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Dantrolene sodium protects against
experimental ischemia and reperfusion damage

to skeletal muscle

Leslie Klenerman?, Nicola M Lowe?2, lan Miller2, Patricia R Fryer3, Colin J Green* and

Malcolm J Jackson?

The effect of 4 hours of ischemia followed by reper-
fusion for 1 hour has been studied in fully anesthe-
tized rabbits. Muscles from the limb subjected to
ischemia and reperfusion showed considerable
ultrastructural damage, although the distribution of
damage between muscles was not uniform (anterior
tibialis > soleus > quadriceps).

Damage to the muscle was associated with a sig-
nificant increase in the concentration of some indi-
cators of free radical-mediated processes (thiobar-
bituric acid-reactive substances and diene conju-

gates), aithough others (giutathione and protein sulf-
hydryl groups) were unchanged. Reperfused mus-
cles also showed considerable changes in their cal-
cium and sodium contents.

Treatment of animals with dantrolene sodium (4
mg/hr) throughout the periods of ischemia and
reperfusion was found to preserve the ultrastructu-
ral appearance of quadriceps, soleus and anterior
tibialis muscles. No effect of dantrolene sodium on
indicators of free radical activity or muscle cation
content was seen.
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The biochemical mechanisms underlying ische-
mia/reperfusion damage to tissues have been the sub-
ject of a large number of recent studies. In particular,
oxidizing free radical species have been implicated in
this process (McCord 1985). Muscle tissue has been
thought to be relatively insensitive to ischemia/reper-
fusion-induced damage, but a number of recent
papers have suggested that oxygen-free radical spe-
cies may be produced during reperfusion of skeletal
muscle (Lindsay et al. 1989, Pang 1990, Walker
1991) and are mediators of the resulting damage
(Perler et al. 1990, Oredsson et al. 1991).

Other data concerning the mechanisms underlying
damage to skeletal muscle induced by a number of
different stresses have suggested that an accumula-
tion of intracellular calcium may be a key step in the
process (Jones et al. 1984, McArdle et al. 1992). This
calcium accumulation causes damage to the plasma
membrane via an activation of phospholipase A2
(Jackson et al. 1984).

In order to clarify the nature of the structural dam-
age to skeletal muscle induced by ischemia and reper-
fusion and the biochemical changes which occur par-
allel to these, a model of limb ischemia in the rabbit
has been developed. To define the role of disturbanc-

es in muscle calcium homeostasis in the damage seen
post-reperfusion of ischemic muscle, dantrolene
sodium has been utilized to influence the release of
calcium from the sarcoplasmic reticulum (Morgan
and Bryant 1977). Dantrolene sodium is used as a
skeletal muscle relaxant for the symptomatic relief of
spasticity (Ellis and Carpenter 1972), as a specific
drug in preventing and treating malignant hyperther-
mia (Gronert 1980) and as a possible therapeutic
agent in exertional muscle pain syndromes (Bertorini
et al. 1982, Haverkort-Poels et al. 1987).

Animals and methods

New Zealand white rabbits (weight approximately
2.5 kg) maintained on a standard laboratory feeding
regimen were used. All animals were fully anesthe-
tized with fentanyl-fluanisone (0.3 mL/kg Hyp-
norm®) and diazepam (2.5 mg/kg Valium 20%), intu-
bated and mechanically ventilated throughout the
experiment. The animal was placed on a thermostati-
cally-controlled heating blanket, the thighs and legs
were shaved and rectal temperature was monitored.
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A 5 cm pneumatic tourniquet cuff was applied to
one thigh as high as possible, the limb was exsangui-
nated and the tourniquet was inflated to approximate-
ly 300 mmHg for 4 hours. A heating coil was placed
around the ischemic limb to maintain a skin tempera-
ture of 35 °C. After 4 hours, the cuff was deflated and
reperfusion was allowed to occur for 1 hour. The ani-
mals were then killed and muscle samples from the
soleus, anterior tibialis and quadriceps (distal to the
tourniquet) from both legs were removed and small
strips fixed in glutaraldehyde for electron microsco-
py. The rest of the muscle samples were rapidly fro-
zen in liquid nitrogen for biochemical analysis. 11
animals were studied in these experiments.

Where dantrolene sodium (Norwich Eaton
Pharmaceuticals, U.K.) was used (5 animals), it was
administered throughout the experiment by infusion
into an ear vein at a dose of 4 mg/hr.

Electron microscopy

Primary fixation was in 3% glutaraldehyde in 0.1M
phosphate buffer pH 7.4 for 2 hrs at room tempera-
ture. After washing in the same buffer, postfixation
was in 1% osmium tetroxide in the same buffer for 1
hr. After a further buffer wash, dehydration was car-
ried out in a graded acetone series. The tissue was
embedded in Spurr’s low-viscosity resin. Ultrathin
sections were collected on uncoated copper grids,
stained with aqueous uranyl acetate and lead citrate
before viewing in a Philips 300 or a JEOL 1200 EX
electron microscope. All electron microscope
reagents were obtained from Agar Scientific
(Stansted, Essex).

Indicators of free radical activity

The thiobarbituric acid reactivity (TBARS) of muscle
samples was assayed following incubation of homog-
enate at 37 °C for 1 hour (Jackson et al. 1983). Diene
conjugates were assessed by examining their UV
absorbance at 234 nm, as described by Rechnagel and
Ghoshall (1975).

The total and oxidized glutathione contents of
muscles was analyzed by the glutathione reductase
recycling method (Anderson 1985) with derivitiza-
tion, using 2-vinylpyridine prior to analysis of the
oxidized form. Muscle protein thiol groups were ana-
lyzed by titration of the sulfosalicylic acid precipitate
from the glutathione assay with 5,5-dithiobis-2-nitro-
benzoic acid essentially as described by Di Monte et
al. (1984).

Cation content of muscles

Muscle samples were freeze-dried and analyzed for
calcium, magnesium, potassium and sodium contents

by atomic absorption spectrophotometry (Jackson et
al. 1985).

99mTechnetium uptake

Animals were given an intravenous injection of
99mTe-pyrophosphate in isotonic saline (1 mL con-
taining 50 MBq #™Tc) via an ear vein at the end of
the tourniquet period. Blood serum and samples of
muscles from both hind limbs were analyzed for
99mTe by y-counting and the 9°™Tc content of muscle
samples expressed in terms of pL equivalents of
serum.

Reperfusion of muscles

An estimate of the amount of reperfusion of individ-
ual muscles was obtained by injection of 0.5 mL 125]-
albumin (Amersham International) 5 min before the
animals were killed. The !25] contents of serum and
muscle samples were then analyzed by y-counting
and the blood content of the muscles calculated.

Statistics

Statistical analysis was undertaken by paired or
unpaired Student’s t-tests, as appropriate. Where data
were non-gaussian in distribution (assessed by the
Shapiro-Wilk test), the Mann-Whitney/Wilcoxon
rank sum test was applied.

Results

Nature of the damage induced by reperfusion

All the muscles subjected to ischemia and reperfusion
showed substantial evidence of damage. Changes
were considerably greater in the anterior tibialis mus-
cle than in the other two. Damage did not appear to be
limited to any particular organelle or structure and
was present throughout the tissue. Dantrolene sodium
had a partially protective effect against this damage,
particularly in the anterior tibialis muscle (Table 1).
These effects were mainly evident concerning disrup-
tion of the myofibrillar structure and membrane dam-
age induced by the ischemia/reperfusion (Figure 1).
No effect of dantrolene sodium was seen on the nor-
mal appearance of the untreated contralateral mus-
cles. 9™Technetium pyrophosphate uptake was
higher (p < 0.05) in reperfused anterior tibialis mus-
cles than in the control (Table 2) and there was a ten-
dency for the uptake of the isotope to be higher in the
other muscles. Dantrolene sodium tended to reduce
the mean uptake of this isotope in the reperfused
anterior tibialis muscles, but this did not reach statis-
tical significance.
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Table 1. Summary of ultrastructural changes in control and reperfused muscles

Treatment Mitochondria Glycogen  Muscle fibers  Membranes
Soleus
Control Normal Abundant Normal Intact
Reperfused Swollen Sparse Variably Distended
Disrupted damaged
Reperfused-dantrolene  Variable Variable Some Some
freated changes depletion damage damage
Quadriceps
Control Normal Normal Normal Intact
Reperfused Normal Variable Variably Some
damaged vesiculation
Reperfused-dantrolene  Normal Normal Normal Intact
treated
Anterior tibialis
Control Normal Abundant Mostly Intact
normal
Reperfused Swollenand  Sparse Severely Seversly
disrupted damaged damaged
Reperfused-dantrolene  Swollen and  Variable Generally Generally
treated disrupted depletion

normal

normal

Table 2. ¥m.Technetium content of muscles in uL of serum equivalents. Mean, SEM

Untreated animals (n 6) Dantrolene-treated animals (n 5)

Control leg Reperfused leg Control leg Reperfused leg
Soleus 125 6.7 318 30 98 1.5 383 26*
Quadriceps 59 02 138 41 57 25 75 68
Anterior tibialis 151 24 398 30" 83 82

237 20°

* Value different from control leg in same group of anihals, p < 0.05.

Table 3. Total muscle glutathione, oxidized glutathione and protein sulthydryl groups in

muscles presented as ymol/g protein. Mean, SEM. (n 6)

Quadriceps Soleus Anterior tibialis

Total glutathione

Control 7.2 0.5 15.1 1.3 7.0 0.4

Reperfused 7.6 0.4 11.7 1.7 6.4 0.6
Oxidized glutathione

Control 072 014 064 006 064 0.15

Repertused 076 0.2t 061 0.12 080 0.20
Protein sulthydry! groups

Control 0.033 0.007 0.045 0.006 0.031 0.005

Reperfused 0.049 0.008

Extent of reperfusion of the muscles

There was no evidence of a significant underperfu-
sion or hyperemia in the previously ischemic mus-
cles. Results expressed as equivalents of serum were
control soleus: 7.0, 2.9 (mean, SEM), reperfused sole-
us 9.0, 74, control quadriceps: 3.7, 2.4, reperfused
quadriceps 3.5, /.1, control anterior tibialis: 4.6, 2.5,
reperfused anterior tibialis 4.4, 4.0.

0.038 0.004

0.040 0.007

Indicators of free radical activity

No differences were found between the total glutath-
ione, oxidized gluiathione or protein sulfhydryl con-
tents of reperfused and control muscles (Table 3).
The TBARS and diene conjugate contents of the
ischemic/reperfused and control muscles are present-
ed in Tables 4 and 5. The reperfused anterior tibialis
muscles showed an elevation of both TBARS (p <
0.05) and diene conjugates (p < 0.05), but no differ-
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Figure 1. Example of electron micrographs of muscles subjected to a period of ischemia and reperfusion with or without
treatment with dantrolene sodium. Abbreviations: M mitochondria, F muscle fiber, G glycogen, N nucieus. Bar 1 um.

Reperfused soleus muscle from a dantrolene-treated animal,
magnification 15,000, showing mitochondria which mainly
retain a normal appearance, partial restoration of the myofi-
brillar structure and a relatively intact nucleus.

Reperfused anterior tibialis muscle from an untreated animal,
magnification 23,000, showing severe disruption of myofibril-
lar, mitochondrial and nuclear structure.

ences were seen in other muscles. Dantrolene sodium
treatment had no effect on either of these indicators of
free radical activity.

The data presented also demonstrate that the con-

Reperfused soleus muscle from an untreated animal, magnifi-
cation 15,000, showing enlargement and disruption of mito-
chondria, disruption of the myofibrillar structure and disorgan-
ization of the nucleus.

Control anterior tibialis muscle, magnification 15,000.

Reperfused anterior tibialis muscle from a dantrolene-treated
animal, magnification 15,000, showing generally normal
nuclear and myofibrillar structure, but grossly enlarged and
disrupted mitochondria.

trol highly oxidative soleus muscle of the rabbit con-
tains greater amounts of glutathione, TBARS and
diene conjugates than the other two muscles studied
(Tables 3, 4, and 5).



356

Acta Orthop Scand 1995; 66 (4): 352-358

Table 4. Thiobarbituric acld-reactive substances (TBARS) in muscles as Ag3/gm

muscle. Mean, SEM

Untreated animals (n 6) Dantrolene-treated animals (n 5)
Control leg Reperfused leg Control leg Reperfused leg
Soleus 135 06 110 03 135 09 116 1.0
Qu 49 03 48 0.3 44 03 56 04
Anterior tibialis 56 0.3 108 0.6* 79 04

100 09

* Different from control leg in same group of animals, p < 0.01.

Table 5. Diene conjugate content of muscles as A,,,/g muscle. Mean, SEM

Untreated animals (n 6)

Dantrolene-treated animals (n 5)

Control leg Reperfused leg Control leg Reperfused leg
Soleus 0.77 0.02 0.73 0.02 0.69 0.02 0.97 0.03"
Quadriceps 0.53 0.01 0.56 0.02 0.54 0.01 0.65 0.01
Anterior tiblalis  0.56 0.02 0.78 0.02" 0.70 0.02

0.756 0.04

* Different fram control leg in the same group of animals, p < 0.02.

Table 6. Calcium and sodium contents of rabbit muscles as pmol/g dry weight. Mean,

SEM
Untreated animais (n 6) Dantrolene-treated animalis (n 5)
Controlieg  Reperfused leg Control leg Reperfused leg
Calcium
Solsus 49 07 108 2.649 25 05°% 104 3.0°
Quadriceps 36 03 3.1 04 22 03°b 22 06
Anterior tibialis 33 03 52 0.62 23 04) 42 1.0
Sodium
Soleus 122 20 288 474 114 20 161 30°¢
Quadriceps 70 65 102 41 82 13 a3 8.6
Anterior tibialis 90 18 176 27* 76 18 127 10

4 Values diffsrent from control leg in same group of animals.
b Vaiues different from control leg in untreated animals.
¢ Value different from reperfused leg in untreated animals.

P < 0.05.

Cation content of muscles

Major changes in muscle ion homeostasis were
caused by the period of ischemia and reperfusion. In
particular, the calcium and sodium (Table 6) contents
of the reperfused soleus and anterior tibialis muscles
were elevated compared to the control, whereas the
reperfused quadriceps muscle was not affected.

Dantrolene sodium failed to reverse the increase in
muscle calcium content seen in the reperfused anteri-
or tibialis and soleus muscles, but it reduced the sodi-
um content of the reperfused soleus muscles (Table
6).

Reperfusion also caused a fall in the magnesium
(control: 21.1, 2.3 cf. reperfused: 14.1, 2.1 pmol/g)
and potassium (control: 177, 18.3 cf. reperfused: 99,
16.1 pmol/g) contents of the soleus muscle, which
was not affected by dantrolene sodium treatment.

Discusson

The experimental model utilized here has been shown
to provide reproducible evidence of ischemia/reper-
fusion-induced damage to skeletal muscle. In prelim-
inary (unpublished) experiments, we determined that
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4 hours of ischemia followed by 1 hour of reperfusion
to the hind limb provides an amount of damage to the
muscle which is reproducible and is reasonably
realistic in terms of the length of time the acutely
ischemic human limb may be subjected to loss of
blood supply during complicated orthopedic surgery
or limb reattachment. These preliminary experiments
also demonstrated that the ischemic rabbit hind limb
showed a much greater fall in temperature than a
human limb under equivalent circumstances and
hence the rabbit limb was maintained at 35 °C
throughout the study described here.

It is not clear why the anterior tibialis muscle
should be relatively more affected by the ischemia
and reperfusion than the other muscles, since all were
subjected to the same length of ischemia and
appeared to fully reperfuse. The anterior tibialis mus-
cle of the rabbit is composed primarily of type II
fibers as also is the quadriceps, in comparison to the
highly oxidative (type I) soleus muscle. Differences
in fiber type may therefore play a role.

The possibility that free radical-mediated reactions
may be important in the damage seen following an
ischemic episode in several tissues has been dis-
cussed for some time (McCord 1985). Recently, a
number of authors have examined the role of free rad-
ical species in ischemic damage to skeletal muscle
(Lindsay et al. 1989, Pang 1990, Perler et al. 1990,
Oredsson et al. 1991, Walker 1991). The data present-
ed here indicate that no gross oxidation of the major
intracellular thiols (Table 3) has occurred in the
reperfused tissues, but the two indicators of lipid per-
oxidation (TBARS and diene conjugates) were ele-
vated in the reperfused anterior tibialis muscles
(Tables 4 and 5). The elevated indicators of lipid per-
oxidation were therefore found in the tissue with the
greatest amount of damage (Table 1), with no evi-
dence of elevated indicators of free radical activity in
the soleus muscle where some damage, particularly
to the mitochondria, was apparent (Table 1, Figure I).
There is therefore the possibility that the increases in
lipid peroxidation products seen in the reperfused
anterior tibialis muscles may be secondary to the
gross damage seen therein. Halliwell and Gutteridge
(1985) have suggested that damaged tissue can pro-
duce free radicals and this explanation of our results
cannot be ruled out on the basis of the data available.

Since the changes observed in the mitochondria of
the reperfused muscles are similar to those produced
by experimental damage due to cellular calcium over-
load (Duncan et al. 1979) and the accumulation of
99m_technetium pyrophosphate suggested that cal-
cium might be accumulating in the damaged muscles,
the cation content of the muscle was examined (Table

6). Total muscle calcium was elevated in both the
reperfused soleus and anterior tibialis muscles, in
association with a rise in sodium and some fall in
potassium and magnesium. Such changes indicate a
loss in the ability of membranes to maintain ion gra-
dients. An elevation of intracellular calcium can
cause substantial damage to muscle tissue
(Wrogemann and Pena 1976, Jones et al. 1984) and it
has been implicated in the mechanisms of damage to
skeletal muscle which occurs in a number of different
situations, such as following excessive contractile
activity (Jones et al. 1984), in dystrophic muscle
(Jackson et al. 1985) and in malignant hyperthermia
(Gronert 1980).

Dantrolene sodium is known to reduce the release
of calcium from muscle sarcoplasmic reticulum
(Morgan and Bryant 1977) and this is thought to be
its mode of action in the treatment of malignant
hyperthermia (Gronert 1980). Analysis of the total
calcium content of the dantrolene-treated muscle
indicated no reduction in total muscle calcium con-
tent in the muscles, although there was evidence for
the protection of their ultrastructure. There are sever-
al possible explanations for this apparent paradox.
The dantrolene may have helped to maintain more of
the increased muscle calcium within the sarcoplasmic
reticulum stores, and thus to maintain a low free
intracellular calcium in the muscle cytosol with no
change in total muscle calcium. Alternatively, dantro-
lene may have acted by maintaining compartmental-
ization of the calcium in other stores, such as mito-
chondria, as proposed by Haverkort-Poels et al.
(1987). The only potentially relevant biochemical
effect of dantrolene observed was a reduction in mus-
cle sodium content in the reperfused soleus muscle.
We are unaware of any data suggesting that dantro-
lene can influence muscle sodium handling or that
sodium plays any role in the genesis of muscle dam-
age, independently of calcium. It may therefore be
that the changes in muscle sodium content reflect a
reduction in the amount of damage which occurred in
the soleus muscle.

Our studies have examined only the possible inhib-
itory effect of dantrolene sodium on muscle damage
when the drug was given throughout the experiment.
Infusion of the drug during the ischemic period was
probably unnecessary because additional drug would
not have reached the affected muscles during that
time. It will be important to establish whether treat-
ment with dantrolene from the beginning of the reper-
fusion period alone influences the muscle damage,
since this is the probable timing of any clinically rel-
evant intervention.

The data presented therefore provide biochemical
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evidence of a role for free radical species and/or an
accumulation of intracellular calcium in the damage
to skeletal muscle following ischemia and subsequent
reperfusion. They also suggest that dantrolene sodi-
um may have a role in preventing some aspects of
reperfusion-induced damage to skeletal muscle, fol-
lowing prolonged limb ischemia.
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