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ABSTRACT

Much of the pertinent biochemistry and physiology of the Porcine
Stress Syndrome has been defined but a number of key problems have yet
to be solved. For example, we do not know why individuals differ in
their threshold of sensitivity to stressors, exactly how muscle
activity is triggered under these circumstances and why some animals
may quickly recover from such stimuli and others may not. Neither is
it completly clear how sensitivity to stressors and body composition
are linked. There is, however, good evidence that the sympathetic
nervous system and the catecholamines of the adrenal medulla are

essential elements in all of this.
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INTRODUCTION

The Porcine Stress Syndrome (PSS) has been an important focus in
research on pigs and pigmeat for at least 20 years. The research has
taken on many guises to include topics as different as genetic
polymorphisms, animal behaviour, mitochondrial function and the
classical approaches of stress physiology. What began as enquiries
into the nature of aberrations in meat quality, quickly recognised in
the aetiology of the problem the important contribution of genetic
type and the ways in which animals were handled, and drew in expertise
from animal and meat science. The pig was recognised as a model for
certain comparable conditions in man and opened the field for
contributions from human medicine. It is fair to say, however, that
many of the early prognostications of researchers, especially in
regard to associations between the leanness of carcases and the
quality of meat, fell on deaf ears and only relatively recently have
the pig and meat industries begun to ask whether the search for ever
leaner carcases should not be tempered to preserve the vigour of the
live animal and the quality of its meat.

There have been many reviews of PSS in terms of the associated
physiology and biochemistry (Briskey, 1964; Cassens et al., 1975;
Lister et al., 1981) and little will be served by rehearsing them.
Instead I shall attempt to identify the physiological and biochemical
issues behind the following questions and raise more questions which
require further research.

1. What is PSS?

2. How can PSS be described in objective terms?

3. How is meat quality affected?

4. What makes some pigs stress prone?

WHAT IS PSS?

All animals (and men) will react characteristically to physical,
mental and environmental stressors and, if those stressors are
particularly severe, individuals may die. Within species, stress
prone lines have been identified and perpetuated by breeding. It may
be considered that PSS represents the perpetuation of such proneness
amongst pigs which have been selected and bred primarily for, for
example, rapidity and efficiency of growth, or body composition



and conformation, but which also contain undesirable characteristics
which may be called 'stress proneness'.

Typically Pietrain, Poland China and strains of Landrace pigs
have been noted for their dramatic and often fatal reactions to such
stimuli as transportation, raised environmental temperature and
physical exercise, restraint or general handling (Topel et al., 1968).
This porcine stress syndrome is characterised by muscle tremor, an
increased respiratory rate, a systemic acidosis and a rise in body
temperature. After the animal dies, or if it is slaughtered in the
reacting state, rigor mortis develops almost immediately to give rise
to the characteristic pale, soft and exudative (PSE) condition of the
meat. Fatal responses to environmental stress are to be found amongst
several species of animals. Capture myopathy is a condition which
develops in wild animals such as antelopes and buffaloes being pursued
and captured for whatever reason and many will die (Harthoorn et al.,
1974). Clinical symptoms and post mortem findings are similar to
those of PSS.

Malignant Hyperthermia (MH) which develops in certain pigs (and
people) when they are exposed especially to the halogenated gaseous
anaesthetics, but also spontaneously during stressful encounters, is
another reaction which has been incorporated into the general
condition referred to as PSS (Nelson et al., 1974; Lucke et al.,
1979). MH has been particularly important in defining the
physiological and biochemical events in PSS for it is possible to
precipitate MH under laboratory conditions and thereby allow detailed
monitoring of blood and tissues throughout the reaction.

HOW CAN PSS BE DESCRIBED IN OBJECTIVE TERMS?

The first steps towards characterising PSS were made in the late
1960s when attempts were made to identify the metabolic events in
muscle or more generally associated with the exposure of animals to
various and extreme environmental conditions (Kastenschmidt et al.,
1965; Forrest et al., 1968; Kallweit, 1969). In some studies (Judge
1969) a period of exercise was included in addition to thermal stress.
Results from these experiments paved the way for the more
sophisticated approaches of later studies which for the most part only
confirmed the earlier findings. Temperature stress, it seems, is
likely to lead to respiratory alkalosis which becomes a metabolic
acidosis if exercise is included as a treatment.



The extent of the reaction to these stressors, and particularly
the ability of animals to maintain or recover homeostasis, was used to
identify so-called stress-susceptibility or -resistance amongst the
experimental pigs. This terminology has become commonplace in the
literature but generally refers to breeds e.g. Poland China, stress-
susceptible; Chester White, stress-resistant. In recent times this
nomenclature has been refined with the introduction of the terms
Halothane-positive or -negative which may be used to describe animals
within as well as between breeds.

It 1is generally accepted that the pattern of metabolic,
physiological and biochemical developments in MH is very similar to,
if not the same as, that which occurs as a response to environmental
stress. The MH reaction has been extensively characterised in the
literature (Berman et al.,1970; Hall et al.,1980; Gronert,1980) and
only a short description is necessary here.

Essentially, the characteristic signs of MH (and stressor induced
reactions generally) are increased oxygen consumption and carbon
dioxide production. The developing respiratory and metabolic acidoses
are associated with high plasma lactate levels and falling pH.
Glucose and fat mobilisation (as identified by plasma glycerol
concentration) occur, though plasma free fatty acids may fall. There
are substantial electrolyte changes and some haemoconcentration.

Contrary to the early views, muscle stimulation which is the
primary source of heat production in MH (Hall et al., 1976) is fuelled
almost if not wholly via aerobic metabolism and it is only in the
later stages that this contribution declines to less than 50 per cent.

Another early view was that cardio myopathy contributed to the
demise of stress-prone pigs. There is, however, no functional
evidence for this for the hearts of pigs suffering MH appear to
respond adequately to metabolic demand even when there is substantial
acidosis and hyperkalaemia. Only in the later stages does cardio-
vascular function become limiting. At this time cyanosis of the skin,
resulting from peripheral vasoconstriction, is associated with reduced
heat loss, reduction in substrate provision and lactate clearance from
tissues and as the biochemical changes reach extreme values, blood
pressure falls and cardiac arrest occurs.

All these changes are familiar findings in the terminal stages of
the Porcine Stress Syndrome.



HOW IS MEAT QUALITY AFFECTED?

The consequences of PSS post mortem can be either the accelerat-
ion of the normal biochemical changes which occur during the rigor
process or their curtailment, leading in the first instance to pale,
soft and exudative (PSE) meat and, in the second, to dark, firm and
dry (DFD) meat.

In the living animal, metabolism is sustained through adenosire
triphosphate (ATP) production, predominantly via aerobic means, using
glucose and fatty acids as substrates. At times, demand is such that
aerobiosis is insufficient to meet metabolic needs for ATP. This
occurs in the classical fight/flight reactions when anaerobic
glycolysis provides for an increasing proportion of energy needs.
Though this process is only approximately 5% as efficient in the
production of ATP as aerobic processes, it is nevertheless an
important source of energy for ‘emergency' needs and the sole
mechanism employed in the transition of living muscle to dead meat.
The two systems in muscle cells which control these changes are the
glycolytic system which converts glycogen to lactate and those
processes which lead to the dephosphorylation of ATP. Acidification
occurs as a consequence of glycolysis; rigor, as a result of the loss
of ATP. The series of reactions which regulate all this is described
by Bendall (1973).

It is important to recognise this interdependence of glycolysis
and the production of lactate and the enzymic processes in living
muscle whose function is to synthesis ATP fram adenosine diphosphate
(ADP) and inorganic phosphate in anaerobic conditions. In 'fast'
muscles, the production of sufficient pyruvate for mitochondrial
oxidation requires only a small fraction of the glycolytic enzymes
present; the large excess of these enzymes exists for anaerobic
circumstances. The freely reacting adenine mononucleotides exist
almost entirely as ATP and glycolysis can occur only as long as ADP is
being produced by an ATPase system. Ultimately, therefore, the rate
of glycolysis is determined by ATPase activity and not directly by the
activities or amounts of glycolytic enzymes or hormones.

In the initial stages of a surge in demand for ATP or in the post
mortem period, phosphocreatine, which is present at high levels
initially, provides for the re-conversion of ADP (produced by ATPase
activity) to ATP. Glycolytic phosphorylation of ADP becomes increas-



ingly important as the concentration of phosphocreatine falls. The
first reactions of glycolysis produce enough substrate to remove ADP
at the rate it is formed but there is no suggestion that the
concentration of ADP is rate limiting. Control is achieved via feed-
back on both phosphorylase and phosphofructokinase activity by the
adenosine monophosphate (AMP) level which in turn is regulated by AMP
deaminase. This enzyme is also primarily responsible for the
simultaneous accumulation of inosine monophosphate (IMP) and depletion
of AMP especially at pH<6.5. The action of myokinase restores the
lost AMP via ADP which in turn is restored by ATPases and a consequent
reduction in ATP concentration.

Glycolysis stops and the ultimate pH is reached when there is no
freely reacting adenine mononucleotide in the muscle. Glycolysis will
also stop at an abnormally high pH (DFD meat) when all glycogen has
been depleted from muscle. This implies inadequate stores of glycogen
at death for normal rigor will continue to the usual ultimate pH (~5.5
at which there may be 'residual' glycogen in muscle. In this case the
exact determinant of ultimate pH i.e. the point at which glycolysis
stops is not clear. It seems likely however that AMP deaminase is
primarily responsible since it represents the sole cause of loss of
adenine nucleotides.

From this it can be concluded that variations in the rate and
extent of pH fall are attributable to the controls exercised before
and after death by ATPases and AMP deaminase. The problems arise in
identifying the physiological basis for these activities.

The practical consequences of these biochemical changes are the
PSE and DFD conditions of pigmeat. Rigor mortis takes place in pig
muscle over a period of about 10 hours during which the pH has fallen
fram about 7.3 to 5.5. On occasion this change may occur within a few
minutes of death and the meat develops the pale, soft and exudative
characteristics. The classical explanation for this has been
'thermoprotonic' stress (Scopes, 1964) which occurs when the pH of
muscle falls below 6.0 and its temperature is >30°C. Under these
conditions extensive denaturation of the soluble and structural
proteins occurs which leads to a loss of their water binding abilities
and the precipitated proteins interfere with the optical properties of
the muscle to cause more incident light to be reflected and a paler
appearance.

Penny (1975) suggested that during normal rigor, drip came from
the extracellular water compartment which became enlarged as the



et al.'s (1984) finding that rabbit l.dorsi fibres swelled to two to
three times their usual diameter when immersed in hypertonic salt
solutions and, like Offer & Trinick's (1983) observations, was
explained by myofibrillar swelling. Wilding et al. (1984) also
concluded that myofibrillar swelling was constrained by the endomysial
sheaths around fibres.

It is now proposed (see Offer, 1984) that drip formation during
rigor mortis represents the redistribution of extra and intra-
cellular water and the expulsion of part of the extracellular
component out of the cut ends of meat close to the perimysium,
probably as a result of internal pressure exerted by the connective
tissue network and disruption of cell membranes (Currie & Wolfe,
1983).

This explanation does not require there to be a change in the
total water content of muscle prior to an animal's death. It is,
however, quite possible, indeed likely, that quite sizeable changes
occur in the fluid compartments in the body prior to death, especially
if there are profound metabolic and physiological disturbances
happening simultaneously (Guyton et al., 1975). Lister et al. (1985 -
in preparation) recently examined this proposition in halothane
sensitive pigs of the Lacombe breed.

During MH reactions precipitated by halothane and suxamethonium
administration, the typical changes in muscle and rectal temperature
occurred, the haematocrit rose and plasma volume fell. The pH of
biopsy samples of muscle fell and amounts of expressible juice and the
turbidity of extracts of muscle increased. Moreover, the water
content of the muscle samples at death was higher in reacting pigs
than in non-reacting control animals. Thus at least a proportion of
the drip released by PSE muscle may well be attributable to the
increase in intracellular fluid volume which accompanies the
development of MH and, probably, PSS.

DFD meat is the condition which affects meat which remains at
pH>6.0 - 6.3 when there is insufficient glycogen available in muscle
at death to allow the full development of acidification to occur. The
premature depletion of muscle glycogen in stressed animals is not
easily explained. It is not induced simply by fasting, exercise or a
combination of the two; mixing groups of animals even for a short
period may, however, bring it about. Tentative explanations may be
found by examining the mechanisms which allow muscle to function under
a variety of physiological states.



10

The concentration of glucose in the blood of animals is
maintained within fairly constant limits even though there might be
fluctuations in the storage and mobilisation of nutrients which are
associated with feeding and activity. Even under resting conditions,
however, activity can only be maintained for relatively short periods
if carbohydrates (derived from liver glycogen in the main) are the
sole source of energy. For longer periods of activity, the long chain
free fatty acids (FFA) mobilised from adipose tissue are employed
(Newsholme, 1980) which progressively, as activity intensifies, cause
a reduction in glucose utilisation by muscle. The control over this
balance is thought to be exercised by fatty acid oxidation and due in
part to the inhibitory effect of «citrate on the enzyme
phosphofructokinase. A further increase in the workload will reduce
the concentration ratio ATP/ADP and glycolysis is stimulated at the
expense of stores of muscle glycogen. A continuing ability to
mobilise fatty acids and the maintenance of aerobiosis is thus of the
utmost importance for sustained activity.

Hall et al. (1980) showed that in MH reactions, the continued use
of free fatty acids for energy purposes can be prejudiced. Lipolysis
is stimulated during MH under the influence of catecholamines, but
plasma FFA concentrations may fall as a consequence of their re-
esterification during the developing acidosis. Because the utilis-
ation of FFA is determined by their concentration in plasma, the
continued energy demand of the reaction must be met ultimately by
muscle glycogen.

Thus one might conclude that the loss of muscle glycogen and
predisposition to DFD by stressed animals is a natural consequence of
continued muscular stimulation when the supply of other energy
substrates, notably FFA, is reduced.

WHAT MAKES PIGS STRESS PRONE?

It can be concluded from much of the above that many of the
symptoms of PSS are the consequences of profound muscular stimulation.
It may well be also that such stimulation not only provides the
symptoms of PSS but also the ease with which this occurs, conditions
whether pigs become stress susceptible or resistant.

The rate of glycolysis in muscle, occurring either before death
or during rigor mortis, is determined by ATPase activity and not
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directly by the activities or amounts of glycolytic enzymes or
hormones. Stress proneness, therefore, amounts to the ease with which
muscle is stimulated and how readily recovery can be established.

There seems to be general agreement, though a dearth of evidence,
that the ultimate triggering mechanism resides in muscle itself.
However, no major morphological differences have been identified in
muscle except evidence of myofibrillar damage and regeneration (Muir,
1970; Venable, 1973). Swatland and Cassens (1972) described various
abnormalities in the peripheral innervation of striated muscle though
no functional abnormalities have been recognised.

Defects in the ability of muscle components to handle ca™ have
long been suspected but rarely demonstrated, though the role of CaH
in the stimulation of myofibrillar ATPases and phosphorylase kinase
must be of potential importance. The sarcoplasmic reticulum was
thought to have impaired function though it is likely that this could
be explained by experimental artefact (Greaser et al., 1969) (though
see Heffron - this volume). Halothane sensitive pigs appear to have
higher sarcoplasmic CaH levels than normal (Cheah & Cheah, 1984) and
this has been linked with significantly higher activity of Ca++
activated phospholipase A2(EC 3.1.1.4) (Cheah & Cheah, 1981). This in
turn leads to the enhanced release of mitochondrial Ca++. More
recently Cheah & Cheah (1984) suggested that the enhanced
phospholipase A, activity was due to the higher concentrations of
endogenous calmodulin in sensitive pigs.

Even via these postulated mechanisms, a means has yet to be
identified of switching on the aberrant behaviour of muscle in MH or
PSS. Morméde and Dantzer (this volume) propose that behavioural
responses to stressful environmental factors in intensive pig
husbandry are prime factors in the aetiology of PSS. It is certainly
true that environmental stressors affect the incidence of PSS and PSE
meat but anaesthesia or tranquillisation substantially modifies the
incidence of PSE only amongst those animals which are not genetically
prone to the PSS condition (Briskey & Lister, 1969). What matters
then, 1is the inherent mechanism which sets the threshold of
sensitivity in pigs to make them more or less liable to develop PSS.

The role which the sympathetic nervous system and the adrenal
gland play in stress responses generally (see Usdin, Kvetnansky and
Kopin, 1976) and MH in particular (Hall, 1976) has been very well
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documented. In MH, catecholamines appear primarily to promote the
developing reaction via a+ B adrenergic responses, but pre-treatment
with ¢ adrenergic blockers or agonists can prevent or initiate a fatal
MH response (Lister et al., 1976; Hall et al., 1977). The combination
of effects mediated by the main adrenoreceptors can account for the
majority of the metabolic events seen in MH and PSS. B receptors, for
example, are associated, inter alia, with increased liver glycogen-
olysis and vasoconstriction, B, receptors with heart rate and fat
mobilisation, and 82 receptors with muscle glycogenolysis and vaso-
dilation.

The use of receptor specific drugs has allowed us to clarify the
particular mechanisms of relevance within PSS and MH. © blockade
clearly prevents the development of MH in sensitive pigs whereas B8
blockade with propranolol (Lister et al., 1976) or carazolol (S.Lens -
personal communication) does not. The development of PSE meat can be
impeded by o blockade, though not substantially, and treatment with
propranolol may also have a slight beneficial effect (Lister, 1974).
Warriss & Lister (1982) have provided clear evidence, however, of the
effectiveness of carazolol in reducing the incidence of PSE in stress-
susceptible Pietrains. Carazolol, like propranolol, is described as a
non-specific g blocker but Warriss & Lister's findings allow a clear
distinction to be drawn between MH and aspects of PSS such as PSE
meat. Whatever the specific mechanism is which triggers MH in the
living pig,it is not the same as the trigger for the production of PSE
meat’ although that might represent a further part of the continuum of
adrenergic reactions which constitute PSS.

The contribution identified for the sympathetic nervous system in
MH and PSS suggests mechanisms which link up with the other notable
feature of the syndrames i.e. the leanness of susceptible individuals.
Pietrain pigs are thought to develop their leanness through enhanced
responsiveness to the fat mobilising effect of noradrenaline (Wood
et al., 1977). For such a mechanism to contribute to leanness in the
growing animal, the adipose tissue of lean pigs would have to be
exposed to levels of noradrenaline which were higher than those found
in fatter types, or the appropriate adrenergic receptors present in
greater concentrations. Gregory & Lister (1981), using a Valsalva-
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like manoeuvre and measurements of responses to intravenous tyramine,
noradrenaline and phenylephrine in lean, stress sensitive (Pietrain)
and fatter, stress resistant (Gloucester) pigs, were able to show that
the sympathetic nervous system of Pietrains was more responsive than
that in Gloucesters and that this was attributable to a higher
pre—-adrenoreceptor responsiveness in Pietrains. They further proposed
that this led to the greater leanness, susceptibility to myocardial
failure and propensity to stress-induced metabolic acidosis of
Pietrains. Further support for this proposal has recently been
provided via the studies of B8cklen, Flad, Miller and von Faber (1985
- in press) which showed that there were >30% more g adrenergic
receptors in the muscle, hearts and fat tissues of Pietrains compared
with Large White pigs which, they concluded, explained the differences
of meat quality and carcase fatness between the two breeds.

CONCLUSION

Although there are several elements missing fram the chain which
links growth, body type and stress susceptibility, we now have enough
evidence to conclude that propensity for lean growth (more particulary
reduction in fat) and predisposition to developing PSS are directly
associated via the sympathetic nervous system and the adrenal medulla.
The determinant of the setting of the threshold of sensitivity to
stress amongst pigs has not been identified, neither has that which in
muscle is ultimately responsible for the final stimulation of ATPase
activity. We still also need to know why it is that some animals are
able to recover from perturbations of their metabolism whereas in
others, a cascade of metabolic insults brings about their demise.
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CALCIUM RELEASING SYSTEMS IN MITOCHONDRIA AND SARCOPLASMIC RETICULUM
WITH RESPECT TO THE AETIOLOGY OF MALIGNANT HYPERTHERMIA: A REVIEW

J. J. A. Heffron

Department of Biochemistry,
University College Cork,
Cork, Ireland.

ABSTRACT

The recent literature dealing with biochemical measurements of cal-
cium release from both porcine and human skeletal muscle mitochondria and
sarcoplasmic reticulum is reviewed. While calcium release under anaero-
bic conditions is increased in porcine MH mitochondria, the phenomenon
cannot be clearly related to the primary pathogenesis of the MH syndrome.
It is shown that other factors might be responsible for the observed
calcium release from mitochondria obtained from postmortem MH muscle. No
major differences were detected in aerobic calcium release pathways or in
calcium retention in human MH mitochondria. The calcium-induced calcium
release mechanism of porcine and human MH sarcoplasmic reticulum appears
to be abnormally sensitive to calcium but at concentrations which are
about one hundred times greater than those considered to obtain physiolog-
ically. Rather than indicating the site of the fundamental defect in MH,
this finding may be indicative of a more widespread membrane lesion. It
is emphasised that future studies should have greater regard for better
experimental design and for more rigidly defined assay conditions.

INTRODUCTION

The true incidence of malignant hyperthermia (MH) in man is about 1:
40000 of the unselected anaesthetised population (Ellis & Heffron, 1985).
Whilst it is a rare syndrome, MH is of considerable social significance
because it is autosomally dominantly inherited and may result in the
death of an otherwise, apparently, healthy individual. Although halothane
appears to be the most potent causative agent, it seems that all inhala-
tional anaesthetics can trigger MH (Britt et al., 1980) with the probable
exception of nitrous oxide (Gronert and Milde, 198l1). Of the muscle
relaxants only succinylcholine is definitely known to cause MH. A
similar MH syndrome occurrs in many breeds of pig, most notably, the
Poland China, Pietrain and Landrace breeds (Gronert, 1980). However,
porcine MH is triggered by physical and psychological stressors in addi-
tion to inhalational anaesthetics and succinylcholine. This is not so in
man (Fletcher et al., 1981) though some reports have indicated that stress
can induce awake episodes of MH in humans (Wingard, 1980; Gronert et al.,
1980). Numerous differences between the human and porcine MH syndromes
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have been reported and are considered in some detail in the reviews by
Gronert (1980) and Mitchell and Heffron (1982). 1In general, the differen-
ces appear not to be of a fundamental nature, a view which has led to the
acceptance of porcine MH as the model for the human one and which has
justified the use of porcine tissue in fundamental investigations of the
primary lesion in MH. This is a reasonable development but the differen-
ces referred to above should be borne in mind when making interpretations
of new findings particularly those of a biochemical or ultrastructural
nature.

So far, most experimental findings in human and porcine MH suggest
that the regulation of the intracellular free Ca2+ concentration in
skeletal muscle is defective. Although this still remains a theory
(Gronert, 1980; Heffron, 1984), very recent evidence reported by Lopez
et al. (1985) shows that the "resting" free Ca2+ in human MH muscle
fibres is three times greater than in normal muscle fibres. This short
review will therefore focus on recent studies in which dysfunction of two
of the major organelles, the mitochondrion and sarcoplasmic reticulum (SR),
involved in intracellular calcium homeostasis have been reported. While
the plasma membrane is undoubtedly a regulator of intracellular calcium
concentration, no calcium transport studies on this membrane from MH
muscle have been published. Since 1980, several useful general reviews of
the literature published on both human and porcine MH since its first
clear description by Denborough and Lovell in 1960 have appeared (Gronert,
1980; Hall et al., 1980; Mitchell and Heffron, 1980, 1982; Gallant and
Aherne, 1983; Ellis and Heffron, 1985). Here I have tried to concentrate
on the Ca2+ releasing systems of skeletal muscle in so far as they may be
related to the fundamental cause of MH, an area which has not been

specifically or critically reviewed before.

INTRACELLULAR REGULATION OR IONIZED CALCIUM

The ionized calcium concentration in skeletal muscle cells is
regulated by one or more of the following systems: (1) the uptake and
release systems of the SR: (2) the Ca2+ pump of the sarcolemma or plasma
membrane; and (3) the Ca2+ uptake and release systems of the mitochondria
(see Fig. 1). The relative contribution of the various Ca2+ transporting
systems to cellular calcium homeostasis is probably in the order set out

(Martonosi, 1983) though it may vary with muscle fibre type.
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Fig. 1 Ca2+ - transporting systems in the skeletal muscle fibre.
They are located in the sarcolemma, sarcoplasmic retigulum (SR)
and mitochondrion. The physiological mechagjsm of Ca release
from SR is not known yet; mitochondrial Ca release is stimulat-
ed by physiological concentrations of Na .

In skeletal muscle cells, the SR is undoubtedly the primary system
which releases and sequesters Ca2+ during excitation-contraction coupling
and relaxation (see Martonosi, 1983, 1984 for exhaustive reviews). On the
other hand, the relative importance of the sarcolemmal Ca2+ pump in
controlling the intracellular ionized Ca has only been studied in very
recent times principally because of earlier methodological difficulties in
obtaining pure sarcolemmal membranes or vesicular preparations. From the
time that mitochondria were first shown to accumulate Ca2+ in an energy-
dependent manner, their role in controlling the intracellular ionized
calcium has been intensely debated (Denton and McCormack, 1980;

Martonosi, 1983). Because mitochondria have a relatively large Ca2+
storage capacity and a relatively low Ca2+ affinity, it has been convenient
to suggest that mitochondria may provide a last line of defence against

the acute toxic effects of increased sarcoplasmic Ca2+ concentration (for
example, Martonosi, 1983, 1984). This view completely ignores the very
strong evidence which indicates that the primary role of the mitochondrial

2+
calcium transporting systems is to control the concentration of Ca in
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the matrix (Denton and McCormack, 1985). This is essential for rate
control of the citric acid cycle oxidation of cellular fuels since the
two principal regulatory enzymes of the cycle, isocitrate dehydrogenase
and 2-oxoglutarate dehydrogenase, are Ca2+ -dependent enzymes (Denton and
McCormack, 1980). Furthermore, the sensitivity of the enzymes to Ca2+ is
well within the accepted physiological range of 10nM to SPM. It is un-
necessary to invoke any other physiological role for mitochondrial Ca2+
transport. Mitochondria possess an electrophoretic, carrier mediated Ca2+
uptake system and an independent Na+ -stimulated Ca2+ efflux system
(Crompton et al., 1978) both of which are extremely active in skeletal
muscle mitochondria under simulated physiological assay conditions
(Allshire and Heffron, 1984). Decreased mitochondrial Ca2+ uptake or
enhanced Na+ -stimulated Ca2+ efflux would result in a diminished ability
of mitochondria to oxidise pyruvate and would explain the generation of
non-hypoxic lactate and the unexpectedly small increase in whole-body
oxygen consumption observed during active MH in swine (Gronert et al.,

1977; Ahern et al., 1985).

MH AND MITOCHONDRIAL CALCIUM EFFLUX

Ca2+ efflux from mitochondria of MH porcine muscle has only been
studied by K. S. Cheah and his group (Cheah, 1984). Basically, anoxia-
induced Ca2+ efflux was shown to be greater in muscle mitochondria from
halothane-sensitive pigs than halothane-insensitive pigs (Cheah and Cheah,
1978, 1979); 2% halothane increased this efflux in the mitochondria from
the halothane-sensitive animals only, on the basis of which the authors
suggested that their observation offered an ultimate explanation for the
aetiology of MH. This has not proved to be the case and in any event it
was unlikely to be so since there is adequate evidence showing that
tissue perfusion is maintained during the onset and early phase of
porcine MH at least (Gronert et al., 1977; Ahern et al., 1985). The
significance of this increased anaerobically-induced Ca2+ efflux in the
aetiology of MH or the porcine syndrome remains unclear; perhaps the
time of onset of the efflux may be important in determining the reversibil-
ity of the established syndrome and may indicate why it is so essential to
commence active treatment with dantrolene in the early phase if therapy is
to be successful. More recently, these authors have shown that this
enhanced Ca2+ efflux in MH mitochondria is probably caused by increased

phospholipase A2 activity which liberates long-chain unsaturated fatty
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acids from the mitochondria (Cheah and Cheah, 198la, b). The products of

phospholipase A, activity, free fatty acids and lysophospholipids, are

well known promiters of mitochondrial membrane Ca2+ permeability in
addition to the established role of fatty acids as protonionophores.

Very recently, Cheah (1984) has reported that the increased phospholipase
A2 activity of the MH mitochondri;+may be caused by the greater than
normal amount of calmodulin, a Ca regulator protein, in MH muscle
mitochondria. It is still not clear if calmodulin is present at all in
mitochondria (Ruben and Rasmussen, 198l) because of the lack of specificy
of the calmodulin assays used by different workers. Cheah (1984) does not
indicate the method of calmodulin assay used in his laboratory. At this
time it is reasonable to state that the use of the putative calmodulin
antagonists such as trifluoperazine or chlorpromazine to identify
calmodulin in an enzyme system, be it membrane-bound or otherwise, is not
an adequate criterion for calmodulin's presence; the protein should be
detected and quantitated by either affinity chromatography and
phosphodiesterase activation or by radioimmunoassay. Indeed, there is
conflicting data in the literature as to whether or not the Ca2+ activa-

tion of phospholipase A, is mediated by calmodulin and a very recent

2
study shows fairly conclusively that it is not (Withnall et al., 1984).

Another explanation of the increased phospholipase A2 activity in
mitochondria may be deduced from the work of Parce et al. (1978) who
showed that the previously inactive enzyme becomes active as the ATP
level falls to zero. Although this was observed with liver mitochondria,
the result can be legitimately extrapolated to muscle mitochondria,
particularly those derived from muscle which undergoes such rapid
postmortem glycolysis and ATP depletion (cf. Somers et al., 1977). Other
limitations in using postmortem muscle for preparation of physiologically
intact mitochondria from MH pigs have been discussed by Brooks and
Cassens (1973) and Ellis and Heffron (1985). Only one brief report of
Ca2+ retention and release by muscle mitochondria from humans has
appeared (Heffron, 1984). MH susceptibility was determined by the
caffeine contracture test; no significant differences in Ca2+ retention
times, basal or Na+ -stimulated Ca2+ efflux or fatty acid contents of MH
or normal mitochondria was noted. On account of the small amounts of
mitochondria which can be isolated from human muscle biopsies it was

2+ :
not possible to examine anaerobic Ca efflux or the effect of halothane
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as had been done by Cheah and Cheah in their experiments already describ-
ed. Nevertheless, the results do indicate that there are several
differences between the Ca2+ transporting properties of human and
porcine MH mitochondria in addition to earlier published differences in

respiratory characteristics as discussed in the recent major reviews.

MH AND CALCIUM EFFLUX FROM SARCOPLASMIC RETICULUM

There is still disagreement as to whether SR Ca2+ uptake is unalter-
ed or somewhat decreased in MH (Ellis and Heffron, 1985). Differences
are undoubtedly due to the quality of the isolated SR and to gross
differences in assay conditions such as temperature, ionised calcium and
ATP concentrations. The most important factor influencing isolated SR
quality is the pH of the muscle sample at the time of and during homogen-
ization and ultracentrifugation. In a recent Abstract, O'Brien et al.
(1985) have shown that it is essential to maintain the pH of the homogen-
ate during the above isolation procedures for porcine SR, otherwise up to
90% of the Ca2+ sequestering ability of the SR is lost. This finding
indicates that previous studies, in which this pH effect was not taken
account of, may have produced data which are artifacts of the isolation
procedure. Obviously this applies to MH porcine muscle and it remains to
be established if human MH biopsy muscle exhibits such rapid postmortem
glycolysis. O'Brien et al.'s finding provides further substance to
support this author's view of the results obtained with mitochondria from
MH muscle obtained postmortem. Since 1983, four studies of the so-called
calcium-induced calcium release system of SR of MH and normal porcine
muscle have appeared (Ohnishi et al., 1983; Nelson, 1983, 1984; Kim et
al., 1984). One report of calcium-induced calcium release from SR of one
MH patient has appeared (Endo et al., 1983). All of the reports on MH
porcine muscle agree that the calcium threshold for calcium-induced
calcium release is significantly reduced compared with normal SR.
Dantrolene had no effect on this calcium release system (Nelson, 1984)
but it did partially block the rather transient halothane-induced calcium
release reported by Ohnishi et al. (1983). As already pointed out by
Nelson (1984), there is a number of experimental inconsistencies in
Ohnishi et al.'s paper which make it difficult to draw definite conclu-
sions on the effect of dantrolene on SR calcium release. The data of Kim

+
et al. (1984) show that both the rate and extent of Ca2 release by
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halothane, by external Ca2+, by halothane and external Ca2+ combined and
by membrane depolarization are significantly increased in MH SR compared
with normal SR. Nelson (1984) and Ohnishi et al. (1983) did not find any
difference in the amount of Ca2+ released by added Ca2+. It is also
important to note that only in the case of the animals used by Ohnishi et
al. were the MH- susceptible and MH-resistant pigs littermates. The
calcium-induced calcium release mechanism of human MH muscle was also
found to be more sensitive to calcium (Endo et., 1983) while halothane
accelerated this Ca2+ release to a similar extent in both the MH and
normal muscle fibres. These workers employed the so-called skinned fibre
technique to demonstrate calcium—induced calcium release whilst all
studies on MH porcine muscle used isolated 'heavy' SR (fraction enriched
in terminal cisternae). In the report of Endo et al. it is not clear how
MH was diagnosed or confirmed although there are now clear guidelines for
same in both the United States and Europe (Rosenberg and Reed, 1983;
Ellis et al., 1984). 1In most of these studies no mention is made of the
actual halothane concentrations used in the various assay and test media.
This is an important parameter for all of these studies and should be
rigidly monitored by appropriate analysis of the anaesthetic concentration

in the various aqueous media used.

FUTURE STUDIES

There is good agreement that the calcium-induced calcium release
mechanism of SR of MH muscle is abnormally sensitive to Ca2+ but the
many discrepancies noted above must be resolved in future studies.
Because this calcium release mechanism is most probably not the primary
one by which the normal excitation-contraction cycle is initiated
(Ohnishi et al., 1983), it remains to be established what the signif-
icance of the present findings are to the pathogenesis of MH. As with
the use of caffeine in the MH diagnostic contracture test, the increased
sensitivity of the calcium-induced calcium release system of MH SR may
merely be another manifestation of some subtler alteration in the SR and
perhaps other membrane systems. This interpretation is enhanced by the
recent demonstrations of the normality of the calcium-binding proteins of
the contractile apparatus in both porcine and human muscle (Lorkin and
Lehmann, 1983; Endo et al., 1983). 1In view of the findings of Denton
and McCormack (op.cit.), further studies of the mitochondrial calcium

transport cycle should be worth undertaking in MH porcine muscle. Future
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studies should pay proper attention to ensuring that control and MH
animals are of the same breed at least and, where halothane is used in in
vitro studies the concentrations used should be in the clinical range and
should be appropriately analysed. Finally, the calcium transporting
characteristics of the sarcolemma in MH must be examined in similar

detail to those of SR and mitochondria.

I wish to thank P.J. O'Brien, University of Minnesota, for a pre-
print of his paper presented at the Americal Society of Anesthesiologists'
Meeting, October 1985.
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ABSTRACT

The effects of caffeine and A23187 ionophore (calcimycine) on some
traits of contraction and metabolism in skeletal muscle biopsies from halo-
thane positive (HP) and halothane negative (HN) piglets were studied using
simultaneous mechanical and NMR measurements on the same sample. Before
applying caffeine or A23187, pH and CP level were much lower in HP pig mus-
cle than in HN pig muscle. Two Pi peaks were observed, although not cons-
tantly, in HP pig muscle, indicating two pH compartments. Both caffeine and
A23187 provoked in HP pig muscle, as compared to HN pig muscle, a stronger
contracture, a decrease in twitch tension (increased in HM muscle), afaster
pH decrease and a faster depletion of creatine phosphate. It is proposed
that, in HP pig muscle, the mechanical response could be affected not only
by the changes in free intracellular Ca2* but also by acidosis and CP
depletion induced by caffeine and A23187.

INTRODUCTION

In humans,malignant hyperthermia (MH) constitutes a severe complica-
tion of general anaesthesia. The syndrome is characterized by a sudden rise
in central temperature, metabolic acidosis andnotably an intense stiffness
of skeletal musculature.

Some strains of pigs exhibit similar and possibly identical incidents.
They may serve as animal models for this disease. The aetiology of MH isyet
unknown, but the acute syndrome is related to an abnormally sustained in-
crease of calcium in the skeletal muscle fibre cytoplasm. In humans, phar-
macological tests using caffeine and the triggering agent halothane are
used to determine MH susceptibility. In pigs as in humans, caffeine and
the calcium ionophore A23187 produce stronger contractures in MH muscles
(Reiss et al., 1985). Caffeine and A23187 enhance the concentration of free
cytoplasmic calcium by different ways. The first acts directly on the sar-
coplasmic reticulum calt release (Endo, 1975) ; the second seems to act by
permitting a calcium influx from the extracellular space (Mac Laughlin et
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al., 1975). In MH muscle biopsies, A23187 produces a large contracture
resembling a '"rigor state'" and biochemical data indicate a total depletion
of creatine phosphate and ATP(Reiss et al., 1985). Phosphorus-31 nuclear ma-
gnetic resonance (NMR) is a powerful non-destructive method for determining
variations in intracellular pH and concentration of phosphorylated metabo-
lites in muscle samples or biopsies. In the present study, NMR was applied
to stimulated muscle biopsies from normal and MH pigs in the presence of
caffeine or A23187.

MATERIAL AND METHODS

Animals and sampling

Three halothane—-negative (HN) and three halothane-positive (HP) Pie-
train piglets were identified according to the technique described by
Ollivier et al. (1978). The HP piglets were considered as MH sensitive.
They were used in the experiments at a liveweight of 45-50 kg.

The animals were anaesthetized by an intravenous 1injection of Pentho-
tal ; the anaesthesia was maintained for 4 to é h using pentobarbital.
Muscle strips of about 1 g were obtained from the left M. biceps femoris

at intervals of approximately 1 h (time needed to perform one test).

NMR and mechanical measurements

As quickly as possible after excision, the sample was put in a Krebs
solution (118 mM NaCl, 24.6 mM NaHCO3, 5.6 mM KCL, 0.77 mM KHy POg4, 9.77 mM
Mg 804, 2.3 mM CaCly, 11 mM glucose, 2 mM mannitol, pH 7.4) maintained at a
temperature of 37°C and gassed with carbogen (95 % 0 , 5 % COp).

The muscle strip was attached to the device shown in Fig. 1 and
transfered into a NMR tube (20 mm in diameter). ALl these operations were
made in oxygenated Krebs. The muscle was then superfused with oxyge-
nated Krebs medium (37°C, 75 ml min-1) and placed into the NMR spectrometer.
The upper part of the strip was connected to the Llever arm of a strain
gauge force transducer and stimulated with silver electrodes (see F g. 1).
The strip was pretensioned to the length at which the maximum twich tension
was obtained. Then the NMR and mechanical measurements were initiated.
Throughout the whole experiment, the muscle was submitted to supramaximal
stimulation at a frequency of 0.1 Hz.

After a control period of about 20 min, normal Krebs medium was repla-

ced by a solution to be tested, i.e. either 8 mM caffeine or 16 mM caffeine
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4 ug.l’1 A23187 (calcimycine) in oxygenated Krebs medium for 16 min (tes-—
ting period). Then normal Krebs medium was used again for a rinsing period
of 20 min. The following mechanical parameters were recorded : resting
tension, contracture tension and active tension, i.e. maximal isometric

twitch and tetanic tensions.

to the lever arm of
transducer

outflow
] l Krebs solution

oxygenated (37°C)
inflow

l‘ F[H—— silver electrodes

' f ¥ glass tube
‘ muscle

k— NMR tube

- -
@

Fig. 1 NMR device for isolated muscle studies.

Atthe bottom, the muscle strip is mounted on a removable support
consisting of a teflon clamp embedded within two glass tubes hol-
ding silver electrodes. The upper part of the muscle is flattened
by a small piece of teflon and tied up with a string hooked to the
transducer arm.

31P NMR measurements

NMR experiments were performed on a conventional Nicolet NT200-WB
spectrometer equipped with a superconducting magnet operating at 4.7 Tesla.
31P NMR spectra were recorded at 80.9 MHz without proton decoupling. Typi-
cal spectra of superfused muscle biopsies were obtained in 4 min (20 mm
diameter probe, muscle weight 1 + 0.2 g) by accumulating 40 free induction

decays resulting from 90° radio freguency pulses applied at é sec inter-

vals.
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ATP, CP and Pi values were derived from the comparison of the 1st spectrum

with the results of biochemical ATP determination.

Biochemical measurements

A 1 g muscle sample was taken at the beginning of the first test and
immediately frozen using tongs precooled in liguid nitrogen. The frozen
tissue was kept in liquid nitrogen until extraction with frozen 0.6 M per-
chloric acid. Adenosine triphosphate (ATP) and creatine phosphate (CP) were
enzymatically determined according to the techniques described by BERGMEYER
(1974).

RESULTS

1 - 31P NMR spectra and mechanical data of superfused pig muscle biopsies

in normal Krebs medium

Typical spectra from HN and HP pig muscle recorded during the control

period are shown in Fig. 2.

P (4.4
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Fig. 2 31P NMR spectra of strips of M. biceps femoris from HN and

HP Pietrain pigs.

Spectra were recorded at 80.9 MHz for 6 min (60 scans). Stimulated
muscle strips were bathed in oxygenated (95 % 02 , 5% C02) Krebs
solution at pH 7.45, temperature 37°C -

Resonances of inorganic phosphate (Pi), creatine phosphate (CP) at

- 2.45 ppm, v, o and B ATP (adenosine triphosphate). InHN pig muscle,
chemical shifts of Pi indicate two pH corresponding to extracellular
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Pi at + 2.88 ppm (pH 7.47) and intracellular Pi at + 2.43 ppm

(pH 7).In HP pig muscle, the Pi resonance displays three components ;
a low field peak corresponding to the extracellular Pi at + 2.88 ppm
(pH 7.47), and a high field peak with a shoulder at + 2.43 ppm and

+ 1.72 ppm respectively corresponding to two pH values of 7 and 6.49.

Although the overall spectra were comparable, distinct differences were

observed. The CP peak wgs substantially Llower in HP animals, indicating a

lower content which was confirmed by biochemical analysis (see Table I).

TABLE I Concentrations of phosphorylated metabolites and intra-
cellular pH in HN and HP pig muscle.

Number of samples is given in brackets. Values are derived from
NMR measurements.

(Student test: P < 0.007*x* ; P < 0.01%* ; NS, non significant)
ATP cP Pi pH
umole.g™? umole.g™1 umole.g-1 U pH
wet weight wet weight wet weight
HN 4.53 + 0.57 (9) 16.93 + 3.24 (9) 7.69 + 2.25 (9 6.99 + 0.07 (9
HP 4.35 + 0.47 (1) 10.68 + 3.77 (8) 12.30 + 4.10 (9) 6.82 + 0.08 (4) **
NS Horx Rk 6.49 + 0.01 (3) ***

6.26 = 0.08 (3) ***

1+

In HP animals, the intracellular Pi peak was increased and frequently
displayed an heterogeneity indicative of the presence of two pH compartments.
Consequently, two values of intracellular pH were calculated whenever hete-
rogeneity was unequivocally apparent. However, it was not possible to mea-
sure the individual Pi contents of each compartment. Measured pH was gene-
rally much lower in HP animals. When two values could be computed, one of
them was close to the value measured in HN pigs (see Fig. 6). The decrease
in pH and in CP showed a similar rate in both types of pigs (Fig. 5 and 6).

The contraction strength was satisfactorily maintained in both types
of animals throughout the whole control period (Fig. 3, 5 and 6).

2 - Effects of caffeine and of ionophore A23187

a) Caffeine

Upon perfusion with caffeine, a contracture developed in both types

of muscles though stronger in HP animals (Fig. 3).
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Fig. 3 Recording of contractions of isolated M. biceps femoris
from HP and HN pigs.

Muscle wet weight : HN : 1.8 g ; HP : 2.06 g

The record extends from right to left. Beginning of caffeine and
rinsing periods are indicated by vertical solid arrows.

Moreover, the contracture tension was increased by increasing the caf-

feine concentration (Table 2).

TABLE 2: Effect of caffeine and A23187 on mechanical parameters

of HN and HP muscle fibres.

Values are presented as means * standard deviation. Number of samples
measured is given in brackets.

Normal Krebs Caffeir&e 8 mM Caffeine 16 mM A23187
g 0
7.7+ 0.717 (9 8.14 = 1.12 (3 10.1 % 3.44 (3D 5.27 =+ 0.5 (3
0 0.55 = 0.05 1.5 + 0.74 0.24 = 0.12
6.06 = 1.66 (8) 3.79 £+ 1.93 (3 3.42 £ 2.57 (D 2.26 = 1.22 (3
0 1.19 + 0.05 3.51 + 0.22 0.62 + 0.12

Simultaneously the twitch tension was increased in HN animals (caffeine

potentiation) and by contrast, was sharply reduced in HP pigs (Fig. 4).

Creatine phosphate showed a very sharp reduction, particularly in HP
pigs where the zero level was practically reached at the beginning of the
rinsing period. ATP content was kept approximately constant over the course
of the experiment. During the testing period, two Pi peaks began to be dis-

tinguishable ; the two pH values dropped faster in HP than in HN pigs.
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Fig. 4 Sequence of 31P NMR spectra for strips of M. biceps femoris

from HP and HN pigs showing changes in phosphorylated metabolites
during caffeine contracture.

Each spectrum is the block average of 4 x 20 scans (8 min). CP peak
is set at - 2.45 ppm. PDE : phosphodiesters. Note the respective
changes in the CP and Pi peaks.

a - Muscle at rest, in normal Krebs medium. Two intracellular pH
compartments are distinguishable in HP muscle.

HP muscle : pH ex : 7.5 ; pH in : 6.51 and 6.39 ; ATP : 5.4 umoL.g_1 ;
Pi in : 16.6 umol.g=1 (ex, extracellular ; in, intracellular).

HN muscle : pH ex : 7.5 ; pH in : 6.96 ; CP : 20.8 umol.g=1 ; ATP :
4 umol.g-! ; Pi in : 10.8 umol.g=1.

b~ Stimulated muscle 20 min stay in normal Krebs medium.

¢ - Stimulated muscle in 16 mM caffeine Krebs medium at beginning of
contracture.

d-Stimulated muscle in 16 mM caffeine Krebs medium at the end of
the listing period. Note the PC drop close to zero level.

b) A23187

In the experiments described here, A23187 produced more restricted
effects than in a previous work (Reiss et al., 1985). The contracture was
weak in HN muscle, and no twitch potentiation was observed (Fig. 6. HP
muscles developed a noticeable contracture accompanied by a considerable
reduction of the twitch tension in a similar manner as previously reported

(Reiss et al., 1985). There was a drastic decrease of CP level in HP muscle
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Fig. 5 Effect of 16 mM caffeine upon the dynamics of twitch tension,
ATP and creatine phosphate (CP) contents and intracellular pH of
strips of M. biceps femoris of HN and HP pigs. Values are expressed

as percentage of the value obtained at the beginning of the experi-
ment in normal Krebs medium (+ HN ; @ HP). pH is expressed in pH units
(+ HN ; e HP). Where two pH compartments were distinguishable in HP
muscle, the second peak is indicated by a star (*). Each spectrum
point is derived from the average of 40 scans accumulated during

4 min : 1st to 4th, control period ; 5th to 8th, testing period ;

9th to 12th, rinsing period. The testing period is included between
the two solid arrows.
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Fig. 6 Effect of A23187 (4 ug.mL—1) upon dynamics of twitch tension,
ATP and creatine phosphate (CP) contents and intracellular pH of HN
and HP biceps femoris muscle strips (see legend Figure 5).
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as compared to HN muscle. ATP level was maintained during the whole experi-
ment starting from the control period. Two pH values were distinguishable
in samples from two HP animals. These values seemed to decrease faster than

the one observed in HN pig muscle.

During this period, contracture was suppressed in HN muscles. Simulta-
neously, the twitch tension recovered to control value in HN whereas it
continued to decrease in HP pigs and was nearly abolished at the end of
the period (Fig. 3). The pH seemed to stabilize in HN muscle, but continued

to decrease in HP muscle to reach close to or even below pH 6.0.

DISCUSSION

During the control period, pH as well as ATP and CP contents slowly
decreased in all samples. However, the observation that pH and CP were
noticeably lower in HP muscle at the beginning of the experiment indicates
that probably the physiological conditions were altered in this muscle. By
contrast, HN muscle seemed to be preserved in a more satisfactory condition
in our procedure. In fact, according to the results obtained on "in situ"
frozen samples from HN Large White and HP Pietrain pigs by Hall and Lucke
(1983) there should be no difference in CP and ATP Llevels between both ty-
pes of muscles. In the same way, using "in vivo" 31P NMR spectroscopy,
Roberts et al. (1983) did not observe any difference in CP Llevels between
HP and HN piglets. The differences found here may be due to differential
sensitivity of HP and HN fibres to the cutting procedure. Many authors
reported similar differences on samples frozen after cutting (Nelson, 1973;
Veerburg et al., 1984 ; Kozak-Reiss et al., 1985). If that were the case,
it would seem difficult to correct for this artifact (Meyer et al., 1985).

When performed in the same way as in humans, the caffeine contracture
studies show clear differences in HP and HN pigs. In HN muscles, 8 mM as
well 16 mM caffeine produced twitch potentiation accompanied by a contrac-
ture. By contrast, in HP muscles, the twitch strength was reduced from the
onset of the caffeine perfusion, and continued to decline after the muscle
was placed in the rinsing solution. The NMR spectra showed a considerable
decrease in CP content with a concomittant increase in Pi content, even
though the ATP level was maintained. A similar effect was observed with
A23187. Results are consistent with our previous observations.

In the presence of caffeine and A23187, an impairment of excitation-
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contraction coupling was observed in HP muscle. It can be partly related
to the critically low Llevel of CP (Mainwood et al., 1982) rather than to
ATP Llevel which was maintained. This Llatter point does not agree with Nel-
son (1973) who reported on the basis of biochemical assays a considerable
depletion of CP and ATP, with production of inorganic phosphate and lac-
tate in halothane treated HP muscle strips. With the A23187, a similar
reduction of CP and ATP was observed in HP pig muscle (Kozak-Reiss et al.,
1985). The discrepancy between previous reports and the results of the pre-
sent MMR study pertains mostly to the ATP level which was considerably
lower in Nelson's study and seemed only slightly affected in the present
experiment.

Intracellular pH is the second and perhaps the most important factor
affecting the mechanical response. It has been often reported that intra-
cellular pH affects the binding and release of ca* from the sarcoplasmic
reticulum (Lea and Ashley, 1982) and the sensitivity of the contractile
elements to Ca2*. In skinned frog skeletal muscle fibres, calt activated
force is pH dependent i.e. force is near zero at pH 5.5 and increases to
maximal at pH 7.5 (Robertson and Kerrick, 1979). Comparing the effects of
fatigue and low intracellular pH in single frog skeletal muscle fibres,
Edman and Mattiazzi (1981) showed that in a non-fatigued fibre , the drop
in mechanical performance during fatigue can be reproduced by reducing the
pH. The same results were obtained in whole muscle by Curtin and Rawlinson
(1984) using frog Sartorii. ALl these data support the idea that both a
reduced state of activation of the contractile system and a specific reduc-
tion of cross bridge number and/or turnover rate are linked to an increased

intracellular H+ concentration. The fact that in HP pig muscle, the mecha-
nical output was reduced, not only in caffeine and A23187 media but also in
Krebs rinsing solution, can be related both to the reduction of CP Llevel
and to the substantial drop in intracellular pH.

A question rises regarding the origin of the two intracellular Pi
compartments observed in the spectra of HP muscle and corresponding to two
pH values. This observation could result from an heterogeneity in the phy-
siological state of fibres, with central fibres being more anoxic and then
acidotic. Alternatively, the two compartments could correspond to different
types of fibres in biceps femoris (80 % fast twitch glycolytic, 20 % slow
twitch oxidative) as was noted in cat biceps (Meyer et al., 1985). This may
be related to the observation that red fibres are more sensitive to halo-
thane that white fibres (Van den Hende, 1979 ; Kozak-Reiss, unpublished).
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In the presence of caffeine and A23187, an impairment of excitation
affect the cell metabolism of HP pig muscle to such an extent that the

mechanical response to stimulation could be affected not only by the chan-

2+

ges in free Ca levels, but also by the induced acidosis.
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ABSTRACT

There is conflicting evidence about the role which the
peripheral sympathetic nervous system plays in drug-induced
malignant hyperthermia and very little information on the
possible involvement of the central nervous system. In this
study, the concentrations of noradrenaline, dopamine and
their non-O-methylated metabolites were examined in two
regions of the brain, the hypothalamus and the corpus
striatum. Differences between MH susceptible and non-
susceptible animals were found only in the concentrations of
two metabolites. The activity of monoamine oxidase in the
hypothalamus, corpus striatum, liver, kidney, heart, skeletal
muscle and intestinal mucosa, and of catechol-O-methyl
transferase in kidney were not significantly different between
the two types of animal.

INTRODUCTION

The malignant hyperthermia (MH) occurs in man and the
pig when susceptible individuals are exposed to chemical
trigger agents, particularly the fluorinated inhalent anaes-
thetic halothane and the myorelaxant succinylcholine, although
other fluorinated anaesthetics as well as cyclo-propane and
diethyl ether have been associated with the development of
the condition. The syndrome is characterised by muscular
rigidity, hyperthermia, metabolic and respiratory acidosis,
tachycardia, arrythmias, alterations in electrolyte balance
in blood and haemodynamic changes which may lead to death.
Predisposition to MH is determined genetically in both species.
In man, it is associated with the presence of dystrophic
changes in skeletal muscle and familial histories of neuro-
muscular disorders; with hypermobility of joints and a

P. V. Tarrant et al. (eds.), Evaluation and Control of Meat Quality in Pigs
© ECSC, EEC, EAEC, Brussels-Luxembourg 1987
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tendency for joint dislocation; and with unusual cardiac
murmurs, symmetrical hypertrophy of the myocardium and a
tendency to develop arrythmia in response to excitement and
physical exercise. 1In the pig, susceptibility to MH is
associated with very high rates of high energy phosphate
turnover and glycolysis in skeletal muscle post-mortem. In
both species, drug-induced MH appears to be associated with
susceptibility to a variety of stressors. This relationship
is well established in the case of the pig where susceptibility
to experimentally-induced physiological and environmental
stressors has been demonstrated. The evidence for a similar
stress-susceptibility in man is mainly clinical and less
conclusive.

In the pig three conditions occur which are closely
related to each other, i.e. pale soft exudative (PSE) muscle,
drug-induced malignant hyperthermia and the stress syndrome.
The processes which cause skeletal muscle to become pale soft
and exudative are well established and consist essentially of
a critical combination of low pH and high temperature (above
30 C) as the muscle goes into rigor mortis. This causes the
denaturation of the sarcoplasmic and myofibrillar proteins,
dislocation of the myofibrillar structure and rupture of the
sarcolemma which makes the muscle become pale and exude fluid.
Drug-induced MH is a pharmacogenetical disorder, that is, an
individual may have an inherent susceptibility to the condition
but it requires the presence of certain pharmacological agents
to initiate the syndrome. Drugs which initiate MH have been

identified and drugs which alleviate it are known but the
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molecular and cellular mechanisms which lead to the MH are
still uncertain. However, much evidence suggests that the
trigger site may be in skeletal muscle and that it may involve
a defect in the transport, storage, release or uptake of the
calcium ion by intracellular organelles. Whether such are,

in fact, the primary cause of MH has not been clarified.

The stress syndrome is a much more complex entity than
either PSE muscle or drug-induced MH and it is hardly
surprising that despite the considerable amount of research
attention devoted to it little is known about the physiol-
ogical mechanisms involved. The stress syndrome seems to be
a failure of the homeostatic mechanisms of an animal to cope
adequately with a wide variety of environmental and physiol-
ogical stressors. It is difficult to explain or understand
such a physiological deficiency except in terms of the entire
neuroendocrinological axis and its integration with physiol-
ogical drives, behavioural responses and autonomic and somatic
motor activity. Hence, it is unlikely that experiments which
involve the use of markers such as PSE muscle or an MH
response to a drug will tell us much about the fundamental
nature of stress susceptibility. The contribution of bio-
chemistry and physiology to the understanding of disease
processes is probably least in the case of the central nervous
system. Nevertheless, certain disorders are now associated
with defects in neurohumeral transmission, e.g., Parkinson's
disease in man which involves a functional deficiency in
dopaminergic mechanisms in the basal ganglia. The affective

disorders and schizophrenia also appear to involve defects of
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monoamine function although studies on the action of drugs,
metabolites in the urine and cerebrospinal fluid and the
examination of brains post mortem have not provided un-
equivocal evidence for the monoamine hypothesis for these

disorders.

THE SYMPATHETIC NERVOUS SYSTEM AND MH

There is evidence which indicates that the peripheral
sympathetic nervous system is involved in MH but a conflict
of views as to whether this involvement is primary or secondary
to some other initiating factors. The concentration of
catecholamines in plasma increases markedly during drug-
induced MH (Gronert and Theye, 1976; Lucke, Hall and Lister,
1976; Lister, Hall and Lucke, 1976) and also when an MH-like
syndrome is induced by electrical stimulation of the lumbro-
sacral and brachial plexus (Ahern, Milde and Gronert, 1985).
Whether there are differences in the concentration of catecho-
lamines in plasma between normal pigs and MH-susceptible pigs
in the absence of any triggering agents is not certain. Ahern
et al. (1985) reported that plasma of normal pigs contained

x

0.55 ¥ 0.35 ug/1”t NA, MH-susceptible 1.05 ¥ 0.37, although

the differences were not statistically significant. Wheatley

and McLoughlin (unpublished) found 0.04 ¥ o.02 ):1g/l—l NA in

plasma from normal pigs and 0.51 ¥

21_;.1g/l_l for MH suscep-
tible pigs. Wheatley and McLoughlin also found significant
differences in the concentration of DA between normal

(0.07 2

0.02 ug/1”1) and MH susceptible (0.54 ¥ 0.11 pg/17%)
pigs.

The use of adrenergic antagonists during episodes of MH



43

influences the development of the syndrome but the
conclusions which can be drawn from such experiments are
limited because of the variety of pharmacological agents
used. Studies on preparations which were effectively
"sympathetically denervated" either by means of adrenalectomy
coupled with blockade by bretylium (Lucke, Denny, Hall,Lovell
and Lister, 1978) or by total spinal anaesthesia (Gronert,
Milde and Theye, 1977) gave conflicting results. The former
experiments supported the view that the integrity of the
sympathetic nervous system was necessary for the development
of MH, the latter that it was not. There are also conflic-
ting reports on the effect of epidural block on the develop-
ment of MH (Kerr, Wingard and Gatz, 1975; McLoughlin, Somers,
Wilson and Ahern, 1976). A greater autonomic responsiveness
has been reported in stress susceptible compared to stress-
resistant breeds of pig (Gregory and Lister, 1981). Studies
using an isolated perfused caudal muscle preparation

provided clear evidence that metabolic responses (increase in
oxygen consumption and lactate formation) occur in MH
susceptible muscle in the absence of neural and hormonal
influences (Gronert, Milde and Taylor, 1980). These
metabolic changes were induced by elevated temperature and
the presence of the cholinergic agonist carbachol but not by
0 - and/3—adrenergic agonists. However, these experiments
also raise a question about the role which acetylcholine,
released at the somatic neuromuscular junction of the intact

animal, may play in the initiation of MH.
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CENTRAL NERVOUS SYSTEM AND MH

A wide range of drugs which have a central action modify
MH initiated by halothane. The induction of anaesthesia with
barbiturates, ketamine or althesin prior to maintainance with
halothane delays the clinical manifestation of MH although
metabolic changes in skeletal muscle may have been initiated
already (Somers, Wilson, Ahern and McLoughlin, 1977). The
delaying action of these anaesthetics may simply be a conse-
quence of their effects on the dose of halothane required to
maintain a satisfactory depth of anaesthesia. However,other
drugs have a similar protective action, in particular
phenothiazines and butyrophenones (McLoughlin, Somers, Ahern
and Wilson, 1978; McGrath, Rempel, Addis and Crimi, 1981;
Wingard and Gatz, 1978). The butyrophenone azaperone was
developed specifically for use in the pig and premedication
with this drug reduces the incidence of death during
transportation and of PSE muscle post mortem. Azaperone also
delays the onset of halothane-initiated MH (McLoughlin et al.,
1978). Spiperone administered to MH-susceptible animals daily
over a period of seven days and then discontinued blocked a
positive response (muscular rigidity with 5 minute inhalation
of halothane (5% in 02))in these animals for up to four weeks.
While such observations may contribute to the pretreatment of
patients who may be susceptible to MH they cannot provide any
very useful information about central mechanisms or pathways
which may be involved in MH or stress reactions. This is
because such drugs have widespread psychophysiological and

behavioural effects. The variety of central and peripheral



45

actions of the drugs make it virtually impossible to even
speculate on the relevance of their actions to central neural
functions and MH. Nevertheless, factual information about
neurotransmitter function in the central nervous system of
stress susceptible and normal animals might contribute some-
thing to the understanding of the role of the CNS in the

stress syndrome and MH.

Monoamines in the brain

The use of histochemical fluorescence techniques has
shown that the monoamines noradrenaline (NA), dopamine (DA)
and 5-hydroxy-tryptamine (5HT) are located in neurons in
specific regions of the brain. These neurons have high
concentrations of monoamine in their widely ramifying
terminal axons and relatively low concentrations in their cell
bodies. The neurons are mainly located in discrete clusters
in the brain stem, the cells (NA and DA) in the caudal brain
stem giving rise to descending fibres which terminate in the
grey matter of the spinal cord, those in the rostral brain
stem to ascending fibres which pass through th= hypothalamus
and have a widespread terminal distribution which includes
nuclei of the hypothalamus and the neocortex. The DA-
containing neurons are mainly located in large clusters in
regions of the substantia nigra and in the ventral mesen-
cephalon. Their axons terminate in the lateral hypothalamus,
the corpus striatum, nuclei in the limbic forebrain and in
regions of the frontal cortex. Some cell bodies in the caudal
brain stem send axons to the hypothalamus which appear to

release adrenaline from their terminals.
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Corpus striatum and hypothalamus

The corpus striatum and the hypothalamus were used to
study the concentrations of NA, DA and their metabolites in
stress (MH)-susceptible and normal pigs (Bardsley, Wheatley,
Fowler, McCrodden, McLoughlin and Tipton, 1982). These
regions were chosen for several reasons. Firstly, both areas
are rich in catecholamines. Secondly, the corpus striatum
is involved in muscular control and the hypothalamus
integrates neural and endocrine functions and maintains
homeostasis. Thirdly, all antipsychotic drugs, including the
phenothiazines, block DA receptors and increase the turnover
rate of DA in the corpus striatum. The phenothiazines and
the butyrophenones also influence neuronal function in the
hypothalamus. Both chloropromazine and haloperidol enhance
prolactin secretion by an antagonistic action on DA inhibitory
receptors and chloropromazine also interferes with release
of growth hormone and corticotropin releasing factor and with
thermoregulation. The experimental animals were anaesthetised
with sodium pentobarbitone and maintained for one hour under
this anaesthetic before craniotomy. The anaesthetic and
surgical procedures involved have been described by Bardsley
et al. (1982). The results of the study did not show that
there were significant differences in the concentrations of
NA and DA in either the corpus striatum or hypothalamus
between stress (MH) susceptible and normal pigs. There were
differences in the concentrations of certain non-O-methylated
metabolites. The MH susceptible pigs had higher concentrations

of 3, 4-dihydroxymandelic acid (DHMA) in the hypothalamus
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(0.33 ¥ 0.14 ng/mg protein) and higher concentrations of
dihydroxyphenylglycol (DHPG) in the corpus striatum

(0.24 ¥ 0.05 ng/mg protein) than had normal pigs(hypothalamus
0.19 t 0.07 ng/mg protein, corpus striatum 0.1 ha 0.04 ng/mg
protein of DHMA and DHPG respectively). These differences may
not be related to susceptibility to either stress or MH and
such steady state concentrations of metabolites may not be
related in any direct way to neuronal function.

Monoamine oxidase

The action of monoamines is terminated by active reuptake
into axon terminals and by the action of two enzymes,
monoamine oxidase (MAO) and catechol-O-methyltransferase.
Williams (1976) proposed that malignant hyperthermia might
be due to a functional deficiency of MAO which led to a
prolongation of monoamine activity. MAO exists in two forms,
A and B,which have different substrate specificities and
different sensitivities to inhibitors. It is considered that
both forms of the enzyme metabolise tryamine and DA, while
MAO-A is responsible for the deamination of NA and 5HT and
MAO-B for deamination of ﬁg—phenethylamine. There is very
little of the MAO-A in the pig (Hall, Logan and Parsons,

1969; Tipton, 1971) so it was a possibility that this species,
and perhaps especially the MH susceptible breeds, might have
inadequacies in the deamination of monoamines. However, the
results of the study showed that there was no significant
difference in MAO activity in the hypothalamus and corpus
striatum between MH susceptible and non-susceptible using as

substrates phenethylamine and 5HT. MAO activity was also
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measured in the liver, kidney, heart, intestinal mucosa and
cerebral cortex between the two types of pig but no
significant differences in the activity of the enzyme were
found. The activity of catechol-O-methyl transferase was
measured in kidhey but no differences were found between the

susceptible and non-susceptible animals.

CONCLUSIONS

The virtual absence of monoamine oxidase type A in pig
tissues does not adversely affect the ability of this species
to deaminate monoamines. A functional deficiency of
monoamine oxidase does not appear to be associated with
susceptibility to MH. Steady state concentrations of
noradrenaline, dopamine and their non-O-methylated
metabolites are not notably different in the hypothalamus

and corpus striatum.
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ABSTRACT

Thyroid function has been implicated in the aetiology of stress
sensitivity and pale watery muscle (PSE) condition in pigs. The
various approaches used to study thyroid function are discussed
particularly in relation to interpretation of the findings. It is
suggested that clinical terms such as hypo- or hyper-thyroid should not
be applied in relation to stress sensitivity in pigs. Differences in
some thyroid parameters between breeds appear to be paralleled by
differences between sexes. Thus the leaner breed and leaner sex have
lower thyroxine (T,) and higher TSH/T, ratios. A compartmental model
for studying the k%netics of thyroidaﬁ iodine metabolism is proposed.
This model can be used to elucidate the problems involved in
interpreting clinical approaches to studying thyroid function. There
is evidence from studies on thyroidal iodine kinetics that the PSE
condition is related to a faster utilisation of thyroxine relative to
secretion.

The incidence of pale watery muscle (PSE) is greater in leaner
breeds of pigs and thus the underlying physiological mechanisms to
explain this might be expected to be those endocrinological systems
which are involved in the control of growth and leanness. Pituitary
adrenal function (both cortex and medulla) and thyroid function have
been implicated in the aetiology of the PSE condition. Early studies
of the involvement of thyroid function showed that feeding iodocasein
to pigs resulted in an improvement in meat quality (Ludvigsen 1957) and
that PSE pigs might be considered hypothyroid. Although some of the
later work showed that goitrogens increased the tendency to PSE
(Ludvigsen 1968; Topel & Merkel 1966) other work on thyroid turnover
(Sorensen 1961; Romack et al) supports the contention that PSE prone
pigs are hyperthyroid. The terms hypo- and hyper-thyroid are clinical
terms and the typical «clinical signs of hyperthyroidism is an
ectomorphic body type with an excitable nature which may be more
applicable to a stress sensitive type of pig. Since hypo- and
hyperthyroidism are clinical terms they should not be applied to 'PSE'

P. V. Tarrant et al. (eds.), Evaluation and Control of Mear Quality in Pigs
© ECSC, EEC, EAEC, Brussels-Luxembourg 1987
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or stress sensitive type of pigs unless the same clinical syndrome
exists, the reasons for this will be discussed later.

One of the aims of this review is to consider whether a
physiological explanation can be given to the apparent anomalies and
conflict in the literature in relation to the role of thyroid function
in the aetiology of the PSE condition. Several approaches have been
used to study the role of thyroid function and other endocrine systems
in relation to the PSE condition. These approaches can be classified
under 6 broad headings (1) genetic (2) correlation (3) pharmacological
(4) clinical (5) biochemical (6) physiological. Many workers have used
more than one approach.

In the genetic approach the main criterionfor assessing thyroid
function has been the measurement of circulating hormone levels, in
earlier studies as protein bound iodine (PBI) and later directly as T4
and T3. Judge et al (1968) found higher PBI 1levels in stress
susceptible pigs, and lower thyroid uptake 24 h post administration of
radioiodine. The difference in circulating T4 levels depends on the
stress involved in sampling (Moss 1981) and as will be discussed later
thyroid uptake studies must be interpreted with caution. Marked
differences in the T4 level of Landrace and Large White pigs were only
found when samples were taken from the Tive animal under restraint and
not when taken at slaughter (see Table 1). In stress situations both
decreases in circulating T4 (Moss 1984) and increases (Spencer 1984)
have been reported. In other species rapid increases in T4 secretion
have been noted in response to stress (Falconer 1972).

Larger thyroid glands have been noted in stress susceptible pigs
(Ludvigsen 1968; Topel & Merkel 1966). This may reflect hypertrophy to
overcome ineffective trapping and/or increased TSH secretion. Loss of
inorganic iodide from the thyroid gland parallels ‘the loss of organic
iodide (Isaacs et al 1966; Falconer & Hetzel 1964) and thus is related
to stimulation. From kinetic models proposed (see Fig 1) it is evident
that such a response could give rise to Tower thyroid uptakes although
the pigs may have higher TSH/T4 ratios (See Table 2).



53

TABLE 1 Thyroxine responses of Landrace and Large White pigs to the
stressors of restraint and pre-slaughter handling

Plasma Thyroxine (pg d]‘l)
Landrace Large White
a
In pens 4.0 4.9
At slaughter® 4.2 4.1
Significance NS *

3 The pigs were restrained by a noose round the upper jaw, and blood
samples were collected from an ear vein within 5 min of restraining
the pig at the progeny station before transport to slaughter.

The pigs from their individual pens were mixed on the lorry,
transported for a period of 35 min to the abattoir and killed by
electrical stunning after 1 h in lairage and blood was collected at
exsanguination.

The sex and breed differences in thyroid function in Table 2 are
also of interest in consideration of the relationship between thyroid
function and leanness. In both breeds the leaner sex has lower T4,
lower FTI, higher TSH and higher TSH/T4 ratio. Also by comparison the
leaner more stress sensitive breed (Landrace) has lower T4, Tower FTI
and higher TSH/T4 ratio. Campbell (1984) suggested from breed/sex
interactions on meat quality that the pigs could be ranked in the
following order of decreasing post mortem glycolytic rate Landrace (LR)
and Large White (LW) boars > LR gilts > LR barrows > LW gilts and
barrows. A similar ranking order would be obtained if the ranking was
done on the basis of increasing FTI, or decreasing TSH ie lowest FTI or
highest TSH in pigs of fastest post mortem glycolytic rate. Thus it
appears from these preliminary sex/breed studies that thyroid function
may be involved in both the control of leanness and meat quality. The
low within litter variation and high intraclass correlation, 0.64 for
T4 and 0.77 for FTI, (calculated as in Snedecor 1965) indicates that
thyroid function may have a high heritability coefficient and may thus
be useful in selection schemes.
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Table 2 Thyroid status? of Landrace and Large White boars, barrows

and gilts
T, T, FTIC TsHP TSH/T,
-1 -1 .
Uptake ug di uU mil Ratio
Ratio _
Landrace:-
Boars 0.68 3.37 5.32 5.68 1.75
Barrows 0.57 3.60 6.58 4.03 1.16
Gilts 0.60 3.85 6.47 4.69 1.26
Significance of Difference:-
Litters (8) NS *kk Fkk NS NS
Sex NS NS * NS NS
Large White:-
Boars 0.72 4,12 6.02 6.08 1.50
Gilts 0.65 4.59 7.13 5.17 1.14
Significance of Difference:-
Litters (4) NS NS NS NS NS
Sex NS NS NS NS NS

a Measured in blood obtained from the ear vein after restraining the
pig.

TSH units based on hTSH (PhadebasR TSH Test, Pharmacia Diagnostics)
FTI - Free Thyroxine Index

The correlation approach where specific parameters eg T4 levels
are related to meat quality parameters using statistical regression
techniques suffer from several problems, particularly the influence of
the environmental component. If correlations are attempted within a
breed which does not contain halothane positive pigs then the
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assumption made is that there is an association between the level of
the parameter and the rate of post mortem glycolysis or other related
parameters. Debate still remains as to whether the parameter of
thyroid function should be measured in the basal (ie ‘'unstressed')
state or in the stressed state. Both measurements are important, but
what is more crucial is the interpretation of the mechanism at the
biochemical 1level. Problems in the control of the environmental
influence have led to conflicting results. In Large White boars in two
trials out of three correlations between thyroxine levels at slaughter
and meat quality parameters were lTow and not statistically significant,
whilst in the third trial thyroxine levels at slaughter were negatively
correlated with LD pH 5 min post mortem (r = 0.55, p<0.05) and
positively correlated with drip loss (r = 0.63, p<0.01). Judge et al
(1968) reported significant positive correlations (p<0.05) between
thyroid uptake and the time to rigor onset in the Poland China but not
the Chester White breed. In both breeds radiobound iodine was
positively correlated (p<0.05) with muscle lactic acid immediately post
mortem. Thyroxine Tevels in slaughter blood were higher in pigs killed
after an overnight lairage (Moss & Robb 1978) and may be explained by
decreased peripheral conversion of T4 to T3 during fasting (Merimee &
Fineberg 1976). Fasting pigs for 24 h, however, did not significantly
affect the circulating T4 levels in blood samples obtained by biopsy
(Moss 1984).

Literature reports indicate a diurnal rythmn in thyroid function
in humans related to activity patterns (Nicoloff 1970a,b). A similar
relationship appears in young pigs in that a pre-feeding rise in
thyroxine excretion occurred whether or not pigs were fed (Moss &
Jordan 1980). Thus thyroid function may alter in relation to some
conditioned response even when the stimulus for that response is
removed. Such conditioning will have a marked effect on the measured
relationship between thyroid function parameters and meat quality.

In the clinical approach parameters which are used to diagnose
clinical hypo- and hyper-thyroid states have been applied to study
thyroid function in pigs. Thyroxine circulates in the blood stream
bound to protein, thyroid binding globulin (TBG), and it is only the
unbound or free thyroxine (FT4) which is considered to be
physiologically active. Techniques have been made available recently
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to measure FT4 levels directly on a routine basis in clinical
diagnostics (Bordoux et al 1982), prior to this an indirect method to
measure the free thyroxine index (FTI) was used.

The indirect method is based on the principle that
triiodothyronine (T3) will bind to the unoccupied binding sites on TBG
without displacing bound T4 (T4-TBG). From the equation below it can
be seen that the number of unoccupied binding sites, ie those available
for T3 binding, depends on (1) the amount of TBG and (2) the
equilibrium between T4 and TBG. The results of T3 binding are
expressed as a ratio and confusion may arise as some methods use the
proportion of radiolabel bound to the serum, whilst others use the
proportion bound to the separating medium (eg charcoal, resin,
sephadex). The T3 binding methodology and free thyroxine index has
been reviewed by Evered et al (1978). The 'T3 uptake ratios' given in
table 2 were determined by the method of Herbert et al (1965) in which
lower ‘T3 uptake ratios' indicate Tless unoccupied sites, the free
thyroxine index was calculated as total T4/T3 uptake ratio.

—
T, + TBG = T,-TB&

(bound T4)

at equilibrium k = [T4][TBG]

(T, - TBG] where k = equilibrium
binding constant

Although an indirect measure of FT4, the FTI was designed
essentially to assess thyroid function 1in pregnancy when total T4
levels could be abnormally high but due to increased production of TBG
there was no increase in the physiological activity at the target area
(ie cellular or subcellular level).

Problems exist in the use of clinical tests in animal studies and
careful evaluation should be made to test the relevance of such tests.
A prime example of misuse being the application of an FTI type
diagnostic kit in poultry where T4 is only loosely bound to albumin
(Falconer 1971) and also in the same species a possible overestimation
of T4 if a competitive protein binding technique is used with cross
reaction for T3 (Moss & Balnave 1978) since T4/T3 ratios are Tower in
poultry than in humans (Sadovsky & Bensadoun 1971). 1In the studies of
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Moss & Robb (1978) and Hall et al (1975) the same technique was used to
measure FTI with higher values indicating greater free thyroxine,
however, other workers have used the inverse relationship (Evered et
al 1976). Hall, Lucke & Lister (1975) found that both total T4 and FTI
increased as a response to halothane anaesthesia, whilst Moss & Robb
(1978) found increases in T4 and FTI after overnight 7lairage which,
associated with decreased cortisol 1levels, was considered a Tless
stressful situation. In both of these cases it seems unlikely that TBG
levels could change markedly in the time scale of response, however,
part of the increase in FTI could be accounted for by the displacement
of T4 from binding proteins by free fatty acids which may also increase
under the stress conditions.

In preliminary studies Pietrain pigs were found to have Tlow
thyroid uptakes (Moss 1975) and is in agreement with similar reports by
Judge et al (1968). The time of measurement of radioactivity in the
thyroid gland after the administration of the dose is a critical factor
(Moss 1975). In clinical diagnostics an index (T) based on the
excretion of radioiodine during uptake studies has been used. This 'T'
index has not been used extensively on pigs but Lister (1976) suggests
that the major difference between Pietrain and Large White pigs may be
in the greater excretion of radioiodine in uptake studies. This could
be explained by Tlowered uptakes and/or greater secretion rates
accompanied by Towered recycling on the basis of the kinetic model in
Fig 1.

Several methods may be used in the pharmacological approach eg use
of goitrogens, thyroidectomy with or without replacement therapy,
destruction of the thyroid gland with high doses of radioiodine
administration. Topel & Merkel (1966) found that goitrogens produced
hypertrophy of the thyroid gland but only a proportion of those pigs
fed methylthiouracil developed PSE. Since the goitrogens effectively
reduce iodide trapping and conversion to T4, adaptive hypertrophy may
occur in such situations and the resulting thyroid status may be one in
which T4 levels after goitrogen treatment are similar to pretreatment
levels but there is increased TSH secretion. Fischer (1974) comments
on the feedback mechanisms involved in thyroid function. Ludvigsen
(1968) found goitrogens to increase PSE and the administration of
iodocasein and thyroxine to reduce PSE. Ineffective trapping of iodide
may be the explanation of the results.
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Fig. 1.
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The biochemical actions of thyroid hormones have been established
at the cellular level (Tata 1967) where the sequence of events appears
to be stimulation of synthesis of RNA, stimulation of synthesis of
mitochondrial proteins, synthesis of key enzymes and corresponding
increase in metabolic rate. The short term effects of thyroid hormone
appear not to be related to synthesis of mitochondrial proteins (Bronk
1967; Chen & Hoch 1977) but to activation of the bc1 complex and
possibly stimulation of succinate dehydrogenase (Verhoeven et al 1985).
In laboratory animals thyroxine has also been shown to have an effect
on the fibre type distribution, with greater activity of myosin ATPase
in hyperthyroid animals (Ianuzzo et al 1978). Hyperthyroid animals had
greater succinic dehydrogenase and glycerol phosphate dehydrogenase
activity in the muscle fibres. Differences in fibre type distribution
occur in stress susceptible breeds of pigs (Didley et al 1970; de Bruin
1971; Sair et al 1970). It is therefore possible that these fibre type
differences may reflect differences in thyroid function.

An excitable nature is a typical feature in clinical
hyperthyroidism and therefore it seems relevant to consider the role of
thyroid function in relation to behaviour and how this might be related
to stress sensitivity. Rats have been selected for emotionality on the
basis of the open field test (Hall 1954). Such selected strains of
emotionally disturbed rats have been observed to have hyperthophied
thyroid glands, lower thyroid uptake values and higher pituitary TSH
activity, and treatment with propylthiouracil produced typical signs of
increased emotionality in these animals (Feuer & Broadhurst 1962a,b,c).
Nevertheless these workers considered the emotionally disturbed rats to
be hypothyroid relative to non emotional animals. These differences in
thyroid function between emotional and non emotional rats are similar
to those reported between stress susceptible and stress resistant pigs
where the suggestion of hypothyroidism in stress susceptible strains
has also been made (Ludvigsen 1968; Judge et al 1968). It has
previously been suggested that stress sensitivity in pigs may be
equated with emotionality in Tlaboratory species (Moss & Robb 1978).
Further support for this is given by the fact that the male laboratory
species are more emotional than females, and that the differences in
T4 level between boars and gilts, is in the same order as between
Landrace and Large White pigs (Moss & Robb 1978). Preliminary
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Fig 2

Urinary ratio in Pietrain and Large White pigs.
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investigations suggest that sex differences in other parameters of
thyroid function may also occur (see Table 2).

Problems relating to the application of clinical or pharmacological
approaches to thyroid function may be explained if detailed
physiological studies of thyroid function are undertaken. Such studies
are time consuming but are essential to the valid application of more
rapid or simple tests. The major disadvantage of the physiological
approach is that animals may have to be catheterised and restrained in
metabolism cages, a situation which may be difficult to relate to
production practices.

Most physiological studies involve the measurement of turnover
rates using isotope techniques. Thyroxine secretion rate may be
measured by external scintillation counting of the thyroid gland. Such
an approach by Bodart & Francois (1972) showed that stress sensitive
breeds had faster thyroxine secretion rates. Thyroxine utilisation
rate may also be measured directly by the rate of loss of isotopically
labelled thyroxine (usually 125I-T4) from the blood circulation, half
lives of T4 using this technique have been calculated in the range 1 to
2 days for pigs, which is much shorter than those in human studies.
Thyroxine secretion and utilisation rates may also be measured
indirectly using a dual Tabelling technique which in human studies had
been shown to be a sensitive indicator of thyroid function (Nicoloff
1970). The technique as described by Nicoloff (1970a,b) involves
simultaneous administration of radiolabelled sodium iodide (eg 131I)
and radiolabelled T4 (eg 125I) and determining the ratio of the two
isotopes in the urine. Initial studies using this approach (Moss &
Lister - unpublished observations) showed that although the shape of
the resulting curve in pigs was similar to humans the time scale was
different (see Fig 2). According to Nicoloff (1970b) the gradient of
the release slope can be increased by TSH administration and is greater
in the hyperthyroid étate. In a study involving 6 LW boars a similar
approach to Nicoloff was used except that the administration of
1251-T4 was delayed until 4 days after Na1311 administration. In this
situation the minimum ratio was reached earlier, gradients of the
release slope were inversely related to EEL (colour) values (r = 0.89
p<0.05) and drip loss (r = -0.64 NS) as shown in Fig 3.

To interpret these above results further it is necessary to
consider the kinetics of thyroidal iodine metabolism. Several
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Fig.3 Relationship between Urinary Release Slope and EEL values
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compartmental models have been proposed (0Oddie 1949; Riggs 1952) the
one shown in Fig 1 is based on that by Brownell (1951). Using the
compartmental model of Fig 1 an equation relating the amount of
radioiodine in the thyroid gland after intravenous injection of Na1311
can be obtained.
kyQ° kgt -(kprk
e

U= 4

)
[e - 2 t]

k1+k2-k4

or if u is expressed as the percentage of dose administered

g 0K g (g,
— [e -e ]
k1+k2-k4
Theoretical uptake curves drawn from these equations are shown in
Fig 4a and 4b and it 1is evident that only in the case when the
difference between individuals is due to plasma clearance rate (kl+k2)
will thyroid uptake measurements discriminate between them in the early
period post mortem. At later times (10 to 40 h) the measured uptake
(U%) decreases with increased T4 secretion rate and the time to peak
decreases and U% increases with increased rate of thyroidal iodine
trapping.
If recycling of radioiodine occurs then the slope after the
maximum will be Tless than the true secretion rate. Brownell (1951)
proposed the following relationships to account for this:-

u=1° ek gt
where U® = theoretical maximum uptake
]
k 4= apparent secretion rate

from this the following relationships can be derived

k 4= k4 (1-Er) where Er = k1

provided the rate of organic iodide excretion is small
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Theoretical Thyroid Uptake calculated from Compartmental Model

Fig.4a Alterations in Secretion Rate (K4)
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Using the above approach various kinetic parameters relating to
thyroidal iodine metabolism were calculated. Pietrain pigs appeared to
have a rapid initial release phase in the first 24 h after radioiodine
administration and thus two secretion rates were calculated the first
for the period up to 24 h and the second for the period after 24 h from
the time of administration of radioiodine. The main difference between
the breeds was the higher plasma clearance rate (k1+k2) Tower uptake
rate (kl) and higher excretion rate (k2) in Pietrain pigs.

This review has not covered all aspects of thyroid function in
relation to PSE, the relationships between thyroid function and adrenal
medulla (Harrison 1964; Melander & Sundler 1972) and adrenal cortical
function (Peterson 1958; Beale, Croft & Powell 1973) must also be
considered. There are differences in thyroid function between stress
sensitive and stress resistant pigs but the descriptions hypo- or
hyperthyroid should not be used. Differences in thyroid function can
be explained however by consideration of the kinetic parameters where
it appears that in stress sensitive pigs the rate of excretion of
jodine (kz) is greater and the rate of uptake lower (kl). Thus if a
stress situation requires increased thyroxine secretion or increases
utilisation these demands cannot be met. Such an hypothesis could
explain the 1larger thyroid glands of stress sensitive pigs and the
lower T4 values reported for stress sensitive pigs. Further studies on
the kinetics of thyroidal iodine metabolism and how this is affected by
other endocrine systems and both long term and short term stressors
needs to be undertaken to fully understand the role of thyroid function
in the aetiology of the PSE condition. It is also important to
understand the adaptation in thyroid function that may occur due to
long term stressors.
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HORMONAL IMPLICATIONS IN MALIGNANT HYPERTHERMIA AND THE PORCINE
STRESS SYNDROME

J B Ludvigsen
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ABSTRACT

The role of the endocrine system in stress-susceptibility in pigs is
discussed against the background of seventy-five years of results of the
Danish Landrace progeny testing system. Since 1910, selection of the
bacon type of pig favoured heavy muscling and low feed cost. Feed intake
was reduced from 3.77 feed units per kg of live weight gain in 1910 to
2.65 in 1985, and thickness of backfat was reduced from 4.5 to 1.7 cm.

Changes in body composition are mediated within wide limits through
changes in the antagonistic interplay between hormones. There is
substantial evidence that selection of heavy muscled pigs on feed
conversion results in increasing activity of growth hormone (STH). This
stimilates protein synthesis and deposition and the antagonistic effect
of STH on the activity of TSH and ACTH, which are important hormones in
the adaptive capacity to strain situations, such as transportation.

Investigations in the 1950s revealed that reduction of the death rate
in transport and lairage caused an increase in the incidence of pigs
condemned at slaughter for muscle degeneration (PSE). The effects of
thyroid active substances, iodinated casein, iodinated histidine and
thyroxine, on the quality of tinned ham indicated that specific compounds
of thyroglobulin, not involving thyroxine, may control the buffering
capacity of skeletal muscles, preventing the critical drop of pH during
lactic acid formation. Changes in the electrophoretic pattern of serum
proteins in stress susceptible pigs during handling or transport reflected
the profound metabolic effects these animals are exposed to.

INTRODUCTION

Since the provisions for the improvement of the Danish Landrace
bacon type pig were framed early this century, the overall criterion for
the selection of breeding stock was improvement of feed conversion rates
corcomitantly with reduction of fat content of carcasses, as measured by
the thickness of the backfat. The ongoing selection of breeding stock was
based on improved performance of litter mates as compared to the average
feed conversion rate of pigs at the progeny testing station in the same
season of the year. The conversion rate improved from 3.77 feed units per
kg live weight gain in 1910 to 2.65 in 1984, and the thickness of backfat
decreased from 4.5 cm in 1930 to 1.7 cm in 1985. During the seventy-five
years of organised selection, adjustments of the test meals have been
inevitable with increasing knowledge of the nutritional requirements of
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the growing pig, especially the importance of vitamins and minerals. The
basic test diet (3 kg acidified skim milk daily, barley according to live
weight and supplementation with vitamins A and D) was not changed from
1928 to 1970, when skim milk was substituted by soybean meal, macro- and
microminerals and vitamin supplementation adjusted to requirements.
Systematic selection for increased protein deposition at the expense of
fat is primarily expressed as an increase in skeletal muscle volume.
Pietrain and Belgium Landrace pigs are typical examples of short pigs with
voluminous fore- and hindquarters, whereas in Danish Landrace pigs the
greater body length influences the size and appearance of the hindquarters,
which do not look heavily muscled. As the ratio of protein to water in
skeletal muscles is around 27/73 and the fat to water ratio in adipose
tissue is 90/10, less food is required to produce 1 kg of muscle than 1 kg
of fat. The decrease in feed units per kg of weight gain from 3.77 to
2.65 over seventy-five years justified the use of feed conversion rates
for selection in heavy muscled pigs.

In 1954 meat quality was incorporated in the progeny testing
programme using a subjective scale for the evaluation of colour and
consistency (Table 1).

TABLE 1 The subjective scale used to evaluate pork colour and
consistency that was incorporated in the Danish progeny testing
programme in 1954

Score Pork Colour and Consistency

5 Gray, same colour as boiled meat, very moist surface
0 Very pale, pinkish moist surface.

5 Pale, pink, slightly moist surface.

0 Slightly paler than desirable, almost dry surface.
5-3.0 Ideal red colour, dry surface

5-4.0 Slightly darker than desirable, dry surface.

5-5.0 Very dark and dry surface

S WNDNHEFO

A score of 0.5 to 1.5 indicated various degrees of PSE and 2.0 a
slightly inferior quality. Instruments to measure meat quality directly
did not exist, and although objective measurements of meat quality are
preferable, the subjective scale became quite useful in the evaluation of
the frequency of PSE in the progeny of boars. An example of colour and
structure grading of a selected strain of stress susceptible pigs (LAB)
used in the early PSE experiments (Ludvigsen 1954) and the offspring of
boars from the same breeding centre is shown in Table 2.



71

TABLE 2 An example of colour and structure grading at progeny
testing in Denmark. Pig strain IAB were stress susceptible

Subjective scores Backfat Live weight gain

No. of 0.5-2.0 2.5-4.0 (cm) (FU/kg)
pigs
1AB 18 100% 0% 2.80 3.35
Boar I 16 62.5% 37.5% 3.15 3.08
Boar II 20 25% 75% 3.40 3.35
Boar IIT 124 53.2% 46.8% - 3.25

Offspring from boar I were especially recommended for breeding
because of the favourable feed conversion rate and backfat thickness.
Pork quality was measured to comply with governmental meat inspection
orders to condemn pigs suffering from 'muscular degeneration' of unknown
origin, and pigs having a body temperature 1°c above normal at slaughter.

The percentage of condemnations from 'muscular degeneration' of
unknown Origin, which is identical to the PSE condition, and death losses
in transport and lairage from malignant hyperthermia was studied from 1948
to 1953 at a bacon factory (Ludvigsen, 1954).

TABLE 3 The percentage of carcasses condemned for 'muscular
degeneration' (PSE), and the percentage of death losses (PSS) in
transport and lairage, at a Danish bacon fac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>