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ABSTRACT 
Malignant Hyperthermia (“MH”)—the rapid onset of 
extremely high fever with muscle rigidity—is caused 
by a runaway heat production futile cycle mediated 
via the sodium channels at the myoneural receptor 
sites. MH is not triggered by non-depolarizing muscle 
relaxants; however, depolarizing muscle relaxants 
may trigger it [1]. Here we present a de novo hypo-
thesis of how MH is triggered and develops. We be-
lieve that the acetylcholine receptor/sodium channels 
in the muscles of MH susceptible pigs initiate MH by 
allowing an increased flux of sodium ions when it is 
depolarized by acetylcholine or other depolarizing 
agents, such as succinylcholine and Halothane. Our 
theory is consistent with our observations of the ef-
fects of general anesthetics over twenty years. Succi-
nylcholine is a depolarizing agent that is a potent MH 
trigger. Acetylcholine, the natural depolarizing mus-
cle activator, may trigger MH if the susceptible pa-
tient or animal is exposed to sufficient stress, i.e., 
during strenuous activity, such as transport, fighting, 
breeding, etc. Halothane apparently destabilizes the 
myoneural sodium channels, which rapidly induces 
MH. The increased sodium channel activity releases 
heat with cascades that further releases of heat which 
results in the rapid onset of MH. MH susceptible pigs 
have increased action potential amplitudes at their 
myoneural junctions that are abnormally long in du-
ration. This increased activity is thought to induce 
hypertrophy of muscle mass, increase metabolic rate, 
and cause other physical manifestations. When slaugh- 
tered, this increased metabolic activity causes the ra- 
pid post mortem release of heat in the muscles of MH 
susceptible pigs and, at the same time, the accumula-
tion of low acidity, all of which denatures the muscle 
proteins to result in a pale, soft, exudative, pork meat 

considered to be of lesser quality for human con-
sumption. The potency of inhalation anesthetics as a 
MH triggers varies widely. The inhalation anesthetic 
Halothane is a strong trigger of MH, causing MH wi- 
thin minutes of exposure. In contrast, the anesthetic 
Sevoflurane is a very weak trigger of MH, requiring 
several hours of inhalation exposure to trigger MH. 
Because of this, changing from Halothane to Sevoflu-
rane as the general anesthetic of choice for surgeries 
in hospitals in the Greater Kansas City area during 
1994 to 2006 led to an 11-fold decrease in the inci-
dence of MH, from 1:50,000 to 1:550,000 [11]. One 
non-depolarizing muscle relaxant, Organon 9426 
(“Rocuronium”) temporarily prevents MH in MH 
susceptible pigs when they are given sufficient dosag-
es of it before being challenged with either Halothane 
or succinylcholine. Binding Rocuronium to the myo-
neural receptor sites apparently stabilizes them, the-
reby preventing increased sodium channel activity, 
and resulting MH. However, other non-depolarizing 
muscle relaxants do not have this protective effect— 
for examples Vecuronium, Arduan, and Organon 
9616 do not. Uncoupling of mitochondria is not the 
source of accelerated heat production in MH sus-
ceptible pigs, as heart, liver, and skeletal muscle mi-
tochondria isolated from MH susceptible pigs are all 
competent. 
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1. INTRODUCTION 
Our population of MH susceptible pigs began in 1969. 
We conducted selective breeding and culling over 20 
years for genetic studies and to produce highly MH sus-
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ceptible pigs for use in experiments. We isolated heart, 
skeletal muscle, and liver mitochondria from MH sus-
ceptible pigs and found all were tightly coupled and ex-
hibited normal metabolic rates without abnormalities. 

We started our first series of experiments in 1970 with 
muscle relaxants. We observed that neither pancuronium 
nor curare, both non-depolarizing muscle relaxants, trig-
gered MH in MH susceptible pigs; however, both succi-
nylcholine (a depolarizing muscle relaxant) and Halo-
thane were potent triggers.  

Next, Hoech et al. performed a series of experiments 
challenging MH susceptible pigs with Metubine Iodide, a 
non-depolarizing muscle relaxant derivative of curare. It 
did not trigger MH. However, if the pigs were challenged 
with Halothane after administration of the Metubine 
Iodide, the Halothane triggered MH, i.e., the Metubine 
Iodide did not protect them from Halothane induced MH 
[2]. However the Metubine Iodide did protect the the 
pigs if a pharmacologic dose of the metubine iodide was 
administered [2]. 

Later, Bowman et al. measured the action potential at 
the myoneural junction in conscious, but untreated MH 
susceptible and control pigs, and found the action poten-
tial to be both significantly higher in voltage and longer 
in duration than normal. “The values were 300 µV and 
3.2 ms respectively in the control pigs and 555 µV and 
3.6 ms respectively in the young MHS [MH susceptible] 
pigs. These data were significantly larger at P < 0.01 and 
longer P < 0.05 respectively than the MUP [motor unit 
potential] of control pigs.” This was the first indication 
of an abnormality at the myoneural junction of MH sus-
ceptible pigs [3]. 

Subsequent experiments at TTUHSC, El Paso [4] in 
1983 with the non-depolarizing muscle relaxant Vecuro-
nium showed that it did not trigger MH in MH suscepti-
ble pigs and that it did not protect them from Halothane 
induced MH. Further experiments were conducted with 
the non-depolarizing muscle relaxants, Arduan, Organon 
9616, and Organon 9426 (“Rocuronium”). These muscle 
relaxants did not trigger MH in MH susceptible pigs; 
however, unlike Arduan, Organon 9616, and Metubine 
Iodide, Organon 9426 prevented Halothane induced MH 
in MH susceptible pigs when they were exposed to Ha-
lothane while still under the influence of Organon 9426. 

A linear regression analysis of the dose response data 
for Organon 9426 in MH susceptible pigs indicates that 
427.033 µg/kg would be required to produce a 100% 
neuromuscular block. This is 73% of the amount of Or-
ganon 9426 required to produce a 100% neuromuscular 
block (586.31 µg/kg) in control pigs. 

These experimental observations have led us to a de 
novo hypothesis of how MH is triggered and develops. 
We believe that the acetylcholine receptor/sodium chan-
nels in the muscles of MH susceptible pigs initiates MH 

by allowing an increased flux of sodium ions when it is 
depolarized by acetylcholine and/or succinylcholine. The 
succinylcholine initially depolarizes the myoneural junc-
tion then blocks it, which causes paralysis. In MH sus-
ceptible pigs the increased sodium flux is a runaway fu-
tile cycle that releases heat which synergistically accele-
rates the release and flow of sodium ions via the sodium 
channels. This effect is similar to a short circuit in a bat-
tery which increases electrical flow and produces heat. 

Secondarily, muscle rigor develops, and blood flow, 
blood pressure, lactate production, carbon dioxide pro-
duction, norepinephrine release all increase. Further, in- 
tense peripheral vasoconstriction develops, and metabol-
ic rates rise greater than 10-fold, with concomitant core 
temperatures increases of up to 118˚ F (48˚C) [5,6]. 

Post mortem metabolic changes in slaughtered MH 
susceptible pigs cause high muscle temperatures, the ra- 
pid development of acidic pH levels and the denaturation 
of the muscle proteins which results in a pale, soft, ex-
udative, pork meat of lesser quality for carcass salability. 

Our testing of Sevoflurane anesthesia in 1984 led to 
the human clinical use of Sevoflurane, which resulted in 
a subsequent decrease in the incidence of MH in hospit-
als in the Greater Kansas City Area from 1:50,000 to 
1:550,000. Sevoflurane is a very weak MH trigger, re-
quiring two to three hours of exposure to trigger MH in 
MH susceptible pigs. In contrast, Halothane can trigger 
MH in them as quickly as one to three minutes. Halo-
thane apparently destabilizes the myoneural sodium chan- 
nels and causes muscle tremor as it reaches the muscle 
through the blood stream [6]. 

2. SUMMARY AND CONCLUSIONS 
In MH susceptible pigs a genetic defect in the sodium 
channel protein in the muscle allows an excess of sodium 
ions to flow into the muscle cell. This genetic defect ma-
nifests itself in a higher than normal, and longer in dura-
tion, action potential at the Motor Unit Potential.  

Acetylcholine release from transportation stress, bree- 
ding activity, fighting, hot weather, and other environ-
mental stresses on animals can activate the MUP, and in 
MH susceptible pigs may cause the rapid onset of MH. 
(Figure 1). 

Succinylcholine can cause MH in MH susceptible pigs 
by depolarizing the sodium channel and keeping it open 
for longer than normal periods of time. Halothane anes-
thesia causes a twitching response in the muscles of MH 
susceptible pigs which indicates activation of the MUP 
to open the sodium channels. This is probably how Ha-
lothane triggers MH. 

Non-depolarizing muscle relaxants: 
Pancuronium, Metubine iodide, Vecuronium, Pipecu-

rium, Atracurium, and Organon 9426 (Rocuronium), are 
all non-depolarizing muscle relaxants, and do not trigger 
MH. If administered in sufficient dosage, Organon 9426  
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Figure 1. Acetylcholine-sodium channel function at the membrane level (from Wikipedia). 

 
temporarily prevents MH in MH susceptible pigs, even 
after a 100% twitch response has returned after a block-
ing dose of Organon 9426. Recovering the animals, 
holding them for one week for drug washout, then admi-
nistering Halothane again triggered MH in them, show-
ing the prophylactic effect of Organon 9426 is tempo-
rary. 

Selective breeding and culling for the MH gene pro-
duced a population of MH susceptible pigs that were 
highly susceptible to MH triggering agents. We suspect 
that selective line-breeding concentrates the defective 
sodium channel subunits into the sodium channels and 
thereby makes the sodium channels leaky. The leaky 
sodium channels then makes the animals susceptible to 
any factor that activates the depolarization response. 

Further, leaky sodium channels provide a mechanism 
for muscle to continue heat production at a high rate post 
mortem and thereby activate glycolysis to produce lac-
tate, with the resultant denaturation of muscle proteins 
observed as pale, soft, exudative pork meat with de-
creased carcass quality for marketability. 

We suspect that the MH gene was selected for in pigs 
during the 1950’s when thin back fat was used as a sole 
selection criteria for breeding and marketing. During the 
1950’s and 1960’s several animal science groups and 
meat laboratories were actively involved in researching 
stress and meat quality problems in pigs [7,8]. 

We used our population of MH susceptible pigs for 
over 20 years; they are an outstanding animal model for 
human MH [1-5,7-13]. 

Leaky sodium channels allow sodium ions (Na+) to 
flow into the muscle cell at higher than normal rates. 
This activates the Sodium-Potassium pump with results 
in a rapid consumption of ATP which, in turn, produces 
ADP plus Pi and heat (Figure 2). The released heat in-  

 
Figure 2. Sodium-Potassium pump which uses ATP to 
pump sodium ions out of the cell. The hydrolysis of ATP to 
ADP + Pi also releases heat at approximately 60% of the 
delta G −50 kJ/mol (from Wikipedia). 

 
creases the activity of the thermogenic futile cycle in-
creasing the overall metabolic rate as much as 10 to 15 
times normal. This overall metabolic rate increase acti-
vates mitochondrial activity and glycolitic activity to 
resupply ATP at higher rates. 

The testing of Sevoflurane in MH susceptible pigs has 
led to the widespread use of a new anesthetic that is safer 
to use in human patients, and is an exemplary example of 
the use of an animal model for a human condition. 

Succlinylcholine is a potent triggering agent for MH 
and its use on humans should stop. The case of Stephanie 
Kuleba in West Palm Beach, Florida, is the latest exam-
ple for why the use of succinylcholine should end. 

Our de novo hypothesis for the biochemistry of MH 
development fits all the experimental facts, and will ena-
ble further rational testing of the proteins involved in the 
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defective sodium channels. While this thermogenic futile 
cycle appears to be the primary mechanism for normal 
body heat production in normal individuals, it appears 
that due to a genetic defect in the sodium channel pro-
teins it functions in an aberrant way in MH susceptible 
individuals which may lead to a lethal episode of MH. 
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