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The  basement  membranes  sur rounding  the 
Schwann cells of per ipheral  myel inated nerve 
fibers form un in te r rup ted  tubes ensheathing the 
fibers, being continuous across the nodes of 
Ranvie r  (9, 20). Dur ing  Wal ler ian  degenerat ion,  
the basement  membranes  persist and within the 
spaces enclosed by them (the " S c h w a n n  tubes")  
the Schwann cells proliferate concurrent ly  with 
the removal  of the degenerat ing axon and  myelin. 
Longi tudina l  columns of cells result, const i tut ing 
the " b a n d s  of Bfingner ."  These changes have been 
described bo th  in nerve roots (11, 12) and in 
the per ipheral  nerve t runk (19). 

Na than ie l  and  Pease (13) have demonstra ted 
tha t  dur ing  degenerat ion after a localized crush 
injury to the dorsal roots, in the rat,  the Schwann 
cells become surrounded by new basement  mem-  
b rane  and  collagen fibrils, which form within 
the original Schwann tubes. The  present com- 
munica t ion  confirms this finding for rabbi t  per iph-  
eral nerve and  reports a relationship between the 
formation of new basement  membrane  and col- 

lagen deposition. 

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

The  observations were made on the nerve to the 
medial head of the gastrocnemius muscle of adult 
male albino rabbits. The rabbits were anesthetized 
with pentobarbital  sodium and ether, and the nerves 
exposed under aseptic conditions. The  nerves were 
cut approximately 3 cm above the muscle without 
complete severance of the epineurium, so that  the 
divided ends were separated by a short gap. The 
animals were allowed to survive for periods of 7, 
10, 14, 21, 28, and 35 days before biopsy, one animal 
being examined for each survival time. At biopsy, 
the animals were again anesthetized with pento- 
barbital sodium and ether, and the nerves were ex- 
posed and fixed in situ for 5 minutes in 1 per cent 
osmium tetroxide in mammalian Ringer solution 
buffered at pH 7.4 with Veronal-aeetate. Short 
lengths of nerve were then removed from the distal 
stumps about 2 cm below the point of section and 
fixed for a further 4 hours at 4°C. Following de- 
hydration in graded concentrations of ethanol, they 
were stained for 4 hours by immersion in 1 per cent 
phosphotungstic acid in absolute ethanol and then 
embedded in Araldite. Transverse and longitudinal 
sections of the nerves were obtained with a Porter- 
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Blum microtome and examined with a Siemens 
Elmiskop 1 or an RCA EMU 3E. 

O B S E R V A T I O N S  

The changes in the nerves examined between 7 
and 21 days after section were similar to those 
reported in an earlier paper on the alterations 
in the endoncurial sheaths of peripheral myeli- 
nated nerve fibers during Wallcrian degeneration 
(19), and therefore they will not be described in 
detail. At 7 days after operation, the basement 
membranes that had surrounded the Schwann 
cells in the intact nerve were still present. In 
the myelinated nerve fibers, the myelin had broken 
up into large ovoids, usually containing axon 
debris, and were surrounded by Schwann cells and 
their processes. Smaller droplets of myelin were 
also present, either in membrane-bounded vacu- 
oles within the cytoplasm of Schwann cells or free 
in the extracellular space within the Schwann 
tubes. In the region of the ovoids, the basement 
membranes generally remained expanded, retain- 
ing a circular outline in transverse section. Be- 
tween the ovoids, the Schwann tubes had fre- 
quently collapsed and the basement membranes 
were irregularly folded, this being related to the 
reduction in the volume of the contents of the 
tubes. This is illustrated in Fig. 1, where several 
Schwann cell processes are present within the 
space bounded by the folded basement membrane,  
together with material derived from the degener- 
ating axon and myelin. Longitudinal sections 
through the nerve revealed that the maximal 
amount  of folding occurred between the ovoids of 
large myelinated fibers. The situation in this nerve, 
which contains relatively few non-myelinated 
nerve fibers, thus differs from that in the de- 
generating nerve roots examined by Nathaniel and 
Pease (13), where the greatest amount  of folding 
occurred in the basement membranes that had 

surrounded Schwann cells associated with non- 
myelinated axons. In the present investigation, it 
proved difficult to distinguish, in transverse sec- 
tions of the nerve, between degenerating Remak 
fibers and degenerating myelinated nerve fibers in 
which myelin remains did not happen to be pres- 
ent at that particular level. 

Between 10 and 21 days after operation, 
progressive removal of the myelin and axon debris 
was evident, although whether this was accom- 
plished by Schwann cells or by macrophages that 
had entered the Schwann tubes is as yet uncer- 
tain. This was accompanied by proliferation of 
the Schwann cells, which occurred within the 
confines of the persisting Schwann cell basement 
membranes. Where the basement membranes 
had collapsed, the folding remained, so that 
Schwann tubes with highly irregular outlines in 
transverse section were frequently encountered. 

In the material examined at 28 and 35 days 
after nerve section, numerous axons were present 
within the Schwann tubes, although, as noted by 
Glimstedt and Wohlfart (7), differentiation be- 
tween axons and Schwann cell processes was not 
always easy except where mesaxons or myelin 
had formed. Many of the basement membranes 
that had surrounded the Schwann cells in the un- 
injured nerve were still intact, enclosing prolifer- 
ated Schwann cells and cells containing myelin 
debris and multiple vacuoles. The  latter were 
usually situated centrally and were surrounded 
by the Schwann cells and their processes. 

In relation to some of the proliferated Schwann 
cells, new basement membrane had formed, this 
having taken place within the spaces bounded by 
the original basement membranes. I t  had a nor- 
mal relationship to the Schwann cell membrane, 
being separated from it by a gap of approxi- 
mately 250 A. In Figs. 2 and 3, it will be seen 
that new basement membrane has formed at two 

FIGURE 1 Transverse section through Schwann tube 7 days after severance of nerve. 
The basement membrane (bm) that surrounded the Schwann cell is folded and encloses 
several cell processes (Sp) probably derived from Sehwann cells, together with degenerat- 
ing myelin (dmy) and axonal material (dax).)< ~7,000. 

FIGURE ~ Portion of transverse section through nerve ~8 days after severance. A Schwann 
tube showing early reinnervation is surrounded by a zone of collagen fibrils (cf) and fibro- 
blast processes (fbp) external to the basement membrane (bin) of the original nerve fiber. 
New basement membrane and collagen fibrils have formed within the Schwann tube in re- 
lation to a Schwann cell (Sc) containing an axon (ax). X 17,000. 
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sites. At both sites it consists, in transverse section 
through the nerve, of short lengths with free 
ends. These appearances cannot therefore be ex- 
plained in terms of sections through inpocketings 
of the original basement membrane. 

Collagen fibrils had also formed within the 
Schwann tubes. It was observed that they dis- 
played a strong tendency to be localized in relation 
to the newly formed basement membrane,  usually 
with a longitudinal orientation. Thus, on the left 
of Fig. 3, a row of nine collagen fibrils is seen in 
transverse section, arranged immediately external 
to a short length of newly formed basement mem- 
brane. On the right of the figure, a more extensive 
length of basement membrane has been formed 
and is also associated with collagen fibrils. Both 
the newly formed basement membrane and 
collagen were generally seen in relation to 
Schwann cells containing an axon, as is the situa- 
tion in Figs. 2 and 3. 

In other Schwann tubes, the proliferated 
Schwann cells were completely surrounded by 
basement membrane.  The peripherally placed 
cells were usually bordered by part of the original 
basement membrane on their external aspects, 
this being continuous with newly formed base- 
ment membrane on their inner aspects. Collagen 
fibrils had accumulated between the individual 
Schwann cells within the Schwann tubes, and this 
was accompanied by the disappearance of the 
portions of the original basement membrane in- 
tervening between the peripherally placed cells. 
In Fig. 4, partial separation of the Schwann cells 
that had formerly comprised a single B/ingner 
band has taken place; a more complete separation 
is evident in Fig. 5. 

In  the specimens taken at 14 to 35 days after 
operation, there was an obvious increase in the 
number  of endoneurial  fibroblasts, although quan- 
titative estimates of their numbers in comparison 
with the normal have not yet been made. An 
example is shown in Fig. 6. These cells were recog- 

nisable by the absence of a basement membrane,  
the possession of an abundant  endoplasmic retic- 
ulum, and the presence of multiple elongated 
cell processes encircling the Schwann tubes and 
extending longitudinally in the nerve. The endo- 
plasmic reticulum was frequently irregularly 
dilated and contained fine granular or fibrillar 
material. Large smooth-walled vacuoles were 
also present within the cytoplasm, as were small 
bundles of fine filaments. These features corre- 
spond to those described as characterizing fibro- 
blasts in the normal peripheral nerve (18) and 
elsewhere (16). 

D I S C U S S I O N  

Current views as to the mechanism of collagen 
formation envisage the relcase by fibroblasts of 
monomcric collagen (tropocollagcn) into the ex- 
tracellular space where it then aggregates into 
fibrils (8). Autoradiographic studies on collagen 
synthesis in cartilage by Revel and Hay (15) have 
indicated that soluble collagen probably accumu- 
lates initially in thc granular cndoplasmic retic- 
ulum of the chondrocytes and then in large vacu- 
olcs in the Golgi zone. Sheldon and Kimball  (17) 
werc able to indentify collagen within Golgi 
vacuoles of chondrocytcs. The mcchanism of 
release of the collagcn from the cells is still uncer- 
tain. Although it has bcen suggcsted that intra- 
cellular fibrils may be released into the extra- 
cellular space by disintegration of the plasma 
membrane (see e.g., reference 3), this now scems 
unlikely (15, 16). It  is more probablc that soluble 
monomeric collagcn is released from secretory 
vacuoles at the cell surface, possibly by fusion of 
the wall of the vacuole with thc plasma mem- 
brane (15). 

To the morphologist, the factors involved in the 
dctcrmination of the site of deposition of the col- 
lagen fibrils are of considcrablc interest, but  so 
far progress in this direction has largely becn 
speculative. Soluble collagen may diffuse some 

FIoua~ 8 Detail from Fig. 2, showing newly formed basement membrane (nbm) and 
associated collagen fibrils (of) present within the intratubal extracellular space (es). A 
portion of the original basement membrane (bm) is also shown. X 87,000. 

FIGURE 4 Transverse section through a reinnervated Schwann tube, 28 days after 
severance of nerve, with several Sehwann cells (So) associated with nnmyelinated axons 
(ax). The Schwann cells have become partially separated by the intratubal formation of 
collagen fibrils (cf). X 12,000, 
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distance from the cells of origin before becoming 
precipitated as fibrils (15), although Porter and 
Pappas (14) have described, in tissue culture, the 
deposition of collagen fibrils in close relationship 
with the cell surface of fibroblasts. I t  is known that 
certain mucopolysaccharides, such as chondroitin 
sulphate, greatly accelerate the polymerization 
of collagen in vitro (see e.g., reference 21). Al- 
though fibroblasts may secrete mucopolysaccha- 
ride (5), there is as yet no clear evidence that this 
contributes to the normal formation of collagen. 
However, as discussed by Revel and Hay  (15), 
it is certainly possible that cells determine the 
site of precipitation of collagen fibrils by con- 
trolling the chemical composition of the extra- 
cellular connective tissue space. 

The present observations have revealed a selec- 
tive deposition of collagen fibrils in relation to 
the newly formed basement membrane of Schwann 
cells, the outer surface of which shows material 
extending irregularly into the connective tissue 
space similar in appearance to the material com- 
prising the basement membrane itself. The newly 
formed basement membrane therefore appears 
to provide an environment conducive to collagen 
polymerization, although the predominantly 
longitudinal orientation of the collagen fibrils 
requires explanation. It could be suggested that 
the new basement membrane is produced by the 
Schwann cells in response to the presence of col- 
lagen, but this seems less likely in view of the 
fact that the collagen first appears in close proxim- 
ity to the new basement membrane and not more 
diffusely throughout the Schwann tubes. 

The  suggestion that Schwann cells are capable 
of producing collagen has been advanced several 
times in the past (see e.g., reference 10), and in re- 

cent years this view has been taken by Causey and 

Barton (2) and Barton (1). This possibility was 

also raised by Nathaniel and Pease (13) from ob- 
servations on regenerating dorsal roots in the rat, 
because of their finding that endoneurial fibro- 
blasts were rare except in the immediate proxim- 
ity of capillaries. Their  suggestion is difficult to 
evaluate, however, as Gamble (6), who also 
examined regenerating dorsal roots in the rat, 
reported the presence of large numbers of fibro- 
blasts. 

In the nerves examined in the present investiga- 
tion, numerous fibroblasts were encountered in 
the endoneurial connective tissue between the 
Schwann tubes. It  has to be considered, therefore, 
whether these cells could be the source of the 
soluble precursors for the intratubal collagen 
fibrils, the actual polymerization taking place 
locally within the Schwann tubes. This would 
necessitate the passage of unpolymerized collagen 
through the persisting basement membranes of 
the original Schwann cells. Although there 
is no direct evidence on this question, it seems 
possible that this could occur, since, as was 
pointed out by Nathaniel  and Pease (13), quite 
large molecules have been shown to cross base- 
ment membranes (4). Nevertheless, whatever the 
origin of the collagen precursor substances, the 
results reported here lend support to the view 
expressed by Nathaniel and Pease that Schwann 
cells are involved in the local polymerization of 

collagen during nerve regeneration. 
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FmunE 5 Transverse section taken 35 days after nerve transection of a group of Sehwann 
cells (Sc) that had initially comprised a single Btingner band, these having become sepa- 
rated by intratubal collagen formation. Endoneurial fibroblast processes (fbp) and a por- 
tion of a macrophage (rap) are also seen. The nature of the centrally placed cell, which 
does not possess a basement membrane, is uncertain. )< 14,0I)0. 

FmURE 6 Portion of transverse section through nerve, 28 days after severance, showing 
an endoneurial fibroblast (fb) with a number of elongated processes extending between 
adjacent Schwann tubes (St). The cell on the extreme right of the figure is probably a 
macrophage (rap).)< 3,300. 
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