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Summary. Myosatellite cells were examined and quantified at the fine structural 
level of  resolution during aging of  skeletal muscles in mice and rats. Satellite 
cells in the soleus and gastrocnemius muscles of  animals between eight and 30 
months of  age appeared, according to morphological criteria, metabolically less 
active than those examined in immature muscles. In the soleus muscle of  the 
mouse, satellite cells decreased in number  from 4.6 % at eight months of  age to 
2.4% at 30 months. This decrease appeared to be due to the passage of some 
satellite cells into the interstitial space as a result of  the formation of  external 
lamina material around the entire satellite cell surface. 
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Introduction 

Myosatellite cells are small, mononucleated, structurally undifferentiated cells 
found in a variety of  vertebrate skeletal muscle fibers between external lamina and 
sarcolemma (Reviewed by Muir, 1970). Ever since satellite cells were first described 
by Mauro in 1961, considerable interest has been directed toward determining their 
functional significance during various physiologic and pathologic states. Moss and 
Leblond (1971) have shown that, during muscle growth in the rat, satellite cells 
divide and one or both daughter cells fuse with an adjacent myofiber, thus 
contributing to an increase in total myonuclei. A similar recruitment of  satellite cells 
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has  been suggested dur ing  compensa to ry  h y p e r t r o p h y  o f  muscle in the ra t  
(Schiaff ino et al., 1976). Recently,  Snow (1977b) demons t r a t ed  tha t  in unin jured  
h ind l imb  muscles o f  young  rats,  satelli te cells labeled with 3H-thymidine  can 
become regenera t ing  myob las t s  fol lowing mincing and  t ransp lan ta t ion .  

A l t h o u g h  such studies clear ly indicate  the myogenic  capac i ty  o f  satelli te cells in 
y o u n g  muscles,  i n fo rma t ion  regard ing  the structure,  d is t r ibut ion  and  funct ion o f  
satell i te cells in adu l t  muscle  has been sparse  and  somewhat  cont rad ic tory .  I t  has 
been repor ted ,  for example ,  tha t  such cells are  extremely rare or  absent  in unin jured  
muscles  o f  adu l t  rabbi t s  and  mice (Reznik,  1969), adu l t  rats  (Elyakova ,  1972), and  
p o s t - m e t a m o r p h i c  newts (Hay  and  Doyle ,  1973; Popiela ,  1976). In  contras t ,  
G u t m a n n  and  Hanzl ikov/ t  (1972) p rov ided  f ine-s t ructura l  ver i f icat ion of, but  d id  
no t  quant i t a te ,  satell i te cells in the levator  ani muscle o f  th ree-year -o ld  rats. M o r e  
recently,  Schul tz  (1976) descr ibed  the cytological  features  o f  satelli te cells in 
lumbr ica l  muscles  o f  mice up  to 10 mon ths  o f  age, bu t  again,  this s tudy d id  not  
include quan t i f i ca t ion  o f  the satelli te cell popu la t ion .  A l l b r o o k  et al. (1971), on the 
o ther  hand ,  examined  the frequency o f  satelli te cells dur ing  aging o f  ra t  and  mouse  
muscle.  Thei r  s tudy was p r imar i ly  concerned with changes in satellite cell numbers  
dur ing  muscle  growth,  but  they d id  repor t  app rox ima te ly  4.2 % satellite cells in bo th  
the subclavius  muscle  o f  170-day-o ld  rats  and  the peroneus  longus muscle o f  140- 
d a y - o l d  mice. There  are no avai lable  studies on the d is t r ibu t ion  o f  satellite cells in 
muscles  o f  ra ts  or  mice o lder  than  these. The  only  quant i t a t ive  da t a  on satell i te ceil 
d i s t r ibu t ion  in senile muscle  has been p rov ided  by  Schmalbruch  and  He l lhammer  
(1976) who found  0.5 % satelli te cells in a l imb muscle o f  a 73-year -o ld  man.  It  is the 
pu rpose  o f  the present  s tudy to de termine  the cytological  features and  frequency o f  
satell i te cells in non-growing ,  unin jured  muscles o f  adu l t  and  senile mice and  rats. 
The  f indings clearly demons t r a t e  the presence o f  satelli te cells at  all ages examined,  
a l t hough  in the mouse  the number  o f  such cells decreases between adul t  and  senile 
stages. This  decrease appea r s  to be due to the passage o f  some satelli te cells into the 
inters t i t ia l  space dur ing  no rma l  aging. 

Materials and Methods 

Fourteen C57 black Iackson mice and four Sprague-Dawley rats of both sexes, obtained from the animal 
colony maintained by Dr. Caleb Finch at the Andrus Gerontology Center of the University of Southern 
California, Los Angeles, California, were divided into an eight to ten-month-old group, a 19 to 20- 
month-old group, and a 29 to 30-month-old group. The four Sprague-Dawley rats were 29 months old. 
Since the maximal life expectancy of mice and rats is about 36 months, the 29 to 30-month-old animals 
were considered senile. The soleus and gastrocnemius muscles from both hindlimbs were removed under 
sodium pentobarbital anesthesia and pre-fixed by immersion in 2.0% glutaraldehyde plus 2.5% 
paraformaldehyde (Karnovsky, 1965) buffered to pH 7.4 with 0.1 M sodium cacodylate. The muscles 
were post-fixed for one hour in 1% osmium tetroxide, and dehydrated in ethanols. Thin Epon- 
embedded sections were mounted on carbon-coated 200 mesh grids, stained with uranyl acetate and lead 
citrate, and examined with a JEOL 100C electron microscope. Satellite cells and myonuclei were counted 
on single transverse sections and the grid squares were used as a counting reticle. Identification of 
satellite cells was verified by means of high magnification electron micrographs, and the frequency of 
satellite cells was expressed as a percentage of the total number of satellite cell nuclei and myonuclei. 
Determination of the mean size of satellite cell nuclei and myonuclei was based on measurements of the 
length, width and height of 14 satellite nuclei and 19 myonuclei in transverse and longitudinal sections of 
mouse soleus muscle. 
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Results 

Satellite cells in uninjured skeletal muscle of young (one to two-month-old) rats and 
mice have been described previously (Allbrook et al., 1971; Moss and Leblond, 
1971; Schultz, 1974, 1975; Cardasis and Cooper, 1975; Snow, 1977a); therefore 
only a brief description of such cells will be given here. All satellite cells observed in 
soleus muscles of young animals were separated from the underlying myofiber by a 
20 to 60 nm space devoid of any external lamina material (Fig. 1). Most satellite cells 
displayed a euchromatic nucleus with a prominent nucleolus and, in general, a high 
nuclear to cytoplasmic ratio (Fig. 1). The cytoplasm typically contained 
polyribosomes, mitochondria, some rough endoplasmic reticulum and a pre- 
dominant Golgi apparatus. Occasionally satellite cells were observed to be 
undergoing mitosis. Thus, based on nuclear and cytoplasmic morphology, most 
satellite cells in young muscle appeared metabolically active. 

Satellite cells were observed in soleus and gastrocnemius muscles at each of the 
adult ages examined; their cytological features did not differ markedly between 
eight and 30 months of age (Figs. 2, 3, 5, 6). However, when compared to those in 
younger muscles, the adult and senile satellite cells appeared less active according to 
morphological criteria. Heterochromatin was a typical feature of the nucleus, and 
nucleoli were rarely observed (Figs. 2, 3, 5). In addition, the nuclear to cytoplasmic 
ratio appeared higher in the older satellite cells. Profiles of  rough endoplasmic 
reticulum with dilated cisternae were rarely seen, and in general the Golgi apparatus 
was poorly developed. Microtubules and microfilaments were only occasionally 
seen and glycogen was not detected. Caveolae seemed to be less abundant on both 
the internal and external surfaces of the adult satellite cells. Nuclei of satellite cells 
in the older muscles were approximately the same size (height x width x length) as 
those in younger animals (1.5 • 4.1 x 12.0 microns and 2.4 • 4.3 x 12.1 microns, 
respectively). Although adult satellite ceils were never observed to be undergoing 
mitosis in this study, centrioles were occasionally seen even as late as 30 months of 
age (Fig. 3). Satellite cells were also observed in association with intrafusal muscle 
fibers in uninjured, adult, soleus muscle (Fig. 4). Cytologically, satellite cells in 
muscle spindles appeared similar to those described in extrafusal myofibers. 

One of the more interesting present findings was the apparent change with age in 
the external lamina-satellite cell relationship. Examination of satellite cells from 
each of the three adult groups revealed several examples of external lamina material 
in the satellite cell-myofiber interspace (Figs. 5, 6). As mentioned above, this region 
in younger muscles does not contain external lamina material (Fig. 1). In some of 
the adult satellite cells external lamina material occupied only a small peripheral 
portion of the satellite cell-myofiber interspace (Fig. 5), while in others the external 
lamina occupied most of this interspace (Fig. 6). In all such cases, there was a region 
of the satellite cell-myofiber interspace which maintained a typical 20 to 60 nm 
separation between the satellite cell and the myofiber. Occasionally, small 
mononucleated cells which indented the adjacent muscle fiber surface appeared 
completely surrounded by an external lamina (Figs. 7, 8 a, 8 b). Examination of 
serial sections through such cells verified that these cells could not be classified as 
satellite cells because the external lamina material filled the satellite-myofiber 
interspace (Figs. 8 a, b). Finally, measurements of the external lamina in adult and 
senile muscles revealed that it was about twice as thick as in younger animals. 



402 M.H. Snow 

Fig. 1. Satellite cell in soleus muscle of  one-month-old rat. External lamina (EL) covers outer surface of  
satellite cell but does not  penetrate satellite-myofiber interspace, x 15,000 

Fig. 2. Satellite cell in soleus muscle of  eight-month-old mouse. Note condensed heterochromatin in 
periphery of  nucleus, x 18,940 

Fig. 3. Satellite cell in gastrocnemius muscle of  29-month-old rat. Note centriole (C) in cytoplasm. 
x 17,000 



Fig. 4. Cross section of muscle spindle in soleus muscle of eight-month-old mouse. Two satellite cells 
(arrows) associated with two intrafusal fibers. • 12,000 

Fig. 5. Satellite cell in soleus muscle of eight-month-old mouse. Note external lamina material (arrow) in 
small portion of satellite-myofiber interspace, x 23,400 

Fig. 6. Satellite cell in soleus muscle of 29-month-old mouse. External lamina material present in large 
portion of satellite-myofiber interspace (arrows). Note differences in size and chromatin distribution 
between satellite cell nucleus and myonucleus (MN). x 24,100 
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Fig. 7. Undifferentiated appearing cell in soleus muscle of  29-month-old mouse, External lamina 
material (arrows) completely fills interval between cell and underlying myofiber. • 22,100 

Fig. 8. a Undifferentiated-appearing cell in soleus muscle of  29-month-old mouse. External lamina 
material(arrows) completely fills interval between cell and underlying myofiber, x 22,100. b Same cell as 
in 8a, but  7 !a deep to Fig. 8a. Examination of  such serial sections confirms presence of external lamina 
(arrows) around entire cell. • 22,100 
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Table 1. Frequency of myosatellite cells in uninjured adult soleus muscle of the mouse 
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Age Number of Number of Percentage of 
myonuclei observed myos~ttellite c e l l  myosatellite cells 

nuclei observed 

8-10months 387 19 4.6% 
19-20months 264 12 4.3% 
29-30months 498 12 2.4% 

The distribution of  satellite cells in uninjured soleus muscles of the mouse is 
summarized in Table 1. Included in these quantitative data are those satellite cells 
which were partially separated from the underlying myofiber by external lamina 
material. Those cells which appeared to be completely separated from the myofiber 
by external lamina were not included. Table 1 shows that a significant decrease in 
the percentage of  satellite cells from 4.6 % to 2.4 % occurs between eight and 30 
months of  age. 

Although all muscles in this study were uninjured, a variety of pathologic 
changes, which appeared to progress with age, were noted in a few of  the muscle 
fbers  examined. In the sarcoplasm, lipofuscin granules, a few abnormal 
mitochondria and areas of  myofilament dissolution were noted. Tubular 
aggregates were occasionally seen but only in the gastrocnemius muscle (Fig. 7). 
Myonuclei frequently displayed varying degrees of  heterochromatin around the 
periphery of  the nucleus, and a few myonuclei were centrally located. Motor  end- 
plates occasionally appeared abnormal in that they either contained an abundance 
of  neurofilaments and neurotubules or appeared more dense than normal due to an 
apparent accumulation of  presynaptic vesicles. 

Discussion 

This study demonstrates that satellite cells are present in uninjured soleus and 
gastrocnemius muscles of  adult and senile mice and rats. Moreover, in the soleus 
muscle of  the mouse, satellite cell nuclei represent about 4.6 % of  all nuclei counted 
beneath the external lamina at eight months of  age, whereas about 2.4 % satellite 
cells were noted at 30 months of  age. The 4.6 % figure at eight months is consistent 
with the 4.2% value calculated by Allbrook et al. (1971) in the peroneus longus 
muscle of four to five-month-old mice. Although no other reports exist regarding 
precise quantification of  satellite cells in senile muscle, Gutmann and Hanzlikov/t 
(1972) have observed satellite cells in the levator ani muscle of  three-year-old rats, 
and Schmalbruch and Hellhammer (1976) observed a single satellite cell in the 
extensor digitorum muscle of  a 73-year-old man. Recently, Ontell (1974) reported 
0.7 % satellite cells in the tibialis anterior muscle of 800 gm rats. However, it is 
difficult to correlate these findings with the present investigation since the age of  
the rats was not given and her calculations were based on the total number of  nuclei 
within the muscle, rather than the number of  nuclei within the external lamina. It is 
possible, however, that the frequency of  satellite cells varies between fast-twitch and 
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slow-twitch muscles as indicated in a study of adult rat muscles by Kelly (1975) who 
counted 5 ~o satellite cells in the slow-twitch soleus muscle and 0.4 ~ in the fast- 
twitch extensor digitorum longus muscle. 

The role of  satellite cells during the regeneration of  skeletal muscle has been a 
subject of  much interest and controversy since Mauro (1961 ) first described satellite 
cells in adult frog muscle. At present there seems to be little doubt that satellite cells 
in growing muscles of young mammals can become regenerating myoblasts after 
injury (Snow, 1977b). However, it has been argued that satellite cells are either 
absent or extremely rare in undamaged, non-growing, adult muscle, and therefore 
they cannot be considered a major source of regenerating myoblasts (Reznik, 1970, 
1976; Elyakova, 1972; Hay, 1974; Mastaglia et al., 1975). According to these 
investigators the major source of regenerating myoblasts in adult muscle is from 
mature muscle fibers which bud off mononucleated cellular fragments following 
muscle injury. Although the present study does not provide definitive evidence 
regarding the origin of  regenerating myoblasts in adult tissue, it does substantiate 
that satellite cells are present in significant numbers in adult soleus muscle of mice. 
Therefore, they may contribute to a regenerative response. At present there is no 
available evidence which eliminates the possibility that in adult muscle, 
regenerating myoblasts may be derived from more than one source. 

The greater density of adult and senile satellite cell nuclei reported here is 
consistent with the findings recently published by Schultz (1976) who examined the 
fine structural features of  satellite cells in lumbrical muscles of mice between the 
ages of  one and 10 months. Thus, on structural grounds, older satellite cells appear 
to be less active than satellite cells in growing muscle. This conclusion appears to be 
consistent with the fact that satellite cells in young muscles have been shown to be 
able to divide and then fuse with their adjacent growing muscle fiber (Moss and 
Leblond, 1972; Snow, 1977b), whereas neither metabolic nor mitotic activity have 
been demonstrated in satellite cells in non-growing adult muscles. 

The appearance of  varying amounts of  external lamina material in the 
interspace between eight and 30-month-old satellite cells and their underlying 
myofiber has also been noted in 10-month-old satellite cells in lumbrical muscles of 
mice (Schultz, 1976). In adult and senile muscle in this study a few structurally 
undifferentiated cells appeared to be completely surrounded by an external lamina 
and, therefore, such cells were not classified as satellite cells, but rather they seemed 
to resemble most closely pericytes in the interstitial space. Although encroachment 
into the satellite-myofiber interspace by external lamina material was noted at each 
of  the older ages examined, it seemed to be more frequently encountered in the 
oldest group. It might be argued, based on examination of the electron 
micrographs, that mononucleated cells may be passing into the muscle fiber 
compartment rather than o u t  into the connective tissue compartment. The 
quantitative data presented here tend not to support this view since the percent of 
satellite cells decreases between eight and 30 months of age. Thus, the evidence 
suggests that during muscle aging, some satellite cells are sequestered into the 
connective tissue compartment by the progressive formation of external lamina 
material around the satellite cell. Finally, the appearance of external lamina 
material in the satellite-myofiber interspace may be related to the observed 
thickening of the external lamina around the same muscle fiber. If external lamina 
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mate r ia l  is being p r o d u c e d  dur ing  muscle  aging,  it  should  no t  be surpr is ing  to  f ind 
depos i t ion  o f  this ma te r i a l  in the sa te l l i te -myof iber  interspace.  

A l t h o u g h  o ther  inves t iga tors  have r epor t ed  the presence o f  external  l amina  
mate r ia l  in a po r t i on  o f  the sa te l l i te -myof iber  interspace,  near ly  all these studies 
were o f  a t roph ic  or  d iseased muscle.  Venable  (1966) showed an enc roachmen t  o f  
external  l amina  mate r i a l  in t e s tos t e rone -dependen t  l eva tor  ani  muscles  fo l lowing 
cas t ra t ion .  Similar  f indings have been r epor t ed  dur ing  dene rva t ion  a t r o p h y  in mice 
(Schultz,  1974) and  rats  (Ontell ,  1975). Final ly ,  W a k a y a m a  (1976) no ted  a s imilar  
change  in the external  l amina  in dys t roph ic  muscles  o f  a n ine -year -o ld  boy.  The  
present  f indings m a y  also reflect a general  response o f  the external  l amina  to  muscle  
a t rophy ,  in this case senile a t rophy ,  since m o d e r a t e  degenera t ive  changes  were 
no ted  in some muscle  fibers and  m o t o r  end-plates .  

Wi th  respect  to n o r m a l  skeletal  muscle,  Pop ie la  (1976) recent ly r epor t ed  
external  l amina  mate r i a l  in the sa te l l i te -myof iber  in terspace  in p o s t - m e t a m o r p h i c  
newts. A c c o r d i n g  to this au thor ,  satell i te cells present  p r io r  to m e t a m o r p h o s i s  
become ,pericytes '  fo l lowing m e t a m o r p h o s i s  due to the f o r m a t i o n  o f  external  
l amina  ma te r i a l  in the sa teUite-myofiber  interspace.  I f  satell i te cells in adu l t  newt  
and  m a m m a l i a n  muscle  do  become ,pericytes '  dur ing  muscle  aging or  muscle  
a t rophy ,  then the i m p o r t a n t  ques t ion  becomes,  whether  such cells re ta in  their  
myogenic  capac i ty  and  con t r ibu te  to a regenerat ive  response.  
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