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Summary. An ultrastructural study of the quadriceps muscle of a 61/2 month old 
infant wi~h Werdnig-Hoffman's disease has been made. The diagnosis was established on the 
basis of clinical and laboratory findings, the electromyographic examination and the light 
microscopic post-mortem study of the spinal cord and different muscles of the extremities. 

The fine structural changes of denervation observed in the different components (myo- 
fibrils, nucleus, sareolemmal sheath) of the muscle fibers proper are comparable with those 
previously described by other authors. The most striking feature in this study is the relative 
high number of cells which fulfil the criteria given by Mauro (1961) and which are designated 
satellite cells. 

Cells lying free in the interstitial spaces or in proximity of capillaries and showing great 
morphological resemblance to "pericytes" are thought to be precursors of the satellite cells. 
The findings further suggest that these satellite cells may assume myoblast-like properties 
and that regeneration or restoration could be brought about by activity of these cells. 

No sufficient evidence can be given that the presence of satellite cells and the sub- 
microscopic changes of the contractile component of the muscle fibres in Werdnig-Hoffmann's 
disease are due to or represent arrest of maturation. 

Introduction 

Relat ively  few studies have been made on the u l t ras t rue ture  of s t r ia ted 
vo lun t a ry  muscle of h u m a n  beings with neurogenic muscular  atrophy.  To our 
knowledge, observat ions dealing with the fine s t ructure  of muscle in Werdnig-  
Hof fmann ' s  disease and  related conditions, e.g. Kugelberg-Welander  syndrome, 
a t rophy  of Aran-Duchenne  type, have been publ ished respectively by Shafiq 
et al. (1967a), Hausmanowa-Pet rusewicz  e t a l .  (1968), Hughes and  Brownell  
(1969), Ro th  et al. (1965), and  Weehsler and  t Iager  (1962). Fur thermore ,  in  none 
of these studies men t ion  has been made of the occurrence of so-called satellite 
ceils in  vo lun t a ry  muscle undergoing denervat ion.  

The present  communica t ion  deals with the fine s t ructural  appearances in the 
muscle of a s ix-and-a-half-month-old in fan t  with the clinical features of Werdnig-  
Hof fmann ' s  disease. Special reference is made to the impressive n u m b e r  of satellite 
cells observed by  us and  the problem of their  origin and significance will be 
discussed. 

Material and Methods 

Muscle tissue was removed from the right quadriceps muscle 40 minutes post-mortem. 
The specimen was minced in an ice-cold 2 per cent veronal-aeetate buffered osmiumtetroxide 
solution and fixed for 11/2 hour. This was followed by dehydration in a graded series 
of ethanol and embedding in Epon 812. Thin sections were stained with aqueous uranyl 
acetate and lead citrate and examined with a Philips EM 300. 

20* 
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Clinical Details 1 
The patient was admitted for the first time when five months old and was noted to be 

unable to lift his head and to make spontaneous movements of the arms and legs. Family 
history was non-contributory. His mother had stated normal fetal movements during her 
pregnancy. 

Physical examination revealed a well-developed and well-nourished boy, showing weakness 
and diminished tone of the muscles of the extremities. The stretch and tendon reflexes were 
absent. Some movement of the feet and hands was still possible. No sensory defects could be 
demonstrated. Neither fibrillations nor fasciculations were seen. He cried rather weakly. His 
intelligence appeared to be normal. Eleetromyography gave evidence of lower motor neuron 
involvement. 

Lactic dehydrogenase activity was 190 mU/ml2; the levels of SGOT and SGPT were 
332 and 5 U 2 (Wroblewsky) respectively. Creatine phosphokinase was 9.0 mU/ml 2. There 
was no evidence of a primary myopathy. 

The child manifested repeatedly respiratory complications and died in the sixth week 
after admission. 

Observations 

The principal findings of the necropsy and histological examination included purulent 
bronchitis, early bronchopneumonia and patchy atelectasis of both lower lobes of the lungs. 
There was moderate fatty metamorphosis of the liver. The brain weighed 900 g and coronal 
sectioning showed slight edema. Histologically, the sections from many spinal cord segments 
revealed a reduced number of neurons in the anterior grey horns. In addition, some of the 
neurons still present displayed degenerative changes such as vacuolisation of the cytoplasm 
or pycnosis of their nuclei. There was no inflammatory infiltrate. 

Light Microscopy o/the Skeletal Muscle 

Transverse  and longi tudinal  sections show typical  neurogenic lesions wi th  small  

or large clusters of a trophic fibers ad jacent  to groups of normal  and/or  sl ightly 

hyper t rophic  fibers (Figs. 1 and 2). Uni formly  at rophic  fibers jux taposed  to a few 

larger fibers can also be found within  the same muscle bundle. D a t a  about  the  

range of the d iameters  of cross-sectioned fibers are given in Fig. 3. A modera te  

number  of peri- respect ive ly  endomysia l  collagen fibers and fat  cells can be present.  

Nei ther  neut rophi l  leucocytes  nor degenera t ive  changes are observed. 

Electron Microscopy 

At  low magnif icat ion,  the  presence of small, denerva ted  fibers surrounded by 

or dispersed among normal  fibers is a submicroscopic f inding common to all the  

th in  sections examined  (Fig. 4). 

1 We wish to thank Dr. M. C. B. Loonen (Department of Pediatrics, University of Nimegen), 
who provided the clinical data. 

2 Within normal limits of our laboratory. 

Figs. 1 and 2. Light micrographs of a transverse respectively longitudinal section of the 
right quadriceps muscle. They show that the majority of the muscle fibres are atrophied. 

Thin epon section; toluidine blue stain. × 210 

Fig. 3. Histogram demonstrating the range of the diameters of cross-sectioned muscle fibers of 
the patient and of an infant at the same age without muscle disease. 1013 fibers were 

counted in each case 
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Fig. 1 
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Fig. 4. The center of the picture shows muscle fibres in various stages of denervation. In these 
atrophied fibres myofibrils have disappeared (-+) and the surviving filaments are disorienta- 
ted (k-~). Basement membrane material of a sarcolemmal sheath lies free in the interstitial 

space (~-+). Cap capillary. ×4200 

Longi tudinal  or sl ightly oblique sections of these abnormal  fibers show a most  

s tr iking change, namely  d iminut ion  of the wid th  of the  myofibri ls  due to loss of the 

cons t i tuent  myofi laments .  Bo th  lateral  and central  fibrils are involved  in this 

process. The  loss of f i laments  is pa tchy  in dis t r ibut ion or can even be l imi ted to 

Fig. 5. Part of a muscle fibre with focal loss of myofilaments. Remnants of Z-bands are 
visible as irregular densities. Some mitochondria (M) are swollen. S sarcolemma. × 13700 

Fig. 6. Local accumulation of organelles of lysosomal nature. Part of them contain osmio- 
philic lamellated material (-~). In between the lysosomes glycogen particles can be detected. 

× 17400 



Figs. 5 and 6 
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one sareomere. In  addition, numerous filaments appear to be frayed and dis- 
organized (Fig. 5). The spaces between the surviving fibrils or filaments are widened 
to varying degrees and contain in the clear sarcoplasmic background some gly- 
cogen particles, a few mitochondria and, less frequently, secondary lysosomes 
which are partly filled with osmiophilie material (Fig. 6). The overall substruc- 
ture, i.e. intact sarcomeres with visible A, I, Z and M bands, appears to be 
well preserved in many fibres or parts of them. However, disorganisation and 
blurring of the band structure can be encountered as well. In  that  case, deformed 
Z-lines or remnants of these lines lie scattered throughout the sarcoplasm and 
A and I bands can no longer be discerned. In some fibers a more or less well 
circumscribed dense core of fine fibrillar material lacking evident periodic pattern 
and presumably derived from Z-lines, is present. An intermediate light zone (halo) 
of radially oriented myofilaments is immediately adjacent to the dense core (Fig. 7). 

The nuclei, which sometimes are located deep into the abnormal muscle fibres, 
display a very irregular form with complex infoldings or outpouckings of their 
membrane. In some instances, a few closely apposed nuclei or possibly separate 
masses of the same segmented nucleus can be detected (Fig. 8). One or two well 
developed round or oval nucleoli with dense outer and light inner regions are 
usually situated in the center of the nucleoplasm. 

An accentuated tortuous folding or saw-tooth appearance is visible over varying 
distances of the sarcolemmal sheath. The two components of this sheath, namely 
the inner dense sarcolemma and the outer less dense basement membrane, 
remain mostly closely applied to each other. In  some places, however, the inner 
and the outer layer become dissociated and even loose scalloped basement mem- 
brane material can be encountered in the interstitial spaces (Figs. 4 and 13 c). 

The outstanding and interesting finding in our material is the relative large 
number of cells which fulfil the criteria given by Munro (196]) and which are 
designated "satellite cells" (Fig. 9). They occur both in very atrophic muscle 
fibres and, less frequently, in normal or hypertrophic fibres. The preliminary 
results of counts on low-powered electron mierographs taken at random of non- 
serial sections from 13 different tissue blocks are given in the table. The separate 

Table 

Nuclei 
Total number of muscle fibers of sat. cells 
94 55 39 (41% ) 

Muscle/ibers 
Total number without sat. cell with sat. cell 
95 49 46 (48%) 

cells are situated between the basement membrane and the sarcolemma of the 
associated muscle fibres. They have their own plasma membrane which in places 
shows half-desmosome-]ike structures (Fig. 9C). The two cell membranes run 
relatively straight or show slight interdigitation, and are separated from each 
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Fig. 7. A cytoplasmic body (?) occupies the center of this picture. The dense core is surrounded 
by a halo of more or less radially arranged thin filaments. The latter filaments are continuous 

or seem to merge with myofilaments. N nucleus. × 10400 

Fig. 8. Electron micrograph which shows either the separate parts of a divided sarcolemmal 
nucleus (N) or the result of section of a nucleus with a very irregular outline due to con- 

traction of the muscle fibre. × ]2200 



E 

A B 

D 

Fig. 9 A - - F  

F 



U. van Haelst: An Electron Microscopic Study of Muscle in Werdnig-Hoffmann's Disease 299 

A B 

Fig. 10A and B. Mierographs to demonstrate possible confluence between satellite cell (SA T) 
and muscle fibre (M) plasmalemmae and the accumulation of small vacuoles in these areas 

(-÷). A ×22000; B ×30000 

o ther  by  a space of abou t  250 A. Basemen t  m e m b r a n e  mate r ia l  can ex tend  into  
this  in te rspace  a t  one or bo th  per iphera l  edges of the  cell (Fig. 9F) .  La t e r a l l y  
the  p l a sma  membranes  somet imes  appea r  b lu r red  out  or have  d i sappeared  and  a 
cluster  of small  vesicles is seen in the  i m m e d i a t e l y  ad j acen t  sa reoplasm (Fig. 10A 
and  B). The re la t ive ly  large nucleus wi th  p rominen t  amoun t s  of eh romat in  mos t ly  
d isp lays  a ve ry  i r regular  form wi th  an infolded nuclear  membrane  and  pseudo- 
inclusions (Fig. 9C). The cy top lasm is clear and  contains  so l i t a ry  or g rouped  dense 
granules  considered to  be r ibosomes.  I n  addi t ion ,  some mi toehondr ia ,  a few irregu- 
lar ly  d ispersed profiles of smooth-sur faced  endoplasmic  re t ieu lum and  especial ly  
eentr ioles are presen t  (Fig. 9 D  and  E). Contract i le  e lements  are ba re ly  dis- 
eernible in the  cy toplasm.  As can be seen in Fig.  9B, p ro t rud ing  of the  satel l i te  
cells can rea l ly  d i s to r t  the  ex te rna l  snrfaee of the  associa ted  muscle fibre. 
E x t r e m e  examples  of this  s i tua t ion  are  i l lus t ra ted  in Figs.  11 and  12, which show 

Fig. 9A-F. These mierographs demonstrate six different satellite cells lying beneath the 
basement laminae (BL) and in apposition to the muscle fibre plasmalemmae. The relative 
large nuclei show an irregular outline and a complex infolding of the nucleoplasm. Cen- 
trioles (C) are present. At the peripheral edges basement lamina can be seen interposed be- 
tween the satellite cell and the muscle fibre (Fig. 9F-~). In Fig. 9C structures resembling 
balf-desmosomes (v-~) seem to be present at the plasma membrane of the satellite cell. 

A × 6 000; B × 9 000; C × 20 400; D 7 700; E × 11800; F × 9 400 
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Fig. 11 Fig. 12 

Figs. 11 and 12. Satellite cells, almost completely surrounded by a proper basement mem- 
brane, lie in close apposition to a muscle fibre (M). Only in places (~>) these cells contact 
the sarcolemma. The basement laminae run parallel or seem to merge with each other (~-~). 

Fig. 11: ×13000; Fig. 12:×12600 

satellite cells almost  completely surrounded by  a basement  membrane  whereas 
their  p lasma membrane  makes contact  with the sarcolemma only over short 
distances. Par t s  of the two basement  membranes  r un  parallel to each other, bu t  
fusion between both  seems to occur as well. 

Final ly ,  a t t en t ion  mus t  be paid to the presence of round  or slightly oval 
cells lying free in  the in ters t i t ia l  space (Fig. 13), and  preferably s i tuated in 
proximi ty  of a capillary and/or  a muscle fibre (Fig. 14). These cells are par t ly  
or completely surrounded by  a basement  membrane  (Fig. 13A and  B). I n  places, 
half-desmosome-like s t ructures  can be detected and  m a n y  caveolae are s i tua ted  
along the inner  side of the plasma membrane .  The small r im of cytoplasm con- 
ta ins  a few mitochondria ,  ribosomes, centrio]es and  almost no granular  endo- 
plasmic ret iculum. The huge nucleus is marked  by  an  irregular outl ine and  m a n y  
inden ta t ions  of the nucleoplasm. 

Fig. 13A-D. Four cells lying free in the interstitial space and in proximity of a muscle fibre 
(M). In places a basement membrane can be detected (-+) on their perimeter. Compare 
cytological characteristics of these cells with those of the satellite ceils (Figs. 9, 11 and 12). 
Loose scalloped basement membrane material is seen in the upper right corner of Fig. 13C. 

Cap partly visible capillary. A × 8500 ; B × 8000 ; C × 9200; D × 7 700 
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B A 

D 

Fig. 14A-D. These cells show great resemblance to those depicted in Fig. 13. In addition, 
they are located in proximity of a capillary (Cap) or close to a muscle fibre (M). They 

can be classified as "per icytes" .  A × 10400; B ×4600; C ×4300; D ×6800 
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Discussion 
Most of our findings pertinent to the myofibrils and the sarcolemma complex are 

comparable with those reported by Shafiq et al. (1967 a) and Hausmanowa-Petrusewicz et al. 
(1968), and with the observations recently published by I-Iughes and :Brownell (1969), 
as far as they deal with the fine structure of muscle in Werdnig-Hoffmann's disease. 
The focal degenerative changes in our material (Fig. 7) can be compared with the lesion 
found by Shafiq et al. (1967a; Fig. 17) in various types of muscular atrophy, except his 
four eases of Werdnig-Hoffmanns disease, and resemble also the structural anomaly of the 
Z-disk recently described by MacDonald and Engel (1969 ; Fig. 7). In general, the fine struc- 
tural alteration encountered so far in the contractile components of muscle tissue, bear no 
specific character and have no great significance in the differential diagnosis of muscular 
atrophies. From the literature it is obvious, that no unanimous answer is given to the 
controversial question whether conspicuous changes or division occur in the sarcolemmM nuclei 
of human muscle undergoing denervation. In this context, the frequent occurrence in our 
material of deeply infolded nuclei, respectively closely apposed nuclear portions underneath 
the sarcolemma, are in contrast to the findings of goth  et al. (1965) and tIausmanowa- 
Petrusewicz et al. (1968), but confirm the observations of Shafiq et al. (1967a) and Hughes 
and Brownell (1969). The question, however, whether these pictures represent true mitotic 
respectively amitotic divisions of the nuclei, as assumed by the last mentioned authors, 
or simply an effect of the plane of section of a severely contracted muscle fiber, could not 
be settled by us. Neither by light- nor by electron microscopy were mitoses observed by us. 

The unique  fea ture  in our s t u d y  is the  f requency  wi th  which we encounte red  
satel l i te  cells. To the  best  of our knowledge,  these cells have  been descr ibed for 
the  f irst  t ime by  Mauro (1961) in the  sar tor ius  muscle of the  adu l t  r a t  and  in frog 
muscles. I t  is assumed now, t h a t  these cells are presen t  in all ve r t eb ra t e  skeletal  
muscle (Muir et al . ,  1965). Yet ,  only  l i t t le  in format ion  is ava i lab le  abou t  the  
number  of satel l i te  cells in no rma l  m a t u r e  h u m a n  v o l u n t a r y  muscle and  a b o u t  
the  re la t ionship ,  if any,  be tween the i r  f requency  and  the  age. This is p r o b a b l y  due 
to the  fact  t h a t  by  l ight  microscopy the  nuclei  of the  satel l i te  cells are indis t inguish-  
able f rom those  of the  muscle fibers proper .  Counts  b y  Muir et al. (1965) on 
stil l  ma tu r ing  pectora l is  m a j o r  muscle  f rom mice 3 days  af ter  b i r th  showed t h a t  
abou t  one-fif th of the  muscle  nuclei  belong to satel l i te  cells. I n  his s t u d y  on 
satel l i te  cells in h u m a n  gas t roenemins  muscle in var ious  fe ta l  s tages of develop-  
ment ,  I s h i k a w a  (1966) s ta tes  t h a t  as deve lopmen t  proceeds,  genera l ly  the  number  
of sa te l l i te  cells d iminished  in sections. Sate l l i te  cells are found  ve ry  f r equen t ly  
in developing muscles,  bu t  r a re ly  in m a t u r e  muscles. E x a c t  figues, however,  
are no t  given b y  the  author .  

W h e n  discussing our resul ts  wi th  reference to the  large number  of sa te l l i te  
cells, we can t ake  into  account  the  fact ,  first,  t h a t  the  muscle  t issue is ob ta ined  
f rom a young  pa t i en t  and  secondly,  t h a t  mos t  of these  cells are found  in fibres 
wi th  m a r k e d  a t rophy .  I t  m a y  be reasonable  to assume, t h a t  decrease in size of 
the  f ibre i tself  can lead  to a re la t ive  increase of the  satel l i te  cells which nor- 
ma l ly  are present .  Thi rd ly ,  the  f indings descr ibed in the  las t  p a r a g r a p h  of the  
resul ts  are  equa l ly  of considerable  in te res t  when t ry ing  to expla in  the  increase 
in number  of the  satel l i te  cells and  to gain  ins ight  in to  the i r  origin. The cells 
dep ic ted  in Fig.  13 and  14 d i sp lay  an  und i f fe ren t i a ted  cy top lasmic  m a t r i x  and  seem 
to be of an unspecific na ture .  However ,  the  i r regular ,  deeply  infolded nucleus,  
the  presence of a basemen t  membrane ,  which comple te ly  or p a r t l y  sur rounds  the  
cell body ,  and  the i r  loca t ion  in near  p r o x i m i t y  of a cap i l la ry  or a muscle f iber  
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are remarkable. Sometimes their own basement membrane seems to merge with 
the basement membrane of the muscle fibre. I t  is unlikely tha t  the cells iust 
mentioned, are fibroblasts neither blood elements nor Schwann cells extending out 
from axon terminals. They rather resemble so-ealled perieytes or represent mesen- 
ehymal, interstitial elements with multiple capabilities of differentiation, whereby 
a myogenic property should be taken into account. We believe tha t  these cells can 
be accepted as satellite cell precursors which, as suggested by Figs. 11 and 12, 
ult imately can move beneath the basement membrane of the musele fibers. From 
this stage onward, the cells may be regarded as satellite cells since the criteria 
given by Mauro (1961) are then fulfiled. In  addition, mitotic division seems possible 
as indicated by the presence of eentrioles. This capability of mitosis has otherwise 
been stated by Shafiq et al. (1968). 

With regard to the role of satellite cells, in particular the question of their 
differentiation into myoblasts under eertain circumstances, ~t is interesting to 
note tha t  the possibility of continuity or fusion of the eytoplasm of satellite 
cells with the sareoplasm has been denied by Muir et al. (I965) and Ishikawa 
(1966). Some of our observations (Fig. 10A and B), however, and the studies on 
hypertrophic human deltoid muscle (l~eger-Craig, 1968) and on regenerating 
muscles (Allbrook et al., 1966) as well as on developing muscle tissue (Shafiq 
et al., 1968) favor the view that  continuity is possible. Furthermore, some 
other data  from the literature are worth mentioning in relation to the signif- 
icance of the satellite cells. The cells described by Muir et al. (1965; Fig. 11) 
in differentiating muscle from postnatal  mice resemble satellite cells in their shape, 
size and relation to basement membrane and are seen to contain a few (the first ?) 
myofibrils. Besides myoblasts, an inerease in the number of satellite cells was 
noted by Shafiq et al. (1965) at  the wound area of injured muscle of mice and in 
regenerating muscle of patients with Duehenne-type muscular dyst rophy and poly- 
myositis (Shafiq et al., 1967 b). These authors state tha t  in their general structure 
and peripheral position, the satellite cells are eomparable to early myoblasts. 
l~eger and Craig (1968) pointed out tha t  the morphology of the satellite eells 
observed and their relationship with the muscle fibers are similar to fusing myo- 
blasts which previously have been described for embryonic muscle. However, it 
must  be stated here, tha t  as yet  no suffieient structural evidence for fusion of 
myoblasts has been reported. Recently Teravainen (1970) demonstrated an in- 
crease and subsequent decrease of satellite cells in extraoeular museles of the ra t  
after slight compression injury. 

The data mentioned above and our own findings present suggestive struetural 
evidence that  in pathological eireumstances satellite cells, which in contrast to the 
previous examinations on atrophic muscle fibers (Shafiq et al., 1967a; Haus- 
manowa-Petrusewiez et al., 1968 ; Hughes and Brownell, 1969), come in prominence 
in our study, can assume myoblast-like properties. Our findings are of value in 
this concern and lend further support to the concept tha t  satellite cells give rise 
to new myoblasts during restoration respectively regeneration ("discontinous 
type" )  of striated muscle. 

Finally, we want to dwell on the question if arrest of maturat ion could be a 
feature tha t  must  be taken into account when discussing the findings in 
Werdnig-I toffmann 's  disease, particularly the relative high number  of satellite cells. 
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I t  mus t  be pointed out  tha t  loss of myofi laments ,  focal degenerat ive changes, 
basement  membrane  alterations,  b lurr ing of the band  s t ructure  etc. const i tu te  
findings which can hardly  be reconciled to this hypothesis.  However,  some of the 
small fibres encountered lack these changes and give rise to speculat ion abou t  
immatur i ty .  These fibers are marked  by an irregular nucleus with a dis t inct  
nucleolus, and  by  the accumula t ion  of glycogen particles and ribosomes between 
the oriented myofibrils. They are covered by  a basement  membrane ,  bu t  are no t  
closely associated with each other. Such fibres are reminiscent  of the formed 
muscle fiber according to Hay  (1963) or of the muscle fibres described by  
Ishikawa (1966, Fig. 7 and  10) in  h u m a n  fetus. I t  mus t  be stated, however, tha t  
fibres as described above, are rarely encountered in our material .  Moreover, a 
satellite cell is not  always found in association with such fibres. 
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