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A BSTRA CT 

Energy metabolism of the biceps femoris muscle of normal and hetero- 
zygote malignant-hyperthermia pigs was studied post-mortem after in- 
vivo exposure to a combination of halothane and succinylcholine. The pigs 
were anaesthetized with halothane and subsequently captive-bolt-stunned 
immediately after intravenous administration of succinylcholine. Cardiac 
arrest occurred within one minute after the depolarizing neuromuscular 
blocking with succinylcholine. During the following 2-5 hours post 
mortem, the level of several metabolites, reflecting the rate of muscle 
glycogenolysis and glycolysis, was measured by analytical biochemical 
techniques and by in situ Slp-NMR spectroscopy. Both techniques demon- 
strated more than three-fold-accelerated PCr decay, matched by a similar 
increase of Pi in heterozygotes compared with normal pigs. The rate of pH 
decrease and of lactate accumulation was also three to five times higher 
in the heterozygotes, all-in-all demonstrating a significantly increased 
A TP turnover post mortem in these animals when exposed to a combina- 
tion of halothane and succinylcholine. The results are consistent with the 
notion of increased excitability of skeletal muscle due to a genetically 
altered calcium-channel protein. In addition, the results suggest that NMR 
identification of heterozygote malignant-hyperthermia pigs is possible. 

ABBREVIATIONS 

MH: Malignant hyperthermia, NMR: Nuclear magnetic resonance, PCA: 
Perchloric acid, ATP: Adenosine triphosphate, ADP: Adenosine diphosphate, 
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AMP: Adenosine monophosphate, PCr: Phosphocreatine, Glu-6-P: Glucose-6- 
phosphate, P~: Inorganic phosphate. 

INTRODUCTION 

Malignant hyperthermia (MH) is a genetic defect that may be fatal and is 
characterized by muscle rigidity, arrhythmia, accelerated metabolism with con- 
comitant hyperthermia, and metabolic acidosis. Several factors may initiate MH. 
Halothane is one such factor and the reason why the syndrome is also termed 
halothane susceptibility. Succinylcholine, either alone or in combination with 
halothane, may also trigger an MH episode in susceptible animals and man 
(for review, see Gronert, 1980). MH individuals have an elevated sarcoplasmic 
CaZ+-release from the sarcoplasmic reticulum (Carrier et al., 1991; Mickelson 
et al., 1988, 1989, 1990). A malfunctioning ryanodine-binding CaZ+-channel 
protein in the sarcoplasmic reticulum has been connected with MH (Lopdz et 
al., 1988; Mickelson et al., 1988, 1989, 1990; Iaizzo et al., 1989; Knudson et al., 
1990; Carrier et al., 1991; Fujii et al., 1991). A single-point mutation in the gene 
coding for this protein seems to be responsible for the MH defect (Knudson 
et al., 1990; Fujii et al., 1991). Heterozygote MH pigs are not susceptible in 
vivo to halothane alone (Gallant et al., 1989; Knudson et al., 1990; Seewald 
et al., 1991) and appear as phenotypical intermediates between normal and ho- 
mozygote MH pigs with respect to: (i) the initial Ca2+-stimulated Ca2+-release 
from the sarcoplasmic reticulum (Mickelson et al., 1989), (ii) the binding affinity 
for ryanodine to the specific Ca2+-channel protein (Mickelson et al., 1989), 
and (iii) the in-vitro contractile response of isolated muscle strips to halothane 
(Gallant et al., 1989; Mickelson et al., 1989). This appears to be caused by the 
fact that heterozygotes express both the normal and the MH allele and that 
the function of the ryanodine-binding Ca2+-channel protein is correlated with the 
number of the halothane-sensitivity genes (2, 1, or 0) (Mickelson et al., 1989; 
Knudson et al., 1990). Halothane combined with succinylcholine identifies 
a larger fraction of MH-sensitive animals than halothane alone, probably 
homozygotes as well as heterozygotes (Gronert, 1979; Seeler et aL, 1983: Webb 
et al., 1986). 

The MH condition in pigs causes undesirable pale, soft, and exudative (PSE) 
meat, not only in homozygotes but also to a significant extent in heterozygotes 
(Jensen & Barton-Gade, 1985; Webb et al., 1987). This is of significant economical 
consequence for the swine industry, since as many as 10 15% of the commercial 
animals are MH heterozygotes and 1-2% are MH homozygotes. (MacLennan, 
1992). In the search for suitable methods for distinguishing homozygote and 
heterozygote MH pigs from normal pigs, NMR spectroscopy has previously 
been applied in studies of MH in swine, both in vitro (Kozak-Reiss et al., 1987; 
Renou et al., 1989 and Lahucky et al., 1993) and in vivo (Foster et al., 1989; 
Geers et al,, 1992a, b). An analogous study on fast- and slow-glycolyzing-muscle 
samples excised in vitro after slaughter has recently been conducted by Miri et 
al. (1992). It was concluded that the time course of the p o s t - m o r t e m  changes in a 
given pig muscle can be predicted rather well by analysis of a single 3~p-NMR 
spectrum, obtained around 30 minutes pos t  mo r t em ,  with respect to the level of 
PCr, P~, ATP, and pH. 
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The aim of  the present study was to characterize energy metabolism during 
the MH event by 3~p-NMR in skeletal muscle of  genetically identified hetero- 
zygote MH pigs by applying a combination of  halothane and succinylcholine 
to trigger MH. The results demonstrated a more-than-threefold-accelerated 
post-mortem ATP turnover in the heterozygote pigs compared with normal pigs. 

MATERIALS AND METH O D S  

Materials 

Enzymes and chemicals were bought from Boehringer Mannheim GmbH, Bio- 
chemica, Germany, and Sigma Chemical Company, St. Louis, USA. 

Animals 

Three male and five female Danish Landrace pigs, aged 8-11 weeks, of  mass 
14-28 kg, were used. One male and three females were normal (HalN/Hal~), and 
the other four were heterozygote with respect to the MH (HaP/Hal n) gene, 
according to their genotypes of  closely linked loci (H, GPI (E.C.5.3.1.9.) 
(Jorgensen, 1981). The genotype was confirmed by the method of Fujii et al. 
(1991). All animals were anaesthetized for 1-11/2 h with halothane/oxygen 
supplied via a face mask, applying 5% halothane initially and decreasing to 2% 
after a few minutes. Succinylcholine (l-5 ml, 50 mg/ml) was injected intra- 
venously, and, immediately after the initiation of the induced depolarizing 
neuromuscular-blocking effect, the animals were captive-bolt-stunned, and 
muscle metabolism followed for 2-5 h post mortem. Throughout  the experiment, 
the temperature was followed in the biceps femoris muscle, 3 4  cm below the 
surface, with a needle thermometer. 

NMR measurements 

The 3tp-NMR experiments were performed with a wide-bore (31-cm-diameter) 
4.7 Tesla Magnex magnet interfaced to an Otsuka Electronics Vivospec ~ Spectro- 
meter. NMR  signals were collected from the lateral side of one biceps femoris 
muscle by applying an inductively driven, two-turn surface coil (of 3.8-cm 
diameter), tuned to the resonance frequency of phosphorus, 81.02 Mhz. Pulse 
width was 60 /~seconds, corresponding to a 180 ° pulse in the center of  the 
loaded coil. Each spectrum was the sum of  32 FIDs collected with an interpulse 
delay of 20 seconds, ensuring fully relaxed conditions. During the post-process- 
ing of the data, either the resonances were fitted to Lorentzian line shapes by 
using a least-squares method, or spectra were analyzed on a digitizing tablet 
(employing the program Sigma-Scan, version 3.92, Jandel Scientific, Corte, 
Madera, CA, USA), with respect to area and frequency of individual peaks, pH 
was calculated from the chemical-shift difference between P~ and PCr according 
to Taylor et al. (1983). 

One control spectrum was acquired prior to the injection of succinylcholine 
while the animal was alive, and spectra were acquired continuously post mortem 
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for about 2-5 h, except for brief interruptions during surgical sampling of 
biopsies from the contralateral biceps femoris muscle (see below). In the hetero- 
zygote animals, changes were much faster and were followed only for about 2 h 
post mortem, while for 5 h in the normal pigs. 

Biochemical analysis of biopsies 

Surgical biopsies were obtained from the contralateral biceps femoris muscle. 
One control biopsy was obtained while the animal was still alive, and a series of 
biopsies was taken at regular intervals post mortem. The biopsies were freeze- 
clamped immediately (Quistorff & Poulsen, 1980) and the frozen biopsies kept in 
liquid nitrogen, and later stored at -80°C until analyzed. Part of the biopsy was 
extracted in PCA as described by Lamprecht and Trautschold (1974). The neu- 
tralized extracts were analyzed by standard enzymatic assays for PCr and ATP 
(Lamprecht et al., 1974), Creatine (Bernt et al., 1974), ADP and AMP (Torn- 
heim & Schultz, 1990), glucose and glucose-6-P (Bergmeyer et al., 1970), lactate 
(Hohorst, 1970) and P~ (Gawehn, 1974). The remaining part of the biopsy was 
used for determination of glycogen, assayed as described by Roehrig and Allred 
(1974). Results are expressed as p~mol/g of wet weight. 

RESULTS 

Visual effects of halothane, succinylcholine, and captive-bolt stunning 

None of the pigs showed MH symptoms when exposed to halothane alone. 
After the intravenous injection of succinylcholine in the anaesthetized animals, 
one of the normal pigs showed slight muscle trembling, and after stunning all 
normal pigs reacted this way. All heterozygote pigs, however, showed very 
marked, generalized trembling when exposed to succinylcholine, and it was not 
possible to detect whether the captive-bolt stunning had any additional effect. 
Cardiac arrest occurred within one minute after the observation of the depolar- 
izing neuromuscular-blocking effect of succinylcholine. 

PCr, ATP, and Pi concentrations at rest 

Table 1 shows the resting concentrations of PCr, ATP, and P~ in normal and 
heterozygote pigs. In normal pigs, the analytically measured concentration of 
PCr at rest was 22.6mM, whereas in the heterozygotes it was 17.6mM. This 
discrepancy of 5mM is almost exactly matched by the opposite difference in PL 
concentration of 6 and 10raM in the normal and heterozygote pigs, respectively, 
maintaining the sum of PCr and Pi constant. The concentration of ATP was 
identical in the two groups, approximately 6 raM. 

Post-mortem time course of PCr, ATP, and Pi 

The post-mortem changes of metabolite levels were followed continuously by 
~P-NMR spectroscopy and by analysis of freeze-clamped biopsies taken at 
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TABLE 1 
Metabolite Concentrations (/xmol/g wet weight) in Freeze-Clamped Biopsies from 

Biceps Femoris Muscle of Normal and heterozygote MH Pigs 

Rest Post mortem 

Time (min) 0 55 110--130 

Normal/Heterozygote N H N H N H 

280-300 

N H 

Glycogen 123 91 c 87 63 d 70 50 57 
+13 +8 +15 ±11 ±14 ±20 ±35 

Glucose 0.67 0.64 0-53 1.93 0.88 4.30 a 1-89 
:t0-12 _+0.30 _+0.20 +1.40 +0.26 ±0-52 ±1-10 

Glu-6-P 0-84 1-75 a 1.32 3-33 ~ 1-92 4.18 a 2.79 
±0.34 ±0.49 +0.73 ±1.10 _+0.54 +1.40 ±1.10 

Lactate 2-78 5.07 9.67 53 b 22-0 83 c 38 
_+0-60 ±2-40 ±4-50 _+15 ±3.0 ±28 ±12 

PCr 22-6 17.6 c 8.91 2-20 b 2.39 0.08 C 1.47 
±1.9 ±1-2 ±1.83 ±0.69 ±1-05 ±0-10 ±1.50 

Cr 16.1 22-7 a 25.4 37-5 c 34-0 44.5 c 37-3 
±2-4 ±4.5 _+4-1 ±5.6 _+2.6 ±5.0 ±7.5 

Pi 6.05 10.0 18.4 26.9 C 22.2 38.8 ~ 25.3 
±0.46 ±1.2 ±1.3 ±3.2 ±3.7 ±5.4 ±3-9 

ATP 6.15 6.43 5-86 5.07 ̀/ 4-59 1-09 ~ 4-71 
±0.74 ±0-42 ±0.45 ±0-35 _+0.66 ±0.71 _+0-79 

ADP 0.59 0.62 0.72 0.86 0.87 0.63 0.73 
_+0-07 ±0.19 _+0.14 ±0.10 _+0.17 ±0.20 _+0.08 

AMP 0.029 0-020 0.023 0.110 C 0.052 0.102 0.113 
±0.010 _+0-033 _+0-011 ±0-051 _+0.050 _+0-040 ±0.087 

Data were acquired by analytical-biochemical measurements on the freeze-clamped 
biopsies. Values are means of three experiments +SD a: P < 0.001; b: P < 0-01; 
c:P < 0.05; d: P < 0-1 for normals vs. heterozygotes. 

regular intervals dur ing  the 5-h and 2-h pos t -mor tem observat ion periods in the 
no rma l  and  heterozygote pigs, respectively. The shorter observat ion time in the 
heterozygotes was dictated by the much faster changes in those animals.  Figure 
1 shows the characteristic changes observed for PCr, ATP,  and  P~, expressed as a 
percentage of  the initial A T P  level, measured in the spectrum or in the biopsy. 
On compar ing  norma l  and  heterozygote pigs, there was a p ronounced  difference 
in the post  mor tem time course for all three metaboli tes  (see Fig. ! and Table  2). 
W h e n  fitted to a monoexponen t iona l  funct ion,  the t,j2 value for PCr decay as 
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Fig. 1. Post-mortem time course of  PCr, ATP, and Pi in skeletal muscle from normal 
and heterozygote malignant-hyperthermic pigs. Four  normal and four heterozygote MH 
pigs were captive-bolt-stunned immediately after exposure to a combination of  halothane 
and succinylcholine. The concentrations of  PCr, P, and ATP were measured in rapidly 
frozen biopsies from the biceps Jemoris muscle or by N M R  spectroscopy from the con- 
tralateral muscle. The control values (t = 0) reflect the in-vivo concentration prior to 
sacrifice of  the animal. N M R  data (solid symbols) were calculated as peak areas and are 
given as means _+SD with four experiments in each group. The biochemical data (open 
symbols) were calculated as p~mol/g wet weight and are given as means _+SD with three 
experiments in each group. All data are shown as percentages of  the individual ATP 
control value, ATP 0. The PCr and Pi data were fitted to monoexponent ional  expressions: 

PCq = PCr 0 x exp ( - k  × t) 
and 

Pit = PCr 0 × (1 - exp ( - k  x t)) + Pit , 

for the time intervals 0-220 and 0-60 rain for normals and heterozygotes, respectively 
(constant ATP). The solid curves represent the fitted N M R  data and the dashed curves 

represent the fitted analytical biochemical data. 
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TABLE 2 
Kinetics of Post-Mortem Changes of PCr and Pi in Pig Muscle 

k (min 1)(X 10:) t~ (min) 

PCr Pi PCr Pi 

Normals 
NMR 

Analytical biochemical 

Heterozygotes 
NMR 

Analytical biochemical 

1.44b 1-16c 54-2 41-9 
_+0.68 _+0-55 _+17.4 _+18.0 

1.75a 1.40 39.7 57.0 
• +0.05 _+0.59 _+1-1 _+27.5 

8.40 6-87 9.7 12-3 
_+3-13 _+4-0 _+5.4 +6.0 

6.38 4.33 10.9 19.7 
_+0.36 _+2.66 _+0.6 +12.1 

Data were obtained from the biceps femoris muscle of normal and heterozygote pigs in 
vivo at rest and consecutively during a 2-5-h interval post mortem as explained in the 
caption of  Fig. 1. The NMR data were expressed as peak area, and the biopsy data were 
expressed as p, mol/g wet weight. The kinetic parameters given were obtained by fitting 
the data to simple monoexponential functions (see caption to Fig. 1). The parameters are 
means of four animals +SD in each group in case of the NMR data and three animals 
+SD in each group in the case of the analytical-biochemical data. 
a: P < 0.001; b: P < 0.01; c: P < 0.05 for normals vs heterozygotes. 

well as P~ increase was o f  the order  o f  50 min in the normal  pigs. In the 
heterozygotes,  it was reduced to 10-20 min, however,  with a somewhat  larger 
scatter in the biochemical  determinations.  In normal  pigs, A T P  decreased by 
only some 30% during the 5-h post-mortem observation,  whereas in the hetero- 
zygotes, a 50% decrease was observed after only 70-90 mins. 

Post-mortem time course of ADP and A M P  

There was no significant difference between normal  and heterozygote pigs in 
terms o f  A D P  and A M P  (see Table 1). The A D P  level increased by only 
30-50%, whereas A M P  had increased some threefold to five-fold by the end o f  
the observat ion period. However,  taken as absolute values, these changes were 
quite insignificant when compared  with the A T P  decrease, since the adenine 
nucleotide sum decreased by 20% in the normals  and by as much as 90% in the 
heterozygotes during the course o f  the experiment. 

Post-mortem time course of lactate, glycogen, and pH 

Figure 2 shows the time course o f  lactate and glycogen concentrat ions as 
measured in the biopsies. In the normal  pigs, lactate concentra t ion increased 
linearly at a rate o f  8.4 p, mol/g/h to approximately  40raM after 5 h, whereas 
the heterozygotes showed a rate o f  lactate format ion (36.6 /~mol/g/h) that  was 
three- fourfo ld  accelerated in agreement  with the much-faster  decrease in pH  
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Fig. 2. Post-mortem time course of lactate, glycogen, and pH in skeletal muscle from 
normal and heterozygote malignant-hyperthermic pigs. Four normal and four hetero- 
zygote MH pigs were captive-bolt-stunned immediately after exposure to a combination 
of halothane and succinylcholine. The concentration of lactate and glycogen was 
measured in rapidly frozen biopsies from the biceps femoris muscle, and the pH was 
calculated on the basis of 3fp NMR spectroscopy from the contralateral muscle as 
described in Materials and Methods. The control values (t = 0) reflect the in vivo concen- 
tration prior to sacrifice of the animal, Solid symbols denote the normal animals, and 
open symbols the heterozygote animals. Mean values of three and four experiments in 
each group _+SD are given for the biochemical (glycogen and lactate) and the NMR data 
(pH), respectively. The slopes were calculated by a least-squares linear-regression method. 

(see below).  The co r r e spond ing  rates for glycogen b r e a k d o w n  were 12.6 and 
14.4/xmol /g/h  for  the no rma l  and he te rozygote  pigs, respectively.  

In t race l lu la r  p H  was ca lcu la ted  by the chemical-shif t  difference between PCr  
and inorganic  phospha t e  (Tay lo r  et al., 1983). As shown in Fig. 2, the p H  
decline post mortem in n o r m a l  pigs appea red  to be l inear,  a pp rox ima te ly  
0.13 p H  unit /h,  whereas  the rate  o f  change in the he terozygotes  was abou t  



Post-mortem studies o f  normal and heterozygote malignant-hyperthermia pigs 51 

sixfold larger (0.85 pH unit/h), in agreement with the observed acceleration of  
glycolysis in the muscle from those animals. 

Post-mortem-muscle temperature-time course 

The temperature of the muscle was measured continuously by means of a needle 
thermocouple inserted 3 4  cm into the muscle. The initial temperature in the 
muscle was 37.0 + 1.8 and 36-6 + 0.32°C, decreasing linearly with a slope of 
0.020 + 0.006 and 0.015 + 0.008°C/min in normal and heterozygote pigs, 
respectively. There was no significant difference in the temperature time course 
between the two groups of animals. 

DISCUSSION 

Discrimination between the two genotypes 

The present study showed no difference between normal and heterozygote pigs 
when exposed to halothane alone, whereas the effect of subsequent administra- 
tion of succinylcholine clearly distinguished the two genotypes, with a marked 
muscle trembling in the heterozygote pigs. Both halothane and succinylcholine 
seem, though by different mechanisms, to result in an elevation of the sarco- 
plasmic Ca2+-concentration. Homozygote MH individuals have a higher initial 
sarcoplasmic Ca2+-concentration (Lop6z et al., 1988; Iaizzo et al., 1989) and an 
accelerated initial rate of  Ca2+-stimulated Ca2+-release from the sarcoplasmic 
reticulum (Mickelson et al., 1988, 1989, 1990; Carrier et al., 1991) and hetero- 
zygotes are in this respect phenotypical intermediates between homozygotes 
and normals (Mickelson et al., 1989; Gallant et al., 1989; Knudson et al., 1990; 
Seewald et al., 1991). An explanation of  the different degrees of response of  the 
three genotypes could be the combination of  the higher initial level of  sarco- 
plasmic Ca2+-concentration and the lower threshold for Ca2*-induced Ca 2+- 
release from the sarcoplasmic reticulum seen in the homozygotes and hetero- 
zygotes. Our findings are at variance with those of Geers et al., (1992a, b), who 
reported a larger PCr decay in normal pigs during halothane anaesthesia than in 
heterozygotes. This discrepancy remains unexplained and has been discussed 
elsewhere (Moesgaard et al., 1993). 

Energy consumption post  mortem 

In the present study, we have attempted to evaluate the ATP turnover in normal 
as compared with heterozygote MH animals by stimulating them with a combi- 
nation of succinylcholine and halothane. The experiments were arranged so that 
the time of  stimulation and the time of sacrifice coincided in order to isolate 
metabolically the glycogenolytic and glycolytic system as the only source of 
energy supply to the muscle in addition to the available PCr and ATP. As 
originally proposed by Lowry et al. (1964), the initial decrease in the total 
amount of  energy-rich phosphate bonds (-P) under such 'closed-box' conditions 
may be taken as a measure of  the metabolic rate of the tissue prior to establish- 
ing these conditions. We have carried out this calculation in the two groups. As 
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Fig. 3. A~p consumption post mortem in normal and heterozygote malignant-hyper- 
thermic pigs. Biopsies from the biceps femoris muscle were freeze-clamped and analyzed 
as described in the caption to Fig. I. The value of zX~P t was calculated a s :  A ~ P  t - 

l5A[lactate]0 ~ - 2A[ATP]0, - A[ADP]0 t - A[PCr]0 t, where t represents the time post 
mortem. The solid symbols represent the mean value of three normal animals +SD and 
the open symbols represent the mean of three heterozygote animals +SD. The slopes were 

calculated by a least-squares linear-regression method. 

shown in Fig. 3, there was a constant, well-defined rate of  ATP consumption of 
0.31 p~mol/g/min in the resting muscle tissue of the normal pig. Assuming a P/O 
ratio of  3, this corresponds to an oxygen consumption of 0-052 p~mol 02/min/g 
wet weight, in agreement with recent measurements on human skeletal-muscle 
energy turnover (Blei et al. 1993; Quistorff et al., 1993). In the hetero- 
zygote animals, the ~P utilization also appeared linear, but more than threefold 
increased (1.1 /~mol/g/min), clearly identifying the heterozygote animals (see 
Fig. 3). 

There was a significant (P < 0-1) higher level of  Glu-6-P in the heterozygotes 
at rest. Glucose and GIu-6-P accumulated to some extent in both groups of 
animals post  mortem,  but more pronounced in the heterozygotes (see Table 1). 
Similar observations were made on normal pigs by Kastenschmidt et al. (1968L 
however, with considerable variations between 'fast '-  and 'slow-glycolyzing' 
fibres. A significant increase in glucose-6-P and glucose-l-P may be taken as an 
indication of an imbalance between glycogenolysis and glycolysis and is a 
normal phenomenon in vivo during intense exercise (see, for example, BergstrOm 
& Hultman,  1988). The present results showed no difference in the initial level of  
any of the adenine nucleotides (Table 1), but, as shown in Fig. 3, there was an 
accelerated turnover and decay of ATP post  mortem in the heterozygote com- 
pared with the normal pigs. This observation remains unexplained but could be 
due to an increased activation of phosphorylase by free Ca 2+, which is likely to 
be higher in the heterozygote pigs (Lopez et al., 1986). As shown in Fig. 2, the 
rates of  glycogen breakdown were 12.6 and 14-4 p~mol/g/h, while the rates of  
lactate accumulation were 8.4 and 36.6 p~mol/g/h in the normal and the hetero- 
zygote pigs, respectively. Thus, in the heterozygotes, the glycogen breakdown 
can be accounted for by lactate accumulation, whereas, in the normal pigs, 
lactate accumulation appears to account for only some 35% of  the average 
glycogen breakdown. Since glucose and GIu-6-P accumulated by only 2 3mM in 
these animals (see Table 1), this apparent  discrepancy remains unexplained. 
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The buffering capacity expressed as the ratio of  the rate of  lactate accumula- 
tion and pH change in the normal and heterozygote animals was 64 + 7 and 
43 _+ 8 mM lactate/pH unit, respectively. These values are significantly different 
(P < 0.05), but the figures in the normal pigs are comparable with the value 
(71.7 mM lactate/pH unit) reported by Bendall (1973) in pig skeletal muscle 
(longissimus dorsi). The 33% lower buffering capacity of  the biceps femoris 
muscles in the heterozygote pigs observed in the present study remains unex- 
plained. Different contents of  carnosine and anserine in the two genotypes could 
possibly play a role, as discussed by Bendall (1973). 

NMR visibility of PCr, ATP, and ei; comparison between NMR and analytical- 
biochemical data 

Previous studies on muscle N M R  spectroscopy suggest that both ATP (Meyer et 
al., 1985) and PCr (Bangsbo et al., 1993) are 100% NMR-visible. Thus, the fact 
that the PCr/ATP ratio in the normal pigs was identical as measured at rest by 
N M R  and analytical-biochemical techniques is consistent with these results (see 
Table 3). In the heterozygote pigs, the PCr/ATP ratio is, however, about 33% 
lower when measured biochemically as compared with the N M R  data. We be- 
lieve that this reflects the lower PCr concentration at rest in the biopsies from 
these animals and not a changed visibility of  PCr, since there was no difference 
in the ATP concentration (see Table 3). 

Concerning the visibility of  inorganic phosphate, the PJATP ratio at rest 
was 0.4 as calculated from the N M R  data, but two to three-fold higher when 
calculated from the analytical data (see Table 3). Assuming 100% visibility of  
ATP, this indicates that only some 33% of the 6mM P~ measured in the PCA 
extract of  normal pig muscle is NMR-visible, whereas the remaining 4mM P~ is 

TABLE 3 
31P-NMR and Analytical-Biochemical Measurements of PCr, Pi and ATP in Pig Muscle 

at Rest hi Vivo 

P/ATP PCr/ATP 

Normals 
NMR 

Analytical biochemical 

Heterozygo tes 
NMR 

Analytical biochemical 

0-35 3.90 
+0. l 1 _+0.66 

1.00 h 3-7 l 
_+0.18 _+0.46 

0.49 4.19 
+0.13 +0.53 

1.58 t' 2.77 h 
_+0.28 +0.26 

Data were acquired in vivo from the biceps femor& muscle of normal and heterozygote 
pigs at rest during halothane anaesthesia. Measurements were performed by 3tP-NMR 
spectroscopy and by analytical-biochemical measurements on freeze-clamped biopsies 
from the contralateral muscle. Values are means of four experiments +SD in the case 
of the NMR data and three experiments in the case of the analytical-biochemical data. 
b: P < 0-01 for NMR vs analytical-biochemical measurements. 
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Fig. 4. Correlation between A P  i and the sum of APCr and 2AATP as measured by 31p_ 
NMR and by analytical biochemistry. NMR spectra were recorded as explained in the 
caption to Fig. 1. Corresponding values for changes in P~ (APi) and (APCr + 2AATP) 
were calculated relative to the control value of ATP. Numerical changes are given in the 
figure with solid symbols representing normal and open symbols representing hetero- 
zygote animals. NMR data, as means of four experiments +SD, are shown in the lower 
panel and biochemical data, as means of three experiments ±SD, are shown in the upper 

panel. Slopes were calculated by a least-square linear-regression method. 

not visible, in agreement with Vogel et al. (1985). In the heterozygotes as 
opposed to the normals the biochemically determined PCr/ATP ratio is lower 
than the corresponding N M R  measurement. This difference appears to account 
fully for the three fold higher P~/ATP ratio calculated from biochemical data 
compared to the value calculated from the N M R  data (see Table 3). Conse- 
quently, in these animals the higher P~/ATP of the biochemical data does not 
suggest a larger NMR-invisible P~ pool. The most likely cause for the higher 
PJATP ratio and the correspondingly lower PCr/ATP ratio in the biopsies from 
the heterozygotes is an increased PCr breakdown during biopsy sampling and 
freezing of the more excitable muscle from these animals. This conclusion is in 
agreement with the finding of Meyer et al. (1985). It is furthermore supported by 
the investigation by Hall & Lucke (1983), where in situ freeze-clamped muscles 
from unstimulated halothane sensitive pigs did not show any difference in the 
PCr content. 

In addition to PCr hydrolysis, the combined action of myokinase and AMP- 
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deaminase will convert ATP  to IMP and thereby contribute to the Pi concentra- 
tion post  mortem.  Since neither A D P  nor A M P  accumulated significantly, it is 
likely that ATP was metabolized mainly to IMP (Bendall, 1973) and the contri- 
bution to the Pi pool will therefore be at least 2 x AATP. Thus the fact that 
there is a good correlation between the observed change in inorganic phosphate 
(Ap~) and the sum of  change of ATP and phosphocreatine (APCr + 2AATP) in 
both groups of  animals, as shown in Fig. 4, suggests that the fraction of  invisible 
Pi remains constant. 

In conclusion, the present investigation has demonstrated that non-invasive 
N M R  spectroscopy may be a more reliable way to study muscle-energy 
metabolism in situ than biochemical analysis of  freeze-clamped biopsies. In addi- 
tion, it has been shown that combined halothane and succinylcholine exposure 
identifies halothane-negative carriers of  malignant hyperthermia (heterozygotes) 
and that this group of  animals have at least a threefold-higher post -mortem ATP 
turnover in skeletal muscles. 

A C K N O W L E D G E M E N T S  

We are grateful for the support  from The Food Research Programme under the 
Danish Ministry of  Agriculture, the Danish Medical Research Council, Emil C. 
Hertz, and the Velux (1981) Foundation. 

R E F E R E N C E S  

Bangsbo, J., Johansen, L., Quistorff, B. & Saltin, B. (1993). J. Appl. Physiol., 74, 2034. 
Bendall, J. R. (1973). In Structure and Function of  Muscle, Vol. 2, ed. G. K. Bourne, 

Academic Press, New York, NY, USA, p. 243. 
Bergmeyer, H. U., Bernt, E., Schmidt, F. & Stork, H. (1970). In Metoden der Enzymatische 

Analyse, Vol. 2, ed. H. U. Bergmeyer, Verlag Chemie GmbH, Weinheim/Bergstr., 
Germany, p. 1163. 

Bergstr6m, M. & Hultman, E. (1988). J. Appl. Physiol., 65, 1500. 
Bernt, E., Bergmeyer, H. U. & M611ering, H. (1974). In Methods of  Enzymatic Analysis, 

Vol. 4, ed. H. U. Bergmeyer. Academic Press, London, UK, p. 1772. 
Blei, M. L., Conley, K. E. & Kushmerick, M. J. (1993). J. Physiol., 465, 203. 
Carrier, L., Villaz, M. & Dupont, Y. (1991). Biochim. Biophys. Aeta, 1064, 175. 
Foster, P. S., Hopkinson, K. & Denborough, M. A. (1989). Muscle & Nerve, 12, 390. 
Fujii, J., Otsu, K., Zorzato, F., Deleon, S., Khanna, V. K., Weiler, I. E., O'Brien, P. J. 

and MacLennan, D. H. (1991). Science, 253, 448. 
Gallant, E. M., Mickelson, J. R., Roggow, B. D., Donaldson, S. K.~ Louis, C. F. & 

Rempel, W. E. (1989). Am. J. Physiol., 257, C781. 
Gawehn, K. (1974). In Methods of  Enzymatic Analysis, Vol. 4, ed. H. U. Bergmeyer. 

Academic Press, London, UK, p. 2234. 
Geers, R., Decanniere, C., Vill6, H., Van Hecke, P., Goedseels, V., Vanstapel, F., Boss- 

chaerts, L., De Ley, J., Zhang, W. and Janssens, S. (1992a). Am. J. Vet. Res., 53, 
613. 

Geers, R., Decanniere, C., Ville, H., Vanhecke, P., Goedseels, V., Bosschaerts, L., Deley, 
J., Janssens, S. and Nierynck, W. (1992b). Am. J. Vet. Res., 53, 1711. 



56 B. Moesgaard et al. 

Gronert, G. A. (1979). Anesth. Analg., 58, 367. 
Gronert, G. A. (1980). Anesthesiology, 53, 395. 
Hall, G. M. & Lucke, J. N. (1983). Br. J. Anaesth., 55, 635. 
Hohorst, H. (1970). In Metoden der Enzymatische Analyse, Vol. 2, ed. H. U. Bergmeyer. 

Verlag Chemie GmbH, Weinheim/Bergstr., Germany, p. 1425. 
Iaizzo, P. A., Seewald, M., Oakes, S. G. & Lehmann-Horn, F. (1989). Cell Calcium, 10, 

151. 
Jensen, P. & Barton-Gade, P. A. (1985). In Stress Susceptibility and Meat Quality in Pigs 

ed. J. B. Ludvigsen. EAAP Publication No. 33, Jelling Bogtrykkeri A/S, Roskilde, 
Denmark, p. 80. 

Jorgensen P. F. (1981). In Porcine Stress and Meat Quality, ed. T. Froystein, E. Slinde 
& N. Standal. Agriculture and Food Research Society, Follo Trykk, As, Norway, 
p. 146. 

Kastenschmidt, L. L., Hoekstra, W. G. & Briskey, E. J. (1968). J. Food Sci., 33, 151. 
Knudson, C. M., Mickelson, J. R., Louis, C. F. & Campbell, K. P. (1990), J. Biol. 

Chem., 265, 2421. 
Kozak-Reiss, G., Desmoulin, F., Canioni, P., Cozzone, P., Gascard, J. P., Monin, G., 

Pusel, J. M., Renou, J. P. & Talman, A. (1987). In Evaluation and Control o f  Meat 
Quality in Pigs, ed. P. V. Tarrant, G. Eikelenboom & G. Monin. Martinus Nijhoff 
Publishers, Dordrecht, The Netherlands, p. 27. 

Lahucky, R., Mojto, J., Poltarsky, J., Miri, A., Renou, J. P., Talmant, A. & Monin, G. 
(1993). Meat Sci., 33, 373. 

Lamprecht, W. & Trautschold, I. (1974). In Methods o f  Enzymatic Analysis, Vol. 4, ed. 
H. U. Bergmeyer. Academic Press, London, UK, p. 2104. 

Lamprecht, W., Stein, P., Heinz, F. & Weisser, H. (1974). In Methods o f  Enzymatic 
Analysis, Vol. 4, H. U. Bergmeyer. Academic Press, London, UK, p. 1777. 

Lopez, J. R., Alamo, L. A., Jones, D. E., Papp, L., Allen, P. D., Gergely, J. & Sreter, 
F. A. (1986). Muscle & Nerve, 9, 85. 

Lopez, J. R., Allen, P. D., Alamo, L., Jones, D. & Sreter, F. A. (1988). Muscle & Nerve, 
11, 82. 

Lowry, O. H., Passonneau, J. V., Hasselberger, F. X. & Schulz, D. W. (1964). J. Biol. 
Chem., 239, 18. 

MacLennan, D. H. (1992). TIPS, 13, 330. 
Meyer, R. A., Brown, T. R. & Kushmerick, M. J. (1985). Am. J. Physiol., 248, C279. 
Mickelson, J. R., Gallant, E. M., Litterer, L. A., Johnson, K. M., Rempel, W. E. & 

Louis, C. F, (1988). J. Biol. Chem., 263, 9310. 
Mickelson, J. R., Gallant, E. M., Rempel, W. E., Johnson, K. M., Litterer, L. A., 

Jacobson, B. A. & Louis, C. F. (1989). Am. J. PhysioL, 257, C787. 
Mickelson, J. R., Litterer, L. A., Jacobson, B. A. & Louis, C. F. (1990). Arch. Biochem. 

Biophys., 278, 251. 
Miri, A., Talmant, A., Renou, J. P. & Monin, G. (1992). Meat Sci., 31, 165. 
Moesgaard, B., Christensen, V. G., Jorgensen P. F., Quistorff, B. & Therkelsen, I. (1993). 

Am. J. Vet. Res., 54, 816. 
Quistorff, B. & Poulsen, H. (1980). Anal Biochem., 108, 249. 
Quistorff, B., Johansen, L. & Sahlin, K. (1993). Biochem. J., 291,681. 
Renou, J. P., Kopp, J., Gatellier, P., Monin, G. & Kozak-Reiss, G. (1989). Meat Sci., 26, 

101. 
Roehrig, K. L. & Allred, J. B. (1974), Anal. Biochem., 58, 414. 
Seeler, D. C., McDonell, W. N. & Basrur, P. K. (1983). Can. J. Comp. Med., 47, 284. 
Seewald, M. J., Eichinger, H. M., Lehmann-Horn, F. & Iaizzo, P. A. (1991). Acta 

Anaesth. Scand., 35, 345. 
Taylor, D. J., Bore, P. J., Styles, P., Gadian, D. G. & Radda, G. K. (1983). Mol. Biol. 

Med., 1, 77. 
Tornheim, K. & Schultz, V. (1990). J. Nutr. Biochem., 1,440. 



Post-mortem studies of normal and heterozygote malignant-hyperthermia pigs 57 

Vogel, H. J., Lundberg, P., Fabiansson, S., Ruderus, H. & Tornberg, E. (1985). Meat 
Sei., 13, 1. 

Webb, A. J., Imlah, P. & Carden, A. E. (1986). Anim. Prod., 42, 275. 
Webb, A. J., Southwood, O. I. & Simpson, S. P. (1987). In Evaluation and Control 

of Meat Quality in Pigs, ed. P. V. Tarrant, G. Eikelenboom & G. Monin. Martinus 
Nijhoff Publishers, Dordrecht, The Netherlands, p. 297. 


