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Abbreviation used;

CuZnS09; cuprozinc superoxide dismutase
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ENL ; extensor digitorum longus muscle
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Abstract

To determine the effect of denervation on the free radical scavenging
systems in relation to the mitochondrial oxidative metabolism in the slow
twitch soleus and fast twitch extensor digitorum lonqus (EDL) muscles, the
sciatic nerve of the rat was crushed in the mid thiqgh region and the muscle
tissue lavels of 5 enzynes were studied 2 and 5 waeeks following crush.fjﬁe-
cently developed radioimmunoassays were utilized for the selective
measurement of cuprozinc {cytosolic) and mangano (mitochondrial) superoxide
disnutases, Total tissue content of cuprozinc superoxide dismutase showed a
mild decrease after denervation in slow but not in fast muscle.
Manqanosuperoxide dismtase and fumarase decreased markedly at 2 weeks and
returned toward control levels by 5 weeks, the changes appearing to be
graater in slow than in fast muscle. At 2 weeks, cytochrume ¢ oxidase
decreased significantly in slow, but not in fast muscle, GSH-peroxidase at
baseline was 10 fold higher in slow than in fast muscle , markedly decreased
at 2 weeks in slow muscle and returned toward control levels at 5 weeks,
while the total enzyne activity in fast muscle did not change through 5
weeks, These data respresent the first systematic report of free radical
scavenging systems in slow and fast muscles in response to denervation.
Seleztive modification of cuprozinc and manganosuperoxide dismutases and
di. ferential requlation of GSH-peroxidase was demonstrated in slow and fast

nuszie,

Key words: cuprozine superoxide dismutase; manganosupercxide dismutase;
glutathione peroxidase; denervation; soleus (slow); extensor digitorium
Tongus muscle (fast),

Running title: Denervation; free radical scavenging enzymes.
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In aerobic cells oxygen-containing free radicals, i.e., superoxide, hy-
drogen peroxide etc., are generated as hy-products of oxidative metabolism.
These toxic species are primarily scavenged by certain enzymes. Superoxide
dismutases (SOD), which catalyze th: conversion of superoxide to hydrogen
peroxide, are found in two forms in mammaiian cells. One contains copper and
zinc and is found predominanuly in cytosol, the other contains manganese and
is found predominantly in mitochondria (Asada et al., 1980), GSH-peroxidasa
catalyzes the reduction of hydrogen peroxide and certain 1lipid peroxides.
This enzyne is considered to play a major role as the scavenger of hydrogan
peroxide under low endogenous production rates of hydrogen peroxide
pertaining under physiologica) conditions (Jones et al., 1981},

Metabolic alterations leading to the depressed energv production by hoth
aarohic (Nemath, 1980; Nubois and Max, 1983) and anaerobic metabolism
(Shakelford and Lebherz, 1981) in denervated muscles have been shown. How-
ever, the changes in free radical scavenging systems after denervation have
not been studied systemically. There is an increasing interest in the pos-
sible involvement of these systems in the pathophysiology of muscle disease
(Kar and Pearson, 1973; Matkovics et al., 1982; Mizuno, 1983). The present
study was designed to deternine if the depression of energy metabolism after
denervation would produce selective modification in free radical scavenying
enzymes (CuZn and MnSOD and GSH-peroxidase) in the slow twitch soleus or in
fist twitch extensor digitorum longus (EDL) muscle. [In rat the fast twitch
EOL has a predominance of type Il glycolytic fibers, while the slow twitch
soleus is composed mainly of type I oxidative fibers. Recently developed
radioimmunoassays for rat CuZn and MnSND (Asayama and Burr, 1985) enable

accurate, specific measures of SO0Ds in small specimens. In order to define
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the specificity of any change in MnS0D, two mitochondrial marker enzymes were
also measured: cytochrome ¢ oxidase as a marker of membrane associated

e.zynes and fumarase as a marker of matrix associated enzymes.

Materials and Methods

Suraical Procedures

Male, Harlan Spraque-Dawley rats (160 to 180g) were anesthetized with
ether, The left sciatic nerve was crushed at the sciatic notch over a 3 mm
segnent for 30 s with a serrated hemostat, and the efficacy of functional
denervation and subsequent reinnervation were assessed as described previ-
ously {Dettbarn, 1981). After nerve crush, hindlimb muscles showed a pro-
gressive denervation throughout the intitial Z weeks. Beginning of reinner-
vation was ohserved between the 10th and 12th day following nerve crush.
Full functional reinnarvation, as established by toe spreading and response
to indirect stimulation, occured around the 5th week, Rats were sacrificed
by decapitaion at 2 and 5 weeks after nerve crush and the left soleus and EDL
muscles were removed after tlie response to electric indirect stimulation was
observed. To eliminate the variables introduced by possible functional com-
pensation induced by the contralateral surgery {Luttges et al., 1976;
Theiler et al., 1978), musclies from aqge-matched nonoperated animals were used
as controls rather than the right hindlimb muscles of the operated animals.

Muscles were homogenized with a 10 volume (w/v) of 10uM sodium phosphate
buffer (pH 7.6) by a Potter-Elvehjem homogenizer. The homogenate was soni-
cated on ice for 1 min (15 sx 4 times) and then centrifuged at 13,000xg. The
supernatant was stored frozen at -70°C and diluted with the appropriate assay

buffer just prior to =2ach enzyne assay.
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Biochemical Analyses

The radioimmunoassays for rat Cuin and MnSOD have been described previ-
ously (Asayama and Burr, 1985), GSH-peroxidase acticity was assayed by the
enzyne-coupled method of Beutler et al., (1977) with modifications. The re-
action mixture consisted of sample, 2 md GSH, 0.2 mM NADPH, 1 Unit of yeast
glutathione reductase (E.C. 1.6.4.2., Signa Chemical Co., St Louis, M0O) and
0.35 w4 t-butyl hydroperoxide in 1 ml of 190 mM Tris/HC1/0.5 mM EDTA buffer
{pH 7.6)., The assay was performed at 25°C. A Unit of activity was defined
as uymd1 NADPH oxidized/min, Cytochrome c oxidate activity was assayed <nec-
trophotmetrically by the method of Wharton and Tzagoloff (1967). The activ-
fty was defined in terms of the first-order velocity constant (s-!)., Fum-
arase activity was assayed by the method described by Stitt (1984) using L-
malite as the substrate, A Unit was defined as wmol fumarate produced/min., -
Protein was measured by the method of Lowry et al. (1951). The data for the
enzym. assays are expressed as total muscle content for SOD or activity for

the other enzymes (i.e. ug or Unit/muscle). For the calculation of specific

tissue concentration {or activity), the data were also normalized according
to protein content.

Statistical significance was assessed utilizing the Students's t-test.

Results

Musile Weights

Table 1 summarizes the chanqges in muscle weight following nerve crush, i
There was a significant loss of muscle weight in both soleus and EDL muscles.
After 2 weeks of denervation, the mean muscle weight had decreased to 46% and I

i

59% in soleus and E£0L, respectively, of age-matched controls. Five weeks
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after operation, muscle weights had returned toward but had not reached those
values gbtained in control animals.

Suneroxide Oismutase Levels

As shown in Fig. 1,, the CuZnSOD content in soleus muscle (slow twitch)
after 2 weeks of denervation decreased to 51% of the controls, while the
specific enzyna concentration (i.e. per mg protein) remained at the control
level (Tabla 3Ja). After 5 weeks of nerve crush, CuZnSN0 increased to 69% of
the 5 weeks controls, The Mn500 content in soleus had decreased to 14% of
the controls after 2 weeks and returned to the control levels by 5 weeks
(Fig, 1.).

Fin., 2. shows that the CuZnSND content in ENL muscle (fast twitch) while
failing ta dacrease during the First 2 wesks after denervation, remained
lower than that of the 5 week controls. The MnSOD levels in ENL showed
similar qualitative changes to that in the soleus, whereas the effect was
gquantitatively less marked- 30% of the rnntrul level being retained after 2
weeks of denervation.

GSH-peroxidase Levels

The GSH-pernxidase activities in both soleus (slow) and ENL (fast)
muscle are summarized in Fig. 3. When the control values both at 2 and §
weeks ware comnpared, soleus had a 10 times higher specific activity than EOU
muscle. After 2 weeks of denervation, the total muscle activity in soleus
decreased to 10% of the control level and then returned to 47% of the
controls at 5 weeks, 0On the other hand, the total activity in EDL muscle did
not change significantly through 5 weeks of the study period, while the
specific activity in the 2 weeks operated group was 2.5 fold higher than that

of the 2 weeks controls (Table 3a).
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Cytochrome ¢ Oxidase and Fumarase Levels

Table 2 summarizes the total muscle activities of the two mitochondrial
marker enzynes in both soleus and EDL muscles. The cytochrome ¢ oxidase
Tavel in soleus decreasad to 15% of the controls after 2 weeks of denervation
and then returned to 37% of the controls by 5 weeks. Conversely, the activ-
ity in ENL showerd a smaller (staiisically insignificant) change and the spa-
cific activity did not change through the 5 weeks of study (Table 3a and
).

The funarase levels after 2 weeks of denervation decreased to 10% and
29% of the 2 weeks controls in soleus and EDNL, respectively, and returned to
63% and 103% af the controls after 5 weeks in soleus and EDL, respectively,

i.e. Lhe changas wore quantitatively less in EOL than in soleus.

Discussion

The present studias have denonstrated significant effects of denervation
and subsequent reinnervation on the free radical scavenging enzymes and other
mitochondrial enzymes in slow (soleus) and fast twitch (EDL) muscles of the
rat. MnS3D decreased markedly after denervation and returned toward normal
levais during the period of reinnervation. Furmarase activity decreased in a
quantitatively similar extent to MnSND in both slow and fast muscles after
denervation. However, the decrease of cytochrome ¢ oxidase after denervation
was statistically significant in slow but not in fast muscle.

In contrast to MnSOD, CuZnSOD showed a mild decrease in total muscle
content and no decrease in specific tissue content after denervation in both
slow and fast muscles. GSH-peroxidase activity was 10 fold higher in slow
than in fast muscle under basal conditions, and decreased markedly in slow,

but not in fast after denervation.
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Denervation had a similar but more profound effect on slow than on fast
muscle in terms of muscle weight and changes in Mn300, fumarase and cyto-
chrone ¢ oxidase levels. The greater loss of weight in soleus than in EDL
muscle has been previously observed (Margreth et al., 1972; Dettbarn, 1981).
It has also been shown that denervation leads to a decrease in the levels of
enzynes involved in oxidative metabolism such as ctyochrome ¢ oxidase (Nemeth
et al,, 1980) and tricarboxylic acid-cycle-associated dehydrogenases (Turner
and Yanchester, 1972),

Numarous publications have described the relationship between indices of
mitochondrial function and/or enzyme levels and muscular acltivity.
Denervation or Jdisuse of muscle results in a loss of various mitochondrial
Functions (Joffe ot al,, 198l; 1983) as well as dacrease in several mito-
chondrial enzyme activities (Turner and Manchester, 1972; Booth and Kelso,
1972; Rifenberick et al,, 1973; Nemeth et al., 1980), Conversely,
endurance training induces a hiochemical adaptation of muscle mitochondria,
leading to an increase in oxidative capacity and specific activity of
serveral mitochondrial 2nzymes 'Davies et al., 1981). Electrical stimulation
has been shown to prevent the denervation induced decreases in oxidative
enzyme levels (Memeth, 1982). In the present study, the enzymes in the
matrix space of the mitochondria (i.e. MnSOD and fumarase) decreased to a
greater extent than the membrane bound enzyme, cytochrome ¢ oxidase, This
data is consistent with the observation of Rifenberick et al. (1973) who
observed a greater decrease in a matrix enzyme (malate dehydrogenase) than in
memorane bound enzymes (cytrochrome c oxidase and monoamine oxidase) in
mitochondria isolated from atrophic muscle.

The present study has demonstrated that denervation results in a marked
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decrease fn MnSOD levels in both the slow and the fast muscle, but only a
marginal change in CuZnSND levels. To our knowledqe, this is the first re-
port indicating a selective modification of Culn and MnSOD levels in muscle
in response to depression of cell function, including oxidative metabolism,

The decrease in MnSOD following denervation was associated with the
anticipated decrease in fumarase activity indicative of a decrease in mito-
chondrial activity. It is known that a m/jor contributor to free radical
production within mitochondria is the ubiquinone-semiubiquinone system (Koren
et al,, 1983), the activity of which reflects general mitochondrial metabolic
activity., Further, free radical production in muscle mitochondria is in-
crea.ad by muscular contraction (Davies et al,, 1987; Koren et al., 1983).
These data collectively sugqest that MnSND concentration reflects mitochon-
drial free radical production and that this is in turn a function of
mitochondrial metabolic activity, This conclusion is supoorted by a previous
study in which a selective induction of mitochondrial MnS0D was observed
during functional stimulation of monocytes, a change associated with enhanced
oxidative metabolism (Asayama et al., An., J. Physiol. In press, 1985),

With respect to GSH-peroxidase, there was a significant difference
between slw and fast muscle in terms of both baseline specific activity and
response to denervation, Type I fibers of the soleus are more susceptible to
atrophy and the proportion of type Il fibers is increased in the atrophic
soleus muscle (Templeton et al., 1984). Further, type I (slow) fibers can be
converted to type Il (fast) fibers during the course of disuse induced muscle
atroohy (Corley et al., 1984). Thus, tha decrease of the specific activity
of GSH-peroxidase in slow muscle to a level comparable to that of fast muscle
might be influenced hy the metabolic alteration related to the conversion of

type | to type Il fibers.
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The 10 fold higher GSH-peroxidase activity in slow muscle when compared
with that of the fast muscle may have ifmprtant practical implications, Hise
tochemical classification of muscle fiber types is based on differences in
activity of enzynes distributed in tiese muscles, Since GSH-peroxidase ac-
tivity is higher in siow muscle, the histochemical identification of this
enzyne may be a useful tool in the studies of muscle “iber type identifica-
tion,

A comnon enzynic pattern in dystrophic muscle is a decrease in NAD-11ink-
ed dehydrogenases and an increase in the NADP-linked enzymes (McCaman, 1963).
Indeed, increases in the specific activities of glucose 6-phosphate dehydro-
genase (Max et al,, 198l) and glutathione reductase (Turner and Manchester,
1972) have been observed in denervated fast twitch muscle, GSH-peroxidase is
couplad with glutathione reductase and both enzymes catalyze the oxidation-

reduction cycle of glutathione, The increase in specific activity of GSH-

peroxidasa observed in our experiments in fast muscle after 2 weeks of dener-

vation is in keeping with these observatians.
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Figure Legends

Fig 1. Effect of nerve crush on immunoreactive superoxide dismutase levels
' in rat soleus muscle. The animals were studied at 2 and 5 weeks
after surgery, The data are expressed as total muscle content
, (ug/muscle). The bars indicate SEM (n=6). P values were calculated
| by Student's t-test., CuZnS0D; cuprozinc superoxide dismutase, MnS00; N
! manqganosuperoxide disnutase, C; unoperated controls, 0; operated.
p<0.001 v controls; CuZnSOD 24C v SWC p<0,005, 20 v 50 p<0.001;
MnSOD 2wl v 5w0 p<n.001,

Fig 2. Effect of nerve crush on immynoreactive superoxide dismutasa levals

in rat extensor digitorun lonqus muscle. The bars indicate SEM
(n=6); Student's t--est., The abbreviations in the figure are defined
in the legend of figure 1. * p<0.01 ** p<0.001 v controls; CuZnS9D

ewC v 5wl p<0.05; MnSOD 2w0 v £ 0 p<0.001.

Fig 3. Effect of nerve crush on the activity of GSH-peroxidase
(ymol/min/muscle) in rat soleus and extensor digitorum lonqus (EDL)

i muscle, The bars indicate SEM (n=6)., Student's t-test. The

abbreviations (C and 0) are defined in the the Tegend of figure 1.

* p<0.02, ** p<0.00l v controls; Soleus 2w0 v 5wQ p<0.001.
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Table 1. Muscle weights after nerve crush,
Soleus £0L
Weeks Operated Controls Operated Controls
2 57 + 4° 125 + 4 80 + 5° 136 * 2
5 12 + 2% 130 + 1 116 + 4% 131 41

Values are in mg, mean + SEM (n=6),
a, p<0.00L, b, p<0.02, ¢. n<0.001, d, p<0.005 versus controls,
e, p<0.001, f, p<N.001 versus 2 week operated. Student's t-test,

EDL; extensor digitorum lonqus muscle,




f ‘&‘ki,rl_t'
(Al

e . mekt . atE
, . RN _..’ ¥ £ ‘ - s
i+ ..‘\4 ad SRR A
9 RS hy P,
N ;ﬁ \...T\ \M.._ P T .
X x \1’ % w0t P .

AL
Lt ‘
o e s A a a w

Tabie 2. Activities of Cytochrome ¢ oxidase and fumarase

in rat muscle sonicate.
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Soleus

Cytochrome ¢ Fumarase

Dxidase

EOL

Cytochrome ¢ Fumarase

Oxidase

2 weeks Controls

Operatead

5 wesks Controls

Operated

0.312 + 0.092  4.19 + 0.61
0.047 + 0.008 0.42 + 0.2

0.326 + 0.063  3.82 + 0.52
0.122 + 0.015°C 2.42 + 0.36°

0.210 + 0,031
0.125 *+ 0.032

0.227 + 0.036
0.150 + 0.022

3.30 + 0.53

0.95 + 0.70"

4.04 + 0.39
3.41 + 0.45°

Values are wmean *+ SEM, in Unit k{s=!} muscle for cytochrome ¢ oxidase and

ymol/nin/muscle for fumarase.

a. p<0,005, b. p<0.02 versus controls, ¢. p<0.001 versus ? weeks operated.

d. p<0.001 versus controls. e. p<0.005% versus 2 weeks operated.

f. p<0.01 versus controls. q, p<0.005 versus 2 weeks operated.

Student's t-test (n=4-6}.

EOL; extensor digitorum longus muscle.
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GSH:Peroxidase Activity (U7Muscle)
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