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Caffeine Is Mediated by High Resting Myoplasmic
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Background: Malignant hyperthermia (MH) is an inherited
pharmacogenetic syndrome that is triggered by halogenated
anesthetics and/or depolarizing muscle relaxants. MH-suscep-
tible (MHS) skeletal muscle has been shown to be more sensi-
tive to caffeine-induced contracture than muscle from nonsus-
ceptible (MHN) subjects and is the basis for the most commonly
used clinical diagnostic test to determine MH susceptibility.

Methods: We studied the effects of caffeine on myoplasmic
free calcium concentration ([Ca®*]) in MHN and MHS swine
muscle fibers by means of Ca**-selective microelectrodes be-
fore and after K*-induced partial depolarization.

Results: [Ca®*], in untreated MHN fibers was 123 = 8 nM
versus 342 = 33 nm in MHS fibers. Caffeine (2 mm) caused an
increase in [Ca®*], in both groups (296 * 41 nMm MHN vs. 1,159 *
235 nm MHS) with no change in resting membrane potential.
When either MHN or MHS, muscle fibers were incubated in 10
mM K* [Ca*"], transiently increased to 272 £+ 22 nM in MHN and
967 = 38 nuM in MHS for 6—8 min. Exposure of MHN fibers to 2
mum caffeine while resting [Ca®*]; was elevated induced an incre-
ment in [Ca®*]; to 940 = 37 nm. After 6—8 min of exposure to 10
mM K7, [Ca®*], returned to control levels in all fibers, and the
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effect of 2 mm caffeine on resting [Ca®*]; returned to control,
despite continued partial membrane depolarization.

Conclusions: These results suggest that the increased “sensi-
tivity” to caffeine of MHS swine muscle fibers is a nonspecific
response related, at least in part, to the high resting [Ca®**], and
not an increased caffeine sensitivity of the sarcoplasmic retic-
ulum Ca’"* release channel per se. (Key words: Hyperpyrexia;
potassinm; xanthine.)

MALIGNANT hyperthermia (MH) is a potentially fatal
pharmacogenetic syndrome caused by exposure to ha-
logenated volatile anesthetics and/or depolarizing mus-
cle relaxants.' This syndrome has been associated with a
dysfunction of intracellular calcium homeostasis in skel-
etal muscle.””* In swine, susceptibility to the syndrome
is caused by a single point mutation (Arg®'® to Cys®'®) in
the sarcoplasmic reticulum (SR) Ca?" release channel
(RyR1).”> In humans, it seems that susceptibility may
have a multigenic origin(”7; however, more than 40% of
individuals are known to have one of 15 point mutations
in RyR1.® Both human and swine MH-susceptible (MHS)
skeletal muscle has been shown to be more sensitive to
caffeine-induced contracture than nonsusceptible (MHN)
muscle. This difference is the basis for the most com-
monly used clinical diagnostic test to determine MH
susceptibility.” "' Despite the fact that the caffeine and
halothane contracture tests are the gold standard for
diagnosing MH susceptibility, false-negative results have
been reported in survivors of very well-documented MH
episodes.'*'? In addition, false-positive caffeine contrac-
ture tests have also been reported and are frequently
associated with a variety of neuromuscular disorders,
such as Duchenne muscular dystrophy, central core dis-
ease, and exertional rhabdomyolysis.'* "' False-positive
test results in patients with these diseases has not been
a significant diagnostic problem, because they either
have characteristic pathologic changes in their skeletal
muscle that are not present in MHS individuals, or their
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presenting clinical symptoms are different from those of
MHS subjects. However, these findings do pose the ques-
tion of whether there is a common pathway for the
increased caffeine sensitivity among these various mus-
cle diseases. One common feature that is shared by all of
these disorders is an increased myoplasmic free calcium
concentration ([Ca®*]).%31¢

In the present study, we examined the relationship
between [Ca’"], and caffeine sensitivity of muscle fibers
from MHS and MHN swine. We determined that by
increasing resting [Ca’ +]i, the caffeine sensitivity of
MHN skeletal muscles is enhanced to the same extent as
is usually found in MHS skeletal muscles.

Materials and Methods

Intact intercostal muscle biopsy specimens were ob-
tained from 10 Yorkshire swine (MHN) and 15 Poland
China swine (MHS). Susceptibility to MH was deter-
mined by polymerase chain reaction and halothane chal-
lenge as previously described."> Muscle biopsy speci-
mens were removed during general anesthesia using
nontriggering agents (thiopental 15/20 mg/kg for induc-
tion, N,0/0,, and supplemental thiopental for mainte-
nance) as approved by the Animal Care committee at the
Instituto Venezolano de Investigaciones Cientificas.

The biopsy samples were dissected into several small
muscie bundles containing five to eight intact fibers.
Intact muscle bundles were mounted horizontally in a
Plexiglas temperature-controlled chamber (International
Plastic, Miami, FL) (37 * 1.5°C) placed on stage of an
inverted triocular microscope. Each tendon was fastened
to a stainless-steel hook connected to micromanipula-
tors. The experimental chamber was perfused with
swine physiologic solution (see below) equilibrated and
constantly bubbled with a mixture of 95% O, and 5%
CO,, pH 7.3, at 37°C.

Striation spacing and sarcomere oscillations (irregular
movements of single sarcomeres) were monitored using
a laser light diffraction technique.'” Muscle fibers were
illuminated perpendicular to their axis by a He-Ne laser
beam (632 nm). Intensity of the first- and second-order
diffraction pattern was analyzed using a photodiode.
Signals from the photodiode were displayed on a Tek-
tronix 11201 digitizing oscilloscope (Tektronix Interna-
tional, Portland, OR) and stored on diskettes. Striation
spacing of muscle fibers was adjusted to 2.3 um and
confirmed in at least four different places along a muscle
fiber. Analysis of diffraction patterns can provide infor-
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mation about distribution of sarcomere length in a mus-
cle fiber, which reflects their state of activation under
different experimental conditions.

Calcium-Selective Microelectrodes

Double-barrel calcium microelectrodes were prepared
from thin-walled 1.2- and 1.5-mm OD borosilicate glass
capillaries (WP Instruments, New Haven, CT) with inter-
nal filaments. Before pulling, the capillaries were washed
with HCI and distilled water and then dried at 150°C for
3 h. Then one capillary of each size was glued together
using fast-setting araldite. After the epoxy had set, the
paired capillaries were then softened in a vertical puller
(Narishige PE-2) and then twisted 360° with respect to
each other. The two capillaries were then pulled simul-
taneously to a short taper with a total outside tip diam-
eter of approximately 0.6 um (determined using scan-
ning electron microscopy). The 1.5-mm OD barrel was
silanized by exposing it to dimethyldichlorosilane vapor,
while air pressure was applied to the 1.2-mm OD barrel
to prevent its silanization. The silanized barrel was back-
filled 24 h later with the neutral carrier ETH 1001 (Fluka,
Ronkontioma, NY) and 48 h later with pCa 7 solution
(tip resistance 10'°-10"! ). The 1.2-mm OD barrel was
backfilled with 3 M KCl and had a resistance between 10
and 15 M{). After 24 h in N,, calcium-selective micro-
electrodes were calibrated in solutions of known [Ca®"]
at 37°C.%* Only Ca*" microelectrodes that gave an almost
Nernstian response between pCa3 and 7 (30.5 mV per
pCa unit at 37°C) were used. Interference from H', K,
and Mg>" on the calibration of these electrodes was
negligible (e.g., Na* 20 mm, Mg®" 1 mm, and K™ 120 my
did not alter the response at pCa7). The response time of
the calcium microelectrodes varied between 3 and 5 s
for a change from pCa7 to pCa3.

Calcium Measurements

Single muscle fibers (2.3 pm sarcomere length) from
MHN and MHS swine were impaled with flexible dou-
bled-barreled Ca®*-selective microelectrode.® A polished
lucite pedestal with petroleum jelly on the top and a fire
polished glass rod mounted in a micromanipulator were
placed under and against the muscle fibers to provide
support for the fiber when it was impaled with doubled-
barreled Ca®"-selective microelectrode and to minimize
movement during sarcomere shortening. The potential
from the 3-v KCl barrel (Vm) and the potential from the
Ca** barrel (VCae) were recorded via a high impedance
amplifier (Word Precision Instruments FD-223; New Ha-
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Fig. 1. Effects of caffeine on myoplasmic
free calcium concentration ([Ca’*]) in
malignant hyperthermia—nonsusceptible
(MHN) swine. Resting membrane poten-
tial (Vm) and [Ca®*];, were recorded si-
multaneously using a double-barreled
microelectrode in a single MHN muscle
fiber in swine physiologic solution. VCae
4 -25 represents the potential recorded with

the calcium-selective barrel. VCa repre-
v sents the [Ca®"]; obtained after the elec-
(mV) tronic subtraction of Vm (the potential

recorded by the 3 mm KCl-filled barrel)
- 75 from VCae potential. Vin was —81 mV and

Ve, = 81 mv

V= -82mV
[Ca2*], = 100 nM a

1 min

Veae

ven, CT). The Vm potential was subtracted electronically
from the VCae potential to give a differential signal (VCa)
that represents the resting myoplasmic Ca®* concentra-
tion. VCa potential was filtered to improve the signal-to-
noise ratio. Calibration was repeated after every five
Ca’" measurements; however, the properties of these
Ca”*selective microelectrodes remained almost con-
stant for the whole experiment in every case.

Solutions

Swine physiologic solution had the following compo-
sition: 135 mm NaCl, 3 mm KCI, 2.5 mm CaCl,, 1 mm
MgCl, 18 mm NaHCO;, 1 mm NaH,PO,, and 5 mm glu-
cose. The pH was 7.3 when it was aerated with a mix-
ture of 5% CO, and 95% O,. High K™ solution (10 mm)
was made by replacing Cl~ by methanesulfonate to
maintain a constant [K*] X [Cl™ | and avoid muscle fiber
swelling from osmotic changes. Caffeine solution was
made by adding 50 mwm caffeine to the physiologic solu-
tion to achieve the desired concentration.

Statistical Analysis

All the values are expressed as mean *= SD of the
number (n) of fibers that met the criteria for an accept-
able reading for that condition. Statistical difference was
determined by Student ¢ test. Data were considered
statistically significant at P < 0.05.
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[Ca?*); = 312 nM

[Ca®*], was 100 nm (left). Addition of 2 mm
caffeine to the bath elevated the [Ca®*]; to
312 nM, with no significant change in Vm
(right). Measurements of Vm and [Ca®*];
before and after caffeine was added to the
bath were conducted in same muscle fi-
ber. Downward and upward arrows in-
dicate impalement and withdrawal of
the double-barreled Ca* microelectrode
from the muscle fiber. (Left and right)
The calibration bars for the Ca’**-selec-
tive microelectrode and the resting mem-
brane potential, respectively, are shown.
The meaning of VCae, VCa, Vi, and the
downward and upward arrows is the
same for figures 2—4.

Results

[Ca’ +]i in MHN and MHS Skeletal Muscle

[Ca®*]; was determined successfully in 15 fibers from
MHN and 17 fibers from MHS muscles. [C;;12+]i in MHN
muscle was 123 * 8 nm (range, 100-131 nm), whereas in
MHS muscle it was 342 * 33 nm (range, 263-391 nm).

Effects of Caffeine on [Ca’"],

It is known that MHS muscle fibers respond with
higher sensitivity to caffeine than normal muscle.” '
The addition of 2 mwm caffeine to the bathing solution
induced an increase in [Ca®"]; in both MHN and MHS
fibers with no change in resting membrane potential.
Figure 1 illustrates the effects of 2 mm caffeine on [Ca® "],
in a representative MHN fiber. In these muscle fibers
there was an increase in [Ca“]i from 123 = 8 nm(n =
15) to 296 = 41 nm (n = 12; range, 221-354 nw; table 1).
This increase in [Ca“]i was associated with an oscilla-
tory activation of individual sarcomeres that was de-
tected by a change in the intensity of the diffraction
pattern. Oscillations started immediately after fibers
were transferred to the caffeine solution and lasted for
approximately 30 min.

Figure 2 shows the effects exposure to 2 mm caffeine
on [Ca*"], in a typical MHS muscle fiber. In these fibers,

20z Iudy 01 uo 3sanb Aq 4pd°0r000-000900002-Z¥S0000/€9F0E ¥/66. 1/9/26/4Pd-8l0IHE/ABOjOISBLISBUE/WOD JIELDIBA|IS ZESE//:d)Y WOl papeojumo]



1802

LOPEZ ET AL.

Table 1. Effects of Caffeine and K* on [Ca®*]; in MHN and
MHS Muscle Fibers

Caffeine K*
Resting (2 mm) (10 mm)

MHN 123 +8(n=15 296 +41(n=12) 272 +22(n =19
MHS 342 + 33 (n = 17) 1,159 + 235 (n = 13) 967 + 38 {n = 11)

MHN = malignant hyperthermia nonsusceptible; MHS = malignant hyper-
thermia susceptible.

there was an increase in [Ca®"], from 342 + 33 nm (n =
17) to 1,159 = 235 nm (n = 13; range, 745-1,579 nu;
table 1). In MHS muscle fibers, 2 mm caffeine caused an
oscillatory activation of individual sarcomeres in some
fibers, but in the majority of MHS fibers (10 of 13), the
increase in [Ca”]i originated a sustained sarcomere
shortening. After the washout of caffeine, [Ca“]i re-
turned to precaffeine levels in both MHN and MHS mus-
cle fibers. These findings demonstrate the already-ob-
served differences in the caffeine sensitivity between
muscle fibers from MHN and MHS individuals. Similar
changes in [Ca®"]; were observed when MHN and MHS
fibers were incubated with other methylxanthines, e.g.,
1.7-dimethylxanthine and 1-methyl-3-isobutylxanthine
(data not shown), showing the effect was not specific to
caffeine alone.

Effects of [K'], on [Ca’"], in MHN and MHS

Muscles

It is known that increasing [K™] in the external bathing
solution above 5 mwm induces a partial depolarization of
the surface membrane, which then causes an elevation
of [Ca?"], in skeletal muscle.'®~2° When either MHN or
MHS muscle fibers were incubated in an external solu-

Fig. 2. Effects of caffeine on myoplasmic
free calcium concentration ([Ca®*)) in
malignant hyperthermia—susceptible (MHS) MHS
swine. Simultaneous recording, using 4
double-barreled microelectrodes, of Vm
and [Ca’*]; in a MHS fiber before and
after caffeine 2 mm was added. In swine, pca O
physiologic solution Vm was —81 mV and
[Ca®*], was 354 nm. The addition of 2 mm

}+ O Caffeine i

tion containing 10 mum K™ (keeping the [K*] [Cl"] prod-
uct constant), a transient increase in [Ca”]i that was
associated with the partial depolarization was seen in
both muscle preparations. In 12 MHN fibers, 10 mm K*
induced a depolarization from —82 £ 1.3 mV to —73 £
1.6 mV, and [Ca’"], increased to 272 = 22 nwm (range,
240-314 nv; table 1). In 11 MHS muscles, 10 mm K*
produced a depolarization from —82 * 1.2mV to —74 =
0.9 mV, and [Ca®"]; increased to 967 * 38 nm (range,
903-1,040 nm). These results reveal the expected depen-
dence of calcium release on the membrane poten-
tial'®~%° and show the enhancement of this calcium
release in MHS muscle in response to a given membrane
depolarization. After 6-8 min of exposure to the 10-mm
K" solution, resting [Ca’"], slowly returns to control
levels in both types of fibers, despite the fact that the
membrane remains depolarized. This confirmed the hy-
pothesis that intracellular Ca®" release in response to mem-
brane depolarization is both voltage- and time-dependent.”’

Effect of Caffeine on [Ca’"], in Partial Depolarized

MHN Fibers

Incubation of the partially depolarized MHN fibers in 2
mM caffeine during the time that [Ca“]i was elevated
induced an increment in [Ca®"]; of a similar magnitude
to that observed in MHS fibers. Figures 3A-C show a
typical experiment in a muscle fiber obtained from MHN
swine. The fiber was first exposed to 10 mm K" that
induced a partial depolarization of the plasma membrane
and an elevation [Ca®"]; from 125 nm to 282 nm. The
addition of 2 mm caffeine to the 10-mm K™ solution
further elevated [Ca”]i to 998 nm, similar to what we
observed in polarized MHS fibers. In 20 MHN fibers

{ + 2 mM Caffeine {1t
~  *rm -

—t q¢

pCa (mV)

induced an elevation of [Ca®*], to 1,009

nM, which was associated to muscle fiber
shortening. There was no change in rest- T
ing membrane potential. Measurements
of Vm and [Ca**], before and after caf-
feine was added to the bath were con-
ducted in same muscle fiber. (Left and
right) The calibration bars for the Ca**-
selective microelectrode and the mem-
brane potential, respectively, are shown. \
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Fig. 3. Effects of caffeine in partially depolarized malignant hyperthermia—nonsusceptible (MHN) muscle fiber with elevated

myoplasmic free calcium concentration ([Ca®*]

). Simultaneous recording, using a double-barreled microelectrodes, of Vm and

[Ca®*], in a MHN fiber in swine physiologic solution (left), 10 mm K™ solution (middle), and K* 10 mum and caffeine 2 mm (right). In
control, Vm was —83 mV and [Ca**], was 125 nM. The incubation of a MHN muscle fiber in 10 mM K* solution induced a partial
depolarization (Vm= —72 mV) that was associated with an elevation of [Ca®*]; to 282 nm. Exposure of this partially depolarized
muscle fiber to caffeine 2 mm while [Ca®"], was elevated (approximately 2 times control) induced a further release reaching a value
of 998 nM. Measurements of Vm and [Ca®*], before and after K* and caffeine solution was added to the bath were conducted in same
muscle fiber. (Left and right) The calibration bars for the Ca®**-selective microelectrode and the resting membrane potential,

respectively, are shown.

partially depolarized by K*, [Ca’"], increased from
126 = 7 nmM (range, 106-135 am) to 265 = 18 nMm (range,
220-295 nw), and exposure to caffeine 2 mm produced a
further elevation of [Ca’"], to 940 = 37 num (range,
878-998 nu; table 2). This increase in [Ca®"]; is not
significantly different from that seen after polarized MHS
fibers were exposed to 2 mm caffeine. After 10 min,
when [Ca’"], returned to control levels (122 * 6 nu;
range, 115-131 nm; n = 10), the response to 2 mwm
caffeine also returned to control levels (304 £ 15 nm;
range, 289-331 nm; n = 10), despite continued partial
membrane depolarization (72 £ 1.3 mV; fig. 4). Similar
responses were seen in MHS fibers, but in each case the
increase in their [Ca®"], response was greater than in

Table 2. Effects of Caffeine on [Ca®*]; in Partially Depolarized
MHN and MHS Muscle Fibers

K* K* (10 mm) +

Resting (10 mm) Caffeine (2 mm)

MHN 126 = 7(n =20) 265 =18 (n=20) 940 *+ 37 (n = 20)
MHS 322 = 22 (n = 14) 905 + 38 (0 = 11) 2,860 + 782 (n = 6)

MHN = malignant hyperthermia nonsusceptible; MHS = malignant hyper-
thermia susceptible.

Anesthesiology, V 92, No 6, Jun 2000

MHN fibers. In 14 MHS fibers, partial depolarization
elevated [Ca“]i from 322 * 22 nm (range, 287-356 nm)
to 905 * 38 nm (range, 834-986 nm; n = 11). After
caffeine incubation, [Ca®"], increased to 2,860 = 782 nm
(range, 1,789-3,789 nM; n = 6; table 2). The determina-
tion of [Ca’"], was very difficult in these MHS fibers
because of the sustained sarcomere shortening, which
caused displacement of the flexible double-barreled
Ca**selective microelectrode in some fibers despite the
use of fiber-stabilizing devices.

Discussion

The present study demonstrates that MHS fibers are
more sensitive to caffeine-induced Ca®” release than
MHN muscle fibers. Second, it shows that exposure of
MHN and MHS fibers to 10 mm K* solution causes a
partial membrane depolarization with an associated tran-
sient increase in [Ca®"] ; (6-8 min) that was greater in
MHS than in MHN fibers. Third, it shows that the tran-
sient elevation in [Ca?"], in MHN fibers, which is asso-
ciated with partial membrane depolarization, increased
their caffeine sensitivity to a level similar to that ob-
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Fig. 4. Effects of caffeine in partially depolarized malignant hyperthermia—nonsusceptible (MHN) muscle fiber with a physiologic
myoplasmic free calcium concentration ([Ca®*];). Simultaneous recording, using a double-barreled microelectrodes, of Vm and
[Ca**), in a MHN in swine physiologic solution (first panel), 10 mm K* solution (second panel) after{Ca®*], has returned to control
levels (third panel) and after the application of caffeine 2 mm (fourth panel). In control, Vin was —82 mV and [Ca®*], was 125 nm.
The incubation of a MHN muscle fiber in K* 10 mm solution induced a partial depolarization (Vm = —71 mV) that was associated with
a transient elevation of [Ca®*], to 296 nM, which returned to 130 nm after 8 min. Exposure of this still partially depolarized muscle
fiber to 2 mu caffeine after [Ca®*]; returned to control levels caused an elevation of [Ca®**]; to 320 nM, which was the same as was seen
in control polarized cells. All of the measurements for Vm and [Ca®"), were conducted in same muscle fiber. (Left and right)
Calibration bars for the Ca®*-selective microelectrode and the resting membrane potential, respectively, are shown.

served in polarized MHS muscle fibers. Fourth, it dem-
onstrates that the increased caffeine sensitivity caused
by the temporary increase in [Ca’"], associated with
partial depolarization returned to normal when [Ca®"),
decreased to control levels, despite continued partial
membrane depolarization.

It has been previously shown in skeletal muscle that
caffeine produces transient contractures with no change
in the electrical properties of the muscle plasma mem-
brane.?? 1t also potentiates twitch tension,?® induces
intracellular Ca®" release at subthreshold concentrations
(for contracture),?® and increases the release of calcium
from isolated fragments of SR.%* Single channel record-
ings have revealed that caffeine activates the SR Ca®"*
release channel by increasing the number and the dura-
tion of open channel events without changing the uni-
tary conductance.” In addition, it has been demon-
strated that caffeine does not change the voltage
dependence or time course of charge movement.?®

An increased caffeine sensitivity of MHS fibers is the
basis of the clinical diagnostic test currently used to
determine MH susceptibility.”™'' The results of the
present study demonstrate that caffeine induces a larger
release of intracellular calcium in MHS (3.4 times greater
than resting level) than in MHN (2.4 times greater than
resting level) fibers. The calcium released by caffeine in
MHN muscle fibers sometimes caused an oscillatory ac-
tivation of individual sarcomeres. It is known that caf-

Anesthesiology, V 92, No 6, Jun 2000

feine can trigger asynchronous contraction of single sar-
comeres at concentrations that are subthreshold for
contracture. These local sarcomere contractions, in turn,
may or may not be converted into more organized
waves.”” This oscillatory sarcomere pattern has been
attributed to a cyclic release and uptake of calcium by
the SR and might represent a subthreshold process in
excitation- contraction coupling that precedes a full ac-
tivation of the muscle fiber.?”?® In MHS fibers, the cal-
cium released by caffeine always produced a sustained
muscle shortening in addition to its oscillatory activation
of individual sarcomeres.

Among the possible mechanisms that could cause this
difference in intracellular calcium release induced by
caffeine in MHN and MHS fibers, two have been postu-
lated as the most likely cause of the difference. One is
that there is the specific alteration in the MHS RyR1
inherently increases its sensitivity to caffeine.”” The sec-
ond is that this increased sensitivity is secondary to some
other factor associated with the MH phenotype, such as
an increased resting [Ca2+]i. In this regard, Shomer et
al*® have shown that, although caffeine significantly
increases mean open time of both MHS and MHN RyR1
channels in lipid bilayers, there were no difference in
channel properties between the two groups.

Our findings confirm previous observations that the
release of calcium by the SR can be mediated by mem-
brane depolarization'®*' and show for the first time that
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the amount of calcium release is greater in MHS than
MHN muscle for the same depolarizing pulse. Thus,
extracellular K* induced the same magnitude of mem-
brane depolarization (—=9 mV in MHN and —8 mV in
MHS) but produced an elevation of [Ca®"|; by a factor of
2.1 in MHN and 2.8 in MHS muscle fibers. These results
are in agreement with studies that have demonstrated
that MHS fibers have a lower K' contracture threshold
than MHN fibers,®"*? although [Ca®*"]; was never mea-
sured in these previous studies. One possible explana-
tion for this could be that transduction signal from the
transverse tubular system membrane to the SR calcium
release in response to a given membrane depolarization
is magnified in MHS fibers. Interestingly, [Ca®"], in par-
tially depolarized MHN fibers during the first 6-8 min
was similar to that seen in polarized MHS fibers. In this
state, when they were exposed to 2 mm caffeine, their
[Ca®*"]; was elevated to a similar concentration to that
seen when polarized MHS fibers are exposed to 2 mm
caffeine. Thus, changing the [Ca”]i in MHN fibers to a
similar level to that seen in polarized MHS fibers, it was
possible to mimic their increased caffeine sensitivity.
There was a direct relationship between the degree of
elevation of [Ca®"], in MHN fibers and the magnitude of
the Ca®" release that followed a 2-mu caffeine challenge.
Thus, fibers with the higher [Ca®"], after exposure to K
solution show the greater response to caffeine and those
with the lower [Ca’"], after exposure to K* solution
show the smaller response to caffeine. Therefore, it
seems that it is the elevation of resting [Ca”]i and not a
change in the inherent RyR1 caffeine sensitivity that
accounts for the enhanced response to caffeine ob-
served in MHS fibers. This enhanced sensitivity to caf-
feine induced by K" depolarization has also been ob-
served in frog skeletal muscle.'®33 It is the increase in
[Ca“]i and not the depolarization itself that enhances
the caffeine effect on intracellular release of calcium in
MHN fibers, because when [Ca®*], returned to control
levels in the still-depolarized MHN fibers, caffeine sensi-
tivity returned to normal. The cause for the spontaneous
reduction of [C3.2+]i after a potassium-induced release of
calcium in skeletal muscle has been interpreted to be
part of an inactivation process that stops the release of
calcium from the SR rather than being a consequence of
a depletion of calcium in the SR.>*3°
It is also interesting to point out that the caffeine
contracture test for MH diagnosis is conducted in cut
muscle fibers. This membrane injury eventually leads to
significant membrane depolarization. Geffner et al>°
have shown that in muscle fibers partially depolarized
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with subcontracture, concentrations of K' rapidly de-
veloped tension when exposed to 1 mm caffeine, which
alone would not cause contracture. Thus, the depolar-
ization present in the cut fibers used in caffeine contrac-
ture tests can cause a further elevation of an already high
[Ca2+]i. This might act as an additional contributing
factor in the sensitivity of MHS fibers to caffeine.

Finally, these results have been obtained in swine MHS
muscle fibers in which the susceptibility to the syn-
drome is caused by a single point mutation in the SR
Ca*" release channel (RyR1)’ and could be specific to
this mutation. However, in humans, MH susceptibility
seems to have a multigenic origin,® and recent experi-
ments conducted in intact muscle fibers obtained from
six control subjects and four survivors of well-docu-
mented cases of MH show similar responses to those
reported here (Lopez and Allen, unpublished results,
September 1999).

We conclude that the increased sensitivity of MHS
muscle fibers to caffeine seems not to be due to a
specific alteration in the caffeine sensitivity of the SR
Ca®"-release channel per se, but is a nonspecific re-
sponse related to a high resting [Ca®"]; found in MHS
fibers, and this might explain why a positive response
may also be seen in other myopathies where an in-
creased [Ca®™]; is part of the phenotype.
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