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were cytopathic on MKTC's. MKTC's were 
much more sensitive (80%) than HEp-2 
cells. Seventeen of 24 isolates were revealed 
between the 3rd and 6th days post-inocula- 
tion. Growth curves in MKTC's revealed 
virus by the 7th hour, with peak titers a t  78 
to 96 hours. Rotation yielded a 90% net in- 
crease of virus over those obtained in sta- 
tionary cultures. RS virus is not stabilized 
by 1 M MgC12. The virus can be maintained 
in 50% glycerin for a t  least 9 months of 
storage at  2-20°C. Even at  4OC the decay 
rate in glycerin is markedly delayed. Preser- 
vation in glycerin is superior to 0.5% gelatin 
or 20% chicken serum. Preservation was not 
enhanced by lyophilization. 
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Nutritional muscular dystrophy is charac- 
terized by appearance of white striations in 
the pectoral and, to a lesser extent, in the 
leg muscles of chicks deficient in both Vit. E 
and sulfur amino acids( 1) .  Various studies 
on similar nutritional dystrophies are re- 
ported in the literature but the biochemical 
mechanism of such pathology is not well un- 
derstood. Oral administration of large 
amounts of polyunsaturated fatty acids or 
injection of their peroxides has been found 
to cause severe symptoms of encephalomala- 
cia in chicks(2,3). Recently, it has been 
shown in the dystrophic tissues of Vit. E de- 
ficient rabbits(4) and in the genetic dystro- 
phy of mice and chickens(5) that a signifi- 
cant increase occurs in all hydrolytic enzymes 
of the lysosomes. This paper describes the 
increases which occur in the hydrolytic en- 
zymes of the lysosomes in the muscles of 
chicks suffering from nutritional muscular 
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dystrophy produced by a dietary deficiency 
of Vit. E and sulfur amino acids and by 
feeding excess linoleic acid. 

Methods. One-day-old chicks from Vit. 
E-depleted White Plymouth Rock X Van- 
tress hens were used in the study. Each treat- 
ment was replicated and consisted of equal 
numbers of male and female chicks. They 
were housed in electrically-heated battery 
brooders with wire mesh floors. Feed and 
water were supplied ad libitum. The basal 
diet used in the experiment reported in Ta- 
ble I was the casein-torula yeast diet previ- 
ously described by Scott and Calvert(6)': In  
all other experiments the casein-gelatin diet 
of Calvert et aZ(7) was used with modifica- 
tions as follows: the casein was methanol- 
extracted, the stripped lard and diphenyl-p- 
phenylene diamine (DPPD) were omitted 
and the diet was supplemented with 0.5% 
hydroqenated coconut oil, 0.1 ppm selenium 
(as Na selenite) and 0.0125% ethoxyquin. 

Chicks were sacrificed at  the end of the 
4-week experimental period and scored for 
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TABLE I. Lysosomal Enzymes in Pectoral Muscle of Nutritional Dystrophic Chick. 

f Specific activity* -$ 

Methionine added, d-a-tocopheryl acetate 
Enzyme Dystrophic .4YO added, 80 mg/kg diet 

~~~ 

Acid phosphatase 207 2 18.8 105 4 4.9" 146 f 7.6" 
Cathepsin 79 f 4.3 40 1.7" 48 f 3.7" 

Ribonuclease 271 f 18.8 57 3- 2.7" 71 f 3.4" 
p-Glucuronidase 61  f 10.2 11 f 1.4" 8 f 1.0" 
8-Galactosidase 16 f 2.5 3 f .1" 8 e .4b 

Aryl sulf atase 0 0 0 

* Expressed as pmoles of substrate hydrolyzed per mg of N per min X lo4. 
a p<.OOl, p<.Ol, 

from dystrophic group. 
p<.02; p determined by Student's t ' t" test for significant difference 

muscular dystrophy. Pectoral muscles were 
removed and frozen immediately in liquid 
nitrogen. For chemical analysis, a 10% ho- 
mogenate was made in ice-cold, de-ionized 
water by blending the tissue in Servall Omni- 
mixer for one minute. 

Activity of individual lysosomal enzymes 
was determined by several assays as follows: 
acid phosphatase, p-glucuronidase and ca- 
thepsin were determined by the methods of 
Gianetto and de Duve (8). p-Galactosidase 
was assayed by the method of Sellinger et aE 
(9) and ribonuclease according to de Duve 
et aZ( 10). Aryl sulfatase was assayed by the 
method of Roy ( 11 ) with 2-hydroxy-5-nitro- 
phenyl sulfate as substrate. 

Tissue peroxidation was estimated in un- 
incubated tissue using thiobarbituric acid 
(TBA) index as described by Tappel and 
Zalkin ( 12). Respective controls and reagent 
blanks were run for all enzyme assays and 
TBA measurements. 

ResuEts. The activities of 5 lysosomal en- 
zymes, acid phosphatase, cathepsin, ribonu- 
clease, p-glucuronidase and P-galactosidase 

were significantly increased in the pectoral 
muscle of the nutritionally dystrophic chicks 
as compared with the normal controls. These 
results are presented in Table I. Aryl sulfa- 
tase was absent in both dystrophic and non- 
dystrophic tissues. Supplementation of the 
diet with 0.4% DL-methionine or 80 mg 
d-a-tocopheryl acetate per kg completely pre- 
vented dystrophy and significantly reduced 
the activity of lysosomal enzymes. The in- 
crease in lysosomal enzymes in the dystrophic 
tissues ranged from about 2 X for acid phos- 
phatase and cathepsin to about 5 to 6 X for 
ribonuclease, p-glucuronidase and p-galac- 
tosidase. 

The results presented in Table I1 show 
that a correlation was obtained between the 
levels of linoleic acid in the diet and the inci- 
dence and severity of muscular dystrophy, up 
to a level of about 1% linoleic acid. Corre- 
lations also existed between incidence of dys- 
trophy, the thiobarbituric acid index and ac- 
tivity of the indicator lysosomal enzyme, p- 
glucuronidase. One percent of linoleic acid 
in the diet increased the values of muscle 

TABLE 11. Influence of Dietary Linoleic Acid Stress on Tissue Peroxidation and Lysosomal 
Enzymes. 

Muscular dystrophy Specific activity 
of indicator lyso- 

soma1 enzyme 
Dietary linoleic acid, % Incidence* (0-3) TBA indext p-glucuronidaseS 

Score 

0 24.1 12.1 
.25 6/8 .75 55.2 21.0 

o/g 

33.0 1.12 69.6 
1.62 81.6 41.4 

.50 5/8 

1.31 74.8 35.0 
1.00 8/8 
.50 (in form of lard) 7/8 

- 

* Denominator shows total No. of chicks per treatment and numerator denotes chicks with 

t Expressed as absorbancy at 535 mp per mg N X los. 
$ Expressed as pmole substrate hydrolyzed per mg N per min X lo4. 

muscular dystrophy. 



464 LYSOSOMAL ENZYMES IN MUSCULAR DYSTROPHY 

TABLE 111. Comparative Effects of Dietary Linoleic and Oleic Acids on Tissue Peroxidation 
and Lysosomal Enzymes. 

Muscular dystrophy Specific activity 
of indicator lyso- 

Added to basal diet, % Incidence” (0-3)  TRA index t p-glucuronidaset 
Score somal enzyme 

- 0/8 0 24.1 12.1 
Olcic, 1.95 0/8 0 30.1 12.5 
I d e m  + .25 linolcic 3/8 .50 39.6 22.3 

” + .50 ” 8/8 1.12 97.3 30.3 
” + 1.00 ” 8/8 1.90 86.1 32.1 

* Denominator shows tot,al No. of chicks per treatment and numerator denotes chicks with 

t Expressed as absorbancy a t  535 mp per mg N X los. 
$ Expressed as pmole substrate hydrolyzed per mg N per min X lo4.  

muscular dystrophy. 

TBA index and the lysosomal enzyme, p- 
glucuronidase, almost 3 times as compared to 
the levels present in the chicks receiving no 
added linoleic acid. Addition of 476 lard had 
an effect equivalent to its content of linoleic 
acid (0.5%). However, inclusion of oleic acid 
alone in an amount equivalent to that pres- 
ent in lard, either alone or in combination 
with linoleic acid, had no effect on either 
muscular dystrophy or the biochemical pa- 
rameters (Table 111). Supplementation of the 
diet with 5-10 mg d-a-tocopheryl acetate per 
kg in the presence of linoleic acid prevented 
the muscular dystrophy and reduced TBA 
index and lysosomal enzyme activity accord- 
ingly (Table IV). 

Discussion. The results presented here in- 
dicate direct relationships between peroxida- 
tion of the tissues, increases in lysosomal en- 
zymes and occurrence of muscular dystrophy. 
Analyses of the dystrophic muscles of Vit. E 
and sulfur amino acid-deficient chicks showed 
significant increases in the activities of 5 
characteristic lysosomal hydrolases as com- 

pared to the level of these enzymes present in 
non-dystrophic chickens protected from dys- 
trophy by supplementation of the diet with 
methionine or Vit. E (Table I ) .  Similar in- 
creases in the activities of these enzymes 
have been observed in the muscles of nutri- 
tionally dystrophic rabbits (4)  and genetical- 
ly dystrophic mice and chickens ( 5 ) .  

The primary function of lysosomes is be- 
lieved to be associated with cellular digestion 
in pathological conditions such as cell injury, 
autolysis and necrosis (13). These findings of 
large increases in activity of the entire lyso- 
somal complement of enzymes in a variety of 
nutritional and genetic muscular dystrophies 
may be explained on the basis of their role in 
cellular catabolism. 

Nutritional muscular dystrophy in chicks 
occurs with a deficiency of Vit. E and sulfur 
amino acids, especially cystine ( 14).  Dietary 
alterations in the level of fat, particularly un- 
saturated fatty acids, are known to influence 
the fatty acid pattern of the muscle tissues 
and Vit. E deficiency symptoms. The results 

TABLE IV. Inhibitory Action of Dietary d-a-Tocopheryl Acetate on Tissue Peroxidation and 
1Aysosom:il Enzymes Induced by Linoleic Acid. 

Muscular dystrophy Specific activity 
of indicator lyso- 

Atl(1ed to h n s n l  diet, To Tncitlencc” (0-3)  TRA index t p-glucuronidaset 
Score somal enzyme 

- 0/10 0 24.4 16.9 
Tlinoleic acid, 1 .0% 10/10 2.0 81.7 43.3 
Idrm + Vit. E,$ 5.0 mg/kg 0/10 0 26.7 19.9 

” + ” , 10.0 ” 0/10 0 22.7 20.2 

* Denoniinator shows total KO. of chicks per treatment and numerator denotes chicks with 

t ESpwsstvl i i x  i i l ) s ~ ) ~ l ~ i i I l ~ ~  a t  535 m p  per mg N X 10’. 
$ Expressed as  p o l e  substrate hydrolyzed per mg N per niin X lo4 .  
$ I n  form of d-a-tocopheryl acetate. 

in ii sc ul a r tl y s t r o p l i  ,Y . 
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presented here (Table 11) show a direct cor- 
relation between the symptoms of muscular 
dystrophy and the tissue peroxidizability 
(TBA index) as influenced by the dietary 
level of linoleic acid. These results are in ac- 
cord with those of Century and Horwitt( 15)  
that increased levels of unsaturated lipids in 
diets of Vit. E-deficient rats increased muscu- 
lar dystrophy and creatine excretion. 

Addition of d-a-tocopheryl acetate to the 
diet prevented muscular dystrophy, inhibited 
peroxidizability and decreased the lysosomal 
enzyme activities of the tissues (Table IV). 
This demonstrates an interrelationship be- 
tween the damaging effect of peroxidizable 
linoleic acid in the tissue, the development of 
muscular dystrophy and the role of d-a-to- 
copheryl acetate in modifying this effect. 

The evidence presented here demonstrates 
two events occurring during the development 
of the biochemical lesions and the gross dys- 
trophy. These are induction of peroxidation 
as evidenced by the increased TBA values 
and increases in hydrolytic lysosomal en- 
zymes. Increased peroxidizability of the tis- 
sues is accompanied by membrane suscepti- 
bility of subcellular particles, mitochondria 
(17,18) and lysosomes(l9), to changes in 
permeability and lysis. 

These findings of higher activities of lyso- 
somal enzymes in nutritional muscular de- 
generation of chicks present biochemical evi- 
dence in accord with earlier histological ob- 
servations of perivascular infiltration with 
“round cells”( 1) , since these probably are 
phagocytes and lymphocytes which are 
among the richest source of lysosomes. The 
accompanying tissue breakdown may be re- 
sponsible for many biochemical changes, such 
as increased catabolism of protein and nucleic 
acids (20,2 1 ) , increased excretion of urea and 
a-ketoglutarate in a variety of species ( 2 2 )  
and increases in inorganic phosphates and 
phosphorus turnover of nutritionally dys- 
trophic chicks (23). The increases in activ- 
ities of the lysosomal hydrolases may be en- 
hanced by increased phagocytic infiltration 
and by increased susceptibility of the lyso- 
somes to lysis. 

The results presented here support the hy- 
pothesis that nutritional muscular dystrophy 

’ 

in the chick is initiated by peroxidative tis- 
sue damage. I t  is a logical assumption that 
Vit. E prevents muscular dystrophy by pro- 
tecting the cells from the initial peroxidative 
changes which allow the sequence of cata- 
bolic events to occur. The question remains, 
however, as to the biochemical mechanism 
responsible for protection of the muscle tis- 
sues from this degeneration, especially in re- 
gard to the role of the sulfur amino acids 
which have been shown to prevent dystrophy 
in the absence of Vit. E, and in respect to 
inorganic selenium compounds which have a 
marked sparing effect upon the amount of 
Vit. E required to prevent dystrophy. The 
results presented here indicate that it may 
be a special mechanism in which Vit. E, sul- 
fur amino acids and selenium are interre- 
lated in an overall system whose function is 
the prevention of initial peroxidation of cel- 
lular membranes such as those which contain 
the lysosomal enzymes. 

Summary. Muscle tissues of chicks with 
nutritional muscular dystrophy produced by 
feeding a diet deficient in Vit. E and sulfur 
amino acids and stressed with excess dietary 
linoleic acid showed significant increases in 
peroxidation as evidenced by TBA index and 
also showed increased activities of the lyso- 
somal enzymes. Addition of DL-methionine 
or d-a-tocopheryl acetate to the deficient diet 
prevented the dystrophy, reduced the peroxi- 
dation and reduced the lysosomal enzyme 
activities. 

The authors gratefully acknowlledge the assistance 
of Dr. P. L. Sawant and Mrs. L. Hsu in some en- 
zyme assays. 
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In the genus Pasteurella, studies on carbo- 
hydrate metabolism have been concerned 
mostly with Past. pestis. Resting cells of 
Past. pestis (strain Tjiwidej) oxidize glucose 
through the combined action of the Embden- 
Meyerhof pathway and the Krebs cycle( 1,2) 
while proliferating cells oxidize glucose al- 
most exclusively through the pentose path- 
way(3). The present study deals with the 
mechanism of carbohydrate oxidation in 
Past. multocida. This organism oxidizes eas- 
ily hexoses, pentoses and Krebs cycle inter- 
mediates(4,S) and the operation of the pen- 
tose pathway is suggested by the presence of 
aldoheptose in the cellular lipopolysaccharide 
(6). A preliminary account has been pub- 
lished ( 7 ) .  

Materials and methods. Suspensions of 
* This investigation was supported by grants from 

Rockefeller Foundation and Consejo Nacional de 
Investigaciones Cientificas y TCcnicas (Argentina). 
Inda M. S. de Issaly was on leave from Inst. Na- 
cional de Microfbiol. 

Past. multocida (resting or proliferating) 
were obtained as described previously (8). 
Preparations of cell-free extracts. The ace- 
tone-dried (9) bacteria (5 g) were homoge- 
nized with 30 ml 92 mM K2HP04. The sus- 
pension was left at 22-25' (room tempera- 
ture) for 2 hours and then a t  3' for 24 
hours. The pH was maintained at 7.0 t 
0.5 by addition of 0.1 N NH40H. The 
suspension was then centrifuged at 25000 
g and the sediment resuspended in 10 ml 
90 mM pH 7.0 phosphate buffer, kept at 
3' for 24 hours and centrifuged as above. 
Supernatants of the first and second centri- 
fugation were joined and kept a t  -18". 
Protein concentration was measured at 280 

Reagents. Xylulose and ribulose were a gift 
of Prof. M. Calvin; glucose-6-phosphate, 
fructose- 1,6-diphospha te, ribose- 5-phosphate, 
Polidase Type S and DL-glyceraldehyde-3- 
phosphate (diethylacetal) from Schwarz Bio- 
Research Inc. ; glucose-l-phosphate, DL- 

mtL(10). 


