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Malignant hyperthermia (MH), an eerie and erratetabolic mayhem, is a clinical
syndrome that in its classic form occurs duringséimesia with a potent volatile agent such
as halothane and the depolarizing muscle relaxawirsylcholine, producing rapidly
increasing temperature (by as much as 1° C/5 nmid)extreme acidosis. The effects result
from loss of control of intracellular calcium legednd compensatory acute, uncontrolled
increases in skeletal muscle metabolism that maygad to severe rhabdomyolysis.

Initially, the mortality rate was 70%; earlier draggis and use of dantrolene have reduced it
to less than 5%. MH now occurs in muted forms bseaf diminished use of
succinylcholine, diagnostic awareness, early diete¢hrough end-expired carbon dioxide,
use of less potent triggers, and use of drugsatetuate its onset. Wilson and colleagties
first used the terrmalignant hyperthermian print in 1966. A Danish surv&yindicates an
incidence of fulminant MH of one case per 250,008sshetics. However, considering only
potent anesthetics and succinylcholine, one caédrafnant MH occurred per 62,000
anesthetics. The incidence of suspected MH wasase per 16,000 anesthetics or one case
per 4,200 anesthetics involving potent volatilerdgeén combination with succinylcholine.

Public education and communication are provided layman's organization, Malignant
Hyperthermia Association of the United States (MHAUWL E. State Street, P.O. Box
1069, Sherburne, New York 13460-1069; telephor@02-674-7901; fax: 1-607-674-7910;

email: mhaus@norwich.net; web simsz.mhaus.or@') and by a medical professional's
24-hour, 7-day telephone service for emergencyutatson, the MH Hotline (1-800-
MHHYPER, or 1-800-644-9737). The professional sdiasy of MHAUS, the North
American MH Registry, collates findings from biopssnters in Canada and the United
States and provides access to specific patientthiadagh the Hotline or its Director, Dr.
Barbara Brandom (North American MH Registry of MHBJURoom 7449, Department of
Anesthesiology, Children's Hospital, UniversityRaiftsburgh, 3705 Fifth Avenue at DeSoto
St., Pittsburgh, Pennsylvania, 15213-2583; telepht888-274-7899; fax: 1-412-692-
8658; email: bwb@pitt.edu).

Of the three forms of the ryanodine receptor, RYRYR2, and RYR3, only mutations in
RYR1 have been linked to MH. The genetics of MH #ralrelated abnormal function of
RYRL1 are being investigated at the molecular biclégyel, with the porcine model
providing intricate detail. Equivalent parallelsiomans are limited by scarcer material for
scientific study and the difficulty in identifyingnderlying sources of abnormal responses,
complicated by the fact that phenotypes vary withgenotype (i.e., discordance between
genetic results and MH testing by contracture ssidiDantrolene remains essential in
therapy, although its mechanism of action is ekis8tandardization of in vitro MH muscle
contracture testing with two slightly different poools, the European (contracture test
[IVCT]) and the North American (caffeine-halothazentracture test [CHCT]), has resulted
in sufficiently large databases to confirm sen#itiand specificity. Diagnostic challenges



occur with intra-anesthetic changes that mimic Méatticularly in its earlier
manifestations.

HISTORY

Between 1915 and 1925, one family experienced tmnesthetic-induced MH deaths
featuring rigidity and hyperthermia and was puz4t@ddecades regarding the cause of
these deaths. Susceptibility was eventually corddnm three descendantsin 1929,
Ombrédanné described anesthesia-induced postoperative hygerth and pallor in
children with significant mortality (i.e., Ombrédais syndrome) but did not detect familial
relationships. Critical worldwide insight into MHegan in 1960, when Denborough and
Lovell® described a 21-year-old Australian with an openfiacture who was more
anxious about anesthesia than about surgery bet@usfehis relatives had died during or
after anesthesia. Lovell initially anesthetized hith the then-new agent halothane, halted
it when signs of MH appeared, and subsequently sl anesthesia. Further evaluations
of affected families came from George Locher in W&y Wisconsin, in conjunction with
Beverly Britt in Toronto, Canada. Direct skeletalsuole involvement rather than central
loss of temperature control was established bygmition of increased muscle metabolism
or muscle rigidity early in the syndrome, low-threkl contracture responsésand

elevated values for creatine kinase (CK).

Swine inbred for muscle development (e.g., LandrBestrain, Poland China) provide an
excellent animal model. The single-point mutationducing porcine MH is probably
caused by the random occurrence of the altB¢R1allele, followed by deliberate
inbreeding for desirable traits. International &fguof breeding stock accounts for its
worldwide spread. Affected swine are detected biirtg for the ubiquitous Arg615Cys
mutation. The experimental model evolved from eareports describing unsuitable
pork™; the stresses of the abattoir result in accelénatetabolism and rapid deterioration
of the muscle, resulting in pale, soft, exudativekp® Its incidence increased with breeding
patterns designed to produce rapid growth ratesrsmpmuscling, and hybrid vigor,
although the drawback is a link with stress susb#ipy. This increased incidence led to the
termporcine stress syndroni Any stresses, such as separation, shipping, wganin
fighting, coitus, or preparation for slaughter, é@ad to increased metabolism, acidosis,
rigidity, fever, and death.

In 1966, Hall and coworkef€' reported MH induced by halothane and succinylcieoin
stress-susceptible swine. The human and porcimesfare virtually identical in
comparisons of the clinical and laboratory charafeanesthesia-induced M&! In 1975,
Harrisort*? described the efficacy of dantrolene in preventing treating porcine MH,
which was confirmed in humans by a multihospitaleation of dantrolene used to treat
unanticipated anesthetic-induced episdtfés/H in swine is a manifestation of a
generalized susceptibility to stress. Stress-indaseake triggering is common in MH-
susceptible swine but uncommon in MH-susceptiblaéms.

MH presents several paradoxes. Anesthetics aresmtent in their ability to trigger MH
and are frequently ineffective in triggering epissdn affected humahs; this may be
related to delay of the response by various depnéssnd nondepolarizing muscle



relaxants® Conversely, "safe" anesthetics, which are morecapiately described as
those less likely to trigger MH, can still be asated with apparent MH episodes; these
have always responded appropriately to dantroféngusceptible individuals appear
normal in regard to structure and function untéyttare stressed, complicating detection of
the condition. Detection requires an anesthetiti@hge, an invasive and destructive
muscle biopsy with contracture responses to cadfemhalothane, or genetic investigation
for causative mutations.

PATHOPHYSIOLOGY AND MOLECULAR BIOLOGY

MH is a myopathy, usually subclinical, that featuasm acute loss of control of intracellular
calcium ions (C&). Normal muscle contraction is initiated at themenuscular junction
(i.e., the motor end plate). Acetylcholine is rekeé from the terminals of motor neurons
and diffuses a short distance to the postsynapgimionane, where binding to nicotinic
cholinergic receptors triggers a wave of depolaiorareferred to as agxcitatory
postsynaptic potentidEPSP) that leads to action potentials that praggatp transverse
tubules (T tubules). The T tubules act as condaitying action potentials deep within the
myofibrils, where their excitatory signal is transéd to the junctional face of sarcoplasmic
reticulum (SR) within the muscle cells to initiatdease of C4 stored within the SR
terminal cisternae. In skeletal muscle, the reled&R C&’ is an essential step for
contraction. The whole process, from T-tubule dappétion to release of SR €ais

called excitation-contraction (EC) coupling. Knodde of the molecular events
contributing to EC coupling is essential to undamging the cause of MH.

Skeletal EC coupling begins deep within the T-tebmembrane at high-density, voltage-
gated L-type C4 channels, historically labeletihydropyridine receptorDHPRS). The
DHPR possesses an integral membrane voltage sehsse function is to respond to T-
tubule depolarization and initiate long-range comfational changes within the €a
channel complex. Voltage-dependent activation oPBrbpens an integral Easelective
conductance path that permits entry of small an@ah€a" into the muscle cell. The entry
of C&" into the skeletal myotube is not necessary foagimg skeletal-type EC coupling.
Rather, one of the DHPR subuniég£subunit) provides physical links between DHPRs
within T tubules and Carelease channels within junctional SR. Skeletadcteiexpresses
a specific type of Ca release channel called tskeletal isoformor RYR1. Skeletal EC
coupling is the result of physical coupling betweggsubunits and RYRL1 at specialized
"triadic" regions where the T-tubule membrane comedose apposition to junctional SR
and does not depend on the influx of Cafter EC coupling is initiated, the free, ionized
unbound intracellular Caconcentration within the relaxed muscle cell iases from 10

M to about5 x 10’ M. The increase in Garemoves the troponin inhibition from the
contractile proteins, resulting in muscle contmatiintracellular Cd pumps (i.e.,
sarcoplasmic/endoplasmic reticulum?GATPase [SERCA] pumps) rapidly reaccumulate
Cd" back into the SR, and relaxation occurs when @imeentration is restored to less than
mechanical threshold. Contraction and relaxatiguire adenosine triphosphate (ATP);
both are energy-related processes that consumgRTP29-)).
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Figure 29-1 The key ion channels involved in neuromusculargnagission and excitation contraction coupling. Nerve
impulses arriving at the nerve terminal activatitage-gated Ca channels (1). The resulting increase in cytoplasba "
concentration is essential in exocytosis of achtjioe. Binding of acetylcholine to postsynapticatinic cholinergic
receptors activates an integral nonselective catiamnel, which depolarizes the sarcolemmal menebf2n Depolarizing
the sarcolemma to threshold activates voltage-gsds&ahannels (3), which propagate action potentialiisgs deep into
the muscle through the transverse tubule systerhifthe transverse tubule system, L-type voltagied) Ca’ channels
sense membrane depolarization and undergo a coatiormal change (4). A physical link between thesubunit and the
ryanodine receptor is thought to transfer the sigmaarcoplasmic reticulum to induce the reledsstared C4" (5).
(Adapted from Alberts B, Bray D, Lewis J, et al:I&tmlar Biology of the Cell, 3rd ed. New York, Gaudl Press, 1994.)

Clinical and laboratory data for swine and humauaciate decreased control of
intracellular C&", resulting in a release of free, unbound, ioniged from storage sites
that normally maintain muscle relaxation. Aerolncl @naerobic forms of metabolism
increase to provide added ATP to drive thé @amps that maintain €ahomeostasis in
SR and mitochondria and across the sarcolemmatiaceXdular fluid. Virtually all of these
reactions are exothermic (i.e., they produce h&agjidity occurs when unbound
myofibrillar C&" approaches the contractile threshold. Dantrolstiedrapeutic because it
reduces Cd release from the SR without altering’Ceeuptake.

Molecular Events in Excitation-Contraction Coupling

Understanding the mechanisms underlying MH requresre detailed description of the
process of EC coupling, the process by which sakfetiscle transforms a chemical signal
in the form of a neurotransmitter at the surfactheffiber into muscle contractiéJF?l.@“ﬁ
Figure 29-1depicts a neuromuscular junction in which an effiémotor neuron synapses
with muscle fibers to form a motor end plate. Meam® depolarization at the nerve
terminal activates voltage-dependent Gzhannels on the presynaptic membrane. Most
members of the family of voltage-dependent‘@hannels are composed of five subunits:
a1, oz, B, v, andd. Although subunits,, B, v, andd contribute important membrane
targeting and modulatory functions, it is the largesubunit that performs essential
functions of voltage sensing and conduction of Capecifically, it is the N-type channel
(i.e., Cg2.1 in International Union of Pharmacology hometwia a4 in alternate



nomenclature) that is primarily responsible foralapzed induced Ca entry into motor
nerve terminals. Rise of cytosolic C@oncentrations within the nerve terminals initsate
process of vesicle migration and fusion that ldadsxocytosis of acetylcholine stored
within the synaptic vesicles. Simultaneous reledgaousands of quanta of acetylcholine
results in EPSPs. Acetylcholine binds to nicoteetylcholine receptors, which are
nonselective cation channels, and activates inwaneknt (primarily carried by sodium
ions), thereby depolarizing the muscle cells. WEB$Ps sum to threshold, action
potentials are propagated from the sarcolemmaetd ttubule. Acetylcholinesterase in the
synaptic cleft catalyzes rapid breakdown of acéiylioe; rapid removal from the cleft
enables the motor unit to be ready for anotherudtimwithin a few milliseconds.

Within the T-tubule membrane of skeletal muscliiginly homologous relative of the N-
type channels, the L-type voltage-gated ‘@hannel (Cal.1 oro,s), or DHPR, is enriched
within the T-tubule membrane. Three chemical clasdelrugs used for controlling
cardiovascular function—dihydropyridines, phenylddinines, and benzothiazepines—are
also capable of blocking DHPRs by direct interattith a;-subunits. In skeletal muscle, it
is aysDHPR that participates in EC coupling. Uniquekelstal muscle is the highly
ordered arrangement @fsDHPRs into linear arrays of clustered tetradsctm
microscopic and immunocytochemical analyses inditat eaclu;sDHPR tetrad is close
to (superimposed above) a single RYR1 within timefional face of SR terminal cisternae
(Fig. 29-2. Because each functional RYR1 channel is compotadetramer of four
identical subunits, eachssDHPR overlies a single RYR1 subunit. The relatiestrictions
imposed by the dimensions @fsDHPR tetrads and RYR1 tetramers permit only a¢tern
RYR1 channels to pair witth s DHPR tetrads. In common with other voltage-gated i
channels, eacthsDHPR possesses a stretch of amphipathic aming agdttin the fourth
a-helix (S4) of each of four transmembrane domahas functions as a voltage sensor
within the T-tubule membrane. Membrane depolarrainduces a discrete movement of
charge within the S4 segment of the-DHPR. A mechanical signal, thought to be in the
form of a conformational transition, is transmittedhe cytoplasmic loop between repeats
Il and Il of thea;sDHPR. Significant evidence exists for a direct gbgl coupling
between the II-11l loop ofi;ssDHPR and multiple noncontiguous regions within ldrge,
hydrophilic cytoplasmic domain of RYR1. Such phgs$iinks transmit essential signals
across the narrow gap of the triadic junction #wivate RYR1 and release Cérom SR.
This conformational coupling model is consisterttwithe nature of skeletal muscle EC
coupling, which is independent of extracellular Clowever, after the initial signal
activates C4 release from SR, Cainduced C& release appears to play a role in
regulating the temporal and quantitative charasties of RYR1 activation. RYR1 also
sends a retrograde signalte-DHPR, enhancing its Caentry function. However, unlike
C&" entry mediated by;sDHRP, which is essential for cardiac EC coupli@ig:” entry
througha;sDHPR is neither essential nor needed for engasjietetal type EC coupling.
Bidirectional signaling between sDHPR and RYRL1 in skeletal muscle appears to
represent a fundamental mechanism involving condgional coupling between
sarcoplasmic/endoplasmic reticulum?Ceelease channels and voltage- or store-operated
Cd" entry (SOC) channels within the surface membrarsvariety of mammalian cells.
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Figure 29-2 Schematic representation of the triad junctionkefetal muscle shows the junctional foot proteyaodine
receptor [RyR1]) and its associated proteins. kletlkl muscle, the;ssubunit of the dihydropyridine receptor (DHPR)
participates in excitation-contraction coupling.€§h physical links transmit essential signals acttes narrow gap of the
triadic junction that activate RyR1 and releasé @am the sarcoplasmic reticulum.

(Adapted from Pessah IN, Lynch C lll, Gronert GAniblex pharmacology of malignant hyperthermia. Amesiology
84:1275, 1996.)

After release into the sarcoplasm,’Cia rapidly removed through active transport by
SERCA pumps located on junctional and longitud®Rl Calsequestrin inside the lumen of
SR binds to C& and further enhances €oading within SR. Cytosolic Cais typically
brought back to basal nanomolar concentration wi@ msec of muscle contraction. The
rapid removal of cytosolic Cais essential for normal muscle relaxation and ireguapid
termination of C& efflux from SR. Aberrant termination of RYR1 adtvhas emerged as

a key underlying mechanism in MH susceptibility.

Ryanodine Receptor

The toxic plant alkaloid ryanodine was first puediand characterized from the powdered
stem wood and roots &yania speciosa Valbly Rogers and coworkers in 1948. The
alkaloid produces profound rigidity in skeletal roles*?*°12% |solation of 9,21-
dehydroryanodine frorRyaniafacilitated the synthesis of radiolabeled ryanedin
([*H]ryanodine) and permitted direct studies aimedraterstanding the mechanism of this
muscle poison. The availability oH]ryanodine led to identification of the RYR recept
which is synonymous with the junctional foot pratend possesses Caelease channel
activity. RYRs bind {H]ryanodine with selectivity, and the high-affinipynding interaction



is sensitive to the conformational state of thencleh (sed=ig. 29-2. High-affinity and low-
affinity ryanodine binding sites appear to be ledawithin a 76-kd tryptic fragment from
the carboxyl terminus of RYR1 of rabbit skeletalstle Fig. 29-3. MacLennan's grodf’
reports that the hydrophobic segments within reesd2985—-4362 are thought to form the
M, through M, transmembrane domains, enabling RYR1 to spanRhe&nbrane four
times. The M through M, domains of RYR1 have high sequence homology to the
analogous domains of inositol triphosphate recepsarggesting a possible role in forming
the sarcoplasmic/endoplasmic reticulunt Gzhannel pore.

RAYRA1 gane structure and mutational spols

Figure 29-3 Ryanodine
receptor 1 genfRYR1)
structure and mutational
hot spots. Amino- and
carboxyl-terminal domains
are indicated as NiHand
COOH, respectively.
Myoplasmic and
transmembrane domains
are shown at the bottom
andarrowsindicate
dihydropyridine receptor
C35 D2129 R4136 (DHPR) and calmodulin
RG14 R2458 RagT2 binding sites. Red boxes
L l indicate mutational hot
DHPR binding Calmodulin binding spots with amino acid
= v = — numbers below. The ovals
Mhivptasmic domain Transmamiane above represent mutations
associated with malignant
hyperthermia (gray),
central core disease
(black), or both (red).
(Courtesy of N.
Sambuughin, Barrow
Neurological Institute,
Phoenix, AZ.)
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Skeletal (RYR1), cardiac (RYRZ2), and brain (RYRR)forms are encoded by three genes
located on human chromosomes 19g13.1, 1g42.1-g4i31%q14-q15, respectively. Based
on sedimentation analysis and channel reconstit@iodies in bilayer lipid membranes,
each functional RYR consists of four identical suiba1 Multiple isoforms of RYR are
coexpressed in many cell types. Coexpression tdrdifit RYR isoforms in HEK293 cells
has revealed that RYR2 is capable of physicallgrantting with RYR3 and RYR1, but that
RYRL1 does not interact with RYR%! Whether formation of mixed oligomeric RYRs
extends beyond heterologous expression modelsesuel K293 cells to mammalian tissue
in situ has not been determined.

Complementary DNA (cDNA) sequence analysis revidaseach RYR protomer is
composed of 5032 to 5037, 4968 to 4976, and 487%RAaarasidues with calculated
molecular masses of 564 to 565, 565, and 552 kthioRYR1, RYR2, and RYR3

isoforms, respectively. Typically, a sequence hagplof 66% to 70% is observed between



any two conspecific isoforms. RYR receptors are &ighly conserved in the same tissue
among different species (>95% sequence homolo@®¥&t1 found in mammalian skeletal
muscle of human, pig, and rabbit). The tetramemganization of the RYR1 from skeletal
muscle has been corroborated by electron microsebpgyosections of purified RYR1
protein. Three-dimensional reconstruction of RYRJosections has revealed the quatrefoil
appearance of each homo-oligomer, with four rachainnels on the cytoplasmic face that
may converge into a single, common transmembraregothe luminal face. Evidence of
direct coupling ofi;sDHPR and RYR1 has been demonstrated by expreskinggric
a1s)cDHPR cDNAs in dysgenic myotubes that lack constiuexpression afi;sDHPR.
Such studies have provided compelling evidencethgatytoplasmic region between
repeats Il and Il (i.e., cytosolic II-1ll loop) atains a stretch of 46 amino acids (L720 to
Q765) that is essential for engaging bidirectiaighaling with RYR1, even in the presence
of drastic alterations of sequence surroundingitesi L720 to L7652121122

In addition toaysDHPR, RYR1 has been shown to interact with and bdutated by
several intracellular accessory proteins. Calmodulieracts directly with RYR1 of skeletal
muscle, with a stoichiometry of two to three calmlod molecules per subunit. The
calmodulin sites with greatest affinity have beecealized to the foot region of RYR1 (see
Fig 29-9. Through a mechanism independent of kinase &gtiealmodulin enhances
channel activity at low cytoplasmic Eawhereas it inhibits channel activity at optimal
Ca”" (10 to 100 nM). Calsequestrin, the major Qzinding protein within the SR lumen,
links indirectly to a luminal domain of RYR1. Therdormational change in RYRL1 also
conveys information to the SR lumen through calsstjin and may be essential in
regulating the C@ release process. Functional interactions betwégRi1Rand
calsequestrin may play an important role in regudpexcitability of the C& channel in
response to different filling states of SR. TrigdarD5-kd, highly basic glycoprotein, was
initially suggested to couple RYR1 and thesubunit of DHPR; however, amino acid
analysis of triadin indicates only a single passufgh the SR membrane, which contradicts
its hypothesized role in coupling. The extremelyhhdlensity of basic residues in the
luminal terminus of triadin may be critical in indéeting with the acidic moiety of RYR1.
The linkage between RYR1 and triadin is thouglgrimvide an anchorage site for
calsequestrin within the SR lumen.

FKBP12, the major T-cell immunophilin, tightly assates with RYR1 in skeletal muscle
with a stoichiometry of four molecules per charmle@omer. The site on RYRL1 that
recognizes FKBP12 is distinct from that which bicdémodulin (se€ig. 29-9. Binding of
FKBP12 appears to stabilize the closed conformaifadhe C&" channel complex and its
full conductance transitions. The immunosuppresB&®06 promotes dissociation of
FKBP12 from RYR1 by competing with a common bindsiig essential for protein-protein
interaction of the heterocomplex. The resulting FKR-deficient channel conducts current
with multiple subconductance states. In the presefichannel activators such as Cand
caffeine, activity of the FKBP12-deficient chanrefurther enhanced by increasing the
mean open time and open probability. AssociatioRKBP12 to RYR1 may promote
cooperativity among subunits. Dissociation of FKBRith FK506 increases maximal
binding capacity of H]ryanodine with lowered binding affinity, suggesgiloss of negative
allosteric interaction between high-affinity anaviaffinity [°H]ryanodine binding sites.
The association of FKBP12 with the RYR1 complex rhaynvolved in promoting



cooperativity between neighboring channels. Theipéed gating” behavior of multiple
channels has been reported in measurements witipfauhannels reconstituted in
membrane lipid bilayer by use of recombinant RYBdekpressed with FKBP12) and
native SR. Introduction of FK506 dissociates FKBR®b2n the recombinant RYR1
complex and eliminates the coupled gating behadionultiple channels. The cooperativity
between neighboring RYR1 channels may contribgeifstantly to the robust release of
Cda" from SR during EC coupling.

Homer proteins form an adapter system that regulaiapling of group 1 metabotropic
glutamate receptors with intracellular inositoptrosphate receptors and is modified by
neuronal activity. Homer proteins physically asatewith RYR1 and regulate gating
responses to €3 depolarization, and caffeine. The EVH1 domainespp to mediate the
actions of Homer on RYR1 functiéff! Dyspedic myotubes expressing RYR1 with a point
mutation of a putative Homer-binding domain exhsagnificantly reduced amplitude in
their responses to potassium ion idepolarization compared with cells expressinglwil
type protein. Homer therefore appears to be atinedulator of increased Carelease and
EC coupling in skeletal myotubes.

Two novel proteins (60 kd and 90 kd), whose funti®unknown, are also associated with
the RYR1 complex. One possesses kinase activityftanother is the substrate of this
kinase. Another 150/160-kd protein also is assediatith RYR1. Phosphorylation of the
150/160-kd protein by casein Il kinase inhibits Riy&annel activity.

Factors Other Than Ryanodine Receptor Abnormalities

Other cellular processes affect MH episodes. Thiegpdaysiology of MH may be affected
by various inherited abnormalities, especially édnogeneic humans, or by secondary
changes prompted by the altered RYRL1. These pres@sslude changes involving inositol
triphosphate, lipase and fatty acids, and cateamalss; oxidation-reduction activity; ionic
reactivity; and the mechanical threshold of muscle.

GENETICS

Mutations inRYR1occur in at least 50% of susceptible subjectsamast all families with
central core disease (CCD). More than 30 missensations” and one deletidf have
been associated with a positive contracture tadtqCor IVCT) result or clinical MH, or
both. Genetic heterogeneity in MH is documentediv®y/other loci (17q21-24, 1932, 3913,
7921-24, and 5 p), designated as malignant hypenihesusceptibility (MHS) 2 through 6,
respectively. The only known gene other tiRY¥R1is the one coding for the s-subunit of
DHPR,CACNL1A3jn MHS3. Two causative mutations in this geneliaeed to less than
1% of MHS families worldwidé&® For practical purposes, tiYR1gene remains the
target for genetic analysis.

Distribution of RYR1 Mutations

Multiple mutations that segregate with MHS are drspd throughout thRYR1gene, and
many silent polymorphisms are present in the codiigipn'>” Some of these have been
found in patients with CCD, and in others, RiéR1mutation is associated with CCD and



MH phenotypesKig. 29-3. All reported mutations lead to an amino acidng®or, in one
case, a deletion, and all are putatively functi&&>’ Until recently, it was thought that
mostRYR1mutations were clustered between amino acid resi@6 and 614 (MH/CCD
region 1) and amino acid residues 2163 and 2458/Q\I region 2) in the myoplasmic
foot region of the protein, but a third hotspoinishe carboxyl-terminal transmembrane
loop of the receptor, where MHS/CCD region 3 motagimay clustef® The first

mutation found in this region (11e4898Thr) was itdked in a large Mexican family with a
severe and highly penetrant form of CCD, but naewce of clinical MH was found
despite exposure of 18 members to triggering ap@sth Subsequently, 14 more mutations
associated with CCD have been identified in thigae, but many are private, found only in
the index case and his or her family. However, tmta causing MH exist in this region.

In one large Maori family, the mutation Thr4826MNas found in five probands who
experienced clinical episodes of MH and in 130 mersidiagnosed by IVCF2

Regional differences in the frequencies of commd#Svinutations are observed across
Europe. The G341R mutatiomgble 29-) is present in about 6% of Irish, English, and
French families but is rare in Northern Europe. Ang614Cys mutation is more common
in German families but less frequent in other Eespfamilies. G2434R, the most
prevalent mutation in the United Kingdom, accougftior 17.5% of MHS families, has a
low frequency in continental Euroffé. Frequencies dRYR1gene mutations detected in
North Americans vary significantly from those fouindEurope?>! The Arg614Cys and
Val2168Met mutations, common in Germany and Swidrel, are rare in North America.
Moreover, the G341Arg mutation, common in IrelaBdgland, and France, was not
detected in the first 73 North American MH-susdaletpatients screened for causative
mutations. The mutation common to Europe and Nantterica is G2434Arg, occurring in
4% to 7% of European and 5.5% of North Americaniliasm Overall, the mutations
identified in North Americans accounted for 22%wé screened population, similar to
studies in Germany and Itafy In Europe, IVCT data an@YR1mutations correlate well
for the response to caffeine but not to haloth&mélorth America, all patients identified
with a causativ&kYR1mutation were highly positive for the halothangpense in the
CHCT, but less so for caffeine. This variation nb@ycaused by differences in the method
of delivery and the concentration of halothane usdtle IVCT and CHCT (see
"Evaluation of Susceptibility”). Genetic screeningzuropean and North American studies
targeted only regions 1 and 2, the original twodpadts in the gene, accounting for about
one fourth of the coding region of tRYR1gene. The absence R R1mutations in the
rest of the screened population may be explaineditations located outside these two
regions or by involvement of other genes.

Table 29-1 -- Findings of the North American malignant hyperthermia mutation panel,
2002

Exon|Mutation * RYR1 Amino No. of Families in Estimated Incidence Phenotvoe
—|Acid Change North America in Europe yp
MHS
—70 '
6 C487T R163C 2 2—7% CCD




Exon [Mutation * RY_Rl Amino No. of Fami_lies in _Estimated Incidence Phenotype
Acid Change North Americaf in Europe
9 |G742A | G248R 2 (1+1) 2% MHS
11 | G1021A | G341R 1 6-17% MHS
17 |C1840T | R614C 6 (4+2) 4-45% MHS
39 |C6487T | R2163C 2 4% MHS
39 |G6488A | R2163H 0 1% ol
39 | G6502A | V2168M 1 8% ol
40 |C6617T | T2206M 2 One family MHS
44 | Deletion |AG2347 2 0% MHS
44 | G7048A | A2350T 1 0% MHS
45 | G7303A | G2434R 9 (5+4) 4-10% MHS
45 |G7307T | R2435H 1 2.5% ol
46 | G7361A | R2454H 4 One family MHS
46 |C7372 R2458C 0 4% MHS
46 | G7373A | R2458H 0 4% MHS
101 | G14582A| A4861H 0 Multiple families CCD
102 | T14693C | 14898T 0 Multiple families MHS,
CCD
CCD, central core disease; MHS, malignant hypentieesusceptibility.

* Criteria for the 17 mutations: (1) they occur inrmthan one family in North America or Europe, éBpreviously tested sequence
variant shows that it is not a polymorphism.

T Data collaboration of the Uniformed Services Unsigrof the Health Sciences, Thomas Jefferson Usitye Wake Forest
University, University of California, Davis, and Baw Neurological Institute, + indicates those disond in Canada (e.g., for exon
45, four families with the mutation G2434R wererfdin Canada).

Inheritance and Penetrance of Malignant Hypertharmi

No longer can the inheritance of human MH be carsid solely autosomal dominant with
variable penetrance, because more than one géo&ii has been identified in some
families. Six nonconsanguineous families harbdeast two genes causing Mf{. MHS
homozygotes are common in affected pigs but rareiman populations. MHS
homozygous humans appear clinically normal butlakktronger responses to IVCT and
CHCT than do heterozygous individu&ls.They do not exhibit signs or symptoms of
CCD.



Discordance in Malignant Hyperthermia Testing

Discordance has confounded linkage analysis woddwiExamples include IVCT-tested
normal (MHN) patients carrying éRYR1mutation or an IVCT-tested positive (MHS)
patient who does not carry the familRY R1Imutation. Several explanations are possible:
inexact thresholds for the IVCT or CHCT leadingetoors in determining MHN or MHS;
variable penetrance; and other unknown genes oifigrogenes. Robinson and associates
demonstrated by the transmission disequilibriurh(fBST) that loci on chromosomes 5 and
7 and, to a lesser extent, loci on chromosomesiTZanfluence susceptibility to ME? A
number of families have twRYR1mutations on separate haplotyp@sBecause of
discordance, it is not possible to exclude MH amlthsis of genetic testing alofie.

European Guidelines for Screening

In 2000, the European MH grddf formulated guidelines fdRYR1mutation screening
with linkage data to other loci for some MH famdljdut the investigators emphasized the
vital role for the IVCT in the diagnosis of MH. T$ée guidelines have reduced the number
of relatives requiring contracture testing withodreasing risk'** and include the
following:

1. Confirmation of MHS in a family member (preferalalyproband) by IVCT before
genetic testing.

2. Use of 15RYRImutations characterized by in vitro functionaleassfor the genetic
protocol.

3. If a causative mutation is detected in a first-éegrelative, MHS is confirmed, and
IVCT is omitted.

4. If a familial mutation is not detected, IVCT is messary.
Future Genetic Testing in North America

In contrast to European genetic efforts, only alsmanber of MH susceptible families
have been extensively investigated by North Ameraenotyping, linkage analysis, and
screening of specific genes. Collaborative proteovker the past 5 years between MH
biopsy centers and molecular biologists have se@d40-160 unrelated MHS subjects for
mutations in the RYR1 gene (see "Distribution of/RlYMutations"). In September 2002,
MHAUS sponsored a meeting of molecular geneti@sts MH experts to examine
expanded screening in North America. They achi@ogdensus on several points:

1. Genetic testing limitations include low sensitivitye to diversity of the mutations and
genes.

2. TheRYRI1gene is the primary focus for genetic testing,fbcther studies are required
for more complete understanding of the relationfigpveen mutations and
susceptibility.

3. Guidelines for referral and education are needeagstablish clinical testing in a
Clinical Laboratories Improvement Act (CLIA)-cerétl laboratory.



4. A North American MHRYR1Mutation Panel was established and agreed onaaéb
mutations (seéable 29-).

Functional Changes iRYR1Associated with Malignant Hyperthermia Mutations

Altered SR C& channel gating kinetics appear to underlie thentrolled skeletal muscle
metabolism associated with administration of hataged anesthetics or depolarizing
agents. The sustained elevation of thé'@avel in the sarcoplasm results in abusive
stimulation of aerobic and glycolytic metabolismhieh accounts for combined acidosis,
rigidity, altered permeability, and hyperkalemidthdugh studies using €aselective
microelectrodes have indicated that MH-affected ctubas a higher level of restingGa
the findings have not been confirmed by radiomédtricrescent Ca dyes. Study of the
chronologic relationship of the biochemical anaicial development of porcine MH
demonstrates that the increase in intracelluldf €encentration precedes the increase in
expired carbon dioxide and the classic first stgohycardid>>

Extensive study of the porcine model has definedsibchemical and functional changes in
SR C4&" transport and RYR1 function underlying MH. Theid#y of the single-point
porcineRYR1mutatior’ for defining MH malfunction is affirmed by use thfe

fluorescent calcium indicator indo-1 to determihe toncentration of Gain myoblastic
cells transfected with wild-type or mutatBY¥ R1complementary DNA. The cells
expressing the porcireYR1Imutation showed higher sensitivity to caffeinenihl doses

of halothane resulted in a rapid increase of irfitatar C&" concentration in cells
expressing the mutated RYR1, whereas no changesagellular C&" concentration were
observed in cells expressing the wild-type recefibese results provide definitive

evidence that a single amino acid mutation, Arg6ih @ RYR1 causes porcine
MH. 17][18][19

Although active SR Ca accumulation appears to be normal in MH-affectigchpuscle,
significant abnormalities in the process of Qzlease have been documented in several
types of in vitro bioassays. In skinned musclerfip@parations, the rate and the extent of
Cd" release from SR were higher in fibers with MH afonalities. These results in skinned
fibers correlate well with those obtained from &etd SR membrane preparations enriched
in RYRL1 protein. Although initial studies revealedifference in the Gathreshold for
activation for SR C4 release, later studies using rapid-quench metfoaasl no apparent
difference in the sensitivity of SR Caelease with respect to €aO'Brien and LF”
developed a microassay that revealed functiontereifices in Cd transport in SR
membranes isolated from normal or from MHS pigeyfound that SR from MHS swine
had normal maximal G&ATPase pumping but that the activity of RYR1 afiddition of a
bolus of C&" was 50% greater in heterozygotes and 100% grieabemozygotes for the
mutation. Hypersensitivity to receptor agonistghsas caffeine, and an associated
hyposensitivity to inhibition with magnesium (¥Mywas also demonstrated. There has
been some controversy about whether changes exist isensitivity of MH-affected
muscles to inhibition by Mg compared with normal fibers. Owen and colleafles
demonstrated that fibers from pigs heterozygousoanozygous for thRYR1MH allele
needed only a smaller reduction in the free comaéoh of Mg to induce C#' release

from SR. Dantrolene counteracted the effect of ceduMd " inhibition in MH-affected



muscle. The abnormal responsiveness of MH-affeteskcle to various stimuli may result
from the reduced ability of myoplasmic Kfgo inhibit C&" release from SR.

Reconstitution of channels isolated from MHS pigglged in bilayer lipid membranes has
revealed significantly reduced sensitivity to ifeating concentrations of 3 whereas the
sensitivity of channels to activating €aemains unchanged. The‘Cahannels from MHS
pigs exhibit a significantly higher open probabildtompared with wild-type channels
across a broad range of Caoncentrations (7 M to 10 pM) on the cytoplasfa@e when
measured at pH 6.8. Whether*Cehannels reconstituted in bilayer lipid membraines
pigs with MH susceptibility exhibit an altered resige to inhibition by Mg remains
controversial. In porcine MH, Mg inhibition of RYR1 channels was not altered, wlsre
there is a threefold lower potency for Mgnhibition of MH-affected C& channels.

Similar findings were seen in human MHS skinnee#? The underlying cause of these
various porcine experimental results is unclear tihe concentration of monovalent ions in
measuring channel activity might have influenceslitthibitory potency of Mg. Channels
isolated from pigs heterozygous for the MH mutasaggest that the heterozygous porcine
population of C&' release channels contains heterotetramers withepties distinct from
those of MH homozygote or normal channels. The ds@aimply that the population of
Cd " release channels in humans with MHS who are heygous for a dominant mutation
in this protein also contains heterotetrameric deés In contrast to Cauptake and
release studies with isolated SR, single-channakomements have failed to reveal an
altered sensitivity of channels to activation bffeiae.

Radioligand-receptor binding studies with nanomotacentrations of H]ryanodine have
determined differences between SR isolated frormabhumans and pigs and those with
MH susceptibility. fH]Ryanodine binding assays represent a sensitianmef assessing
functional anomalies regulating the channel pored®y of a simple tube assay. This is
possible becauséH]ryanodine binds to a conformationally sensitiite sithin or near the
channel pore. Mickelson and coworké?dirst demonstrated that the binding of
[*H]ryanodine to MH homozygotic porcine heavy SR éited an altered Gadependence
at the low-affinity (inhibitory) C&' site and a lower affinity for ryanodine compareithw
normal porcine SR. However, the maximum capacitgRfto bind {H]ryanodine was the
same in both tissues, indicating an altered straatufunction, or both, of the receptor
rather than a change in expression associatedhéttlisease. Studies performed with
RYR1 isolated from human biopsies revealed a higfferity for [°H]ryanodine and a
higher sensitivity to activation by caffeine withH& preparations. Surprisingly, it was the
activation, not the inactivation, of the binding[&fl]ryanodine by C4 that was abnormal
in human MH SR.

DANTROLENE

Dantrolene is the drug of choice for preventing eskrsing the symptoms of MH.
Dantrolene sodium is a hydantoin derivative (1{{Bnitrophenyl)-2-
furanyllmethylene]imino]-2,4-imidazolidinedione)atrelaxes but does not totally paralyze
skeletal muscle. These properties of dantrolene baen closely correlated with its ability
to reduce C7 efflux from SR in vitro. Dantrolene (20 pM) courdets the effect of

reduced M§" inhibition in MH-affected musclé® Caffeine contractures induced after K



conditioning of porcine skeletal muscle were foamdender muscles refractory to brief
electrical stimulation, but there was still an emtement of contracture tension elicited by
subsequent direct caffeine stimulation of SR catcralease. This enhanced sensitivity to
caffeine was inhibited by dantrolene (20 uM) asdaater-soluble analog azumolene (150

HM).

Preparations of skeletal SR membrane vesicles hee used to examine the ability of
dantrolene to alter Gafluxes. Dantrolene (10 to 90 uM) was shown tohittBR C&"
release, especially when assayed in the presereadfeine and adenine nucleotide. Later,
depolarization-induced Carelease, measured from triadic vesicles by usestbpped-
flow apparatus and fura-2, was shown to be inhibitg dantrolen&® However, the exact
mechanism by which dantrolene induces muscle retaxe unclear, and some results
have been conflicting. For example, halothane-atgétey RYR1 from frog skeletal muscle
was unaffected by concentrations of dantrolenegtsds 100 uM, whereas single-channel
studies with porcine and human RYR1 revealed adsijghaction of dantrolene: channel
activation at low (0.5 to 2 nM) concentrations ahdnnel inhibition at a higher (5 uM)
concentration. Species variability may in part acddor this difference.

Experiments of radioligand-receptor binding perfechwith H]ryanodine have shown
that under certain assay conditions, micromolaceantrations of dantrolene or its water-
soluble derivative azumolene could inhibit the logdof ryanodine to its conformationally
sensitive site. In this respect, doxorubicin-stiated binding was much more inhibited by
dantrolene than by caffeine or Catimulated binding. These results are in agreemwéht
Ca" transport studies with skeletal SR, in which azieme was shown to block
doxorubicin-induced Ca release. However, a later investigation founteliharmacologic
overlap between the modulation dfiJryanodine and®H]dantrolene binding sites in
porcine skeletal muscle. For example, the bindingh|dantrolene was insensitive to
ryanodine and Caand adenine nucleotides. Experiments performell fift]dantrolene
have revealed that specific binding sites for thegatolocalize to junctional SR membranes
with [*H]ryanodine binding sites’fi]Dantrolene binding sites were not detected in T-
tubule membranes or sarcolemmal membranes.

The idea that dantrolene suppresses SR @&ase as a result of direct interactions with
RYR1 has been somewhat controversial. Significangiess has been made to positively
identify the location of dantrolene binding siteshin the EC coupling machinery. Paul-
Pletzer and associatésdemonstrated thatH]Jazidodantrolene, a pharmacologically
active, photoaffinity analog of dantrolene, spesifiy labels the amino terminus of RYR1.
The [H]azidodantrolene binding site was localized to1480-amino acid residue
fragment of RYR1 cleaved bycalpain, a tissue-specific isoform of this’Cand thiol-
activated protease. More detailed analysis fufihealized the JH]azidodantrolene binding
site to a single domain containing the core segeiencresponding to amino acid residues
590 through 609 of RYR42 Evidence of the specificity of the [3H]azidodarhére
photoaffinity-labeling procedure was provided basedhe observation that a monoclonal
antibody that recognizes the 172-kealpain-cleaved, amino-terminal fragment inhibited
[*H]azidodantrolene photolabeling of RYR1 in SR icomcentration-dependent manner.
lkemoto and coworkefs“*! proposed that this very region of the RYR1 strre{DP1
domain) participates in interdomain interactioret tabilize the closure of the Ca



channel state. Based on this model, one possibtéanesm by which dantrolene inhibits
release of SR Cais by directly binding to the DP1 region and slialrig the interdomain
interaction of DPE:? How dantrolene binding to the DP1 domain statslizher than
destabilizes interdomain interactions remains atenys

SPECIFIC ORGAN AND TISSUE ABNORMALITIES
Skeletal Muscle

Affected human muscle frequently has no histolalgifect or else has protean nonspecific
pathology so variable that none can be directiyoatted to MH. These include central
cores, internal nuclei, target fibers, supercomg@dibrils, and marked variation in fiber
diameter?®!

Metabolism, Enzymatic Considerations, Heat Production, @ctotres, and Fiber Type

Affected muscle is close to loss of control of amellular Ca". With that, aerobic (oxygen
consumption v 0,]) and glycolytic metabolism increase dramaticalligere is an
approximately threefold increase v1 0, and a 15- to 20-fold increase in blood lactate
level, with related acid-base imbalances. The estrthanges appear as an increase in
muscle intracellular G4 concentratiofi and in the venous effluent from skeletal muscle,
as decreases in pH or partial pressure of oxyges),(Br as increases irch,, lactate,
potassium, or temperatufé These changes occur before the increases inrageyt
temperature, and circulating catecholamine levidle. most sensitive early sign during
anesthesia is an increase in expired carbon diggigéng constant ventilation), but it can
be misleading (see "Diagnosis"). Heat productionnduacute MH derives from aerobic
metabolism, glycolysis, neutralization of hydrogens, and hydrolysis of high-energy
phosphate compounds involved in ion transport arttlé contraction-relaxation proce&s.
Precise calculations of the expended energy afieudifbecause of unsteady metabolic and
circulatory states, variable and uncontrolled hesd, and production of heat by
neutralization of acid.

Muscle rigidity in MH is a contracture, similar &omuscle cramp, that is nonpropagated,
prolonged, and sometimes irreversible. Contractaresised in tissue baths in the
laboratory to study various aspects of MH. The lackonsistent correlation of fiber type or
fiber proteins with abnormal function underscotes difficulties in analyzing this disorder;
stress is necessary to detect the abnormalityaltbeed RYR1 protein is expressed in fast
and slow fibers.

Calcium

The SR is the intracellular organelle primarilypessible for control of intracellular €2
transients, and mitochondria serve a secondaryvweenction in binding Ca. When
intracellular C&" levels increase beyond the capabilities of therBifychondria aid in
binding. The mitochondrion provides the greateppbuof ATP through aerobic
metabolism; only secondarily does it bind and s@ee. There is evidence of muscle
mitochondrial binding and accumulation of‘Cduring acute episodes of porcine M.
Mitochondrial deficiencies do not explain the diisled aerobic responses in Myl. 0,
consistently increases about threefold during MiH;antrast to the 10-fold increase



possible during severe exercise. In view of theossracid-base imbalances and depletion
of muscle energy stores, this increase seems pdcadlg low. Perhapsv o, and ATP
production by mitochondria is limited during MH bgveral factors, including ATP
translocation, mitochondrial €abinding, intracellular acid-base status, and ebéyte
aberrations.

Ca" antagonists are associated with hyperkalemia atehpally increased mortality in
vivo when used in conjunction with dantroléfféT hey do not prevent or effectively treat
MH in susceptible pigs?®Y In addition to the risk of hyperkalemia with Cantagonists
and dantrolene, there is the added hazard thatytberkalemia could trigger MH in
susceptible skeletal mus¢ié.

Electrophysiologic Measurements

The C&"-control abnormalities of MH are reflected in adtebrelectrophysiology. Multiple-
pulse stimulation of porcine muscle (i.e., six pglsvith 5-msec spacing) demonstrated an
increase in tension and an increased rate of fis@neion in susceptible pigs; this
difference was accentuated after dantrolene wamngand the susceptible pig muscle
recovered much more effectively from the effectslaftrolene than did that of the normal
animals® This confirms abnormally increased’Ctransients through intracellular
organelles. Similar differences in humans weredogate by MH testing” although one
study suggests better precisith During slaughter, affected swine are found to have
lower (and rapidly declining) resting membrane ptte than that of normal swine>7
This may contribute to the rapid decline of mugiteand energy stores because this is
prevented or attenuated by curarization and veintiido maintain oxygenatiof)
Halothane lowers mechanical threshold in susceptht normal muscle, predisposing
susceptible muscle toward the development of aractire™!

Channelopathies

One of the considerations regarding MH and dis@erdéEC coupling is the existence of
channelopathies, disorders of the voltage-gatedhamnels that control fluxes of ions
across membrané$! These channels are ion-conducting proteins wittembrane-
spanning pore, gates, and voltage sensors, equgifipem for passage of sodium, calcium,
and chloride ions. Chloride channels provide 75%90% of membrane conductance at rest,
contributing to the fast repolarization phase ef élction potential. These channels are
present in the surface and inner membranes okeilladle and most nonexcitable cells.
There are naturally occurring mutations that aheir function with specific pathologic
consequences. Abnormalities relating to skeletaateupathology include those of the
sodium channel (i.e., hyperkalemic periodic paialysaramyotonia congenita, and some
others, known collectively as potassium-aggravatgdtonias), potassium channel (i.e.,
myokymias such as episodic ataxia), calcium chafiree] DHPR mutations causing
hypokalemic periodic paralysis or dysgenic musclmice), and the chloride channel (i.e.,
myotonia congenita in humans, mice, and goats).RYi1 is not a voltage-gated channel.

Implications of Findings in Skeletal Muscle



The single-point mutation of RYRL1 in all suscepiblvine is the major cause of porcine
MH,® and other abnormalities are secondary or occpaiallel. Inositol trisphosphate is

a major physiologic second messenger mobilizing @am endoplasmic reticulum, but it
does not seem to be involved in MH because it |#t&surface membrane interactions
possessed by the RYR1 for SRX2% Altered lipase, fatty acids, and triglycerides may
play a more important rofé” Free radical peroxidation probably occurs duringcine MH

as an adaptive response to sustained stress titabotes to abnormal calcium homeostasis
and fatty acid metabolisff’ Volatile anesthetics and succinylcholine represestress for
skeletal muscle because they perturb membranedisiogb Ca" homeostasis. In general,
normal muscle can withstand and compensate foe thiegsses. In susceptible muscle, the
membrane perturbation induced by halothane or ¢peldrization induced by
succinylcholine may cause an earlie Qalease that strikingly stimulates greatef 'Ca
release. Coupled with the lower mechanical thresteot early MH response may restiit.
Although MH-susceptible muscle may briefly tolerttiese stresses, a cascading cycle of
increasing metabolism, temperature, and acidogistasally results. Skeletal muscle, about
40% of body weight, represents a sleeping gianégard to metabolism, and once aroused,
it dominates whole-body responses. MH-affected meus@y always be closer to loss of
control than normal muscle. Normal muscle can red@bnormally with extremely
prolonged effort, such as the overstraining diseas@apture myopathy of wild animals
after prolonged chasé’

Heart

Myocardial function is severely altered in humad @orcine MH. Tachycardia and
arrhythmias are followed by hypotension, decreasediac output, and eventual cardiac
arrest. Porcine data suggest that these alteraiensecondary; increased myocardial
oxygen consumption during MH is relateddtagonist stimulation of sympathetic
activation without the lactate production or potassefflux that suggests a primary MH
responsé€? Porcine MH myocardium does not respond abnorntalgxaggerated
concentrations of calcium, digoxin, potassium,arbon dioxidé>? Overall, the heart
appears to be affected primarily by the tremendpotentially ischemic demands placed on
it by exaggerated whole-body metaboli§h.

Central Nervous System

Central nervous system involvement during fulmirfaimmnan MH appears to result from
increased temperature, acidosis, hyperkalemia,higpand hypo-osmolality related to

fluid shifts as factors in acute cerebral edema @ktreme picture includes coma, areflexia,
and fixed, dilated pupils. Recovery varies ancelated to the duration and severity of the
MH episode. Severe fever (to 42.5°C [108.5°F]) mesult in a virtually flat
electroencephalogram and coma, but recovery Ipstksible®?

MH is not a central nervous system disorder, asahstnated by the fact that a tourniquet-
isolated limb remains flaccid during the whole-baitydity of an acute episod®’

Cerebral oxygen consumption and lactate produ@remot increased in swine during MH
episodes™ Kochs and colleagué8 observed early profound electroencephalographic
depression during porcine MH and improvement wahttblene, which they interpreted as



primary brain involvement. Hofer and cowork&fscontradicted this opinion by correlating
alteration of electroencephalographic and cerehethbolites with beginning whole-body
MH episodes

Sympathetic Nervous System

Activation of the sympathetic nervous system ocearsy during MH. Fight, fright, or
flight can initiate an MH episode in susceptibldrewvithout anesthetic agentsThis is
rarely observed in humans (see "Awake TriggeringerEise and Heat Stroke"). During
MH, circulating levels of epinephrine and norepinepe increase markedly (e.g., from less
than 1 ng/mL to 30 ng/mL). Sympathetic respons@gapto be secondary in porcine MH,
although the physiologic effects of sympatheticition can magnify the changes of an
MH episode. For example, metabolic responses peeatered sympathetic activity; the
MH response is unaltered despite acute sympattietiervation (total spinal anesthe'$i)
infusion of norepinephrine to blood levels gredkam those associated with MH does not
trigger MH2"X: and norepinephrine does not potentiate halotliahesed porcine MH,
although triggering is delayed when blood flow tastle is reduced p-Agonist effects
result in pronounced myocardial stimulatiéh Administration ofe-agonists an@-agonists
does not result in increased metabolism in susdeptiorcine musclg?™2

Sympathetic antagonists may protect from or ametigoepisodes of MH by lowering body
temperature and modifying acid-base changeé$hep-antagonists appear to increase heat
loss and potentially increase muscle perfugeAntagonists attenuate metabolism and
fever during MH but do not improve survival They block myocardial stimulation of
porcine MH, but this stimulation is secondaryBtagonist effects without evidence for

myo[(flrdial MH 2 There is no direct evidence that the sympathetigaus system initiates
MH. [

Miscellaneous Abnormalities

Disseminated intravascular coagulation is causetthéyelease of tissue thromboplastin
during fever, acidosis, hypoxia, hypoperfusion, gnaks alterations in membrane
permeability*® Porcine MH erythrocytes show greater fragility adoxidatiort’*
Lymphocytes reflect MH mutations and constituteeans for MH testing>’®! These
findings directly support the alteration of porcimssue other than skeletal muscle by MH.

Liver from normal swine transplanted into MH-suddap swine remains normal, and liver
from swine homozygous for MH that is transplantei normal swine functions as
normal’”” Pulmonary changes during MH appear to be secortdaystemic
manifestations. These include tachypnea, hypeta¢iot, V. andQ abnormalities,
increased blood and expired carbon dioxide, deetebod B,, and ultimately,

pulmonary edema. The increase in whole-body cadimxide stores during MH is better
reflected by measurements of expired carbon dioardeenous carbon dioxide than arterial
measurements. Renal function during active MHtsratl indirectly; oliguria and anuria
result from shock, ischemia, cardiac failure, mpbghuria, and myoglobinemia.



CLINICAL SYNDROMES

Fulminant MH is rare. The usually muted onset i€kjy detected by increased levels of
expired carbon dioxide, developing tachycardianascle rigidity. Onset can be acute and
rapid if anesthesia includes a potent inhaled &eéstor succinylcholine. It can be delayed
and may not be overt until the patient is in theoxery room. Once initiated, the course of
MH can be rapid. When clinical signs, such as iaseel expired carbon dioxide, muscle
rigidity, tachycardia, and fever, suggest MH, tesaxiation is not strong unless more than
one abnormal sign is observed. A single adversesgally does not indicate MH.

Volatile anesthetics and succinylcholine causectdfit subjects to undergo a striking
increase in aerobic and anaerobic metabolism,treguh intense production of heat,
carbon dioxide, and lactate and an associatedragéspi and metabolic acidosis!“®!

These reactions markedly alter whole-body acid-bas@nce and temperature because of
skeletal muscle bulk (40%) and are magnified aptature increases. Whole-body
rigidity occurs in almost all pigs and in most hureaTemperature may exceed 43°C
(109.4°F), Pao, may exceed 100 mm Hg, and pHa may be less th@n As3ociated with
this increased permeability of muscle are increasedm levels of potassium, ionized
calcium, CK (although MH-related changes do ndedibverall from CK changes observed
during surgery®), myoglobin, and serum sodiufff. Later, serum potassium and calcium
levels decrease; muscle edema may occur. Sympathgteractivity (e.g., tachycardia,
sweating, hypertension) occurs early as a signatased metabolism. With metabolic
exhaustion, cellular permeability increases witlolgHbody edema, including acute
cerebral edema. As MH progresses, disseminates/agcular coagulation and cardiac or
renal failure may develop. MH is a disorder of gased metabolism; it need not involve
increased temperature, for example, if heat logsdater than production or if cardiac
output plummets early. The clinical MH syndrome oaour as a final common pathway in

situations that may not involve susceptibility tadMas various disorders may mimic MH
(Table 29-3.7oleol81lE2]3][84]

Table 29-2 -- Mimics of malignant hyperthermia

Disorder Reference
Alcohol therapy for limb arteriovenous malformat|&!
Contrast dye 1144]
Cystinosis 1145]
Diabetic coma (89
Drug toxicity or abuse 146)
Environmental heat gain more than loss Lod]

114

Equipment malfunction, increased carbon dioxide**

1106][107]]108]1109]1110]|111][146]

Exercise hyperthermia

Freeman-Sheldon syndrome 1151




Disorder Reference
Heat stroke [109)(110][111][112][113]
Hyperthyroidism 179]
Hypokalemic periodic paralysis 183
Intracranial free blood 182]
Muscular dystrophies (Duchenne, Becker) 184l
Myotonias |18]
Neuroleptic malignant syndrome 1116]
Osteogenesis imperfecta 1147]
Pheochromocytoma 1148]
Prader-Willi syndrome 149
Rhabdomyolysis 146)190]191]192]
Sepsis 146]
Ventilation problems 114
Wolf-Hirschhorn syndrome 150

Trismus-Masseter Spasm

Trismus-masseter spasm is defined as jaw musatktyign association with limb muscle
flaccidity after administration of succinylcholinéis a unique property of jaw muscle in
normal people. Masseter and lateral pterygoid nessobntain slow tonic fibers that can
respond to depolarizers with a contractéit€™ This is manifested clinically on exposure to
succinylcholine as an increase in jaw muscle tamed, defined by van der Spek and
associate$” When this increase in jaw muscle tone becomesgexated, prolonged, and
tight ("jaws of steel"), the likelihood of MH incases greatly. There is a spectrum of normal
responses: a tight jaw that becomes a rigid jawthed a very rigid jawHig. 29-9.
Somewhere in the area of the declining curve idbthendary for the MH population; the
difficulty is in defining it. Trismus may still oct after pretreatment with a defasciculating
dose of a nondepolarizing relaxant. If there igdity of other muscles in addition to
trismus, the association with MH is absolute; dmesii should be halted as soon as
possible and treatment of MH begun. The followimggdssion considers trismus without
rigidity of other muscles.

Figure 29-4 Succinylcholine usually increases jaw muscle tdigiatly. In some patients, this increase is
moderate, and in very few, the effect is extreme,(fjaws of steel"). As much as 50% of this latte

= group may be susceptible to malignant hyperthe(Mid). Somewhere in the area of the declining curve
is the boundary for the MH population.



After trismus occurs, proper monitoring should udg end-expired carbon dioxide,
examination for pigmenturia, and arterial or venbla®d sampling for CK, acid-base
status, and electrolyte levels, particularly patass The initial degree of tightness of the
jaw and its duration suggest the gravity of thegpoese. For patients with jaws of steel, the
procedure should be halted, especially if the dodpersists for more than several
minutes. If the jaw is slightly resistant to opemithe anesthesiologist may continue
anesthesia during proper monitoring. If the jamnsdestly tight and distinctly a problem,
there are two choices: halt the procedure or caatimith nontriggering agents. Any
suggestion of MH should prompt MH therapy, inclugthe use of dantrolene. The patient
with a fever may have an exaggerated responsectingicholine's effect in increasing jaw
muscle tension. Patients who experience trismusldhmdergo testing for MH
susceptibility. Trismus occurring after use of nepdlarizing muscle relaxants is not
apparently related to MH or to hyperkalerﬁ?é.

Sudden, Unexpected Pediatric Cardiac Arrest

MH rarely begins as an abrupt cardiac arrest #feeuse of succinylcholine. In the absence
of upregulation of nicotinic skeletal muscle acelyline receptor$,” this reflects an occult
myopathy that responds to succinylcholine with abraassive rhabdomyolysis and an
associated acute rapid massive hyperkaléfii#!? It is devastating to caregivers and
family because an apparently healthy child cancetpibe resuscitated because of the
difficulties in aiding redistribution of potassiutm diminish hyperkalemic levels. Heroic
efforts, including cardiopulmonary bypass, canbecsssful’> These cases may respond
acutely to calcium because it aids in counteradtiyygerkalemia by reestablishing the ionic
membrane balance in the heart and to dantrolersube®f its effect in stabilizing muscle
membrane permeability. Myopathic muscle continusilffers marked stress, and
dantrolene may help to relieve that by attenuataigium fluxes until more ATP is
generated. Because of potential cerebral ischaghiapse should be administered with
caution. Succinylcholine continues to be valuabéxause a nondepolarizing relaxant has
not yet matched its advantages, but there shouptdmse indications for its use in young
children.

Rhabdomyolysis

Rhabdomyolysis may occur during an MH episodeismius, but milder forms occur more
often than realized. In a study of 11 normal ckefdrthose given succinylcholine had a
serum myoglobin level 0f1187 + 615 ng/mL, in costr@30+9 ng/mL in those not given
succinylcholiné®® Myoglobinuria with rhabdomyolysis can occur inieais muscle
disorders and without exposure to succinylchofifieBecause of the virtual identity of
myoglobin and hemoglobin, myoglobinuria can be maigdosed as hemolysis during MH.
Any unusual anesthetic incident—muscle responskyttimia, trismus, or fever—should
prompt examination of urine color and plasma etdytes, especially potassium.

TRIGGERING OF MALIGNANT HYPERTHERMIA



Acute episodes of MH depend on three variablegretic (perhaps rarely acquired)
predisposition, the absence of inhibiting factars] the presence of a sufficiently potent
anesthetic or nonanesthetic trigger.

Anesthetic Triggering

Anesthetic drugs that trigger MH include halothasr&|urane, isoflurane, desflurane,
sevoflurane, and succinylcholine. Desflurane anfigrane are less potent triggers,
producing a more gradual onset of MA®! The onset may be explosive if succinylcholine
is used*® Inbred, susceptible swine are identified duringrdralation induction with a

potent volatile anesthetic; they develop pronourtiad limb rigidity within 5 minute$:

Prior exercise even an hour before induction oktresia increases the severity and hastens
the onset of these attacks in switieMild hypothermia, depressants such as barbiturates
and tranquilizers, and nondepolarizing relaxantaydéhe onset of MH{E2E8

Susceptible humans respond less predictably tharedw these triggers. Many affected
humans have previously tolerated potent triggetowit visible difficulty’**! This
unpredictability may in part be related to the glelg effects described earlier, as well as to
a brief anesthetic. Some patients have experielit¢@pisodes during anesthesia that did
not involve recognized triggering agents; fortuhgtell have responded appropriately to
dantrolene. The mechanism of anesthetic triggendgmans is unsolved.

Succinylcholine has several variant responsescdrabccur singly or in combination. The
first is @ muscle contracture, also observed inafeuthat is myotonic or denervatéd.The
second is a change in muscle membrane permeahithyput contracture, resulting in the
release of CK and myoglobin from muscle. Even immad patients, succinylcholine
releases CK and myoglobin from muscle in small am&urlhis action is exaggerated in the
presence of halothane and attenuated by ctffarayoglobin release can be fairly marked
even in the absence of obviously discolored ufit&he third response is an increase in
metabolism, as in MH, which is usually associatétth wiuscle contracture and increased
membrane permeabilit{?’

Nitrous oxide has been proposed as a weak triggasroan MH® This is most unlikely
because it has been used repeatedly and saféig assic anesthetic in MH-susceptible
humans and swine. Hyperbaric nitrous oxide doegpraxtuce MH in susceptible swine,
even in concentrations causing apfiéa.

Nondepolarizing muscle relaxants block the effe¢tsuccinylcholine in triggering MH.
They attenuate the effects of volatile anesthéti¢s! p-Tubocurarine has been
incriminated as an MH trigger because it produ@aeff in two susceptible childrét p-
Tubocurarine results in greater lactate produdtiocsusceptible pigs exposed to
environmental stres& but it has not been shown to be a trigger; it gwesluce a
contracture in denervated muscle, suggesting timady have a mild depolarizing action
that is not generally appareft? Reversal of a nondepolarizing neuromuscular bldeka
does not trigger MH.



Episodes of MH have been reported during variowsaijve procedures, with general or
regional anesthesia, and in extremes of ages. féxier or succinylcholine-induced trismus
should not be ignored, even if the patient survimitiout obvious mishap®* The

youngest probable case of MH involved succinylaieilielated muscle rigidity in utero just
before birth%? Presumably, the fetus inherited the paternal ittty that was

triggered by maternal anesthesia.

Prolonged propofol infusions in pediatric intensoage are associated with complications
that may mimic MH reaction$??%! propofol is not an MH trigger, and its effects on
membranes of MH-affected skeletal muscle are stalgl and opposite to those of volatile
triggerst:®

Awake Triggering: Exercise and Heat Stroke

Porcine environmental stress such as exerciseshreas, anoxia, apprehension, and
excitement triggers MH (see "History*§!’? These responses are related to muscle
movement or to increased temperature. Susceptibfesn vitro or in vivo react to
carbachol or heat (41°C to 42°C) with abnormallyré@gased oxygen consumption and
lactate production, but not tesympathetic op-sympathetic agonists, or bdtf.
Abnormal responses can be blocked or delayed bgtepmiarizing relaxant$>6Iele7]
However, mechanisms in porcine awake MH may netedlo human awake MH.

Epidemiologic studies reveal that exercise-indusgdptoms occur more frequently in

MHS patients'® including exercise-induced rhabdomyoly$¥$%! A novel mutation

with an Arg401Cys substitution in the amino ternsirmecurred in three cases of exercise-
induced rhabdomyolysi§®® There was a stress-induced hyperthermic death@fyear-

old boy. He had an MH episode during sevoflurarestresia and was treated successfully
with dantrolené*®® Eight months later, after a football game in tagisg of an ambient
temperature of 80°F (26.7°C), he complained of weask, tingling in his extremities, and
muscle stiffness. He was hot, diaphoretic, and twgrgilating. Seizures and respiratory
arrest occurred; jaw rigidity prevented endotrath@abation. Ventricular fibrillation
occurred, and cardiopulmonary resuscitation wasitelyp the hospital, his rectal
temperature was 108°F (42.2°C), pH was 6.76, ataspmm level was 8.8 mEq/L. Despite
dantrolene, resuscitation was unsuccessful. Autopssaled normal cardiac anatomy and
no explanatory pathology. Analysis of DNA in theyl{postmortem) and his father revealed
an alteredRYR1gene sequence of C487T, with a substitution aharg for cysteine 163.
Other reports relate heat stroke, sudden and untegdeath, unusual stress and fatigue, or
myalgias to possible awake MH episoted 1121 stresses include exercise and
environmental exposure to volatile vapors. Degpiése rare exceptions, susceptible
patients with no history of prior problems may liheir everyday lives normally.

DIAGNOSIS

MH is a disorder of increased metabolism, and esiggs may be subtle (see "Clinical
Syndromes"). These must be distinguished from attsarders with similar signs (see
Table 29-2. Postoperative fever alone seldom represents MH.



When the diagnosis is obvious (i.e., fulminant Mtsoccinylcholine-induced rigidity with
rapid metabolic changes), there is marked hypeiloétn and heat production, and there
may be little time left for specific therapy to peat death or irreversible sequelae. If end-
tidal carbon dioxide increases and ventilatiorhentincreased to maintain normal end-tidal
values, diagnosis of MH may be delay&d.A clinical grading scale aids in establishing
the likelihood of MH in specific problem casesislbbased on weighted scores for muscle
tone, muscle breakdown, acid-base parameters, tatape tachycardia or other
arrhythmias, and response to dantrolene. This ssal@mpered if clinical laboratory
evaluation has been minintal”

In general, MH is not expected to occur when nggeis are administered (see "Anesthesia
for Susceptible Patients"). When volatile anestisedr succinylcholine is used, MH should
be suspected if there is increased end-expirednatioxide, undue tachycardia, tachypnea,
arrhythmias, mottling of the skin, cyanosis, ina@htemperature, muscle rigidity,
sweating, or unstable blood pressure. If any adetmccur, signs of increased metabolism,
acidosis, or hyperkalemia must be sought. Analykarterial blood gases demonstrates
metabolic acidosis and may show respiratory acidibsine patient is unable to increase
ventilation as metabolism increases. Central veoaygen and carbon dioxide levels
change more markedly than do those in arterialdltdwerefore, end-expired carbon

dioxide or venous carbon dioxide levels more adelyaeflect whole-body stores. Venous
carbon dioxide, unless the blood drains an aréacoéased metabolic activity, should have
Pco;, levels only about 5 mm Hg greater than that ofeexgd or measured &a. In small
children, particularly without oral food or fluidif a prolonged period, base deficit may be
5 mEg/L because of their smaller energy stores. patient who is suspected of having an
MH episode should be reported to the North AmeriRagistry using the rare disease
protocol (AMRA) available from the MHAUS web site.

ASSOCIATION WITH OTHER DISORDERS

The King-Denborough syndrome, characterized bytstature, musculoskeletal
abnormalities, and mental retardation, is assatiaith susceptibility to MH, as is CCD.
CCD was present in the family of Denborough's oagjpatient! and discovered during
later evaluations. Duchenne dystrophy is an X-lthkeyopathy; the associated
deterioration of muscle membranes can result imaal MH episode on exposure to
membrane perturbors such as MH triggers despitaalazontracture testing resufis.
Patients with Duchenne dystrophy can respond tethesia with sudden, acute, difficult-
to-resuscitate cardiac arrest or sudden, acuteldmayolysis, even without the use of
succinylcholind®*229LI92] patients with any occult myopathy, even withoytasure to
succinylcholine, may experience these potentiaily @pidly disastrous anesthetic
eventsP?/’—OM’Q‘

Neuroleptic malignant syndrof&(NMS) is an uncommon condition caused by central
effects of drugs with dopamine antagonist propsyiecluding antipsychotics (e.qg.,
haloperidol), and by drugs used for sedation ardemetics (e.g., Compazine,
metoclopramide, droperidol). In affected patiettiese drugs may cause a reaction
involving a range of symptoms culminating in fulmm MH-like hypermetabolism. The
onset ranges from hours to days after beginning tteatment. There are three key clinical



components of NMS. First, the patient usually eigreres an impairment of motor function
with generalized rigidity, akinesia, or extrapyrdalidisturbances, or some combination of
these conditions. Second, deterioration in mem&éls occurs, producing coma, stupor, or
delirium. Third, hyperpyrexia develops, with deteation and lability of other "vegetative"
functions, resulting in diaphoresis, dehydratidnctuations in blood pressure and heart
rate, and tachypnea. Duration averages 7 to 1Q datysgradual recovery that parallels the
slow metabolism of the triggering drugs.

NMS patients may experience predictable complicatiof hypermetabolism, including
rhabdomyolysis, renal failure, disseminated intsgudar coagulation, thromboembolism,
and sudden cardiac arrest. Treatment involves disaation of the drugs and symptomatic
control of temperature, acid-base balance, intraueriluid balance, and muscle tone.
Specific pharmacotherapy is empirical. Clinicalogp support consideration of
benzodiazepines, dopamine agonists, and dantrdlamgrolene aids in therapy because it
lowers muscle heat production and therefore boahpe&rature, and it eases rigidity without
the need for tracheal intubation. In refractoryesaand patients with prominent catatonic
features, electroconvulsive therapy has helpedci8ylcholine, usually part of such
therapy, may risk hyperkalemia in patients with olesiecrosis. Although often similar in
presentation, NMS and MH result from different pgthysiology. Unlike MH, dopamine
antagonists trigger NMS in the brain; it may regptmcentrally acting agents,
electroconvulsive therapy, and neuromuscular blieckdH triggers appear safe in NMS
patients and their families. Some NMS patients Heaak positive MH muscle biopsy
results, but their significance is unclear.

The relationship of isolated CK elevations and Midceptibility remains unclear. Some
have had positive contracture testing, and othésaiong-standing benign course have
received triggers uneventfulit” Less convincing is a direct association of MH vdther
disorders: crib death, or sudden infant death symer Smith-Lemli-Opitz syndrorté®:;

and Charcot-Marie-Tooth syndrort€” Exercise and heat stroke are discussed under
"Awake Triggering: Exercise and Heat Stroke." Sogldholine induces contractures in
myotonic muscle, which could be confused with MHdtbnic goats develop brief rigidity
after succinylcholine administration but, even vilte concomitant use of halothane, show
no evidence of MH. In myotonia, there appears tadidity in the absence of serious
metabolic abnormalities; infrequent positive biopssults appear to be related to non-MH
factors.

TREATMENT

Discontinuation of the trigger may be adequatettneat for acute MH if the onset is slow
or if exposure was brief. Dantrolene, the theraipeutinstay, is packaged in 20-mg bottles
with sodium hydroxide for a pH of 9 to 10 (othergvis will not dissolve) and mannitol
(converts the hypotonic solution to isotonic). Datene must be dissolved in sterile water
rather than solutions because the extra molece#gbstb a salting-out effect and greater
difficulty in dissolving it. It may be heated tostan solutio*?” In a large adult, as many
as 10 bottles may be required. Dantrolene's cageffacts are complex and include
interactions with calcium antagonists (see "Cal¢jui@antrolene has a half-life of at least
10 hours in children and adufts"*2? |t does not paralyze; peak effects include moderat



muscle weakness with adequate strength for deegphimg and coughing. Weakness is
accentuated in myopathic patients. Aside from dtakés during long-term (>3 weeks)
therapy, dantrolene has no serious side effects.

Acute therapy for MH can be summarized as follows:

1. Discontinue all anesthetic agents and hyperveatilath 100% oxygen. Normal
ventilation is that required to remove metabolidoca dioxide. With increased aerol
metabolism, normal ventilation must increase. Haavegarbon dioxide production is
also increased because of neutralization of fixad ly bicarbonate; hyperventilation
removes this additional carbon dioxide.

2. Repeat administration of dantrolene (2 mg/kg, egenyinutes to a total dose of 10
mg/kg, if needed, although doses to 29 mg/kg haes sed)->*

3. Administer bicarbonate (2 to 4 mEg/kg). Continuétlie of lactate from skeletal
muscle may result in recurrent acid because lactate, being ionized, slowly
crosses the muscle cell membrane to extracellluia. f

4. Control fever by iced fluids, surface cooling, aaglof body cavities with sterile iced
fluids, and a heat exchanger with a pump oxygen&tarhe clinician must not
become so preoccupied with cooling and other bumk what he or she neglects the
prime factor in therapy: intravenous administratidrlantrolene. Cooling should be
halted at 38°C to 39°C to prevent inadvertent hiyponhia.

5. Monitor urinary output to prevent shock to kidn@ysacute tubular necrosis and to
examine for myoglobinuria.

6. Further therapy is guided by blood gases, eled&s|ytemperature, arrhythmia, muscle
tone, and urinary output.

7. Analyze electrolytes; CK concentrations; liver pieflevels of blood urea nitrogen,
lactate, and glucose; coagulation studies (e.@, iNatelet count, prothrombin time,
fibrinogen, fibrin-split or degradation producta)d serum hemoglobin and
myoglobin and urine hemoglobin and myoglobin.

The clinical course determines further therapy stadies. Dantrolene should probably be
repeated at least every 10 to 15 hours (its half-for several dosé&*24 Recrudescence
of MH can approach 50%, usually within 6.5 hdtfd. Treatment of hyperkalemia should
be slow. The plasma’Kevel must be serially monitored because it magménportant
factor in treatment (e.g., persistently elevatédekel may prevent defibrillation}>' The
most effective way to lower serum potassium is reaieof MH by effective doses of
dantrolene. Calcium administration is indicatedydol related arrhythmias or for poor
cardiac function. However, when indicated, calcamad cardiac glycosides may be safely
used because their administration to the susceptilgldoes not trigger MAZ They can be
lifesaving during persistent hyperkaleriig: 222

Permanent neurologic sequelae, such as coma dygiayanay occur in advanced cases,
probably from inadequate cerebral oxygenation artlpion for the increased metabolism
and because of the fever, acidosis, hypo-osmolaiity fluid shifts, and potassium release.



Even satisfactory care during anesthesia may oot neurologic complications.
Measurements of intracranial pressure may helparevaluation of cerebral edema.
Disseminated intravascular coagulation or consuweptoagulopathy may be caused by
hemolysis, release of tissue thromboplastins, disstie damage, or shock. The best
treatment is adequate therapy for MH to prevemgrstaon of peripheral blood flow and to
lower temperature.

Among the ineffective therapeutic adjuncts areinaicantagonists and sympathetic
antagonists. Calcium antagonists do not increasgneosurvival*?** They may interact
with dantrolene to produce hyperkalemia, which ksult in retriggering MA? or in
myocardial depressidff; Magnesium reduces the increase in intracellultiwa during
porcine MH but does not prevent the increase irabwism. Although it may play a role in
MH mechanisms (see "Pathophysiology and MolecuiaioBy"),2% its therapeutic value
appears to be minimal.

Early diagnosis and treatment of MH are esser@iainplications are difficult to treat and
may lead to serious and permanent sequelae. Ratinggnay occur as dantrolene is
redistributed or metabolized. The physician shaaldtact the MH Hotline to verify
treatment and report the case using an AMRA form.

ANESTHESIA FOR SUSCEPTIBLE PATIENTS

Anesthesia should consist of nitrous oxide, baraias, etomidate, propofol, opiates,
tranquilizers, or nondepolarizing muscle relaxaRt#tent volatile agents and
succinylcholine must be avoided, even in the presef dantrolene. Some human patients
have experienced a hypermetabolic state despise hrecautions, but they have always
responded favorably to intravenous dantrolene. g&nexive dantrolene is not needed
because the use of nontriggering agents is alnhwalya associated with uneventful
anesthesia. If used, 1 to 2 mg/kg should be gingavenously just before induction to
avoid the side effects of lengthy pretreatmenbhstetric cases, it is best given after the
cord is clamped to avoid the problems of a floppyd; because cord blood levels may
approach 65% of maternal levéfs’ Regional anesthesia is safe and may be preferred.
Amide anesthetics had been considered dangerausaeptible patients because they
induce or worsen contractures in vitro as a resfutheir effect in increasing calcium efflux
from the SR. However, these effects require millanconcentrations, far greater than
plasma values achieved in clinical use. Porcineramdan studies demonstrated the lack of
danger of amide anesthetics. Intravenous lidocaaseused as long ago as 1970 to treat
acute MH without harm and with apparently good Itesti

Anesthetic machines may be "cleansed" of poterativelagents by removal or sealing of
the vaporizers, change of soda lime, perhaps replant of the fresh gas outlet hose, and
use of a disposable circle with a flow of 10 L/fan 5 minutes. After flow is reduced, the
volatile agent's concentration may again increAsgas analyzer demonstrates a continuous
volatile vapor concentration. This is important éiege some new machines require a
constant high flow to minimize volatile agent contrations-*2°!



The anesthesiologist should confidently discussatiesthetic care with the patient, assuring
him or her that all will be done to avoid difficidé with MH and that the appropriate drugs,
knowledge, and skills are immediately at hand if problems occur. Many of these

patients have undergone procedures uneventfullyy as dental analgesia and obstetric
anesthesia, before the diagnosis of susceptibitity made. The patient can enter the
therapeutic environment in a reassured, relaxeticamfortable state. Outpatient
procedures are feasible in most environments;ithe of discharge depends on usual
outpatient criteria. Any facility using MH triggeos an inpatient or outpatient basis should
have dantrolene immediately available.

Several species, such as pigs, dogs, cats, aneshtwve suffered MH episodé¥ A

canine colony inbred for MH has the canR¥R1gene*2” Cosgrove and colleagu&s!
examined contractures in greyhounds in conjunctitth a triggering anesthetic challenge;
all findings were normal. Continuing study of trepture myopathy of wild animals, more
recently in feral deer, suggests that this is "straming" during the chase of normal
animals rather than a genetic disorder similar té.#°

EVALUATION OF SUSCEPTIBILITY

Evaluation includes a history and physical exannomafor the detection of subclinical
abnormality. A genealogy with specific informatiabout anesthetic exposure and agents
can estimate the likelihood of exposure to trigggrgents. Blood CK values, when
determined in a resting, fasting state without nét&auma, reflect muscle membrane
stability. When CK level is elevated in a closet®ie of a person with known MH
susceptibility, the relative may be considereddeenMH susceptibility without contracture
testing. If the CK level is normal on several o@oas, there is no predictive value, and
contracture studies are necessary. The patienttnawst to the test center for surgical
biopsy to ensure viability and accurate results.

Muscle biopsy contracture studies, performed atiaB0 centers around the world, use
exposures to halothane, caffeine, halothane plffsice, and ryanodin€ 4-Chlorom-
cresol may add to precisiéfi” There is a crisis in the United States, with csifytest
centers (December 2003), in part because of meckeallimitations. This is inappropriate
considering geography and population. Contractespanses are sometimes positive in
patients with myopathies that bear no direct refeghip to MH and therefore may not
indicate susceptibility. Dantrolene must be avoitietbre the biopsy, because it masks the
response to contracture-producing drugs. Afterteepiais diagnosed with MHS, DNA
testing for mutations should follow. When one isegéed, other relatives with that mutation
are considered to have MHS without the need forrthasive contracture test, and they
need not travel to a testing center (see "Gengtics"

For the student of anesthesia, susceptible indalsdiave a lower threshold to contracture-
producing drugs. The muscle specimen must be v{able twitch when stimulated
electrically) because the contracture threshold waay if the fiber is deteriorating. Bath
kinetics are stable with the use of experiencedriiories, and variations in temperature
have less effect than anticipated on contractuestolds:"



Advice should be given to the susceptible patientcautions are necessary in regard to
general anesthesia, and triggers include all patalatile agents and succinylcholine.
Awake episodes are uncommon, and if not experieheéate the diagnosis, they are an
unlikely problem. Military personnel may have redtons because of the necessary
avoidance of combat trauma and the possible marydase of triggers, and soldiers with
MH susceptibility may be less desirable becausessamthorities believe that they may
fatigue sooner with harsh military conditioning base of their subclinical myopathy.

The predictive value (i.e., percentage of positesults that are true positives) or efficiency
(i.e., percentage of all results that are true,tivrepositive or negative) of contracture
testing in determining susceptibility cannot bereated. False-positive results resulting
from cautious interpretation or decreased spetifenie masked because the patient will
never be exposed to triggering agents. EuropeamNaritt American contracture protocols
have yielded sufficient multicenter data to confateptable test resultd?!*33 Separation
of control patients from MH patients was based orely clinical information using the
clinical grading scalé® Both protocols have 97% to 99% sensitivity (feequency of
positive results in the patients with clinicallytaslished MH) and acceptable (78% to 94%)
specificity (i.e., frequency of negative resultdaw-risk controls). Threshold values
attempt to provide 100% sensitivity to detect ali$lpatients; this restriction limits
specificity.

The North American testing protocol (CHCT) useséneental caffeine concentrations of
0.5, 1, 2, 4, 8, and 32 mM and uses 3% halothaaebatus application. It yields two
diagnoses: normal (MHN) or abnormal (MHS). The Bpean testing protocol (IVCT) uses
additional steps in its increments: caffeine cotragions of 0.5, 1, 1.5, 2, 3, 4, and 32 mM,
and halothane in concentrations of 0.5%, 1%, 2% sametimes 3%. Greater fractionation
of caffeine and halothane increments in the Eunopeatocol results in lower diagnostic
thresholds (i.e., 0.2 g for both drugsy’ The lesser fractionation of increments in the Nort
American protocol leads to greater thresholds ¢) for caffeine and a relatively large gray
area for halothane of about 0.5 to 0.8°§.Interpretation of IVCT yields three diagnoses:
MHS, for which halothane and caffeine results dnmeoamal; MHN, for which both results
are normal; and equivocal (MHE), for which only arsult is abnormal. Fewer MHE
diagnoses and better genetic correlations exishwbatractures are markedly abnormal
instead of near threshold; this may lessen discmes**!

What is needed in MH testing is an accurate, n@sivwe or nondestructive measure of
susceptibility that has no overlap between the @araj normal and susceptible responses. A
promising innovative in vivo human application imwes physiologically based

microdialysis infusion of caffeine or halothaneoimhuscle of MH-susceptible patients,
triggering exaggerated localized changes in acikbalance*227 White blood cells
express MH mutations and provide a substrate foetieanalysis-> L3813 Nyclear
magnetic resonance has prontié&:the difficulty is to standardize a stress, sucfoasarm
ischemia, that can differentiate susceptible tigsarm normal. Although early ultrasound
results were encouraging, study results for skiehetescle were inaccurate in humans with
MH susceptibility:*") Adnet and coworkef$? examined masseter muscle in a skinned
fiber in vitro preparation in attempts to explds propensity for contracture. They observed
greater sensitivity to Gaand caffeine than that in quadriceps muscle. Tiraings were



contradicted in a contracture study of massetgrdyi@pecimens taken during major
craniofacial cancer surgey?! These responded similarly to quadriceps.

SUMMARY

MH is a subclinical myopathy featuring an eerie an@tic metabolic mayhem that is
unmasked on exposure to potent volatile anesthetisaccinylcholine. Skeletal muscle
acutely and unexpectedly increases its oxygen eopsan and lactate production,
resulting in greater heat production, respiratorg metabolic acidosis, muscle rigidity,
sympathetic stimulation, and increased cellulanygability. MH-susceptible skeletal
muscle differs from normal muscle in that it is ajg closer to loss of control of €a
concentration within the muscle fiber, and it cavolve a generalized alteration in cellular
or subcellular membrane permeability. This is andéGpling defect resulting from an
alteration in the receptor encoded®YRL1 It is a homozygous, single-point mutation of
RYR1in swine and a heterozygous disorder in humanshimm there may also be a
modification of RYR1 protein function by interaagiistructures, membranes, or enzymes;
MH may occur as a final common path phenomenomgriiais rests on extraordinary
temperature, acid-base alterations, and muscleadtoers. Specific treatment is the action
of dantrolene on muscle Eamovements; symptomatic treatment is by reversatif-base
and temperature changes. Evaluation of affectediésms guided by measurements of
circulating CK, analysis of drug-induced muscletcactures (by European IVCT and
North American CHCT protocols), and genetic tesbh@NA samples. General or regional
anesthesia is safe for patients susceptible to pbljided that care is taken to specially
prepare the anesthesia machine and to avoid &hpwblatile anesthetics and
succinylcholine if a general technique is chosen.

Research on MH has yielded insights into the phggioof metabolism and into the
molecular biology of genetic muscle disorders. Riemg challenges include identification
of all genetic mutations responsible for human MHgcidation of the mechanism that links
exposure to the subsequent loss of @antrol, development of noninvasive and
nondestructive testing for susceptibility, and deieation of the mode of action of
dantrolene.

KEY POINTS

1. MH is an anesthetic-related disorder of increasethbolism of skeletal muscle. Itis
an inherited condition and occurs in swine and msna

2. Skeletal muscle accounts for approximately 40%oafybweight; its increased
metabolism therefore has a profound effect on wholdy metabolism.

3. Signs of MH, including tachycardia, increased eagbicarbon dioxide, muscle rigidity,
and increased temperature, are related to increas&bolism.

4. Function of the ryanodine receptor of skeletal neugcabnormal in MH, causing
barely controlled calcium concentration within thedl.

5. Added loss of control of intracellular calcium |lsad marked metabolic stimulation
within the cell to provide extra ATP to drive thel@um pumps that restore calcium to
its reservoirs (e.g., SR, mitochondrion, extradafltiuid).



6. Dantrolene markedly attenuates loss of calcium f8R) restoring metabolism to
normal, with reversal of the signs of metabolionstiation.

7. MH is inherited; one mutation accounts for all ppecMH, and more than 30
mutations account for human MH.

8. Evaluation of persons susceptible to MH includestiaxture of a skeletal muscle
biopsy specimen with halothane or caffeine, esionadf muscle permeability by
measurement of plasma CK level, and evaluationNA Do identify mutations. Only
DNA testing is needed to evaluate swine MH.

9. Future MH goals include advancement of geneticuatains in North American and
European medical programs and finances that avegsr for supporting genetic
studies, identification of the mode of action ohttalene, determination of the
immediate cause of MH triggering, and developmémrifi@ctive, nondestructive tests
for MH susceptibility.
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