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ABSTRACT 

To follow the intracellular distribution of calcium in the breast muscles of developing 
chickens, Ca 4~ was injected into the albumen of predeveloped eggs. Since the embryos were 
grown in a radioactive medium, a complete exchange of the isotope for its non-radioactive 
counterpart in muscles was accomplished. Subcellular particulates of the muscle cells were 
separated by the method of differential centrifugation. Analysis of the separated fractions 
showed that in the muscles of the 13-day embryo, when the nuclear-myofibrillar ratio is 
high, 65 per cent of the muscle calcium is in the nuclei. With the increased synthesis of 
myofibrils, the nuclear-myofibrillar ratio decreases with a concomitant fall in radioactivity. 
Thus, calcium was not associated with the developing myofibrils. At the time of hatching, 
when myofibrils perform physiological work, the highest level of calcium is in the mitochon- 
dria. This suggests that the mitochondria play a key role in the physiological activities of 
calcium in the cell. The microsomal fraction reaches a maximal level of calcium when the 
adult composition of muscle is attained. Results of investigations on dystrophic muscles show 
changes in the calcium distribution of the fractions as early as the 3rd week of embryonic 
development, which are interpreted to indicate an alteration in the protein metabolism of 
the cell, or an early destruction of muscle tissue. Further, alterations in the calcium content 
of fractions which seem to regulate the movements of this ion in the cell are discussed. A 
new technique for homogenizing tissues from embryos of different ages is presented. 

INTRODUCTION 

The turnover of muscle calcium is facilitated by 
muscular activity; this has been demonstrated in 
frog muscle both in vivo and in vitro. In vitro, the 
turnover of calcium after periodic contraction is 
incomplete; in vivo, total exchange is realized only 
after several hours of activity (1). Having estab- 
lished the fact that movement of calcium is aided 
by muscular activity, we can formulate the ques- 
tion: Under physiological conditions, what intra- 
cellular components of the muscle cell participate 
in the binding and releasing of calcium? 

Several approaches to this problem have been 
attempted, one of which was radioautography. 

With frog muscle, radioautographs were realized 
only in experiments in vitro in which tissues were 
soaked in radioactive media for long periods (2). 
These preparations recorded the presence of radio- 
activity in sarcoplasmic structures, perhaps the 
endoplasmic reticulum, but gave no indication of 
the sites of a more tightly bound calcium not 
exchangeable under these in vitro conditions (1). 

A second approach involved the separation of 
individual muscle fractions by the method of 
differential centrifugation (3). Since we were con- 
cerned primarily with the localization and not 
the uptake of calcium by the various cell fractions, 
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chicken embryos were grown in a med ium made  
radioactive as a result of the injection of Ca45C12 I 

into the a lbumen  of predeveloped eggs. This  
technique assured a complete labeling of all 
calcium-containing structures wi th  the  radioactive 
isotope. 

~Ihe age period selected for these studies on 
chicken muscle was from 1 3 days in ovo th rough  1 
mon th  ex ovo, since in this period development  of 
muscle ranges from muscle cells containing few 
myofibri l lar  structures (day 13) to muscle tha t  has 
reached its adul t  composit ion (1 month)  (4). 

The  studies were extended to the dystrophic 
chicken whose breast  muscle loses the ability to 
cont rac t  (5). Fur ther ,  the fact tha t  dystrophy in 
the chicken is heredi tary  and  tha t  symptoms are 
manifest  early was a challenge to investigate 
possible alterations in the calcium metabol ism in 
the embryo and  in p re -aduh  periods. Before this 
investigation, informat ion was available only on 
adul t  dystrophic animals  (5). 

M A T E R I A L S  A N D  M E T H O D S  

Fertilized eggs from normal and dystrophic chickens 
were obtained from the University of Connecticut, 
Storrs, Connecticut, 2 and eggs from normal chickens 
from Shamrock Farms, New Jersey. Between 24 and 
48 hours after incubation, the eggs were injected 
with 60 to 120/zc of Ca~SC12 in a maximum volume 
of 0.1 cc of the radioactive solution per egg. 

General Procedures  

All procedures were performed at 4°C. Animals 
were decapitated and bled; the breast muscle was 
rapidly excised and placed in precooled (0°C) ho- 
mogenizing fluid. Final dilutions of all samples were 
10:1 w/v  (ex ovo tissues) or 6:1 w/w (in ovo tissues). 
Before homogenization, tissues were finely chopped 
with scissors, then gently homogenized in a power- 
driven glass tissue-grinder fitted with a radially 
serrated teflon pestle machined to a clearance of 
0.005 to 0.007 inch. The temperature of the ho- 
mogenate was always kept below 3°C by alternating 
the homogenization periods of 50 seconds with rest 
periods of 30 seconds. Total grinding time was 
regulated by microscopic examination for each 
homogenate. 

Because of the scope of the period of development 
which was selected, it was necessary to experiment 
with buffer media and homogenizing techniques 

1 Ca45C12 was obtained from the Oak Ridge Na- 
tional Laboratory, Oak Ridge, Tennessee. 

2 1 am indebted to Dr. Walter Landauer for a 
generous supply of eggs. 

suitable to the age of the experimental tissue. Our  
aim was to select media which provided the energy 
requirements of the cell particulates and which gave 
preparations of relaxed myofibrils. Further, the 
method of homogenization had to be controlled care- 
fully since severe grinding of tissues destroys myo- 
fibrils and mitochondria, and smaller particles of 
each portion so destroyed contaminate successive 
residues. A binocular Zeiss Photomicroscope equipped 
with phase contrast lenses (magnification, 2000) 
was used to examine the preparations. 

Prepara t ion  and A n a l y s i s  o f  A d u l t  M u s c l e  

aO~aOGENIZINO FLUID: The solution selected 
primarily to satisfy the energy requirements of the 
cell contained the following substances: Imidazole, 
0.01 M; KC1, 0.1 M; MgC12, 0.005 M; K-oxalate, 
0.001 ~a; K 2 H P O ,  0.005 M; MgATP, 0.002 M; 
PEP, 0.01 M; PEP Kinase, 0.05 mg/ml.  The energy 
systems were added to the solutions immediately 
before homogenization, z 

D I F F E R E N T I A L  C E N T R I F U O A T I O N  : A Spinco 
Model L ultracentrifuge was used to fractionate the 
muscle particulates. Fraction I, centrifuged at 2700 
RPM in a 30 Rotor for 15 minutes (Rmaz-856 g), 
consisted primarily of myofibrils, nuclei, and con- 
nective tissue; Fraction II, tbe mitochondrial residue, 
was centrifuged at 8500 RPM in the 30 Rotor for 20 
minutes, (Rmax-8481 g); Fraction III, designated as 
the microsomal fraction, contained all small particles 
centrifuged at 36,000 RPM for 60 minutes in the 40 
Rotor (Rma~-117,353 g); Fraction IV, was the super- 
natant  fluid from the high-speed centrifugation. 

R A D I O A C T I V E  D E T E R M I N A T I O N S :  Residues 
were quantitatively transferred to quartz crucibles, 
dried at 100°C overnight for dry weight determina- 
tions (DW), and then incinerated at 550°C, or wet- 
ashed with HNOa. Appropriate dilutions of the dry 
or wet-ashed residues were made to give aliquots for 
radioactive counting of less than 1.0 mg per planchet. 
A low background (approximately 1.5 to 1.8 EFM) 
gas flow windowed counter (Nuclear Chicago) was 
used to determine the radioactivity in each fraction. 
Specific activities (SA) were determined as CPM mg 
DW. To correct for decay values of the isotope and 
for radioactive dilution effects ex ovo due to calcium 
intake in the diet, excretory losses, and bone growth, 
the SA of the tissue was divided by the SA of the 
serum expressed as CPM nag serum. Final results are 

3Abbreviations used: ATP, Disodium salt of 
adenosine-5'-triphosphate (Calbiochem); PEP, Crys- 
talline tricyclohexylammonium salt of 2-phosphoenol- 
pyruvic acid (Boehringer and Soehne, Germany);  
PEP kinase, rabbit  muscle pyruvate kinase (Boeh- 
ringer and Soehne, Germany). The MgATP was 
made by mixing equimolar solutions of MgC12 and 
ATP. 
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expressed as SA of each fraction in cPM m g  D W  
divided by the  CPM m g  serum.  

Preparation and Analysis of Embryo Muscle 

H O M O G E N I Z I N G  F L U I D  ( H F ) :  Microscopic 
examina t ion  showed tha t  solutions tested for the ex 
ovo breast  tissue were unsui tab le  for the embryonic  
tissues. Mi tochondr ia  swelled to m a n y  t imes their 
original size and  resembled "crescent" - type  struc- 
tures (6); nuclei,  usual ly  oval-shaped in no rma l  
prepara t ions ,  were fully rounded  structures with an 
outer  m e m b r a n e  swelling to the  same size as the  nu-  
cleus; myofibrils became gelat inous or supercon-  
tracted.  These  microscopic observations indicated 
tha t  the  solutions used for adul t  tissues were hypotonic  
to the  subcel lular  s t ructures  of the  embryo  tissue. In  
addit ion,  a reverse ionic dis t r ibut ion is characterist ic  
of in ovo muscle (7). T h e  p rob lem was not  merely one 
of solution tonicity since homogeniza t ion  of the  tissue 
in 0.44 to 0.88 M sucrose obviated the  swelling of 
the  subcel lular  part iculates,  bu t  successive washings  
of each fraction wi th  fresh buffer  solution resulted 
in an  increase in the  a m o u n t  of radioactivi ty released 
ra ther  t h a n  the  decrease to be expected with isotope 
losses. This  increased loss of  Ca  45 with successive 
washings  implied a di lut ion of substances needed for 
the  fractions to retain their  radioactivity.  One  alter- 
nat ive  was to use the  an imal ' s  own tissue fluid for 
homogenizat ion.  Non-radioact ive  breast  muscles of 
embryos  of similar ages were homogen ized  in 0.44 
M SUCrose at a 10:1 di lut ion (w/w)  and  centr i fuged 
at 50,000 RPM for 90 minutes  in a Spinco 50 Rotor  
(Rma~-198,425 g). T h e  resul t ing supe rna t an t  was 
used und i lu ted  as a homogen iz ing  fluid (HF) for 
the  tissues of  the  radioact ive embryos  in a final dilu- 
t ion of 6:1 (w/w).  Approx imate ly  1 g m  of breast  
muscle  was obta ined  by pooling muscles of embryos  
of similar  weight.  O n e  breast  yields close to 0.35 g m  
of muscle.  Each  tissue sample  was examined  unde r  a 
dissecting microscope to remove  visible fat, blood 
vessels, and  con t ami na t i ng  feathers. 

D I F F E R E N T I A L  C E N T R I F U G A T I O N :  Fraction 
I was centr i fuged at 2700 RPM in a 30 Rotor  for 15 
minutes .  Owing  to the  densi ty of the  m e d i u m ,  Fraction 
H was centr i fuged at 18,000 RFM (8) for 16 minutes  
(Rma,-25,718 g), and  Fraction l I I  at 50,000 RPM for 
53 minutes  (Spinco 50 Rotor  was used for each).  
After one comple te  centr i fugat ion series, a 2-1111 
al iquot  of  the  supe rna t an t  (Fraction IV) was used to 
wash  the  residue of Fraction L T h e  resul t ing super-  
n a t a n t  was used as a wash  of Fraction II, and  the 

supe rna t an t  then  obta ined  was used as a wash  of 

Fraction IlI. T h e  final supe rna t an t  was analyzed 

separately and  designated as the  s u p e r n a t a n t  wash. 

Radioact iv i ty  did not  increase in the  wash  solutions. 

N I T R O G E N  A N A L Y S I S  A N D  R A D I O A C T I V E  

DETERMINATIONS: Owi ng  to the  r ap id  changes  

which  take place in the  ratio of  extraceIlular to cellu- 
lar phase  of embryon ic  tissue, SA is expressed as 
CPM m g  ni t rogen (N) ra ther  t han  as CPM m g  dry 
weight.  Residues were dissolved in 0.05 N N a O H  
(9), b rough t  to volume,  and  aliquots taken for radio- 
active pla t ing and  for n i t rogen analysis by a modifi- 
cat ion of the  Kje ldah l  procedure  of McKenz i e  and  
Wal lace  (10). T h e  total  muscle n i t rogen per g m  wet 
weight  tissue was approximate ly  9 to 15 m g  for 
embryos  of 13 to 21 days. T h e  a m o u n t  of  N cont r ibu-  
ted by the  homogen iz ing  fluid (HF) was approxi-  
mate ly  0.4 m g / m l  of fluid. To  correct for the  added  
N in the  HF m e d i u m  and  for the  relatively large 
vo lume of s u p e r n a t a n t  fluid occluded in the  low- 
speed fraction, the  following relat ionship was used:  

[(Vh -- DW)  -- Vs] N /ml  = Tn 

where:  

Vh = Vo lume  of homogena t e  sample.  
D W = Dry  weight  vo lume of muscle sample  

(Table I). 
V~ = Vo lume  of supe rna tan t  ob ta ined  experi-  

menta l ly  (Fraction IV). 
N /ml  = Nitrogen content  in m g / m l  of Vs. 
Tn = Tota l  n i t rogen content  of  fluid occluded 

in Fraction L 

This  a m o u n t  (Tn) and  its equivalent  cFM were 
subt rac ted  f rom corresponding values of  Fraction I 
and  added  to Fraction IV. To  check the ca lcula ted  
value of recoverable superna tan t ,  homogena tes  were 
centr i fuged at approx imate ly  200,000 g for 2 to 3 
hours.  T h e  resul t ing vo lume  of s u p e r n a t a n t  agreed 
to wi thin  2 per  cent  of  the  ca lcula ted  value. Fur ther ,  
the  a m o u n t  of n i t rogen  added  by the  HF was sub-  
t racted f rom the supe rna t an t  fraction. Thus ,  the  
total  n i t rogen of Fraction I V  was calcula ted with the  
following relat ionship : 

(T. + T~) -- Ths = T~. 

where : 

T8 = Tota l  supe rna t an t  n i t rogen  recovered ¢x- 
per imentaf ly  (Fraction IV). 

Tn = Tota l  n i t rogen content  of  the  occluded fluid 
subt rac ted  f rom Fraction I. 

Th/ = Tota l  n i t rogen content  of the  added homoge-  
nizing fluid (HF). 

Tn8 = Tota l  calculated ni t rogen of the  supe rna t an t  
(Fraction IV). 

This  calcula ted value (Tns) was used to de te rmine  

the  SA of Fraction IV. Calculat ions to correct for 

fluid occluded in the  pellets of  Fractions H and  III  

were unnecessary  since differences in the  N conten t  

ETHEL CosMos Intraeellular Distribution of Calcium 243 



of these fractions isolated in 0.44 M sucrose and the 
HF medium were slight, especially after a dry re- 
centrifugation of each pellet. 

To correct for isotope decay in the in ovo tissues, 
the SA of the muscle fraction was divided by the 
SA of the heart. 4 For this analysis, hearts were cleaned 
of aortas, bisected, and drained on glass by wiping 
the opened heart across the glass surface. These 
were analyzed for counts and total nitrogen as 
described above. The SA in embryo fractions then 
is expressed as cP~ mg N of the fraction divided by 
the cPM nag N of the pooled hearts. 

Finally, precautions were taken to keep experi- 
mental equipment free of calcium. Glassware was 
soaked in citric acid and HC1. Only glass-distilled 
water was used for rinsing and for making solutions. 

R E S U L T S  A N D  D I S C U S S I O N  

Since these experiments were carried out over a 
period of active development and growth in the 
chicken, a knowledge of the muscle structure at the 
various stages of development was helpful for the 
interpretation of the experimental findings. 
Routine histological preparations (done by Miss 
Yolanda Pagan) were made of each experimental 
tissue. Examination of these preparations (Fig. I) 
and homogenate samples showed that in a 13- 
day embryo the muscle is composed mainly of 
nuclei, mitochondria, microsomes, and the pre- 
cursors of myofibrils, myoblasts, and myotubles. 
Biochemical data also indicate the presence of a 
high nuclear-myofibrillar ratio at this stage of 
development (l 1). During the last 7 days of 
embryonic development, the high nuclear-myo- 
fibrillar ratio is rapidly reversed, owing to the 
increased synthesis of both connective tissue and 
myofibrils. Further, the bulk of myofibrils formed 
during this period up to 30 days after hatching 
serve to dilute other muscle components, 

Fig. 2 correlates the age in days and weight in 
grams of normal animals. Owing to the variability 
in weights of embryos sacrificed on a specific day 
after incubation, the days of incubation could not 
be used as a criterion of age (4). The straight line 
is drawn through points obtained from one batch 
of normal eggs and was the basis for determining 
the exact age of experimental embryos. Each point 

4 Serum samples obtained from bleeding decapi- 
tated embryos were contaminated with the radio- 
activity of extraembryonic fluids. More tedious 
methods of removing blood from the animals would 
not permit rapid excision of the breast tissue. As a 
result, heart tissue was used to correct for isotope 
decay in the embryos. 

T A B L E  I 

Dry Weights of Developing Breast Muscle 
of Normal and Dystrophic Chicken 

Embryos 

Age of embryo 
Dry wt as per cent wet wt 

Normal Dystrophic 

days 

12 7.5 7.4 
(7.1-8.0) (7.1-7.8) 

13 8.2 8.0 
(7.9-8.6) (7.5-8.5) 

14 8.4 8.9 
(8.3-8.7) (8.2-9.4) 

15 8.9 9.6 
(8.3-9.7) (8.8-11.3) 

16 10.6 10.0 
(9.6-12.3) (9.4-10.6) 

17 11.5 11.2 
(10.2-13.3) (10.6-12.3) 

18 12.4 11.8 
(11.1-13.4) (10.9-13.8) 

19 12.7 12.0 
(12.0-13.5) (l1.1-12.9) 

20 12.2 13.2 
(9.8-14.4) (12.2-14.5) 

21 12.1 13.9 
(10.2-13.9) (12.9-15.7) 

Samples were tightly folded in tin foil at 4°C, 
weighed (wet weight), dried under an infrared 
lamp, and allowed to remain in a vacuum oven at 
100*C overnight before dry weights were deter- 
mined. The range of dry weight is indicated under 
each average. A total of 107 dry weight determina- 
tions was done for normal breast tissue, and 97 for 
dystrophic tissue. 

of the line is an average of 6 embryos of similar 
weight. The scatter points were not used in draw- 
ing the line, but  they are included to emphasize 
the variability in weights of embryos sacrificed 
on the same day. The large increase in weights from 
approximately 19.5 days to hatching (21 days) 
results from the absorption of the yolk sac. Before 
the animals were weighed, all embryonic mem- 
branes were removed, the yolk sac cut, and the 
embryos were blotted on wet filter paper. 

Fig. 3 shows the distribution of calcium among 
the various subcellular fractions in the breast 
muscle of normal chickens from 13 days in ovo to 
hatching (21 days). In  the 13-day embryo, the 
low-speed fraction contains almost 65 per cent 
of the total calcium of the muscle; and by 30 days 

2 4 4  T n s  JOURNAL OF CELL BIOLOGY • VOLUME ~ ,  1964 



ex ovo the value has dropped to approximately 
I0 per cent of the total. During this entire period, 
synthesis of myofibrils continues. Since there is 
no concomitant increase in the SA, these data 
suggest that this calcium is not associated with 
the contractile structures. 

The high SA seen in in Fraction I of the 13-day 
embryo can probably be attributed to calcium 
in the nuclei since these structures make up the 
greater portion of the low-speed fraction at this 
period. Were there no other structures taking up 
calcium in this fraction, the curve would show 
a continual decline corresponding to a dilution of 
the nuclear material per unit weight of sample. 
However, in the period between days 14 and 19, 
we note a sharp increase and then a decrease in 
SA. This would have to be associated with a 
fraction showing a marked increase in develop- 
ment during this short period, but which, 
after hatching, showed a decrease in terms 
of percentage of the total nitrogen of the 
muscle. The myofibrils are an unlikely repository 
of the calcium since they continue to be synthesized 
after birth (12, 13). However, analyses of connec- 
tive tissue in Fraction I indicate a sharp increase 
from amounts of less than 2 per cent of the total 
nitrogen at day 14 to about 16 per cent at day 19. 
In the adult, connective tissue nitrogen comprises 
less than 5 per cent of the total nitrogen. These 
data agree with values previously published. Fur- 
ther, from day 19 to day 21 there is an actual 
drop in the percentage of connective tissue as re- 
lated to total protein (4). Connective tissue is fully 
differentiated at hatching. 

Unlike it does in the low-speed fraction, the 
SA of the mitochondria and microsomes increases 
progressively during development. The change 
in SA of mitochondria from about 30 per cent of 
the total at day 13 to a maximum at hatching 
indicates a key role of mitochondria in the physio- 
logical activities of calcium. The gradual increase 
in the SA of the microsomal fraction may be corre- 
lated with the development of the sarcotubular 
system concomitant with that of the myofibrils. 
The role of calcium of this system, then, is only 
maximal when the adult composition is reached. 
The increase in both mitochondrial and micro- 

somal SA parallels an increase in the energy sys- 
tems of muscle tissue during this period of devel- 
opment (12, 14, 15). The fact that energy systems 
are at a low level and that oxygen is in relatively 
poor supply may account for the low SA seen dur- 

ing embryonic development of both the mitochon- 
drial and microsomal fractions. 

The soluble substances of the supernatant con- 
tain less than 0.5 per cent of the total SA in all 
ages studied. 

In Fig. 4 the distribution of calcium in the 
breast muscle of the dystrophic chicken is shown. 
As in the normal animal, the highest percentage 
of calcium is in Fraction I, at a time when the 
nuclear-myofibrillar ratio is high. Since up to 
day 18 the SA of Fraction I of dystrophic muscle 
drops less than l0 per cent of its day 14 value, in 
contrast to a drop of approximately 50 per cent 
from day 13 to 15 in the normal tissue, we con- 
cluded that the nuclear-myofibrillar ratio con- 
tinues high as a result of increased synthesis of 
nuclei or of decreased synthesis of myofibrils. 
The additional peak of increased SA between 
days 14 and 19 in the normal animal is noted 
also in the dystrophic tissue, but is of a different 
magnitude. 

Observations made during the period around 
hatching may be difficult to interpret because of 
the many rapid changes that occur in water 
shifts, nitrogen content (4), and body weight 
(Fig. 2). Thus, before hatching, these parameters 
suddenly increase, and then after hatching they 
decrease. The decrease in SA noted during this 
period reflects the rapid growth of myofibrils 
with its diluting of the calcium-associated struc- 
tures, nuclei and connective tissue. 

In Fig. 5 the intracellular distribution of cal- 
cium in the muscle of normal chickens is compared 
with that of dystrophic chickens. The 14-day 
embryo was selected for comparison since it is 
at this stage of development that differences 
between normal and dystrophic animals are first 
apparent in these experiments. Animals younger 
than 13 or 14 days were not studied, because of the 
difficulties in obtaining samples of breast muscle. 
At this stage of development, the high water 
content (Table I) prevents proper manipulation 
of the muscle tissue. In both the embryonic and 
adult tissues, the SA of Fraction I is higher in the 
dystrophic muscle and the SA of Fractions I I  and 
I I I  is lower in the abnormal muscle. Fraction I V  is 
not included since the SA of this fraction was 

similar in both series. The distribution in the 
14-day embryo represents the calcium localization 
in non-functioning muscles. In the adult muscle, 
which performs physiological work, the calcium 
distribution is reversed. ~he large increases in 
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FIGURE 1 a Photomicrograph of the breast muscle of a 1S-day chick embryo to show the character- 
istic high nuclear-myofibrillar ratio. The tissue was fixed in formal-calcium, cut at 5 it, and stained with 
hematoxylin and eosin. Magnification, 509. Myofibrils, m; nuclei, nuc; myotubules, mr; reticulum, ret. 
FIGURE 1 b Photomicrograph to show an enlargement of a myotubule taken from a freshly homog- 
enized breast muscle of a 1S-day chick embryo. Characteristic of the myotubule are the centrally 
localed nuclei, young myofibrils limited to the periphery of the tubule, and cellular inclusions seen as 
dark bodies inside the tubule (mainly mitochondria). As the myofibrils continue to be synthesized, filling 
the tubule, the nuclear-myofibrillar ratio decreases Magnification, ~085 (phase contrast). Myofibrils, 
m; nucleus, nuc. 
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FIGURE 1 c Photomicrograph of a 19-day chick embryo breast muscle fixed, stained, and cut as de- 
scribed in Fig. 1 a. The number of myofihrils has greatly increased as has the amount of collagenous 
connective tissue between fibers. Magnification, 509. Myofibrils, m; collagenous connective tissue, col; 
nuclei, nuc. 
FIGUR~ 1 d Photomicrograph of the breast muscle of a 1-month-old adult chicken fixed, stained, and 
cut as described in Fig. I a. In the adult muscle the nuclear-myofibrillar ratio is low (cf. Figs. 1 a and 
c). The muscle is more compact due to the increase in size of muscle fibers and the decrease in spac- 
ing between fibers. The dry weight of this muscle is 24 per cent of the wet weight as compared to 8 per 
cent in the 13-day embryo (Table I). Magnification, 509. Myofihrils, m; nuclei, nuc. 
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SA of Fractions H and I I I  emphasize their impor- 
tance in regulating the movements of calcium in 
the cell. 

The role of calcium in both the contraction and 
relaxation of muscle fibers has been empasized. 
The emphasis to date has been placed upon myo- 
fibrils and microsomes and upon the formulation 

preliminary observations, made on both normal 
and dystrophic tissue, emphasize the importance 
of mitochondria in both the releasing and binding 
of calcium during or after contraction and relaxa- 
tion. One might postulate that the sarcoplasmic 
reticulum (microsomal fraction) may be the 
mediator for transporting calcium from the cell 
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the variability in weights of embryos sacrificed on a specific day after incubation and the inaccuracy of 
using the days of incubation as a criterion of age. Note the large increase in weight from day 19.5 to 
hatching (~1 days), followed by much variability after hatching. 

that free calcium in the muscle leads to contrac- 
tion of myofibrils (16, 17) and that removal of 
calcium either by chelating agents (18) or 
physiologically by microsomes gives relaxation 
(19). However, in our preparations, we have shown 
that mitochondria in the presence of all other 
components of the cell demonstrate a greater 
affinity for calcium than do other subcellular 
structures. Further, experiments not presented 
here indicate an increase in myofibrillar calcium 
and a decrease in mitochondrial calcium in prep- 
arations of supercontracted myofibrils. These 

membrane to the cell interior, but the mitochon- 
dria may regulate calcium movement  within the 
cell during activity. Both structures seem to be 
dependent on some form of energy for the uptake 
and retention of calcium in vitro (20-22); both 
of them show an increase in calcium content 
during the period of rapid myofibrillar synthesis, 
except that a maximal mitochondrial level is 
attained at hatching when myofibrils are ready 
to perform physiological work. 

In dystrophic muscle which progressively loses 
its normal function, an upset in the distribution of 
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calcium was observed as early as the last week of 
embryonic development. If  the high SA of Fraction 

I in the embryo is due to an increased synthesis 
of nuclei, it would imply an alteration in the 
cell's protein metabolism at any early period. 
Examination of histological sections of ex ovo 
dystrophic muscle shows early increases in number 
of nuclei identified as muscle and phagocytic cell 
nuclei (eosinophilic, basophilic, mononuclear 
cells). The  invasion of cells seems to be associated 
with myofibrillar destruction. The  increased cal- 
cium in the embryo may be associated with the 
nuclei of invading cells; if so, it would imply a 
destruction of tissue during the early formation of 
contractile proteins. 

Connective tissue structures, however, also show 
an affinity for calcium (Fig. 3). Preliminary experi- 
ments done in this laboratory indicate that con- 
nective tissue removed from Fraction I (i.e., tissue 

insoluble in 0.05 N NaOH)  (9) can precipitate 90 
per cent of the radioactivity of the fraction. Fur- 
ther, increases in the amount  of connective tissue 
are seen early in the dystrophic tissue (by 6 weeks 
ex ovo). Connective tissue high in calcium could 
serve to alter the calcium medium for membranes 
of muscle cells and thus affect both membrane 
permeability and excitability (23, 24). 

The foregoing experiments represent initial 
efforts to investigate the distribution of calcium in 
the subcellular structures of developing and adult 
muscle as it exists in the living cell. Media were 
selected for the suspension of the cell fractions 
which would provide environmental conditions 
and energy requirements of the living cell, since 
solutions facilitating the uptake of exogenous 
calcium by isolated subceUular fractions in vitro 

(20-22) are also instrumental in retention of 
endogenous calcium by cell structures (21). 
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FIGURE 3 The intracellular distribution of calcium among the subcellular fractions of muscles from 
normal embryos. Each bar represents a pooling of 4 to 8 embryos, depending on the age. Specific activity 
is expressed as CPM mg N of the fraction divided by the cP~ mg N of the pooled hearts. Kjeldahl nitrogen 
analysis on each fraction was done in duplicate or triplicate; ceM were determined on sample weights from 
0.1 to 1 mg for each fraction. The high SA of a 13-day embryo of Fraction I (nuclei, connective tissue, 
myofibrils) is associated with nuclei; the second peak between day 14, and 19, with connective tissue pro- 
liferation; and the low SA from day 19 to ~l, with increased myofibrillar synthesis serving to dilute tile 
other structures containing calcium. The increases in the SA of the mitochondrial and microsomal frac- 
tions (Fractions I I  and I I I )  are associated with increased energy systems and functioning myofibrils 
(see text). The supernatant (Fraction IV)  contained less than 0.5 per cent of the total muscle calcium in 
experiments of all the age groups studied. 
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The use of oxalate in the incubating media of 
sarcoplasmic reticulum fragments (19, 22) results 
in increases in the uptake of calcium by these 
structures either by facilitating transport o r  by 
precipitating calcium in the tubules (22). Oxalate 
added to the medium in the present study would 
presumably enter the microsomal fragments and 
precipitate the calcium in situ. 

Slater and Cleland (25) have reported on inves- 
tigations indicating that during homogenization 
the sarcosomes (mitochondria) of rat heart muscle 
bind all the calcium in the tissue, even when only 
30 per cent of the total sarcosomes are released 
into the medium. They concluded that in vivo all 
the calcium is found in the sarcoplasm or extra- 
cellular spaces, and that it is bound by the sarco- 
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X~I6URE 4 The intracellular distribution of calcium in the breast muscle of dystrophic chicken embryos. 
Each bar represents a pooling of 4 to 8 embryos, depending on the age. Specific activity is expressed as 
cP• mg N of the fraction divided by the ce~ mg N of the pooled hearts. Kjeldahl nitrogen analysis on 
each fraction was done in duplicate or triplicate; cP~ were determined on sample weights from 0.1 to 
1 mg for each fraction. For discussion, see text. 

Since activities of the cell are greatly retarded 
at low temperatures, homogenization followed by 
the isolation of fractions was done at approxi- 
mately 0°C. Studies of calcium uptake by isolated 
kidney mitochondria incubated in vitro in media 
which seem to afford opt imum conditions for the 
uptake of calcium indicate that at 0°C the level 
of calcium in the mitochondria remains relatively 
constant. When the incubation temperature was 
raised from 0 ° to 30°C, the mitochondrial calcium 
increased about fourfold (21). These experiments 
emphasize that at low temperatures the mobility 
of calcium, as well as metabolic activities of the 
cell, is reduced. 

somes only in vitro. The fact that studies in vitro 
show that 70 per cent of the calcium in heart 
ventricles is rapidly exchanged for Ca 45 in the 
bathing medium compared to 20 per cent in 
skeletal muscle under similar conditions (26) 
indicates that calcium in the heart is more loosely 
bound. In  none of the experiments reported in 
the present paper was all of the tissue calcium in 
the mitochondria (see Figs. 3 to 5), but, instead, 
the calcium was distributed among the cell frac- 
tions in amounts depending upon the develop- 
mental stage or physiological activity of the muscle. 
Further differences between dystrophic and normal 
tissue were also observed. 
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FmuR~ 5 The figure contrasts the intraeellular distribution of calcium in breast muscles of normal 
chickens with that  of dystrophic cbickens for the embryonic and adult animals. Specific activity (SA) 
is expressed as cP~ mg N in the embryo, and CPM mg DW in the adult. Owing to the decreased radio- 
activity of adult tissue, samples to be analyzed for radioactivity were ashed at 550°C. The shaded bars 
refer to the dystrophic animals, and the plain bars, to the normal animals. The 14-day embryos were 
selected for comparison since it is at this stage that  differences between normal and dystrophic tissues 
are first apparent. The adult series represents the SA of tissues from experiments of ~6- to 34-day animals 
(5 to 6 experiments, normal and dystrophic), since a leveling off of SA was seen during this time. Roman 
numerals refer to the fractions: nuclei, connective tissue, myoflbrils constitute Fraction l; mitochondria, 
Fraction II; microsomes, Fraction III .  The graph emphasizes the intraeellular distribution of calcium 
in a muscle which is not performing physiological work (14-day embryo) and in one which is functional 
as an adult tissue. In the adult, the SA of the mitochondria (Fraction II) is more than 3 times greater than 
the SA of the microsomes (Fraction III). In the dystrophic animal, the SA of the mitochondria and the 
microsomes is lower than corresponding values in the normal tissue, and the SA of Fraction I is higher. 

Reports of part  of this work have been given else- 
where (27, 28). 
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