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Abstract

In skeletal muscle, halothane affects the functions of several Ca?*-regulatory membrane proteins involved in the excitation—contrac-
tion—relaxation cycle. To investigate the mechanism by which this volatile anesthetic interferes with Ca®*-homeostasis, we studied
potential changes in protein—protein interactions by halothane. Using comparative immunoblotting of microsomal muscle proteins
separated on native and denaturing gels, we show here that halothane induces oligomerization of the terminal cisternae Ca2*-binding
protein calsequestrin, the junctional ryanodine receptor Ca?*-release channel and the transverse-tubular o ;-dihydropyridine receptor. This
agrees with previous reports on the modulation of Ca?"-release activity by halothane since interactions between the voltage-sensing
a,-dihydropyridine receptor, the ryanodine receptor and the luminal Ca?*-reservoir might result in a rapid release of Ca?™-ions.
Furthermore, this study supports the idea that specific protein sites are involved in the action of inhalational anesthetics and that hal othane
might trigger abnormal Ca?*-homeostasis in malignant hyperthermia via oligomerization of the mutated ryanodine receptor. © 1999

Elsevier Science B.V. All rights reserved.

Keywords: Halothane; Calsequestrin; Ryanodine receptor; Dihydropyridine receptor; Oligomerization; Skeletal muscle

1. Introduction

Halothane (2-bromo-2-chloro-1,1,1-trifluoro-ethane) is
a widely employed inhalational anesthetic and is often
used as a standard against which other potent anesthetic
agents are measured (K oblin, 1994). The effect of halothane
on regulatory muscle membrane proteins involved in
Ca?"-homeostasis has been intensively studied. At clinical
concentrations, halothane influences the functions of the
calmodulin-dependent Ca?*-ATPase of the plasmalemma
(Lopez and Kosk-Kosicka, 1995) and the sarcoplasmic
reticulum Ca?"-ATPases (Karon et al., 1995). Recently,
Kosk-Kosicka et a. (1997) could show binding of
halothane to discrete sites in the Ca®*-ATPase demonstrat-
ing direct interaction between a volatile anesthetic and a
muscle membrane protein. Vesicular preparations of the
sarcoplasmic reticulum from skeletal and cardiac muscle
exhibit a pH-dependent increase in Ca?*-release in re-
sponse to halothane (Louis et al., 1992; Beltran et al.,
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1996). Electrophysiological studies on the isolated ryan-
odine receptor Ca?"-release channel from the sarcoplasmic
reticulum showed increased duration of channel opening
following incubation with halothane (Bull and Marengo,
1994; Connelly and Coronado, 1994). These findings are
of clinical importance since the main cause of death due to
anesthesia is the pharmacogenetic disorder malignant hy-
perthermia. In susceptible individuals, halothane may trig-
ger an episode of thision channel disease which is charac-
terized by a rapid increase in body temperature, tachycar-
dia, metabolic acidosis and muscle stiffness (Mickelson
and Louis, 1996). Primary defects in the ryanodine recep-
tor Ca?*-release channel (MacLennan et al., 1990; Quane
et a., 1994) or the «,-subunit of the dihydropyridine
receptor (Monnier et a., 1997) were described as responsi-
ble for malignant hyperthermia.

The dihydropyridine-sensitive L-type Ca®*-channel of
the transverse-tubular membrane system exists in an o ,—
a,/d8—B—y-configuration whereby the «,-subunit was
shown to be the principal subunit with respect to antago-
nist binding, ion permeability and voltage sensing (Cat-
terall, 1995). The auxiliary dihydropyridine receptor sub-
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units were demonstrated to be important for modulation of
channel activity and receptor targeting (Gurnett and Camp-
bell, 1996). The ryanodine-sensitive Ca?*-release channel
contains four identical 565-kDa subunits (Franzini-
Armstrong and Protasi, 1997) and a modulatory 12-kDa
subunit which was found to be a binding-protein for
immunosuppressive drugs (Brilliantes et al., 1994). Within
the muscle membrane systems responsible for signal trans-
duction and Ca?*-release, the transverse-tubular dihydro-
pyridine receptor and the ryanodine receptor Ca?*-release
channel of the junctional sarcoplasmic reticulum were
clearly shown to form large complexes (Block et al., 1988;
Marty et al., 1994), estimated to be of approximately 3000
kDa (Murray and Ohlendieck, 1997). In addition, the
major luminal Ca?*-reservoir protein calsequestrin (Mac-
Lennan and Wong, 1971; Y ano and Zarain-Herzberg, 1994)
also exists in oligomeric form (Maguire et al., 1997) and is
closely associated with the triad receptor complex (Zhang
et al., 1997; Murray and Ohlendieck, 1998). While calse-
questrin of apparent 63 kDa is a medium-affinity, high-
capacity Ca?*-binding protein localized mainly to the ter-
minal cisternae region (Jorgensen et al., 1983; Fliegel et
al., 1987), sarcalumenin of approximately 160 kDa appears
to be the luminal sarcoplasmic reticulum Ca2*-binding
component of the longitudinal tubules (Leberer et 4.,
1990). These findings support the currently held hypothe-
sis of excitation—contraction coupling in mature skeletal
muscle which suggests that the o ,-dihydropyridine recep-
tor acts as a voltage sensor and that this receptor induces
Ca’"-release via direct physical interactions with the te-
trameric ryanodine receptor complex (Meissner and Lu,
1995; Murray et a., 1998). Following skeleta muscle
contraction, the highly efficient sequestration of Ca?*-ions
is due to the rapid pump action of the sarcoplasmic
reticulum Ca?*-ATPase (MacLennan et a., 1997). The
physiological pump units were shown to be of oligomeric
nature, probably representing tetrameric structures of 110-
kDa Ca?"-ATPase monomers (Martonosi, 1995; Maguire
and Ohlendieck, 1996).

Since it is not known by what molecular mechanism(s)
halothane interferes with skeletal muscle Ca?*-homeostasis
in norma and pathological tissues, we investigated the
potential effects of this volatile anesthetic on the oligomer-
ization of key membrane components of Ca?*-regulation.
In analogy to a study on the effect of halothane on the
skeletal muscle Ca?*-ATPase (Karon and Thomas, 1993)
and considering clinical levels of halothane are estimated
to be 0.03 to 0.05 mol of halothane per mol of lipid in the
bilayer (Taraschi et al., 1991), the same hal othane concen-
tration range was investigated here with respect to its
effect on muscle membrane proteins. Immunoblotting with
highly specific antibodies was used to unequivocally iden-
tify the fate of calsequestrin, the o ;-dihydropyridine recep-
tor and the ryanodine receptor following treatment of
microsomal vesicles with halothane. A comparative ap-
proach was utilized in the present study using native,

non-denaturing polyacrylamide gels and denaturing sodium
dodecyl sulfate polyacrylamide gels in order to anayze
complex formation following hal othane treatment.

2. Materials and methods
2.1. Materials

Protease inhibitors, acrylamide and peroxidase-con-
jugated secondary antibodies were purchased from
Boehringer Mannheim (Lewis, East Sussex, UK). Western
blotting chemiluminescence substrates (Super Signal®)
were obtained from Pierce & Warriner (Chester, Cheshire,
UK). Immobilon-NC nitrocellulose was from Millipore
(Bedford, MA). Halothane, digitonin and all other chemi-
cals were of analytical grade and purchased from Sigma
(Poole, Dorset, UK).

2.2. Antibodies

A polyclona antibody to the ryanodine receptor was
from Upstate Biotechnology (Lake Placid, NY), mono-
clonal antibodies 20A and XI1C4 against the o ,-dihydro-
pyridine receptor and sarcalumenin, respectively, were
purchased from Affinity Bioreagents (Golden, CO) and
monoclonal antibody MY 32 to the fast myosin heavy
chain was obtained from Sigma. Production and characteri-
zation of monoclonal antibodies 111D5 to the «,-dihydro-
pyridine receptor and VII1D1, against calsequestrin, which
were a generous gift from Dr. K.P. Campbell (Howard
Hughes Medica Institute, University of lowa, I1A), were
performed as previously described in detail (Ohlendieck et
al., 1991).

2.3. Subcellular fractionation

All membrane samples used derived from homogenates
of New Zealand white rabbit hind leg and back skeleta
muscle, obtained from the Biomedical Facility, University
College Dublin, Ireland. Crude microsomes, as well as
vesicular fractionates enriched in heavy sarcoplasmic retic-
ulum or triad junctions were prepared at 0—4°C by stan-
dard methodology (Rosemblatt et al., 1981; Sharp et al.,
1987; Murray and Ohlendieck, 1997). To minimize prote-
olytic degradation of muscle membrane proteins, al buffers
contained a protease inhibitor cocktail (0.2 mM pefabloc,
1.4 WM pepstatin, 0.15 wM aprotinin, 0.3 .M E-64, 1 pM
leupeptin, 0.5 wM soybean trypsin inhibitor and 1 mM
EDTA). Membrane pellets were resuspended at a protein
concentration of 10 mg/ml and used immediately for
hal othane treatment or quick-frozen in liquid nitrogen and
then stored at —70°C prior to further usage. Protein con-
centration was determined by the method of Bradford
(1976) using bovine serum albumin as a standard.
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2.4. Incubation of muscle membranes with halothane

Crude microsomes, resuspended in 10% (w /v) sucrose,
25 mM HEPES, pH 7.5, 5 mM EGTA, 3 mM MgCl,,
were treated on ice (Figs. 1-5) or at 25°C (Fig. 6) a a
final protein concentration of 1 mg,/ml with 0.25 to 10%
(v/v) halothane. Halothane was added from an acetone-
containing 50% (v /v) stock solution. Following incubation
for 30 min, membrane samples were prepared for native or
denaturing gel electrophoresis. Non-denaturing buffer con-
tained 50 mM Tris—Cl, pH 6.8, 20% (w /v) sucrose, 20%
(v/v) glycerol and 0.1% (w/v) digitonin (Chang and
Hosey, 1990), while denaturing buffer consisted of 125
mM Tris—Cl, pH 6.8, 3% (w/v) sodium dodecy! sulfate,
20% (w /v) sucrose and 20% (v/v) glycerol (Dunn and
Bradd, 1993). Both buffers also contained 0.002% (w /v)
bromophenoal blue as a dye marker.

2.5. Gel dectrophoresis and immunoblot analysis

Modified polyacrylamide gel electrophoresis was car-
ried out according to Laemmli (1970) and Chang and
Hosey (1990) using 5% (w /v) or 6% (w /v) resolving gels
with a 4% (w /v) stacking gel. Electrophoretic separation
was performed under non-reducing conditions for 360 or
440 Vh employing a Mini-Protean Il electrophoresis sys-
tem from Bio-Rad Laboratories (Hempel Hempstead,
Herts., UK), whereby 5 to 25 p.g protein was loaded per
well. In non-denaturating gel €lectrophoresis, 0.1% (w /v)
digitonin but no sodium dodecy! sulfate was present in the
resolving and stacking gel, while the running buffer con-
tained 0.015 (w/v) sodium dodecyl sulfate (Chang and
Hosey, 1990). Two types of denaturing gel electrophoresis
were performed. Samples were treated with no sodium
dodecyl sulfate or 3% (w/v) sodium dodecyl sulfate and
were then subsequently separated by standard sodium do-
decyl sulfate polyacrylamide gel electrophoresis (Laemmli,
1970). For two-dimensional electrophoresis, samples were
separated in the first dimension using native polyacryl-
amide rod gels and then incubated for 2 h using sodium
dodecyl sulfate-containing sample buffer (Laemmli, 1970).
Tube gels were mounted on top of the second dimension
slab gel with the help of 1% (w /v) agar and subsequently
electrophoresed in the presence of ionic detergent as de-
scribed above. Myofibrils, prepared from rat skeletal mus-
cle homogenates, served as a source of high-molecular
mass protein markers (Murray and Ohlendieck, 1997).
Proteins separated by non-denaturing or denaturing poly-
acrylamide gel electrophoresis were transferred for 75 min
at 100 V onto nitrocellulose membranes by the method of
Towbin et al. (1979). Immunoblotting was performed by
standard methods and immunaodecoration of nitrocellulose
sheets was evaluated by the enhanced chemiluminescence
technique (Bradd and Dunn, 1993). Densitometric scan-
ning of enhanced chemiluminescence blots was performed

on a Molecular Dynamics 300S computing densitometer
(Sunnyvale, CA) with ImageQuant V3.0 software.

3. Reaults

3.1. Effect of halothane on the «,-dihydropyridine
receptor

Since halothane has a modulatory effect on the sarco-
plasmic reticulum Ca*-release at clinical concentrations
and because direct protein—protein interactions are be-
lieved to underlie excitation—contraction coupling in ma-
ture skeletal muscle, we investigated the effect of halothane
on the oligomerization of Ca?*-regulatory membrane pro-
teins. Initia blotting experiments with halothane-treated
rabbit skeletal muscle microsomes revealed that this in-
halational anesthetic reduces the relative electrophoretic
mobility of the transverse-tubular «,-dihydropyridine re-
ceptor in non-denaturating gels. Incubation of native mus-
cle membrane vesicles with 0.25 to 5% (v/v) halothane
resulted in a shift from a 175-kDa monomer to a 3000-kDa
complex in non-denaturing gels (Fig. 1). While the inten-
sity of immunodecoration of the monomer decreased with
higher concentrations of the drug, labeling of the high-
molecular mass band intensified. Based on these initia
findings, we performed a comparative immunoblot analy-
sis of key components of excitation—contraction coupling
and Ca?*-homeostasis, i.e., the major Ca?*-binding protein
of the terminal cisternae region, calsequestrin, the junc-
tional sarcoplasmic reticulum Ca?*-release channel, the
ryanodine receptor and the voltage-sensor of the trans-
verse-tubules, the o ;-dihydropyridine receptor. Following
treatment with halothane, microsomal proteins were ana-
lyzed using three different gel systems. Non-denaturing
gels contained low concentrations of the non-ionic deter-
gent digitonin, but no sodium dodecyl sulfate was added to
the sample buffer and gel. The other two gel systems
employed contained sodium dodecyl sulfate in the gel only
or ionic detergent both in the incubation buffer and the gel,
respectively.

3.2. Halothane-induced oligomerization of calsequestrin

As illustrated in Fig. 2a, the non-denatured calse-
questrin monomer from rabbit skeletal muscle microsomes,
triads and sarcoplasmic reticulum runs as a double protein
band of approximately 60 to 70 kDa. In immunoblotting,
monoclonal antibody VII1D1, also recognizes high-molec-
ular mass bands between 170 and 210 kDa which were
previously designated as calsequestrin-like proteins (Mag-
uire et a., 1997; Murray and Ohlendieck, 1997; Murray
and Ohlendieck, 1998). These luminal sarcoplasmic reticu-
lum proteins, which might represent calsequestrin iso-
forms, are recognized as a band of apparent 180 kDa under
non-denaturing conditions (Fig. 2a). To properly visualize
very high-molecular mass complexes, higher protein con-
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Fig. 1. Effect of halothane on the o,-subunit of the dihydropyridine receptor. Shown is an immunoblot labeled with monoclonal antibody 111D5 to the
a;-subunit of the dihydropyridine receptor (o.;-DHPR). Lanes 1 to 7 represent rabbit skeletal muscle microsomes treated with 0, 0, 0.25, 0.5, 1.0, 2.5 and
5.0 (v /v) halothane, respectively. Lane 2 is a control (C) showing microsomes treated with 5% (v /v) acetone but no halothane. Membrane samples (15 .g
protein /lane) were dissolved in non-denaturing buffer and electrophoretically separated on a 6% (w/v) gel for 360 Vh under non-reducing conditions. The
position of the apparent monomer is marked by an arrow and the sizes of molecular mass standards (in kDa) are indicated on the left.

centrations were used in Fig. 2b—d resulting in broader
calsequestrin bands under control conditions. While the
carrier solvent acetone had no effect on the electrophoretic
mobility of calsequestrin bands, incubation with halothane
reduced the intensity of immunodecoration of the monomer
band and the calsequestrin-like protein bands but caused
the appearance of an approximately 3000-kDa complex
(Fig. 2b). With the exception of the highest halothane
concentration employed, the presence of sodium dodecyl
sulfate in the gel system prevented the formation of the
extremely high-molecular mass band (Fig. 2c). Pre-incuba-
tion of halothane-treated muscle membrane vesicles with
sodium dodecyl sulfate completely abolished a shift in
electrophoretic mobility (Fig. 2d).

3.3. Halothane-induced oligomerization of the «a,-dihydro-
pyridine receptor

The «,-subunit of the dihydropyridine receptor runs as
a single protein band representing a monomer of apparent
175 kDa in non-denaturing gels of crude microsomes and
membranes enriched in the sarcoplasmic reticulum or tri-
ads (Fig. 3a). Acetone did not induce a marked change in
the electrophoretic mobility of this transverse-tubular pro-
tein. However, halothane clearly caused a shift of the
a,-dihydropyridine receptor to complexes of approxi-
mately 700 and 3000 kDa in native gels (Fig. 3b). The
presence of sodium dodecy! sulfate in the gel matrix did
result in a clearer monomer band but had no significant
effect on the halothane-induced complex formation (Fig.

30). In stark contrast, pre-incubation of halothane-treated
membranes with sodium dodecyl sulfate completely abol-
ished high-molecular mass bands representing the o ,-sub-
unit of the dihydropyridine receptor. Even at a halothane
concentration of 10% (v/v), only an approximately 175-
kDa protein band was visualized by monoclonal antibody
[11D5 (Fig. 3d).

3.4. Halothane-induced oliogomerization of the ryanodine
receptor

To investigate the potential effect of halothane on the
sarcoplasmic reticulum Ca?*-release channel, the above
described gel systems were also employed for the analysis
of ryanodine receptor oligomerization. While the ryan-
odine receptor runs in native gels of crude microsomes, the
sarcoplasmic reticulum and junctional couplings as an
apparent monomer (Fig. 4a), incubation with halothane
reduced the abundance of this 565-kDa band and concomi-
tantly induced the appearance of a very high-molecular
mass band (Fig. 4b). While sodium dodecyl sulfate in the
gel matrix did not reduce the electrophoretic mobility of
the apparent 3000-kDa band, incubation of halothane-
treated membranes with the ionic detergent caused most of
the ryanodine receptor to run further into the separating
gel. However, in contrast to calsequestrin and the o ,-dihy-
dropyridine receptor, the sodium dodecyl sulfate-treated
ryanodine receptor is represented by a much broader band
and at high halothane concentrations some of the 3000-kDa
complexes are till immunodecorated (Fig. 4d).



G.R. Froemming et al. / European Journal of Pharmacology 365 (1999) 91-102 95

d

CM HSR _TR
2800
205 .
o*‘
165 =
55 -

12 34 56

0 C255010

2800 |- -

205 |- | .

"l lezted
ss—m

7 8 9 10 1

b

0 C 255010
b "f

r 4L

s

7 8 9 10 11

4= CSQ

0 C 2550 10

= | P P e —

sy==
_ M 4 CsQ

7 8 9 10 11

Fig. 2. Halothane-induced oligomerization of the Ca?*-binding protein calsequestrin. Shown are immunoblots transferred from 6% (w/v) gels and
immunodecorated with monoclonal antibody VII11D1, to calsequestrin (CSQ). Lanes 1 to 6 represent 5 and 10 w.g protein/lane extracted from crude
microsomes (CM), heavy sarcoplasmic reticulum (HSR) and triads (TR), respectively (a). Lanes 7 to 11 represent rabbit skeletal muscle microsomes (15
w.g protein/lane) treated with 0, 0, 2.5, 5.0 and 10.0 (v /v) haothane, respectively (b—d). Lane 8 is a control (C) showing microsomes treated with 10%
(v/v) acetone but no halothane. Protein samples were dissolved in non-denaturing buffer (a—c) or sodium dodecyl sulfate-containing sample buffer (d) and
were then electrophoretically separated for 360 Vh under non-reducing conditions employing a gel system which contained no ionic detergent (a and b) or
sodium dodecy! sulfate (c and d). The position of the apparent calsequestrin monomer is marked by an arrow and the sizes of molecular mass standards (in

kDa) are indicated on the left.

3.5. Complex formation between excitation—contraction
coupling components by halothane

Since Figs. 2—4 clearly demonstrate that halothane trig-
gers oligomerization in triad components involved in exci-
tation—contraction coupling and Ca’*-homeostasis, we
were interested in whether the induced high-molecular
mass bands exhibited a potential overlap. To address this

guestion, native gels were run under identical conditions
and immunoblotted for the ryanodine receptor, the o ,-di-
hydropyridine receptor and calsequestrin. Fig. 5a—c illus-
trate that halothane-induced complexes of al three triad
proteins are of approximately 3000 kDa. In control experi-
ments it was shown that an abundant marker of the con-
tractile apparatus and a junctional triad component, as well
as amajor Ca?*-binding protein of the longitudinal sarco-
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Fig. 3. Halothane-induced oligomerization of the «,-dihydropyridine receptor. Shown are immunoblots transferred from 6% (w /v) gels and immunodeco-
rated with monoclonal antibody 111D5 to the o,-subunit of the dihydropyridine receptor (a;-DHPR). Lanes 1 to 6 represent 5 and 10 pg protein/lane
extracted from crude microsomes (CM), heavy sarcoplasmic reticulum (HSR) and triads (TR), respectively (a). Lanes 7 to 11 represent rabbit skeletal
muscle microsomes (15 wg protein/lane) treated with 0, 0, 2.5, 5.0 and 10.0 (v/v) halothane, respectively (b—d). Lane 8 is a control (C) showing
microsomes treated with 10% (v/v) acetone but no halothane. Protein samples were dissolved in non-denaturing buffer (a—c) or sodium dodecyl
sulfate-containing sample buffer (d) and were then electrophoretically separated for 360 Vh under non-reducing conditions employing a gel system which
contained no ionic detergent (a and b) or sodium dodecyl sulfate (c and d). The position of the apparent «,-dihydropyridine receptor monomer is marked
by an arrow and the sizes of molecular mass standards (in kDa) are indicated on the left.

plasmic reticulum are not affected by a halothane concen-
tration which clearly caused complex formation of the
other junctional components studied. As can be seen in
Fig. 5d and e, the dimer of the fast myosin heavy chain
and the apparent 170-kDa o ,-subunit of the dihydro-
pyridine receptor do not shift to higher molecular mass
complexes following treatment with the inhalational anes-
thetic. Thus, halothane-induced triad protein clustering

does not generally affect rabbit skeletal muscle proteins
but appears to be specific for calsequestrin, the o;-
dihydropyridine receptor and the ryanodine receptor at the
concentrations used in this study. Labeling with antibodies
to sarcoplasmic reticulum Ca?*-ATPases and the junc-
tional component triadin did not reveal enough specific
immunodecoration for proper analysis (not shown). We
could thus not investigate the effect of halothane on
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Fig. 4. Halothane-induced oligomerization of the ryanodine receptor Ca?*-release channel. Shown are immunoblots transferred from 5% (w /v) gels and
immunodecorated with a polyclonal antibody to the ryanodine receptor (RyR) Ca?*-release channel. Lanes 1 to 6 represent 5 and 10 g protein/lane
extracted from crude microsomes (CM), heavy sarcoplasmic reticulum (HSR) and triads (TR), respectively (a). Lanes 7 to 11 represent rabbit skeletal
muscle microsomes (25 g protein/lane) treated with 0, 0, 2.5, 5.0 and 10.0 (v/v) halothane, respectively (b—d). Lane 8 is a control (C) showing
microsomes treated with 10% (v/v) acetone but no halothane. Protein samples were dissolved in non-denaturing buffer (a—c) or sodium dodecyl
sulfate-containing sample buffer (d) and were then electrophoretically separated for 440 Vh under non-reducing conditions employing a gel system which
contained no ionic detergent (a, b) or sodium dodecy! sulfate (c, d). The position of the apparent ryanodine receptor monomer is marked by an arrow and

the sizes of molecular mass standards (in kDa) are indicated on the left.

oligomerization of the abundant sarcoplasmic reticulum
Ca2"-pumps and triadin clustering. Immunoblotting with
monoclonal antibody X11C4, which recognizes both sar-
caumenin of apparent 160-kDa and the 53-kDa sarco-
plasmic reticulum-glycoprotein, revealed no labeling of the
above described 3000-kDa molecular mass region. Al-
though the monomers of both sarcalumenin and the 53-kDa

sarcoplasmic reticulum-glycoprotein were still recognized
at the highest halothane concentration used in this compar-
ative study, a smeared immunodecorative background was
evident at 2.5% (v/v) halothane (Fig. 5f).

Fig. 6a—c illustrate halothane-induced oligomerization
of excitation—contraction coupling components at 25°C, as
compared to 0—-4°C shown in Figs. 1-5. A clear difference
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Fig. 5. Complex formation between excitation—contraction coupling components by halothane. Shown are identical immunaoblots transferred from 6%
(w/v) gels and immunodecorated with a polyclonal antibody to the ryanodine receptor (RyR) (a), monoclonal antibody I11D5 against the o ;-subunit of the
dihydropyridine receptor («;-DHPR) (b), monoclonal antibody VI11D1, to calsequestrin (CSQ) (c), monoclona antibody MY 32 against the fast heavy
chain of myosin (MHC;) (d), monoclonal antibody 20A to « ,-subunit of the dihydropyridine receptor (« ,-DHPR) () and monoclonal antibody X11C4 to
160 kDa sarcalumenin (SAR) and the 53-kDa sarcoplasmic reticulum-glycoprotein (GP) of the sarcoplasmic reticulum (f). Lanes 1 to 4 represent rabbit
skeletal muscle microsomes (15 wg protein/lane) treated with 0, 0, 1.0 and 2.5% (v/v) halothane, respectively. Lane 2 is a control (C) showing
microsomes treated with 2.5% (v /v) acetone but no halothane. Protein samples were dissolved in non-denaturing buffer and were then electrophoretically
separated for 360 Vh under non-reducing conditions employing a gel system containing no ionic detergent. Apparent monomers are indicated by solid
arrows and the relative position of triad complexes is marked by open arrows. The sizes of molecular mass standards (in kDa) are indicated on the left.

in the relative electrophoretic mobility is apparent when
one compares the protein species, representing the ryan-
odine receptor (Fig. 6a), the «,-dihydropyridine receptor
(Fig. 6b) and calsequestrin (Fig. 6¢), run under native
conditions as compared to samples treated with ionic
detergent. On the other hand, immunaoblotting of muscle
membrane proteins which had been incubated with
halothane at 37°C did not reveal strong enough signals for
aproper comparative analysis (not shown). Possibly, higher
temperatures trigger accelerated rates of proteolytic degra-
dation and thereby negatively interfere with the im-
munoblot analysis of anesthetic-treated proteins.

Following incubation with halothane, detergent-solubi-
lized complexes were treated with immobilized antibodies
to triad receptors in order to achieve immunoprecipitation
of anesthetic-induced oligomeric structures (not shown).
This approach failed, possibly due to protein—protein
and/or halothane—protein interactions that interfered with
proper antibody binding to the respective antigen binding
sites. However, two-dimensional gel electrophoresis using
native gels in the first dimension and standard sodium
dodecyl sulfate polyacrylamide gel electrophoresis in the
second dimension clearly demonstrated complex formation
between the triad receptors and the Ca?*-binding protein
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Fig. 6. Two-dimensional immunoblot analysis of halothane-induced complexes between excitation—contraction coupling components. Shown are
immunoblots transferred from native gels (a—c, lane 1), sodium dodecy! sulfate-containing gels (a—c, lane 2) and two-dimensional gels (d—f). All samples
(15 g protein/lane) had been incubated with 2.5% (v/v) halothane prior to electrophoretic separation. Two-dimensional gel electrophoresis was
performed with 6% (w/Vv) native gels in the first dimension and 5% (w /v) (d, e) or 6% (w /v) (f) sodium dodecy! sulfate-containing polycarylamide gels
in the second dimension. Proteins were separated in the first dimensions for 360 Vh (a—f) and 440 Vh in the second dimension (d—f). Immunodecoration
was performed with a polyclonal antibody to the ryanodine receptor (RyR) (a, d), monoclonal antibody 111D5 against the c;-subunit of the dihydropyridine
receptor (a;-DHPR) (b, ) and monoclonal antibody V111D1, to calsequestrin (CSQ) (c and f). Apparent monomers are indicated by solid arrows and the
relative position of triad complexes is marked by open arrows. The sizes of molecular mass standards (in kDa) are indicated on the left.

studied. Fig. 6d and e show that most of the ryanodine halothane treatment. On the other hand, the anesthetic
receptor and the «o,-dihydropyridine receptor form ex- appears to induce oligomerization of only a small percent-
tremely high-molecular mass complexes following age of the overall calsequestrin population (Fig. 6f). Im-
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portantly, on the second dimension slab gel, separation of
the halothane-induced protein complexes caused the three
different protein species to move again at a higher relative
electrophoretic mobility, mostly representing the
monomeric state. Hence, under native conditions halothane
induces a specific aggregation of these excitation—contrac-
tion coupling components.

4, Discussion

Since a diverse group of simple substances produce
narcotic effects and because a close correlation exists
between anesthetic potency and lipid solubility, inhalation
anesthetics have long been regarded as non-specific in-
hibitors of the central nervous system. It has been pro-
posed that interference with the electrical excitability and
impulse propagation in neurons is due to the uptake of
anesthetics into the hydrophobic interior of the neuronal
plasmalemma (Koblin, 1994). This view has changed dra-
matically in recent years and the major action of anesthet-
ics is no longer believed to be based on perturbation of
lipid bilayers, but rather is likely to be due to direct
interactions with neuronal proteins (Franks and Lieb, 1994,
Eckenhoff and Johansson, 1997). Although the pharmacol-
ogy of anesthetics may vary between different types of
neurons, their major mechanism of action appears to be the
modification of ion channel activity in chemical synapses.
Neurotransmitter-gated receptor channels shown to be sen-
sitive to anesthetics include the nicotinic acetylcholine
receptor (Dickinson et al., 1995; Raines and McClure,
1997), the 5-hydroxytryptamine receptor (Jenkins et al.,
1996), as well as the y-aminobutyric acid and glycine
receptors (Mihic et al., 1997). In analogy to these findings
and since halothane has an effect on the function of
Ca’"-regulatory membrane proteins of the sarcoplasmic
reticulum (Louis et al., 1992; Bull and Marengo, 1994,
Connelly and Coronado, 1994; Beltran et al., 1996; Kosk-
Kosicka et al., 1997), we studied the effect of halothane on
the complex formation of important skeletal muscle mem-
brane components involved in voltage-sensing, Ca?*-re-
lease and Ca?*-sequestration.

The immunoblot analysis presented in this report re-
veals that halothane induces oligomerization of the ryan-
odine receptor Ca?*-release channel, the o ;-subunit of the
dihydropyridine receptor and calsequestrin. In native gels,
the ryanodine receptor, the «,-dihydropyridine receptor
and calsequestrin exhibited not only a greatly reduced
electrophoretic mobility in response to halothane, but dis-
tinct overlapping immunodecoration was observed be-
tween the high-molecular mass bands of the two triad
receptors and the Ca?*-binding protein. Thus, the volatile
anesthetic investigated appears to have a direct effect on
protein—protein interactions between Ca?*-regulatory pro-
teins within skeletal muscle triads. Since junctional cou-

plings of skeletal muscle membranes are formed by con-
tact zones between a central transverse-tubule and two
surrounding terminal cisternae of the sarcoplasmic reticu-
lum (Franzini-Armstrong and Jorgensen, 1994), protein
complex formation was induced between receptors existing
in two different membrane systems and clusters of a
peripheral protein, calsequestrin, which is present in the
terminal cisternae lumen. Incubation with the ionic deter-
gent sodium dodecyl sulfate resulted in the disintegration
of the halothane-induced complex. Hence, the induction of
covalent bonds between triad receptors via halothane or
halothane-derived metabolites is unlikely. Possibly,
halothane-mediated hydrophobic interactions between
Ca’ " -regulatory membrane proteins account for the biolog-
ical cross-linking observed. This was previously shown to
be the case in interactions between serum abumin and
halothane (Eckenhoff, 1996). However, the non-covaent
bonding must be relatively strong since in sodium dodecyl
sulfate polyacrylamide gel electrophoresis lacking ionic
detergent in the sample buffer, similar shifts for the ryan-
odine receptor Ca®*-release channel and the o ;-subunit of
the dihydropyridine receptor were produced as had been
observed in native gels.

The effect of halothane on muscle protein oligomeriza-
tion described in this study agrees with the more recently
established protein theory of anesthetic action (Franks and
Lieb, 1997) and might at least partially explain the re-
sponse of muscle Ca?*-release units to halothane. On the
molecular level, anesthetic agents seem to directly modu-
late receptor activity (Mihic et al., 1997), so halothane-in-
duced complex formation between triad receptors and
calsequestrin is not implausible. Direct physica interac-
tions between the voltage-sensing o ;-subunit of the dihy-
dropyridine receptor and the ryanodine receptor Ca?*-re-
lease channel are believed to be the underlying mechanism
of excitation—contraction coupling in adult skeletal muscle
fibers (Fleischer and Inui, 1989; Rios et al., 1991; Melzer
et al., 1995). Both Ca?*-channels are pharmacologically
distinct receptors. The ryanodine receptor function can be
modulated by an enormous amount of exogenous sub-
stances as reviewed by Zucchi and Ronca-Testoni (1997).
The sarcoplasmic reticulum Ca?*-channel, however, is in-
sensitive to the action of blocking agents of the
transverse-tubular L-type Ca?*-channel, such as verapamil,
diltiazem and nifedipine. In contrast, halothane appears to
have a profound effect on both triad receptors and the
anesthetic-induced biological cross-linking could trigger
Ca"-release by direct physical means. Complex formation
between the «,-subunit of the dihydropyridine receptor
and the ryanodine receptor might trigger transient opening
of the Ca?*-release channel. This supports the increased
Ca’*-release from microsomal vesicles from muscle in
response to volatile anesthetics (Bull and Marengo, 1994,
Connelly and Coronado, 1994; Louis et al., 1992; Beltran
et a., 1996; Zucchi and Ronca-Testoni, 1997). Since the
medium-affinity, high-capacity Ca®*-binding protein calse-
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questrin might actually be an endogenous regulator of the
ryanodine receptor (Donoso et a., 1995; Hidalgo and
Donoso, 1995), halothane-induced complex formation be-
tween casequestrin and the Ca?*-release channel also
agrees with the above described physiological changes by
hal othane. Possibly changes in the protein—protein interac-
tions between the Ca2"-binding protein and the ryanodine
receptor trigger the rapid release of Ca?*-ions from calse-
questrin and thus provide a large amount of this second
messenger molecule for release via the junctional channel
pore.

The response of native muscle membrane proteins es-
sential for signal transduction and Ca?*-homeostasis to
incubation with halothane also has potential implications
for explaining the response of malignant hyperthermia-sus-
ceptible skeletal muscle fibers to volatile anesthetics. If
clinical concentrations of halothane induce complex forma-
tion between the «,-dihydropyridine receptor, the ryan-
odine receptor and cal sequestrin, which then triggers open-
ing of the Ca*-release channel, this might result only in a
negligible disturbance of Ca?*-homeostasis in healthy
skeletal muscle. In normal skeletal muscle, the ryanodine
receptor should be only transiently open and might cause
only a slight change in the cytosolic Ca?*-concentration.
In stark contrast, the mutated RyR1 isoform found in
individuals susceptible to malignant hyperthermia, might
stay open much longer and thus results in a pathophysio-
logical increase in cytosolic Ca?*-levels (Mickelson and
Louis, 1996). Future experiments could address potential
differences of halothane effects on protein—protein interac-
tions in norma skeletal muscle vs. muscle fibers from
patients susceptible to malignant hyperthermia. However,
an essential prerequisite for such a study is the availability
of highly specific antibodies to all key Ca’*-regulatory
membrane proteins which cross-react with human muscle
tissues. In addition, a sufficient amount of human muscle
tissue has to be accessible for the preparation of microso-
mal preparations. In conclusion, we could show here that
hal othane has a direct effect on muscle membrane proteins
involved in excitation—contraction coupling. This is not
only potentialy important for understanding the patho-
physiology of malignant hyperthermia, but is a further
demonstration that inhalational anesthetics can directly
interact with proteins thus confirming the protein hypothe-
sis of the effect of volatile substances (Franks and Lieb,
1997).
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