anesthetic concentration inhibited Ca** uptake. There was no sig-
nificant difference between MHS and normal sarcoplasmic reticulum
in any aspect of Ca** uptake. Ca®* release from **Ca**-filled sarco-
plasmic reticulum vesicles in a 10~® M Ca**-containing medium (pH
7.0) was significantly stimulated at clinical concentrations of all three
volatile anesthetics (anesthetic concentration for the 50% stimulation
of Ca®* release = 0.096-0.22 mMm); however, the rate constant for
Ca?®* release from MHS sarcoplasmic reticulum was in all cases sig-
nificantly greater than that from normal sarcoplasmic reticulum.
Furthermore, 0.5 mM halothane had no effect on Ca** release from
normal sarcoplasmic reticulum at pH values less than 6.8, although
it could still significantly stimulate Ca*" release from MHS sarco-
plasmic reticulum even at pH 6.4; similar results were obtained for
isoflurane and enflurane. These studies thus demonstrate that the
interaction of volatile anesthetics with the sarcoplasmic reticulum
Ca?*-release channel is altered in MHS porcine muscle such that the
channel may be activated even at a Ca®* concentration or pH that
would be expected to maintain the channel in the closed state. (Key
words: Anesthetics, volatile: halothane. Complications: malignant
hyperthermia. Ions: calcium. Muscle, skeletal: ryanodine receptor;
sarcoplasmic reticulum.).

MALIGNANT HYPERTHERMIA (MH) is an inherited syn-
drome of humans and pigs in which affected individuals
respond to certain anesthetic agents with muscle contrac-
ture and a rapid increase in metabolism, resulting in the
production of heat, carbon dioxide, and acidosis."? Many
experimental findings in human and porcine MH suggest
that the regulation of skeletal muscle intracellular Ca**
concentration is defective®* in the regulation of the sar-
coplasmic reticulum Ca®*-release channel.®~'? Genetic
linkage studies now indicate tight linkage between the
skeletal muscle Ca**-release channel ryanodine receptor
gene (RYR 1) and the gene for MH in both humans!®!*
and pigs.'®'® Although a recent study has demonstrated
that this gene is not a candidate locus for MH in some
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human families,'” all breeds of MH-susceptible (MHS) pigs
examined to date have an identical mutation in the ry-
anodine receptor gene.!® Thus, a working hypothesis is
that a mutation (or set of mutations) may cause abnormal
regulation of the sarcoplasmic reticulum Ca**-release
channel in MHS porcine muscle and an as yet undeter-
mined number of MHS human families.

To demonstrate that the sarcoplasmic reticulum Ca®*-
release channel defect could indeed be responsible for
MH, it is necessary to demonstrate that MH-provoking
anesthetics are capable of activating this channel both at
clinical anesthetic concentrations and at resting myoplas-
mic Ca®* concentrations. Previous investigations of the
effect of volatile anesthetics on MHS muscle have used
either intact muscle fibers (for reviews see refs. 1 and 2)
or isolated sarcoplasmic reticulum vesicles enriched in the
Ca**-release apparatus.'®2! However, the Ca** depen-
dence of Ca®* release from sarcoplasmic reticulum follows
a bell-shaped curve, with an optimal Ca®* for stimulating
Ca?* release in the range of 1-10 uM.**# To date, no
study examining Ca** release from isolated sarcoplasmic
reticulum vesicles has determined the effects of anesthetics
on the rate of Ca®* release at defined extravesicular Ca®*
concentrations,

In this study, we examined the effect of three volatile
anesthetics on both Ca®* uptake and Ca?* release by nor-
mal and MHS porcine muscle sarcoplasmic reticulum ves-
icles. We demonstrated that at low concentrations of
myoplasmic Ca®* (1078 M) or at pH less than 6.8, clinical
concentrations of these anesthetics induce significant Ca**
release from MHS but not from normal sarcoplasmic re-
ticulum vesicles. In contrast, Ca%* uptake by the sarco-
plasmic reticulum vesicles was stimulated by concentra-
tions of anesthetics that induced significant Ca** release.
Our results suggest that the sarcoplasmic reticulum Ca?*-
release channel may be a primary site of action of volatile
anesthetics in skeletal muscle. Furthermore, a mutation
in this channel that modifies the interaction of volatile
anesthetics with this protein could explain the ability of
these anesthetics to increase myoplasmic Ca®** and trigger
the MH response in affected individuals.

Materials and Methods

EXPERIMENTAL ANIMALS

Pigs (29-45 kg) were obtained from the University of
Minnesota Experimental Farm, where they were part of
a swine genetics herd maintained by Dr. William Rempel
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for studies of the inheritance of halothane sensitivity. All
Pietrain (homozygous for the MH-susceptibility gene) and
Yorkshire (homozygous for the normal allele) pigs were
obtained and halothane-tested for MH susceptibility as
described previously.?* Pigs were brought to the labora-
tory no sooner that 2 weeks after the halothane challenge
test.

SARCOPLASMIC RETICULUM ISOLATION
AND ASSAY PROCEDURES

Animals were killed by intravenous administration of
sodium thiamylal (Biotal) (15 mg/kg) followed by T61
euthanasia solution. This protocol was approved by the
Institutional Animal Care Committee of the University
of Minnesota. Sarcoplasmic reticulum vesicles were pre-
pared from the longissimus dorsi muscle,>® essentially as
described by Meissner et al.?>*® Briefly, the membrane
pellet obtained by centrifugation of the muscle homog-
enate between 2,600 and 10,000 X g was resuspended in
0.6 M KCl buffer, incubated on ice for 1 h, and centrifuged
at 100,000 X g. The pellets were resuspended in 0.6 M
KCl buffer, incubated on ice for 1 h, and centrifuged at
100,000 X g. The resulting preparation (termed unfrac-
tionated sarcoplasmic reticulum) was used for Ca** uptake
measurements. Sarcoplasmic reticulum to be used for
Ca®" release measurements was further fractionated on
discontinuous sucrose density gradients. The vesicles that
banded at the 36.4-40.4% sucrose interface after 5 h
centrifugation at 85,000 X g were collected (termed heavy
sarcoplasmic reticulum), diluted with HpO, and centri-
fuged at 100,000 X g for 30 min. All sarcoplasmic retic-
ulum samples were resuspended in a small volume of 10%
sucrose, snap-frozen in liquid N, and stored at —70° C,
All solutions contained aprotinin 1 xg/ml and leupeptin
1 pg/ml to minimize proteolysis.

Saturated aqueous solutions of anesthetic in Teflon-
sealed Reacti-vials (Pierce Chemical Co.) were prepared
fresh daily by 2-4-h equilibration at room temperature.
Saturated aqueous solutions of anesthetics were taken as
20 mM halothane, 15 mM isoflurane, and 15 mM enflur-
ane.?® From this vial, anesthetic in the aqueous layer was
added directly to the Ca**-uptake or -release medium
contained in another Reacti-vial by injection through the
septum (anesthetic contained in a volume < 5% of the
reaction volume). The actual concentration of anesthetic
in the experimental media was derived from the known
volume of the Reacti-vials (1 ml), the liquid volume, the
remaining gas volume, and the published values for the
liquid/gas partition coefficients for these anesthetics.?"?
The concentrations of the anesthetics in the liquid phase
were determined using the distribution coefficients as de-
scribed by Nelson and Sweo.?!

Ca®* uptake by sarcoplasmic reticulum vesicles in the
presence or absence of anesthetic was determined in 0.5
ml buffer composed of 120 mm KCl, 50 mM phosphate,
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0.1 mM **CaClg, 5 mM MgATP, and 40 mM histidine (}H
7.0) at 25° C. Sarcoplasmic reticulum vesicles (20 ug/ml)
were placed on the side of the sealed Reacti-vial, and the
anesthetic was added through the septum. Ca** uptake
was initiated 10 s later by vortexing this mixture. Samples
were filtered through 0.45-um Millipore HA membranes
and washed with ice-cold buffer, and the #3Ca%* remaining
on the filter was determined in a liquid scintillation spec-
trometer.

To determine sarcoplasmic reticulum Ca?* release,

vesicles (10-15 mg protein/ml) were first passively
loaded with *°Ca?* to a level of 20-40 nmol/mg?® by
incubation for 2 h at room temperature in 0.1 M KCl,
10 mM PIPES (adjusted to the desired pH with KOH),
and 5 mM CaCly (containing 0.1 mCi/ml **CaCly).
Ca?*-release media contained 0.2 ml 0.1 M KCI, 10 mM
1,4-piperazinediethane-sulfonic acid (PIPES) buffer,
and a CaCly-ethylene glycol-bis(8-amino-ethyl ether)-
N,N,N',N"-tetraacetic acid (EGTA) buffer set to give
the desired final Ca®* concentration (total CaCly of 5
mM). **Ca®*-loaded sarcoplasmic reticulum vesicles were
placed on the side of the release medium-containing vial,
and the vial was sealed. Various concentrations of volatile
anesthetic were added to the medium by injection
through the Teflon seal and allowed to equilibrate for
10 s. Ca®* release then was initiated by vortexing. Sar-
coplasmic reticulum Ca®* release was stopped at various
times (2-5 s using a metronome) by the addition of 0.1
M KCl, 10 mmM PIPES, 10 mMm EGTA, 10 mMm MgCl,,
and 10 uM ruthenium red through the Teflon seal. The
sarcoplasmic reticulum Ca®* content was then deter-
mined after filtering samples through 0.45-um Millipore
filters and washing with ice-cold medium containing the
Ca?*-release—inhibiting medium. The fraction of total
loaded Ca®" that was not releasable was determined 5 s
after mixing **Ca**-loaded sarcoplasmic reticulum into
1 uM Ca**, 5 mM ATP-containing media (which maxi-
mally activates Ca** release). Sarcoplasmic reticulum
Ca?*-release rates were corrected for the nonreleasable
content (approximately 20% of the loaded **Ca®*).

STATISTICAL ANALYSIS

All experiments were performed on sarcoplasmic re-
ticulum preparations obtained from at least three different
MHS or three normal pigs. Sample means were compared
by use of Student’s ¢ test and considered significantly dif-
ferent at P < 0.05.

Results

EFFECT OF VOLATILE ANESTHETICS ON
SARCOPLASMIC RETICULUM Ca?" UPTAKE

To examine the effects of the volatile anesthetics on
Ca®* uptake by sarcoplasmic reticulum vesicles, it was es-
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sential to ensure that the anesthetics were incubated with
the sarcoplasmic reticulum in a sealed environment. The
most reliable way to achieve this was to inject the desired
volumes of a saturated aqueous solution of anesthetic into
the Ca?*-uptake medium that itself was contained in a 1
ml Reacti-vial sealed with a Teflon gasket. The unfrac-
tionated sarcoplasmic reticulum vesicles used in these
studies demonstrated Ca®* uptake activities comparable
to those previously reported by us for porcine sarco-
plasmic reticulum.?® Ca®* uptake by MHS sarcoplasmic
reticulum (0.66 + 0.18 umol Ca** - mg protein™ » min™?)
and normal sarcoplasmic reticulum (0.62 + 0.13 umol
Ca?" - mg protein~! - min™!) did not differ.
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FIG. 1. Effect of volatile anesthetics on sarcoplasmic reticulum
Ca** uptake. ATP-dependent Ca** uptake by malignant hyper-
thermia-susceptible (MHS, open circles) and normal (filled circles)
sarcoplasmic reticulum was measured at pH 7.0 as described in
Materials and Methods in the presence of varying concentrations
of halothane (A), isoflurane (B), or enflurane (C).

When Ca** uptake by sarcoplasmic reticulum was de-
termined in the presence of halothane, isoflurane, or en-
flurane, the rate of Ca®" uptake in the presence of 0.5-
4 mM anesthetic was greater than that for the controls
that had no anesthetic (figs. 1A-1C). As the concentration
of anesthetic was increased further, the relative stimula-
tion of Ca®* uptake decreased and eventually reached a
level less than (for halothane and isoflurane) or similar to
(enflurane) that of the control samples.

When the effect of halothane on MHS and normal sar-
coplasmic reticulum Ca®* uptake were compared, it was
clear that there was no difference in the sensitivity of these
two types of sarcoplasmic reticulum to this anesthetic (fig.
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FIG. 2. Effect of ruthenium red on the halothane-induced stimulation
of sarcoplasmic reticulum Ca?* uptake. ATP-dependent Ca** uptake
was measured at pH 7.0 as described in Materials and Methods in the
presence (filled circles) or absence (open circles) of 100 M ruthenium
red.

1A). Although both isoflurane and enflurane appeared
to stimulate Ca** uptake by MHS sarcoplasmic reticulum
to a greater extent than that by normal sarcoplasmic re-
ticulum (figs. 1B and 1C), there were no statistically sig-
nificant differences between MHS and normal sarco-
plasmic reticulum (P > 0.05) except for 7 mM enflurane.
Most importantly, in the clinically relevant range of 0-
0.5 mM anesthetic,?® the percent stimulation of Ca** up-
take by a given anesthetic was identical for MHS and nor-
mal sarcoplasmic reticulum.

One concern in the studies described here is that the
unfractionated sarcoplasmic reticulum vesicle fraction
used still contained a significant proportion of terminal
cisternae-derived sarcoplasmic reticulum that is enriched
in the Ca?*-release channel. Thus, the Ca%* accumulation
measurements made here reflect a balance between **Ca**
uptake by the Ca?* pump and **Ca’®* release via the Ca?*-
release channel. To obviate this problem, the effect of
halothane on ATP-dependent **Ca** uptake was exam-
ined in the presence of 100 gM ruthenium red, which
completely inhibits the sarcoplasmic reticulum Ca**-re-
lease mechanism (data not shown). In the absence of halo-
thane, ruthenium red significantly stimulated Ca** uptake
by 58% (P < 0.01) (fig. 2); identical results were obtained
for MHS and normal sarcoplasmic reticulum, so data are
pooled in figure 2. As halothane was added, the relative
stimulation of Ca®* uptake increased (maximal stimulation
of 80% over control values in both the absence and pres-
ence of ruthenium red). Halothane stimulated Ca®* up-
take in either the presence or absence of ruthenium red,
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indicating that the effect of volatile anesthetics on Ca**
uptake seen in figure 1 was indeed due to the action of
these agents on the ATP-dependent Ca?*-pump mecha-
nism.

EFFECT OF VOLATILE ANESTHETICS ON
SARCOPLASMIC RETICULUM Ca®t RELEASE

Volatile anesthetics can trigger MH crisis in humans
and swine when the muscle is in the relaxed state. Thus,
the effect of anesthetics on sarcoplasmic reticulum Ca**
release in vitro was examined in a 107® M ionized Ca®*-
containing medium, a Ca®* concentration significantly less
than that necessary to activate muscle contraction. Under
these conditions, Ca®* release from both normal and MHS
sarcoplasmic reticulum was slow enough to be measured
accurately at time intervals of 2 s or more (i.e., the rate
of Ca?* release was shown to be linear). As with Ca®*
uptake, sarcoplasmic reticulum Ca®* release was measured
in a sealed environment to ensure minimal loss of the
volatile anesthetics. Furthermore, the Ca®*-release pro-
tocol used in our study directly measured the release of
Ca®* from **Ca?*-filled passively loaded vesicles (i.e., ves-
icles that had not been exposed to Ca®'-precipitating
agents) in which MHS and normal sarcoplasmic reticulum
contained similar initial Ca®* loads (20-40 nmol/mg).

The rate constant for Ca®* release when MHS sarco-
plasmic reticulum vesicles were transferred to 1078 M Ca®*
(pH 7.0) in the absence of halothane was significantly
greater than that of normal sarcoplasmic reticulum under
the same conditions (fig. 3). Thus, in contrast to normal
sarcoplasmic reticulum, even at this low Ca** concentra-
tion there appeared to be some Ca**-release channel-

mediated Ca** release occurring from MHS sarcoplasmic -

reticulum vesicles. The rate constant for Ca** release from
both MHS and normal vesicles under these conditions
was stimulated by halothane (fig. 3, open symbols); the
rate constant, which was maximal at approximately 0.5
mM halothane, was significantly different from that in the
absence of halothane for both types of vesicles (P < 0.005).
At any given halothane concentration, the rate constant
for Ca®* release from MHS sarcoplasmic reticulum was
significantly greater than from normal sarcoplasmic re-
ticulum (figs. 3A and 3B).

In contrast, when Ca?*-filled vesicles were transferred
to a release-inhibiting medium (containing 10 mM MgCl,,
10 mM EGTA, and 10 uM ruthenium red that inhibit
Ca?* release via the ryanodine receptor®®), the stimulation
of the rate constant for Ca®" release by halothane was
markedly reduced (fig. 3, filled symbols). Although there
was not a complete inhibition of Ca** release by this me-
dium, the maximal stimulation of Ca®* release by halo-
thane from both MHS and normal sarcoplasmic reticulum
were now similar. These data also indicate that the Ca**
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FI1G. 3. Effect of halothane on the rate constant of Ca?* release from
malignant hyperthermia—susceptible (MHS) and normal sarcoplasmic
reticulum, MHS (A) and normal (B) sarcoplasmic reticulum were loaded
with #*Ca?*, and Ca?* release was determined after dilution into various
concentrations of halothane in 1078 M Ca** medium (open circles) or
10 mM MgClp, 10 mM EGTA, 10 uM ruthenium red release-inhibiting
medium (filled circles) as described in Materials and Methods. Points
represent the means + SE of duplicate determinations on three MHS
and three normal sarcoplasmic reticulum preparations.
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release from MHS vesicles in 1078 M Ca®* in the absence
of halothane is predominantly channel-mediated, because
it is inhibited by known inhibitors of the sarcoplasmic
reticulum Ca®*-release channel.?22%

A possible complication with the approach used here
is that the time between the addition of halothane to the
sealed tube containing the **Ca?*-loaded sarcoplasmic re-
ticulum (in a 2-ul volume on the wall of the Reacti-vial
vessel) and the initiation of Ca?®" release could vary from
5-15 s and may not have been sufficient for equilibration
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of the anesthetic with the medium. However, when this
equilibration time was varied from 5 to 120 s, the stim-
ulation of the rate constant for Ca®* release by 0.5 mM
halothane was similar. Thus, halothane concentrations
were apparently at equilibrium, and Ca** release was ac-
tivated only after dilution of the vesicles into the anes-
thetic-containing Ca?*-release medium. Although the
rapid time scale necessary for these experiments precluded
precise confirmation of anesthetic equilibration, anesthetic
concentrations reported here assume equilibration with
both the aqueous and gas phases in the sealed tube.

Isoflurane and enflurane also enhanced the rate con-
stant for Ca®* release from **Ca®*-loaded vesicles upon
transfer to 1078 M Ca®*-containing medium; the rate con-
stants were again greater for MHS than for normal sar-
coplasmic reticulum (figs. 4 and 5, open symbols). As with
halothane, the anesthetic-induced Ca** release was mark-
edly reduced when vesicles were transferred to the release-
inhibiting medium, with the rate constants for Ca?* release
from MHS and normal sarcoplasmic reticulum now not
significantly different (filled symbols).

The anesthetic concentration for the 50% stimulation
of Ca®* release (Co 5) could be accurately determined from
Hill plots only for MHS sarcoplasmic reticulum; the stim-
ulation of normal sarcoplasmic reticulum Ca®* release by
anesthetic was too small to be accurately determined.
These Cys values (0.097 + 0.065 mM halothane, 0.171
+ 0.031 mM isoflurane, 0.220 + 0.049 mM enflurane,
mean * SD for three different MHS sarcoplasmic retic-
ulum samples for each anesthetic) are within the range
of anesthetic concentrations (0.1-0.5 mM) that induce
contractures in MHS muscle bundles®” and trigger MH
crises in vivo.?8 '

EFFECT OF DANTROLENE ON SARCOPLASMIC
RETICULUM Ca?* RELEASE

Dantrolene has been proposed to inhibit the increase
in sarcoplasmic Ca** during an MH episode by acting on
the sarcoplasmic reticulum Ca®*-release channel 202930
However, as shown in figure 64, inclusion of 40 uM dan-
trolene in the release medium (a concentration that is
clinically effective and is close to the maximum solubility
of this agent in buffered medium?®?) did not inhibit Ca%*
release from MHS sarcoplasmic reticulum in either the
presence or absence of halothane. Similar results were
obtained when 40 uM dantrolene was also included during
the 2-h **Ca?" loading step (data not shown).

The experiment shown in figure 6A was performed at
22° C. However, Ohta et al.*' have reported that dantro-
lene inhibited sarcoplasmic reticulum Ca®* release in
skinned fibers only at 38° C. When our experiment was
repeated at 38° G (fig. 6B, adjusting the Ca** EGTA
buffer accordingly), there also was no inhibition of sar-
coplasmic reticulum Ca®* release by 40 uM dantrolene.
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FIG. 4. Effect of isoflurane on the rate constant of Ca** release from
malignant hyperthermia-susceptible (MHS) and normal sarcoplasmic
reticulum, MHS (4) and normal (B) sarcoplasmic reticulum were loaded
with **Ca?", and Ca?* release was determined in the presence of varying
concentrations of isoflurane in 10~8 M Ca®" medium (open circles) or
10 mM MgClp, 10 mM EGTA, 10 uM ruthenium red release-inhibiting
medium (filled circles), as described in the legend to figure 3, for three
MHS and three normal sarcoplasmic reticulum preparations.

pH DEPENDENCE OF THE ANESTHETIC-INDUCED
SARCOPLASMIC RETICULUM Ca®" RELEASE

" The rate constant for Ca®* release from MHS sarco-
plasmic reticulum, induced by transfer of **Ca®**-filled
vesicles to 1078 M Ca®* medium, decreased as the pH was
decreased (fig. 7); under these conditions the rate constant
for normal sarcoplasmic reticulum Ca®* release was al-
ready very slow at pH 7.0, so a further decrease was not
easily measurable. Although the anesthetic-induced stim-
ulation of Ca?* release from both normal and MHS sar-
coplasmic reticulum decreased with decreasing pH, the
effect of pH on this stimulation was significantly different

Rate Constant (sec~')
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for these two types of sarcoplasmic reticulum. At pH less
than 6.8, 0.5 mM halothane had no effect on Ca®* release
from normal sarcoplasmic reticulum (fig. 7B). In contrast,

+0.5 mM halothane could significantly stimulate the rate

constant for Ca®" release from MHS sarcoplasmic retic-
ulum even at pH 6.4 (fig. 7A). With isoflurane (fig. 8) and
enflurane (fig. 9), the difference in the response of MHS
and normal sarcoplasmic reticulum is even more pro-
nounced. Thus, at pH less than 7.0, both anesthetics had
no effect on the rate constant for Ca®* release from normal
sarcoplasmic reticulum, whereas they were able to stim-
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FIG. 5. Effect of enflurane on the rate constant of Ca®* release from
malignant hyperthermia-susceptible (MHS) and normal sarcoplasmic
reticulum, MHS (A) and normal (B) sarcoplasmic reticulum were loaded
with #°Ca?*, and Ca?* release was determined in the presence of varying
concentrations of enflurane in 1078 M Ca®* medium (open circles) or
10 mM MgCly, 10 mM EGTA, 10 uM ruthenium red release-inhibiting
medium (filled circles), as described in the legend to fig. 3, for three
MHS and three normal sarcoplasmic reticulum preparations.

¥20Z YoIe €} uo 3sanb Aq ypd°21L000-000202661-27S0000/€6.279/v L L/1/LL/pd-ajonie/ABojoIsauisauR/WO0D JIBYIIBA|IS ZESE//:d)Y WOy papeojumoq



120 LOUIS ET AL

0.97 B 10 nM Ca + 40 uM Dantrolene
< 089 O t0nMcCa
1 1 @ Non-specific + 40 uM Dantrolene
b 077 O Non-specitic
A
[
]
ot
173
c
[«
o
Q
g K.
« Q
0.0 T 1 T M ] M ) v
0.0 0.1 0.2 0.3 0.4 0.5 0.6
[Halothane] (mM)
0.9
- B 10 nM Ca + 40 uM Dantrolene
- 0849 O 10nMCa
! 0 @ Non-specific + 40 uM Dantrolene
8 71 0 Non-specific
L o6
b= 0.5
B}
7 0.4
S o3
3 .
o 0.2
©
(1 0.1 8 i
0.0 T 1

. — e p—— .
0.0 0.1 0.2 0.3 0.4 0.5 0.6
[Halothane] (mM)

F1G. 6. Effect of dantrolene on the halothane-induced stimulation
of Ca*" release from malignant hyperthermia-susceptible (MHS) sar-
coplasmic reticulum at 22 and 38° C. MHS sarcoplasmic reticulum
were loaded with *5Ca?", and the rate constant for Ca?* release was
determined after dilution into various concentrations of halothane in
107® M Ca®** medium (squares) or 10 mm MgCly, 10 mM EGTA, 10
#M ruthenium red release-inhibiting medium (circles). The release me-
dium included (filled symbols) or omitted (open symbols) 40 uM dan-
trolene that was added from a 4 mM dantrolene stock solution in di-
methyl sulfoxide; an equivalent volume of dimethyl sulfoxide was in-
cluded in the release media that omitted dantrolene. Experiments were
performed at 22° G (A) or 38° C (B). ’

ulate significantly the rate constant for Ca?* release
from MHS sarcoplasmic reticulum even at pH 6.4 (figs. 8
and 9).

The halothane dependence of Ca®* release from nor-
mal and MHS sarcoplasmic reticulum also was examined
at pH 6.8 and pH 6.6 (fig. 10). At both pH values, as
observed previously at pH 7.0, the stimulation of the rate
constants for Ca?* release by halothane were maximal by
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0.3 mM halothane; i.e., there were no significant differ-
ences in the halothane sensitivity at these different pH
values. Similar results were obtained with isoflurane and
enflurane (data not shown).

Discussion

Sarcoplasmic Ca®* levels in skeletal muscle are deter-
mined primarily by the balance of Ca®* uptake and Ca®*
release from the sarcoplasmic reticulum. Therefore, if
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FIG. 7. Effects of pH on the halothane-induced release of Ca2* from
malignant hyperthermia-susceptible (MHS) and normal sarcoplasmic
reticulum. MHS (4) and normal (B) sarcoplasmic reticulum were loaded
with #3Ca®*, and the rate constant for Ca?* release was determined
after dilution into 107® M Ca®* plus 0.5 mM halothane medium (open
circles), 107® M Ca®* medium (open squares), or 10 mM MgCly, 10 mM
EGTA, 10 uM ruthenium red plus 0.5 mM halothane medium (filled
circles), as described in Materials and Methods. Points represent the
means £SE of duplicate determinations on three MHS and three normal
sarcoplasmic reticulum preparations.
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F1G. 8. Effect of pH on the isoflurane-induced release of Ca** from
malignant hyperthermia-susceptible (MHS) and normal sarcoplasmic
reticulum. MHS (4) and normal (B) sarcoplasmic reticulum were loaded
with %Ca?*, and the rate constant for Ca®* release was determined
after dilution into 1078 M Ca?* plus 0.5 mM isoflurane medium (open
circles), 1078 M Ca?* medium alone (open squares), or 10 mM MgClz,
10 mM EGTA, 10 uM ruthenium red plus 0.5 mM isoflurane medium
(filled circles), as described in the legend to figure 7 for three MHS
and three normal sarcoplasmic reticulum preparations.

the sarcoplasmic reticulum is the site of the primary defect
in MHS muscle, it is likely that MH triggering agents,
such as the volatile anesthetics, act on a component in
this membrane to produce the rapid elevation of sarco-
plasmic Ca®* that is the hallmark of the MH response.**
Thus, it is important to differentiate between the effect
of MH-triggering agents on the Ca®*" pump from those
on the Ca**-release mechanism when determining the
mechanism of initiation of MH. Furthermore, because
MH can be triggered in the unconscious patient, it is im-
portant to demonstrate that any triggering agent can alter
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the sarcoplasmic reticulum Ca** permeability at resting
sarcoplasmic Ca** concentrations.

At concentrations that trigger the MH response, all
three volatile anesthetics examined in this study stimulated
ATP-dependent Ca** uptake by sarcoplasmic reticulum
vesicles (40-100%, fig. 1). These data are very similar to
those reported previously by Nelson and Sweo,?! who also
observed that at 1.4-1.7 MAC (0.8-0.96 mM anesthetic)
the effect of enflurane on Ca®* uptake was greater than
the halothane effect, which in turn was greater than the
isoflurane effect. The mean values for the stimulation of
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FIG. 9. Effect of pH on the enflurane-induced release of Ca?* from
malignant hyperthermia-susceptible (MHS) and normal sarcoplasmic
reticulum. MHS (A) and normal (B) sarcoplasmic reticulum were loaded
with #3Ca®*, and the rate constant for Ca?" release was determined
after dilution into 107® M Ca®* plus 0.5 mM enflurane medium (open
circles), 10~® M Ca?** medium (open squares), or 10 mM MgClg, 10 mM
EGTA, 10 gM ruthenium red plus 0.5 mM enflurane medium (filled
circles), as described in the legend to figure 7 for three MHS and three
normal sarcoplasmic reticulum preparations.
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F1G. 10. Effect of halothane on Ca®* release from malignant hyperthermia-susceptible (MHS) and normal sarcoplasmic reticulum at pH 6.8
and 6.6. MHS (4, C) and normal (B, D) sarcoplasmic reticulum were loaded with **Ca®*, and the rate constant for Ca?* release was determined
after dilution into various concentrations of halothane in 1078 M Ca?" medium (open circles) or 10 mM MgCly, 10 mM EGTA, 10 uM ruthenium
red release-inhibiting medium (filled circles) at either pH 6.8 (4, B) or pH 6.6 (C, D) as described in Materials and Methods. Points represent the

means +SE of duplicate determinations on three MHS and three normal sarcoplasmic reticulum preparations.

Ca®* uptake reported in our study at 0.5 and 1 mM an-
esthetic exhibits a similar order of effectiveness (figs. 1
and 2); however, with the overlap of standard errors there
was no significant difference between the three anesthet-
ics. There are a number of previous reports of agents that
can stimulate sarcoplasmic reticulum Ca** uptake (up to
2-fold); these include the volatile anesthetic diethyl ether
(5%)°? and dimethyl sulfoxide (20%).® These effects have
been explained as due in part to an increase in sarco-
* plasmic reticulum intravesicular volume and altered lipid-
protein interactions that permit faster translocation of
Ca®".*#3* A similar mechanism of action is likely respon-
sible for the actions of the volatile anesthetics on Ca?*
uptake reported in the present study.

Studies that have measured the effects of volatile an-
esthetic on sarcoplasmic reticulum have reported both
stimulation'®35-37 and inhibition!®!%%%3? of ATP-depen-
dent Ca®* uptake; in studies with up to 2 mM halothane,
there is a trend for this agent to stimulate Ca** uptake,
whereas halothane concentrations greater than 5 mM tend
to inhibit Ca®** uptake. This agrees with our results (fig.
8) and those of Nelson and Sweo,?! although the latter
authors proposed that concentrations of anesthetic that
stimulated the pump did so by interacting directly with
this enzyme, whereas the higher concentrations that in-
hibited Ca®* uptake had a general perturbation effect on
the lipid portion of the sarcoplasmic reticulum membrane.
Irrespective of the mechanism responsible for the inhi-

¥20Z YoIe €} uo 3sanb Aq ypd°21L000-000202661-27S0000/€6.279/v L L/1/LL/pd-ajonie/ABojoIsauisauR/WO0D JIBYIIBA|IS ZESE//:d)Y WOy papeojumoq



Anesthesiology
V 77, No 1, Jul 1992

bition of sarcoplasmic reticulum Ca?* uptake by volatile
anesthetics, this inhibition occurs only at anesthetic con-
centrations that are 10-20 times the clinically effective
concentrations. Thus, they cannot account for the dem-
onstrated ability of clinical concentrations of these agents
to trigger the MH response by producing a sustained ele-
vation of sarcoplasmic Ca?* concentration. Most impor-
tantly, our studies demonstrate that the effects of halo-
thane, isoflurane, and enflurane on ATP-dependent Ca?t
uptake by MHS and normal sarcoplasmic reticulum are
not significantly different. This would support our®® and
others’®” previous conclusion that there is no defect in
the sarcoplasmic reticulum Ca** pump in MHS muscle.

Although a clinical effect of these anesthetic agents on’

the sarcoplasmic reticulum Ca®** pump might be to en-
hance muscle relaxation, our data demonstrates that the
opposite is true for the sarcoplasmic reticulum Ca®*-re-
lease channel. As reported by Nelson and Sweo,?! all three
volatile anesthetics stimulated Ca*" release from Ca?*-
filled sarcoplasmic reticulum vesicles at concentrations
that were 10-20 times lower than those required to inhibit
ATP-dependent Ca®* uptake. Indeed, the concentrations
of anesthetics affecting the sarcoplasmic reticulum Ca?*-
release channel are in the clinically relevant range and
are below most reported values for the effect of these
agents on other membrane channels and pumps. The far
lower effective concentration would more logically argue
for a direct interaction between the volatile anesthetics
and the sarcoplasmic reticulum ryanodine receptor Ca**-
release channel protein and not the Ca** pump. That the
Ca** release measured in this study is primarily mediated
by the 540-kD ryanodine receptor protein is demonstrated
by the very low rate of Ca®" release in the presence of
the channel inhibitors ruthenium red, Mg2+, and EGTA.
Furthermore, anesthetic-induced, Ca®*-channel blocker—
inhibitable Ca®* release was not observed in a light sar-
coplasmic reticulum fraction lacking the ryanodine re-
ceptor protein (data not shown). The anesthetic-induced
nonspecific Ca®* release seen in heavy sarcoplasmic retic-
ulum, however, could contribute in vivo to triggering a
greater Ca®* release via the Ca**-release channel.

A major finding of the present study is that volatile
anesthetics stimulated the sarcoplasmic reticulum Ca®*-
release channel at a Ca®** concentration (1078 M) that
would be expected to maintain this channel in the closed
state. Although Ohnishi ef al.?® have reported previously
(with an indirect measurement of Ca?* release) that halo-
thane is unable to stimulate sarcoplasmic reticulum Ca®*
release even in the presence of 1077 M Ca?*, our own
previous study that directly examined Ca®* release from
5Ca?*-filled vesicles demonstrated a significant halothane-
stimulation of sarcoplasmic reticulum Ca®* release in 1077
M Ca** medium.?® These differences likely reflect differ-
ences in the procedures used to measure sarcoplasmic re-
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ticulum Ca®* release. Our data also demonstrate that in
addition to stimulating sarcoplasmic reticulum Ca®* re-
lease in 107® M Ca®* medium, these volatile anesthetics
induce a significantly greater rate of Ca®" release from
MHS than from normal sarcoplasmic reticulum. If
extrapolated to an iz vivo situation, this could explain how
volatile anesthetics are able to effect the MH-triggering
elevation of sarcoplasmic Ca®* concentration in the se-
dated individual in whom the musculature is in the relaxed
state; i.e., myoplasmic Ca®* concentration is < 1077 M.
Thus, like our several previous studies documenting an
enhanced Ca®* release induced by a variety of ligands
that are known to regulate this channel protein,626:40
the MHS Ca?*-release channel is more sensitive to clinical
concentrations of volatile anesthetic (i.e., releases a greater
fraction of stored Ca®") than the normal channel.

That Ca®" release from sarcoplasmic reticulum vesicles
and single-channel activity is inhibited as the pH is lowered
has now been well documented.?**! However, our data
are the first to demonstrate that a decrease in pH not only
inhibits the sarcoplasmic reticulum Ca?*-release channel,
but it also influences the ability of anesthetics to stimulate
this channel. Notably, below pH 6.8 in normal sarco-
plasmic reticulum, the Ca?*-release channel is essentially
completely inhibited in either the presence or absence of
a volatile anesthetic. In contrast, the MHS Ca?*-release
channel still can be activated by these anesthetics at pH
values as low as 6.4. This has interesting implications for
the etiology of an MH episode: the acidosis that accom-
panies the MH response in vivo may not be sufficient to
counteract completely the anesthetic-induced stimulation
of Ca?* release via the MHS sarcoplasmic reticulum Ca?*-
release channel. In contrast, in normal muscle, even if
the addition of a volatile anesthetic is able to induce Ca**
release, producing a small elevation in sarcoplasmic Ca®*,
the accompanying fall in pH (resulting from the Ca®*-
dependent activation of glycogenolysis and glycolysis) will
in turn inhibit the Ca®*-release channel, allowing the sar-
coplasmic reticulum Ca** pump to return sarcoplasmic
Ca®* to resting levels.

Our inability to demonstrate an inhibition of Ca** re-
lease from sarcoplasmic reticulum vesicles by dantrolene
leaves unresolved the question of this important thera-
peutic agent’s site of action in skeletal muscle. Other
studies have reported that dantrolene either has no
effect'’ or inhibits sarcoplasmic reticulum Ca®" re-
lease.2%31#2 In agreement with our results reported here,
dantrolene has no effect on the single-channel activity of
the sarcoplasmic reticulum Ca?*-release channel in lipid
bilayers.§ Interestingly, it has been proposed that this drug
may act by inhibiting charge movement by the T tubule
voltage sensor.*>

§ Fill M: Personal communication.
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In concluding that the increase in sarcoplasmic Ca**
triggered by volatile anesthetics in MH muscle is due to
the action of these agents on the sarcoplasmic reticulum
Ca**-release channel, it is necessary to explain how this
can be reconciled with the ability of similar concentrations
of these same anesthetics to stimulate ATP-dependent
sarcoplasmic reticulum Ca** uptake. The most likely ex-
planation is that in intact muscle, where Ca®* uptake by
the sarcoplasmic reticulum is not massively stimulated by
oxalate, phosphate, or pyrophosphate (as used in isolated
sarcoplasmic reticulum ATP-dependent Ca®*' uptake
studies'®), Ca®" release via the Ca®*-release channel is
much more rapid than Ca®" uptake by the ATP-depen-
dent Ca** pump. The Ca?* pump would be active, con-
suming ATP, but as long as the Ca®*-release channel was
held in the open state by the volatile anesthetic, myo-
plasmic Ca** would remain elevated. This would contrib-
ute to the lactic acidosis that accompanies the MH
response’? as glycolysis attempted to maintain sarco-
plasmic ATP levels in the face of sustained ATP hydrolysis
by the sarcoplasmic reticulum ATP-dependent Ca®*
pump.

Additional studies are necessary to determine the sig-
nificance of our observations with isolated vesicles to the
clinical effects of halothane, isoflurane, and enflurane in
vivo. However, our studies clearly document that the in-
teraction of volatile anesthetics with the sarcoplasmic re-

ticulum Ca®*-release channel is altered in MH. Ongoing
studies in our laboratory are attempting to define whether
this is due to an interaction with the Ca®*-release channel
protein itself or rather with components of the lipid bilayer
that in turn influence the permeability of this channel
protein.

The authors thank Dr. William E. Rempel for the pigs used in this
study and the secretarial staff of Veterinary Biology for their efficient
and accurate typing of the manuscript.
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