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The cellular response to nerve injury

1. The cellular outgrowth from the distal stump of transacted nerve

By P. K. THOMAS

Institute of Neurology, Queen Square, and Departinent of Anatomy,
Un iversity College London

If a peripheral nerve is divided and the stumps are separated, outgrowths occur
from both cut ends. That from the distal stump takes place more rapidly and con-
stitutes an important part of the process by which the gap is bridged (Young,
Holmes & Sanders, 1940). The nature of this outgrowth has been disputed. Nageotte
considered that it is formed by Schwann cells, terming it a 'peripheral glioma'
(Nageotte, 1922) and later a 'Schwannoma' (Nageotte, 1932). A similar view was
taken by Masson (1932) and Young, et al. (1940). A detailed study of the process
was undertaken by Rexed (1942), who cut the sciatic nerve of rats at two sites and
examined the outgrowths from the divided portions of nerve. On the first and
second days after operation, the gaps were found to be filled with an exudate con-
taining erythrocytes, leucocytes and macrophages. Capillaries and fibroblasts grew
into the exudate as early as the first day. Schwann cells began to emerge from the
distal stump and from the isolated segment of the nerve on the third day in some
specimens, and outgrowths of up to 0-6 mm in length were evident in all specimens
on the fourth day. Holmes & Young (1942), although recognizing a Schwann cell
outgrowth, noted that fibrous tissue from the epineurium and perineurium grows
out even more vigorously and that at times an apparently large Schwannoma is
found on microscopical examination to consist mainly of fibrous tissue. The question
was further discussed by Young (1949).
A different conclusion was reached by Denny-Brown (1946), who stated that the

cells that emerge from the distal stump are a specialized type of fibroblast which
grow out from the endoneurium and perineurium. He believed that Schwann cells
only appear in the outgrowth when it becomes invaded by axons and considered
that they accompany the regenerating axons as they emerge from the proximal
stump of the nerve.

It must be admitted that it is not always easy to distinguish between Schwann
cells and fibroblasts in the outgrowth by light microscopy. Holmes & Young (1942)
and Young (1949) based their conclusion on the mode of growth of the two cell types,
Schwann cells being more elongated and tending to grow out in columns several cells
thick. Similar features are shown by Schwann cells in tissue culture (Ingebrigtsen,
1916; Murray, Stout & Bradley, 1940; Abercrombie & Johnson, 1942; Weiss, 1944).
Fibroblasts, on the other hand, were noted usually to be separated from one another
by collagen, even when arranged in longitudinal rows. Denny-Brown relied parti-
cularly on differential nuclear staining.
The greater resolution of the electron microscope now offers the opportunity of

re-investigating this question. The morphological features of the Schwann cell in
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The cellular response to nerve injury 289
normal peripheral nerve as seen with the electron microscope are well documented
(see, for example, Ross, 1964), and the appearances of the normal epineurial and
endoneurial fibroblasts and of the perineurial cells have been studied (e.g. Rohlich &
Knoop, 1961; Thomas, 1963; Shanthaveerappa, Hope & Bourne, 1963; Gamble,
1964). The details of the changes in these various cell types that occur after nerve
injury have not yet been fully established, although a number of investigations have
been made on the cellular changes occurring during Wallerian degeneration and
subsequent regeneration (Terry & Harkin, 1957, 1959; Glimstedt & Wohlfart, 1959,
1960; Ohmi, 1961; Barton, 1962; Wechsler & Hager, 1962a, b; Lee, 1963; Nathaniel
& Pease, 1963a, b, c; Satinsky, Pepe & Liu, 1964; Thomas, 1964a, b) and during
diphtheritic neuritis (Webster, Spiro, Waksman & Adams, 1961). It was considered,
therefore, that the examination of the outgrowth from the cut end of the distal
stump of severed nerve might serve not only to define the nature of the cellular
proliferation that takes place, but might also contribute to the more general problem
of the cellular response to nerve injury. An electron microscope study on the
Schwannoma resulting from peripheral nerve section has already been reported
briefly by Palmer, Rees & Weddell (1961), but the results obtained differ in certain
respects from those described here.

MATERIALS AND METHODS

The investigation was performed on the sural nerve of two adult male New
Zealand rabbits and two adult male albino rats. The nerves were exposed under
pentobarbitone sodium (Nembutal) and ether anaesthesia, employing aseptic con-
ditions throughout. The nerve was cut at mid-thigh level with scissors and the
central portion dissected as far proximally as possible and avulsed. After closures
of the wound, the rabbits were allowed to survive for 7 days and the rats for 6 and
7 days respectively. At biopsy, employing the same anaesthetic procedure, the
distal stump of the nerve and the outgrowth from the cut end were partially freed
from the adjacent tissues and fixed in situ for 5 min in 1% osmium tetroxide in

Fig. 1. Transverse section through distal stump of rat sural nerve, 6 days after nerve
section, showing an intratubal macrophage with multiple vacuoles (v) containing myelin
debris and surrounded by the basement membrane (bm) of the Schwann tube. Phospho-
tungstic acid stain.
Fig. 2. Longitudinal section through distal stump of rat sural nerve, 6 days after nerve
section, showing a collapsed Schwann tube with marked folding of the basement mem-
brane (bm). Phosphotungstic acid stain.

KEY TO LETfCERING

bm basement membrane I lumen
cf collagen fibrils m mitochondrion
db dense body mln mononuclear leucocyte nucleus
en endothelial cell nucleus mp macrophage
er endoplasmic reticulum mpn macrophage nucleus
f fibrin mv microvilli
fb fibroblast nbm newly formed basement membrane
fbn fibroblast nucleus Sn Schwann cell nucleus
fbp fibroblast process Sp Schwann cell process
g Golgi zone v vacuole
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The cellular response to nerve injury
mammalian Ringer solution buffered to pH 7-4 with Veronal-acetate. The nerve
and the outgrowth were then removed, cut into lengths of about 2 mm and immersed
in the above solution for 3 hr at 4 'C. After dehydration in graded concentrations
of ethanol, some specimens were immersed in 10% phosphotungstic acid in absolute
ethanol for 3 hr. The specimens were embedded in Araldite, sectioned with a Porter-
Blum microtome and the sections collected on carbon-coated grids. The sections
from the material not treated with phosphotungstic acid were stained on the grids
with a 30/ solution of uranyl acetate for 10 min and, after washing in distilled water,
further stained with lead citrate (Reynolds, 1963) for 10-15 min. The material was
examined with a Siemens Elmiskop lb.

RESULTS

The appearances were similar in both the rabbit and rat nerves, which will there-
fore be described together. All four nerves showed an irregular globular or conical
outgrowth from the cut end of the distal stump, about 2-4 mm in length. Transverse
and longitudinal sections were taken through the outgrowth and also through the
distal stump for a distance of 4 mm from the level of transaction.

The distal stump

The basement membranes that had surrounded the Schwann cells in the un-
injured nerve display prominent corrugations in longitudinal sections, as a result
of retraction of the distal stump (Figs. 2-4). These persisting membranes are
conveniently termed 'Schwann tubes' (Thomas, 1964a). Cells possessing multiple
vacuoles containing myelin remains are frequently observed within the tubes (Fig. 1).
They show similar morphological features to the macrophages that are seen in the
endoneurial connective tissue and in the outgrowth (Fig. 10). Other Schwann tubes
are apparently empty over long distances (Fig. 2). Many of the tubes, however,
contain columns of Schwann cells (Fig. 3), recognized by the possession of a base-
ment membrane and the presence of numerous fine longitudinal filaments within
their cytoplasm, seen most readily after staining with phosphotungstic acid. These
filaments are similar to those described for normal Schwann cells (Elfvin, 1961;
Thomas, 1963), although they are more numerous, as was noted by Nathaniel &
Pease (1963a) in 'reactive' Schwann cells during Wallerian degeneration. Some of
the tubes contain collagen fibrils, which lie in the space between the newly formed
basement membrane of the Schwann cells and the original basement membrane.
The proliferating Schwann cells, therefore, often do not fill the Schwann tubes as
they usually do more peripherally in the distal stump following nerve section
(Thomas, 1964a). Holmes & Young (1942) noted that collagen formation around

Fig. 3. Longitudinal section through distal stump of rat sural nerve, 6 days after nerve
section. The folded basement membrane (bm) of the Schwann tube encloses a column of
Schwann cells (Sp). These show multiple fine longitudinal filaments and possess an in-
complete basement membrane (nbm). Phosphotungstic acid stain.
Fig. 4. Longitudinal section through the region of transaction of rat sural nerve, 6 days
after nerve section. The folded basement membrane (bm) of a Schwann tube is seen to the
right of the figure. A cell process of uncertain nature projects through the mouth of the
tube, the cut ends of which are indicated by the arrows. Phosphotungstic acid stain.
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The cellular response to nerve injury 293
the columns of Schwann cells is more extensive immediately adjacent to the cut
end than elsewhere in the distal stump.
The endoneurial connective tissue between the Schwann tubes contains cells

resembling monocytes, together with macrophages, fibroblasts and, in the rat but
not the rabbit nerves, occasional mast cells. The changes in the cellular population
of degenerating nerve are to be described separately (Thomas, 1965) and will there-
fore not be discussed further.
At the region of the cut end of the distal stump, the open ends of the divided

Schwann tubes are visible. In Fig. 4, a cell process of uncertain nature is seen lying
in the mouth of a transacted Schwann tube, within which a few collagen fibrils have
formed. Other tubes are seen to contain columns of Schwann cells which extend
out from the mouths of the tubes (Fig. 5). A feature shown by these Schwann cells
is the tendency for several cells or their processes to lie side by side within a common
basement membrane.

The outgrowth from the distal stump
Sections taken through the tip of the outgrowth reveal that it is composed of a

loose, irregular meshwork of collagen fibrils through which run blood vessels mainly
of capillary size. Some of these resemble the 'vascular sprouts' described in healing
tissue by Cliff (1963), consisting of a cord of closely apposed endothelial cells with
a narrow lumen into which an endothelial cell often projects, as in Fig. 6. Specialized
areas of contact between adjacent endothelial cells are seen, corresponding to those
previously described for capillaries (Muir & Peters, 1962), where a quintuple-layered
'zonula occludens' (Farquhar & Palade, 1963) is associated, in the material stained
with phosphotungstic acid, with a region of increased density of the cytoplasm on
either side of the junction.

Occasional masses of fibrin are seen (Fig. 9), particularly adjacent to blood vessels.
Erythrocytes and granular and agranular leucocytes are present within the out-
growth, medium and large agranular leucocytes being encountered most frequently
(Fig. 7). Leucocytes are sometimes observed in the process of migration through
a vessel wall in the manner reported by Marchesi & Florey (1960).
Most of the cells present in the apex and peripheral portions of the outgrowth are

fibroblasts, an example of which is shown in Fig. 8. Such cells are elongated, with
long, narrow processes. They are distinguished by the absence of a basement mem-
brane and by the possession of an abundant endoplasmic reticulum which is often
arranged in parallel arrays. Bundles of fine intracytoplasmic filaments are also
present, seen most frequently just deep to the surface membrane. The morphological
features of fibroblasts have been discussed by Peach, Williams & Chapman (1961),
Ross & Benditt (1961) and others.

Fig. 5. Longitudinal section through the region of transaction of rat sural nerve, 6 days
after nerve section. A group of Schwann cell processes (Sp) extends out of the mouth of
a Schwann tube, the folded basement membrane of which (bm) is seen to the right of the
figure. Phosphotungstic acid stain.
Fig. 6. Transverse section through outgrowth from distal stump of rat sural nerve, 6 days
after nerve section. A vascular 'sprout' is seen, showing a narrow lumen (1) into which
an endothelial cell projects. Phosphotungstic acid stain.
19 Anat. I100
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The cellular response to nerve injury
Macrophages are also commonly seen, examples being shown in Figs. 9-11. Their

appearances are in accordance with those previously described as characterizing
such cells (Palade & Porter, 1954; Ross & Benditt, 1961; Cliff, 1963). They do not
possess a basement membrane and show characteristic 'ruffled' microvilli. The
endoplasmic reticulum is poorly developed, but the cytoplasm contains numerous

oval mitochondria and dense bodies of varying size. The dense bodies resemble
those seen in neutrophil polymorphonuclear leucocytes, where they have been
thought to be lysosomes (Cohn & Hirsch, 1960). Vacuoles containing myelin forms
and cellular debris may be seen, within which dense bodies are sometimes included
(Fig. 10), vacuoles being present particularly in cells near the cut end of the distal
stump. Tracts of fine filaments, most numerous in the perinuclear region (de Petris,
Karlsbad & Pernis, 1962), are also present.

Cells intermediate in appearance between mononuclear leucocytes and macro-

phages are not infrequently encountered (Fig. 11). It is difficult to be certain
whether this indicates the transition of the one cell type into the other, or whether
it represents an overlap in the morphological features shown by the two cell types.
However, from radioautographic studies of muscle injury (Bintliff & Walker, 1960)
and stab wounds of the brain (Konigsmark & Sidman, 1963), there is evidence that
in these situations, the majority of the macrophages are derived from blood leuco-
cytes. It is possible that macrophages appearing after peripheral nerve injury may
also be derived from blood leucocytes, as was suggested by Cajal (1928), although
the relative importance of a haematogenous and a local origin has yet to be assessed.
Prominent in the central portion of the outgrowth are columns of cells considered

to be Schwann cells in view of their close similarity to those seen within the Schwann
tubes of the distal stump and also found extending out of the cut ends of these tubes.
The columns usually consist of closely packed bundles of cells and their processes

contained within a single investing basement membrane (Figs. 12, 13). As in the
Schwann cells seen within the Schwann tubes of the distal stump, the endoplasmic
reticulum is sparse, but the cytoplasm contains a profusion of fine filaments orien-
tated in the direction of the cell columns (Fig. 13). Numerous free ribosomes are

also seen, as has been described in actively dividing cells in other situations (Porter,
1954), including Schwann cells during Wallerian degeneration (Nathaniel & Pease,
1963a). Only very occasionally are myelin remnants observed within these cells.
The Schwann cell columns have to be distinguished from vascular sprouts (Fig. 6).

In the early stages of their development, such sprouts consist of cords of endothelial
cells closely apposed to one another and surrounded by basement membrane (Cliff,
1963). There is thus a superficial resemblance to the columns of Schwann cells. At a

later stage, spaces develop between the endothelial cells and enlarge to form the
lumen. Distinction between the two is possible as the capillary sprouts show
specialized cell contacts between the endothelial cells which are not seen between
Schwann cells.

Fig. 7. Agranular mononuclear leucocyte from section through outgrowth from rat sural
nerve, 6 days after nerve section. Phosphotungstic acid stain.
Fig. 8. Fibroblast from section through outgrowth from rat sural nerve, 7 days after
nerve section. Uranyl acetate and lead citrate stain.
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The cellular response to nerve injury 297
The peripheral part of the base of the outgrowth is in direct continuity with the

epineurial connective tissue, this differing from the endoneurial connective tissue
in that the collagen fibrils are of larger size, and in the presence of elastin fibres
(Thomas, 1963). Elsewhere the outgrowth appears to resemble the endoneurial
connective tissue more closely, the collagen fibrils being of smaller diameter.

DISCUSSION

Palmer et al. (1961) reported the results of experiments in which they severed rat
peripheral nerve and injected carbon particles into the gap between the cut ends.
With phase-contrast microscopy, they recognized an outgrowth of Schwann cells,
arranged in rows, from the distal stump of specimens examined 5 days after nerve
section. These, however, were identified in the electron microscope with cells pos-
sessing numerous processes and devoid of basement membrane. Many contained
neural debris and carbon particles. The nature of these cells is therefore uncertain.
Cells possessing the characteristics of Schwann cells were observed at the tip of the
distal stump. Although they were surrounded by basement membrane and did not
contain neural debris, they were not directly apposed to one another.

In the present investigation, the observations were made at approximately one
week after nerve section, previous light microscope investigations (Rexed, 1942)
having suggested that this was the stage most likely to be profitable for electron
microscope study. The Schwann cells in the outgrowth were characteristically seen
as columns, often several cells thick, surrounded by a common basement membrane.
They are thus somewhat similar in appearance to the 'bands of Bungner' in the
distal stump of a transacted nerve (Nathaniel & Pease, 1963b; Thomas, 1964 a) and
of which they are an extension. This description corresponds closely to that given
by Nageotte (1932), Masson (1932) and Holmes & Young (1942). The manner of
outgrowth shows clear similarities to the outwandering of Schwann cells from de-
generating nerve in vitro. Abercrombie, Evans & Murray (1959) observed that
for explanted, degenerating, rabbit abdominal vagus nerves, the elongated, out-
wandering Schwann cells commonly associated end to end, and when numerous,
also tended to associate side by side.
The manner of growth of the Schwann cells is presumably of significance in relation

to their role during regeneration. As the outgrowth from the distal stump is an
important part of the mechanism by which severed nerves become united, the
presence of these cell columns in the outgrowth means that when contact with the
outgrowth from the proximal stump is achieved, pathways will exist directing the
axons to the Schwann tubes in the distal stump. The Schwann cell columns in the
outgrowth not infrequently subdivide or anastomose, and Young (1949) observed

Fig. 9. Macrophage from section through outgrowth from rat sural nerve, 6 days after
nerve section, showing multiple mitochondria (m), dense bodies (db) and microvilli (mv).
Phosphotungstic acid stain.
Fig. 10. Macrophage with multiple vacuoles (v) containing myelin debris from section
through outgrowth from rat sural nerve, 6 days after nerve section, taken close to region
of transaction. The upper vacuole on the right of the figure also contains a dense body (db).
Phosphotungstic acid stain.
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The cellular response to nerve injury
that regenerating axons may branch repeatedly in the scar between the cut ends of
a severed nerve. Although this will increase the chances of axon branches reaching
a functional termination at the periphery, it will also contribute to the cross-
innervation that occurs during regeneration after neurotmesis.
The connective tissue of the outgrowth is in direct continuity with that of the

distal stump and it seems likely that it is derived from the local proliferation of
fibroblasts from the endoneurium, perineurium and epineurium, although the present
results provide no direct evidence on this question. It has been suggested by a
number of observers that monocytes from the blood are capable of conversion into
fibroblasts in the tissues. The evidence for this is inconclusive and has recently been
reviewed by Grillo (1964). He tentatively concluded that there is little indication
of a vascular origin for the majority of fibroblasts involved in wound repair, but
that there is strong evidence to suggest an origin by local cellular proliferation.
Palmer, et al. (1961) have suggested that the transformation of Schwann cells into
fibroblasts occurs during Wallerian degeneration, but transitional forms were not
encountered in the present study.
Denny-Brown (1946) was of the opinion that the fibroblastic outgrowth from the

distal stump was derived from cells in the endoneurium and perineurium. They were
considered to differ from epineurial fibroblasts with respect to the type of collagen
produced and in nuclear staining properties. Although the present study has shown
that the connective tissue at the periphery of the base of the outgrowth is of epi-
neurial type, the nature of the connective tissue in the outgrowth supports Denny-
Brown's view that the majority of the proliferation is of endoneurial or perineurial
origin. The perineurial collagen fibrils are of similar diameter to those of the endo-
neurium. However, no distinguishing features between epineurial, perineurial and
endoneurial fibroblasts could be recognized.
Denny-Brown pointed out that the perineurium consists of layers of flattened

cells of mesothelial type, between which are bundles of collagen, together with
fibroblasts. Electron microscope studies in recent years have confirmed that the
perineurium is mainly composed of laminae of flattened cells closely attached to
each other at their lateral margins and possessing basement membrane on both
inner and outer aspects (Rohlich & Knoop, 1961; Thomas, 1963; Shanthaveerappa
et al. 1963; Gamble, 1964). These correspond to the mesothelial cells described by
Denny-Brown and to the 'perineurial epithelium' of Shanthaveerappa & Bourne
(1962). Layers of collagen intervene between the cellular laminae, within which
occasional fibroblasts are seen (Thomas & Jones, 1965). Following nerve section,
Denny-Brown noted extensive cellular proliferation from the perineurium, which
contributed to the outgrowth from the cut end. So far it has not proved possible
to identify perineurial cells in the outgrowth with certainty under the electron
microscope.

Fig. 11. Small macrophage from section through outgrowth from rat sural nerve, 6 days
after nerve section. Phosphotungstic acid stain.
Fig. 12. Transverse section through outgrowth from rat sural nerve, 7 days after nerve
section, showing Schwann cell and Schwann cell processes (Sp) surrounded by basement
membrane (bm). Uranyl acetate and lead citrate stain.
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The cellular response to nerve injury 301

SUM AIARY

An electron microscope study was made on the cellular outgrowth from the distal
stump of transacted rabbit and rat sural nerves, examined one week after nerve
section. Cords of Schwann cells, often several cells thick and surrounded by a
common basement membrane, were seen extending from the distal stump into the
outgrowth. They were embedded in a connective tissue framework, probably mainly
of endoneurial and perineurial origin, consisting of blood vessels, fibroblasts, and
irregular bundles of collagen fibrils, together with macrophages and other connective
tissue cells.

I wish to thank Miss Jean Slatford for technical assistance and Professor. W. H.
MclIenemy and Dr MI. Kidd for laboratory facilities at M1aida Vale Hospital.
A personal grant from the Polio Research Fund is gratefully acknowledged. I also
wish to thank Dr EJ. G. Gray, Dr D. WT. James and Professor J. Z. Young, F.R.S.,
for helpful discussion.
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