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Abstract. Malignant hyperthermia (MH) is a clinical syndrome in which genetically
susceptible individuals respond to the administration of potent inhalation anaesthe-
tics and depolarization skeletal muscle relaxants with skeletal rigidity, unstable
blood pressure, tachycardia, arrhythmias, hyperventilation, hypoxia, lactic and
respiratory acidosis and high fever. In studies of the genetic basis of MH, a mutation
was identified in the porcine (C1843T) and human (C1840T) skelctal muscle
ryanodine receptor (RYRI) gene. This gene is mapped on human chromosome
19q13.1. The RYR! gene contains 106 exons, of which two are alternatively spliced.
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History

The first publication describing malignant hypcrthermia (MH) concerned
a young person who had a compound fracturc of the right lcg. He was less
concerned about his leg than a risk of general anaesthesia, for, since 1922, ten
of his relatives had dicd as a direct conscquence of anaesthesia (GRONERT
1980). He subscquently survived an episode of malignant hyperthermia, and
Dcnborough and Lovells brief report of accelerated metabolism during anaes-
thesia culminated in a world-wide awarcness of the risk of genctic susceptibility
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to certain drugs and stress (DENBOROUGH, LOVELL 1960). Between 1955 and
1958 Locher became involved with the anaesthetic care of a family in which
30 members had died in conjunction with general anaesthesia. Other investi-
gators also contributed to the growing recognition of intraoperative hyperther-
mia and its possible ctiology (CAPIZZI et al. 1969, WANG ct. al. 1969, RYAN,
PAPPER 1970). Evaluation of susceptibility was aided by the recognition of
abnormal creatine phosphokinase (CPK) Ievels (ISAACS, BARLOW 1970), and
the identification of low-threshold skeletal muscle contracture responses by
KALOW ct al. (1970).

The porcinc model of malignant hyperthermia cvolved from a rcport de-
scribing pork that was unsuitable for making sausage (HERTER, WILSDORF
1914). Later Ludvigsen described in 1953, a muscular degeneration in pigs,
and subscquently demonstrated its genetic relationship (LUDVIGSEN 1958).
This entity became important to swine breeders because stress related to
slaughter resulted in accelerated metabolism and deterioration of muscle of
susceptible pigs, with the resulting production of pale soft exudative (PSE)
pork (BRISKEY 1964, EIKELENBOOM, MINKEMA 1974). Unsuitable pork was
scldom obtained from normal swine because the time required for slaughter,
cooling and processing of the animal was not long, nor was thc metabolism
sulficient, to producc the marked acidosis and higher tempcrature peculiar to
the susceptible animals (BRISKEY 1964, NELSON ct al. 1974). The porcine
modcls of the malignant hypcrthecrmia have provided an idcal mcans for
investigation of the pathophysiology and identification of susceptible individ-
uals (HARRISON ct al. 1969).

The syndrome of malignant hyperthermia

Malignant hyperthermia is a rarc myopathy with low frequency in humans
1:12,000 - 1:40,000. It is observed in paticnts during anacsthesia when rapid
high tempcraturc, musclc rigidity, and conscquently dcath, appcar. Simulta-
ncously ncurological, liver, and kidncy damage might occur. Malignant hyper-
thcrmia occurs in swinc, and, like in humans, leads to dcaths during anacsthesia.
Any strcss to which susceptible pigs are subjected, e.g., transport, high envi-
ronment temperature, separation, shipping, weaning, fighting, coitus, parturi-
tion, or slaughter might Icad to increased mctabolism, acidosis, rapid rise in
body tempcrature, gross musculature rigidity, blotchy cyanosis, and death. In
Malignant Hyperthermia Susceptible (MHS) animals the level of reproduction
performance is obscrved, generally in amount of piglets per litter and amount
of piglets on the 21™ day (CARDEN ct al. 1985).
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Molecular basis of malignant hyperthermia

In MHS pigs, the homeostasis of Ca® in the cell is disturbed, and is linked
with a rapid dissolution of glycogen to lactic acid in muscles, with a decrease
of ATP and creatine phosphokinase (CPK) levels. The ryanodine receptor
(RYR1), which is responsible for the release of Ca®* from intracellular stores
(sarcoplasmic recticulum) and, thus, for the increases in the concentration of
cytosolic Ca2+, in MHS animals gives evidence of abnormal function. The func-
tional calcium release channel in Malignant Hyperthermia Normal (MHN) pigs
is thought to have a tetrameric structure. The three ryanodinc receptors from
skeletal, cardiac muscles, and brain have been purified and biochemically
characterized. These receptors arc named RYR1, RYR2, and RYR3, respec-
tively. They arc namced ryanodine receptors since they werc [irst isolated based
on their ability to bind ryanodine, a plant alkaloid. Ryanodinc receptors have
mainly becn studicd in muscle fibres, where they arc abundantly expressed.
The receptors arc the actual ion channels that activate muscle contraction,
rcleasing Ca** from sarcoplasmic rcticulum (SR) in responsc to cither trans-
verse tubule depolarization (in skeletal muscle), or incrcascd [Ca2+]i (in the
hcart).

While a schematic model of ten transmembrane domains (TMs) of
the ryanodine receptor was preparcd by SORRENTINO and VOLPE (1993), a four
domain model was proposcd by TAKESHIMA ct al. (1989) and HAKAMATA ct
al. (1992). Each monomer (~560 kDa) contains several potential transmem-
branc domains in the terminal part of the molecule (SORRENTINO, VOLPE
1993). Ryanodinc receptors appear to have a fourfold symmetry compatible
with the tetrameric structure of the channel. The transmembranc domains of
cach monomer may then combine to form the porc of the homoltctrameric Ca**
channel (SORRENTINO, VOLPE 1993). SORRENTINO and VOLPE (1993) sug-
gested that the large N-terminal domain (~4000 amino acids) ol the moleculc
protrude in the cytoplasm. The transmembrane scgments that anchor the mole-
cule to the membranc of the Ca®* stores arc localized in the last fifth of the
molecule: the C-terminal of the molecule is also located in the cytoplasm
(SORRENTINO, VOLPE 1993). Thus, only a relatively small part of the large
molecule is intralumenal. The isolated Ca®* rclease channel is large enough
so that its overall structure can be resolved by clectron microscopy (INUI ct
al. 1987, LAI ct al. 1989, WAGENKNECHT et al. 1989, RADERMACHER ct al.
1994).

The sarcoplasmic rcticulum is an intracellular membranc nctwork that
regulates skeletal muscle contraction and rclaxation through the rcgulation of
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myoplasmic free Ca®* concentrations. Concentration is initiated by the release
of Ca®* through a Ca®* release channel located in the terminal cisternac of
the SR, and rclaxation is achieved by the rapid reuptake of Ca®* by the Ca**
pump (FLEISHER, INUI 1989).

Rescarch within the area of molecular biology has provided the structure
of the RYR genes in differcnt spccics (NAKAI et al. 1990, ZORZATO at al.
1990, SORRENTINO, VOLPE 1993). These genes (RYRI, RYR2, RYR3) have
been cloned (TAKESHIMA ct al. 1989, NAKAI et al. 1990, ZORZATO ct al. 1990)
and localized to human chromosomes. The RYR!I gene was mapped to chro-
mosomce 19 in the gql13.1 band (MACLENNAN et al. 1990, MCCARTHY et al.
1990, MACKANZIE ct al. 1990, BELGE et al. 1995), RYR2 was mapped to
chromosome 1 (OTSU ct al. 1991), and RYR3 was localized to position 15q14-
ql5 (SORRENTINO ct al. 1993). Expression of RYR2 mRNA is observed in
the heart, brain and stomach, whereas the RYR! gene is expressed only in fast-
and slow-twitch muscles (NAKAI et al. 1990, OTSU ct al. 1990). The RYR3
gene appears (o be widely expresscd. The products of the RYR3 gene were
found in several tissucs, including the spleen, lungs, kidneys, skelctal muscle,
stomach, ileum and jcjunum (GIANNINI ¢t al. 1992). RYR3 is also cocxpressed
with RYR2 in the brain.

The ¢cDNAs were reported to be over 15,000 bp and to cncode proteins
about 5,035 amino acids with thc mass of about 564,000 kDa. The tctrameric
ryanodine receptor is onc of the largest known proteins. The RYRI gene is
composed of 106 cxons, of which 2 arc alternatively spliced (PHILLIPS ct al.
1996), making it slightly lIess complex than the human type VII collagen gene
(COL7A1), which has 118 e¢xons (CHRISTIANO ct al. 1994). The RYRI gene
is 158 kb, making it larger than the 31-kb COL7A1 gene (CHRISTIANO et al.
1994), but much smaller than the 2400-kb human dystrophin gene. The dys-
trophin gene is the third most complex gene characterized, having 79 exons
(ROBERTS ct al. 1993).

The amino acid composition deduced from the nuclcotide sequence of
the mink cDNA as well as from the rabbit amino acid sequence (HAKAMATA
ct al. 1992), indicates that the RYR3 shares an overall homology ol about 70%
with RYRI and RYR2. It is not clear if mutations in RYR2 and RYR3 arc
responsiblc for any discases. In the pig genome, the RYRI gene was mapped
to chromosome 6 in locus 6ql1-q12, and 18 polymorphic silcs werce found
(FUJIL et al. 1991). In studics of the genetic basis of MH, a mutation was
identificd in the porcine skeletal muscle ryanodine receptor (RYR1) genc,
Arg615 to Cys (FuJll ct al. 1991), that was linked to MH with a lod score of
102 for  max. = 0.0 (OTSU ct al. 1991). The corresponding human RYRI
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mutation, Arg614 to Cys, was found to be expressed in about 2% of MH familics
(GILLARD ct al. 1991, HOGAN ct al. 1992, DEUFEL ct al. 1995, MORONI et al.
1995). Another RYRI! mutation, Gly2433 lo Arg, has been linked to 4% of
the MH familics in Europe and in Canada (KEATING ct al. 1994, PHILLIPS ct
al. 1994). The mutation ol"Gly341 to Arg has been linked to 10% of MH familics
in Europe (QUANE ct al. 1994).

Central Core Disease (CCD)

Central core discasc (CCD) is rarc myopathy linked to MHS (SHY, MAGEE
1956, DENBOROUGH ct al. 1973), in which susceptibility to malignant hyper-
thermia, proximal muscle weakness, and a lack of metabolic activity in the
central cores of skeletal muscle fibers are common featurcs. CCD has been
linked to four RYR! mutations: Arg”"* o His (ZHANG ct al. 1993); Tyr’> o
Scr (QUANE ct al. 1994); Argm3 to Cys (QUANE ct al. 1993); and 11 1o Mct
(QUANE ct al. 1993). Since these known RYRI mutations account for MH and
CCD in only a fraction of human MH and CCD familics, cxtcnsive research
will be necessary to find all the additional MH and CCD mutations in the RYR]
gene or in potential alternate loci (ILES ct al. 1994).

Phenotypic effects

The pleiotropic cffect of the RYR 1 locus on stress susceptibility, Ican content
and porcinc mecat quality is now well known. Thus, thec mutant T allcle,
the normal onc being C, was identificd as responsible for the liability to sudden
death syndrome, PSE mcat condition and muscular hypcrtrophy. Regarding
th¢ dominance situation, T is gencrally assumed to be completely recessive
for porcine stress syndrome (PSS) and PSE syndrome (MINKEMA ct al. 1977,
ARCHIBALD, IMLAH 1985), whercas the genc cffect at the RYRI locus is
additive for carcass Ican content.
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