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ABBREVIATIONS 

AMP, ADP, ATP: Adenosine 5'-mono-, di-, and triphosphate. 

CK: Creatine kinase. 

Cr: Creatine. 

Hyx: Hypoxantine. 

IMP: Inosine monophosphate. 

LDH: Lactate dehydrogenase. 

MH: Malignant hyperthermia. 
+ 

NAD , NADH: nicotinamide adenine dinucleotide oxydized, - reduced. 

PCr: Phosphocreatine. 

Pi: Inorganic phosphate. 
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CHAPTER 1 : INTRODUCTION 

Malignant hyperthermia (MH) is a pharmacogenetic disorder, 

characterized by an induced hypermetabolism accompanied 

1 2 
with a high mortality ' . An MH crisis presents clinically 

by a rapid increase of body temperature, skeletal muscle 

rigidity and cardiovascular symptoms like tachycardia and 

instable bloodpressure. The final symptoms are coma and 

cardiovascular collaps. The appearance of these symptoms 

may develop fulminantly (increase of body temperature by 

о 
about 1 С every 5 min), or slowly, during the surgical 

1 2 
procedure or later on in the recovery room ' . 

An MH crisis is induced in the genetically predisposed 

subjects by depolarizing skeletal muscle relaxants 

(succinylcholine) or volatile anaesthetics (ether, ethrane, 

1.2 

halothane, forane, isoflurane) . MH is considered to be 

an autosomal-dominantly inherited disorder, with variable 

1 2 
expression and reduced penetrance ' . Due to this heridity 

and the high mortality, a family screening is indicated 

in those families In which an MH crises has occurred. The 

overall incidence of MH is thought to range from 1/50,000 

to 1/100,000 anaesthesias administered to adults, and 

2 
about 1/15,000 in children . This means, that every 

anaesthetist may meet only 1 to 2 MH crises during his 

or her professional life. This rarety contributes to 

the high mortality. Furthermore, some people develop an 

MH crisis although they have had several uneventful 
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1 2 
anaesthesias before, even with MH triggering agents ' . 

This contributes to the confusion regarding the under

standing of the syndrome. 

As the triggering agents are commonly used drugs in 

anaesthetic practice, it is of importance for the 

anaesthetist to be Informed about the clinical and 

pathophysiological effects of these drugs in MH 

susceptible subjects. Since the clinical and patho

physiological features of MH are manifestations of the 

induced biochemical changes, it is of importance to 

understand the basica! biochemical processes regarding 

the energy production and consumption, as well as 

external factors Influencing these processes. Especially 

the role of calcium is important, as it has been 

hypothesized that an increased concentration of calcium 

in the myoplasma accounts for the skeletal muscle rigldit 

and the disturbance of energy production and energy con-
1 2 

sumption ' . These aspects are extensively reviewed in 

chapter 2 and 3 of this thesis. 

Furthermore, this literature review was felt necessary, 

as considerable conflicting data have reported regarding 

the aetiology of MH, especially the role of the sub

cellular components of skeletal muscle. The mitochondria 

are the sites of aerobic energy production and calcium 

has a detrimental effect on the energy producing processe 

Another important sub-cellular component in skeletal muse 

is the sarcoplasmic reticulum (SR), regulating the physio 



logical concentrations of Intra-cellular calcium Ion 

concentrations. The cellular membrane of skeletal muscle, 

sarcolemma, acts as a barrier between the high extra

cellular calcium Ion concentration and the low Intra

cellular one. As a disturbance in the functioning of 

these organelles has serious repercussions on the whole 

cell, these aspects are discussed In chapter 3. 

A review of the present and previous screening methods 

is given in chapter 4. This is done because a wide 

variety exists in screening methods and the current 

method is used in the experimental part of the thesis. 

Wereas the first part of the thesis, chapter 2, 3 and 

4, is a review of the existent literature, it also 

forms the background for our experimental work, which 

is described in the second part of this thesis, chapter 

5-10. 

This experimental part can be divided 1n two sections: 

the first one concerning experiments on MH susceptible 

pigs and control pigs (chapter 5, 6 and 7 ) . These 

experiments were performed, based on the following questions: 

I: What is the speed of pathophysiological changes observed 

during an MH crisis, and can a useful specific parameter 

be found as an early Indicator of MH? 

II: What happens in energy metabolism during an MH crisis, 

especially In skeletal muscle metabolism and mitochondrial 

functioning ? 

Ill: Can an Indication be found for the role of calcium 
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In the aetiology of MH, especially an Increased concen

tration of calcium In the myo-plasma or Its organelles? 

IV: Is dantrolene sodium effective as a curative drug, 

and what is its effect on energy metabolism and calcium 

flux? 

The second section of our experimental work 1s a conden

sation of proposed and existing screening methods of MH 

susceptibility performed on humans. Chapter 8 Is an 

evaluation of an advocated "non-invasive" screening 
4 

technique, using platelets . The aim of our study was 

to verify this test as a possible screening method. 

Chapter 9 is an evaluation of skeletal muscle metabolites 

in humans susceptible to MH and controls. This study was 

performed on the basis of the results of our experiments 

on pigs. The question to be answered was: can skeletal 

muscle metabolite analysis be used as a screening method 

to detect MH susceptibility? Chapter 10 gives a summary 

of the results in our hands of the present MH screening 

test: the socalled 1n-vitro caffeine contracture test 

(CCT). As our laboratory is the first one to perform this 

test in the Netherlands, we thought it Indicated to 

describe the methods used in full. The test procedure 

used, is in accordance with the concept of a uniform 

test procedure in Europe, as described in the appendix 

of this thesis. 

The final chapter 11, reconciles the theoretical con

siderations of part one with the experiments work of 
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part two of this thesis. Severe recommendations are made 

concerning testing for MH susce· tibi 1ity in anaesthesio-

logical practice and early rece nition of an MH crisis. 
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CHAPTER 2 : MALIGNANT HYPERTHERMIA AS A CLINICAL SYNDROME 

2.1 CLINICAL SYMPTOMS 

The first recognition of MH as a clinical syndrome dates 

back to I960, when Denborough and Lovell described MH 

as a clinical entity and its herlditary aspect . From 

that time on, MH has been considered as a pharmacogenetic 

disease, i.e. exposure to certain drugs will initiate MH 

in an otherwise healthy subject. The most marked symptoms 

of MH are skeletal muscular rigidity and a rapid increase 
2 

of body temperature . 

2.1.1. Muscle rigidity 

Skeletal muscle rigidity is often noted immediately after 

administration of a depolarizing muscle relaxant like 

succinylcholine. This rigidity Is sometimes preceded by 

fasciculations, stronger than usually observed. 

The rigidity Is most markedly present in the jaw . 

This may prevent tracheal intubation, or will make it 

extremely difficult. In case of emergency surgery or in 

a patient with a full stomach, this may lead to aspiration 

of gastric contents: a catastrophic situation for the 

patient. On the other hand, muscular rigidity may develop 

during the surgical procedure, even when succlnylcholIne 

was used without problems at the beginning of the procedure . 

Furthermore, muscular rigidity after administration of 

succinylcholine may also occur If the patient Is suffering 
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from some other muscular disease . 

In cases of muscular dystrophy or myotonia congenita, 

generalized muscular rigidity may occur after administration 

of succinylcholine, but no hyperthermic response will ensue, 

and the muscular rigidity will fade after metabolism of 

succinylcholine, i.e. after about 4-5 minutes . Other 

myopathies may also produce muscular rigidity: poly

myositis, mitochondrial myopathies, demyelinating 

disorders and chronic or partial denervation of skeletal 
5 

muscle . 

Muscular rigidity may also develop in MH after using 

non-depolarizing muscle relaxants from the very beginning. 

During the surgical procedure this may become apparent, and 

the request by the surgeon for increased muscle relaxation 

should only be honoured if the possibility of MH has been 

excluded. This rigidity mostly occurs in muscle of the 

limbs, making joint movements practically impossible. 

Ultimately this rigidity may hamper also the ventilation 

of the patient. The rigidity in the final stage of MH is 

quite similar to rigor mortis. 

2.1.2. Temperature elevation 

It has been claimed that continuous temperature monitoring 

in anaesthesia Is essential to recognise an MH crisis in 

a very early phase . This statement should be viewed with 

scepticism. In a study of over 2,400 patients receiving 

general anaesthesia. It was noted that 10-20% of the patients 

developed a temperature increase during short surgical 
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6 
procedures . This happened In patients, arriving In 

the operation theatre with an already decreased core 

temperature. Also the use of depolarizing muscle relaxants 

and halothane produced significantly (p < 0.05) higher 

temperatures than patients receiving non-depolarizing 

muscle relaxants or no halothane at all. All the patients 

studied had no family history of MH, nor did they develop 

any signs of MH during the anaesthetic procedure or in 

the recovery room. The conclusion from this study is that 

temperature elevation during general anaesthesia may be 

a physiological response in patients, arriving for operation 
6 

with a lowered body temperature . Generally, body temperature 

will decrease during an operation. 

An increase of body temperature depends on the amount of 

energy produced, the caloric properties of the mass to be 

warmed, and the loss of heat to the environment. The 

increase of mass temperature is a time dependent process. 

The specific heat of human tissue is about 1 Kcal/kg body weight. 

So, once the body temperature has increased 2 or 

3 degrees centigrade, the metabolic processes have already 

produced in the "standard human being", weighing 70 kg, 

at least 140-210 Kcal of heat. This excessive heat production 

can only originate from a strongly increased metabolism, 

which is evident by the Increased oxygen consumption, the 

oxygen desaturation and Increased carbon dioxide pressure 

of the central venous blood. 

Furthermore, anaerobic metabolism will contribute to the 
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energy production, evident from the Increased lactate 

production during an MH crisis. An increase of body 

temperature, fast enough to be noted quickly, still needs 

15-30 minutes before one can conclude the presence of an 

MH crisis. In the meantime, tissue damage will occur, 

due to the severe acidosis and hypoxia. 

Consequently, the measurement of body temperature is rather 

useless as an early warning signal due to the relatively 

long time period needed to increase body temperature to 

pathological levels. 

2.1.3. Cardio-vascular symptoms 

Another symptom of MH is the unstable cardio-vascular system 

during the crisis. Periods of hypertension and hypotension 

may be present, both with the occurrence of cardiac 

arrythmias, mostly ventricular premature beats. 

These signs are, however, not specific for MH and 

may be present in the case of inadequate analgesia, 

traumatic surgery causing increased sympathetic reactions, 

or exaggerated bloodloss. The occurrence of tachycardia, 

frequently observed in MH, is considered by some authors 
7 

as a consistent early sign of MH . However, this Is a 

rather non-specific sign and very frequently observed 

at the start of an operation using general anaesthesia, 

most often caused by increased sympathetic stimulation 

or a low filling grade of the vascular system. Also a 

drop in bloodpressure after induction of anaesthesia, 

will evoke compensatory tachycardia. The observation 
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of tachycardia during a surgical procedure, may be 

suggestive of the development of MH, provided that no 

other causes are present such as excessive surgical 

stimulation or cardiovascular instability. The occurrence 

of cardiac arrythmlas in the course of a surgical 

procedure is very unlikely to be due to "light" 

anaesthesia, unless the vaporizer has run dry 

If an inhalation anaesthetic Is used. In the full blown 

MH crisis, besides tachycardia, also ventricular arrythmlas 

will occur. The ECG complex may change in the course of 

of the MH attack due to hyperkalaemla, producing tall 

peaked Τ waves . 

2.1.4. Respiratory symptoms 

Tachypoea during surgery when the patient is breathing 

spontaneously or, spontaneous breathing efforts while 

the patient is ventilated, is a sign to be taken seriously. 

Besides the possibility of MH it may be caused by a low F ß z 

or decreased alveolar ventilation, e.g. defaulted ventilator 

or disconnection of the tubings. 

This is a non-specific phenomenon of MH and only a symptom 

of Inadequate oxygenation of the tissues. 

2.1.5. Miscellaneous symptoms 

The occurrence of left ventricular failure and pulmonary 

oedema are signs of MH in Its late phase. When these 
3 

signs appear, mortality will be very high: 70-100X . 

In this phase of MH the therapeutic administration of 

dantrolene will usually be In vain. Due to the circulatory 
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failure, there will be a poor tissue perfusion and a marked 

periferal vasoconstriction caused by the Increased catechola

mine levels. 

At this high temperature protein changes will occur, 

leading to the activation of the coagulation cascade, 

causing intravascular coagulation. 

Furthermore, renal complications will occur due to 

rhabdomyolysis . Liberated myoglobine from damaged 

skeletal muscle will form precipitations in the renal 

tubules, leading to a further deterioration of renal 

function or shut down. 

Neurological complications may be quite severe, caused 

by tissue hypoxia, acidosis and the extremely high 

temperature . This is presented in the fullblown MH case 

as coma, leading to cerebral death. In patients recovering 

from MH, major or minor brain damage will ensue. In these 

cases, considerable social and psychological damage to the 

patient may lead to medico-legal suits. 
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2.2 BIOCHEMICAL CHANGES 

2.2.1. Bloodgas changes 

The most marked changes Include acidosis, hypercarbia 

and oxygen desaturatlon of the arterial blood as well 
8,9,10 

as the centra! venous blood . The acidosis is 

both of metabolic and respiratory origin. The major 

organ producing these changes Is skeletal muscle. 

As skeletal muscle contributes to about 40% of 

the bodyweight, it will be clear that a disorder in 

metabolism of skeletal muscle will Induce considerable 

physiological disturbances. The speed of these metabolic 

changes after initiation of the MH crisis 1s frightening. 

Based on the observations of the porcine MH model, pH 

may drop within five minutes from the resting level of 
8,9 

7.4 to 6.8 or below 

Furthermore, carbon dioxide production Increases several 

times, as well as oxygen consumption. These changes 

are best reflected on gas analysis of the central venous 
9,10 

blood . However, In minor surgical procedures, no indwelling 

central venous line 1s used, so this Information is not 

avallable. 
Unexplained acidosis with Increased carbon dioxide 

pressure and decreased oxygen pressure, shown by ar 
7,8,9,10 

gas analysis, are diagnostic signs of MH 

2.2.2. Metabolic changes 

Metabolic changes in MH have been studied exten-
9,10,11 

slvely in the pig model . The most remarkable 
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change is the rapid decline of pH value In skeletal 

muscle of MH susceptible pigs during the MH crisis, or 

immediatly after death . In fact, the rapid decline of 

pH and the associated development of pale soft excudative 

pork (PSE) have stimulated the veterinarians to study 

this syndrome extensively. PSE-pork has an excessive 

loss of water after slaughter making this meat unsuitable 

for human consumption. The rapid decline in pH is an 

early change and can be detected in the venous blood 
4,8 

draining the hlndlimb or in the central venous blood 

The pH value is also significantly decreased in the 

* * ι κι H
8
'

1 0
'

1 1 

arterial blood 

Increased concentrations of lactate have been measured 

in skeletal muscle during the MH crisis, and also in the 

H 9 1Π 1 1 

venous blood draining skeletal tissue masses ' ' ' 

Lactate concentration is also elevated in the arterial blood 

and analysis of the lactate content of the arterial blood 

will confirm the MH crisis ' . However, the determination 

of lactate is a time consuming laboratory technique, and in 

case of emergency not as useful as the arterial bloodgas 

analysis. Lactate in skeletal muscle originates from 

glycogen breakdown. This has been shown in the pig model 

In muscle of MH susceptible humans and pigs, pre-

existently increased levels of glucose-6-phosphate 
13 14 

(G-6-P) have been detected '. This may point to an 
increased glycolytic activity or to the existence of 

a futile cycle. Such a futile cycle has been proposed 

11,12 
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as a factor In the aetiology of MH. This means that 

the final result will be the hydrolysis of ATP to ADP 

and Pi. The reaction mechanism is as follows : 

glucose + ATP > G-6-P + ADP 

G-6-P + H 20 > glucose + Pi + heat. 

However, no firm evidence has emerged in favour of the 

existence of this futile cycle in the course of further 
12 

studies on MH in pigs and humans . 

The process of futile cycling is anaerobic. During MH, 

however, oxygen consumption increases several times, as 
8,9 

compared to the control state . This makes a major role 

of futile cycling of G-6-P unlikely. 

2.2.3. Oxygen consumption 

Various investigations have been performed on the role 

and extent of oxygen consumption during MH in pigs. 

After induction of MH with either halothane alone or in 

combination with succinylcholine, a significant drop in 

arterial flo2 w a s observed. Indicating increased oxygen 
8,9,10 

consumption . Starting in the prechallenge period 

with a basal tota! body oxygen consumption of 3-4 ml O2 

STPD/min/kg BW, oxygen consumption Increased during the 

challenge to about 20 ml O2 STPD/min/klg BW 1 5. Studies 

on Isolated perfused hindlimbs showed a basal oxygen con

sumption of about 2 ml 0 2 STPD/min/kg muscle mass, 

Increasing to more than 20 ml 02/niln/kg muscle mass during 

the MH crisis . Based on the observed oxygen consumption 

of skeletal muscle mass, one can calculate the contribution 
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of oxydatlve metabolism to the increase of body temperature. 

Because 1 liter of oxygen at STPD produces 5.05 kCal at 

oxidation of glucose, and the specific heat of the body Is 

about 0.85 kCal/kg/ C, one can calculate the temperature 

rise 

02 consumption STPD χ 5.05 
temperature increase/kg muscle/min = 

0.85 

0.02 χ 5.05 
temperature increase/kg muscle/min = --

0.85 

temperature increase/kg muscle/min = 0.11 C. 

A temperature increase of 1
0
 C/5 min in skeletal muscle 

can be ascribed for about 50% to oxydative metabolism. 

onal energy, 

ure with 

η of CO2 occurs, 

nsumption. The 

risis ranges 

centration Is 

draining 

increased 

nous blood. 

eased CO2 

erved during 

analysis 

nosis of MH. 

22 

Anaerobic metabolism will contribute additi 

needed to increase skeletal muscle tempérât 
о 

1 C/5min/kg muscle. 

2.2.4. Carbon dioxide production 

During the MH crisis an increased productio 

simultaneously with the increased oxygen со 

respiratory quotient (R.Q.) during the MH с 

from 1.1 - 1.4 ' ' ' . Carbon dioxide con 

most markedly increased in the venous blood 

9 
muscular masses, like the hind limbs . The 

CO 2 pressure is reflected in the central ve 

„ ..u · · 8,9,10,11,16 . . . 18 . 
Both in pigs and in humans an incr 

pressure in the arterial blood has been obs 

the MH crisis. Therefore, arterial bloodgas 

is a valuable procedure to confirm the diag 



However, 1t 1s still a time consuming procedure, taking 

at least 5-15 minutes to obtain the results after taking 

an arterial blood sample. During the MH crisis this means 

loss of valuable time before starting treatment. 

2.2.5. Serological changes 

2.2.5.1. Serum electrolyte changes 

The most marked electrolyte change is the increased 

+ 
К concentration in the venous and arterial blood 

during an MH crisis in humans as well as In pigs. 

Still a debate exists about the origin of the K
+
 ions. 

Some authors having studied MH in pigs state that 

skeletal muscle is the main origin of the increased К 

9 11 
concentration ' . Others claim that the liver is the 

+ 19 
main site of production of the increased К ions 

Other electrolyte changes like Increased serum Ca and 

Mg
 +
 Ion levels, are relatively late events during an MH 

crisis, and are only significantly increased in the 

terminal phase of the MH crisis in pigs as well as In 

humans. 

2.2.5.2. Serum metabolite changes 

During the MH crisis an Immediate rise of the glucose 

concentration can be observed. The Increased glucose 

20 

production originates from skeletal muscle . It was 

stated that the liver 1s the main organ in producing 
19 

glucose , but on additional experiments, contradictory 
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results have been presented, excluding the role of the 
4 

liver In producing glucose . Increased efflux of lactate, 

pyruvate and alanine has been observed from skeletal 

muscle during an MH crisis in pigs 20 

2.2.5.3. Serum enzyme changes 

Other major changes in serological parameters - In humans 

and pigs - are the increased concentrations of the enzymes 

creatine Phosphokinase (CK) and lactate dehydrogenase (LDH) . 

These enzymes are liberated from skeletal muscle during 
4 

the MH crisis . CK concentrations may be elevated 

already pre-existently in MH susceptible humans and pigs 

(see also chapter 3 ) . However, marked increase during the 

MH crisis is caused by skeletal muscle damage. This 

muscular damage leads also to the liberation of myoglobine. 

Increased serum concentration of myoglobine may produce 

renal shutdown, especially when the patient has suffered from 

an episode of severe hypotension. 

2.2.6. Skeletal muscle metabolites 

During the MH crisis a significant decrease occurs in the 
12 14 

concentration of PCr and ATP in skeletal muscle in pigs ' . 

This is probably due to the increased energy demand and 

a decreased production capacity for these compounds. Con

siderable research has been carried out on the pre-exlstent 

concentrations of these compounds, the changes during the MH 

crisis as well as the influence of anaesthetics. Most of these 

results have been obtained in pig studies. The importance 
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of studying the effects of anaesthetics on muscle 

metabolism is based on the observation that the 

22,23 , . 23,24 

administration of barbiturates , neuroleptics or 

non depolarising skeletal muscle relaxants delay the 

onset of an MH crisis in pigs exposed to MH triggering 

agents. 

Studying skeletal muscle metabolism in animals, one has to 

take into account the red and white fibre compositon of the 

muscle. The distribution of these two fibre types is different 

in various types of skeletal muscle. This in contrast to human 

skeletal muscle, showing an average 50/50 distributionin limb 

muscle. The red fibre types are predominantly oxydative In their 

metabolism, the white one's glycolytic (i.e. anaerobic). 

No significant differences in PCr content have been measured 

between white- and red fibre types, in the same breed of 

21 22 
pigs ' . However, PCr concentrations were all significantly 

22 
lower in MH susceptible pigs compared to control pigs 

(see table I ) . 

All these samples have been taken during pentobarbital 

22 

anaesthesia 

Table I : 

Mean (+ SEM) concentrations of Intramuscular phosphocreatine 

(PCr) and adenosine triphosphate (ATP) in m.semitendinosus 

of control and malignant hyperthermia (MH) susceptible pigs. 

Values in umoles/g wet weight, mean j^ SEM. 

Control pigs (n»5) MH susceptible pigs (n»8) 

red fibre white fibre 

PCr 28 ± 3 33 +. 4 

ATP 9 + 1.5 8.6 + 1 

red fibre white fibre 

14 i 3 18 ± 3 

6.6 + 1 7.2+1 

From: Ahem С Ρ et al. J Comp Path 1980: 90, 177-186. 25 



On continuation of this experiment, halothane was administered, 

and muscle samples were taken from the red and white fibre 

portion of the m.semltendlnosus in MH susceptible pigs and 
22 

controls . In MH susceptible pigs a sharp drop was observed 

in PCr content in both the red and white fibre type muscle. 

Just prior to death, PCr concentration had dropped to about 

5 umoles/g wet weight. In the control pigs, an insignificant 
22 

drop was measured in PCr content In both fibre types 

On exposure to halothane, significantly lower (p < 0.01) 

PCr concentrations were observed 1n skeletal muscle compared 

to biopsies obtained during pentobarbital anaesthesia on the 

14 

same pig . This was observed both in control and MH suscep

tible pigs, but the decrease in PCr concentration was 

significantly greater (p < 0.01) in MH susceptible pigs 

than in control pigs 

Apparently, pentobarbital has a saving effect on energy 

rich compounds in skeletal muscle and delays the 

22 
depletion of energy rich compounds during an MH crisis 

Additional studies on skeletal muscle metabolism in pigs 

have shown a decrease of glycogen concentration during 

12 21 the MH crisis ' . Furthermore, increased concentrations 

of glycolytic intermediates were measured as well as an 

increased concentration of glucose in skeletal muscle 

during the MH crisis . Pyruvate concentration remained 

12 
unchanged during the MH crisis 
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2.3 VARIABILITY IN TRIGGERING 

A puzzling aspect of MH in humans Is the variability 

of the triggering of an MH crisis by the known MH 

inducing agents. It Is well known that humans, 

developing an MH crisis may have had several uneventful 

anaesthesias before, even with MH inducing agents . 

However, they may develop an MH crisis during 

an emergency operation and quite rarely during a 

pre-planned surgical procedure. The reason for this 

variability of triggering an MH crisis is still an 

enigma. 

2.3.1. Sympathetic nervous system 

A factor contributing to the triggering of MH is thought 

to be "stress", either emotionally or physically Induced, 

or by elevated temperature. Thus, some kind of activation of 

the sympathetic nervous system may potentiate the triggering 

agents. However, controversia' results have emerged from pigs 
27 

sympathetically blocked by total spinal anaesthesia or by 
2fl 

bretyllium tosylate , plus adrenalectomy . Studies by Kerr 
29 

et al on MH susceptible pigs (Poland-China), given lumbar 

epidural analgesia with lldocaine (2.8 + 0.4 mg/kg), showed no 

signs of rigidity in the blocked hind-limbs, but at the same time 

muscular rigidity in the unblocked fore-limbs. In pigs with 

incompletely blocked hind-limbs a delay was seen in onset of 

muscle rigidity, but MH ensued In all Incompletely blocked 

pigs. As the extent of the epidural block was not mentioned, 

It is unknown whether the adrenals had been blocked or not. 
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In contrast to these results Gronert et al showed 

that total spinal anaesthesia did not prevent MH. In eight 

Poland-China pigs, given a total spinal anaesthesia with 

isobaric tetracaine 1.2-2.2 mg/kg, halothane 1% or 

halothane 1% plus succinylcholine 3 mg/kg, produced ΜΗ. 

This was verified by the observation of muscular 

rigidity and the evaluation of the metabolic changes 

in arterial blood, the increased lactate concentration 

and increased P
a
C02, and increased body temperature. 

The effect of pretreatment with the adrenergic blocking 

agent bretylium, combined with adrenalectomy have led to 

conflicting results . Pietrain pigs (n=6) treated with 

bretylium and adrenalectomized, produced no signs of MH 

on exposure to halothane 1% for 10 minutes. However, 

treatment with bretylium alone or adrenalectomy alone did 
28 

not prevent the development of ΜΗ , 

The different conclusions on the role of sympathetic 

blockade on the prevention of an MH crisis is rather con-
4 

fusing. In a review, Gronert was unable to account for 

the different outcome of the two basically identical 

studies. Later on it appeared that the "non-reactor" 

29 

pigs in the epidural study reacted immediately by 

muscular rigidity and symptoms of MH on mechanical 

stimulation, like needle puncture or incision . There

fore, the basis for the statement of a protective 

effect of epidural anaesthesia is rather weak. 

Furthermore, the exposure to halothane 1% alone in the 
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bretyllum treated group could have been a too weak 

trigger. 

2.3.2. Barbiturates, neuroleptics 

Studies on the variation in onset of porcine malignant 
30 

hyperthermia by Gronert et al have shown a delay in onset 

of an MH crisis by prior administration of thiopental. 

A positive correlation was observed between the dose of 
30 

thiopental and the delay in onset of MH symptoms . A 

proper anaesthetic dose of barbiturates Is apparently 

able to delay an MH response. This observation may 

account for the variability of MH in humans. 

A similar attenuation of the hyperthermic response In 

pigs has been observed after pre-treatment with neuro-
31 

leptlcs 

30 

2.3.3. Non-depolarizing muscle relaxants 

The administration of a non-depolarizing skeletal muscle 

relaxant (pancuronium) to MH susceptible pigs, prior to the 

administration of halothane, was able to delay the onset of M H " ; 

no other drugs, like thiopental, had been used. It should be noted 

that pancuronium was not able to prevent MH. Halothane used 

In the "barnyard" challenge produced signs of MH within 

2-3 min. Treatment with pancuronium (0.5 mg/kg) prior to 

exposure to halothane delayed the MH response by 30-60 min. 

A similar effect has been observed after pre-treatment of MH 

susceptible pigs with another non-depolarizing skeletal muscle 

32 
relaxant: metocurlne iodide 
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In line with the observations of a delay In onset of 
22 

MH are the observations of Ahern et al showing a 

delayed decrease of PCr and ATP and a delayed Increase 

of lactate In skeletal muscle In situ of MH susceptible 

25 32 pigs exposed to non-depolarizing muscle relaxants ' 

and/or barbiturates or neuroleptics ' . 

It was concluded that depolarization of the skeletal muscle 

is necessary for the development of an MH crisis. 

Studies on skeletal muscle membranes by Thesleff et al 

provided evidence for the effect of anaesthetics on the 
33 

sarcolemma . These authors showed that a pentobarbital 

concentration of 0.05 mg/ml in the tissue bath completely 

abolished the depolarizing effect of acetylcholine on the 

post synaptic membrane in the end-plate region. Pentobarbital, 

0.15-0.29 mg/ml, produced a "significant increase in the elec

trical threshold of the membrane, and at the same time 
33 

reduced or abolished the action potential" . No effect was 

seen on the resting membrane potential. So barbiturates 

render skeletal muscle membranes in vitro less susceptible 

to depolarization. 

The results of the latter study on the effects of anaesthetics 

on the skeletal muscle membranes support the conclusions 
30 

by Gronert et al on the involvement of the depolarization 

of the skeletal muscle membrane in the initiation of MH. 

The reduced excitability of skeletal muscle membranes by 

barbiturates or non-depolarizing relaxants Is apparently 

30 



a crucial factor In the delay of onset of MH. 

In agreement with these results are the observations of 

34 

Gallant et al on the effect of halothane on the 

resting membrane potential of pig sarcolemma. 

The latter concluded that halothane In MH susceptible pigs 

reduced this potential towards the depolarization threshold 

34 

of the skeletal muscle membrane . This effect was not obser

ved In the control pigs. Dantrolene produced a partial reversal 

of the halothane Induced depolarization 

The same authors studied the effect of K
+
 Induced depola

rization on pig skeletal muscle: skeletal muscle, taken 

from the MH susceptible pigs, developed a contracture 

at lower concentration of K
+
 than muscle taken from 

control animals . As the К induced depolarization is 

equivalent to the electrically induced depolarization, 

it was concluded that: "the depolarization needed to 

activate the contractile mechanism In MH susceptible 

muscle cells 1s less than normal", and "the MH 

triggering agent halothane reduces the depolarization 

needed to activate muscle even further" 
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2.4 GENETICS OF ΜΗ 

Malignant hyperthermia Is considered a pharmacogeneti с 

disorder. This means that only the administration of 

certain drugs will induce the MH reaction in the 
4 

apparently healthy subject . MH in humans is Inherited 

as an autosomal-domlnant disorder, with variable 

4,36 
expression and reduced penetrance 

However, the screening methods of MH have still to be 

viewed with a great deal of scepticism. The most 

reliable screening test is the so called "In vitro 

4 
muscle pharmacological contracture test" , but this test 

is not a suitable mass screening method. 

Based on the frequency of MH during general anaesthesia 

it is estimated that the incidence will be about 1 in 

15,000 in children and 1 in 50,000 to 1 in 100,000 in 

adults, based on a random distribution of the MH trait 

39 
in the population . 

Exact figures can not be given for the Netherlands, as 

MH is not registered in the Dutch medical record regis

tration office (SMR, Utrecht). Based on incidental 

reports we noted in 1981 five cases; In two cases 

with fatal outcome. Both cases were previously healthy 

young adults. The Incidence in the U.S.A., Canada, 

Australia and U.K. is higher than in other countries, 

maybe due to the more generous use of volatile 

anaesthetics. Furthermore, in immigration countries 
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a higher Incidence might be present due to the restric

ted genetic pool and the large number descendants. That is 

probably why the first reports and extensive studies came 

from Australia and U.S.A.. 

Due to the fact that still confusion exists on the exact 

39 
criteria to trace MH susceptibility , the genetic pattern 

has not been established still. Furthermore, owing to the 

elaborate procedure of the in vitro contracture test, 

only a restricted amount of suspects can be investigated. 

Its invasiveness prohibits the use 1n children. Due to 

these restrictions, conclusions can be drawn only with 

some reservation on the inheritance pattern of MH 

in humans. Besides the already mentioned autosomal 

Inheritance pattern with reduced penetrance and 

variable expression, some other investigators have 

stated that MH may be inherited in a way controlled 

by more than one gene . In one case, both parents of 

a patient appeared not to be susceptible to MH, based 

40 
on the in vitro contracture test ; this may point 

to a recessive trait. 

Genetic studies on the inheritance pattern of pigs, 

using the halothane Inhalation screening test have 

led to the contrasting conclusions. Eikelenboom et 
41 

al stated that MH Is Inherited In Dutch landrace 

pigs as recessive with complete penetrance. 
42 

Britt et al used as a screening method the 

halothane Inhalation test plus the in vitro 
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muscle contracture test with caffeine, or caffeine 

plus halothane. They concluded that in pigs five 

phenotypes could be differentiated, pointing to the 

role of more than one gene controlling susceptibility 

of MH . The investigations by Williams et al employed 

both the halothane inhalation test and the admini

stration of succinylcholine and the measurement of 

metabolic rate. They concluded that MH in pigs is 

inherited by a single dominant gene or two dominant 

genes. 

Concluding: based on the genetic pattern in pigs, con

fusion has only become greater in clarifying the pattern 

of inheritance in humans. 
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2.5 ΜΗ IN RELATION TO OTHER SYNDROMES 

From the beginning of the practice of general anaesthesia, 

case reports have emerged on hyperthermic episodes of 

patients receiving general anaesthesia ' . Besides the 

possibility of an Infectious process or pyrogenlc reaction 

to transfusion fluids, the hyperthermic reaction was con

sidered at that time as a kind of "post-operative heatstroke". 

It was thought that this heatstroke was Induced by poor 

airconditioning of the operation theatre, or a high 

relative humidity. A great number of similar symptoms are 

present In heatstroke and malignant hyperthermia. 

2.5.1. Heatstroke 

This syndrome starts with neurological symptoms: headache, 

vertigo, falntness, pains (especially abdominal), 

46 
confusion and finally coma . On physical examination 

the most marked finding is the elevated temperature 

(41.1 С or higher, rectally, and a skin temperature 

of 43.3 С or higher). The skin Is hot and dry, blood 

pressure is unstable, in the advanced cases shock 

Is present. Respiration is shallow and rapid. 

In contrast to MH, skeletal muscle tone is flaccid. 

Tendon reflexes are diminished. Urine production 

Is decreased due to shock and a renal shutdown caused 

by haemoglobin as a result of haemolysis and by myoglobin 

due to rhabdomyolysis. 

The laboratory findings In heatstroke show electrolyte 

disturbances and In the final stage signs of Intra-

35 



vascular coagulation. Therapy of heatstroke is quite 

similar to MH, namely rapid cooling of the patient, 

treatment of shock and vasodilation. 

Some case reports have presented evidence for the beneficial 

use of dantrolene sodium in treatment of heatstroke, non 

47 

reacting favourably on standard treatment . The effective

ness of dantrolene sodium may point to some common mechanism 

in heatstroke and MH. In MH calcium Influx may be 

induced by anaesthetics; In heatstroke calcium Influx 

may be present secondary to the damage to the cellular 

membranes. 

2.5.2. Neuroleptic malignant syndrome 

Another rare syndrome, showing similarities with MH is 
48,49,50 

the neuroleptic malignant syndrome (NMS) . This 

syndrome is manifest in psychiatric patients, taking 

anti-psychotic drugs, either for many months or a few 

days. The symptoms are quite similar to MH: temperature 

elevation, tachycardia, unstable bloodpressure and 

mental confusion leading to coma. The serological changes 

are most markedly the elevation of CK, LDH and serum 

glutamate-oxalacetate transaminase (SGOT) levels. 

No marked electrolyte changes are present. 

The syndrome Is preceded by a slight temperature 

elevation, hypokinesia or akinesia, sometimes with 

muscular rigidity. The fullblown case shows at marked 

muscular rigidity, hyperthermia (41 С or higher), 

stupor or coma. The concomitant disturbances In swallowing 
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and salivation may lead to aspiration pneumonitis, aggra

vating the temperature elevation. Furthermore, the 

severe disturbances of the autonomic nervous system 

Is manifest by the labile cardio-vascular system, 

leading to tachycardia, low bloodpressure and sweating. 

The fullblown case may take 24-72 hours for complete 

development. The triggering agents belong to the butyro-

phenone drugs haloperidol, thioproperazine and flufenazine. 

This In contrast to the observations in MH susceptible 

pigs, In which MH could be delayed by previous admini

stration of the butyrophenone droperidol . 

Treatment of NMS consists of terminating the 

administration of triggering drugs, cooling of the 

patient and cardiovascular stabilization. Quite 

effective is the administration of dantrolene 
51 52 

sodium ' . After i.v. administration of 1.25-1.5 mg/kg 

BW, the elevated temperature was noted to disappear 

within 1-2 hours. 

The aetiology of NMS is unclear. It may interfere with 

the central thermoregulatory mechanisms, as the neuro

leptics inducing NMS have also potent anti dopaminergic 

properties. Pre-operative administration of neuroleptics 

has resulted in MH like symptoms, and these have been 
53,54 

diagnosed erroneously as MH . 

To exclude a common aetiology of NMS and MH, an in 

vitro muscle contracture test has been performed on 

a muscle sample of a patient who recovered from NMS 55 
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A normal contracture pattern was observed. This 

observation excludes a common aetiology of NMS and MH. 

2.5.3. Anticholinergics 

Other diseases producing hyperthermia, like infectious 

diseases and fever due to malignancies are out of the 

scope of this chapter. However, intoxication with 

anti-cholinergic drugs have to be taken into account, 

especially in anaesthesia of children. The administration 

of anti-cholinergics in children after a long over

night fasting and a surgical procedure by the end of 

the day schedule, may produce feverish reactions, especially 

during hot summer days. Also mental confusion may be present, 

due to a central cholinergic effect. 

2.5.4. Cerebral disorders 

Neurotrauma, cerebral tumors, epileptic fits and 

cerebral haemorrhage produce feverish reactions. 

Depending on the extent and localization of the 

focus, concomitant neurological disturbances will be 

present, like stupor or coma. 

2.5.5. Endocrine disorders 

Endocrine disorders may also produce feverish reactions. 

Hyperthyroidism, unrecognised and so untreated prior to 

surgery mimics symptoms of MH. The occurrence of tachycardia 

and a dysregulation of the autonomic nervous system will 

lead to unstable bloodpressure and finally to shock. 

Tachycardia in hyperthyroidism can effectively be antagonised 

3Θ 



with beta-blocking agents. This In contrast to tachycardia 

in MH, which does not react to the administration of beta-

blocking agents. 

2.5.6. Sudden Infant death syndrome 
.56 

It has been reported by Denborough et al that a high 

incidence of MH susceptibility Is observed In parents 

having lost a child due to sudden Infant death syndrome 

(SIDS). It was noted that five of the fifteen parents 

tested, had an abnormal in vitro muscle contracture 

test on halothane 3% and on caffeine. 

It has even been stated that SIDS may be comparable to 

heatstroke, since It was noted that the Infants dying from 

SIDS were found to have elevated body temperature , just 

before death or Immediatly after death. However, these 

statements have to be viewed with scepticism, as a great 

variety of other possible disorders have been related to 

SIDS. 
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CHAPTER 3 : 

PATHOPHYSIOLOGY AND AETIOLOGY OF MALIGNANT HYPERTHERMIA : 

3.0 Introduction and restriction 

Considerable experimental work has been performed in order 

to elucidate the pathophysiological mechanism(s) and the 

aetiology of malignant hyperthermia (MH). Most of this work 

has been done on the animal model of MH, I.e. in pigs. 

It may be questioned whether this model can be extra

polated to the human situation. MH in pigs can be initiated 

by stress, by the administration of volatile anaesthetics 

and/or by succinylchollne. The volatile anaesthetics and/ 

or succinylcholine initiate MH in humans. 

Furthermore, a single case report claims the triggering 

of MH in humans due to stress. The biochemical changes 

during an MH crisis in humans and pigs are identical. 

Increased oxygen consumption, increased CO2 output, 

increased lactate production in skeletal muscle and a 

generalized acidosis are common features, besides muscle 

rigidity and Increased heat production. Studies on the 

porcine model have to be performed using proper stress 

reduction, since stress alone may Induce MH without any 

exposure to triggering agents. 

With respect to the triggering agents, a parallel may 

be drawn between the porcine MH model and MH in humans. 

Data on the effects of triggering agents on isolated 
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skeletal muscle or Isolated organelles have to be 

extrapolated with caution to the intact animal, as it 

is still unknown which factor causes the initiation 

of MH. It is hypothesized that an increased myoplasmlc 

influx of calcium occurs during an MH crisis. This 

increased amount of calcium will initiate muscular 

rigidity, metabolic disturbances and heat production. 

The origin of this calcium influx has not been 

elucidated yet. 

In intact skeletal muscle considerable differences 

exist in calcium concentrations at rest: extracellular 

ion concentration Is about 10 M, representing 50% of the 

total calcium molecules of the extracellular fluid. 

The intracellular concentration of calcium is about 
-7 

10 M, I.e. a calcium gradient exists of about 10,000. 

During excitation intracellular calcium increases to 
-4 

about 2:10 M. Most of this calcium Is released from 

sarcoplasmic reticulum (SR). At rest, a concentration 

gradient of about 2,000 exists between the sarcoplasma 

and the sarcoplasmic reticulum (SR). This gradient is 

built up in an energy dependent way. 

Studying isolated skeletal muscle organelles it is clear 

that considerable damage will occur to the mechanisms 

regulating intracellular calcium levels, as well as to 

the anatomical situation. 

The results of experiments on isolated organelles or 

skeletal muscle may be helpful, but are artificial. 
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3.1 Central Nervous System and ΜΗ 

The role of the central nervous system in MH has been 

debated for a long time . At first MH was considered 

to be of central origin: i.e. a disturbance of the thermo

regulatory control system. However, studies on the 

porcine MH model have shown that skeletal muscle is 

the target organ in the MH syndrome . 

Before the recognition of MH as a syndrome, it was 

assumed that, due to the action of general anaesthetics, 

- especially the volatile anaesthetics -, a disturbance 

occurred of the thermoregulatory centre of the CNS. 

Furthermore, MH would possibly be induced by environ

mental circumstances: high relative humidity, draping 

of the patient which prevented heat dissipation, and a 

poor ventilation of the operation theatre. In this respect, 

MH was considered to be a kind of a post-operative 

heat stroke. 

Studies on cerebral metabolism during porcine malignant 

hyperthermia have led to the following results : 

1. Cerebral oxygen consumption is not increased during 

the MH crisis, in contrast to the total body oxygen 

consumption, which is increased 2-3 times. 

2. No increase is measured of the cerebral venous con

centration of К or lactate. 

From these findings it was concluded that the central 

nervous system is not primarily involved in the 
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pathogenesis of an MH crisis. 

The observed neurological changes in humans, like coma, 

are due to the severe hypoxia and the high temperature, 

and severe acidosis, which are known to produce severe 

damage to the central nervous system. 
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3.2 Neuro-humoral changes in MH 

Due to the role of stress In the Initiation of MH in 

pigs, a number of investigations have been devoted to 

the role of the autonomous nervous system in MH . 

Stress reducing drugs belonging to the butyrophenone 

group (droperidol, azaperone), and barbiturates are 

known to prevent stress induced MH in pigs and to 

attenuate MH, induced by anaesthetics . 

During an MH crisis increased catecholamine levels are 
a 

found in plasma of pigs . Whether this is a primary 

reaction or secondary to the MH reaction is open to 

debate. During an MH period, increased levels of 

noradrenaline, adrenaline, glucagon and Cortisol are 
5 

present, both in humans and in pigs . 

Studies on the effects of adrenergic blocking agents have 

led to inconclusive results. Pigs pretreated with bretylium 

tosylate (an adrenergic blocking agent) and bilateral 
6 

adrenalectomy, did not show an MH reaction to halothane . 

Bilateral adrenalectomy or treatment with bretylium 

alone (10 or 20 mg/kg BW) did not have protective effects 

against a halothane challenge . The infusion of the alpha 

adrenergic blocking agent phentolamine at very high doses 

(50 ;jg/kg BW) prevented a halothane induced challenge, where

as at lower concentrations no protection was seen. The infusion 

of beta blocking agents (propranolol) did not offer any 

protection. 
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Complete sympathetic blockade by total spinal anaesthesia 1n 

pigs showed no protection against a halothane challenge. 

Therefore, the observed increased levels of catechola

mines during an MH crisis are secondary to the metabolic 

changes during an MH crisis. It is still an unresolved matter 

why MH can be triggered by stress in MH susceptible pigs. 

о 

Gronert et al observed that in an isolated perfused hind-limb, 

carbachol (an acetylcholine derivate) Induced symptoms of MH 

(muscular rigidity. Increased lactate production and Increased 

oxygen consumption). In control pigs carbachol did not produce 

signs or symptoms of MH. A common effect of carbachol and 

alpha-adrenergic stimulators is the rapid hydrolysis of 

phosphatidyl inositol on the cellular membrane, producing 
9 

cyclic phosphate and diacylglycerol . 

In the presence of calcium, diacylglycerol activates protein 

klnase-C. This enzyme Is Involved in protein phosphorylation, 

9 

a major mechanism controlling intracellular processes . 

The role of the second messenger calmodulin In the aetiology 

of MH is still under study. Calmodulin is activated by 

,, , , , . 10,11,12,13 

an Increased Intracellular calcium concentration 

The activated calmodulin initiates three major processes 

in skeletal muscle : 1: it activates Phosphorylase 

kinase, converting the inactive phosphorylase-b into the 

active phosphorylase-a, leading to glucogenolysis and 

Inhibition of glycogen synthesis. 2: It activates 

myoslne-Hght-chaln-klnase (MLCK) phosphorylating 

myosine, (which Interacts with actlne) and so produces 
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muscular contraction. 3: In skeletal muscle It 

Interacts with the sarcoplasmic protein-phosphorylatlng 

system, regulating the calcium release from the SR during 

excitation. 

The interrelation between cyclic-AMP and calmodulin is a 

complex one. Both behave as a second messenger: cyclic-

AMP levels increase after beta-stimulation and calmodulin 

levels Increase after electrical excitation. Both second 

messengers have the same effects on metabolism in skeletal 

muscle: they produce glycogenolysis and phosphorylation of 
Q 11 

proteins in the sarcoplasma ' . 

Gel-electrophoretlc studies on possible abnormalities in 

calcium binding proteins in MH susceptible pigs did not 

reveal any differences in calmodulin obtained from MH 

susceptible pigs compared to control pigs 

3.3 Muscular system 

A considerable number of investigations have been carried 

out on skeletal muscle or organelles of skeletal muscle. 

This has been done in order to find a possible aetiolo-

gical factor in the pathogenesis of MH. Most of these 

studies had to be performed on skeletal muscle 

obtained from pigs. We will discuss the components 

of skeletal muscle and the effect of MH Inducing drugs 

on these components. For a scheme of anatomy see 

figure 1. 
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Figure 1. Schematic drawing of skeletal muscle in man. 

Illustrated organelles and anatomical Interrelations 

are not 1n scale. 

T T S L 

A . A- band 

I . I -band 

M-mitochondrion 

SR.sarcoplasmic reticulum 

SL.sarcolemma 

TT.transverse tubule 

' 4> .tr iad 

3.3.1 Sarcolemma 

The role of the sarcolemma in the aetiology of MH has been 

investigated by several groups. Halothane 2% produced 

a depolarizing of the resting membrane potential by about 

5-15 mV in MH susceptible pigs, this effect on the 

membrane potential was not seen in muscle samples taken 

from control pigs . Before exposure to halothane, no 

difference was seen between the resting membrane potentials 

of the MH susceptible pigs and the controls. The addition 

of dantrolene reduced the induced depolarization by 
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halothane in ΜΗ susceptible muscle, and was maximal at a 

concentration of 40 /iM. 

The mechanical threshold (the membrane potential at 

which a microscopically visible threshold-contraction 

is produced) of skeletal muscle of MH susceptible pigs 

is lower than in control pigs. A depolarization of 

about 10 mV causes a contraction 

The increased sensitivity of muscle obtained from MH suscep

tible pigs to external Κ
 +
 is in line with this observation. 

The MH susceptible skeletal muscle responded at a lower 
+ 

concentration of К with a higher contractile response, 

as compared to the control muscle samples . Addition of 

halothane produced a further shift to the left of this 

dose response curve. So the level of depolarization 

needed to activate the contractile mechanism in MH 

muscle cells, is less than normal and halothane reduces the 

depolarization, needed to activate the muscle. It was con

cluded that the sarcolemma in MH susceptible pigs is 

involved in the triggering of an MH reaction. 
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3.3.2 Tubular system 

The tubular (T) system forms the anatomical and functional 

connection between the sarcolemma and the interior of 
Ί Ω IO 

the muscle cell ' . In mammalian skeletal muscle the T-

system 1s an invagination of the sarcolemma and runs 

perpendicularly to the longitudinal axis of the skeletal 

muscle cell. The junction of the T-system with the SR 

is called a "triad". This triad is composed of 2 terminal 

cisternae of the SR and 2 T-tubules. These triads are 

situated at the level of the A-I boundary (see figure 1 ) . 

Activation of the contractile system Is Initiated by a 

depolarization of the sarcolemma. This depolarization 

is propagated by the T-system into the interior of the 

skeletal muscle fibre. The depolarization of the T-

system results in the release of calcium ions out of 

the terminal cisternae of the adjacent SR. Upon depola-

2+ 
rlzatlon of the T-system a small amount of Ca is 

entering the sarcoplasma at the triads. This smal! 

increase of Ca
 +

l e a d s to the release of a higher 

amount of Ca
 +
 from the SR, sufficient to produce 

a muscular contraction. This is the so called "Ca 

. . . _ 2+ , „18,20 

induced Ca release" 

Maximal activation of the contractile system Is 

achieved at a concentration of Ca of 10" Mol In 

the bathing solution of skinned muscle fibres. At 

-7 
10 Mol a contraction is Initiated. This Is also the 
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Ca concentration at rest in the sarcoplasma. Full 

excitation of the T-system and the SR produces a Ca 
-h 

concentration of 2 χ 10 M in the sarcoplasma. 

2+ 

The role of the T-system in MH is still not clear. 

As it was postulated that a depolarization of the 

sarcolemma is needed to trigger an MH crisis, further 

studies on the mechanism of excitation contraction 

coupling have been performed. By using special prepa

ration techniques it is possible to remove the sarcolemma 

21 
chemically . The T-system can be disrupted selectively, 

21 
using glycerol . Treatment of the muscle fibres with 

D2O (deuterium oxide) leads to the inhibition of the 

transmission of the depolarization from the T-system 

22 
to the SR . Using these various techniques on skeletal 

muscle taken from MH susceptible pigs, it is possible 

to reveal some aspects of the T-system in the triggering 

of MH. Studies by Okumura et af have led to the 

conclusion that D2O is able to abolish completely all 

chemically induced contractures by caffeine, halothane, 

suxamethonium, potassium chloride and thymol. This means 

that the depolarization of the T-system is essential for 

the development of a contracture. Glycerlnating of the 

muscle fibres abolishes the electrically induced con

tractions, and reduces significantly the caffeine induced 

23 

contracture. A complete disappearence of the induced contrac

ture by succinylcholine, halothane 33Í, thymol 100 /JMOI 

and KCl 80 mMol is observed. These results support the 
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hypothesis of a defect of either the sarcolemma or the 

T-system. 

On the other hand, the observation of the potentiating effect 

of halothane on the caffeine induced contracture of the 

glycerlnated muscle points to a dual effect of halothane 

24 
on skeletal muscle . After disruption of the T-system 

the direct effect of halothane on the initiation of a 

contracture Is abolished. This means that depolarization 

is a major factor in the triggering of MH. Furthermore, 

the caffeine Induced contracture is still potentiated 

by halothane in the glycerlnated muscle. This means 

that halothane is acting also beyond the level of the 

T-system in the excitation contraction coupling. It Is 

thought that halothane enhances the release of Ca out 

of the SR. 

The role of the T-system in the triggering of MH is also 

illustrated by the effect of dantrolene sodium. Studies of 

the effects of dantrolene sodium on skeletal muscle 

specimens have shown that dantrolene has an inhibitory 
25 

effect on the coupling between the T-system and the SR , 

besides an inhibitory effect on the release of Ca from 
25 

the SR . 

59 



3.3.3 SarcopTasmic Reticulum 

The sarcoplasmic reticulum (SR) is the organelle In the 

skeletal muscle mainly Involved in the regulation of 

intra-cellular calcium levels during muscular contraction 
19 

and relaxation . In the resting state the intracellular 
-7 

calcium concentration is about 10 M, during muscular 
-4 

contraction it is about 2 χ 10 M. The origin of 

this calcium is the SR and the increased calcium level 

lasts about 30 msec. In this period muscular contraction 

occurs. The uptake of the intracellular calcium in the 

SR is ATP dependent. The uptake of two calcium ions 

is accompanied by the hydrolysis of one molecule of ATP. 

The uptake follows a saturation kinetics with a fy of 

5.10 M Ca . The total uptake capacity of calcium in 

the SR depends on the presence of Pi or oxalate in the 

incubation medium. If one of these components is present, 

the total uptake capacity is increasecT . The total uptake 

capacity of SR in the absence of oxalate or Pi is about 

-7 2+ 27 
2.10 M Ca /mg protein ; in the presence of either 5 mM 

oxalate or 5 mM Pi the uptake capacity is about 7.5 .10 M 

2+ 4 
Ca / mg protein . This difference is due to the precipi-

2+ 
tation of insoluble Ca salts with either oxalate or Pi in 

the SR. When these precipitations have been formed, the release 

20 
of calcium out of the SR is reduced by a factor of ten . 

Therefore, studying the kinetics of calcium uptake and release, 

it is important to define the exact incubation conditions. 
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In view of the hypothesis that an Increased concentration 

of calcium Is the main cause for the observed symptoms of 

ИН as well as Its effect on mitochondrial functioning (see 

3.3.4.3), a considerable number of Investigations has been 

performed on the calcium accumulation and release by the SR. 

1 29 

Contradictory results have been reported ' 

At present, three different procedures of studying calcium 

kinetics exist. 

1. Calcium binding (oxalate absent); 

2. Calcium uptake velocity and capacity (oxalate present); 

3. The spontaneous release of calcium. 

The difference between the calcium binding studies and 

the uptake studies Is based on the fact that In the 

absence of oxalate, binding of calcium Is Inhibited due 

to saturation of the affinity locus of the transport 

protein for calcium. The uptake studies In the presence of 

oxalate are considered to represent the physiological 

conditions of the Intact cell, and therefore are considered 

29 
to represent uptake in vivo . 

Uptake and binding of calcium In SR obtained from the 

m.semltendlnosus of MH susceptible pigs and controls, are 

shown In table 1. The kinetics of calcium uptake In the 

SR and the influence of halothane, at 37 C, pH 6.9 are 

summarized. 
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Table 1 

Calcium binding and uptake In sacoplasmic reticulum from 

control pigs and malignant hyperthermia susceptible (MH) 

pigs. Values are expressed as mean + SEM, * significant 

difference at ρ < 0.05. 

Control pigs (n=5) MH pigs (n°5) 

Ca gbinding:
 2 + 

(10 moles Ca /mg protein/ 
min) 

2+ 
Ca „uptake rate: 
(10 moles CU¿+/mg protein/ 
min) 

Ca _éuptake capacity: 
(10 moles/mg protein) 

145 _+ 10 

2.01 _+ 0.11 

3.29 + 0.18 

105 ± 10 

1.29 +_ 0.12 * 

2.20 + 0.17 * 

From: Gronert G A et al, Eur J Pharmacol 1979: 58, 179-187 (réf. 29). 

The yield of SR protein per gram of skeletal muscle was in 

both types of pigs about 3.0 mg/g skeletal muscle. A pre-

existently lower uptake capacity and uptake rate was observed 

in SR obtained from MH susceptible pigs compared to controls. 

On exposure to halothane, no significant differences were 

measured in the calcium uptake rate and uptake capacity of 

SR in both types of pigs. 

The addition of halothane to calcium loaded SR produced an 

increased release of calcium in a dose related way to the 

halothane concentration. No significant differences in 

release of calcium was observed between SR obtained from 

MH susceptible pigs and controls. 

These data on calcium uptake and release were found to 

produce insufficient differences accounting for the observed 
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29 

physiological and biochemical changes of the MH crisis . 

3.3.3.1. Effects of pH and temperature on SR 

Changes In pH and temperature may contribute to the 

further disturbance of calcium homeostasis in the 

sarcoplasma when the MH crisis has already been 

triggered. The effects of these changes have been studied 

30 31 

by Berman et al and by Nelson et al . These workers 

concluded that a decrease of pH below 6.4 Inhibits the 

uptake of calcium, and at pH values below 5.8 abolished 

it completely. The ATP-ase activity, however, is Increased 

by 75% in the pH range 5.6 - 6.2. So, on decreasing pH, 

both calcium accumulation 1n SR is inhibited and Increased 

hydrolysis of ATP occurs. It is known from our own 
32 

observations in the MH pig model , that already after a 10 

minutes' challenge a significant increase of lactate in 

muscle occurs. So a "favourable" situation exists for the 

decreased uptake of calcium in the SR and an increased 

breakdown of ATP. 

On increasing temperature, the SR from MH susceptible pigs 

have a lower calcium binding capacity than SR taken from 

control pigs. 

The difference between the MH susceptible pigs and 

controls 1n binding capacity at 3 9
0
 С is about 40 nmoles 

Ca /mg protein. This difference in calcium binding capacity, 

Is too low to account for an increased calcium concentration 

in the sarcoplasma to explain the pathogenesis of MH. 
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3.3.3.2. Pharmacological effects on SR 

The in vitro screening test to evaluate MH susceptibility 

is based on the increased sensitivity to caffeine and/or 

halothane of skeletal muscle obtained from MH susceptible 

subjects . The observed rigidity, evoked by exposure to 

caffeine and the observed rigidity during an MH period, 

have led to a theory of a common underlying mechanism 

in pathophysiology of MH comparable to the action of 

caffeine on skeletal muscle. 

Caffeine acts on skeletal muscle by a potentiation 

of the calcium induced calcium release from the 
34 

SR . The concentration of calcium needed to induce 

calcium release from the SR at physiological 
-4 2+ 34 

conditions is about 10 M Ca 

The loading level of the SR with calcium influences 

the calcium induced calcium release from the SR 

Lightly loaded SR does not release calcium on 

exposure to calcium, on the contrary it will accumulate 

calcium. Caffeine shifts the dose-response curve for the 

calcium induced calcium release to the left. In the presence 

of 2 mM caffeine, 10~ M Ca induces release of calcium from 

the SR. 

It has been claimed recently , that in skeletal muscle of 

a human susceptible to MH, the calcium Induced calcium 

release occurred at significantly lower concentrations 

of calcium as compared to control individuals. Halothane 
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potentiated the calcium Induced calcium release to the 

same extent. In muscle fibres both of the MH suscep

tible subjects and controls . However, this 1s an Isolated 

finding on SR obtained from only one MH susceptible subject. 

A number of studies has been conducted to elucidate the Inter

action of other drugs with the caffeine Induced calcium release 

from the SR. As stated before, a parallel can be drawn between 
38 

the effect of caffeine on the SR and the aetiology of MH 

Therefore, Interference with the caffeine Induced effects on 

the SR Is a rational basis for the treatment of MH. Initially, 

it had been claimed that the ester-type local anaesthetics 

were the drugs of choice In treating MH, especially procaine. 

This was based on the inhibitory effects of procaine on the 

caffeine Induced Increase of muscular tension in the porcine 
37 

model . At pH 7.4 procaine 5 mM inhibits the contracture 

produced by caffeine 1 mM plus halothane \% In vitro. 

Lldocalne 5 mM (an amide type local anaesthetic) did not 

prevent the Induced contracture. The concentrations of 

procaine and lidocalne used, were far in the toxic range 

for humans. Therefore, these observations have to be 

extrapolated to the human situation with caution. 

Furthermore, procaine did not reduce an existing contrac

ture. On addition of procaine 2 mM to a muscle exposed 

to caffeine 0.75 mM plus halothane IX, still a contrac

ture occurred. 

These results seem to justify some reservations regarding 

the appropriateness of procaine In the treatment of MH. 
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After the initially claimed therapeutic effect, It 

was shown later on In the MH pig model as well as in the 

treatment of MH crisis in humans, that procaine is not the 

first therapeutic agent of choice to treat MH. It is still 

claimed to be the drug of choice In treating cardiac arrythmias 

during an MH crisis in humans , based on the aggravating 

effect of lidocaine on the caffeine plus halothane induced 
37 

contracture in vitro 



3.3.4.0 Mitochondrial function in relation to ΜΗ 

Mitochondrial function can be evaluated in vitro, using 

the mitochondrial fraction of homogenized tissue. This 

method of studying mitochondrial function does not 

allow to extend the results straightforward to the 

38 
intact animal or human subject . This is due to 

the unphyslologlcal medium in which the Isolated 

mitochondria are suspended. Furthermore, many biochemi

cal studies are performed at unphyslologlcal tempera

tures, namely 25 С Instead of the normal body tempera

ture. 

Mitochondrial function in vitro is measured by oxygen 

consumption and phosphorylation of ADP to ATP; it only 

indicates a maximal capacity in vitro. In addition, under 

In vitro conditions, only the production of energy can 

be studied and the energy consumption of the In vivo 

situation is not taken into account. 

When studying mitochondrial functioning in vitro, only 

those enzymes. Involved in the oxicative phosphorylation, 

electron transport and oxidation of pyruvate, fatty 

39 
a d d s and some amino acids, are considered . Since all 

glycolytic enzymes are situated in the cytoplasm, no 

39 

activity Is measured of the glycolytic enzymes. 

Considering these facts, it is of utmost Importance 

to define the experimental conditlcns, especially 
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the substrates used. It 1s known from studies by 
40 38 

Miller et al and Cohen that halothane inhibits 

the oxydation of the substrate glutamate and malate, 

but not the oxydation of the substrate succinate, 

all in the presence of oxygen and of a phosphate accep

tor, ADP. For a better understanding of mitochondrial 

functioning, two parameters should be elucidated, namely 

the P/0 ratio and the respiratory control index. 

A. P/0 Ratio : 
2 

Schemati cally : 

Oxydative 
phosphorylation 

Electrons are provided by the Krebs cycle, when acetyl-

CoA is degraded after the oxydation of carbohydrates, fatty 

acids or amino acids. In the Krebs cycle, acetyl CoA is 

degraded into 2 molecules of CO 2 and 4 pairs of hydrogen 

atoms. From the latter, the corresponding electrons are 

supplied to the electron transport chain. 

In the last step of the electron transport chain, the 

electrons react with oxygen. During this electron 

transport process along the electron transport chain, 

phosphorylation occurs of ADP into ATP (oxydative 

phosphorylation). Depending on the substrate used, either 

3 or 2 molecules of ATP are formed per atom oxygen 

consumed. This is the so called P/0 ratio (the number 

of Pi taken up to phosphorylate ADP). The P/0 ratio is 

three for the glutamate related substrates (pyruvate, 

Electron donors Electron transport 
chain 

(respiratory chain) 
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Isocitrate, alphaketoglutarate and malate). The P/0 

ratio for succinate Is two, as well as for the substrates 

fatty acyl Co-Α and glycerol phosphate, because the 

first step of the electron transport chain is bypassed 

by these substrates. 

This first step is the electron transport location 

between NADH and coenzyme Q. In this step, 1 molecule 

of Pi is phosphorylated with ADP into ATP. This is 

the very step, which is inhibited by general anaesthetics 

like halothane and barbiturates ' 

The other two locations in the respiratory chain, phos-

phorylating ADP into ATP, are unaffected by general 
38,40 

anaesthetics 

These other two locations are the electron transfer 

steps between cytochrome b and -c and between cytochrome 

a
3
 and oxygen. 

B.Respiratory Control Index(Acceptor Control Index): 

The Respiratory Control Index (RCI) is used as an 

index for the integrity of the mitochondria. 

This index is expressed as the ratio between the 

so called state 4 and state 3 conditions. State 3 

is the condition in which all necessary substrates 

are present for the oxydatlve phosphorylation. 

State 4 is the condition in which the phosphate 

acceptor ADP Is lacking. In state 3, the mitochondria 

are maximally stimulated. Knowing the amount of ADP 

added and the amount of oxygen consumed, the P/0 
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ratio can be calculated. State 4 is the condition 

when the phosphate acceptor AOP has been consumed 

completely during the state 3 condition, or has not 

been added to the incubation medium. 

In almost intact mitochondria the RCI exceeds the 

value of ten. When the mitochondria are damaged, the 

RCI ratio is reduced, up to the lowest ratio of one. 

This means that the addition of a phosphate acceptor 

does not increase the oxygen consumption. So, the 

oxygen consumption in those conditions mentioned, is 

the same. The importance of the RCI is - besides of 

giving information on damage to the mitochondria - whether 

inhibition or "uncoupling" of the oxydative phosphory

lation occurs. 

Uncoupling means that oxygen consumption continues, 

but the phosphorylation of ADP does not occur. 

The P/0 ratio becomes zero, and the RCI becomes one, 

as the oxygen consumption in state 3 and state 4 is 

maximally stimulated and remains unchanged. So, uncoup-

lers produce a maximal oxygen consumption, without the 

production of ATP. It has been thought initially, that 

malignant hyperthermia might be a feature of uncoupling 

of oxydative phosphorylation. 

Inhibitors of the oxydative phosphorylation prevent 

the phosphorylation of ADP to ATP and prevent the 

oxygen consumption by the addition of ADP. Consequently, 
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the mitochondria stay basically In state 4, both In 

the presence and the absence of ADP. The P/0 ratio In 

state 4 remains unchanged, the P/0 ratio of state 3 

Is not stimulated by the addition of ADP and remains 

unchanged, as compared to state 4. The RCI has a 

value of one, when an Inhibitor Is used, and the P/0 

ratio of state 3 is zero, because the added ADP is not 

phosphorylated to ATP. 

3.3.4.1. The basis for the study of mitochondrial functioning 

The basis for the usefulness of analysing mitochondrial 

functioning in MH Is found in the Increased oxygen consump

tion, Increased carbon dioxide production and the increased 

body temperature during an MH crisis. An attractive 

hypothesis concerning these features mentioned is the 

uncoupling of oxydatlve phosphorylation . This uncon

trolled oxygen consumption during the MH crisis and 

the production of heat by the futile electron transport 

chain would be explained by the uncoupling hypothesis. 

A considerable number of experiments have been performed, 

in trying to prove the hypothesis of uncoupling of 

oxydatlve phosphorylation Initiated by the anaesthetics, 

triggering MH. 

Results of studies with porcine mitochondria by Brooks and 
42 

Cassens , obtained from stress susceptible pigs and from 

control pigs, gave results as depicted In table 2. 

Experiments were done at 25 0C, 37 0 C and 43 C, no halothane 
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was used and the muscle samples were taken post-mortem from 

the m.longissimus dorsi (predominantly a white muscle) 

and from the m.trapezius (predominantly a red muscle). 

Table 2 : 

RCI and P/0 ratio in mitochondria obtained from MH suscep

tible pigs and controls 

P/0 ratio 

m.trapezius 

m.longissimus 

Control pigs (п'б) 

25
 0
C 37

 0
 С 43

 0
C 

2.3 2.2 

2.35 2.2 

2.1 

2.1 

ΜΗ pigs (η=6) 

25
 0
C 37

 0
C 43

 0
C 

2.5 2.4 

2.6 2.4 

2.2 

2.2 

RCI 

m.trapezius 

m.longissimus 

7.2 6.1 

5.8 5.2 

4.1 

4.2 

7.0 6.6 

5.2 5.1 

4.2 

3.5 

From: Brooks G A et Al, J Anim Sci 1973: 37, 688-692 (réf. 42) 

Increasing the temperature of the incubation medium 

produced an increase of the oxygen consumption, both 

in state 3 and state 4 and in the samples from MH 

suspectible pigs to the same extent as in the control 

samples. However, at 43 C a decrease was measured in 

the P/0 ratio. 

Besides the decrease of the P/0 ratio at 43 0 C , a more 

important result is the decreased RCI. This means that 

the non-conservative respiration (state 4) is increased 

and so oxydative phosphorylation becomes less efficient 
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at this high temperature. 

The effect of Increasing temperature on oxydative phos

phorylation is therefore not specific and does not add 

Information on the aetiology of MH. The effect of the 

Increased temperature on the oxydative phosporylation, 

contributes in the ultimate stage of MH to the decrease 

of energy-rich-compounds due to the decreased production 
43 45 

capacity. Several other investigators ' , studying 

metabolism of porcine skeletal muscle mitochondria, have 
42 

drawn the same conclusions as Brooks et al on the 

oxydative phosphorylation as a possible aetlologlcal factor 

in MH: no difference exists in oxydative phosphorylation 

capacity of skeletal muscle mitochondria when comparing MH 

susceptible pigs to control pigs. The effect of halothane 

on oxydative phosphorylation Is a dose related inhibition 

of NADH dependent substrates. No difference is found in the 

effect of halothane on MH susceptible or control skeletal 

muscle mitochondria. 

Information on mitochondrial function in MH susceptible 
46 

humans 1s limited. The study by Britt et al on 5 MH 

susceptible humans has led to the following conclusions : 

no difference exists in oxydative phosphorylation capacity 

In mitochondria of MH susceptible humans and control humans, 

both In the NADH dependent substrates (pyruvate, malate) 

and in the succinate dependent substrates. The addition 

of halothane caused the same dose related depression of 

oxydative phosphorylation of NADH dependent substrates. 
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No increase 1s measured of the state 4 oxygen consump

tion in the presence of halothane. So, halothane does 

not induce uncoupling of oxydative phosphorylation 

in skeletal muscle mitochondria of MH susceptible humans. 

3.3.4.2. Effect of pH on oxydative phosphorylation 

All previously mentioned mitochondrial investigations have 

been performed at a pH in the physiological range of the 

incubation medium. However, It has been shown that during 

an MH attack the pH of the skeletal muscle drops dramati

cally . Also the venous blood, draining the hind-

limbs in the porcine MH model, shows a decreased pH, 

due to an increased lactate content as well as an 
1 

increased C 0 2 content . A study on the influence 

of the pH on oxydative phosphorylation capacity of 

mitochondria has been performed by Mitchelson and 
47 

Hird . A decrease of pH below 6.5 resulted in an 

inhibition of oxygen consumption In state 3, and a 

slight Increase of oxygen consumption in state 4. 

This means that the P/0 ratio at pH 60 drops to about 

40% of the P/0 ratio at pH 7.0 (substrate pyruvate plus 

malate). 

The combined effect of halothane and pH on mitochon

drial respiration is a potentiation of each others 

effect. At a pH lower than 6.0 halothane 1.2 mM 

(about 5% v/v) P/0 ratio was reduced by 30% as com

pared to the P/0 ratio at the same pH. The measurements 

of oxygen consumption during the combined studies on 
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the effects of halothane and pH show a pH- and 

halothane concentration dependent decrease. At a 

halothane concentration of 1.0 mM, oxygen consumption 

decreases from 90% of control value at pH 6.9 to 

355! of control value at pH level of 5.7. This means 

that respiration is inhibited markedly and oxydative 

phosphorylation is only lightly uncoupled. 

These observations of the combined effects of halo

thane and decreasing pH, are insufficient to explain 

the metabolic events of an MH crisis. No clue is 

added by these experiments on the aetiology of MH. 

These observations can only explain the secondary 

effects on metabolism of an MH crisis: the lowering 

pH during an MH attack may contribute to the decreased 

production of ATP by oxydative phosphorylation. 

On the other hand, the decreased oxygen consumption 

in vitro of the mitochondria, exposed to increasing 

concentrations of halothane and decreasing pH values, 

is contradictory to the observed Increased oxygen 

consumption during an MH crisis . So, some other 

factors have to be involved in the triggering of 

MH and consequently the metabolic disturbances. 

3.3.4.3 Calcium and mitochondrial functioning 

It has been supposed that calcium is possibly the 

triggering agent of the MH crisis . 

Calcium interferes with oxydative phosphorylation, 
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by interacting with the phosphorylation sites in 
39,48,49 

the respiratory chain . Studies have been 

performed on the influence of calcium on mitochon-
44,45,50 

d n a in vitro, of MH susceptible pigs 

The transport of calcium into the mitochondria has 

been a subject of biochemical research. Generally its 

importance is due to its "second-messenger" behaviour 

in the cell ' . Besides being involved in the excita

tion contraction coupling of skeletal or cardiac muscle, 

calcium is also involved in the regulation of intra-
9 13 

cellular biochemical processes ' 

In skeletal muscle cells, intracellular calcium concen-
-7 19 

tration at rest is kept at a level of about 10 M . An 

increase of intracellular calcium, e.g. during muscular 

contraction, is counteracted in several ways. 

Binding of calcium occurs by actine-myosine: re-uptake 

will take place into the sarcoplasmic reticuTum, 

extrusion of calcium will occur across the sarcolemma 

and uptake of calcium will occur into the mitochondria. 

The latter process interferes with energy-rich phosphate 
39,51 

production. From experiments by Lehninger et al , it 

became clear that the uptake of calcium into the isolated 

mitochondria took place at the expense of the phosphory

lation of ADP, untili the concentration of calcium in the 

incubation medium had dropped back to the ¿iM range. Later 

on, extensive research has been performed on the uptake 

and release of calcium from mitochondria. 
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Figure 2. Scheme of mitochondrial functioning, I l l u s t r a t i n g 

the production of ATP, and other processes powered by the 

proton gradient· 

TEMBRANE OF T H E M I T O C H O N D R I O N bas embedded im H 
e euyncs шла other compoaeate ut the respiralory chain. The «r-

ingemeat of the molécules, howerer, Ы not yet certain, and the mod-
I preseated here к somewhat coB$ectanL Raplratioa begins with 
A D H , which five· up two electron! and a protoa to flavin monono-

leotide (FMN); another protoa ta picked up trom the internai me-
iiim, eo that the reduced form of the molecule ( F M N H j ) c a n i a 

о complete hydros en atom«. The proton are ежреЛей and the dec· 
OBI return throuth aa Iron-eulfur protean (FeS) to the Inner nirface 
f the membrane. There the two d e i bout are donated to two mole-
ale· of оЫфіівове (Q), each of which acquires a proton to form the 
ïmlqninone (QH "X Unlike the other component· of the respiratory 
bain the qolnoam probably migrate a· molecules through the mem· 
rane {broken lints). The •emlqoinone takes oa two more dectrons 

from cytochrome b and with two more protons from hulde the mito
chondrion к converted Into the fully reduced hydroqulnone «ДОг). 
Each hydroqulnone gives up one electron to cytochrome e ι and re
leases the corresponding protoa outside. The remaining two dectroas 
are thca returned to the cycle through cytochrome b and the Inst two 
of віж protons are released. Finally the two dectrons deposited with 
cytochrome η pam through cytochromes c, a and 03 to oxygen, which 
Is thereby reduced to water. The proton ctamU ta complded by the 
F f F o complex, where each two protons driven Inward bring about 
the synthesis of one ATP molecule. Other processes are also pow
ered by the protoa gradient They include the reduction of N A D P + 
by N A D H , the transport of calcium <Ca + + ) and sod him (Na + ) loas 
aad the exchange of ADP for ATP. The illustrations on this page and 
the next two pages are based an drawiags made by Maija V. Hlakle. 

From: Hlnkle P.C., McCarty R.E. How cel ls make ATP. 

S c i e n t i f i c American, march 1978; 238:109 (with permission). 
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The mitochondria appear to possess a separate uptake 

and release mechanism, each acting in one direction only 

The uptake of calcium is described as a chemiosmotic 

process, i.e. chemical reactions creating a concen

tration gradient over a membrane. This gradient creates 

an electrical potential over the mitochondrial inner 

membrane. This potential is able to drive the uptake 

of calcium into the mitochondrion, even in the 

respiratory blocked mitochondrion. Uptake of calcium is 
+ 

coupled to the extrusion of H ions out of the matrix 

of the mitochondrion. This process is in electrical 

equilibrium (see figure 2 ) . 

48 

However, continuous energy production is necessary 

to preserve the electro-chemical gradient over the 

mitochondrial inner membrane. The energy is derived 

from the electron transport chain. Calcium accumu

lation is indirectly coupled to electron transpor

tation in the respiratory chain. When the intra-

myoplasmic calcium is increased beyond the physiologi

cal range, the energy of the electron transport chain 

will be used for the accumulation of calcium in the 

matrix of the mitochondrion and the coupled extrusion 

of H ions into the sarcoplasma. The total capacity 

to accumulate calcium in mitochondria exceeds all 

52 
other cellular components capacity . It has been 

52 
shown by Carafoli et al in heart muscle that at 

physiological conditions most of the increased 
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Intracellular amount of calcium Is handled by 

the SR. However, during calcium overloading, mitochon

dria contribute substantially to the removal of the 

calcium. The mitochondrial uptake even exceeds the 

amount of calcium accumulated In the SR. It has 

been calculated that at an Intracellular concen

tration of Ca . of 10 M, 50% of this amount is taken 

up by the mitochondria and about 46% by the SR; the 

sarcolemma extrudes only 4%. Under more physiological 

, -6 2+ 2+ 

conditions (10 M Ca ) in the presence of Mg , only 

6% is accumulated by the mitochondria and 88% by the 

SR, whereas the sarcolemma extrudes about 5%. The 

maximal Influx capacity of calcium into the mitochondria 

-7 2+ о 

is about 10 M Ca /mg protein/min at 25 С in 

heart mitochondria. In the presence of Pi, it is 

-7 2+ о 

increased to 6.10 M Ca /mg protein/min at 25 С . 

Therefore, the presence of Pi in the cytosol (originating 

from the hydrolysis of ATP) stimulates the calcium 

uptake. 
Calcium uptake velocity into mitochondria obtained from 

MH susceptible pigs, was significantly lower compared to 

45 
mitochondria from control pigs . At a concentration 

-A 2+ 
of 2.10 M Ca (far in the saturating range) the uptake 

into mitochondria from the MH susceptible pigs occurred 

at a significantly lower velocity (10 M Ca
 +/mg protein/ 

min vs. 4x10 M ) . 

2+ 
Also the mitochondrial binding capacity for Ca MH 
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susceptible pigs was significantly lower than that in con

trols: 3.6.10" M Ca Vnig protein, and 5.6.10~ M Ca
 +

/ 

44 
mg protein respectively . The additon of halothane 

produced a slight reduction in the uptake velocity 

of calcium into mitochondria (obtained from both types of 

pigs). All these experiments have been performed at 37 C. 

Another study on calcium accumulation in porcine 

о 44 
mitochondria at 25 С , showed the same difference 

in calcium uptake capacity as stated above. This 

difference in total uptake capacity may be explained 

by a different pre-existent loading of the mitochon

dria with calcium. It has been shown by Cheah and 

53 
Cheah , that mitochondria, obtained post mortem, have 

a higher endogenous concentration of calcium in the 

MH susceptible pigs as compared to the control ones. 

-9 
(In the MH susceptible pig mitochondria: 83.10 M/ 

mg protein, in the control pigs mitochondria: 
-9 

45.10 M/mg protein). However, the difference in the 

pre-existent loading may be explained by the method of 

studying: all muscle samples were taken post mortem, 

within 15 minutes after stunning. During this period 

calcium may already have entered the mitochondria, due 

to the stress Inducing period just before slaughter. 

The differences found in the uptake velocity and uptake 

capacity of calcium in the mitochondria, are difficult 

to relate to the genesis of MH. Only the uptake of 

calcium into the mitochondria has been studied, however 

at unphysiologically high concentration. Because it is 

BO 



not known which actual calcium concentration Is reached 

during an MH crisis In the sarcoplasma. It Is difficult to 

relate the findings of the calcium kinetic study to the 

in vivo situation. Only a continuously increased concen

tration of calcium, exceeding the physiological 

concentrations of calcium during muscular contraction 

is able to produce the concentrations, mentioned in the 

studies on calcium kinetics. The origin of this very 

high amount of calcium can be either the SR or an 

Influx over the s arco lemma into the sarcoplasma. 
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CHAPTER 4 : SCREENING METHODS TO DETECT SUSCEPTIBILITY TO 

MALIGNANT HYPERTHERMIA IN HUMANS 

4.1 Medical history 

1 2 3 
Several screening methods exist to evaluate MH susceptibility ' ' . 

However, all have their restrictions and drawbacks. 

Recording a family history is the first step in a screening 

procedure to evaluate MH susceptibility. It Is of great 

Importance to obtain the anaesthetic and surgical details of 

the MH episode a proband suffered from. The pre-operatieve 

temperature recording may give some clue to a febrile period 

In the perl-operative period. Also pre-operatlve laboratory 

data may be useful, especially the CK (creatine Phosphokinase) 

value. The anaesthetic record should be screened regarding the 

administration of succinylcholine and one should look for 

the possible adverse reaction to succinylcholine, especially 

rigidity of the jaws or limbs. The administration of volatile 

anaesthetics has to be checked. One should also ask for the 

occurrence of muscular rigidity during or after the surgical 

intervention. The additional administration of muscular 

relaxants, exceeding the normal "topping up dose", should raise 

suspicion. If possible, one should interview the anaesthesist 

concerned about the details during the surgical procedure. 

An arterial bloodgas analysis taken during the surgical 

intervention is very helpful in establishing the diagnosis 

of MH, especially high Pa CO 2 and increased base deficit. 

The post-operative period has to be checked for excessive 
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temperature elevations, acid-base disturbances as well as 

muscular rigidity or neurological signs like coma or stupor. 

One should inform about complaints of painful, swollen 

muscles during the post-operative period. It should be 

remembered that succinylcholine alone may produce painful 

muscles in healthy subjects too. 

The presence of myoglobinuria in the post-operative 

period is a sign of rhabdomyolysis. However, a recent 

study has revealed a high incidence of myoglobinuria in 

healthy humans receiving succinylcholine during general 

anaesthesia . In the immediate post-operative period one 

should check CK values as well as serum К levels. 

A muscle biopsy taken during an MH episode may provide 

useful data, especially on morphological examination. 

However, taking a muscle biopsy during an MH crisis is 

not very appropriate due to the life-threatening condition 

of the MH crisis and the low priority of the muscle biopsy 

after al 1 . 

4.2 Physical examination. 

Physical examination of MH susceptible subjects have 

not revealed any specific physical abnormalities. Some 

subjects are rather muscular and some may complain about 

spontaneous muscular cramps . In MH susceptible children 

a high incidence has been observed of squint . Some show 

a kypho-scoliosis, others hypermobi1ity of the finger 

joints, shoulder or patella . An increased incidence is 

observed of abdominal hernias. 
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A syndrome has been described by King and Denborough (1970) 

of which MH can be a feature . It Is characterised by a 

slowly progressive myopathy, short stature, kypho

scoliosis, pectus carinatum, cryptorchism, malar hypo-
5 

plasia and downward slant of the palpebral fissure . 

Motoric development is delayed, but intellectual develop

ment is normal. In some cases increased CK levels are 

measured. All cases described having this syndrome were 

children below the age of 15. 

Another disease associated with MH is the so called 
6 

"central core" disease. This disease is diagnosed by 

microscopical examim'ation of a skeletal muscle biopsy. 

In these muscle specimens a central area in type I 

fibres is poorly stained in contrast to the surrounding 

muscle. The core has lost its normal architecture 

of skeletal muscle, and there is a disarrangement of myo-

fi laments. 

On physical examination of such patients, no abnormali

ties are found . 

4.3 Serological examination: Creatine Phosphokinase (CK) 

Initially, creatine Phosphokinase (CK) was believed to 
7 R 9 

be a useful diagnostic parameter for MH susceptibility ' ' . 

However, further examination of a number of patients after 

surviving an MH crisis did not show increased activity 

levels of the enzyme several months after the MH crisis 

(false negatives). In about 70% of MH susceptible subjects, 
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CK levels are Increased when measured after restraining from 
2 

physical exercise . The evaluation of the CK is useful as 

a basic screening method. It has even been suggested that 

when CK level is elevated in a close relative of a proven MH 

case, MH susceptibility may be considered to be present . 

In contrast, elevated CK concentration may also be present 

in the absence of MH susceptibility (false positives). 

These findings urged to look for a more specific test 

to detect MH susceptibility. The investigations by Kalow 

10 

et al have led to the discovery of an increased sensi

tivity of skeletal muscle of MH susceptible subjects to 

halothane and caffeine. 

4.4.0 The in vitro caffeine contracture test (CCT) 

The in vitro caffeine contracture test (CCT) is a pharmaco

logical test, based on the increased sensitivity to caffeine 

and/or halothane ' of skeletal muscle from MH susceptible 

subjects. A muscle biopsy is taken from the M.vastus medialis 

or M.vastus lateralis, using either general anaesthesia or 

a loco-regional anaesthetic technique. 

A muscle biopsy is taken of about 3 χ 0.5 x 0.5 cm. 

This sample size makes this test unsuitable for children 

below the age of 10-12 years. 
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The muscle sample is transported to the laboratory In 

a Krebs-Ringer solution at room temperature, aerated 

with carbogen, pH 7.4. In the laboratory, intact 

muscle fibres are prepared from the muscle specimen and 

fixed in a tissue bath. One end is attached to a force 

displacement transducer, measuring iso-metric force at 

37 0 C . The tissue bath is continuously aerated with 

carbogen, pH 7.4., and the muscle fascicle is directly 

stimulated (2 msec, 0.1 Hz, supra-maximally) in order to 

evaluate viability. If after about 15 minutes stimulation 

no twitch response is measured, the muscle sample is 

considered not viable and discarded. After obtaining 

twitch responses the muscle sample is stretched to its 

optimal length-tension response. 

Increasing concentrations of caffeine in Krebs-Ringer 

solution are added at Intervals of 5 minutes. 

Muscle samples taken from MH susceptible Individuals 

respond at lower concentrations of caffeine with a con

tracture than controls. 

The increase of base-line tension without relaxation is 

called a contracture, without a spontaneous tendency to 

relax. During the contracture no electrical activity is 

measured. 

The original study by Kalow et al on the discriminating 

concentration of caffeine and/or halothane, to establish 

MH susceptibility, has caused vivid debates on the inter

pretation of the CCT in relation to the genetics of MH. 
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This has already been discussed In chapter 2.3. on the 

genetics of MH. 

4.4.1 Effect of temperature on the CCT. 

,10 
In the initial description of Kalow et al , the in vitro 

о 

caffeine contracture test was performed at 25 C, according 

to historical physiological studies on frog skeletal muscle. 

о 
Exposure to halothane at 37 С induced a contracture in 

11 12 

skeletal muscle obtained from MH susceptible humans ' 
о 

However, on exposure to halothane at 25 С no contracture 

was observed, neither in skeletal muscle obtained from MH 

susceptible humans ' , nor in skeletal muscle obtained from 

MH susceptible pigs 
14,15 

The caffeine induced contractures also showed a temperature 

о о 

dependency: at 20 С and 25 С significantly lower contracture 

heights were observed, compared to caffeine induced contrac

tures at 37 С ' . However, at the low temperature range 

skeletal muscle obtained from MH susceptible pigs or MH 

susceptible humans still showed a greater contracture heighl 

compared to muscle samples taken from controls ' 

The effect of halothane plus caffeine is far less temperature 

dependent: a study on porcine skeletal muscle did not show a 

difference in contracture height comparing the contracture 

о о 15 

height attained at either 25 С or at 37 С 

Still a significantly higher contracture height was attained In 

MH skeletal muscle as compared to skeletal muscle obtained from 

controls. Comparable results have been obtained with human 
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16 
skeletal muscle . Based on these observations, it has been 

agreed upon to perforin the In vitro CCT at 37 С due to the 

о 
valuable results of the halothane exposure at 37 C. 

4.4.2 Effect of calcium on the CCT. 

It is assumed, that calcium has an important role In the 

17 18 

aetiology of MH ' . Studies have also been performed on the 

influence of calcium on the in vitro muscle contracture test. 

о 

In the absence of calcium at 37 C, no contracture developed a 
15,19,20,21 

exposure to halothane . In the absence of calcium the 

halothane plus caffeine induced contracture was markedly 

reduced: 91% reduction in MH susceptible muscle and 78% in the 

19 

control muscle . Generally, contracture responses to caffeine 

decreased with lowering of calcium concentration in the muscle 

19 20 21 

bath, concomitantly with the twitch depression ' ' , but 

still caffeine produced a contracture, even at zero concen

tration of calcium. 

This twitch depression was also most markedly present in the 
19 

MH susceptible muscle specimens . The depression of the 

caffeine induced contracture on lowering of the calcium 

concentration of the muscle bath, was most pronounced in 

the low concentration range of caffeine (0.5-4.0 m M ) . 

Contractures induced by high concentrations of caffeine 

were less affected by a drop in the calcium concentration 

19 

of the muscle bath . In the low range of caffeine 

concentrations (0.5-4.0 mM) the critical calcium concentration 

was 0.5 mM in the MH susceptible muscle specimens: i.e. 

Increasing the calcium concentration in the tissue bath to 
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higher concentrations, did not increase the contracture response, 

In the control specimens the critical calcium concentration 

19 

was 1 mM . The contractures induced at relatively high concen

trations of caffeine (8-32 mM) were more calcium dependent in MH 

susceptible muscle specimens as compared to control muscle 

samples 

Therefore, the use of a calcium concentration of 2.5 mM in 

the in vitro CCT is well beyond the calcium concentrations 

limiting the response to the caffeine and/or halothane 

contracture test. 

4.4.3 Effect of fascicle size on the CCT. 

No constant fascicle size can be obtained for the investi

gation of the muscle samples. This is due to the need of intact 

viable muscle fascicles for the in vitro CCT. Muscle samples 

obtained will range in weight from 50 to 150 mg. This makes 

it necessary to investigate the influence of sample size on 

the outcome of the CCT. Muscle fascicles weighing 100-500 mg, 

no difference was measured in the caffeine specific 

concentration: i.e. the concentration of caffeine producing 

22 
a one gram contracture of the muscle specimen 

However, in spite of the difference in sample size, the 

developed contracture appeared to be influenced most by the 

caffeine and/or halothane concentrations added. Furthermore, 

a sample weighing about 300 mg is able to produce a maximal 
23 

contraction force in vitro of about 12 grams . This means 

that an increase of the contraction force of 1 gram is well 

below the maximal possible contraction force of the muscle 
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specimen. Therefore, the observations on the development of 

contractures on exposure to caffeine are carried out at the 

low range of the dose response curve where the weight of the 

muscle specimen is not very critical. 

4.4.4 The effects of different inhalation anaesthetics on CCT. 

The use of different inhalation anaesthetics in the in 

vitro caffeine contracture test has revealed the potential 

triggering mechanism of all inhalational anaesthetics to 
24 25 

induce MH ' . The anaesthetics tested were: halothane, enflurane, 

isoflurane and methoxyflurane, all administered in vitro at one 
24 

MAC (minimum anaesthetic concentration) . All inhalation 

anaesthetics tested potentiated the caffeine contracture 

test in vitro. However, a graded difference was present in 

their potency to increase the caffeine contracture test in 

vitro. At one MAC, the results of potentiation are in 

decreasing potency: chloroform > halothane > cyclopropane > 

isoflurane > enflurane > diethylether. These observations are 

in accordance with the clinical observations that all volatile 

anaesthetics are potentially triggering agents of an MH crisis, 

all with a graded triggering potency. 

Furthermore, studies on the effect of inhalation anaesthetics 

on directly and indirectly stimulated muscle have shown an 

augmentation of the twitches on exposure to one MAC of all 
26 

anaesthetics studied . A comparable potentiation capacity 

was observed of the anaesthetics studied: in decreasing 

26 
potency: halothane > methoxyflurane > fluroxene > diethylether 
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4.4.5 Dynamic performance of the in vitro test. 

A useful extension of the CCT is to study the dynamic 

properties of the muscle specimen tested. This test is based 

on the observation of a decreased compliance (increased-rigidity) 
27 

of HH susceptible muscle on exposure to halothane or caffeine 

Due to this decreased compliance, a greater tension will be 

achieved by stretching the muscle specimen over the same 
27 

distance, as in the 0% halothane exposure 

The test run for each concentration of halothane consists 

of an equilibration period of 5 minutes to the halothane 

concentration concerned. The muscle sample is stretched 

over the same distance as at the zero % halothane proce

dure. After leaving the muscle sample for about 5 minutes, 

the sample is relaxed by returning to the original length. 

Stepwise increasing concentrations of halothane are used: 

0.5%, 1%, 2% and 3% v/v. In the control specimens no change 

is observed of either the slope or the plateau of muscle 

tension reached. In skeletal muscle of MH susceptible 

subjects a steeper slope and a higher plateau level of 

tension is reached, on exposure to halothane. 

This test has recently been extended by performing the 

dynamic test using caffeine. In this way a further refine

ment will be obtained (Lund protocol) (see appendix). 

4.4.6 The effect of composition of fibre types on the CCT. 

Studies of the in vitro exposure of muscle to caffeine has 
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shown a fibre type dependent reaction pattern ' . 

Skeletal muscle composed primarily of fibre type 1 muscle, 

has a lower contracture threshold to caffeine compared to 
28,29 

skeletal muscle composed primarily of fibre type II 

These observations point to the necessity to include in 

the in vitro CCT a histological examination of the skeletal 

muscle specimen. 

4.5 Adenosine triphosphate (ATP)-depletion test in muscle 
specimens. 

The ATP-depletion test is an in vitro assay, based on 

the depletion of ATP in a muscle specimen exposed to 

halothane compared to a muscle specimen incubated at the 

same conditions without exposure to halothane ' ' 

The ATP-depletion is expressed as a ratio: ATP concentrations 

in muscle exposed to halothane 4% v/v divided by ATP concentrations 

in muscle not exposed to halothane. The incubation is performed 

о 
at 37 С for 30 minutes and aerated with carbogen. The ratio for 

skeletal muscle of controls 1s: 1.04jt_0.05, indicating that in 

normal (control) subjects, there is no decrease of the ratio. 

In contrast, in MH subjects a significant decrease is measured in 

the ratio. These observations illustrate the effect of halothane on 

muscle metabolism in MH susceptible humans and MH susceptible pigs. 

However, when studying the ATP-depletion in the porcine MH 

model, a considerable overlap became apparent between the 

ratios obtained from MH susceptible pigs and control pigs 

It was concluded that: "values of ATP-depletion probably 

fluctuate more due to experimental than due to biological 

32 

99 



variabi1ity" 32 

The ATP-depletion test is not useful as a screening method, 

to detect MH susceptibility. 

4.6 Additional in vitro muscle tests» 

Additional investigations have been performed with isolated 

skeletal muscle preparations, exposed to a variety of 

chemicals. Several authors have used a high concentration of 

К in the bathing medium in order to induce depolarization 

of the muscle cell membrane ' '. This depolarization 

bypasses the neuro-muscular junction. At concentrations 

higher than 20 mΜ К , a depolarization is induced, resulting 

in skeletal muscle contraction. In MH susceptible subjects, 

an bigger contracture force is measured compared to control 

+ 33,36,37,38 
muscle samples on exposure to К 

A further screening procedure has been developed, using 

33,36,37,38 
succinylcholine as a contracture inducing agent 

It is a rather equivocal method, as (almost) no intact 

neuro-muscular junctions will be present in the muscle sample, 

due to the biopsy technique, separating the muscle sample 

from its innervating neuron. It has been shown that a muscle 

sample taken from a control subject does not produce a 

39 

contracture on addition of succinylcholine . Mostly, succinyl

choline is used in combination with caffeine to produce a 
39 

contracture . The use of succinylcholine in the screening 

of MH has not universally been accepted by centers performing 

MH screening tests ' . 
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4.7 Histological screening for MH. 

No specific histological abnormality has been found in 

skeletal muscle, which might be used as diagnostic tool for MH 

However, a wide variety of histological abnormalities has 

been presented in human MH susceptible subjects. 

The most common histological finding is the occurrence of 
40 

internal nuclei : over 3% of the nuclei are situated in 

the myoplasma. The internal nuclei have to be present in 

al! muscle fascicles. On longitudinal examination of the 

internal nuclei, it was shown that they are present in short 

chains, different from the long and compacted chains seen in 

myotonia. No preference of fibre type was seen in the distri

bution of internal nuclei 

A second common finding is the presence of central cores' ' : 

loss of normal architecture in the core of the skeletal 

muscle fibres, leading to streaming of the myofilaments and 

désintégration. No preponderance of fibre type I is seen in MH 

cases with central cores, in contrast to those affected by the 

central core disease, having cores present only in fibre type I 

The amount of central cores has to exceed 3-4/ field of 

moderate magnification, to be of clinical significance, 

since in control humans about 2-3 central cores may be 

7 40 
present ' . 

A rather uncommon finding is the occurrence of very small 
42 43 44 

fibres, sometimes angulated ' , or type IIB atrophy 

This may indicate a neurogenic disease; however, this is 
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still a matter of debate ' ' . With respect to the Inner

vation of skeletal muscle of MH susceptible humans, no 

abnormalities have been found, neither In the type of 

innervation nor in the neuro-muscular end-plates. MH as 

a manifestation of a denervating disease has been ruled out 

by these results. 

4.8 Electromyographic examination. 

The electromyographic examination of MH susceptible humans 

did not show consistent abnormalities . A higher incidence 
48 

of polyphasic action potentials has been reported , a sign 

for a myopathy. However, the Incidence of abnormal electro

myographic recordings is too low and shows too wide a variety 

of small abnormalities, being insufficient for a screening 

method. 

4.9 Serum Cholinesterase evaluations. 

Extensive investigations have been performed on the 

possible relation between abnormal Cholinesterase activity 
49 

and MH . It has been suggested that in patiens with a 

history of MH or a family history of MH, an increased 
50 

incidence occurs of a "fluoride-resistant gene" . It was 

claimed by these authors that in families with a history 

of MH, the frequency of such a "fluoride-resistant gene" 

will be about 100 times higher than in the control population. 

However, two other groups have reported data contradictory 

to the suggested increased incidence of the "fluoride-
51,52 

resistant gene" 
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A major criticism on former investigation concerns the 

diagnostic criteria for establishing MH susceptibility: 

only a family history of MH or some kind of jaw stiffness 

during a surgical procedure was already considered as 

50 
diagnostic for MH . No in vitro skeletal muscle assay was 

performed to confirm the diagnosis of ΜΗ , questioning 

MH susceptibility. 

Summarizing, the evaluation of serum Cholinesterase activity 

can not be considered to be a useful diagnostic criterium 

to evaluate MH susceptibility, nor can it be used as a 

screening procedure. 

4.10 Platelet bio-assay. 

It has been reported by Solomons et al that human platelets 

can be used as a screening method ' ' . It was claimed 

that exposure of platelets to halothane in vitro will cause 

a depletion of ATP in platelets from MH susceptible subjects. 

This depletion is far greater in the MH susceptible 

individuals than in controls. However, further investigation 

by Giger et al showed that the ATP-depletion occurred to 

the same amount in the MH susceptible subjects as well as 

in controls. So, it was concluded that the platelet bio-assay 

does not seem a useful screening method to detect MH suscep

tibility. 

4.11 Skeletal muscle enzymes. 

4.11.1 Adenylate kinase; (E.G. 2.7.4.3) 

The usefulness as a screening test for MH of enzymes regulating 
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energy metabolism has been suggested . Initial studies of the 

enzyme adenylate-kinase seemed promising. This enzyme catalyzes 

the reversible formation of 1 mol ATP out of 2 mol ADP. The reaction 

scheme Is: 2 ADP < > 1 ATP + 1 AMP. A deficiency of this enzyme 

might account for the depletion of ATP in skeletal muscle. 

The first report on a deficiency of adenylate kinase in skeletal 

muscle in MH susceptible subjects had to be rejected on further 
C D C.Q 

investigations ' . No basis was found for a deficiency of 

adenylate kinase, neither in MH susceptible humans nor in MH 

.... . 59 
susceptible pigs 

4.11.2 (Myo)Phosphorylase; (E.G. 2.4.1.1) 

Studies on the enzyme phosphorylase-a as an indicator of MH 

susceptibility have also been promising . This enzyme is the 

activated phosphorylase-b, catalysing glycogen breakdown. 

This activation of glycogen breakdown by phosphorylase-a 

is initiated by adrenergic stimuli, producing an increased 

concentration of the second messenger cyclic-AMP, activating 

the cascade of Phosphorylase activity. The ratio phosphorylase-

a/total Phosphorylase was in the control population 2.6jt 2.0. 

In the MH susceptible group 45.6 J L 26.2. However, in one case 

studied a false negative reaction was measured of the Phosphory

lase ratio as compared to the in vitro caffeine contracture test. 

A contra-expertizing investigation has led to an opposite 

conclusion . MH susceptibility was confirmed by a medical 

history of a possible MH reaction and completed by an in-

vitro test of skeletal muscle. In the control population 

the ratio phosphorylase-a/total Phosphorylase showed a mean 
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value of 12.4 + 1.9. The ΜΗ susceptible group a mean value 

of 14.5 + 2.0. No statistically significant difference was 

measured between the two groups. It is concluded from this 

study that the Phosphorylase ration can not be used as a 

screening method to detect MH susceptibility . 

4.11.3 AMP-deaminase : (E.C. 3.5.4.6) (adenylate deaminase) 

This enzyme catalyzes the breakdown of AMP into IMP and 

NH
3
. By decreasing the concentration of AMP, the energy 

charge can be kept at level. A deficiency of this enzyme will 

lead to an accumulation of AMP, and will inhibit the activity 

of the enzyme adenylate kinase by accumulation of the substrate 

AMP. In this way a reduction takes place in the ATP concentration. 

62 

In a preliminary report, Fishbein et al reported a normal level 

of the enzyme AMP-deaminase in an MH susceptible human. 

From this observation it may be concluded that AMP-deaminase 

is not deficient In MH susceptible humans and can not be 

used as a screening method for MH. 

4.12 Conclusion : 

Screening for MH has to start with an extensive investigation 

of all anaesthesia related facts of a supposed MH crisis. 

One has to exclude a pre-existent muscular disease, producing 

skeletal muscle rigidity after administration of succinyl-

chollne. Physical examination will not provide specific 

abnormalities in MH susceptible subjects. Elevation of serum 

CK values may be present in about 70% of all MH susceptible 

subjects. However, also false positive values may be seen. 
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At present, the best test to confirm MH susceptibility 

Is the In-vitro test of a skeletal muscle sample exposed 

to Increasing concentrations of caffeine or halothane. 

Skeletal muscle obtained from MH susceptible subjects 

shows an Increased sensitivity to halothane and to caffeine, 

producing a contracture. In this way a differentation can 

be made between MH susceptible humans and those not suscep

tible to MH. 
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CHAPTER 5 

In vivo induced malignant hyperthermia in pigs. 

I: Physiological and biochemical changes and the influence 

of dantrolene sodium. 
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J. F. CRUL 

Department of Anaeslhesiology, De Wever Hospital, Heerlen, and Departments of Human Genetics and Anaesthesiology, University of 
Nijmegen, The Netherlands 

The ciTects of an induced malignant hyperthermia (MH} cnsis have been studied in the intact pig Doth 
physiological and biochemical changes in skeletal muscle were studied MH was induced with 3 % halothane 
plus a bolus injection of succinylcholmc In the prechallenge period a significant difference was observed in the 
concenlration of certain muscle metabolites, comparing the MH-susceptible (MH4) with the non-susceptible 
(MH") pigs A lower level was measured for phosphorreatine (PCr), inosine monophosphate (IMP) and an 
increased level of lactate and creatine (Cr) in the susceptible pigs (MH*) The challenge caused a significant 
reduction of the level of PCr and adenosine in MH* pigs, compared to the prechallenge period After 
administration of dantrolene ¡odium, a significant decrease was measured in the level of lactate, compaied to the 
prechallenge period as well as during the challenge In contrast, in the control pigs no significant changes were 
observed in muscle metabolites, either after induction of MH or after the administration of dantrolene sodium 
Enzyme activity determinations of muscle adenylate kinase and adenosine monophosphate (AMP)- deaminase 
did not show any diiFcrence in activity either before or during the MH crisis or after treatment with dantrolene 
sodium The earliest physiological change during an induced MH crisis in our study was the rapid inciease of the 
end-tidal СОг Within 5 min after MH induction, end-tidal COs was doubled It is concluded that the 
monitoring of the end-tidal CO? is essential to diagnose MH at a very early stage 
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Key words Adenosine triphosphate, adenylate kinase, AMP-deaminase, dantrolene sodium, halothane, 
malignant hyperthermia; muscle metabolites, phosphocreatine, pigs, skeletal muscle, succinylcholmc 

Malignant hyperthermia (MH) is a pharmacogenetic 

disorder with a high mortality of about 30%, in spite of 

the availability ofa specific drug (dantrolene sodium) to 

treat this disease (1). The signs and symptoms of an M H 

crisis include skeletal muscle rigidity, rapid increase of 

body temperature, cardiac arrhythmias, cyanosis, severe 

metabolic acidosis, hyperkalaemia and elevation of the 

serum concentration of the muscle enzyme creatine 

Phosphokinase (CK) (1). However, most of these symp

toms occur at a relatively late phase of the MH crisis, 

and so once these signs appear clinically, irreversible 

damage may have occurred, especially brain damage 

due to the severe acidosis and hypoxia. Therefore, the 

need for a specific diagnostic parameter for M H in a very 

early phase of the M H crisis is obvious. 

The aim of the present study was to evaluate bio

chemical changes as well as physiological changes 

during an induced M H crisis in the porcine M H model. 

In this combined set-up we studied the M H crisis in 

the intact animal, in contrast to most biochemical 

studies on MH, done in ft'iro on isolated organelles. In 

this way we were able to relate biochemical changes in 

skeletal muscle with some physiological changes during 

the induction of the MH crisis and after treatment with 

dantrolene sodium. This further enabled us to evaluate 

also the effects of dantrolene sodium on skeletal muscle 

metabolism. 

In order to study pathophysiological changes in MH, 

the pig model was used, which is an accepted model for 

the MH crisis in humans (2). The present study as a 

whole involves pathophysiological, biochemical and 

electronmicroscopic aspects of the MH crisis. 

The first paper is mainly concerned with the changes 

in skeletal muscle, as it has been supposed that this organ 

is primarily involved in the M H crisis (1). Serological 

and pathophysiological changes are described, as well as 
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changes in the levels of high energy compounds in 
skeletal muscle Especially the changes in adenine 
nucleotides, phosphocreatine (PCr) and lactate have 
been evaluated, because of their crucial role in muscle 
physiology The second paper of the study comprises the 
evaluation of aerobic metabolism of the mitochondria 
before and during the MH crisis (3) This was done in 
order to obtain a better insight into mitochondrial 
functioning during the MH crisis, in relation to the heat 
production and changes in the high energy compounds 
in skeletal muscle The mitochondria were isolated 
before and during the MH crisis 

The third paper (4) involves a study of the changes m 
calcium localization, using electronmicroscopic and 
electronmicroprobe techniques (5) Emphasis is put on 
the study of the calcium movements in the muscle cells 
during the MH crisis and after reversal of the MH crisis 
by dantrolene sodium The role of calcium in the 
aetiology of MH has been suggested, causing the 
increased metabolism and muscle rigidity (1) 

MATERIAL AND METHODS 

Ten Dutch I andrace pigs were used in this study At the age of about 6 
weeks the pigs were tested with a halothane inhalation challenge in 
order to evaluate MH susceptibility '61 Five MH susceptible pigs 
(MH*) and five control pigs (MH") were studied The MH susceptible 
group consisted of three litiermatcs and two littermates from a 
dilTerent litter The control pigs originated from two difTerent litters, 
ι e three littermates and two littermates The procedures used in the 
experiment were in accordane«- with the legal regulations for the care 
and use of laboratory animals 

After overnight fasting, premedication was given to the pig to be 
studied Fentanyl 0 1 mg and dehydrobenzpendol 5 mg was given ι m 
(Janssen Pharmaceutica, Beerst, Belgium) A sleep dose of pento
barbital (25 mg/kg bw) was given ι ν , 15 min after premedication 
Without using a muscle relaxant, the pig was intubated and ventilated 
with a mixture of oxygen and air, Fioi 0 4 

A constant volume ventilator (Engstrom) was used to set the minute 
volume to achieve an arterial CO? pressure of 5 0-6 0 kPa Expiratory 
СОг was continuously measured by means of a capnograph, type 
Mark II (Gould Godait, Bilt hove η. The Netherlands) A carotid 
artery was cannulated in order to trace arterial blood pressure 
continuously and to draw blood samples to perform arterial blood gas 
analysis and serological analysis Core temperature was measured 
ire tally and muscle temperature was measured in skeletal muscle of a 
hind limb Supplementary pentobarbital was given to keep the pig 
asleep and fentanyl was given in case of painful procedures 

In the experimental procedure three states are to be discerned Stat* 
A is the sampling time after completing all preparatory manipulations, 
described in the preceding text, and after obtaining a stable arterial 
blood pressure and a constant arterial СОг pressure SUiU В is the 
sampling time after a 10 mm challenge with halothane 3% piusa bolus 
injection of succinylcholine 2 mg/kg bw, given at the start of the 
challenge State С is the sampling time 30 min after administration of 
dantrolene sodium, 1 mg/kg bw, and hyperventilation with oxygen, 
Гюг 1 0 

Stale A 

At this time, several muscle biopsies were taken from the M biceps 
femoris One muscle sample was used to perform the іл vitro halothane 
and cafleine contracture lest (7- ) Another sample was immediately 
frozen in liquid nitrogen This muscle sample was used to evaluate 
levels of muscle metabolites by means of iso-tachophoresis (9) and to 
measure the activities of the muscle enzymes adenylate kinase 
( E C 2 7 4 3 ) (10) and AMP deaminase (E С 3 5 4 6) (101 Two 
further muscle samples were taken one to study mitochondrial 
functions and the second one to perform the electronmicroscopic 
studies 

Blood gas analysis was performed with a Corning blood gas analyser 
i'type pH Bloodgas 165, Medfield, Mass USA) Furthermore a blood 
sample was drawn to analyse serum lactate, inorganic phosphate (Pi), 
\a* K*, Mg2*, Ca2* and the serum enzymes CK and lactate 
dehydrogenase (LDH), using standard laboratory techniques 

The protein content of the muscle samples was measured, using the 
method described by I owry et al (11) 

Free creatine contents were measured in a neutralized perchloric 
acid extract of a muscle specimen, applying the enzymatical system 
described by Jaworek et al Π2Ϊ, with the addition of creatine kinase 

and adenosine triphosphate (ATP) 

State В 

At the start of the challenge (called to), a bolus of succinylcholine (2 
mg/kg bw^ was given together with halothane 3% v/v At the end of 
the 10 mm challenge, state В was reached (tm) Muscle bropsies were 
taken for analysis of muscle metabolites, mitochondrial functions and 
electronmicroscopy Furthermore blood samples were taken to ex 
amine blood gas values as welt as the serological parameters, as 
mentioned in state A Halothane administration was terminated at tm 
and FiOî increased to 1 0, without changing minute volume Arterial 
blood gas was measured 5 mm later, in order to evaluate a possible 
spontaneous recovery from the MH crisis 

Staie С 

Dantrolene sodium was administered, 1 mg/kg bw at Ui Hyper
ventilation was also performed, Fio? 1 0 

State С (tij) is reached 30 mm after administration of dantrolene 
and continued hypervemilation with oxygen, FiOa 1 0 

Muscle biopsies were taken to analyse muscle metabolites, muscle 
enzymes as well as a biopsy for electron microscopic studies Arterial 
blood samples were taken to meaaure blood gas values as well as serum 
electrolytes and serum enzymes 

After closing the incisions, the endotracheal lube was removed and 
the pig transported to the recovery room 

Statistics 

The statistical method used was Student's (-test for unpaired values 
when companng the results between the MH* and MH" groups The t-
teal for paired values was used for evaluation within each group 

RESULTS 

ƒ Physwlogxcal data 

Exposure to the halothane + succinylcholine challenge 
confirmed in all pigs the halothane inhalation test, 
discriminating the MH-susceptible pigs from the MH" 
pigs Dantrolene was effective in curing the MH crisis, as 
all MH-susceptible pigs survived the challenge 
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mwH/es alter slartmg challenge 
• MH p o s n . 5 o MH.neftn-S 
^ c h a l l e n g e «dantrolene. 

Fig. 1. Arterial CO2 pressure piotted against the time period of the 
experiment. The challenge with a bolus injection of succinylcholinc 2 
mg/kg bw and exposure to halothane 3% v/v, is shown by the bar in 
the figure. Start of the challenge at to. From tio-tis ventilation with 
100% O2 with unchanged minute volume. At tis dantrolene sodium is 
administered 1 mgAg bw and hyperventilation with 100% Ог is 
started No other supportive measures arc taken Statistically signif
icant differences between groups: * :P<0.05. 

The effect of the challenge on РасОг is shown in Figure 

1. Five minutes after starting the challenge a significant 

{P=0.029) increase of Расог occurred in the M H + pigs. 

No change was noted in Расог in the M H * pigs on 

termination of the challenge. T h e administration of 

dantrolene sodium, however, produced a decrease of 

Расог within 5 min after infusion of dantrolene. About 

15 min after dantrolene administration, Расог returned 

to the pre-challenge levels. The MH~ pigs did not show a 

change in Расог either during the challenge or after the 

administration of dantrolene sodium. 

Fig. 2. Registration of the end-expiratory CO2 concentration. Start of 
the challenge at to. The challenge consisted of a bolus injection of 
succmylcholme 2 mg/kg bw plus halothane 3% v/v for 10 min. 
Halothane administration stopped at tio; ventilation with unchanged 
minute volume, FÌ02: 10. Administration of dantrolene sodium 1 
mg/kg bw at tis, and hyperventilation, Fios: 1.0. 

The end-expiratory СОг in the MH-susceptible pigs 

showed a significant (ƒ'= 0.001) increase during the 

challenge (Fig. 2). Within 5 min after starting the 

challenge the end-expiratory СОг was doubled. After 

termination of the challenge no decrease was measured. 

O n administration of dantrolene sodium, a significant 

(/>=0.01) decrease was seen within 5 min. The end-

expiratory СОг in the M H pigs did not change, either 

during the challenge or after the administration of 

dantrolene sodium (Fig. 2). 

A typical tracing of the end-expiratory СОг is shown 

in Figure 3. The administration of succinylcholinc 

+ halothane caused an immediate increase of СОг pro

duction. After 4 min a concentration of 10 % was reached. 

The maximal level measured during this experiment 

reached far beyond the 10% level. 

The challenge caused a significant ( Р = 0 . 0 3 ) decrease 

of arterial p H within 5 min in the M H * pigs (Fig. 4). O n 

administration of dantrolene sodium, a return to the 

pre-challenge level was reached after about 60 min. In 

the M H pigs no change was observed in arterial p H , 

either during the challenge or on the administration of 

dantrolene sodium (Fig. 4). 

In the M H * pigs a significant (P=0.005) increase was 

seen in both muscle temperature and core temperature 

(Fig. 5). Core temperature lagged behind muscle tem

perature during the experiment. After the administra

tion of dantrolene sodium, no further increase of tem

perature was measured, in muscle or in core tem

perature. In the M H pigs a slight decrease (0.2CC) was 

measured in core temperature for the first 30 min. 

% expired CO. 

Arteria! pressure 
(torn 

Fig. 3. Registration (original) of the effect of the administration of 
succinylcholine 2 mg/kg bw plus halothane 3% v/v on the end-
expiratory CO2, starting from to. At ts and tio arterial blood samples 
are drawn, as can be seen from the interruption of the continuous 
pressure registration. 
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О 5 10 15 20 30 45 60 75 
minutes alter starling challenge 
• ΜΗ pos η.5 ΜΗ neg η.5 
^ cha I le rige ο dantrolene 

big 4 Change in arterial pH Jrom the prrchallenge value on exposure 

to the ( hallenge of a bolus surcin\lcholine 2 mg /kg bw plus halothane 

3% \/v Administration of dantrolene sodium 1 mg/kg bw at tis 

roTKomitantly viith hyperventilaiion Fioj 1 0 Statistically signif 

icant diíTerences between groups « / J < 0 05 

0 5 101520 30 45 60 
minutes after starting challenge 

nMH+S i i + nMH 5 
THJSCle шМИ+ i M H — 

core · Μ Η 4 
ΜΗ ^ challenge 
Μ Η о dantrolene 

fig 5 Change in temperature of skeletal muscle (m biceps fomons) 
and core temperature The challenge is performed with succinyl 
choline 2 mg/kg bw plus halothane 3% v/v for IO mm Dantrolene 
sodium is administered at tu 1 mg/kg bw concomitantly with 
hyperventilation, FiOz 1 0 Statistically significant diiTerences be 
tween groups Muscle 

S / ' < 0 05 S H P<Q0i i¥W¥l P < 0 005, fflBfflS Ж О 001 
Core φ P<0 05, ®® P<0 01 «it*® P<0 005, 

Ж О О О І 

Muscle metabolites in skeletal muscle of MH (n = 5) and MH pigs 
( n ^ S / measured in state A before challengr) 

Parameter 

ATP 

ADP 
AMP 
EC 
IMP 
NAD* 
PCr 
Cr 

C r / C r + P C r 
I n n a t e 
PCr/lactate 
Pi 

MH* 

6 0 ± 0 9 
0 4 ± 0 1 
0 2 ± 0 1 

0 9 4 ± 0 01 
0 5 ± 0 1 
0 8 ± 0 I 

13 5 ± 2 2 
2 B 7 1 6 5 

0 677 ± 0 033 
2 1 9 - 4 3 
O D 7 ± 0 0 6 

9 3 ± 2 3 

M Η 

4 б ± о а 
0 2 ± 0 1 
0 3 = 0 2 

0 91 ± 0 06 

0 2 ± 0 1 
0 β ± 0 3 

25 4 ± 3 0 

1 5 3 ± 1 3 · 

0 3 5 9 1 0 010· 

6 3 ± 1 2 

3 9 6 ϊ 0 93 
8 5 ± 1 6 

Ρ value 

0 030 

0 023 

Nb 

NS 

0 001 

NS 

oooi 

ООП 
0001 
0 001 
0 001 

NS 

Metabolite roruentrations are expressed as nmol mg wet weight 
±standard dtviauon NS = not significant 
EC-Energ> Charge < А Г Р - 1/2 ADP 1 / A T P - A D P + AMP) 
• n = 3 
MH* = malignant hyperthermia susteplible MH =(ontrols 

ATP —adenosine triphosphate ADP^ademismt diphosphate 
AMP = adenosine monophosphate IMP=inosine monophosphate, 
NAD = nicotinamide adenine dmucleotide C r = ( r c a t i m P(4r — 
phosphocreatine Pi = inorganic phosphate 

However, muscle temperature increased slightly during 

the challenge (0 2°C) and dropped after the administra

tion of dantrolene (Fig 5) 

2 Biochemical data 

The levels ofthe muscle metabolites m state A of both the 

MH pigs as well as the M H pigs are shown in 1 able 1 

Significant diiTerences between the MH* pigs and the 

MH pigs were found an increased level of ATP, ADP, 

IMP, Cr, lactate and increased ratio Cr/(Cr+ PCr) was 

measured in the MH* pigs compared to the MH pigs A 

decreased level was measured for PCr and the ratio 

PCr/lactate comparing MH* pigs with MH pigs The 

ranges of the metabolites in state A which differ with the 

highest degree of significance are shown in Table 2 No 

Table 2 

Ranges of muscle metabolites levels in skeletal muscle of MH* (n = 5) 
and MH pigs (n = 5 measured in state A before challenge) Only 
those values are shown with Ж 0 Oil 

Parameter 

IMP 

PCr 
Cr 

Lactate 
PCr/lactate 
C r / C r + P C r 

MH* 

0 4-0 6 
II 1-170 
23 6-39 7 
20 4-30 9 
0 53-0 67 

0 64 0 72 

MH 

0 0-0 3 
217-26 9 
13 8-16 1 

4 4-7 8 
2 78-5 32 

0 35-0 37 

Concentrations are expressed as nmol/mg wet weight (For abbrevia 
lions, see Table I ) 
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Tabic 3 

Muscle metabolites in skeletal muscle of MH* pigs (n = 5) 

Parameter 

ATP 
Pi 

PCr 
ADP 
Lactate 
IMP 
AMP 
NAD* 
EC 

State A 

6 0 ± 0 9 
9 3 ± 2 3 

1 3 5 ± 2 2 
0 4 ± 0 I 

23 9 ± 4 3 
0 5 ± 0 1 
0 2 ± 0 1 
0 8 ± 0 1 

0 9 4 ± 0 0l 

State В 

3 3 ± 1 4 
1 2 5 ± 3 1 

4 0 ± 2 3 
0 5 ± 0 3 

3 0 0 ± 1 4 1 
1 1 ± 0 5 
0 2 ± 0 1 
0 6 ± 0 2 

0 β 9 ± 0 03 

Stale С 

3 3 ± 1 9 
8 3 ± 0 B 

1 2 5 ± 7 1 
0 3 ± 0 1 

1 0 6 ± 4 5 
0 6 ± 0 3 
0 2 ± 0 1 
0 5 ± 0 2 

0 β 9 ± 0 05 

А/В 

0 030 
0 041 
0 001 

NS 
NS 
NS 
NS 
NS 

ООП 

Ρ value comparing 
А/С 

MS 
NS 
NS 
NS 

0 015 
NS 
NS 

0 035 
NS 

B/C 

VS 
NS 
\ S 
NS 

0 039 
NS 
NS 
\ S 
NS 

Metabolite concentrations are expressed as nmol/mg wet weight ±standard deviation NS=not significant 
EC= Energy Charge (ATP+1/2 ADP) / ATP + ADP+AMP) 
State A before challenge 
State В after 10 mm challenge with halothane 3% and a bolus injection of succinylchohnc 2 mg/kg bw 
State С 30 min after the administration of dantrolene sodium 1 mg/kg bw 
Ρ values are determined according to the 2 tailed Student s ι test for paired values 
ρ A/B=P value comparing state A to state В id 
(For abbrevia ι ions see I able 1) 

overlap was seen in the measured values when com

paring the MH* pigs to the MH" pigs 

The effects of the challenge and the treatment with 

dantrolene on the muscle metabolites of the MH pigs 

are shown in Table 3 A significant decrease occurred in 

ATP and PCr levels and the energy charge (EC), 

comparing state A to state В The administration of 

dantrolene produced a significant decrease in lactate, 

comparing state С to both state В and state A 

The effects of the challenge and the administration of 

dantrolene on the muscle metabolites of the M H pigs 

Table 4 

Muscle metabolites in skeletal muscle of MH pigs (n = 5) 

Parameter 

ATP 
Pi 

PCr 
ADP 
I actate 
IMP 
AMP 
NAD' 
EC 

State A 

46±0n 
8 5 ± 1 6 

2 5 4 - 3 0 
0 2 ± 0 1 
6 3 ± 1 2 
0 2 ± 0 1 
0 3 ± 0 2 
0 8 ± 0 3 

0 91 ± 0 06 

State В 

1 ! ± 0 9 
9 9 ± 3 8 

ΙΊΊ±»1 

0 2 ± 0 1 
1 0 0 ± 8 7 
0 5 ± 0 3 
0 2 ± 0 2 
0 6 ± 0 2 

0 9 2 1 0 0 3 

State С 

4 3 ± 1 1 
8 5 ± 2 2 

22 8 ± 2 2 
0 2 ± 0 0 
5 5 ± 1 9 
0 3 = 01 
0 3 ± 0 3 
0 6 ± 0 1 

0 9 1 ± 0 0 8 

Metabolite concentrations are expressed as nmol/mg wet weight 
±standard deviation 
EC=bnergv Charge (АТРт 1/2 ADP) / ATP+ADP+AMP) 
State A before challenge 
State В after 10 mm challenge with halothane 3% and a bolus 
injection of succinylcholme 2 mg/kg bw 
State С 30 min after the administration of dantrolene sodium, 1 
mg/kg bw 
(For abbreviations, see Table 1) 

are shown in Table 4 Comparing state A to С and state 

В to C, no significant changes were evident with respect 

to any muscle metabolite levels 

The activities of the muscle enzymes adenylate kinase 

and AMP-deaminase are shown in Table 5 No differ

ences were demonstrated in activity of adenylate kinase 

comparing state A to В, В to С and A to C, in the MH* 

pigs or in the MH pigs Comparing the adenylate kinase 

activity between the MH" pigs and the MH* pigs, no 

difference was found Concerning the activity of AMP-

dedminase, no difference was measured between the 

MH* pigs and the MH" pigs comparing state A to B, A to 

С and В to С 

3 Serological results 

In the MH* pigs the challenge caused an increase of the 

levels of lactate, K*, Pias well as CK and LDH After the 

administration of dantrolene sodium, an elevation of 

these parameters was still seen In the MH" pigs no 

changes occurred in the investigated parameters 

4 Results of the in vitro muscle contraction test 

The ¡л vitro muscle test confirmed the increased suscep

tibility to caffeine and caffeine + halothane of the MH* 

pigs' skeletal muscle On exposure to 4 mM and 8 mM 

caffeine, all muscle samples from the MH* pigs reacted 

with a contracture However, in the controls, one sample 

also produced a contracture on exposure to 4 mM 

caffeine All samples from the controls reacted with a 

contracture on exposure to caffeine 8 mM 

The combination of 1 % halothane plus 0 5 mM or 1 

mM caiTeine did not produce a contracture in the muscle 
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Table 5 

Muscle enzyme activities of ΜΗ* (n=4) and MH~ pigs (n=4) 

Slate A 
MH pigs 

State В State С 
ΜΗ" pigs 

State В State С 

Adenylate kinase 
AMP deaminase 

324 ±34 
53 ±20 

382 ± 3 8 
49 ± 2 5 

394 ± 9 8 
63 ± 2 5 

322±16 
63 ±24 

317±35 
55 ±10 

342 ± 2 4 
60±7 

Enzyme activities are expressed as nmol product lormed/mg protein hour Mean values ± s d are given 
State A before challenge 
State В after 10 mm challenge with halothane 3% and a bolus injection of succinylchohne 2 mg/kg bw 
Stale С 30 mm after the administration of dantrolene sodium 1 mg/kg bw 

samples taken from the MH" pigs On exposure to 0 5 

mM caffeine plus 1 % halothane, muscle samples taken 

from 3 MH* pigs reacted with a contracture On 

exposure to 1 mM caffeine plus 1 % halothane, samples 

from 4 MH* pigs reacted with a contracture Muscle 

samples from one MH pig did not react at all This was 

presumably due to the almost complete loss of energy-

rich phosphates, which was shown by the analysis of this 

muscle sample 

DISCUSSION 

The present results illustrate a number of important 

physiological changes during an MH crisis Especially 

the immediate increase of expiratory CO2 after the start 

of the challenge is a characteristic finding This in

creased CO2 output (measured with a capnograph) en

ables the anaesthetist to diagnose an M H crisis in the 

very early phase of this life-threatening condition The 

only known condition producing a comparable increase 

of CO2 output during anaesthesia is a thyroid storm 

Another symptom of MH, increase of body temperature, 

is a relatively late svmptom as can be concluded from the 

temperature registrations (Fig 5) The blood gas ana

lyses during the M H crisis show a significant increase of 

Pacoj and a decreased base excess Furthermore, an 

increased concentration of lactic acid is found in the 

muscle of the MH-susceptible pigs as compared to the 

controls This means that the changes in acid-base status 

during an M H period are of both aerobic and anaerobic 

muscular origin, as has also recently been shown by Hall 

et al (13) 

This increased metabolism during an MH period is 

not able to supply sufficient amounts of energy-rich 

phosphates, as can be concluded from the decrease in 

ATP, PCr and EC values during the M H crisis 

Furthermore, an increased concentration of Pi is mea

sured during the M H crisis This means that during the 

M H crisis, hydrolysis of energy rich phosphates occurs 

The reduced concentration of both ATP and PCr in 

the skeletal muscle of the MH* pigs during the M H crisis 

may be caused either by a reduced production or by an 

increased consumption of energy-rich compounds, or a 

combination of these two factors 

An increased consumption occurs during muscle 

contraction, caused by the activation of the actino-

myosine complex by calcium Evidence of a reduced 

capacity for synthesis of ATP by mitochondria isolated 

from the MH-susceptible pigs during the MH crisis is 

presented in the following paper (3) This means that 

during an MH crisis, both an increased consumption of 

energy-rich phosphates and a possibly reduced produc

tion are present The discussion on mitochondrial 

metabolism in the second paper of this series (3) is also 

relevant Ultimately, this will lead to loss of cellular 

integrity due to loss of ATP, needed for ATP-dependent 

reactions like the electrochemical gradient over the 

cellular membranes A reduction of the concentration of 

ATP in human muscle has been ascribed to a deficiency 

of muscle adenylate kinase (14) This enzyme catalyses 

the formation of 1 mol ATP and 1 mol AMP out of 2 mol 

ADP However, in our experiments no significant 

differences were found between the adenylate kinase 

activity in the MH* pigs, comparing state A to В No 

significant difference was found comparing the enzyme 

activity in the MH* pigs to the MH" pigs, both in state A, 

В and С This means that the enzyme adenylate-kinase is 

not deficient in MH* pigs, either pre-existent or induced 

The same conclusion has been drawn from other studies 

of adenylate kinase activities in MH susceptible pigs 

(15) and MH susceptible humans (16) 

Another enzyme involved in the regulation of ATP 

levels is AMP-deaminase This enzyme stabilises the EC 

by reducing the concentration of AMP This is achieved 

by deaminatran of AMP leading to the formation of IMP 

and NH3 However, no significant differences were 

found in the activity of this enzyme in the MH* pigs, 

comparing state A to state В or state С Also, no 

significant difference was measured, comparing the 

MH* pigs to the M H pigs, in state А, В and С So, 
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neither the enzyme adenylate kinase nor the enzyme 

AMP-deaminase seems to be involved in the metabolic 

changes in the MH crisis in pig skeletal muscle. 

The high lactate concentration in the skeletal muscle 

of the MH* pigs in state A may point to a pre-existent 

derangement of cellular homeostasis in muscle metabo

lism, as has also been shown in MH-susceptible humans 

(17). Moreover, the administration ofpentobarbital will 

increase the concentration of PCr in skeletal muscle (18). 

So, the observation of an increased lactate concentration 

as well as a decreased PCr concentration in skeletal 

muscle of the MH* pigs, as compared to the MH pigs, 

points to the involvement of the skeletal muscle in the 

pathogenesis of MH 

Whether these observations of a reduced concentra

tion of PCr and an increased concentration of lactate are 

due to the stress of the experiment or to an expression of a 

pre-existent condition, cannot be decided at present. 

However, we may exclude the former as all animals 

received premedication of fentanyl and droperidol, 

which are known to delay stress-induced MH in pigs 

(19). Furthermore, all first muscle samples were taken at 

least 60 min after induction of anaesthesia, during a 

stable phase of the experimental procedure. 

The effect of the administration of dantrolene is 

markedly expressed by the decrease of the lactate 

concentration in the skeletal muscle and a reduction of 

Расог and an increase in arterial pH. This reduction of 

lactate concentration influenced by the administration 

of dantrolene may point indirectly to the underlying 

triggering mechanism of MH Dantrolene is known to 

reduce the intracellular concentration of calcium in frog 

muscle fibre (20). A role of calcium in the triggering of 

MH has been suggested (21) No pertinent proof has yet 

been provided with respect to increased calcium concen

trations in the MH skeletal muscle during an MH crisis. 

It is known that calcium is able to inmate several 

biochemical processes For example, calcium activates 

the enzyme Phosphorylase, leading to the breakdown of 

glycogen Furthermore, an increased concentration of 

myoplasmic calcium initiates muscle contraction. These 

two processes consume ATP. The increased calcium and 

the increased Pi in the sarcoplasma are a well-known 

condition for the mitochondria specifically to accumu

late calcium at the expense of the phosphorylation of 

ADP. Evidence for the accumulation of calcium in the 

mitochondria of the MH-susceptible pigs during the 

MH crisis is presented in the third paper of this series (4). 

Concerning the m miro muscle test, one false positive 

reaction was found in our MH" pigs on exposure to 4 

mM caflfeine. However, on exposure to halothane 1% 

plus increasing concentrations of caffeine, it was possible 

to differentiate between the MH" pigs and the MH pigs. 

The observation of an almost complete loss of energy-

rich phosphates in one muscle sample from an MH 

susceptible pig points to the vulnerability of the in mtro 

test. Apparently, the removal and subsequent storage of 

this muscle sample caused the loss of biochemical 

compounds, leading to the loss of viability of the muscle 

specimen. 

The conclusion which can be drawn from this part of 

our study is that it is of utmost importance to measure 

expiratory CO2 concentration continuously, in order to 

make the diagnosis of MH in a very early phase of the 

MH attack. This statement is supported by a calculation 

of the carbon dioxide production based on the respira

tory volume and Paco? in two MH cases in humans (22). 

The analysis of muscle samples, taken before the trig

gering of an MH attack, enables us to diagnose MH 

susceptibility on the metabolic profile in the porcine 

MH model. This method may also be useful in screening 

MH susceptibility in humans Furthermore, triggering 

of MH produces a highly significant drop in the 

concentration of PCr in the MH* muscle. The reduction 

of ATP is less significant than the reduction in PCr This 

observation suggests that the m mtro ATP depletion test 

(23) should be amended to include the PCr content in 

the muscle metabolite analysis. 
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In Vivo Induced Malignant Hyperthermia in Pigs 
II. Metabolism of Skeletal Muscle Mitochondria 
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The biochemical characteristics of skeletal muscle mitochondria of malignant hyperthermia (MH) susceptible 

Dutch Landrare pigs have been investigated before and during an MH attack, induced in vivo by halothane plus 

succinylcholine The muscle homogenates have a decreased capacity to synthesize ATP and creatine 

phosphate during the MH penod Muscle mitochondria prepared from susceptible pigs in an MH penod 

consume less oxygen than do mitochondria isolated before the attack, or mitochondria from control pigs during 

the challenge The oxidative phosphorylation is not uncoupled during the critical period The production of 

CO¡ indicates that the tn miro measured capacity of the MH muscle mitochondria correctly rellects the in vwo 
condition during the MH attack Hie restricted synthesis may be caused by a factor, finding expression in the 
mitochondria themselves, and obtained or activated during the MH attack 

Rtcenxd 22 Juiu, acupltd for publuatim 13 Stptembtr 1983 

Key words Energy-rich compounds; halothane, malignant hyperthermia, mitochondria, oxidative phosphoryla
tion, pigs, respiratory chain, skeletal muscle 

Many studies have been published concerning the 
pathological conditions leading to malignant hyperther
mia (MH) in humans during anaesthesia with halothane 
and/or depolarizing muscle relaxants. Recently, re
search on human subjects as well as on pig models has 
been reviewed (1, 2). Many conflicting data about the 
cause and course of events during a hyperthermic attack 
have been reported. In many studies a limited number of 
in vitro efTects has been examined, ignoring the im
portance of the (patho-)physiological role of the agents 
used. The pathology of MH is most expressed in skeletal 
muscle tissue. 

We designed a study on a large number of, especially 
muscle-related, parameters measured before and during 
in vivo induced hyperthermic periods in Dutch Landrace 
pigs. In this way the extra-muscular contributions to the 
hyperthermic state, such as the influences of the nervous 
system, hormone-producing tissues, blood supply, liver 
and other organs are not left out of consideration. A few 
studies on M H induction in whole pigs have previously 
been published (3, 4, 5, 6), but they dealt mainly with a 
restricted number of either serological or muscle me
tabolite alterations. 

In the preceding paper (7) the physiological in
vestigations and muscle metabolite levels were descri
bed. In contrast to studies revealing in oilro halothane 
effects on isolated mitochondria, the present study is 

concerned with the biochemistry of muscle mitochon
dria from pigs in the M H period in mvo. Oxygen 
consumption has been measured in isolated muscle 
mitochondria, while the overall aerobic metabolism has 
been investigated by means of synthesis of adenosine 
triphosphate (ATP) and creatine phosphate in muscle 
homogenates as recently described (8). 

The involvement of the mitochondria in calcium 
homeostasis is described in the accompanying paper (9). 

MATERIALS AND METHODS 

The descent, selection procedure, pretreatment and halothane chal
lenge of the Dutch Landrace pigs have been reported in the preceding 
paper (7) Biopsies from the biceps femoris muscle, weighing about 2 g, 
were taken before (state A) and after 10 mm of halothane plus 
succinylcholine challenge (state B) The temperature of the tissue 
fractions was kept between 0° and 4°C from the moment of biopsy until 
starting assays (within 2 h) 

The capacity of the muscle to synthesize ATP and creatine 
phosphate was tested in a 600 g supernatant in the presence of 
pyruvate, malate, adenosine diphosphate (ADP) and creatine, as 
described previously (Θ) Incubation times were 0 and 60 mm, while 

ApsA (P1, I^-difadenosme-S'-Jpentaphosphate) was added to inhibit 

adenylate kinase activity (10) The incubation times for the estimation 

of the activity of adenylate kinase wercO and 90 s, Ap^A being omitted 

in these assays (B) 

The isolation procedure for mitochondria and measurement of the 

oxygen consumption m the presence of pyruvate plus malate al a 
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temperature оГ 37°C has been published elsewhere (II, the only 
modification being that the final suspension still contains heparin) 
The concentrations of olivomycin and ofFCCP (carbony! cyanide p-
tniluomelhoxy-phenylhydntzone) were 20 and 1 μg per ml incubation 
medium, respectively. 

The cytochrome contents of the mitochondria were estimated by 
means of the dilfercnce spectrum of the oxidized and reduced forms 
(with succinate plus cyanide) (12) Cytochrome oxidase activity was 
measured at 250C according to Cooperstein &. Lazorow (13) 

Protem content was determined as described by Lowry et al (14) 
with bovine serum albumin as standard 

During all the assays no halothane or any other hyperthermia-
mducing agent was added 

Student's i-test was used for statistical analysis 

RESULTS 

The synthesis of ATP plus creatine phosphate by muscle 

homogenates in the presence of ApsA is shown in Table 

1. No statistically significant dilfercnce exists between 

the capacity of control and MH* pig muscle in state A to 

synthesize the high-energy compounds from pyruvate 

plus malate. However, the muscle of the MH* pigs can 

produce less ATP plus creatine phosphate than the 

control animals if the muscles are isolated during the 

hyperthermic period (state B). 

Table 2 summarizes the oxygen consumption of the 

isolated mitochondria in the presence of pyruvate plus 

malate. In the presence of sufficient amounts of ADP and 

the other substrates, the mitochondria are in state 3, 

synthesizing ATP. After exhaustion of ADP the organel

les reach state 4. The RCI (respiratory control index) is 

defined as the ratio of oxygen consumption in state 3 

divided by that in state 4. The RCI is an index for the 

intactness of the mitochondria, injured membranes 

result in a low value for the RCI. The P/O-ratio (ADP 

phosphorylated/oxygen consumed) is a measure for the 

degree of coupling between the respiratory process and 

ADP phosphorylation. Tightly coupled mitochondria 

show the maximal, theoretical P/O-ratio of 3 in the case 

of pyruvate and malate as substrates. It is clear from 

Table 2 that the oxygen consumption in state 3 by 

mitochondria isolated from MH* pigs during the attack 

Table 1 

ATP plus creatine phosphate synthesized by pig muscle homogenates 
(in mmol per mm per kg protein) via oxidative phosphorylation of 
ADP, m the presence of ApsA (mean ± s d ) 

MH* pigs Control pigs 
(n = 3) (n=4) 

Before MH induction 75±30 96±33 
During MH induction 6 7 ± 1 5 · 107116 

• Différence between MH* and control pigs P < 0 015. 
MH* = malignant hyperthermia susceptible 

Table 2 

Oxygen consumption by isolated pig muscle mitochondria (in mg-
atom oxygen per mm per kg protein) before and during MH chal
lenge (mean ± s d ) 

MH*pigs(n = 3) Control pigs (n = 4) 
Before Durmg Before During 

State 3 337±42 188±68·§ 317±26 308±29 
State 4 75±13 50±13 63±32 54±25 
State 4 + oligomycin 70±17 36±12 4β±22 43±15 
State 4+FCCP 255±29 224±53 311±31 218±101 
RCI 4 5 ± 0 3 3 9 ± 1 2 5 9 ± 2 4 6 8 ± 3 3 
P/O-ratio 2 8±0.1 2 6 ± 0 1 2 8 ± 0 2 2 8 ± 0 2 

• DifTerence between MH" and control value P<0 025 
§ DifTerence between before and during induction / > <0 03 
MH*=malignant hyperthenma susceptible 
RCI = respiratory control index 
P/0-ratio= ADP phosphorylated/oxygen consumed 
FCCP = carbonyl cyanide p-trifluomethoxy-phenylhydrazone 

has declined as compared to mitochondria isolated in 

the pre-challenge phase. Halothane and succinylcholine 

administration to the control animals, however, has no 

elfect on the activity of the respiratory chain of the 

muscle mitochondria. The addition of oligomycin (in

hibitor of the oxidative phosphorylation process and of 

Mg2*-ATPase) and of FCCP (uncoupler of the phos

phorylation from the respiration process) to the mito

chondria revealed no abnormalities in the MH* pigs. 

From the decreased oxygen consumption in slate 3 and 

the normal P/O-ratio, it may be concluded that the 

mitochondria of MH pigs can function only sub-

optimally during the hyperthermic period. This is in 

agreement with the incubation experiments with homo

genates as summarized in Table 1. Normal levels of 

cytochrome ааз, b a n d c + ci and normal cytochrome 

oxidase activity in the mitochondria of the MH* pigs 

have been found. 

Incubation of the homogenate without the inhibitor of 

adenylate kinase gives an indication of the adenylate 

kinase activity in the homogenate (8). The ATP synthe

sized under these conditions is shown in Table 3. It is 

clear that the MIT animals are not deficient in adeny

late kinase. 

Table 3 

ATP synthesis in pig muscle homogenates (in mmol per min per kg 
protein) by the adenylate kinase reaction (mean ± s.d.). 

MH* pigs Control pigs 
(n=3) (n=4) 

Before MH induction 1247±361· 811 ± 3 9 
During MH induction 1201 ± 3 0 1 · 804±68 

* Difference between MH* and control pigs Ж 0 02 
MH*=malignant hyperthenma susceptible 
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MITOCHONDRIAL METABOLISM IN PORCINE ΜΗ MUSCl E 

DISCUSSION 

The respiratory chain of mitochondria from M H 

animals has been reported to possess decreased, normal 

and even increased activity (for review, see Gronert (2)) 

We have tested the mitochondrial energy supply in two 

diflerent ways in muscles of Dutch Landrace pigs The 

investigations on both production of high energy com

pounds and oxygen consumption reveal that during MH 

induction the MH* muscles have only about 60% of the 

capacity of the control muscles to synthesize ATP by 

means of oxidative phosphorylation (Tables 1 and 2) At 

first sight, the limited respiration may seem to be a 

direct consequence of the presence of halothane in the 

mitochondria Halothane has been reported to inhibit 

the electron (lux through the NADH-Coenzyme Q-

complex of the respiratory chain (15-21) However, the 

eflect of halothane on the respiration in isolated MH 

mitochondria is identical to its effect in M H mito

chondria (20, 21) The present study does not reveal an 

inhibition of oxidative phosphorylation in MH mito

chondria in state В As there is no reason to suppose a 
lower concentration of halothane in MH mitochondria 
as compared with MH* mitochondria, halothane/iíríeis 
probably not the inhibiting factor of respiration in MH* 
muscle A further argument against an in vitro inhibition 
by halothane is that halothane probably has already 
evaporated during the preparative steps (16) It is 
calcium, free or bound to membranes, that may be 
considered as the inhibiting factor Its level is greatly 
enhanced in MH* mitochondria in state В (9) Further
more, the MH* mitochondria reveal an increased 
sensitivity to exogenous calcium (22) The mechanism of 
the calcium influence is still obscure A calcium binding 
site in the NADH-Coenzyme (¿-complex may play a 
role in the calcium and/or halothane interactions (23) 
The localization of a defect at that site links up with the 
normal levels of cytochromes we have found in MH 
muscle Unfortunately, no studies have been published, 
in which the eflect of halothane in MH* mitochondria 
has been compared with its effect in M H mitochondria, 
both in the presence of calcium 

Another calcium-sensitive process is the mitochon
drial ATP-ADP translocation The exchange of ATP 
and ADP through the mitochondrial inner membrane 
can be inhibited by intramitochondrial calcium ions 
(24) A partial dysfunctioning of the transport system 
during the challenge as a consequence of calcium 
accumulation cannot be ruled out 

The production of ATP by MH* muscle mitochondria 
during the M H attack is probably much lower in vwo 
than suggested by the in vitro measured capacities of 
Tables 1 and 2 After 10 mm of challenge the mito
chondria have accumulated much calcium (9) As mito

chondria prefer to employ their energy to take up 
calcium ions to phosphorylating ADP (22), most prob
ably the m vwo ATP production by mitochondria is very 
low during this phase (The measurements on the 
isolated mitochondria could not have been disturbed by 
the presence of calcium ions in the incubation medium, 
as in that case an elevated oxygen consumption and a 
very low P/O-ratio would have been found (19,25,26)) 

One can calculate, using the m vitro measured ca
pacity of the respiratory chain of Table 1 and stoichio-
metry for the ATP synthesis from pyruvate of 12 1 for 
muscle supernatants, that the volume of COj produced 
by the M H muscles during the challenge amounts to 
about 0 7 1 mm animal The mean volume of CO2 
expired by MH* pigs during that period amounts to 
about 0 8 1 mm animal (7) It can be concluded that 
the in vitro measured capacity approaches the in vivo 
activity of the respiratory chain very well The m vwo 
activity is probably the net effect of a stimulation by 
sarcoplasmic calcium ions of the oxygen consumption to 
a higher rate than ADP can achieve (25, 26), and an 
inhibiting eflect of the lowered pH (27, 28) as a 
consequence of the production of lactate and CO2 (7) 

The low creatine phosphate level during the attack m 
MH* pigs (7) may be the result of an increased demand 
for energy, and a low rate of ADP phosphorylation 
caused by an increased level of sarcoplasmic calcium 
The conversion of ATP into creatine phosphate by the 
creatine kinase reaction, however, is not disturbed, 
either before or during the challenge, as the value of the 
mass action ratio for this reaction, i e (CrPXADP)/ 
(Cr X ATP) is not diflerent from the control group Its 
value, between 3 4 X 10"3 and 8 3 X 10"\ is identical to 
the value found for human muscle (unpublished ob
servations) The most obvious cause of the low level of 
creatine phosphate in MH* muscle in the pre-challenge 
period (7) is the elevated lactate level, already present in 
the basal state (7) Harris et al (29) reported an inverse 
relationship between the lactate and creatine phosphate 
concentrations in human muscles The underlying me
chanism may be a lowering of the muscle pH by lactic 
acid, driving the creatine kinase reaction in the direction 
of free creatine (30) Leakage of creatine out of the 
pathological muscles can be excluded, as the sum of free 
and phosphorylated creatine did not decline (7) 

During the first years of M H research, it was supposed 
that the characteristic liberation of an abundance of 
heat during the attack was caused by uncoupled mito
chondria, but afterwards this explanation seemed dif
ficult to maintain (for review, see ref 2) Table 2 clearly 
shows that the muscle mitochondria of MH* pigs 
synthesize a sufficient amount of ATP per unit of 
oxygen. So, uncoupling of the bulk of the muscle 
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mitochondria cannot be the cause of the pathological 

thermogenesis during the first 10 mm of the challenge. 

Berman et al. (3) indirectly came to the same conclusion, 

but they stated that the heat production in pigs could 

also not be ascribed to (normally coupled) mitochon

drial activity However, using the data of Table 2 and 

the data of Wang et al. (31), one can calculate that 

coupled MH* muscle mitochondria can produce a 

temperature increase of the muscular tissue of one degree 

within 5-10 min. This value conforms to the observed 

temperature increase (7). So, the present study shows that 

the heat generation in M H pig muscle can be ascribed for 

the major part to respiratory activity of coupled mito

chondria. A largely aerobic origin of the heat generation 

in pigs during the first stages of MH was also stated by 

Hall et al. (32) Of course, heat production by neutrali

zation of protons and hydrolysis of the high-energetic 

phosphate bond of ATP molecules, used in ion transport 

processes and contraction, will also occur. As long as it is 

hard to explain the amount of evolved heat during simple 

muscle contractions under experimental conditions (33), 

one cannot expect an accurate interpretation of the heat 

production in MH (3,31). 

At present, it is impracticable to schematize exactly 

the series of processes resulting in an MH attack From 

the present series of studies it may be dear that the 

muscle mitochondria play an important role, principal

ly functioning in the removal of calcium from the 

sarcoplasm The ATP required has mainly been pro

duced by glycolysis, but the consumption of ATP 

exceeds Us production (7). A quantitatively important 

role for alternative metabolic pathways, for example, 

the ω-oxidation of fatty acids instead of ß-oxidation, has 

been ruled out, because no other organic acids than 

lactate could be detected in the serum of the M H (and 

MH") swine during the halothane challenge (unpub

lished observations). Thisfinding is in agreement with the 

data of Berman et al. (3). It is clear from the experiments, 

summarized in Table 3 that the MH* animals are not 

deficient as to muscular adenylate kinase activity Amore 

direct estimation of this activity leads to the same 

conclusion (7). Previously, an adenylate kinasedeficiency 

has been reported in human MH (34), and such a 

deficiency has even been blamed for the energy crisis in 

the MH syndrome (35). However, recently a report was 

published which shows normal values for adenylate 

kinase in the examined families (36). The deficiency is 

likely not essential for the development of an MH attack. 
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In Vivo Induced Malignant Hyperthermia in Pigs. 
III. Localization of Calcium in Skeletal Muscle 
Mitochondria by Means of Electronmicroscopy and 
Microprobe Analysis 
A. M. S T A D H O V D E R S , W. A. L V I E R I N G , M P. V E R B U R G , W . R U I T E N B E E K a n d R. С A. S E N C E R S 

Departments of Submicroscopic Morphology and Paediatrics, University of Nijmegen Medical School, Nijmegen, The Netherlands, 

and Department of Anaesthesiology, De Wever Hospital, Heerlen, The Netherlands 

Biceps femons muscle biopsies of malignant hyperthemua susceptible (MH ) and non-susceptible (MH~) Dutch 

Landrace pigs were studied ultrastructurally, and exchangeable calcium was demonstrated, using the 

antimonate precipitation technique in combination with electron probe x-rdy microanalysis Biopsies were 

taken before and during the administration of halothane-plus-succmylchohne and after dantrolene sodium 

treatment of the animals MH* muscle, taken before the MH triggering, showed a high proportion {about 35%) 

of cells with supercontraction Both MH and MH' muscle had broad but nearly identical ranges of cell 

diameter Core-like structures were occasionally present in muscle from MH* pigs Muscle mitochondria from 

the MH* pigs accumulated large amounts of calcium m their matrix compartment during the halolhane-plus-

succinylcholme induced MH crisis Ί his calcium loading m the course of time caused swelling and structural 

damage lo the mitochondria Skeletal muscle mitochondria from M H pigs did not show such a reaction pattern 

on challenge with halothaneand succinylcholme It is concluded that in MH pigs the challenge brings about an 

increase in myoplasmic free calcium, which is predominantly due to calcium intlux from the extracellular fluid 

This rise in cytosolic calcium causes the mitochondna to accumulate the cation in an energy-dependent way 

These findings are discussed in relation to the diverging halothane and caffeine contraction responses of aerobic 

type I and anaerobic type II muscle fibres 

Received 22 June, OLcepudfor publiealion 13 September 1983 

Key words Calcium, electron microprobe, electron microscopy, halothane, malignant hyperthermia, mito

chondria, pigs, pyroanlimonate precipitation, skeletal muscle, succinylcholme 

Malignant hyperthermia (MH) is a serious pharma-

cogenetic syndrome that can be induced in predisposed 

individuals by volatile anaesthetics or depolarizing 

muscle relaxants; notorious agents being the widely used 

anaesthetic halothane and the muscle relaxant succinyl

cholme (1,2) . 

Investigations on MH-susceptible pigs have been 

particularly helpful in characterizing the physiological 

and metabolic de-arrangements that occur during the 

course of an MH crisis (3, 4, 5). Although there is now 

compelling evidence that the skeletal muscle tissue is the 

primary target tissue (6, 7), the intracellular mecha

nisms responsible for the series of biochemical events 

leading to the syndrome are as yet poorly understood (8). 

A widely accepted theory states that halothane causes 

MH-susceptible muscle to lose its ability to regulate the 

calcium distribution properly over the various cellular 

organelles and to develop an excess of calcium ions in the 

myoplasm (9, 10). It is assumed that the increased 

myoplasmic free calcium triggers the MH-associated 

rigidity as well as the increased metabolic activity (II, 

12, 13). 

Two mechanisms for the increase of the calcium 

concentration in the myoplasm may be involved. One is 

the release of calcium from the sarcoplasmic reticulum 

(SR), the other is a direct inflow of calcium from the 

extracellular fluid into the myoplasm, where the cal

cium concentration is some orders of magnitude higher 

than in the myoplasm (14). 

Recently, it has been suggested that the primary 

defect which initiates M H may lie in the plasma 

membrane of the skeletal muscle cells (15, 16). Gallant 

and coworkers (15) found that halothane, at clinical 

concentrations, produced a depolarization of susceptible 

skeletal muscle, but did not affect the resting membrane 

potential of skeletal muscle from normal pigs. Such a 
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depolarization might result in the release of a small 
amount of "triggering calcium", followed by the release 
of more calcium from the SR or by an increased calcium 
inflow from the extracellular fluid (16). The studies 
reported here were undertaken in order to trace sub
cellular calcium movements in skeletal muscle fibres 
after an in vwo induced MH crisis in MH-susceptible 
pigs. For this purpose, use was made of the antimonate 
precipitation technique (17, 18), in combination with 
electron probe x-ray microanalysis of the deposits. 

MATERIAL AND METHODS 

AmmnL· 

Ten 3-6 month-old pigs, five malignant hyperthermia-susceptible 

(MH ) and five control (MH~) Dutch Landrace swine were used for 

these studies The pigs were classified according to their reaction to 

halothane anaesthesia at 6 weeks of age by the method of Eikelenboom 

& Minkema (191 The anaesthetic techniques have been described in 

the accompanying paper by Verbürg and co-worken (20) 

Histological techniques 

Biopsies from the biceps femons muscle were taken immediately before 
the halothane-succinylchohne administration estate A), at the end of a 
10-min challenge period (state B) and 30 min after administration of 
dantrolene sodium (state C) that was given 15 min after starting the 
challenge For further details, see accompanying paper (20) Before 
dissecting the muscle strips from the muscle bulk, they were main
tained at constant longitudinal tension by clamping them m situ in 
special muscle biopsy clamps 

For routine microscopic studies, the strips were immersed in a 
fixative, consisting of 2% glutaraldehydc in 0 1 M cacodylale buffer, to 
which 4% sucrose was added \pH 7 4, 550 mOsm, гО-З^С) After 1 h, 
the tissue was carefully freed from adhering connective tissue and diced 
into cubes of approximately I mm Fixation was continued for a total 
period of 24 h Post fixât ion was in 2 % OsO« in 0 I M cacodylate buffer 
for 2 h The specimens were then washed, dehydrated and embedded 
in Epon 812 resin For light microscopy, 0 5 μιη sections were stained 
with to luidme blue (1%) in sodium bora te (1%) or with paraphenyl-

enediamine (1 %) For electron microscopy, thin sections were double-
stained with uranyl acetate and lead citrate according to standartl 
procedures 

Calcium localization 

For selective localization of intracellular calcium, the antimonate 
precipitation technique was used in conjunction with elemental 
analysis of the precipitate by electron probe x-ray microanalysis (21, 
22) The muscle biopsies were treated with potassiumpyroanlimonate 
(KPA) essentially according to the prescriptions of Schäfer (22) 
Muscle tissue cubes of about 0 5 mm3 were fixed for 4 h in a freshly 
prepared 2% (w/v) KPA-solution (Merck, Darmstadt, Germany) in 
3% (v/v) punfied glutaraldehydc, brought to pH 7 fl with a trace of 
0 01 N NaOH or 0 01 N acetic acid Thereafter, the specimens were 
washed ЬпсПу in a freshly prepared solution of KPA (2% w/v) in 
distilled water Postfixation was in a 2% OsO«-solution, also containing 
2% KPA. The tissues were washed, dehydrated and embedded in 
epon 

The elemental composition of the electron dense antimonate 
precipitates was studied for the presence of Ca, Na and К by electron 
probe x-ray microanalysis Use was made of a Ca meca model 
Camebax-MBS 70 microprobe, equipped with a Cameca universal 
wavelength dispersive WD x-ray spectrometer as well as a Microtrace 
30 sq mm energy dispersive (ED) lithium-drifted silicon x-ray 
detector For peak identification and data processing a Tracor TN 
2000 and TN 1310 x-ray microanalysis system was used 

Tissue sections of 100-300 nm thickness were collected on copper or 
nickel grids, carbon-coaled and studied with or without counter-
staining Analyses were performed at 30 kV accelerating voltage with 
beam currents of 26-35 nA and a spot diameter of 0 3-0 5 μπι 

The La-radiation was used for identification of antimony (effective 
La-energy 3 604 keV; and osmium (efTective La-energy θ 904 keV), 
see ED-spectrum (Fig la) The lighter elements were identified by 
their Ka-radiation (sodium-Κα 1 041 keV, potassium effective Κα 
3 312 keV, calcium Κα 3 690 keV) The problem of overlap in ED 
spectrometry between the La-emission of Sb and the Κα-emission ol 
Ca was circumvented by using WD analysis only for the demonstration 
of the presence of calcium in the antimonate reaction products 

Calcium was concluded to be present when in a scan around the 
characteristic wavelength (see Fig lb) a 'significant' peak Ρ was found, 
ι e more than 3X the standard deviation above background B, 
Р - В ^ З Х л / Р + В (23) Bulk standards of antimony, osmium, calcium 
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Fig 1(a) Example of an energy dispersive (ED) x-ray microanalysis spectrum of the antimonate precipitates ina mitochondrion (MH* muscle, 
state B) The osmium, chlorine, antimony and copper peaks are indicated Due to overlap with the antimony La peak, the calcium Κα peak 

(3 690 keV) cannot be discerned in this spectrum (b) Example of a wavelength dispersive (WD) analysis of antimonate precipitates in a 

mitochondrion (MH* muscle, state B) The calcium Κα peak ( u n a = 0 3839) can readily be discerned from the antimony Lai peak 

(sina=039335) The calcium peak is 'significant*, L e Р-ВёЗ Χ \/P + В (/>= 0 005) 
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and potassium were used for spectrometer calibration Absolute 
quantitation of elemental concentrations was not pumucd The 
sensitivity of x-ray analysis of our probe for the ions studies is 
approximately 10~ls-10"" g per unit area probed (21) 

RESULTS 

I. Histopathologual abnormalities of Mn muscle 

The results to be described here concern the MH 

animals; only when appropriate will the findings in the 

MH~ animals also be reported. 

State A. Light microscopic investigation of semi-thin 

longitudinal sections revealed a high incidence of fibres 

with areas of considerable supercontraction: (about 

35%, Fig. 2a) Irregular dark staining fibre zones were 

alternating with lighter areas of stretched sarcomeres. 

This phenomenon more frequently occurs in the fibres 

with relatively small numbers of mitochondria (pre

sumed white or intermediate). Such aberrant fibres were 

also noticed in the muscular tissue of MH -animals, 

although their number was far higher in the MH* pigs. 

Another prominent finding in the MH* muscular 

tissue was a marked variation in fibre sizes (see Fig. 2b). 

The distribution of the small fibres over the muscle 

fascicles tended to be random, but occasionally an area 

of seemingly grouped atrophy was noticed. Neither 

small angulated fibres nor 'porcine skeletal muscle giant 

fibres' were seen (24). Histographic analysis of the fibre 

diameters revealed a unimodal frequency distribution 

with diameters ranging from less than 10 to 80 μπι (mean 

43.0 μπι, s d. 13.5). However, the MH" pigs showed an 

almost identical frequency distribution of fibre dia

meters (mean 41.0 ц т , s.d. 15.6), (see Fig. 3). 

Hyaline degeneration and necrosis of thin fibres was 

very rare; infiltration of activated histiocytes and fibro

blasts was not observed. With some variation from 

animal to animal, about 18% of the fibres had internal 

nuclei (MH" animals: less than 3%). 

Structurally altered fibres such as target or core fibres, 

were not evident from semi-thin resin sections. In the 

electron microscope, however, evidence of myofibrillar 

disruption, not related to the phenomenon of super-

contraction or overstretching of sarcomeres was noticed 

in about 3 % of the fibre (see Fig. 2e). In the affected fibre 

areas the normal banding pattern was absent and the 

myofilaments showed marked malalignment, making 

the areas resemble 'unstructured' cores The transition 

from the core to the non-core area, however, was not 

sharply delimited, whereas mitochondria were not 

always lacking in the affected fibre zones. 

The mitochondria in the muscle fibres character

istically had an angulated 'zig-zag' appearance of their 

cristae (Fig. 2c). The branching and anastomosing 

cristae frequently formed a complex honeycomb pattern 

of membranes enclosing cylindrical or circular com

partments of the mitochondrial matrix (Fig. 2d). Some

times considerable subsarcolemmal aggregation ofmito-

chondria was present. Otherwise, electron microscopy 

revealed no significant structural abnormalities of these 

organelles; in particular, no mitochondria with crystal

loid inclusions in the intracristal spaces were seen. 

Glycogen particles appeared quite abundant in many 

muscle fibres. 

State B. The histological appearance of the muscle tissue 

from MH* pigs taken during slate В differed from that of 

the pre-challenge condition in that fibres with areas of 

supercontraction and overstretching of sarcomeres were 

only incidentally seen. On the other hand, in many 

fibres there was a narrowing and sometimes complete 

disappearance of the I-zones with accordingly an overall 

shortening of the sarcomere length, indicating that these 

fibres were in a contracted state. Moreover, the myo

fibrils in many fibres were widely spaced, giving the 

fibres an oedematous appearance (see Fig. 2g). Mito

chondria were seen as small rounded particles in these 

dilated intermyofibrillar crevices. 

Electron microscopy revealed that in most fibres the 

myofibrils themselves had a normal-looking appearance 

with no apparent abnormalities primarily affecting the 

actin and myosin filaments. In the widened inter

myofibrillar spaces elements of the T-tubule system and 

sarcoplasmic reticulum were present, but glycogen 

particles were very much reduced. Only occasionally 

were fibres encountered with supercontracted sarco

meres and serious disruption and loss of myofilaments 

(Fig. 2h). 

Fig 2 Micrographs from porcine MH-susccptiblc biceps lemons muscle, Figs a-e, before halothane-succinylcholine challenge, state A, Figs 1-h, 
10 mm after onset of MH crisis, state В (a) Longitudinally sectioned muscle fascicle, showing marked supercontraction and overstretching 
(Magn 770 X) (b) Transversely sectioned muscle fascicle, showing marked variation in fibre diameter (Magn 61 OX), (c) Mitochondrion with a 
dense matrix and sharply angulaiing 'zig-zag' enstae (Magn 59,000 X ) (d) The cristae tend to fuse and to form tubule-like matrix compartments 
(Magn 73,000 X) (e) Central region of myofibre with serious disorganisation of myofibnls and absence of banding pattern (Magn ΙΘ,ΟΟΟΧ ). (I) 
Vacuolated area in muscle fibre core region, during MH crisis (Magn 1,325X) (g) Oedematous myofibres with separation of myofibrils and 
sarrolemmal aggregation of mitochondria (Magn 525X) (h) Cluster of mitochondria m a myofibre with strongly contracted sarcomeres and loss 
of myofilaments (Magn 17,300X) 
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Most of the mitochondria also had a normal-looking and 'zig-zag' coursing cristae. But scattered between 
appearance with a moderately electron dense matrix them markedly swollen mitochondria were seen with 

jr^*yt>: 
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30 
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fibre diameter/10 μπι interval 

I MH-suscepttble pigs.651 fibres 

| controls 444 fibres 

Fig. 3. Frequency distribution of fibre diameters from biceps femoris 

muscle in MH-susceptible and MH control pigs, as measured on 1 μιη 

sections of epon-embedded tissue. 

disoriented cnstae and a patchy-appearing matrix. In a 

limited n u m b e r of fibres ( < 1 % ) , areas completely 

devoid of cross-striation and with a vacuolated appear

ance located in the core region of the fibres, were seen 

(Fig. 2f). Electron microscopy revealed that part of these 

vacuoles originated from strongly swollen mitochondria, 

but other vacuoles were single membrane bounded and 

contained finely granular material. 

State C. The biopsies from the dantrolene-treated M H 

animals showed a moderately oedematous muscular 

tissue, as judged by the extent of the intermyofibrillar 

spaces. Mitochondria in these fibres were round and 

often considerably swollen with an electron transparent 

matrix. The conformation of the cristae had changed 

from the angulated 'zig-zag' pattern to an unfolded 

parallel state. Many muscle fibres again had consider

able contents of glycogen particles and hardly any fibre 

had areas of supercontraction or overstretching. A small 

percentage (3-5%) of fibres, however, showed areas with 

severely overcontracted degenerative myofilaments, for

ming true contraction clumps. In these partially necrotic 

fibres the plasmalemma mostly appeared focally dis

rupted and displaced from the basement membrane. 

//. Calcium localization 

In the biopsies of all three stages (А, В and C) of M H * 

and M H animals treated with K P A for the localization 

of calcium, considerable antimonate precipitation had 

occurred in the connective tissue sheaths around the 

muscle fibres. Especially the basement membrane of the 

muscle fibres and the capillaries reacted strongly and 

showed many antimonate deposits of varying sizes. The 

delicate network of fibrous tissue between the muscle 

fibres usually carried a scattered, randomly distributed 

fine precipitate. 

When the electron-opaque precipitates in the endo-

mysial or perimysial area were analysed with the 

electron probe, strong peaks for antimony (and osmium) 

as well as 'significant' peaks for potassium were con

sistently found. Although there was invariably a distinct 

indication for the presence of calcium and sodium in the 

skeletal muscle supporting tissue, significant peaks for 

these cations could only incidentally be registered. 

Precipitate granules of varying sizes were always 

located in the fibrils and nuclei of muscle fibres. The 

distribution pattern of the precipitates in the myofibrils 

showed considerable variation from biopsy to biopsy 

and within one biopsy from fibre to fibre. A particular 

pattern of precipitate deposition, in some way or another 

related to the degree of contraction of the sarcomeres, 

could not be established, peneral ly speaking, the I-

bands showed higher accumulations of antimony pre

cipitates than did the Α-bands, but these precipitates 

were only incidentally localized in transverse lines near 

the A-I junction. 

Because of this divergency in the pattern of pyro-

antimonate deposition in the myofibrils, no systematic 

microprobe studies of the cations precipitated in the 

sarcomeres have been performed. From the analyses that 

have been carried out, it appeared that significant 

calcium peaks could not be registered but that potassium 

was predominantly bound to the antimony. 

In the following description of the K P A reactivity of 

the muscle fibres during state А, В and C, attention will 

Fig 4. Porcine MH biceps femoris muscle, treated with antimonate for calcium localization Biopsies were taken before (state A) and during a 
halotbane + succinylcholine-mduced MH crisis (state B), as well as 30 mm after administration of dantrolene (state C). State A mitochondria (Fig 
4a) are virtually free from precipitate granules, but in state В the mitochondria are heavily loaded and show varying degrees of matncal swelling 
(Fig. 4b)- In state С the mitochondria show massive enlargement of the matrix compartment, flocculent matrix protein densities and paucity of 
cristae (Fig 4c)- Glycogen granules (Gl), which strongly reacted with antimonate, are present in state A and slate C, but are absent in stale В Fig, 
4a, Magn 46,0OOX, Fig. 4b, Magn 54,000X, Fig. 4c, Magn : 28,00OX.) 
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be focusscd on the mitochondria and the glycogen 5/a/i^. In all tissue sections from MH* and MH" animals 
particles. treated with pyroantimonate, there was a strong KPA-

••-№ •• ^ 
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staining of the glycogen particles (see Fig. 4a). Granules the K P A technique appeared quite effective in the 

in thesubsarcolemmal andjuxtanuclearareas, aswellas localization of glycogen, allowing an easy distinction 

those present in between the myofibrils and myo- between glycogen-rich and glycogen-poor fibres. X-ray 

filaments all showed a strong KPA-reactivity. In fact, analysis of the glycogen deposits revealed that the main 

Fig. 5. Porcine M H ' biceps femoris muscle, treated with antimonate for calcium localization. Biopsy taken during halothanc-succmylcholinc 

challenge (state B). (a) Subsarcolemmal and intermyofibrillar mitochondria contain numerous fine precipitation granules. Coarse granules arc 

present in the endomysial (En) and myofibrillar (My) areas. (Magn.: 22,500X). (b) Two adjoining mitochondria, showing a distinctly dilTerent 

matrix condition. Note that antimonate precipitate granules do not occur in the intracristal spaces. (Magn.: 49,500X). 
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Fig 6 Porcine ΜΗ biceps femora muscle, treated with anlimonale for calcium localization Biopsies taken before (Fig 6a) and during (Fig 6Ь) a 
MH-inducing challenge and 30 mm after administration of dantrolene (Fig. 6c) Considerable amounts ofheavily staining glycogen partu lesarc 
present ш all three stages The mitochondria contain small numbers of precipitate granules (Fig 6a, Magn 36,000X, Fig 6b Magn 41 0OOX 
Fig 6c, Magn. 41,500X). 
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cation precipitated was potassium Significant peaks for 

calcium could only incidentally be obtained from 

glycogen areas In view of the size of the electron probe 

used for the x-ray generation we cannot definitely rule 

out whether in these cases some calcium-containing SR-

elements were also hit by the electron probe 

Mitochondria, either present in a strongly staining 

field of glycogen deposition or lying outside the glycogen 

areas (Fig 4a), were invariably completely free from 

amimonate granules or merely contained some fine non-

aggregated precipitate in the condensed mitochondrial 

matrix 

Analysis of the mitochondria did not produce suf

ficient calcium Κα counts to allow us to infer from these 

data that precipitation of calcium together with ami

monate had occurred 

State В The pattern of pyroantimonate deposition in 

MH* pigs during state В difiered very markedly in two 

respects from the situation in susceptible pigs m state Л 

Firstly, in many - but not all - muscle fibres, the 

glycogen particles had almost completely disappeared 

(compare Fig 4a with Fig 4b) Second, in most of the 

muscle fibres the mitochondria showed large amounts of 

antimony precipitate (see Figs 4b, 5a and 5b) Indeed, 

on most occasions the organelles were strongly blackened 

by the abundance of electron-opaque deposits The 

precipitates were exclusively present in the matrix 

compartment of the mitochondria in the intracnstal 

spaces and in the outer mitochondrial compartments 

antimonate precipitates were never encountered The 

mitochondrial reaction product was present as a finely 

granular non-aggregated precipitate, lying in rows 

between adjoining cnstae free in the matrix or associated 

with the matrix face of the cristal membranes (Fig 4b, 

5a and b) Sometimes, however, the precipitate granules 

tended to converge and this was invariably associated 

with swelling of the mitochondrial matrix (cf Fig 4b 

and 5b) 

Mitochondria lying in close proximity usually showed 

about the same density of their precipitate content (Fig 

5a) However, heavily loaded and less heavily loaded 

organelles (Fig 4b) as well as condensed and swollen 

mitochondria (Fig 5b) were regularly lying side by side, 

indicating that the organelles to a certain degree 

behaved according to an individual scheme 

When occasionally in a particular muscle fibre the 

mitochondria had little or no antimony deposits, glyco

gen granules were present in fairly large amounts 

Electron probe analysis of the animony precipitate-

loaded mitochondria always yielded significant peaks 

for calcium (and most of the time also for potassium) 

KPA-treated muscle tissue from MH~ control pigs 

during state В did not differ noticeably from the MH" 

state A situation In particular, the mitochondria were 

either completely free from precipitate or merely had 

some fine and widely scattered granules (compare Fig 

6a with 6b) 

State С KPA-treated biopsy tissue from MH* pigs taken 

after dantrolene administration (state C) showed many 

muscle fibres in which positively stained glycogen 

granules were quite abundantly present (see Fig 4c) 

Very commonly, the mitochondria in these fibresshowed 

distinct swelling of their matrix compartment (see Fig 

4c) This applied not only to the peripheral mito

chondria but also to the more deeply situated organelles 

In largely swollen mitochondria, the antimonate de

posits had converged to some dense aggregates of finely 

granular precipitate per mitochondrial profile, which 

sharply contrasted with the electron-lucent matrix (see 

Fig 4c, arrow) Occasionally, glycogen granules were 

noticed to be present in the swollen mitochondrial 

matrix Electron probe analysis of these MH* slate С 

mitochondria revealed no unequivocal indications for 

the presence of calcium in the organelles, ι e 'signifi

cant' peaks could not be registered KPA-treated mus

cular tissue from M H pigs during state С showed a 

staining pattern that was quite comparable to that of the 

control state A and state В specimens, (compare Fig 6c 

with 6a and 6b) 

DISCUSSION 

The reported results point to a striking difierence in the 

response of in situ skeletal muscle mitochondria from 

MH and MIT pigs when the animals are subjected toa 

succinylchohne-halothane challenge These results have 

been obtained using the antimonate precipitation pro

cedure, which was originally introduced by Komnick 

(25) for the visualization of cations at the electron 

microscopical level It is now known that the pyro

antimonate molecule is capable of forming precipitates 

with a number of inorganic cations, including those of 

sodium, potassium, calcium and magnesium (26, 27) In 

addition, it has been found that the KPA-technique 

under certain conditions is quite elTective in the staining 

of particulate glycogen (28) 

It is apparent from the literature that the results 

obtainable with the KPA-technique should be inter

preted with caution, particularly with regard to the 

cation specificity of the pyroantimonate reaction (26) 

Many workers have attempted to introduce some means 

of discrimination between the cations precipitated For 

example, prior treatment of the tissue with calcium 

specific chelators (EGTA) has frequently been used to 
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demonstrate the presence of calcium in the antimonate 

reaction products The most appropriate way to study 

the presence of specific inorganic cations in the pre

cipitates, however, seems to be the use of electron probe 

x-ray microanalysis (21, 22) This technique allows the 

fine structural localization of the precipitate to be 

directly related to accurate and sensitive elemental 

analysis Moreover, the relative concentrations of the 

cations precipitated can readily be determined It is of 

considerable advantage - as in our case - when both ED 

and WD x-rav speclrometr) can be performed, because 

then problems of overlap between peaks King near to 

each other, as for example the Sb-La and the Ca-Κα, 

can simply be circumvented 

A considerable number of combined antimonate 

precipitation-x-ray microanalysis studies have been 

performed on normal and abnormal muscular tissue (21, 

29, 30) It has become evident from these reports that the 

pyroantimonate particularly combines with calcium 

under the prevailing conditions of cation concentrations 

in muscle cells In vitro experiments also demonstrated 

that the sensitivity of the pyroantimonate ion for 

calcium precipitate formation is much greater than for 

other cations (27) Moreover, as a consequence of the 

difference between calcium and sodium in K-shell 

fluorescence yield and characteristic x-ray energy ^ 1 ) , 

the 'electron probe sensitivity' for calcium determina

tion is at least one order of magnitude higher than for 

sodium Therefore, we consider that the antimonate 

precipitation technique is particularly appropriate foi 

providing evidence about the location and translocation 

of exchangeable cellular calcium This is in agreement 

with Wick & Hepler (32), who in a recent review 

concluded that "ant imonate is a valuable probe for 

localizing that subset of total Ca * which is loosely 

bound to cellular components and which therefore 

might be mobilized to eflect regulation of various 

processes " 

O u r results with this technique demonstrate that the 

mitochondria in M H * skeletal muscle fibres in response 

to the induction of an M H crisis start to accumulate 

calcium This mitochondrial calcium uptake occurs 

concomitantly with the disappearance of particulate 

glycogen granules Within the time of duration of the 

challenge (10 mm), the calcium loading process induces 

considerable swelling of the matrix compartment in part 

of the mitochondria In view of the extensiveness of the 

mitochondrial calcium loading (cf Fig 5a) and in view 

of the ease with which significant calcium x-ray signals 

could be obtained from these mitochondria, the conclu

sion is inevitable that this calcium loading not only 

indicates a redistribution of exchangeable calcium with

in the muscle fibres, but also demonstrates that an influx 

of calcium from the extracellular spaces must have 

occurred These findings seem to agree well with the 

widely held view that the immediate cause of the acute 

metabolic crisis in M H is a sudden rise in the concentra

tion of myoplasmic calcium (11) 

To explain our findings, we postulate that as a direct 

response to the halothane + succinylchohne challenge 

an increase of the myoplasmic free calcium level occurs 

through influx from the extracellular fluid The mito

chondria, in view of their exceedingly high ailïnity for 

this cation, start to sequester the calcium ions from their 

ambient medium In addition, the increased myoplas

mic free calcium levels accelerate glycogenolysis because 

calcium induces activation of Phosphorylase and this 

causes the rapid and complete disappearance of the 

glycogen particles 

The remarkable calcium transporting capacities of 

mitochondria have been thoroughly studied in the past 

15 years For details, the reader is referred to recent 

reviews (33, 34, 35) Because separate pathways for 

uptake and release have been found, a mitochondrial 

'calcium evele' has been proposed (36) It has been 

suggested that this calcium cycle plavs the role of a 

versatile regulation mechanism for the distribution of 

cellular calcium (33, 34) This concept allows mito

chondria to play an active role in calcium sequestration 

when cytosolic concentrations exceed a certain physio

logical level, about 1 μ Μ according to (37) It also allows 

in theory for the control of intramitochondrial calcium, 

the presumed need for which comes from ree ent work on 

the calcium dependent activation of three intramito

chondrial dehydrogenases (38), suggesting that calcium 

is potentially an important stimulator of the supply of 

reducing equivalents 

In isolated mitochondria and in all probability also 

under in tiwo conditions, the process of mitochondrial 

calcium accumulation is an energy-consuming respira

tion-dependent process that replaces and thus takes 

primacy over oxidative phosphorylation (39) The re

markable mitochondrial calcium storing activities in 

susceptible pigs during stale В can therefore be taken to 

reflect the strong m vwo respiring activity of the calcium 

accumulating mitochondria This is in accordance with 

out biochemical findings (cf discussion of 2nd article in 

this series), (40) 

About the actual submitochondrial compartmental 

distribution of calcium, little is known Recently, H a p -

pel & Simson (41) utilized the pyroantimonate pre

cipitation method to localize calcium in isolated rat 

liver mitochondria in dependency of the metabolic state 

They found that the suborganellar localization varied in 

dependency of the metabolic state of the mitochondria 

Without succinate, mitochondria exhibited precipitates 
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primarily in the imracnstal space In the presence οΓ 

succinate, however, the localization was shifted towards 

the matrix compartment (with many of the densities 

associated with the matrix face of the cristal mem

branes) 

The matrix localization of precipitates was especially 

obvious when calcium was present in the incubation 

medium Our studies revealed that in the MH*, state В 

mitochondria, there was matrix antimony deposition 

only This finding presumably not only reflects the 

strong in vwo respiring activity of the calcium accumu

lating mitochondria, but also supports the well-docu 

mented evidence for a respiratory substrate-driven 

electrochemical potential m mitochondrial calcium 

transport (35, 39) 

Evidence suggesting that the interaction of calcium 

with mitochondria plays an important role in the 

pathogenesis of the porcine MH syndrome has recently 

been given by Cheah & Cheah (42, 43, 44) These 

authors found that isolated MH* muscle mitochondria 

possessed significantly higher amounts of endogenous 

calcium and also showed significantly faster endogenous 

calcium efflux rates than did MH* mitochondria (42) 

The coupling integrity of the isolated mitochondria, 

however, was identical The higher rale of calcium elTlux 

was postulated to be due to the presence of a mito

chondrial phosphohpase (42) 

Later, the same authors demonstrated that at in

creased temperature (40oC) the mitochondria from 

MH* pigs were more easily uncoupled by calcium than 

were the M H mitochondria, whereas the uncoupled 

mitochondria showed large amplitude swelling (43) 

The calcium-induced uncoupling and the large ampli

tude swelling were prevented by phosphohpase inhibí 
tors Subsequently, it was found that MH* and MPT 
mitochondria had similar amounts of endogenous mito
chondrial phosphohpase Аг, but that the total activity in 

MH* pigs was at least twice that of normal (44) 

Our observation that part of the mitochondria during 

the M H crisis show loss of their condensed configuration, 

become swollen and lose most of their calcium pre

cipitate, may well be due to an increased activity of their 

phosphohpase Az This enzyme will form fatty acids and 

lyso dérivâtes of the mitochondrial phospholipids, which 
will cause the mitochondria to undergo large amplitude 
swelling, accompanied simultaneously by a calcium 
efflux (44) However, the swelling of the mitochondria 
may also be directly caused by the increasing accumula
tion of calcium and inorganic phosphate (Pi) in the 
mitochondrial matrix (39) 

To explain the enhanced release of calcium in the 
sarcoplasm of MH* muscle, Cheah & Cheah (45) 
speculate that fatty acids and lyso-phospholipids will 

destabilize the mitochondrial membranes, causing the 
mitochondria to swell and to show a faster than normal 
calcium release Moreover, the fatty acids liberated are 
considered to inactivate the calcium transport systems of 
the SR, causing the release of additional calcium into the 
sarcoplasm (44, 45) 

In our opinion, however, the cause of the increased 
mitochondrial phosphohpase activity in MH pigs may 
well be due to an increased concentration of calcium in 
the sarcoplasm, already present due to the stress of the 
pre-slaughter period In the experimental procedures of 
Cheah & Cheah, the mitochondria were isolated imme
diately post mortem It is well known, however, that the 
stress of the pre-slaughter period is capable of initiating 
an M H crisis Since mitochondrial phosphohpase Аг can 

already be activated bv low concentrations of calcium 

(46), their observations of the differences in the mito

chondrial phosphohpase Аг may, in fact, be caused by 

an enhanced mitochondrial calcium content as a direct 

consequence of an enhanced myoplastic calcium level, 

rather than being at the onset of an enhanced release of 

calcium from the SR or the mitochondria into the 

sarcoplasm 

In our study, the EM findings during the prechallenge 

period do not show a difference in the amount of 

pyroanlimonate precipitate comparing MH* pigs to 

controls This may mean that due to the premedication 

and the barbiturate anaesthesia, in our experiments, in 

the prechallenge period hardly any difference exists in 

the mitochondrial calcium concentration between the 

MH* and M H pigs 

Our observations of a strong mitochondrial calcium 

loading during the initial phases of an MH crisis may 

also be of importance in view of the question recently 

posed, whether MH is a feature of a specific myofibre 

type (47) 

Indeed, experimental evidence has been gained (hat 

the histochemical type I (or red) myofibres seem to be 

more susceptible to the action of drugs such as halothane 

and caffeine than are the type II (white) fibres (48, 49) 

McLoughlm et al (49) studied the delay effect of 

neuroleptic drugs on the onset of a halothane-induced 

porcine M H crisis They found that the fall in the 

concentration of creatine phosphate and the rise in 

lactate was more marked in the predominantly red than 

in the predominantly white fibre areas of the MH* 

semitendinosus muscle Nelson & Schochet (47) showed 

that the porcine MH* trapezius muscle with about equal 

proportions of type I and type II fibres, had greater 

abnormal in vitro contracture responses to halothane and 

to caffeine than had MH* gracilis muscle with 10% type I 

and 90% type II fibres However, these latter authors 

also found that porcine control trapezius muscle com-
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pared to control gracilis muscle had a greater con

tracture response to caffeine. Comparable results were 

obtained by Brownell & Szabo (48) in rat muscles. 

The fact that both rat muscles and control porcine 

muscles showed different reactivities of the type I and 

type II fibres argues against the supposition that MH 

susceptibility is a disease of a specific myofibre type. 

Nevertheless, it indicates that the diverging contracture 

response of type I and type II fibres is mainly bio

chemical rather than physiological in origin and pos

sibly related to energy metabolism. One might speculate 

that - on halothane + succinylcholine induced influx of 

extracellular calcium into the myoplasm - the aerobic 

type I fibres will lose their high energy phosphates more 

rapidly than will the anaerobic (glycolytic) type II 

fibres. This will be so because the mitochondria, their 

main energy-producing system, give priority to calcium 

accumulation above ADP phosphorylation under these 

conditions (33, 34) Due to these circumstances, the type 

I fibres in particular will be deprived of the possibility to 

mobilize their energy-consuming calcium pumps in 

order to sequester the increased myoplasmic calcium 

into the SR-compartments or to extrude it again into the 

extracellular space. Due to this adenosine triphosphate 

(ATP) shortage, also the calcium-induced myofibrillar 

contracted will be sustained. On the other hand, in the 

anaerobic type II fibres, the excess calcium will stimu

late glycogenolysis by activating Phosphorylase kinase, 

which, m a relative sense, will favour the anaerobic 

energy-yielding reactions, producing lactate. 

Summarizing our findings, the presence of increased 

amounts of calcium in the MH myofibres during the 

MH crisis is shown by our electronmicroscopic and 

microprobe studies. The amount of calcium precipitated 

apparently is far more than the amount that can 

potentially be liberated from intracellular calcium stores 

in the mitochondria or the SR-cisternae. An infiux of 

calcium from the extracellular fluid is therefore postu

lated. The increase of the myoplasmic calcium level is 

counteracted by the mitochondria, starting to ac

cumulate the calcium in an energy-consuming process. 

This process of calcium loading will take primacy over 

the phosphorylation of ADP into ATP. The increased 

concentration of myoplasmic calcium also stimulates 

glycogenolysis by activating the Phosphorylase, resul

ting in degradation of the glycogen, i.e. the disap

pearance of the glycogen particles. 
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CHAPTER 8 

Malignant hyperthermia: Adenine incorporation and adenine 

metabolism in human platelets, influenced by halothane. 

M.P.Verbürg, С.A. van Bennekom, F.T.J.J.Oerlemans, 

C.H.M.M. de Bruijn. 
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MALIGNANT HYPERTHERMIA: ADENINE INCORPORATION AND 
ADENINE METABOLISM IN HUMAN PLATELETS, INFLUENCED 
BY HALOTHANE 

M.P. Verbürg ,_С.А. Van Bennekom , _ 
F.T. Oerlemans and C.H.M.M. De Bruyn 

1: Dept. of Anaesthesiology, De Wever Hospital, 
Heerlen, The Netherlands. 2: Dept. of Human 
Genetics, Univ. Hospital St. Radboud, Nijmegen, 
The Netherlands 

INTRODUCTION 

Malignant hyperthermia (MH) is a pharmacogenetic 
disorder, elicited during general anaesthesia and car
ries a high mortality (1). MH is elicited in susceptible 
subjects by volatile anaesthetics like halothane, ether, 
enflurane and depolarizing muscle relaxants like succin-
ylcholine(l). The inheritance of MH is autosomal dominant 
with incomplete penetrance and variable expression(l). 

The screening for MH susceptibility is done by a 
pharmacological evaluation of a muscle specimen obtained 
by an open biopsy(1). The drawback of this test is its 
invasiveness and time consuming procedure. Moreover, due 
to its invasiveness it is an unsuitable test to be per
formed on children. 

The need for a far less invasive test is obvious. 
A platelet bio-assay(2)has been advocated in a prelimin
ary report as being useful identifying MH susceptible 
humans. 

This report is stating the reduction of the incor
porated adenine into nucleotides by the influence of 
halothane. Compared to the controls, a significant re
duction is obtained in the ratio incorporated 
(ATP+ADP)/AMP(2) . 

Furthermore in a second preliminary report(3) it is 
stated that exposure to halothane produces a significant 
reduction of the platelet pool ATP and a significant in
crease in the hypoxanthine pool. These changes are ex
pressed in the ratio: (ATP+ADP)/(AMP+Hypoxanthine). This 

Fron: PURINE METABOLISü IN MAN-IV, Part В 

Edited by Chris H.M.II. de Bruijn, H. Anne Simnonds 

and Mathias M.Muller. 

(Plenum Publishing Corporation, 1 9 3 4 ) . 
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ratio should show a significant drop in the halothane 
treated platelets compared to the untreated platelets of 
MH susceptible humans. 

MATERIALS AND METHODS 

The examined control subjects have no family history 
of MH. The 2 proven MH cases have been reported in the 
literature (4,5). We examined the parents of both 
patients and the parents of a 3rd case who died due to 
MH, according to the coroner's report. 

Platelet rich plasma was prepared from venous blood 
collected in an ammonium hepannized vacuum tube, Vacu-
plast

R
, (Greiner, Nürtingen, FRG). After centrifugation 

for 15 minutes at room temperature, 80 g, platelet rich 
plasma (PRP) was pipetted off with a plastic pipette in
to a polypropylene tube. Platelet counts were performed 
with a Coulter counter. Contamination of PRP was checked 
by means of a Haemalog-D. It was found to be less than 
0.02%. . 

Incubation of PRP with C-adenine was done in 1.6 
ml Eppendorf tubes; 500 μΐ PRP, 20 μΐ 14

C-adenine (lyCi) 
(Radio Chemical Centre, Amersham, UK) spec.act.296 mCi/ 
mmole. Increasing amounts of halothane (ICI, Maccles
field, UK) were added to the incubation mixture, leading 
to increasing concentrations of halothane from 0% to 2% 
(v/v).The concentration of adenine during the experiment 
was 6.8μΜ; incubation was performed at 37

0
C for 20 m m . 

in a shaking waterbath. After incubation a pellet was 
formed by centrifugation for 1 min. at 9,000 g at room 
temperature. The pellets were extracted with 40 μΐ tri
chloracetic acid (TCA) 6.5% at 0

o
C for 10 m m . After 

1 minute of centrifugation at 9,000 g the TCA extract 
was used for thin layer chromatographic separation. 

Thin layer chromatography (TLC) was performed on 
PEI-cellulose sheets (Macherey-Nagel, Düren, FRG). Two 
ascending development runs were needed with respectively 
50% methanol for 40 minutes and, after drying, 0.4 M 
formic acid +0.25M LiCl for 25 minutes. 

The spots were identified by means of UV light 
(254 nm), cut out and counted in a liquid scintillation 
counter (Packard 2450, USA). 

High Performance liquid chromatography (HPLC). 
500 μΐ PRP with increasing concentrations of halothane 
(0-2%(v/v)) were incubated in 1.6 ml Eppendorf tubes for 
20 min. in a 37

0
C shaking waterbath. After incubation the 

tubes were centrifuged for 1 m m . at 9,000 g at room 
temperature and the pellet was extracted with 100 wl of 
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Figure 1 
Incubation with "'""'C-adenine 
Π= controls (n=4) bar:+sd. 
·= proven MH patients (n=2) 
*= parents (n=5) 

p-

Figure 2 
HPLC analysis. 

D = controls (n=12) 
• = MH patients(n=2) 
* = parents (n=2) 

0.4 M perchloric acid. The extract was frozen and analyz
ed on the same day by means of HPLC. A Spectra Physics 
model SP 000В (Spectra Physics, Sta Clara, Ca.,USA) 
equipped with a Bondapack-C18 column was used. Elution 
was performed with 0.1 M KH2PO. at a constant flow rate 
of 1.5 ml/min. Peaks were monitored with a fixed wave
length UV detector (Spectra Physics) at 254 run. 

RESULTS AND DISCUSSION 

The incubation experiments show
6
a wide range of in

corporation: 332-696 cpm adenine/10 platelets/20 min. 
Increasing amounts of halothane exert a dose related in
hibition of adenine incorporation, both in the controls 
as well as in the patients and their parents. The values 
of incorporated adenine at 0% halothane in the patients 
range from 280-464 and in the parents from 136-784 cpm 
cpm adenine/10

6
 platelets/20 m m . 

No discrimination can be made on the amount of in
corporated adenine at 0% halothane from the patients, 
parents and controls. 
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The distribution of incorporated adenine in ATP and 
ADP is shown in fig.l. The ratio ATP/ADP at increasing 
concentrations halothane is expressed as a fraction of 
the ratio at 0% halothane. 

No discrimination can be made on the ratio ATP/ADP 
from the controls, patients and their parents. 

The results of the HPLC analysis of adenine nucleo
tides of platelets incubated with increasing concentrat
ions of halothane is shown in fig.2. The ratio 
(ATP+ADP)/(AMP+Hypoxanthine) at increasing concentrat
ions of halothane is expressed as a fraction of the ra
tio at 0% halothane. 

No discrimination can be made between the controls, 
patients and their parents from the drop in the ratio 
(ATP+ADP)/(AMP+Hypoxanthine)on exposure to halothane. 

CONCLUSION 

14 
Both the C-adenine incorporation as well as the 

HPLC analysis of adenine nucleotides in platelets ex
posed to increasing concentrations of halothane, are un
able to provide a significant discriminating effect, 
separating the MH susceptible sub]ects from the controls. 

REFERENCES 

1. G.A. Gronert, Malignant hyperthermia, Anesthesiol., 
53:395. 
2. C.C. Solomons, S. Tan and J.A. Aldrete, Platelet 
metabolism and malignant hyperthermia, in:"Malignant 
Hyperthermia, 2nd International Symposium", J.A. Aldrete 
and B.A. Britt, eds.; Crune and Stratton, New York 
(1978) p. 221. 
3. C.C. Solomons, N. McDermott and M. Mahowald, Screen
ing for malignant hyperthermia with a platelet bioassay, 
N. Eng. J. Med. 303:642 (letter to the editor) (1980). 
4. J. Van Der Nat, Hyperpyrexia tijdens narcose (1968), 
Ned. T.V.Gen. 112, 2227 (1968). 
5. F. Hoevenaars, R.C.Α. Sengers, A.M. Stadhouders, 
M.J.M. Gielen, W.L.C. Brunings, J.M.F. Tnjbels and 
H. Bookelman, Maligne hyperpyrexia: een vaak niet her
kende complicatie van narcose. Ned.T.van Gen. 121, 976, 
(1977). 

148 



CHAPTER 9: METABOLITES IN SKELETAL MUSCLE BIOPSIES FROM 
HUMANS SUSCEPTIBLE TO MALIGNANT HYPERTHERMIA 
AND CONTROLS 
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Introduction 

Malignant hyperthermia (MH) is a pharmacogenetic disease triggered 

by volatile anaesthetics and/or depolarising skeletal muscle 

relaxants . Mortality is still about 30%, insplte of the 

2 
availability of a specific curative drug, dantrolene sodium . 

The incidence of an MH crisis is estimated to range from 

1/15,000 delivered anaesthesias in children, 1/50,000 to 

1/100,000 1n a d u l t s
3 - 4

. The Inheritance is thought to be 

autosomal dominant, with variable expression and reduced 

penetrance . However, no uniform opinion exists on its 

Inheritance pattern, partly due to the limitations of the 

available screening method for a mass screening procedure. 

At present the screening method of choice is a pharmacological 

in-vitro test of a skeletal muscle, obtained by an open biopsy . 

On exposure to successive Increasing concentrations of caffeine 

or halothane, a contracture Is observed in skeletal muscle 
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obtained from ΜΗ susceptible subjects at lower concentrations 

compared to controls ' '. However, the major drawback of the 

test Is its Invasiveness. The surgical intervention to obtain 

a muscle specimen as well as the time consuming procedure In 

the laboratory to perform the in-vltro test, makes this test 

unsuitable for mass screening. 

A possible alternative might be the analysis of skeletal 

muscle metabolites. Studying on the porcine MH model, it 

was found that MH susceptible pigs showed a different 
7,8 

skeletal muscle metabolite profile compared to controls 

In muscle obtained from MH susceptible pigs a decreased 

concentration was measured in phosphocreatlne (PCr) and 

в 
an Increased concentration of lactate and creatine (Cr) . 

Furthermore, other workers have shown increased concen

trations of glycolytic Intermediates in muscle from MH 

о 
susceptible individuals . 

These findings stimulated us to evaluate a number of 

skeletal muscle metabolites in humans as possible 

diagnostic parameters for MH. 

Materials and methods 

All skeletal muscle biopsies were taken at the Toronto 

University Hospital from Individuals requesting for MH 

screening. The standardized procedure Included the use of 

diazepam, fentanyl for Induction endotracheal Intubation 

and ventilation with oxygen ( F
i
0

2
 : 0.3), and nitrous 

oxyde, delivered from a vapour free anaesthesia machine. 
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The muscle biopsies were taken from the m.vastus lateralis 

and immediately frozen and panacked by a pre-cooled brass 

clamp at -70
 0
C . The sample was stored at -40 С in a 

refrigerator. Additional muscle samples were taken to perform 

the routine 1n-vitro caffeine contracture test, in order to 

5,6 
establish MH susceptibility . This test was performed 

6,10 
according to the description of Kalow and Britt 

The criteria to define MH susceptible subjects and controls 

were according to the protocol employed at the Dept. of 

6 
Anaesthesia, Toronto, Canada . The basic criterium hereby 

is the caffeine specific concentration (CSC): the dose of 

caffeine in mM required to raise the resting tension of 

a muscle fascicle by 1 gram. The CSC for non MH susceptible 

subjects Is 4.1 mM of caffeine or greater, and in combi

nation with halothane 1%: 1.2 mM caffeine or greater. 

An intermediate group has been identified, showing a 

normal response to caffeine but an MH response to halothane 

1% plus caffeine. The latter group is called the K-type 

11 

group 

Analysis of skeletal muscle metabolites was performed 

on the freeze-clamped skeletal muscle, shipped on dry 

ice from Toronto to Nijmegen, The Netherlands. 

Before shipping the samples were coded, so the analysis 

was performed without knowing which sample was from an 

MH susceptible subject or from a control. 

The skeletal muscle metabolites were studied using an 

7 12 
isotachophorlc technique ' . A muscle sample was freeze 
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dried and homogenized mechanically. Extraction of muscle 

metabolites was performed using ice-cold EDTA 1,25 mM 

(pH 7.6) in 50% methanol at 0
 0
C , for 15 minutes. The 

suspension was centrifuged for 1 minute, at 10,000 g, and 

the supernatant freeze-dried. To this lyophilized fraction, 

200-800 jul of distilled water was added. Analysis was 

performed by injection of 5 ^1 of this extract into a 

Tachophor , LKB Instruments, Bromma, Sweden. Temperature 

during the measurement was kept at 20 C, and u.V. absorbtion 

was measured at 254 nM. The concentrations measured in the 

extracts were expressed on the basis of the wet weight of 

θ 
the muscle sample . 

Creatine was measured in a neutralized perchloric acid 

extract of a muscle specimen, applying the enzymatical 

system described by Jaworek et al, with the addition of 

creatine kinase and adenosine triphosphate (ATP) 

After all analyses had been performed, the code was 

broken and the data were submitted to statistical evaluation, 

using the analysis of variance, and Student's T-test. 

Results 

Based on the criteria mentioned in "materials and methods" 

a division was made into three groups according to the 

reaction on caffeine alone and the combination halothane 

1% plus caffeine. This division Is displayed In table 1, 

as well as the skeletal muscle metabolite values belonging 

to each group. No significant differences were observed 
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with respect to the parameters shown, comparing the 

control with the MH susceptible subjects (MHS) or the 

K-type reactors. Especially PCr, Cr and lactate values 

were not significantly different in controls and MH 

susceptible subjects. 

Table 1 : 

Skeletal muscle metabolites in malignant hyperthermia 
susceptible (MHS) humans, non MH susceptible (controls) 
humans and those belonging to an inter-mediate group 
(K-type). All values are expressed in nmol/mg wet weight, 
mean value + SD 

Parameter 

ATP 

ADP 

AMP 

IMP 

NAD + 

PCr 

Cr 

Cr/(Cr 
+ PCr) 

Lactate 

P-value 

.44 

.28 

.18 

.18 

.81 

.51 

.43 

.17 

.97 

PCr/lactate.91 

Pi .66 

Controls (N=31) 

3.75 

0.14 

0.05 

0.14 

0.13 

13.20 

16.03 

0.54 

3.73 

4.41 

7.42 

+. 0.74 

± 0.09 

+ 0.04 

+ 0.13 

± 0.10 

+ 3.33 

+ 4.93 

+ 0.06 

i 1.67 

+ 2.36 

± 1.92 

K-type | 

3.89 + 

0.13 + 

0.04 + 

0.09 ± 

0.11 ± 

14.42 + 

15.06 + 

0.51 + 

3.79 + 

4.68 + 

7.24 + 

(N=18) 

0.43 

0.08 

0.04 

0.07 

0.10 

3.85 

3.88 

0.06 

1.92 

2.28 

1.40 

MHS 

3.98 

0.11 

0.03 

0.09 

0.12 

13.74 

16.94 

0.55 

3.65 

4.61 

6.97 

(n-19) 

+ 0.61 

+ 0.05 

+ 0.02 

i 0.07 

+ 0.09 

+. 3.62 

+ 3.84 

¿ 0.09 

+ 1.74 

± 2.43 

+ 1.61 

ATP, ADP and AMP: adenosine trihphosphate, -di phosphate and 

-mone phosphate, IMP: inosine monophosphate, NAD : nicotinamide 

adenine dinucleotide oxidized, PCr: phosphocreatine, Cr: creatine, 

Pi: inorganic phosphate. 

Statistical evaluation by means of analysis of variance (P-value) 

did not show significant differences in metabolites levels between 
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the three groups. 

Discussion 

The analysis of skeletal muscle metabolites can be useful 

for the diagnostic evaluation of inherited skeletal muscle 

diseases, like Duchenne muscular dystrophy . A major 

advantage of the isotachophoretic analysis of skeletal 

muscle metabolites is the small amount of biopsy material 

needed. A muscle sample of 10-25 /jg provides satisfactory 

and reproducible separations of a considerable number of 

12 essential metabolites within the same run . Current 

enzymatic methods need bigger muscle samples and the 

measurement of most metabolites is indirect and more 

laborious. 

Our previous studies on the porcine MH model showed that 

on the basis of skeletal muscle metabolite analysis a 

differentiation could be made between MH susceptible and 
Q 

control pigs . Furthermore, studies by others on humans 

susceptible to MH have provided some indications of a pré

existent difference in skeletal muscle metabolites, compared 
9 

to controls . In the latter study significantly lower 

concentrations were measured in MH susceptible muscle of 

ATP, PCr and an increased concentration of glucose-6-

phosphate. These results and our previously obtained 

results on the porcine MH model have stimulated us to 

investigate skeletal muscle metabolites in humans at 

risk for MH, in order to determine whether abnormal 

levels of metabolites might be encountered. 
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The results obtained of skeletal muscle metabolites 

values are well comparable to values reported by others 

14 

on muscle biopsies taken by a biopsy needle . The latter 

reported values for ATP of 3.92_+ 0.34 nmol/mg wet weight, 

for PCr 10.17 + 1.09 nmol/mg wet weight and lactate 

3.33 + 0.41 nmol/mg wet weight. However, a major criticism 

on the analysis of skeletal muscle metabolite analysis 

by means of needle biopsy, is the too long time needed 

for freezing the sample. 

It has been stated that freezing of skeletal muscle 

samples has to occur within 100 msec to avoid breakdown 

of PCr during the freezing process . The best possible way 

to do so is to put a liquid nitrogen cryoprobe into the 

muscle mass. However, for ethical reasons this Is not 

feasable, as the mass to be frozen will be much bigger 

than needed for a needle biopsy sample. Furthermore, 

chemical Irritation may occur due to the liquid nitrogen. 

In addition, changes in skeletal muscle metabolite levels 

can be detected by using the conventional needle biopsy 

sampling . Therefore we think It is allowed to present 

our data on skeletal muscle metabolites and to draw 

conclusions from the results obtained. 

In contrast to the findings in our pig study no significant 

differences were measured in skeletal muscle metabolites 

analysed. The PCr value Is the first one to present a 

decreased level on an Increased energy demand, or a 

decreased production capacity. In the MH samples this Is 

155 



not the case. This supports the hypothesis that MH Is 

not a pre-exlstent disease but rather an Induced metabolic 

disorder. This statement has recently been supported by 

using a nuclear magnetic resonance (NMR) technique, 

measuring PCr and ATP changes in pigs prior to and 

during an MH crisis . On Induction of the MH crisis 

with succinylchol1ne, a drop occurred In PCr levels, 

whereas prior to the administration of succinylcholine 

no significant differences in PCr levels were measured. 
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CHAPTER 10: THE USE OF A REGIONAL ANAESTHETIC TECHNIQUE, 
THREE-IN-ONE BLOCK, TO TAKE MUSCLE BIOPSIES 
IN HUMANS FOR THE EVALUATION OF MALIGNANT 
HYPERTHERMIA SUSCEPTIBILITY 

The in-vltro caffeine contracture test (CCT) is at present 

indispensible to confirm or exclude susceptibility to 

malignant hyperthermia (MH) in humans . Screening for MH 

is indicated for those having a family history suggestive 

of an MH crisis. The CCT is a useful method in counselling 

members of an MH affected family. When the patient is aware 

of his susceptibility to MH, accidents can be avoided by 

informing the anaesthetist about the susceptibility to MH. 

In that case all precautions can be taken and the use of 

possible MH triggering agents will be avoided. 

The basis of the CCT is the increased sensitivity of skeletal 

muscle obtained from MH susceptible subjects to caffeine and 

halothane . On exposure to caffeine or halothane, muscle 

samples obtained from MH susceptible humans produce a con

tracture at lower concentrations compared to muscle samples 

obtained from controls. Muscle samples from MH susceptible 

subjects produce a contracture at caffeine concentrations 

below or equal to 2 mM, and the control samples at 3 mM 

or higher. For halothane the values are 1% halothane or less 

for muscle specimens from MH susceptible subjects, and 3% 

or higher for controls. A contracture Is a sustained con

traction of skeletal muscle, without electrical activity 
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and no tendency to relax spontaneously. The lowest concen

tration of caffeine or halothane producing a sustained rise 

of the base line tension of at least 0.2 gram, produced by 

a muscle specimen weighing about 50-100 mg, and is called 

threshold concentration. 

Besides the confirmation or exclusion of MH susceptibility, 

the study reported here was designed to evaluate the 

effectiveness of a regional anaesthetic technique in taking 

a skeletal muscle biopsy from the m.vastus medialls. 

Material and methods 

Patient selection was limited to those people asking for 

a counselling concerning MH susceptibility, based on a 

family history of probable MH (n=21). The history of the 

MH crisis was re-examined, as far as possible using 

medical records. Special attention was paid to possible 

transfusion reaction or septicaemia. 

Creatine Phosphokinase (CK) was measured In venous blood 

samples using standard laboratory techniques. CK measure

ment was done when the subject had restrained from heavy 

physical exercise for at least three days. Thereafter 

skeletal muscle biopsies were taken from the m.vastus 

medialls using a regional anaesthetic technique. This was 

performed as an out-patient procedure. After an oral 

premedication with benzodiazepam 10 mg, a regional anaes

thesia was performed in a leg, using the "three-in-one" 

block as described by Winnie et al . 
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The local anaesthetic used was prilocaine: 40 ml of a 1.5% 

solution with epinephrine added, 1/200.000. After a 20-30 

minutes observation period, satisfactory analgesia was 

obtained, measured by skin-prick using a hypodermic needle. 

Monitoring of the patient consisted of taking ECG, periferal 

pulse and bloodpressure. 

A biopsy was taken from the m.vastus medialis measuring 

3 χ 0.5 χ 0.5 cm. The biopsy was fixed in-situ in a 

specially constructed clamp, composed of two artery forceps, 

welded together at a fixed distance of 3 cm.. This was done 

to avoid retraction of the muscle specimen after removal 

from the skeletal muscle mass. The sample was taken parallel 

to the longitudinal axis of the muscle fibres, in order to 

obtain a maxima! number of viable muscle fibres. Additional 

muscle tissue was taken for routine histological examination 

and muscle fibre typing. 

The muscle sample for the in-vitro CCT was immediately 

transferred to the laboratory in a Krebs-Rlnger solution. 

In the laboratory Intact muscle fibres measuring 20 χ 2 χ 2 mm 

were prepared from the biopsy specimen. This muscle fascicle 

was fixed on one end and the other end attached to a force 

displacement transducer, Gould-UC-3. The force obtained was 

registered with a Grass polygraph. The muscle fascicle was 

directly stimulated supramaximally, 1 ms, 0.1 Hz, to asses 

viability. After obtaining a stable base line and maximal 

twitch amplitude, the experiment was continued. During the 

whole procedure the tissue bath was kept at 37 C, aerated 
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with carbogen (95% O2 + 5% CO2), pH 7.4. 

The experiment consisted of two runs. The first one was a 

static run with caffeine, the second one was a dynamic 

run with halothane. The static caffeine run was performed 

with succesively increasing concentrations of caffeine: 

0.5, 1.0, 2.0, 4.0, 8.0 and 16 mM. The muscle sample was 

exposed for at least 3 minutes to each caffeine concen

tration, before the next caffeine concentration was used. 

All caffeine concentrations were dissolved in a Krebs-

Ringer solution. When a contracture developed (a substained) 

increase of tension), the next concentration of caffeine 

was administered as soon as the maximal tension was obtained. 

In this way a cumulative dose response reaction was obtained. 

The lowest concentration of caffeine producing a contracture 

was called the threshold concentration. 

In case of no twitch response on direct electrical stimulation, 

the muscle sample was considered not viable and discarded. 

The second run, the "dynamic halothane test" was performed 

by exposing the muscle sample to succesively increasing 

concentrations of halothane. On exposure to each concen

tration of halothane, the muscle sample was stretched over 

a fixed distance and after 3 minutes relaxed by returning 

to the Initial length. At each succeslve concentration 

of halothane the same distance was used. At first the muscle 

sample was exposed to 0% halothane, administered by 

passing the carbogen through a calibrated vaporizer. The 
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characteristic length-tension pattern of the last cycle 

at 0% halothane was used as reference value. On 

exposure to halothane the following characteristics 

were observed and considered diagnostic for MH suscep

tibility. 

I . A contracture develops on exposure to halothane 

II. The tension obtained after completion of the stretching 

procedure is greater than the tension observed at 0% 

halothane. 

Results of the three-in-one block 

The three-in-one block using prilocaine as a local anaesthetic 

agent, produced good analgesia of the skin overlying the 

biopsy spot in all patients. However, In two patients we had 

to give additional Intravenous analgesics, due to pain on 

traction of the skeletal muscle. All 21 Individuals examined 

did not show any adverse reactions to the surgery and anaes

thesia. 

Results of the in-vitro test: static caffeine test 

A typical registration of the static caffeine test in a non-

MH-susceptible subject Is shown in figure 1-A. A contracture 

is observed on exposure to caffeine 4 mM and higher concen

trations of caffeine. In figure 1-B a registration is presen

ted of the reaction of a muscle specimen obtained from an 

MH susceptible individual. A contracture develops on the 

addition of caffeine 1 mM, and higher concentrations of 

caffeine. 
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FIGURE IA : 

Registrations are shown of the tension produced by a 

skeletal muscle fascicle obtained from the m.vastus 

nedialis from a non-NH-susceptible human. The muscle 

fascicle is fixed on one end, the other end is 

attached to a force displacement transducer. The muscle 

fascicle is bathed in a Krebs-Ringer solution, 37
 0
С , 

D H 7.4 and continuously aerated with carbogen (95% O2 + 

5:! C O 2 ) . The muscle fascicle is directly stimulated, 

supranaxinally 0.1 Hz, 2 m sec to asses viability. The 

muscle sample is exposed for 5 minutes to each succes

sive increasing concentration of caffeine. On exposure 

to caffeine 4 mfl a contracture develops: a sustained 

elevation of the baseline tension. 

150 Volts 
2 msec 
0 1 H z 

Caffeine: 
« 
0 5mM 

* 
ImM 

« 1 

2mM 
« 

4mM 
№ « * 
8mM 16mM 32mM 
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FIGURE IB : 

Identical bathing c o n d i t i o n s as in figure 1A. It can be 

noted that on addtion of caff e i n e 1 mil a co n t r a c t u r e 

d e v e l o p s . This is considered to be a re s p o n s e of a 

skeletal muscle obtained from a human s u s c e p t i b l e to 

ma l i g n a n t h y p e r t h e r m i a . 

ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι 
_ * % 

0 1min 
10g 

eoVolts fc fc fc fc fc * № 
2msec Caffeine 05mM 1mM 2mM 4mM BmM 16тМ 32тМ 
01Hz 
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Figure 2A (top). Tension response as traced In the dynamic 

halothane test performed on a skeletal muscle sample obtained 

from a non-MH-susceptible human. 

Figure 2B (bottom). Tension response as traced In the dynamic 

halothane test performed on a skeletal muscle sample obtained 

from an MH susceptible human. 

mn¡^\ ушщ, у-шу У ^ 
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Dynamic halothane test 

A typical registration of the dynamic halothane test 

performed on a skeletal muscle sample obtained from a 

non-MH-susceptlble subject is shown on figure 2-A. No 

contracture developed on exposure to halothane as high as 

2%. No Increase was measured of the tension at completion 

of the stretching procedure. In figure 2-B a registration 

is shown of the reaction of a muscle specimen obtained 

from an MH susceptible subject. On exposure to halothane 

1% a contracture develops of the baseline tension. Further

more, after completion of the stretching procedure a higher 

tension is obtained compared to the tension produced at 0% 

halothane. A summary of the in-vitro test is shown in table 1, 

presenting the caffeine and halothane threshold concentrations 

producing a contracture. 

Histological examination 

The histological examination of the subjects examined did not 

provide specific histological abnormalities in the MH suscep

tible subjects compared to the non-MH-susceptlble subjects. 

A summary of the histological examiniatlons is shown in 

table Z, presenting the distribution of fibre types. 

Creatlne-phosphokinase analysis 

Serum levels were elevated in 2 out of the 5 subjects 

considered MH susceptible. In the non-MH-susceptlble group 

3 out of 16 showed an Increased CK value. One of them was 

shown to be affected by myotonia dystrophlca. The CK 

values measured in the patients examined Is shown In table 2. 
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Table 1 : 

Results of the 1n-v1tro contracture test. A static run 

is performed with caffeine, and a dynamic run Is performed 

using halothane. The lowest concentration of caffeine and 

halothane producing a contracture of 0.2 g or more, Is 

called the threshold concentration. All 21 subjects 

examined had a family history of possibly MH. 

Individuals Sex Age Caffeine Halothane Conclusion 

B-C 
S 

F 
M 

36 
32 

4 mM 
4 mM 

neg. 
neg. 

at 2% 
at 2* 

ΜΗ 
ΜΗ 

vS-S 
HS 
vE I 

S-0 
K-O 
М-Р 
D 
vV-0 I 
Ε I 
E-vL I 
G-vL 

K-vL 1 
HvL t 
E-vB 1 

E-T 
M-vL 1 
M-vL 
F-vL 1 
B-vL 

Malignant hypei 

Non-malignant 

F 34 
F 28 
λ 2 3 

- 34 
" 28 
:
 46 
1 24 
:
 30 
4 28 
:
 40 

:
 34 

43 
A 36 
:
 39 

:
 47 
r
 27 
F 39 
A 4 1 
F 38 

rthermia 

4 
4 
4 

mM 
mM 
mM 

(myotonia 

4 
4 
4 
4 
4 
4 
4 
4 

4 
4 
4 

1.0 
0.5 
2.0 
1.0 
0.5 

mM 
тМ 
тМ 
тМ 
тМ 
тМ 
тМ 
тМ 

тМ 
тМ 
тМ 

тМ 
тМ 
тМ 
тМ 
тМ 

susceptible 

neg. 
neg. 
neg. 

at 
at 
at 

dystroph 

neg. 
neg. 
neg. 
neg. 
neg. 
neg. 
neg. 
neg. 

neg. 
neg. 
neg. 

pos. 
pos. 
pos. 
pos. 
pos. 

: 

hyperthermia susceptible: 

at 
at 
at 
at 
at 
at 
at 
at 

at 
at 
at 

at 
at 
at 
at 
at 

MH
 + 

MH" 

2% 
22 
2% 
ica) 

2% 
2% 
2% 
2% 
2% 
2% 
2% 
2% 

2% 
2% 
2% 

0.5% 
0.5Я 
1.0% 
0.5% 
0.5% 

MH" 
MH" 
MH" 

MH-
MH-
MH-
MH-
MH

-

MH 
MH 
MH" 

MH" 
MH" 
MH" 

MH
 + 

MH
 + 

MH
 + 

MH
 + 

MH
 + 
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Table 2 : 

Results of the histological and creatine Phosphokinase (CK) 

analysis of the 21 subjects mentioned in table 1. 

Normal CK value less than 90 I.U./l. Normal distribution of 

fibre type 1n human m.vastus medialis; type 1:35-60%, fibre 

type 2: 50-65%, intermediate till 5%, central nuclei till 3%. 

Individual Sex Age Histology 

% type 1 % type 2 % intermediate 

CK 

B-C 
s 

vS-S 
HS 
VE 

S-0 
K-0 
M-P 
D 
vV-0 
E 

F-vL 
G-vL 

K-vL 
H-vL 
E-vB 

E-T 
M-vL 
M-vL 
F-vL 
B-vL 

F 
M 

F 
F 
M 

F 
F 
F 
M 
F 
M 

F 
F 

F 
M 
F 

F 
F 
F 
M 
F 

36 
32 

34 
28 
23 

34 
28 
46 
24 
30 
28 

40 
34 

43 
36 
39 

47 
27 
39 
41 
38 

46.7 
34.7 

(central 

64.7 
41.5 
40.0 

51.7 
64.2 

nuclei 6.2%) 

35.3 
58.3 
60.0 

(myotonia dystrophica) 

58.6 
42.3 

-
47.2 
43.0 
34.7 

(central 

55.2 
63.7 

(central 

35.5 
24.6 
39.4 

(central 

43.5 
36.7 
48.9 
28.4 
31.5 

41.4 
57.7 

-
48.4 
56.6 
63.8 

nuclei 4.9%) 

44.8 
35.6 

nuclei 8.9%) 

64.5 
55.1 
60.0 

nuclei 8.2%) 

56.5 
59.8 
51.1 
71.6 
68.2 

1.7 
1.0 

_ 
0.2 
-

_ 
-
-

4.4 
0.4 
1.4 

β 

0.7 

_ 
20.3 
0.6 

_ 
3.5 
-
. 

0.3 

40 
208 

59 
44 
391 

38 
57 
57 
. 

40 
169 

44 
37 

34 
18 
79 

200 
105 
33 
52 
48 
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Discussion 

At present agreement exists that the only reliable diagnostic 

test for susceptibility to malignant hyperthermia is the in-
1,6 

vitro contracture test . Exposure to caffeine or halothane 

of a viable skeletal muscle sample enables us to establish 

MH susceptibility, based on the contracture inducing 

concentration of halothane or caffeine. In our study the 

non-MH-susceptible subjects were considered those, reacting 

at a caffeine concentration of 4 mM or higher as well as 

no contracture response at exposure to halothane 2%. The 

MH susceptible subjects were those showing a contracture 

at exposure to caffeine, below a concentration of 4 mM. 

Based on the caffeine exposure we have considered 5 subjects 

MH susceptible. Those 5 subjects also showed a contracture 

on exposure to halothane, 4 at 0.5% and al! 5 at 1%. The 

dynamic halothane test extends the information about the 

reaction pattern to halothane. The increase of tension 

after completion of the stretching procedure is clearly 

visible and more marked than the halothane contracture 

at resting length. 

The histological examiniation did not provide evidence of 

a specific histological abnormality in the MH susceptible 

subjects. The non-MH-susceptible subjects, 4 of them, 

showed an increased presence of central nuclei: 4.9%, 6.2%, 

0.2% and 8.9% respectively, less than 3% is considered normal. 

Furthermore, one of the non-MH-susceptible subjects presented 

later on to be affected by myotonia dystrophica. This obser-
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vatlon points to the specificity in this case of the In-vltro 

contracture test, as this subject affected by myotonia 

dystrophica had a normal response to caffeine and halothane. 

In our study we have in the MH susceptible group one 

patient showing a too low percentage of fibre type 1. 

This subject, however, showed a caffeine threshold concen

tration of 1.0 mM caffeine and for halothane 0.5%. 

In-vltro studies on skeletal muscle obtained from MH 

susceptible pigs showed a dependency of the caffeine 

threshold concentration regarding the composition of 

fibre types . Skeletal muscle predominantly composed of 

fibre type 2 (80%), showed a lower caffeine threshold 

compared to a muscle from the same animal, composed of 
8 

about a 50/50 distribution of fibre type 1 and 2 . 

Comparable results have been obtained on exposure of 

skeletal muscle of rats. Muscles composed primarily of 

fibre type 1 developed contractures at lower concentrations 

of caffeine compared to muscle composed primarily of fibre 

type 2 . 

The CK value did not provide specific relation to MH 

susceptibility. Of the 5 cases considered MH susceptible, 

only 2 had an elevated CK value. Furthermore, in the 

non-MH-suscept1b1e group, 3 of them showed an elevated 

CK value, 1 of them was the subject suffering from myotonia 

dystrophica. 

In our study we have used a regional anaesthetic technique 
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with an amide-type local anaesthetic. In the literature, 

the use of ester-type local anaesthetics Is advocated, 

based on studies in-vitro on frog skeletal muscle prepa

rations ' . In these studies lldocalne 3.67 mM (858.8 mg/1) 

potentiated a caffeine Induced contracture, whereas procaine 

3.67 mM inhibited the caffeine induced contracture in frog 

10 

muscle at pH 7.4, room temperature . However, the poten

tiating effect of lldocalne on the caffeine induced contrac

tures showed to be pH dependant. At pH 6.0 lldocalne 3.67 mM 

did not potentiate or antagonise the caffeine induced 

contractures. At pH 7.2 a potentiating of the contracture 

was seen and at pH 8.2 lldocalne 1 mM was as effective as 

lidocalne 3.67 mM to potentiate the caffeine Induced 
10 

contracture . The concentrations lldocalne used are far 

beyond the toxic range in humans: 5-6 mg/1. So the 

recommendation not to use amide-type local anaesthetics 

is questionable. 

Furthermore, infusion of amide-type local anaesthetics 

in MH susceptible pigs failed to produce an MH crisis 1 2. 

On intravenous administration of lidocaine as a bolus 

injection of 2-3 mg/kg body weight, followed by an 

infusion rate of 120 ug/kg body weight/mln for 10 minutes, 

no signs of a MH crisis were observed. The peak plasma 
12 

concentrations of lidocaine were 7 mg/1 

The infusion of bupivacalne Intravenously at a rate of 

1 mg/kg body weight In MH susceptible pigs, did not 

12 
produce an MH reaction either . The peak-plasma concen-
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tratlons ranged from 3-4 mg/1, well exceeding the toxic 

concentration In humans: 1.6 mg/1 

Based on these observations of the Infusion of amide-type 

local anaesthetics, without producing MH In pigs and the 

vulnerability of the recommendation of the use of ester-

type local anaesthetics based on In-vltro frog skeletal 

muscle preparations, we thought it justified to use an 

amide-type local anaesthetic. Furthermore, the use of a 

regional anaesthetic procedure is advisable in MH 

susceptible humans to avoid stress Induced by fear for 

a general anaesthesia. We have choosen to use the amide-

type local anaesthetic, prilocaine, as it is preferen

tially used for performing a regional block into vascular 

areas. Furthermore, the local neural tissue toxicity is 

less than Hdocalne. Using 600 mg with epinephrine added, 

no untoward reactions were observed, especially not In 

the 5 patients considered MH susceptible. 

In conclusion we may say that the in-vitro contracture 

test with halothane and caffeine is a useful method to 

diagnose MH susceptibility. The CK value and histological 

examination does not provide specific abnormalities, 

regarding MH susceptibility. The use of amide-type loca! 

anaesthetics In MH susceptible humans should not be 

discouraged. 
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CHAPTER 11: DISCUSSION AND CONCLUSION 

Malignant hyperthermia (MH) is a life threatening complication 

of anaesthesia, based on a pharmacogenetic predisposition of 

the subject concerned. Factors contributing to the mortality 

are the rarety of the syndrome -- every anaesthetist may meet 

only 1 to 5 cases during his or her professional life -- and 

1 2 
the late and non-specific signs and symptoms of an MH crisis ' 

Furthermore, the progress of the MH crisis is fulminant, 

leading to severe hypoxia and profound disturbance of the 

acid-base status and finally to irreversible changes leading 

to the death of the subject or severe neurological deficits. 

Based on our studies on the porcine MH model, we have 

concluded that continuous measurement of expiratory CO2 

in a patient receiving general anaesthesia, will give an 

early indication of the development of an MH crisis . This 

increased expiratory CO2 output can easily be measured 

by a capnometer. In our porcine MH studies, expiratory CO2 

was doubled within 5 minutes after the administration of 

halothane plus succinylcholine . Compared to the temperature 

elevation, muscle temperature was elevated 0.6 С and core 

temperature only 0.3
 0

C , 5 minutes after induction of the 

MH crisis. This increased C0
2
 output may be considered 

as a specific sign of MH. In this way the suspicion of 

an impending MH crisis is risen very early. Appropriate 

treatment can be started In time. 

Dantrolene sodium proved to be an effective drug to 
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reverse the ΜΗ crisis In our porcine MH study: all MH 

susceptible pigs survived to MH crisis. This was only 

possible due to the early start of the treatment, 10 

minutes after the Induction of the MH crisis. A dose of 

1 mg/kg body weight proved to be effective. The time 

factor is an important one, as on another occasion, we 

started treatment of an MH crisis in a pig after about 

20 minutes with dantrolene sodium 0.5 mg/kg body weight. 

This pig died due to the irreversible progress of the 

MH crisis. Both the time elapsed before treatment and the 

dose of dantrolene sodium administered are important. 

As stated before, temperature elevation is a late symptom 

of MH. Furthermore, dissipation of heat is hampered due 

to the periferal vasoconstriction . This is caused by 

the increased output of catecholamines during the MH 

crisis. This periferal vasoconstiction contributes to 

the increase of core temperature. Periferal vasoconstric

tion is evident from the cyanosed-mottled skin. 

The cyanosis of the skin points indirectly to a discre

pancy of oxygen uptake and -consumption. The amount of 

oxygen transported depends on the cardiac output and 

the difference between arterial- and mixed venous oxygen 

content. Studies on MH induced in pigs indicate two-fold 

increase of cardiac output . Furthermore, oxygen extrac

tion from blood supplying skeletal muscle masses increases 

during the MH crisis . Skeletal muscle oxygen consumption 

increases about 2-3 times as compared to the oxygen 
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consumption at rest . This means that the oxygen flux 

during an MH crisis Is Increased 4-6 times compared to 

the oxygen consumption at rest. 

The respiratory quotient (RQ) during an MH crisis is 

about one: we may consider the amount of oxygen consumed 

6 
to be equal to the amount of carbon-dioxyde produced . 

The observation of a cyanosed mottled skin is the result 

of both the increased release of catecholamines and the 

increased oxygen utilisation leading to arterial desatu-

ratlon. 

The signs of hypermetabolism can be explained on the basis 

of the results of our pig studies. During the MH crisis 

we observed an accumulation of calcium in the mitochondria . 

This occurs at the expense of the energy provided by the 

oxydation of substrates feeding the oxydative phosphory-

lating process. Furthermore, the uptake of calcium prevents 

θ 
the phosphorylation of ADP to ATP . So, the presence of 

calcium is detrimental regarding two aspects: energy is 

used for accumulation of calcium and phosphorylation of 
9 

ADP to ATP Is hampered . The observed accumulation of 

calcium in the mitochondria, suggests an increased calcium 

ion concentration In the myoplasma during an MH crisis. 

This, in turn stimulates glycogenolysis by activating the 

Phosphorylase system. This leads to the accumulation of 

glycolytic Intermediates. 

The increased concentration of calcium Ions in the 

myoplasma Is associated with activation of the contractile 
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system: actine and myosine molecules Interact with each 

other and produce skeletal muscle rigidity. In physiologi

cal conditions these calcium ions are removed from the 

cytoplasme back into the sarcoplasmic reticulum (SR). 

However, apparently the SR can not cope with this increased 

amount of calcium ions, as the rigidity persists during 

the MH crisis. Furthermore, the precipitous decrease of 

energy-rich phosphates, like phosphocreatine (PCr) and ATP, 

leads to a rigor-mortls like condition. 

The site of origin of the calcium Ions during an MH crisis 

is still an enigma. Whether the sarcolemma or the SR are 

involved in the genesis of the MH crisis Is not yet 

established. Results in favour of a halothane induced 

effect on a defective sarcolemma in MH susceptible pigs 

have emerged . In human skeletal muscle obtained from 

an MH susceptible subject, these findings have not yet 

been verified. Due to the big gradient of calcium ions 

across the sarcolemma, the involvement of the sarcolemma 

in MH is an attractive hypothesis. 

Regarding the screening for MH susceptibility in humans, 

we still have to rely on an in vitro contracture test 
1 2 

of a skeletal muscle specimen ' . The evaluation of a 

proposed less Invasive test did not prove to be useful 

as a screening test . This test, the ATP depletion test 

12 
in platelets exposed in vitro to halothane , provided 

comparable data In platelets obtained form MH susceptible 

subjects and controls. Furthermore, halothane inhibited 
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to the same extent the Incorporation of adenine Into the 

platelets , this contrast to findings reported by others
i 3
, 

The evaluation of skeletal muscle metabolites In humans 

susceptible to MH and In controls, did not show significant 

differences in metabolite values measured (ref. chapter 9 ) . 

This finding is in contrast to the results obtained in 

our pig studies. As discussed in chapter 9, a possible 

factor creating the differences in the porcine model might 

have been the greater stress-susceptibility of the MH-

susceptlble pigs. Our findings in humans, showing no 

significant differences in metabolites, contribute to 

the theory that malignant hyperthermia In humans Is a 

pharmacogenetic disorder, without pre-existent changes or 

abnormalities. This is in line with the clinical mani

festation of MH: the MH susceptible subjects do not show 

specific abnormalities, neither on physical examination 

nor on histological examination. 

The increased incidence of MH in Anglo-Saxon countries 

is remarkable. A factor contributing to this phenomenos 

is the generous use of volatile anesthetics in those 

countries, in contrast to the Continent. Furthermore, 

a possible "founder" effect may contribute to the higher 

incidence of MH in the U.S.A., Canada, Australia and 

South-Africa. The incidence of an inherited disease in 

countries predominantly inhabited by immigrants may 

increase due to the limited number of humans, composing 

the genetic pool of the next generations. 
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Regarding the ΜΗ crisis, one may question whether an 

MH crisis is really a specific reaction of MH. As has been 

stated in chapter 2.5., other syndromes also produce 

hyperthermic reactions. The pathogenesis however, may be 

Identical: the heat production may be the result of a 

finally common disturbance at the cellular level. In 

heat-stroke the increased temperature causes damage to 

the cellular membranes. Secondary to this damage an 

influx of extra-cellular ions, especially calcium, will 

occur into the cytoplasma. As stated before, this increased 

concentration of calcium increases oxygen consumption of 

the mitochondria, producing additional heat. These proces

ses contribute to the irreversible state of a heat-stroke 

and MH crisis. In this respect, study of the MH syndrome 

has contributed to our understanding of the syndrome of 

heat-stroke. Furthermore, MH is a clinical expression 

of the effects of calcium ions on the mitochondrial 

functioning. 
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SUMMARY 

Malignant hyperthermia (MH) is due to its rarety seldom 

encountered by physicians. Most described case reports on 

MH are based on observed MH reactions related to general 

anaesthesia. Still, an anaesthetist may meet only 1 to 5 

cases of MH in his or her professional life. In this 

respect we thought it appropriate to present an extensive 

review of the clinical manifestations of MH as well as the 

pathophysiological and aetiology of MH (chapter 2 and 3 

respectively). 

Screening for MH is a complex matter. Various methods have 

emerged and vanished. A review of the existing screening 

methods is given in chapter 4, and a conclusion is given 

about the best methods to be employed. 

These chapters (2, 3 and 4) were also felt necessary in 

relation to our experimental work, described in chapters 

5-10. The experimental work can be divided in an animal 

study on pigs and human studies. The animal study on pigs 

was performed in order to gain a better insight into the 

pathophysiological and biochemical changes during an 

induced MH crisis and reversal with dantrolene sodium. 

Furthermore, an attempt was made to provide evidence for 

the involvement of calcium in the aetiology of MH. 

The study on humans was performed in order to evaluate 

a less invasive screening method. Studies have been 
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performed on platelet ATP depletion and adenine incorporation, 

chapter 8. Based on the results from our pig studies we have 

evaluated skeletal muscle metabolites from MH susceptible 

humans, in order to find possibly a less invasive test, 

chapter 9. In chapter 10, the results of the in-vitro contrac

ture test in our hands is discussed, as well as the results of 

the use of an amide type local anaesthetic in a regional 

anaesthetic block. 
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SAMENVATTING 

Maligne hyperthermie (MH) Is een zeldzaam voorkomend erfelijk 

ziektebeeld. De meeste voorvallen zijn beschreven in relatie 

tot het toedienen van een algemene anaesthesie. Tijdens haar/ 

zijn praktische werkzaamheden als anaesthesist(e) zal elke 

anaesthesist(e) slechts 1 tot 5 gevallen van MH kunnen 

meemaken. Derhalve hebben wij het nodig geacht, wegens de 

onbekendheid met dit ziektebeeld, om een uitgebreid 

literatuuroverzicht te geven van de klinische verschijnselen 

en de pathophysiologie en de aetiologie van MH (hoofdstuk 2 

en 3 ) . 

Aangezien het onderzoek naar de erfelijke aanleg voor MH 

een complexe zaak is, hebben wij een overzicht gegeven van 

de huidige methodes (hoofdstuk 4 ) . Bovendien is een aan

beveling gegeven over de beste onderzoeksmethodes. 

De voorgaande hoofdstukken werden nodig geacht in verband 

met ons experimenteel werk, zoals beschreven in de hoofd

stukken 5 tot en met 10. Het experimentele werk kan verdeeld 

worden in een dierexperimenteel gedeelte en een gedeelte 

gewijd aan onderzoek bij mensen. Het dierexperimenteel 

onderzoek is verricht om het inzicht te verdiepen in de 

pathophysiologische en biochemische veranderingen tijdens 

een ИН aanval. Bovendien is het effect van dantroleen op 

de MH aanval bestudeerd, alsmede de rol van calcium in het 

ontstaan van een MH aanval. 
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Het onderzoek bij mensen is gedaan ter evaluatie van een 

minder belastende onderzoeksmethode. Dit onderzoek had 

betrekking op het effect van halothane op de afname van 

adenosine triphosphaat (ATP) en op de inbouw van adenine 

in de bloedplaatjes van MH gevoelige personen en niet-MH 

gevoelige personen (hoofdstuk 8 ) . 

Gezien de resultaten van het onderzoek aan varkens met 

betrekking tot enkele metabolieten in de skeletspier, is 

dit onderzoek ook verricht bij MH gevoelige personen. 

Dit ter evaluatie van een mogelijke, minder belastende, 

wijze van onderzoek naar de aanleg van MH (hoofdstuk 9 ) . 

In hoofdstuk 10 is een overzicht van onze resultaten 

gegeven van de huidige, als meest betrouwbaar geachte, 

methode om MH gevoeligheid vast te stellen. Bovendien 

zijn de resultaten beschreven van een regionale anaesthesie 

techniek, met een amide type locaal anaestheticum, ten 

behoeve van het nenen van een spierbiopsie. 
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An European Malignant Hyperpyrexia Group has been formed to 

facilitate exchange of information between centres performing 

in vitro muscle testing for malignant hyperpyrexia suscep

tibility. Data has been collected according to a protocol 

agreed by the Group. Based on these results, test criteria 

have been established to allow the following diagnoses to 

be made: MH susceptible (MHS); ΜΗ normal (ΜΗΝ) or equivocol 

(МНЕ). It is accepted that МНЕ classified patients will be 

under permanent review pending the collection of further data. 

In April, 1983, doctors from 8 European Countries met in 

Lund, Sweden. They were all actively involved in screening 

patients for malignant hyperpyrexia susceptibility (MHS). 

An European Malignant Hyperpyrexia Group with the following 

aims was established: 

- to provide a forum for discussion between the various 

European centres. 

- to standardize the investigation of MH subjects to allow 

comparisons between centres. 

- to establish a common data bank. 

- to allow for combined research facilities. 

An essential first stage was to establish a specific protocol 

for in vitro screening tests similar in principle to that 

suggested by Rosenberg & Reed (1983). However, as members of 

the European MH Group invariably use a halothane contracture 

test, this test was included. 
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full protocol Is as follows : 

The biopsy should be performed on the quadriceps muscle 

and the samples taken from the region of the muscle 

which includes the motor point. 

Biopsy specimens suitable for in vitro investigations 

should measure 15-25 ram in length with a thickness of 

2-3 mm. 

The muscle should be placed immediately in carboxygenated 

Krebs-Ringer solution with a composition of : 

NaCL 118.1 mM 

KCL 3.4 mM 

MgSOi, 0.8 mM 

KH2P Од 1.2 mM 

Glucose 11.1 mM 

ИаНСОз 25.0 mM 

CaCl
 2
 6H ¿) 2.5 mM 

pH 7.4 mM 

The muscle should be transported to the laboratory in 

Krebs-Ringer solution at ambient temperature. In the 

laboratory is should be kept at roomtemperature and 

carboyxgenated. 

The time from biopsy to the completion of the tests 

should not exceed 5 hours. 

The tests should be performed at 37 0 C in a tissue bath 

perfused either intermittently or continuously with 

Krebs-Ringer solution and continuously oxygenated with 

carbogen. 

The muscle specimen should be electrically stimulated 



with a 1 ms supra-maximal stimulus at a frequency of 

0.2 Hz. 

Three tests should be performed each on a fresh speci

men. The tests include: a static caffeine test, a 

static halothane test and a dynamic halothane test 

(see figure 1) 

For the static tests the muscle tension should be 

gradually increased to produce a reasonable twitch 

height; this will usually occur with 2 g preload. 

The static cummulative caffeine test and measurement 

of the caffeine threshold 

The concentration of caffeine in the tissue bath 

should be increased step-wise as follows: 0.25; 0.5; 

1.0; 1.5; 2.0; 3.0; and 4.0 mM. 

Each successive concentration of caffeine should be adminis

tered as soon as the maximum contracture plateau, induced 

by the previous concentration of caffeine, has been reached, 

or after exposure to the caffeine concentration for 3 minutes 

if no contracture occurs. 

The result of this test will be reported as a caffeine 

threshold which is defined as the lowest concentration of 

caffeine which produces a sustained rise of at least 0.2 g 

in baseline tension. 

The static halothane test and measurement of static 

halothane threshold 

The halothane threshold is obtained using the nominal 
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halothane concentrations 0.5; 1.0; 2.0 and 3.0% v/v. 

The measurement of the threshold is similar to (10) 

above. 

12. The dynamic halothane test and measurement of dynamic 

halothane threshold 

After three minutes exposure to halothane, the muscle 

is stretched at a constant rate of 4 mm min for 1.5 

min and held at this new length for 1 min. The stretching 

process is then reversed. At each cycle the halothane 

concentration is increased from 0.5; 1.0; 2.0 to 3.0% v/v. 

The dynamic halothane threshold is defined as the concen

tration of halothane which produces a sustained rise of 

at least 0.2 g in the muscle tension compared with a 

prehalothane control measured at the point shown in 

figure 1. ( A ) 
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CURRICULUM VITAE 

De schrijver van dit proefschrift is geboren op 6 april 1948 

te Geersdijk (gemeente Wissenkerke) als zoon van Adriaan Pieter 

Verburg en Christina Hendrike Priester. Lager onderwijs werd 

genoten aan de Hervormde School voor lager onderwijs te 

Terneuzen en het MULO-B-diploma werd behaald in 1964 aan de 

Chr. MULO te Terneuzen. Het diploma H.6.S.-B werd behaald 

aan het Petrus Hondlus Lyceum te Terneuzen in 1967. 

Het artsdiploma werd behaald te Utrecht in januari 1974. 

Tijdens de Studentenperiode actief wedstrijdroeier geweest, 

Senior-A en bestuurslid van de A.U.S.R. Orca. 

Na het volgen van diverse klinische stages, de tropencursus 

te Amsterdam en waarnemingen bij huisartsen, volgde de 

uitzending naar Ethiopie 1976-1977. Het E.C.F.M.G.-examen 

werd behaald in september 1975. De opleiding tot anaesthesio-

loog werd gevolgd te Nijmegen (Prof.Dr. J.F.Crul). Sedert 

1981 werkzaam als anaesthesioloog aan het De Weverziekenhuis 

te Heerlen. 

In augustus 1974 is hij gehuwd met Theresia George Maria 

König, hetgeen heeft mogen leiden tot de geboorte van 

Marijn en Suzanne. 
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I. 

Verder bewijs is nodig om een membraandefect te veronderstellen 

als grondslag voor maligne hyperthermie. 

(dit proefschrift) 

II. 

Gezien de mogelijkheid tot snelle diagnostiek van een maligne 

hyperthermie aanval met een capnometer, dient dit apparaat tot 

de standaarduitrusting van elk anaesthesie toestel te behoren. 

(dit proefschrift) 

III. 

Er bestaat een toenemende behoefte aan een niet-invasieve 

diagnostische methode ter vaststelling van gevoelig zijn 

voor maligne hyperthermie. 

(dit proefschrift) 

IV. 

Bij het aanwezig zijn van adequaat opgeleide anaesthesle-

verpleegkundigen zal het invoeren van het systeem van "een 

anaesthesioloog per tafel" nauwelijks leiden tot een 

verhoging van de veiligheid van de patient en daardoor de 

gezondheidszorg onnodig duur maken. 

V. 

De hotelfunctie van ziekenhuizen vertoont een discrepantie 

tot de verpleegprijs. 

VI. 

Het gebruik van dezelfde kleur blauwe verf (Pantone R 292) ter 

identificatie van cylinders met lachgas in de U.S.A. en zuur

stof cylinders in Europa, zal leiden tot een toename van 

onnodige calamiteiten bij internationale hulpverlening. 

(Int Anesthes Clin 1982, Vol 20, no 3, 206) 

VII. 

Het heffen van invoerrechten op medicijnen en het hanteren 

van het hoge B.T.W.-tarief op medische apparatuur, plaatst 





de overheid In een dubieus licht In haar streven tot een 

beheersing van de kosten In de gezondheidszorg. 

VIII. 

De kwaliteit van de geneeskunde Is niet alleen afhankelijk 

van de verrichtingen die men doet, doch ook van de verrich

tingen die men bewust niet doet. 

IX. 

Blijkbaar bestaat er een overeenkomst tussen de Berlijnse 

Muur en de Heyendaalse weg te Nijmegen met betrekking tot 

de scheiding tussen de Faculteit der Geneeskunde en die der 

Wiskunde en Natuurwetenschappen. 

X. 
R 

Gezien de ernstige hypokalemieën, veroorzaakt door Hygroton , 

dient dit medicament verboden te worden. 

XI. 

Het tweeslachtig beleid van de Medische Faculteit der Rijks 

Universiteit Limburg ten aanzien van de eerste- en tweede 

lijns gezondheidszorg, frustreert de gewenste samenwerking 

tussen de tweede lijns gezondheidszorg en de voornoemde 

Medische Faculteit. 

XII. 

Een optimale opvang van de poly-traumatise dient te geschieden 

door een team bestaande uit: anaesthesiologen, chirurgen, neuro

logen, neurochirurgen en orthopaeden. 

XIII. 

De schooltijden van het basisonderwijs vertonen ongewild een 

grote mate van overeenkomst met een werkverschaffingsproject 

voor de ouders of verzorgers met betrekking tot het brengen 

en halen van hun kinderen. 






