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Moesgaanl, B., L Errebo Larsen, B. Quistorff, L Therkelsen, V. GnlSfjeld Christensen 
and P. Fogd Jorgensen. Effect of dietary magnesium on post mortem phosphocreatine 
utilization in skeletal muscle of swine. A non-invasive study using 31P-NMR Spectros
copy. Acta vet. scand. 1993, 34, 397-404.. - The effect of dietary magnesium on the post 
mortem PCr (phosphocreatine) decay m muscle of heterozygote malignant hyper
thermia pigs was studied after in vivo exposure to a combination of halothane and suc
cinylcholine. The pigs were anaesthetized with halothane and succinylcholme was 
injected m the ear vein. Immediately after initiation of the depolarizing neuro
muscular blocking effect of succinylcholine the animals were captive-bolt stunned. The 
PCr decay, reflecting ATP turnover, was followed in situ by 3iP-NMR spectroscopy m 
the biceps femons muscle for the subsequent 40-70 min post mortem. In 3 of the 4 expe
riments, the Mg-fed pig had a sigmficantly reduced rate of PCr hydrolysis compared to 
the control animal. The mechanism of this magnesium effect is unknown. 
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Introduction 
Heterozygote malignant hyperthermia (MH) 
pigs are phenotypical intermediates between 
normal and homozygote MH-pigs, with re
spect to the function of the ryanodine binding 
Ca2+ -channel protein in the sarcoplasmic re
ticulum (Mickelson et al. 1989, Knudson et al. 
1990). 
The condition PSE (pale, soft and exudative) 
meat is not only present in the homozygote 
MH-pigs (n/n), but also to a significant extent 
in the heterozygotes (Webb et al. 1987, Jensen 
& Barton-Gade 1985). While heterozygote 
MH-pigs are not halothane susceptible, a 
combination of halothane and succinylcholine 
will provoke MH-symptoms in these pigs 

(Moesgaard et al. 1994). 
Supply of dietary magnesium can influence 
stress-susceptibility and PSE development in 
pigs (Classen 1990, ]f)rgensen 1989a). Intra
venous injection of magnesium sulphate prior 
to exsanguination produced an increased in
itial ratio of phosphocreatine (PCr) to total 
creatine level and retarded the post mortem 
decrease of adenosine triphosphate (ATP) 
and PCr as well as lactate increase in different 
breeds of stress-susceptible pigs (Sair et al. 
1970, Lister & Ratcliff 1971). We recently ob
served that the rate of PCr decay and glycoly
sis was 4-5 fold higher in malignant hyperther
mia heterozygote pigs than in normal animals 
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after stimulation with halothane/succinylcho
line (Moesgaard et al. 1994). To clarify 
whether dietary Mg-supply affects this accel
erated post mortem PCr consumption, 8 het
erozygote pigs (N n) with respect to the Hal lo
cus were investigated by pair-feeding 
with/without supplementation of magnesium. 
The results showed a significantly reduced 
rate of PCr decay post mortem in the Mg-fed 
compared to the control animals. 

Materials and methods 
Animals 
Six male and 2 female Danish Landrace pigs, 
age weeks, weight 17-30 kg, were used. 
All animals were halothane negative hetero
zygotes, with respect to the malignant hyper
thermia (MH) (HalN/Haln) gene, according to 
their pedigree and to their genotypes of 
closely linked loci (HafH·, PhiA/PhiB, 1¢r
gensen 1981). 
The animals were ad libitum fed a standard 
feed-mixture with an estimated magnesium 
content of 1.4 g per kg dry matter. The last 3 
days before the NMR-experiment 4 pigs were 
given 20 g light magnesium carbonate (con
taining approximately 40-45% MgO) per kg 
feed-mixture, in order to raise magnesium 
content to a value of 6.2 g per kg dry matter. 
The duration of extra magnesium supply was 
estimated on the basis of previous investiga
tions on the kinetics of plasma Mg (J¢rgensen 
1989a). The time constant (k) for plasma Mg
increase was 0.67 ± 0.23 day·1 (± SEM, 5 df) 
corresponding to a half-time of approximately 
24 h. The pigs were handled in pairs where 1 
from each of the 4 pairs received the magne
sium enriched food. 
On the day of the NMR-experiment the pigs 
were transported to the NMR centre, an
aesthetized for rn h with halothane/oxygen 
supplied via a face mask, applying 5% halo
thane initially decreasing to 2% after a few 
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minutes. A blood sample was taken just be
fore the succinylcholine injection. Succinyl
choline (1.5 ml, 50 mg/ml) was injected intra
venously in an earvein and 30-60 sec after the 
initiation of the induced depolarizing neuro
muscular blocking effect could be observed, 
the animals were captive-bolt stunned, result
ing in cardiac arrest within 1 min. The post 
mortem ATP turnover, as reflected in the rate 
of decrease of PCr was followed for 40-70 
min. Throughout the experiment, the tem
perature was followed in the biceps femoris 
muscle 3-4 cm below the surface with a needle 
thermometer in all animals except one. 

Blood samples 
Heparinized blood samples were collected af
ter feeding in the morning. One additional 
sample was collected at the NMR centre im
mediately before administration of succinyl
choline. The samples were analyzed with re
spect to acid-base balance on a blood-gas 
analyzer in order to ensure proper anaesthe
sia, and the level of the electrolytes K+ and 
Ca2+ was determined with ion selective elec
trodes. Plasma was separated and kept at 
-20°C until analyzed for total Ca and Mg 
(atomic absorption spectrophotometry). 

Biochemical analysis of biopsies 
One surgical biopsy was obtained from the 
right biceps femoris muscle from each pig, im
mediately before the administration of succi
nylcholine. The freeze-clamped biopsies 
(Quistorff & Poulsen 1980) were kept in liq
uid nitrogen, and later stored at -80°C until 
analyzed. The biopsies were extracted in per
chloric acid (Lamprecht & Trautschold 1974) 
and the neutralized extracts were analyzed by 
standard enzymatic assays for PCr and ATP 
(Lamprecht et al. 1974), P1 ( Gawehn 1974) and 
lactate (Hohorst 1970). Results are expressed 
as µmoles/g of wet weight. 
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Tab le 1. Physiological parameters of the groups of heteroxygote malignant hyperthermia pigs mvolved m the 
study. Temperature and plasma electrolyte concentration were recorded dunng halothane anaesthesia 1mme-
diately pnor to the succmylcholme stimulation. 

P1gno. Mg Age Weight To Cale mm Cale mm Magnesmm 
supply (weeks) (kg) (OC) 10n (total) (total) 

(mmol/l) (mmol/l) (mmol/l) 

152 + 24 37.5 1.54 2.54 1.63 
153 25 39.4 1.48 2.31 1.28 

156 + 11 28 1.55 2 37 1.28 
157 11 30 41* 1.41 2.39 1.20 

110_2 + 18 37.5 1.38 2.55 1.76 
110_13 17 38.0 1.32 1.95 1.15 

110_6 + 21 38.4 1.32 2.19 1.54 
110_3 19 39.0 1.23 2.23 1.16 

Average + 37.8 1.45 2.41 l.55b 
value± SD ±0.5 ±0.12 ±0.17 ±0.20 
Average 39.4 1.36 2.22 1.20 
value± SD ±1.2 ±0.11 ±0.19 ±0.06 

*)The m1!ial temperature of pig no 157 ts extrapolated to lime zero b P < 0.05 for Mg-fed versus control ammals 

NMR measurements 
The anaesthetized pigs were fixed on their 
right sides in a cradle, as described by Moes
gaard et al. 1994. A flexible wooden plate was 
fixed over the thigh of the 2 largest animals, to 
ensure that the muscle remained in the iso
center of the magnet. This resulted in some 
compression of the thigh, but control 31P
NMR spectrum did not indicate an increased 
P/PCr ratio, as would have been expected if 
significant hypoxia had been caused (Quis
torff et al. 1993). 
The 31P-NMR experiments were performed 
with a wide-bore (31cm diameter) 4.7 Tesla 
Magnex magnet interfaced to an Otsuka Elec
tronics VivospecR Spectrometer. NMR signals 
were collected from the lateral side of the 
left biceps femoris muscle applying an induc
tively driven, 2-turn surface coil (3.8 cm diam
eter), tuned to the resonance frequency of 
phosphorous, 81.02 Mhz. Pulse width was 100 
µseconds, corresponding to a 180° pulse in the 

centre of the loaded coil. Each spectrum was 
the sum of 64 FID's collected with an inter
pulse delay of 5 sec. One control spectrum 
was acquired prior to the injection of succinyl
choline and spectra were acquired continu
ously post mortem for about 40-70 min until 
the disappearance of PCr. The resonances 
were fitted to a Lorentzian line shape using a 
least square method. From the chemical shift 
difference between inorganic phosphate and 
PCr, pH was calculated according to Taylor et 
al. (1983). 

Results 
Blood samples 
Plasma magnesium concentration in the 
morning blood samples was increased in the 
Mg-fed compared to the control animals (data 
not shown). In the blood samples collected 
immediately before succinylcholine injection 
the level of total magnesium was some 30% 
higher in the Mg-fed compared to the control 
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Table 2. Analytical biochemical and NMR measurements in m. biceps femoris from anaesthetized hete
roygote malignant hyperthermia pigs. 

Biochemistry NMR 

Pig no. Mg PCrJATP0 PiJATP0 Lactate0 PCrJATP0 P1JATP0 tltz pH0 pHdechne 
(x102pH 

umts/mm.) 
supply (µmol/g) (PCr decay) 

152 + 3.0 1.3 7.8 
153 3.1 1.1 7.0 

156 + 2.8 1.1 10.9 
157 2.8 1.4 11.0 

110_2 + 2.8 1.2 6.4 
110_13 2.9 1.5 4.9 

110_6 + 2.6 1.0 12.0 
110_3 2.6 1.3 8.6 

Average + 2.8± 0.2 1.2 ± 0.1 9.3± 2.6 
value± SD 

2.7 
3.0 

4.3 
3.0 

3.2 

4.0 
3.9 

3.7 ± 0.9 

(min.) 

0.4 15.4< ± 1.0 
9.6± 0.6 

0.8 8.lb± 0.8 
1.0 3.1±1.1 

17.5±1.8 
0.4 15.6± 0.9 

0.4 11.63 ± 0.4 
0.2 9.0± 0.9 

6.98 
7.08 

7.39 
7.10 

6.82 

7.05 
6.97 

1.4< ± 0.1 
2.9± 0.5 

1.8< ± 0.3 
7.9± 2.0 

2.1° ± 0.3 
0.69± 0.05 

2.93 ± 0.3 
2.0± 0.2 

0.5 ± 0.2 13.2 ± 4.2 7.14 ± 0.22 2.1±0.6 

Average 2.9 ± 0.2 1.3 ± 0.2 7.9 ± 2.6 3.3 ± 0.4 0.5 ± 0.4 9.3 ± 5.1 6.99 ± 0.13 3.4 ± 3.2 
value± SD 

a: P < 0.1, b: P < 0.05 and c. P < 0.01 for Mg-fed versus control animals. 

animals (see Table 1), while total calcium and 
K+ was not different. Free calcium, however, 
was slightly higher (7-10%) in the magne
sium-fed animals. 

Temperature 
The initial temperatures ranged from 37.5 to 
41°C (Table 1), with the control animals hav
ing slightly higher initial temperatures, when 
compared to the Mg-fed animal of the same 
pair. 

Biochemical analysis of biopsies at rest 
Due to the relatively low SIN ratio of the 
NMR experiments, comparison between ani
mals are best performed by comparing metab
olite ratios, rather than absolute values of in
dividual metabolites. The P/ATP and 
PCr/ATP ratios at rest prior to the initiation 
of the halothane/succinylcholine stimulation 
were the same in the 2 groups as was the level 
of lactate (see Table 2). 
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NMR-measurements 
The time courses of the post mortem PCr de
cay were fitted to a mono-exponentional func
tion (Moesgaard et al. 1994) with the measure
ment in the control spectra taken as 100 % . 
As shown in Table 2, there was a significantly 
slower PCr decay in 3 of the 4 Mg-fed pigs, 
with rate constants reduced by 1.3 - 2.5 fold, 
when compared to the control animals. Con
cerning the experiment with the 2 smallest 
pigs, there was no significant difference 
between the rates of PCr decay. 
Initial intracellular pH (pH0) and the rate of 
pH decline (in m. biceps femoris) is also 
shown in Table 2. After an initial increase, pH 
decreased linearly. The H+ accumulation in m. 
biceps femoris of pigs no. 152-157 was signi
ficantly slower in the Mg-fed animals com
pared to the controls while the opposite was 
observed in pigs no. 110_2, 13, 6, 3. Initial pH 
was 7.0 - 7.1in5 of the pigs, while pH0 was ex
tremely low (6.8) in pig no. 110_13 and ex-
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Table 3. Chemical shift difference between a-ATP 
and B-ATP peaks of heterozygote malignant hyper
thermia susceptible pigs at rest. 

Lmew1dth ±SD (Hz) Chemical shift difference 
a-ATP B-ATP (a-ATP- B-ATP) 

+Mg 53± 13 
-Mg 73±7 

55± 19 
67±5 

(Hz) (±SD) 

689±9 
695±4 

tremely high (7.4) in pig no. 156. 
Intracellular Mg2+ concentrations may be cal
culated from the chemical shift differences 
between the resonances of a- and B-ATP 
appropriately corrected for pH. (Gupta et al. 
1978). As it appears from Table 3 we did not 
observe significant differences in the o.-B-ATP 
chemical shift between the 2 groups. Thus 
intracellular free magnesium is not affected 
by the moderate but significant incrase of to
tal plasma magnesium caused by the magne
sium feeding. 

Discussion 
Magnesium supply resulted in a significantly 
lower t11z value for PCr decay in m. biceps fem
oris as well as a slower decline of intracellular 
pH, in 3 of the 4 experiments reflecting a re
duced ATP turnover. A significant differer
ence between the experiments was, however, 
also present. 
The most pronounced reaction to the halo
thane/succinylcholine challenge was observed 
in the 4 oldest and largest pigs indicating a de
pendency of the reaction on the age/weight of 
the pigs. This is in agreement with Webb 
(1981) who found that the barn-yard halo
thane test should not be performed on ani
mals younger than 8 weeks and that breed dif
ferences were present with respect to the age 
at which maximum expression was reached. 
Furthermore Fay & Gallant (1990) has ob
served an incomplete expression of MH in 

muscle biopsies from young susceptible pigs, 
probably caused by a reduced myoplasmic 
calcium release on exposure to triggering 
agents or to decreased sensitivity to calcium in 
the muscle cells. The skeletal muscles must 
consequently be of a certain maturity in order 
to express halothane susceptibility 
1989b). This age and weight effect is also 
present in the smallest pigs of the present in
vestigation as they were relatively unaffected 
of the stress induced by halothane/succinyl
choline. 
Free plasma calcium (but not total) was also 
affected by the magnesium-supply. The higher 
level of calcium ions observed in the magne
sium-fed pigs could be a secondary effect to 
the increased magnesium concentration, since 
magnesium ions may replace some of the pro
tein bound calcium ions (Table 1). Although 
the Mg in the plasma compartment accounts 
for only about 1 % of the total body content of 
magnesium (Reinhart 1988), the higher 
plasma concentration of the Mg-fed pigs indi
cates that these pigs could have build up 
larger mobilisable magnesium-stores than the 
controls. The labile Mg-pools are primarily 
contained in connective tissue, skin and the 
soft tissues of the abdominal cavity (Reinhart 
1988). Magnesium is essential for the synthe
sis and function of ATP in numerous enzy
matic reactions. Within the cell magnesium is 
mainly complex bound to ATP and other or
ganic compounds leaving only a fraction of to
tal magnesium left as Mg2+. In some tissues 
e.g. skeletal tissue intracellular magnesium re
flects the dietary magnesium .supply (Classen 
et al. 1987). In the present investigation Mg 
supply apparently did not influence intracel
lular Mg2+ concentration. This could be due to 
a relatively short period of magnesium supply. 
On the other hand in a previous investigation 
8 days of magnesium supply did not change 
the concentration of total magnesium in liver, 
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Figure 1. Relauonsh1p between post mortem 
break down (ti/,, min) of phospho-creatme (PCr) m 
m biceps femorzs measured by 31P-NMR spectro
scopy and plasma magnesmm immediately before 
succmylcholme sllmulat1on Data from eight hetero
zygote (Nn) malignant hyperthermia susceptible 
Damsh Landrace pigs. 

kidney, heart and skeletal muscles (J¢rgensen 
1989a). The dynamics of magnesium ex
change into tissues remains consequently 
somewhat controversial. 
As shown in Fig. 1 a linear relationship 
between plasma magnesium and the rate of 
PCr breakdown seems to be present. This is, 
however, likely to hold true only within a nar
row magnesium concentration range. Neither 
low plasma magnesium levels (increased ex
citability of the central nervous system and of 
the skeletal muscles (Classen 1990)) nor ex
tremely high levels of plasma magnesium 
( curarization of the skeletal muscles (Sair et al 
1970)) are desirable. We suggest that there 
may be an optimal plasma level of extracellu
lar magnesium, with respect to its ability to re
duce the halothane/succinylcholine accele
rated ATP turnover in skeletal muscles of 
heterozygote animals. This level may be ex-
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Figure 2. Relationship between post mortem 
break down (t11,, mm) of phosphocreatme (PCr) m 
m. biceps femorzs measured by 31P-NMR spectro
scopy and the ratio of plasma calcmm/magnesmm 
(total) immediately before succinylcholine stimula
tion. Data from 8 heterozygote (Nn) malignant hy
perthermia susceptible Damsh Landrace pigs. 

pected to be influenced by the calcium con
centration with a certain ratio of plasma cal
cium/magnesium as the optimum. Fig. 2 shows 
t;, for the PCr decay versus the ratio of plasma 
Ca101./Mg101• 1, as measured in the blood 
sample immediately before administration of 
succinylcholine. By fitting the data to a 2nd 
order polynomium it appears that in this study 
the ratio is optimal at a value of 1.55. 
In a separate investigation (Moesgaard et al. 
1994) 31P-NMR spectroscopy of m. biceps 
femoris in situ was compared with analytical 
biochemical analysis of muscle biopsies with 
respect to the rate of ATP and PCr break 
down and lactate accumulation. A high rate of 
ATP and PCr break down was accompanied 
by a correspondingly high rate of lactate accu
mulation and decline in pH. Consequently the 
results of the present investigation indicate 
that the rate of glycolysis as well as the rate of 
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ATP and PCr break down is reduced in Mg
supplied animals. 

Conclusion 
The present investigation clearly shows that a 
30-50 % increase of extracellular total magne
sium considerably slows down PCr decay and 
intracellular H+ accumulation in heterozygote 
MH pigs, confirming previous observations 
on stress-susceptibility (J¢rgensen 1989a). 
The effect of magnesium may depend upon 
the maturity of the muscle and may interact 
with extracellular calcium also, but the basic 
mechanism of the magnesium effect remains 
unknown. 
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Sammendrag 
Eftekt af magnesium tilskud pa post mortem glykoly
sen i skeletmuskulaturen hos svin. Et non-invaszvt 
studium under anvendelse af 31 P-NMR spektroskopi. 

Effekten af magnesiumtilskud pa det postmortelle 
glykolytiske forl!Zlb i heterozygote malign hyper
thermif!Zllsomme grise blev unders!Zlgt, efter at gri
sene havde vreret udsat for en kombination af halo
than-anrestesi og succinylcholin injiceret intrave
n!Zlst. Grisene blev halothan-anresteseret og umiddel
bart efter initiering af den depolariserende 
neuromuskulrere blokerende virkning af succinyl
cholin, blev dyrene aflivet med en boltpistol. Faldet 
i niveauet af PCr, som er en afspejling af 
omsretningen af ATP, blev fulgt i m. biceps femoris 
40-70 minutter post mortem under anvendelse af 
31P-NMR spektroskopi. I 3 ud af 4 eksperimenter 
(hvert bestaende af en kontrolgris og en gris, der 
havde fAet magnesium tilskud i 3 dage) blev der fun
det en signifikant langsommere nedbrydning af PCr 
hos grisen, der havde faet magnesium. Dette afspej
ler et langsommere ATP forbrug hos disse grise, og 
dermed en reduceret hastighed af glykolysen. Pa 
trods af nogle indiv1duelle variationer er konklu
sionen, at de grise, som er i stand ti1 at mobilisere 
magnesium i relation ti! stress-situationer, bedre kan 
modsta stress-faktorerne. Variabiliteten kan skyldes, 
at skeletmuskulaturen hos de yngste grise var 
utilstrrekkelig udviklet ti! at udtrykke malign 
hyperthermrl!Zllsomhed. 
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