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INTRODUCTION
Since a denervated muscle undergoes a progressive
atrophy it might be expected that the process of
its re-innervation would vary according to the time
which elapses before new nerve fibres return. The
existing accounts of regeneration of motor end-
plates take no account of this possibility. Tello
(1907) and Boeke (1916) studied muscles after
severing the nerve at unspecified, but mostly rather
small, distances (1-5 cm.) from its entry into the
muscle. In some cases the stumps were sutured, in
others (Tello) nerve fibres were left to cross a gap
between the severed ends. From the information
now available about the rate of nervous regenera-
tion (Gutmann, Guttmann, Medawar & Young,
1942) it can be calculated that in the experiments
of the above authors the first nerve fibres returned
to the muscle after about 1-2 months. There is
therefore no information about the re-innervation
of muscles after longer periods of atrophy, such as
are inevitable in man, even after immediate nerve
suture, because of the great lengths of nerve to be
regenerated.*
We have, therefore, attempted to answer the

following questions: (1) What is the delay between
the arrival of the tips of nerve fibres at a muscle
and the onset of the power of transmission of
impulses from one to the other? (2) Is this delay
the same after short and long periods of muscle
atrophy? (3) Do the end-plates remain intact
throughout trophy? (4) Is the process of re-
innervation similar after short and long periods of

* Recently Naffziger, H. C. & Aird, R. B. (Journ. Mt Sinai
Hospital, 9, 1942) have examined muscles innervated after
periods up to four months and found that regeneration was
equally successful in all cases.
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atrophy? (5) If there is atrophy of end-plates, or
failure to re-innervate them, can new plates be
formed, even in the most atrophic muscle fibres?
The experiments are thus in effect an attempt to

discover the extent to which the normal innervation
of a muscle can be regenerated, and whether its
capacity for recovery is progressively prejudiced as
it atrophies.

METHODS
The method has been to study the state of innerva-
tion of muscles at various times after nerve lesions
which had been made in such a way as to allow
known periods to elapse before the return of nerve
fibres to the muscle. For most of the study we have
used the small peroneal muscles of the rabbit.
These are all innervated by the peroneal division
of the sciatic nerve which, being separated from the
other divisions throughout the thigh region in the
rabbit, can be interrupted at various distances from
the muscle without affecting the functions of the
tibial and sural divisions and hence without causing
the production of sores on the heels. The muscles are
most suitable for the investigation of the relation-
ship between the structure of the end-organ and
functional recovery, since three of them (mm.
peronei II, III and IV) cause- a movement of
spreading of the toes which is easy to elicit reflexly
by a sudden lowering of the suspended animal, and
cannot be imitated by any other muscles (Gutmann
et al. 1942; Gutmann, 1943). Although all the four
peroneal muscles are of a convenient size for histo-
logical examination the three mentioned above are
rather small for the preparation of frozen sections.
M. peroneus I is ideal from this point of view, but
has the disadvantage that its function (pronation
of the foot) is not easy to elicit reflexly. Therefore
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where accurate correlation of innervation and
function was required we have made sections of
peronei II-IV, but for studies of longer periods of
denervation we have made histological examination
of peroneus I, ignoring the slight discrepancy
introduced by the fact that its time of recovery is
a day or two in advance of that of the other peronei,
whose movement was used as the actual index of
recovery.

The study of long periods of denervation is made
difficult by the impossibility of making a good union
of stumps which have been held far apart-as is
essential to avoid spontaneous union. Our method
of overcoming this difficulty has been to make
cross-unions of the tibial into the peroneal nerve

(p. 29). Muscles were also examined from cases in

which the tibial nerve had been kept without
innervation for a long time and then re-innervated
by union with the central stump of the peroneal
nerve. At the second operation a similar cross-

union was also made on the opposite side and it was
then possible to compare re-innervation of gastro-
cnemius and plantaris muscles after a long delayand
after primary suture (see p. 30). In both types of
operation special precautions were taken to prevent
spontaneous union of the stumps. A considerable
stretch of the nerve (3-4'cm.) was resected and the
central stump either stitched into the skin or else
prevented from growing by injection into it of
various inhibitors, especially formaldehyde (see
Guttmann & Medawar, 1943). Examination of the
pieces of the- peripheral stump removed at the
second operation showed that these precautions had
in nearly all cases been successful, no medullated
fibres' being present. Occasionally a few small
medullated fibres were found, and unmedullated
fibres, invading the trunk from the periphery, were a

regular feature (see Holmes & Young, 1942).
The histological method employed to demon-

strate the nerve endings has been mostly that of
Bielschowsky (see Weddell & Glees, 1941). The best
preparations with this method show the finest
branches of the nerve fibres, the nuclei, the cross-

striations of the muscle and the sarcoplasm of the
end-plate, with great clearness. Its weakness is
that it is very difficult to obtain exactly the degree
of staining which is desired. Different preparations
vary in' depth of stain, and particularly in its
selectivity, in a manner which we have not been
able fully to control. For a study of the re-

innervation after increasing periods of atrophy it is
especially important to have exactly comparable
sections of each stage. Estimates of the success of
innervation can only properly be made by counts,
e.g. of number of innervated plates, and for these
to be reliable comparable preparations are essential.
By counterstaining with Ehrlich's haematoxylin
we were able to make available some preparations
which would otherwise not have shown such

features as the number of end-plate nuclei. But the
variation in the staining was a continual source of
trouble 'and we cannot over-emphasize the im-
portance, for any similar study, of using a standard
and controllable technique. We are grateful to
Mr W. Holmes for some excellent preparations made
with his new silver-on-the-slide method (1943)
which is not only readily controllable but allows of
counterstaining with connective tissue stains.

STRUCTURE OF NORMAL END-PLATES

A proper understanding of those aspects of the
structure of end-plates which are significant for
their normal functioning and regeneration involves
an investigation of the nature of the membranes
which surround the muscle fibre. The contractile
portion of the muscle substance is surrounded by
a very thin layer of unstriped 'sarcoplasm' which-
can only just be detected in normal muscle fibres
but becomes more conspicuous during the atrophy
of denervation (Text-fig. 1). In it lie the nuclei
('subsarcolemmal nuclei') of the muscle fibre.
These are flattened to fit into the superficial layer
of sarcoplasm, often having a thickness of as little
as 1-3 it when seen in lateral view, but appearing
as elongated ovals of the order of 4 x 12 ,u in surface
view. Each nucleus contains one, two or three
large nucleoli. Its outer surface is often thrown
into folds, whereas the inner one is smoothly
rounded.

Unfortunately, there is much confusion as to the
nature of the membranes outside this layer of
sarcoplasm. Every text-book of histology states
that a muscle fibre is surrounded by a 'sarcolemrr a',
but there has been acute controversy on what
structure should be called by this name (see e.g.

Griesmann, 1913; Peterfi, 1913; Asai, 1914). Pre-
sumably there is a cell membrane at the surface of
the sarcoplasm which is responsible for maintaining
the difference in concentration between the outside
and the inside of the fibre, separating a fluid rich
in Na+ and Cl- outside from the K+ space within.
This membrane must be located at the outer edge
of the thin band of sarcoplasm mentioned above,
but there is -no reason to suppose that it is a thick,
visible membrane. Under favourable circumstances
the edge of the sarcoplasm can be clearly seen, but
presents no special membrane. The layer which is
usually called sarcolemma is quite a thick mem-

brane that lies more peripherally, and probably does
not strictly belong to the muscle fibre but to the
endomysium. There is no reason to suppose that
this thicker layer has special permeability pro-
perties. We may therefore reasonably'suppose that
the muscle fibre is surrounded by two membranes:
(1) a thin but physiologically important limiting
membrane of the sarcoplasm, which may be called
the muscle membrane or sarcoplasmatic mem-
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brane, and (2) a thicker, visible layer, of the nature
of connective tissue, the sarcolemma.
By means of a special staining method, Asai

(1914) believed that he could reveal the very thin
inner membrane as distinct from the outer con-

nective tissue membrane. It is certainly not possible
to do so with ordinary methods, and as Peterfi
(1913, p. 23) says, 'that which we call sarcolemma
in our preparations is in most cases nothing else but
the thick connective tissue network.' Since the
term sarcolemma has been, and still -is, so often
applied to the easily visible connective tissue
membrane it would be pedantic and unwise to
attempt to reserve the term for the 'true' or surface
membrane of the muscle cell which however im-

porfant, is rarely or never seen. For this latter

adult rabbits showed an average of 8-1 of these
nuclei, with numbers varying from 4 to 11. Towards
the edges of the plates the nuclei are often smaller
and less regular than at the centre, and transitions
may be seen between these and the ordinary sub-
sarcolemmal nuclei, from which, indeed, the end-
plate nuclei do not greatly differ.

In the region where the incoming nerve fibre is
connected with the end-plate there often lie other
nuclei different from the above, about whose nature
there has been some dispute. Ranvier divided them
into noyaux vaginaux and noyaux de l'arborisation.
In fact nuclei of Schwann cells or of fibrocytes
may be present, but neither is a constant or essential
component of the end-plate. The fibrocyte nuclei
are theamore usually present and may be called

Text-fig. 1. Semi-diagrammatic view of a motor end-plate. The outlines are from a single plate, and the proportions
are correct, but details have been adjusted to show the relations clearly. The main nerve fibre and sarcolemma
are seen in optical section, but the rest of the plate covers the surface of the muscle fibre. Abbreviations for
all text-figures: cap. capillary; e.p. end-plate; i.e.p. empty end-plate; e.8.t. empty Schwann tube; f. fibrocyte;
i.n. inner end-plate nucleus; m. myelin; m.m. muscle (sarcoplasmatic) membrane; m.n. muscle (subsarco-
lemmal) nucleus; n. neurilemma; n.e.p. new end-plate; o.n. outer end-plate nucleus (fibrocyte); p. protoplasm of
end-plate; s. fine fibre (? sensory); s.a. sarcolemma; s.n. Schwann nucleus; s.t. Schwann tube; u.t. ultra-
terminal fibre.

membrane we shall use the term muscle or sarco-

plasmatic membrane.
The protoplasm of the end-plate is an expansion

of the outer layer of the sarcoplasm, consisting of a
mass of granular matter (Noel, 1927), sometimes
raised into a considerable Doyere's hillock. Within
the protoplasm lie the true nuclei of the end-plate
(Sohlenkerne, of Kuhne, 1864, Noyaux fonda-
mentaux of Ranvier, 1878). These are large oval
or rounded nuclei (5 x 12 p) containing one or two
large, darkly staining nucleoli and a rather clear
nucleoplasm (PI. 1, figs. 1, 3, 8). A lateral view
shows that they are compressed in the radial
direction of the fibre, though they may reach a

thickness of 3-4 1 and are thus less restricted in this
direction than the ordinary muscle nuclei. Counts
of fifty end-plates from normal peroneal muscles in

Anatomy 78

outer end-plate nuclei to distinguish them from
the true or inner end-plate nuclei described
above. These outer end-plate nuclei are of
irregular oval outline, rather small (about 3 x 5 ,u)
and filled with fine granular 'chromatin' often
staining darkly (Text-fig. 2 and Pls. 1 and 2,
figs. 4, 10). In these respects they resemble the
fibrocytes which lie in the endomysium between
the muscle fibres and in the 'endoneurium' around
the finer branches of the nerve fibres. Usually only
one or two of them are present, sometimes none.
This irregular distribution would be expected if
they are the nuclei of the fibrous sheaths. In a

lateral view of a plate they can readily be dis-
tinguished from the inner end-plate nuclei by the
fact that they lie outside the branches of the nerve

fibres (P1. 1, figs. 2, 4). Other nuclei which may be
2
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confused with those of the end-plate belong to the
capillaries, which are abundant throughout the
muscle, though not, so far as we have seen, es-

pecially so in the region of the end-plate (see
however Noel, 1926).
The third type of nucleus which may be associated

with the end-plates is that of the Schwann cells.
These are easily recognized by their plump oval
outline, dimensions of 5 x 9 p being typical. Usually
they stain very dark black with Bielschowsky
(Text-fig. 2). They are not strictly a component of
the end-plate but may lie near it, especially when
branching of the axon begins before the end-plate
is reached so that the first branches are medullated
(PI. 1, figs. 6, 7).

3, 5, 6, 7). Branching sometimes occurs in the
proximity of a nucleus but this is fortuitous (see
Hinsey, 1934). The two branches of each division
are often subequal, but there may be very short
collaterals which are difficult to distinguish from
mere bulges. Each fibre tapers progressivelytowards
the periphery, but irregularswellings occur. The final
termination is usually in the form of a-finelytapering
point (PI. 1, figs. 3-5), but there maybe a slight bulb,
a flattened disc or a ring (PI. 1, figs. 2, 5). Out of
forty-two consecutive endings examined at random,
thirty-seven ended in fine tapers and only five were
provided with a swelling at the extreme tip. Many
authorshave observed that some branches endin fine
tapers (see Tello, 1905,1907), butmosthave indicated

09-

Text-fig. 2. Normal end-plates from m. peroneus longus (733e 1).

At the end-plate, the connective tissue sheath of
the nerve fibre (endoneurium) joins that of the
muscle fibre (sarcolemma, endomysium). The de-
tails of this union are not clear but may be con-

jectured to be as in Text-fig. 1. The nerve fibre runs
down within a connective tissue tube, surrounded
at least in part by a Schwann cell and by the
neurilemma (see Holmes & Young, 1942) and
passes into contact with the surface of the end-plate
protoplasm. Branching may begin at some distance
from the end-plate, so that several, in some cases
,as many as four, medullated branches may run
side by side into the plate. Usually, however, the
branching begins where the fibre first makes
contact with the end-plate protoplasm, the fibre
here dividing into two or more equal branches.
Each portion then passes outwards towards the
periphery of the plate branching sometimes two or

three times, usually dichotomously (P1. 1, figs. 1,

that a terminal bulb or ring is the rule (Boeke, 1910,
1916). The appearance will of course depend largely
on the technique, especially on the fixation and
completeness of staining. In preparations made
with gold chloride techniques the end branches
usually appear swollen and varicose, perhaps as a

result of the fixation employed. Moreover, Carey
(1941) believes that there is a change in the shape
of the endings, correlated with their functional
activity. The final portion of the fibre is often
flattened into a very thin sheet and hence is
particularly liable to disruption in fixation. There
is always the possibility that some portion at the
end has been left unstained and indeed it is so thin
that it often appears faint (PI. 1, figs. 1, 3, 5). We
are satisfied, however, that in most cases the
branches shown represent the ends of the nerve

fibres and that they may taper to fine points.
The relationship between the finest nerve

18
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branches and the end-plate protoplasm has been
the subject of much controversy. Boeke (1916) and
others (see Hinsey, 1934) have maintained that there
is a continuity of fine fibrils from the nerve fibre into
a 'periterminal network' inthe end-plateprotoplasm.
Wilkinson (1929, 1930) considers, however, that this
is a misinterpretation, resulting from the artefacts
of formol fixation. In considering the relationship
it must always be kept in mind that the tissues have
been fixed and stained, processes which cannot fail
to have altered the appearance and, indeed, are
designed to do so. The object of fixation and stain-
ing is not to discover the appearance of the living
organs, which we know to be transparent. What
the biologist does wish to know is the relationship
between the nerve as a conductor, the end-plate
as a conductor and, if possible, the muscle as a
contractor. The fixation and staining of the prepara-
tion, and the looking at it, are experiments designed
to clarify these relationships.

In making the investigation a clue is provided by
the probability that, in relation to the conducting
function of a nerve fibre, there must be at the outer
edge of the axoplasm a boundary preventing the
free passage of certain ions and allowing the
maintenance of very different concentrations on its
two sides, the inside being rich in K+ and the
outside in Na+ and Cl-. The most interesting aspect
for investigation is, therefore, whether the axo-
plasm is at all points covered by a membrane or
whether the appearances suggest that it becomes
continuous with the end-plate protoplasm. The
word 'continuous' here requires some attention.
The axon is essentially a system bounded by a
membrane whose presence, separating solutions of
very different composition, makes conduction
possible. Therefore the axoplasm is properly said to
be continuous with some other plasm only when no
membrane intervenes between them, so that the
K+ space inside the one is continuous with that
inside the other. If a membrane or membranes
intervene to prevent such a mixture the relation-
ship is said to be one of contact.
The question of the exact relationship at the end

of the finer branches is by no means easy to settle
with existing techniques of fixation and staining.
The finest branches often stain more feebly than
the thicker ones. Moreover, being very thin, they
are especially liable to disruption. Towards the tip
the axoplasm sometimes appears to break 'into
loose 'networks' (P1. 1, figs. 1, 5), but these are such
as might be expected to be produced during fixation
of a yery thin sheet of protein solution. When this
happens to the very finest branches they become
so dispersed that nothing is left to stain except a
few scattered wisps or threads. These may give an
appearance as if the fibre was breaking up into a
number of excessively fine threads. It seems almost
certain that this appearance is an artefact of
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fixation and that the living tip of the nerve fibre
is a complete tapering cone or flattened disc
(PI. 1, figs. 2, 4). The division into fine wisps, even
if it be not the result of fixation, is a rarity. Again,
even if the finely divided threads be taken as a
true representation of the living condition they still
do not suggest a continuity with the end-plate
protoplasm. The latter usually has a finely granular
appearance after Bielschowsky staining, and this
may sometimes give rise to a vague similarity to
a network (PI. 1, fig. 1). But this protoplasm is
always more lightly stained than the nerve ending.
Even' where the latter appears to divide into very
fine threads these yet terminate abruptly and do
not pass over smoothly into the end-plate proto-
plasm. Indeed, there is often a slightly lighter
portion of this protoplasm around the nerve fibre,
along its whole length, as well as at its tip (PI. 1,
figs. 1, 8 and Text-fig. 2, cf. Wilkinson, 1930). This
suggests that the finest branches do not lie within the
end-plate sarcoplasm at all, in the sense of being sur-
rounded by it on all sides. Boeke and others, from
study mainly of surface views of end-plates, have
considered the endings to be 'innerhalb des Sarco-
plasmas'der Sohlenplatte'. But in lateral view it can
be seen thatthe branches lie either on the sarcoplasm
surface or pressed into a slight groove (PI. 1,
figs. 2, 4). It is probable that the sarcoplasm is
sonically a similar solution to the axoplasm, and it
is not easy to see how an impulse could be con-
ducted along the finer nerve branches if they were
immersed in a medium of composition similar to
their own interior.

There is therefore clear evidence that the axo-
plasm remains distinct from the end-plate proto-
plasm, in the sense that the membranes of the two
remain complete at the point of contact. Moreover,
there is a sodium space at least around part of the
surface of the nerve fibre. Of the four conceivable
arrangements indicated in Text-fig. 3 we may
therefore conclude that either C or D is correct.
This means that the relationship of muscle fibre to
sarcoplasm is essentially similar in appearance to
that of the members of a neuron-neuron synapse.
Although it is clear that the insides of the nerve
and muscle fibres are not continuous it remains
uncertain whether the boundary between them
should be-considered as one membrane or two.
The question is important for consideration not
only of neuromyal conduction but also of regenera-
tion. It may be that when the surface of the
axoplasm touches that of the sarcoplasm Te-
orientations take place in the surface layers of both,

- such that a single limiting layer is formed. The
making of this contact might have important
influences also on the 'trophic' condition of one or
both partners.

It remains to consider the significant features of
the shape and number of the terminal branches.

2-2
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In a count of fifty end-plates taken at random from
the peroneal muscles of adult rabbits the average
number of branches within the end-plates was 5-8,
with extremes of 2 and 11. This variation suggests
that the number of branches is without special
significance (see Hines, 1981; Carey, 1941), and the
fact that most of them taper to fine tips, though a
few are bulbous, suggests further that there is no
special significance in the tip or final ending. The
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Text-fig. 3. Diagrams of conceivable relations of nerve and
muscle at an end-plate. A. Complete continuity of
axoplasm and sarcoplasm. B. The nerve fibre pene-

trates the muscle membrane and runs within the sarco-

plasm. C. The nerve indents the sarcoplasm and the
nerve and muscle membranes fuse to make a single one.

D. The nerve indents the sarcoplasm and the two
membranes remain distinct, leaving a Na space all
round the nerve. The actual relations are either as C
or D.

significant portion of the end-plate is probably the
whole stretch over which the nerve fibre comes in
close proximity with the sarcoplasm of the sole
plate. For this purpose the more proximal portions
of the branches are presumably more effective,
because larger, than the more distal. If this is true
then the important portion of the ending is neither
the tip, whether bulbous or not, nor any bulbs
which may occur along the fibres. All these are

'accidents', and the effective contact is made by
the whole stretch of unspecialized nerve fibre
within the end-plate.

nd J. Z. YOUNG
This hypothesis is confirmed and illustrated by

the unusual plate shown in PI. 1, fig. 8, in which
apparently two branches, after passing separately
over the end-plate protoplasm, have joined again.
Except for two tiny lateral twigs the entire nervous
part of the end-plate consists of a single circle. It
is hardly likely that the two little twigs constitute
the sole vehicle of transference of the impulse.
Similar anastomosis of branches has been seen by
Grabower (1902), Krebs (1905) and Boeke (1910),
but was denied by Tello (1905).
The transfer of excitation by the 'collateral'

action of a nerve fibre as it passes close to some
other protoplasm has already been indicated in
many other parts of the nervous system. Although
no doubt special terminal synaptic buttons are
often very significant, it is a mistake, at least in
many cases, to ascribe special powers to the tip of
a nerve fibre as such. This similarity of the synaptic
surface to that of a simple nerve fibre emphasizes
the probability that the process of transmission of
excitation from one cell to another is not wholly
different from that by which one portion of a fibre
excites another portion of the same fibre.

RE-INNERVATION AFTER CRUSHING
NERVE CLOSE TO THE MUSCLE

In a series of rabbits the peroneal nerve was crushed
with forceps at a distance of about 20 mm. from
the m. peroneus secundus, causing all the axons to
undergo Wallerian degeneration. From previous
work (Gutmann et al. 1942) we know that the latent
period at the point of injury after this operation
is 5 days, and that thereafter axon tips advance
down the nerve at 4-4 mm./day. We do not know
exactly how far fibres must travel within the
muscle before reaching the end-plates. In two adult
animals the point of nerve entry was found to be
6 mm. above a point half-way along the muscle.
Adding a further 4 mm. for the course of the nerves
within the muscle we may therefore suppose
that new fibres arrive at the end-plates after

20+ 10
5 + =12 days. Accordingly, on the 12th and

4.4
subsequent days one of the operated legs was
examined, the nerve being exposed and stimulated
'faradically' with bipolar electrodes, the muscle
being watched for contraction. After the experi-
ment the muscle was removed for fixation and
staining. In this way the results shown in Table 1
were obtained. The fourth column shows whether
the reflex function of spreading the toes had 're-
appeared at the time of examination and agrees
with previous results (Gutmann et at. 1942; Gut-
mann, 1943) in showing that the function first
returns about the 23rd day. Column 5 shows
whether or not fibres were found in the intra-



Re-innervation of muscle
muscular bundles, and confirms the expectation
that the earliest arrive soon after the 12th day,
though at first fibres are only present in a few tubes.
Because of this it is difficult to be certain of the
exact time at which axon tips first arrive at the
end-plates (column 6). They were first seen in a

few of the plates in a muscle examined on the 18th
day after injury, and this was also the earliest
muscle to show response on stimulation of the
nerve (column 3). The delay between arrival of
fibres near the plates and their entry into them
cannot be greater than 5 or 6 days and is probably
less. Further, in spite of minor inconsistencies such
as would be expected, columns 3 and 6 agree very

closely and show that as soon as fibres enter the
end-plates they are able to cause the muscle to
contract. Of course only a very small sample of all
the plates in the muscle was examined, and more-

over the visual test of 'indirect excitability' is also

Table 1. Peroneal nerve crushed 20 mm. from

its entry to m. peroneus II

Latent period 5 days. Fibres arrive at plates after
20 + 10 12 d.

Mt

7~
71
7'
71
7'
71
61
61
7'
7.

1 2
Days
after

arrival
uscle offibres,
41b 0

12b 2
lib 4
12e 6
17b 7
lhf 8
lOa 9
95 11
88 14
lOh 15 '
17f 16

di

ex(

number, and this would be expected if they are of
the nature of fibroblasts which are at this time
increasing in number throughout the muscle.
However, the number of these outer nuclei varies
so much that estimates are not very reliable. In
later stages they again seem to be fewer; possibly,
as Boeke suggested, they degenerate and disappear.
The Schwann nuclei of the finer branches within

the muscle have also multiplied, but, as we have
seen, these do not enter into the composition of the
end-plate proper. There has been considerable
difference of opinion as to the changes in the end-
plate nuclei during degeneration (see Boeke, 1916).
Some have described degeneration, others multi-

Table 2. Counts of the numbers of branches and
of nuclei in normal and regenerating end-plates

The figures are the mean numbers, usually from counts of
15 plates. The figures in brackets show the extremes

Time after
arrival of

fibres
Muscle days

Nerve
branches
Normal muscle

Inner Outer
nuclei nuclei

4-4 Av. of 51 plates
3 4 5 6 7 from 4 muscles ... 5-8 (2-11) 8-1 (4-13)

After crushing nerve 20 mm. from muscle

direct Spread- Fibres Fibres 711b 4 0 6-8 (5-11)
cita- ing of. in in 712f 6 0-7 (0-3) 7-4 (4-13)
ility toes bundles plates Myelin 710h 15 3-2 (0-8) 8-0 (5-12)
0 0 0 0 0 695a 107 6-1 (2-12)
O 0 + 0 0 706c 188 6-8 (4-10) 100 (5-14)
V v Tr

o o +
+ 0O +.
0 0 +
0 0 +
+ 0 +
+ + Not s

+ + Not s

+ + +

v
0

+

0

+

studied
studied

+

v

0

0

0

0

0

+

727a
696a
702 e
703 k
704g

+ + + + + 650c
762 f

far from perfect. But it is evident that after this
short time of atrophy there cannot be more than
one or two days' delay between the entry of a fibre
into a plate and the development of its capacity
to function.
The rapid return of function is perhaps not

surprising, although the first fibres to enter the
end-plates are very thin, since the plates them-
selves remain substantially unchanged after this
short period of denervation. PI. 2, figs. 9-11, show
that after the disappearance of the nerve fibres
from the end-plate the nuclei and protoplasm of the
latter maintain their normal appearance. Counts
(Table 2) of the number of nuclei in these denervated
plates show no significant change in the inner nuclei
of the end-plate proper. At this stage, at least, they
have neither multiplied (and no division figures
were seen) nor atrophied. On the other hand, the
'outer end-plate nuclei' appear to have doubled in

752g
671f
452a
,,569a

After crushing nerve 100 mm. from muscle
30 1-8 (0-3) 6-3 (3-10)
64 4-7 (2-10) 7.7 (3-16)
99 4-2 (1-8) 7-8 (3-13)
169 8-3 (4-17) 11-2 (6-25)
269 7-3 (2-14) 10-5 (5-18)

2-1

4-4

4*6

3-0

After suture 48 mm. from muscle
65 2-4 (0-5) 8-4 (7-10)
129 4-3 (2-11) -

126 3-9 (2-9) 8-3 (4-12)
166 4-4 (3-6) 9-4 (6-13)
281 3-7 (2-6) 6-0 (3-10)
326 5-2 (3-9)

plication of the various types of nuclei, while Tello
reported no change. Boeke observed the numerous
small irregular nuclei at the centre of the empty
plates, and thought them to be degenerating
Telodendrienkerne, which he held to be specially
differentiated nuclei. He noticed the variability in
number of these nuclei and their disappearance in
later' stages. Although he never saw mitotic figures
in the inner end-plate nuclei he held that they
increased, perhaps amitotically, and as many as
thirty-six were seen in a single plate. The only sign
of multiplication of the inner nuclei in the present
work has been a possible slight increase in the very
late stages of re-innervation (p. 26).
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At the period when new fibres are entering, or

about to enter, the old end-plates, the sarcoplasm
of the latter stains very darkly with the silver of
Bielschowky's method. The plates therefore stand
out clearly even when seen with low-powfr ob-
jectives (PI. 2, fig. 11). This darkness of tVie plate
appears to be a direct result of the approach of new
fibres. In the case of muscles denervated for longer
periods the plates were also found to stain when the
new fibres approached them, although during the
period of denervation they had remained unstained
and very difficult to discern (p. 27).
A fine stream of axoplasm, returning along the

Schwann tubes during the third week after crushing
the nerve close to a muscle, is therefore' led back
directly to make contact with the end-plate sarco-

plasm of a substantially unmodified plate (PI. 2,

B3

plasm, but there is every reason to believe that the
nerve lies outside the sarcoplasmatic'membrane, as

in a normal plate. The tips of the branches end
either as tapering threads or as slightly expanded,
flattened bulbs (PI. 2, figs. 14, 16). These sometimes
have the appearance of rings, but this may be an

artefact produced by the fixation of a thin plate of
protoplasm. These formations are not spheres seen

in optical section, for focusing shows that the dark
margin is confined to a single plane. In other cases
the appearance is not that of a simple ring but
of a somewhat complicated network, this being
another result of the fixation of small flattened
sheets of protoplasm. Table 2 shows that even by
the 27th day, that is to say after reflex function has
returned, the number of branches is still much less
than normal.

A

(<~ , o~ n .- ... - #

Text-fig. 4. Fibres entering end-plates. A. 18 days after crushing the nerve 20 mm.
from the muscle (712e 1). B. 21 days after similar operation (710a 3).

fig. 13) which has only suffered from a slight
reduction in size of muscle fibre and increase in
connective tissue between the fibres.
At the entrance to the plates the stream is often,

though not always, dammed up, producing a

thickening (PI. 2, fig. 13 and Text-fig. 4). It may
be this obstruction which produces the delay
between arrival of fibres and the first appearance of
indirect excitability. Overcoming whatever pro-
duces the resistance the stream proceeds into
contact with the end-plate protoplasm, at first as a

very narrow strand. From this, as a result pre-
sumably of further obstructions met within the
plate, little branches are thrown off, producing a

ramified system over the surface of the end-plate
sarcoplasm, between the inner and outer end-plate
nuclei. It iN not easy to be certain of the exact
relationship of these early branches to the sarco-

The fact that, even though thin and few in
number, the early branches are able to stimulate
the muscles agrees with the conclusion reached on

p. 20 that it is the presence of a nerve fibre at
a plate which enables transmission to occur, rather
than the development of any highly specialized
end formation.

There is, however, one respect in which a definite
abnormality appears even during this rapid re-

innervation. At many plates the stream of axoplasm
does not flow only into the end-plate. A portion of
it escapes to make an 'ultraterminal' fibre,* running

* 'Ultraterminal fibre' has been used by some authors
for the condition. seen in normal end-plates in which a fibre
arises from one of the branches within a plate and passes
to some other ending (see Hinsey, 1934). The condition here
described is not essentially different.
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often for long distances between the muscle fibres
(PI. 2, figs. 15,17,18). In Text-fig. 4A there is-a short
ultraterminal fibre which has apparently stimulated
the collection of some sarcoplasm making an

addition to the old end-plate. These 'escaped' fibres
will be further discussed later; here it may be
noticed that they do not necessarily rapidly dis-
appear. Indeed, in the series represented by PI. 2,
figs. 15,17,18 they appear to have become thickened
and developed rather than to have atrophied.
However, since in this quick re-innervation every

muscle fibre rapidly receives a nerve fibre, pre-

sumably the ultraterminal fibres do not often go on

to make new end-plates, if it be true that they are,
unable to do so with muscle fibres whose plates are

already innervated. In fact no undoubted newly
formed plates were found in this series, although
they were abundant after longer denervation (p. 36).

Text-fig. 5. Nerve crushed 20 mm. from muscle 107 days
previously. Two fibres run towards the end-plates, but
the smaller (? sensory) fibre does not enter it. (695a 1.)

It is remarkable that from the earliest stages of
the re-innervation eachend-plate is almost invariably
served by a single nerve fibre (PI. 2, fig. 19), only
in a very few cases have two fibres been seen passing
to a plate. In most of such cases the two are
branches of one axon, where branching begins
before the plate is reached, an arrangement which
is also quite frequent for normal plates. Even when
the fibre can be followed for some distance it is
often impossible to determine for certain whether
or not the two fibres approaching an end-plate come
from a single neuron. In the case shown in PI. 2,
fig. 21 twq fibres run into a plate from apparently
quite opposite directions. It is possible, but not
certain, that in this case one muscle fibre is actually
innervated from two neurons. In a few other cases
in which two fibres not obviously branches of one

axon approached a plate in a single tube, only one
of them entered the plate, the other being either
blocked or proceeding through the plate to end
blindly in the endomysium (Text-fig. 5).

During outgrowth of a crushed axon many
branches may at first be formed but they are
mostly kept within the original endoneurial tube,
and therefore led back to the old end-plate with
which they were originally connected (see Young,
1942). Presumably only one of these branches
proceeds for a considerable distance, growing at the
expense of the others. Where more than one fibre
runs within the endoneurial tube to the end-organ
only one can enter. The other may eventually
atrophy, but Text-fig. 5 shows that they may
persist 3 months after operation.
When a nerve has been crushed in such a manner

as to leave its endoneurium intact it is probably
rare for a sensory fibre to grow down a motor
channel or vice versa. However, some appearances
were seen which suggest that sensory fibres' have
entered the muscle and instead of making contact
with end-plates have proceeded to form elaborate
plexuses (PI. 2, fig. 20). The chief characteristics of
these seem to be abundance of branching and the
small diameter of the fibres. They were not seen in
muscles examined 200 days after crushing, and it
may be therefore that they are absorbed. However,
since they are only occasionally present in any of
the cases of this series their absence in one or two
muscles may not be significant.
The great majority of the fibres returning to the

muscle after this operation are therefore in their
appropriate channels and proceed to reproduce
end-plates which are very close to normal. Table 2
and Text-fig. 6 show that the' number of branches
within the end-plates returns to normal about
80 days after a nearby crush injury to the nerve.
Muscles examined at about this time already show
a condition approaching normality. The nerve fibres
are approaching their original diameter. The
branches within the plates are somewhat thicker
than normal and an unusual proportion of them end
in knobs, though many are tapered as in the
majority of normal plates. At 107 days there are

still some ultraterminal fibres, and indeed'some at
least of these have increased in diameter and
become medullated (PI. 2, fig. 18). In muscles
examined 200 days after operation, however, the
arrangement is very nearly normal (PI. 2, fig. 22).
The terminations within the plates are still ab-
normally thick and many of them are enlarged at
the tip to form bulbs. However, there are also
many which taper at the end. Ultraterminal fibrev
can still be found and may be medullated. Other
persistent abnormalities are occasional terminal
masses of axoplasm which appear to have gone
astray and become encapsulated.

There are therefore many minor respects in which
it can be recognized that a re-innervation has taken
place, even as long as 200 days after denervation
produced with the least possible damage, namely,
by crushing the nerve close to a muscle. There is
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little sign that any process of normalization by
resorption of deviated fibres has taken place.
However, the general pattern of re-innervation
after such an operation approaches quite close to
that originally present, since one fibre has flowed
back down each old tube into the old end-plate
(PI. 7, fig. 73).

vated. The counts of the numbers of nuclei in these
plates show slightly smaller average figures than
those found in normal and less atrophied muscles
(Table 2), but the difference is barely significant.
These numbers therefore prove definitely that some

uninnervated plates persist for as long as 2 months,
though it remains uncertain whether all do so.

0 em immediate suture o

va O° Delayed suture
4
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Days after return of fibres

Text-fig. 6. Plot of the number of terminal branches found in end-plates during recovery from various
types of nerve injury. Each point represents an average, usually of fifteen plates.

RE-INNERVATION AFTER CRUSHING
NERVE AT A DISTANCE FROM

THE MUSCLE

In a further series of animals the peroneal nerve was

crushed at about 100 mm. from the m. peroneus
longus. The reasons for using the peroneus longus
in this and subsequent series are explained on p. 15.
The distance from the point of entry of the nerve
to the middle point of this muscle was found
to be 12 mm. Adding 4 mm. as before, we may

calculate that fibres would arrive back at the end-

plates after about 5 +1+ = 31 days. Examina-
4.4

tion of indirect excitability and of the histological
appearances was accordingly made at varying times
after this period had elapsed, though no attempt
was made to provide a complete detailed series.
The muscles examined after 35 and 42 days

confirm that fibres have arrived in the nerve

bundles in the muscle, though they are not yet to
be found in the end-plates. These and subsequent
muscles differ from those seen after a crush close
to the muscle in that atrophy has proceeded
noticeably further, reducing the volume of the
muscle fibres, increasing the amount of connective
tissue and making it difficult to recognize the end-
plates. Nevertheless, there is no doubt .that many
if not all of the plates remain. They can often be seen

before the nerve fibres have returned to them, though
they become more easy to pick out when re-inner-

The most noticeable feature of the rerinnervation
of these muscles as compared with those allowed to
atrophy for only a short time after a low crush is
the abundance of 'escaped' fibres, and their
attempts to form endings. The longer period of
atrophy makes a very big difference to the con-

dition which the new fibres meet when they return.
Presumably the 'escape' is a result of a change in
the condition of the connective tissue (and neuri-
lemmal?) tubes at the point of junction of nerve

fibre and end-plate. The details about these mem-
branes and their changes remain unknown, but it
seems probable that as the muscle fibre shrinks and
its fibrous investment thickens the connexion be-
tween the nerve fibre and the sarcoplasm at the
end-plate is either broken, closed, or at least made
less easily penetrable by new fibres (see p. 35 and
Text-fig. 14). The result is that only a portion of the
stream of axoplasm, or sometimes none of it at all,
is directed back into the end-plate (P1. 3, figs. 23-25).
The rest passes on to make a new nerve fibre,
running for a long distance between the muscle
fibres. As a result the general pattern of nerves in
the muscle is different from the normal and from
that seen following crushing of the nerve close to
the muscle (PI. 7, fig. 74). Many of these long fibres
are undoubtedly motor fibres which have failed to
enter their end-plates, whereas the finer fibres
(PI. 3, fig. 26) may be sensory fibres which have
entered motor pathways.

Such plexuses, running along the muscle fibre,
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are never seen in a normal muscle, and they show
that the nervous pattern produced during re-

generation does not necessarily follow exactly the
old lines. The Schwann tubes in the nerve trunks
and plexuses are very valuable guides leading along
new fibres towards their end-organs (Holmes &
Young, 1942; Glees, 1943), but they do not in-
evitably ensure that connexion will be made with
the latter.
The new fibres are laid down in the connective

tissue spaces between the muscle fibres, which
evidently provide admirable opportunities for
spinning new threads. This is indeed a good example
of the way in which new nerve fibres can be laid
down, along suitable tracks, in the absence of pre-

existing Schwannian or other pathways. They soon

come to be accompanied by fibroblasts and by
Schwann cells, which must have migrated on to
them. In later stages such new fibres can un-

doubtedly become medullated.
Many of these escaped fibres can be seen to

terminate in the intermuscular connective tissue
(PI. 3, fig. 31). Presumably the stream of axoplasm
becomes blocked (though the ending is often of a

fine tapering form) and fails to make contact with
a muscle fibre. But it is also possible for such
wandering streams to penetrate the membranes
covering the muscle fibres and to make a new plate.
This can be conclusively proved by such cases as

those shown in PI. 3, figs. 28 and 29. Here the very

simple plates, with their single endings, are found
on the end of fibres which, farther back, can be seen

to have escaped from an old end-plate. Such an

arrangement of end-plates in series is never seen in
normal muscles, and the endings shown are

certainly, as their appearance suggests, new end-
plates. Where a nerve fibre makes direct contact
.With the sarcoplasm it produces a differentiation
of that substance into the material characteristic
of the end-plate. This is not surprising, since we

know that the same happens in development
(Boeke, 1910), but it is interesting to obtain definite
proof of this organizing power of the nerve fibre
in the adult. The changes involved are not,
perhaps, very extensive, mainly the collection of a

little mass of sarcoplasm and a few muscle nuclei.
Other 'attempts' at the formation of endings are

seen (PI. 3, fig. 30), but it is only rarely possible to
be sure of the exact relationship of the nerve fibre
to the sarcoplasm.

In spite of these ultraterminal formations the
great majority of the newly innervated plates seen

after a crush 100 mm. from the muscle are probably
persistent plates. But the new branches are not
formed within them in quite the same manner as

after a closer lesion. The greater atrophy of the
muscle fibre appears to have compressed the end-
plate protoplasm and the space above it, so that the
new stream of axoplasm enters the plate only with

difficulty and often makes at first large lumps
(P1. 3, figs. 23,27, 32). Finer branches andbulbs such

as those seen after a shorter time of atrophy may,
however, also occur (PI. 3, figs. 25, 27). But in
general the impression is that the stream of
axoplasm meets with a considerable resistance
which delays its penetration. The fine fibres can be
seen, in favourable cases, to indent the sarcoplasm
(PI. 3, fig. 27), as at normal endings. The 'ultra-
terminal' or 'escaped' portion of the axoplasmic
stream is usually so prominent that the portion
innervating the original plate itself is now more in
the nature of a collateral (PI. 3, fig. 23). However,
in spite of the difficulty of innervation suggested
by these various formations, it is clear that the
new fibres have succeeded in making contact with

Table 3. Presence or absence of indirect
excitability in m. peroneus longus

A. After crushing the peroneal nerve 100 mm. from the
muscle. Fibres return to the end-plates after

100 +155+ =31 days. Recovery of spreading of toes

occurs about the 53rd day

Animal
778
779
561
727

Days after
operation

35
42
43
61

Indirect
excitability

0

0

B. After suture 48 mm. from the muscle. Fibres return

after 7 +48 +5 = 25 days. Recovery of spreading of

toes occurs about the 50th day.

Animal
779
778
685
857
753

Days after
operation

35
42
48
52
55

Indirect
excitability

0

0

0

+

the muscle fibres largely by means of the old plates.
Correspondingly, these muscles acquire the power
to function at a time not very long after the arrival
of new fibres. The interval appears from Table 3 to
be not more than 12 days, assuming that fibres
arrive on the 31st day. This is a little longer than
after the very short period of atrophy imposed by
a crush close to the muscle, but evidently there is
no major delay before the onset of indirect ex-

citability. The data of Gutmann et al. (1942) and
Gutmann (1943) show that return of reflex function
after such a lesion occurs about the 53rd day, that
is to say with a delay after arrival of fibres of about
22 days as compared with 11 days after a low crush.
Part of this extra delay may be due to the greater
difficulty with which the fibres enter the plates in
the more atrophied muscle, but it must not be
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forgotten that where a greater length of nerve has

to be regenerated there may be increased delay

between arrival of fibres and recovery because of

the need for greater medullation, and other factors

may also increase the delay (see Gutmann et al.

1942).
Function returns in spite of the abnormal shapes

of the, fibres in most of the endings, and this is

further evidence that it is the presence of a fibre
in the sarcoplasm which makes excitation possible.

Moreover, as after crushes close to the muscle, not

only the shape but also the number of endings in

these early plates is grossly abnormal (Table 2).

The subsequent process of normalization of the
end-plates is shown in Table 2, Text-fig. 6 and

PI. 3, figs. 33-37. It takes a long time. In muscles

examined 3 and 4 months after the interruption the
number of endings in the plates is still abnormally

small (PI. 3, fig. 33), and they are often unduly
thick. Some of the plates can now be seen to be

'terminal', but many still have 'ultraterminal'
fibres attached to them, and such escaped fibres are

still abundant running between the muscle fibres.
However, some of the excess of nerve fibres may
have been reduced, and the plexus among the
muscle fibres seems less complex than in the
muscles examined during the early stages of re-

innervation. The newly formed end-plates can still
be recognized by their very small number of end-
branches and nuclei, as well as by their arrangement
relative to the larger nerve trunks in the muscle and
to other plates. However, some of the plates at

this time have a structure indistinguishable from
normal.
The plates seen in the muscle examined 200 days

after such a crush contained a significant excess of
end-branches and nuclei (Table 2), and the branches
and endings were often unusually stout (PI. 3, figs.
34-36). Some (fig. 36) can be seen to be definite
loops (see p. 22), others flattened plates. Perhaps
as the muscle fibre increases in volume after its
atrophy the sarcoplasm of the end-plate also
spreads out and allows the formation of new

branches. There is no evidence as to how the
increase in nuclei takes place, whether by division
or the incorporation of new subsarcolemmal nuclei
into the plate.

In this muscle there was very little sign of long
'ultraterminal' fibres running between the muscle
fibres. In fact, the general pattern of the innerva-
tion is now more close to normal, with most of the
plates terminal. This condition may be contrasted
with that found at a similar time after suture, when
an excess both of large and small fibres is still
present in the muscle (p. 29).
A muscle taken 300 days after crushing the nerve

at this level showed no signs of nerve fibres running
for long distances between the muscle fibres, and
only few of the plates were collateral. Presumably,

therefore, the excess fibres are gradually absorbed,
though the process must be a very slow one. Many
of the plates could not be distinguished from normal
at this time, others still showed signs of the injury
in the persistence of various irregular lobes and
masses (PI. 3, fig. 37). Many of the branches within
the plates now end in a taper, or with very fine
terminal expansions, but rather more of them end
in blunt knobs than is normally the case. The

number of branches and nuclei within the plates is

-rather high, and in many plates the mode of

branching and course of the fibres are less regular
than normal.

Thus, -300 days after a crush at 100 mm. from

the muscle the innervation, though very abundant,
is still not quite normal in appearance.,The great
excess of fibres which appears in the early stages
after this operation has certainly become somewhat
reduced. The processes of adjustment which have

to proceed after arrival of the fibres at the muscle

appear to be (1) the entry of branches into old

plates, (2) the formation of new plates, (3) the

elimination of deviated fibres which have missed

their way. After a crush close to the muscle the

process of regeneration consists mainly of process (1).
After a more distant crush (1) proceeds with greater
difficulty and (2), which rarely or never occurs after

a low crush, is found. Since so many fibres fail to

flow straight back into end-plates, the third process,
removal of excess fibres, is much more important
after a distant than after-a close lesion.

RE-INNERVATION AFTER PRIMARY
SUTURE

After severance and immediate suture of a nerve

all sensory and motor functions recover later, more
slowly and less perfectly than ifthe nerve has simply
been crushed. We have investigated the recovery
of the muscles during re-innervation after de-

nervation for various periods. The usual level at

which sutures were made was 48 mm. from the

m. peroneus longus, and from the data of Gutmann
et al. (1942) we may calculate that wheh primary
suture is made immediately after severance fibres

should begin to arrive back at the end-plates after
63

7 + 5= 25 days of atrophy. Table 3 shows that
3.45

there is a delay of at least 17 days between the

arrival of fibres and the onset ofindirect excitability,
as compared with a minimum of 6 days after a

crush close to the muscle and 12 days after a more

distant crush. After sutures at the level we are

considering the function of spreading the toes was

found by Gutmann et al. (1942) to return after

54-70 days. Later observations have shown re-

coveries as early as 47 days, and 50 days is probably
a reasonable figure for a good suture at this level.

The longer times in earlier experiments were the
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result of imperfect unions, which are liable to result
from the tension on the nerve at this level. There is
therefore a delay after a good primary suture at this
level of about 25 days between the return of the

first fibres to the end-plates and the appearance of
reflex function. The comparable delay after crushing
the nerve close to the muscle is 11 days and after
a more distant crush 22 days.
The muscle examined 35 days after operation,

that is to say 10 days after the calculated time of

return of the first fibres, shows quite thick fibres
in some of the nerve bundles (P1. 4, fig. 44). But

only a few tubes in each bundle contain fibres, in

is considerable variation between individual rabbits
in this respect. The animal examined 42 days after
operation showed a much more pronounced atrophy
and very little re-innervation ofend-plates, although
fibres are abundant in the nerve bundles in the
muscle.
The animal examined at 48 days (23 days after

arrival of fibres) shows less atrophy than.the last,
but here again, although fibres are present in the
muscle, no innervated end-plates were seen.

After one month of atrophy and one of re-
innervation the muscle contained many plates in
process of re-innervation and these appear dark.

S. I".

Text-fig. 7. Nerve fibres 30 days after their arrival in a muscle after suture. Three Schwann tubes are shown.
That on the left contains a large and a small fibre, but the latter (? sensory) runs past the end-plate. The motor
fibre sends branches into the plate and then runs as an- ultraterminal fibre along the muscle and back up along
another tube to end in complex branches on another muscle fibre (753d 9).

marked contrast with the condition seeU in the
bundles at a similar period after a crush, where
every tube contains fibres (PI. 4, fig. 43).
Some of the fibres have already penetrated into.

end-plates and produced several branches there.
Such re-innervated plates stain darkly and in every
way resemble the plates seen during re-innervation
after crushing. 'Escaped' fibres are common, and
there is some formation of longitudinal plexuses of
fibres, though perhaps less than occurs during re-

innervation after delayed suture.
The, fact that re-innervation has proceeded well

in this muscle may be connected with the small
amount of atrophy which has been produced. There

It will be remembered that after crushing the nerve

close to the muscle the plates also appeared con-

spicuously dark during early re-innervation, and
this dark staining therefore appears to be a general
feature during the stage at which the fibres first
reach the plates.

In most cases only a single fibre runs to each
end-plate. This arrangement is therefore not a result
only of crushing, where each fibre remains within
its own tube. Presumably of the many fibres which
enter each tube of the peripheral stump below tfie
suture (Holmes & Young, 1942) only one usually
succeeds in reaching as far as the muscle. However,
in some cases, as shown in Text-fig. 7, more than one
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fibre approaches a single plate. Since it is almost
universal in normal muscles for each plate to be
approached only by a single fibre, presumably in
the case shown in Text-fig. 7 the two are in one tube.
Yet only one of them sends processes in to the end-
plate, the other passing by and becoming lost in
the endomysium. In other cases also, where more

than one fibre was seen approaching an end-plate,
only one succeeded in entering it; the other
being blocked and, turning back, forming a small
end-bulb facing away from the end-plate (P1. 4,
fig.'39).
Many of the re-innervated plates closely resemble

those found after crushing, some being quite well-
formed terminal plates.' Others have ultraterminal
fibres of the familiar form (Text-fig. 7). There must
also be many cases in which sensory fibres, entering
false pathways, arrive at motor end-plates.
Gutmann (unpublished) finds that such fibres cannot.
make anatomical or functional connexion with the
muscles. After suture of the sural (sensory) into
the peroneal nerve stimulation produces no con-

traction of the muscles supplied by the latter.
Presumably when such fibres arrive at the end-plate
they 'escape' and produce some of the plexus
arrangements which are seen in the muscle.
These plexuses are a constant feature of muscles
re-innervated after suture and are more con-

spicuous at all stages than after crushing the nerve.

They appear specially clearly in' the muscles
examined about 100 days after suture. In these-
there are many fine fibres running along between
the muscle fibres, but often also crossing and even

wrapping around them (P1. 4, fig. 42). On account
of the changes in plane it is very difficult to photo-
graph these fibres. It is not possible in any one

case to be sure that they are sensory, but it seems

likely that many of them are so.

The new motor fibres within the plates are often
thickened (Text-fig. 7 and PI. 4, fig. 38) as if they
had met with resistance on entering the plates, and
indeed the whole fibre for some distance behind the
plate may be swollen. 'Escape' of part of the
axoplasmic flow is almost the rule, so that nearly
all of the end-plates are collateral. The thickening
of the fibres within the plates leads to the pro-

duction ofmore knobs and end-bulbs than are found
in normal plates or during regeneration after shorter
periods of atrophy. Presumably the outflowing
stream of axoplasm finds difficulty in penetrating
into the end-plate because of the shrinkage of the
muscle fibre and constriction of- the end of the
Schwann tube. In Text-fig. 7 it can be seen that the
stream of axoplasm emerges from the end of the
tube and makes a large irregular mass, part of which
proceeds into the old plate while the rest forms an

ultraterminal fibre.
Because of the bizarre forms of most of the plates

at this stage it is not possible to make a count of

the number of endings which is exactly comparable
with those previously given. But from the few
figures which could be obtained and are shown in
Table 2 and Text-fig. 6 it is clear that the number
at this time is far below normal and presumably
many of the plates have none at all, but these empty
ones are so difficult to detect in the atrophied
muscle that it is not possible to obtain a satisfactory
idea of the proportion re-innervated.

In muscles examined 90 and 99 days after suture,
that is to say after 1 month of atrophy and 2 months
of re-innervation, there has been a considerable
normalization of some of the plates, and counts of
endings, which are now somewhat easier to make,
show that there has been further branching within
the plates. Many, however, still remain very simple
in form (PI. 4,'figs. 41, 45). One nerve fibre may

innervate several plates 'in series', some of these

Text-fig. 8. Single fibre innervating several end-plates in
series, 2 months after return of fibres to the muscle after
suture (708e 5).

being new ones (Text-fig. 8). A great many
.escaped' fibres can still be seen running for long
distances between the muscle fibres, and some of
them are medullated. Some of these fibres end in
tapering points or knobs and others give off
collaterals (PI. 4, fig. 46), in fact, the stream takes
many different directions. Various types of plexus,
often of fine fibres, lying across the muscle fibres
are also seen, and some of these are presumably
sensory.
Even 4 months after fibres have returned to the

muscle the number of endings in the plates is still
very far below normal and the plates still show an

abnormal collateral position (PI. 4, fig. 47). How-
ever, many plates are also terminal, and it is clear
from the general pattern of innervation that much
of the re-innervation has been of the old plates,
lying in their usual distribution close to the nerve
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bundle so that the general pattern may be not
grossly dissimilar to that seen in normal muscles
(P1. 7, figs. 75-78).
Even after 6 months the number of branches

in the end-plates was still found to be abnormally
low, both in a muscle whose nerve had been sutured
and one where a nerve autograft had been made.
The plates are still nearly all recognizably abnormal.
Many have somewhat thickened fibres (PI. 4, fig. 51).
In other cases the plates remain very simple, with
only one or two terminal branches (PI. 4, figs.
49, 50). However, in many plates there are

numerous terminals ending as fine tapering threads,
much as in normal plates (PI. 4, fig. 48). Many
of the plates are terminal, although ultraterminal
'escaped' fibres are still abundant in the muscle.
Some of these end blindly in the endomysium, but
others go on to form plates which must be new since
the innervation of two muscle fibres in series is
never seen in normal muscle. There are also still
many fine non-medullated and small medullated
fibres forming a plexus between the muscle fibres,
and these are probably sensory (see p. 28). In
this respect the muscles examined 200 days after
suture contrast strongly with those whose nerve

had been crushed and which at this stage showed
a nearly normal pattern of innervation. If the finer
fibres in the muscles after suture are sensory it is
clear that there is no rapid reduction of these
aberrant connexions.

Further confirmation of the persistence of such
plexuses was found in a gastrocnemius muscle
examined 10 months after cross-suture of the
peroneal into the tibial nerve (452 a). The conditions
after such cross-unions are of course somewhat
abnormal, in that many of the connexions made are

likely to be non-functional (see p. 30). It might
perhaps, therefore, be expected that the plexuses
of escaped and sensory fibres would be resorbed
especially readily. PI. 4, fig. 52 shows, however,
that some of them at least are still well developed
10 months after suture, and indeed seem to contain
thicker fibres than in the earlier stages. Comparison
of the innervation of this gastrocnemius muscle
with one which was examined only 3 months after
suture (426b) showed that if anything there had
been an increase with time in the number, and
certainly in the thickness, of fibres in the plexuses.
The end-plates in the muscle examined 10 months

after suture are well developed but mostly abnormal
in the small number, shortness and sometimes
thickness of their branches. Counts of nineteen
plates showed an average of only 3-7 terminal
branches per plate, with extremes of 2 and 6; the
average number of nuclei was also low (6-0). Some
of these plates are so simple that they are probably
new ones, but it is difficult at this stage to identify
them with certainty.
At such a long period after suture there should
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have been time for all of the muscle fibres to have
recovered, had they been quickly re-innervated.
There are, however, some areas in which the muscle
fibres, though not grossly atrophied, are still small.
It seems that they must have continued to atrophy
for a longer time than the 25 days before return of
fibres to the muscle, presumably because their
connexion with appropriate motor nerve fibres was
long delayed.
One m. peroneus (569a) was examined exactly a

year after a suture in which the union was shown
by sectioning to be a poor one, with a gap of
approximately 2 mm. between the stumps. The
general condition shows little change from the
muscle at 200 days. The number of terminations
is still somewhat below normal in each plate, but
most of them taper or end as small knobs. Both
terminal and collateral plates (PI. 7, fig. 82) are
seen, and the 'escaped' fibres proceeding from the
latter may become thick and heavily medullated
fibres, though in other cases they remain very thin.
The general impression even after this long period
of recovery is that the innervation is abnormal in
that the number of nerve fibres is large, although
there are abnormally few innervated plates.
Normalization both by development of innervated
plates and reduction of excess of fibres must be, at
best, a very slow process.

RE-INNERVATION AFTER DELAYED
SUTURE

The methods by which muscles were kept for long
periods without innervation have been described
on p. 16. The material available forms two series:
(A) those in which a section was removed from the
peroneal nerve and then at a second operation the
peripheral stump re-innervated by union with the
tibial central stump (Table 4); (B) those with the
converse procedure, section of the tibial and its,
re-innervation from the peroneal (Table 5). In
series A the intervals between the two operations
were 1, 2, 4, 6 and 8 months. Since the suture was
performed about 40 mm. from m. peroneus longus,
we may calculate that fibres would arrive back at

the muscle about 7 +
4 1

23 days after the3.5
operation. It is known that fibres may grow through
a peripheral stump degenerated for a long time as
fast as through one which has been freshly sec-
tioned (Holmes & Young, 1942). However, there are
various factors which are likely to delay the arrival
of fibres under these conditions (for Instance, the
union is probably less successfully made). And we
may therefore suppose that return of fibres took
place not earlier than one month after suture, and
therefore that in the cases mentioned above the
muscles had undergone atrophy for 2, 3, 5, 7 and
9 months.
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All the animals in this series were killed 90 days

after the second operation, that is to say, about
two months after return of fibres to the muscles.
They can therefore be compared with the animals
which were examined 90 days after a primary
suture (p. 28). However, since in the present cases

a cross-union of tibial into peroneal is involved,
three animals were also examined in which a

primary cross-suture of this type had been made
90 days previously. No difference could be detected
between the structure of the muscles innervated by
their own (peroneal) and by tibial fibres. Both of
these are mixed nerves, and the tibial being larger
than the peroneal can amply supply it. A small
proportion of the fibres in the tibial runs to the
m. abductor hallucis which operates the spreading
of the first toe, i.e. it acts together with the small

Table 4. Comparison of delay, aftervarious operations,
between return of fibres to end-plates in peroneal
muscles and onset of indirect excitability and
function. The results for the first three types of
operation are averages

Operation
Crush 20 mm.
from muscle
Crush 100 mm.
from muscle
Primary suture
48 mm. from
muscle
Delayed suture
48nmm. from
muscle

Delay Delay
between between
return of . return of
fibres and fibres and

Period of of indirect onset of
atrophy excitability spreading

Animal months days days
* 6 11

642d
650e
680a
595a
597 a
581 a

1 12 22 Muscle
P1l

1 17 25 PlO
P12
426

2 32 452
3
5
7
7
9

49
35
35
30
56

peroneal muscles which spread the other toes (p. 15).
Perhaps because of the presence of these fibres
some spreading of toes II-IV reappears after cross-

union of tibial into peroneal, though it never

reaches the extent which is found after direct
peroneal suture. As has already been reported
(Gutmann, 19431, the time of reappearance of this
function becomes considerably delayed after the
longer times of atrophy found in the present series
(see Table 4). But all of the animals had shown
some recovery before they were killed 90 days after
the second operation, though in the case of the
animals with the longer time of atrophy movement
had only just appeared.

In the second series of animals, in which the tibial
nerve was innervated after various periods of

atrophy, from a peroneal central stump, no func-
tional recovery appeared. The peroneal is smaller
than the tibial, but this will not prevent most of the

tubes in the peripheral stump being reoccupied by
branching of fibres of the central stump. However,
the only reflex movement which {he nerves operate
together is spreading of the first toe, and apparently
the small m. abductor hallucis is too weak, after
crossed re-innervation, to produce a visible move-

ment. However, all the muscles examined gave

powerful contraction when-the nerve was stimulated
at the time of biopsy. There is much evidence to
show that motor fibres are able to form effective
connexions with muscle fibres of functions very

different from those which they normally operate.
Though little is known of the later history of the
function and structure of these irregular connexions
there is no special reason to suppose that in the
early stage they will differ in appearance from those
found during direct re-innervation. However, it
cannot be assumed that functional factors have no

influence on the structural re-innervation, and
indeed it is highly likely that in the later stages they
will do so. It can hardly be supposed that the

Table 5. Cases in which the peroneal nerve was

sutured to the tibial after various periods of atrophy
and gastrocnemius and plantaris muscles then
examined

Time between
severance of
nerve and
suture
months

10
12
12
16
16

Total time
of atrophy

before return
of fibres
months

11
13
13
17
17

Time between
arrival of
fibres and
fixation of
muscle
months

2
24
24
3
10

recovery of a muscle fibre and of its end-plate
follows the same course whether or not it is per-

forming effective movements.
However, our present purpose is to discover the

effect of atrophy on re-innervation and to obtain
muscles fpr comparison with those cross-innervated
after long delay. We performed, at the second
operation, control primary cross-sutures of the
peroneal into the tibial on the opposite leg. The
gastrocnemius and plantaris muscles from this
control series appeared similar to those of the
peroneal group seen at corresponding periods after
primary peroneal suture. Therefore although we

have not made the critical comparison with
gastrocnemius and plantaris muscles after direct
tibial suture it does not seem likely that the factor
of crossed innervation greatly affects the course of
recovery during the periods examined.
The series of unions of peroneal into tibial

includes five cases, and as shown in Table 5 the
intervals between the operations were much longer
than in the previous series, of which indeed they
form a continuation. Biopsywas notperformed after
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the same interval in all cases, and in one case after
16 months of atrophy the nerves were sutured and
the animal left for 10 months recovery. Since the
sutures were made at a distance computed as
30 mm. from the centre of m. gastrocnemius, we
may calculate that fibres arrived at the muscle

after 7 + 3+5 -20 days. This time has to be
3.5

added to the times between operation to obtain the
total time of atrophy and is also the total period
of atrophy of the control primary cross-unions. For
the reasons given on p. 29 it is likely that arrival
of fibres is somewhat delayed after secondary
suture, and therefore one month has been assumed
in calculating the times of denervation.
We have, therefore, with primary and delayed

sutures, a series in which re-innervation can be
studied after periods of muscle atrophy ranging
from 1 to 17 months. The state of the various
muscles which have recovered after increasing
atrophy will now be described.

I0/u

Text-fig. 9. After 3 months of atrophy and 2 of innerva-
tion nerve fibre approaches a plate but seems unable to
enter (650e 5).

In the animal in which 2 months was allowed to
elapse between resection and suture (650e) the
muscles were subjected to a total period of atrophy
of about 3 months and were fixed- 2 months after
the arrival of the fibres. Though there had been
considerable shrinkage of the muscle fibres the
atrophy was not profound. In most of the muscle
fibres the nuclei still retained their original peri-
pheral position; in a few, central rows of nuclei had
been formed. The end-plates remained intact on
many, probably most fibres. There were no clear
signs that the uninnervated plates were undergoing
gradual atrophy. They show a central mass of
granular sarcoplasm and peripheral nuclei whose
number seems normal. There is perhaps a tendency
for the sarcoplasm to become restricted to the
centre of the plate, so that the more peripheral
nuclei as it were lose contact with it. Many of the
plates had been re-innervated (PI. 8, fig. 83),
though others had not been reached, even when
fibres passed quite close to them (Pl. 8, fig. 84). In
other cases fibres have approached a plate but have
not succeeded in making contact with the sarco-
plasm (Text-fig. 9).

An attempt was made to compare the proportion
of plates which had been reached by new fibres
after various periods of atrophy. This estimation
is very difficult because it is so hard to recognize
the uninnervated plates, and this becomes pro-
gressively harder as atrophy proceeds. In the
sections of the muscle (650e) which had been given
3 months of atrophy and 2 months of re-innervation
sixteen plates were studied and eight of them
contained no fibres. On the opposite side of the
same animal a control primary suture had been
made at the time of the second operation. This
produced a muscle (650c) which had therefore been
given 1 month of atrophy and 2 of re-innervation,
and in this eight out of ten plates had been in-
nervated. Without studying great numbers of
sections it would be difficult to test the significance
of these figures, but there can be little doubt that
the proportion of old plates which is re-innervated
falls rapidly as atrophy proceeds (see p. 38).
Moreover, the figures given in Table 2 and Text-
fig. 6 show that the number of fibres in the plates
is less in the muscles which have undergone the
longer atrophy. Many escaped fibres are present,
running along between the muscle fibres, and in
some places making branches and knobs. The fibres
within the end-plates are somewhat thickened, as
after primary suture, but not more evidently so

than in the plates of the control muscle. Probably
the average number of fibres per plate would be still
lower than indicated in the counts, if proper
allowance could be made for the difficulty of fInding
uninnervated plates.

In fact the situation after 3 months of atrophy
is that the muscle fibres are not seriously impaired,
many of them retain their end-plates and these
plates are often re-innervated, but not so often as
after shorter periods of atrophy.

In the muscle examined 2 months after arrival
of fibres after a denervation of 5 months (680a) the
atrophy was much more pronounced, though not
yet- extreme. A large number of the muscle fibres
showed the central rows of nuclei which are a
characteristic sign of the onset of the later stages
of atrophy. There was considerable development of
connective tissue and fat, separating the muscle
fibres, whose volume, however, remained con-
siderable. Nerve fibres were abundant in the
muscle and many of them had become large and
medullated. In spite of the abundant innervation
it is now difficult to find old plates which have been
reinnervated. From this stage of atrophy onwards
it is not possible to find sufficient undoubted re-

innervated plates to allow the making of counts.
The difficulty of distinguishing plates from other
collections of nuclei now becomes acute, though in
this and subsequent muscles there are occasionally
undoubtedly persisting plates both withand without
re-innervation (see p. 36). It is therefore not
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possible to say whether the apparent fall in the
number of persistent plates is real. Certainly the
number of re-innervated old plates has now fallen
very low. In fact there has been a considerable
change in the process of re-innervation between 3
and 5 months of atrophy. The nerve fibres now run

in a very irregular manner throughout the muscle,
and in particular they pass for very long distances
in a longitudinal direction (PI. 8, figs. 85, 86). In
the figures shown they are mostly running close to
the muscle fibres, but in the parts of the muscle
where atrophy is more severe they run less regularly
in the spaces between the muscle fibres, and they
may end here in knobs (P1. 5, fig. 58).
The nerve fibres wrap around the muscle fibres

in a variety of patterns, and give off branches some

of which presumably make contact with the sarco-

plasm, though it is difficult to be sure of the details
of the relationship (PI. 5, fig. 54). Undoubted end-
plates are rare and of very abnormal form. At most
'They consist of one or two irregular branches
(PI. 5, figs. 53, 57) usually formed as collateral out-
growths from a large fibre. These are probably old
end-plates innervated in the usual manner by a

portion of the outflow. A few further undoubtedly
intact old plates which were not innervated were

seen (PI. 5, fig. 55). The nerve fibres sometimes pass
quite near to them without sending in branches.
Some fibres make claw-like endings not obviously
in relation to any muscle fibre (P1. 5, fig. 56).

In fact the muscle at this time may be said to
differ from one at which the fibres have arrived
after only 1 month of atrophy in that (1) there are

fewer recognizable end-plates, (2) those which are

present contain fewer and generally thicker branches
and many of them are probably new plates, and
(3) there is a greater abundance of fibres running
for long distances between the muscles.
The cause of the differences from the condition

found after primary suture is evidently that on

account of the further shrinkage of the muscle
fibres and the development of collagen between
them the streams of axoplasm less often make
contact with the old plates. When they do so they
find greater difficulty in making entry and hence
produce the thickened terminations.

After 7 months atrophy and 2 of re-innervation
there is a further development of the above con-

ditions. The muscle fibres had shrunk further and
many of them now show central rows of nuclei.
But all are recognizably striped muscle fibres, and
the whole appearance is of a muscle not yet ex-

cessively atrophied, though there is of course a

considerable increase of connective tissue and fat

(PI. 8, figs. 87, 88). End-plates are preserved,
at least in some of the fibres, and they may
stand out laterally- as a pronounced hillock.
Numerous fibres have returned to the muscle

and run for long distances between the fibres.

Certainly the majority of these fibres have failed
to enter old plates, but a very few were seen

which had done so-indenting the sarcoplasm of
the old plates (Text-fig. 10). The terminations of
the remainder could not be determined. Some of
them seem to make complex nets around muscle
fibres. Others terminate between muscle fibres, as

if blocked in the connective tissue. Occasionally a

definite new plate was seen, a fibre ending either as

a simple taper, or a lump with a few branches,
against the sarcoplasm of the muscle fibre (see p. 33).
The condition is therefore essentially as after

5 months' atrophy, but continued shrinkage of the
muscle fibres has further reduced the chances that
axoplasmic streams will enter old plates, and re-

innervation of these is now very rare.

After 9 months' denervation and 2 of re-innerva-
tion some of the muscle fibres are approaching the
extreme condition of atrophy in which they are

P.
10/1.

Text-fig. 10. Nerve fibre making simple contact with the
sarcoplasm of the surviving end-plate on an atrophic
muscle fibre. 7 months' atrophy, 2 months' innervation
(597a 3).

reduced to mere threads (PI. 8, fig. 89). Others,
however, still remain of good volume. End-plates
are still present, but the nearest approach to re-

innervation was that seen in PI. 5, fig. 60, in which
the fibre, in spite of its relatively large size, is
clearly having difficulty in entering into contact
with the sarcoplasm. In other cases the plate
remains quite empty in spite of the presence of
nerve fibres near by and even, so far as can be
judged, in the sheath which is actually connected
with the end-plate (PI. 5, fig. 59).
Many of the nerve fibres running between the

muscle fibres are quite thick and well medullated.
Occasionally there are signs that they are entering
into contact with the sarcoplasm by throwing off
short blunt branches (PI. 5, fig. 61). Elsewhere the
fibres end in little knobs, as if blocked within the
connective tissue, even though quite close to the
muscle fibre (P1. 5, fig. 62). Since function had
returned in this muscle it must be supposed that

32



Re-innervatic
some at least of these formations are able to
stimulate the muscle fibres. Very thorough search
ofmany sections revealed only the one re-innervated
old end-plate which is shown in PI. 5, fig. 60, and
it must be presumed that after this long period of
atrophy functional connexion is made by new
contacts. However, at this stage of re-innervation,
2 months after return of fibres, the new plates are
still very undeveloped.

Besides the large, presumably motor, fibres theme
are also in these muscles, as in those after shorter
periods of atrophy, elaborate plexuses of fine fibres,
probably sensory.

For the study of re-innervation after still longer
periods of atrophy we have the muscles innervated
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seems to show one in a muscle fibre which is in
process of breaking up into separate threads.
However, large masses Qf unstriated sarcoplasm
occur rather often on these atrophic muscle fibres
(PI. 6, figs. 64, 65, 68), and it is difficult to be sure
which, if any, of them are end-plates. It is im-
possible to believe that the full structure of the
plate could be preserved when the muscle fibre is
reduced to a tiny thread with only a fraction of its
initial volume.
No definitely innervated original end-plates were

seen in the many sections of mm. plantaris and
gastrocnemius of P11 which were examined. Fine
nerve fibres run for long distances between the
muscle fibres and sometimes end in knobs. Other

Text-fig. 11. Motor nerve fibre branching among muscle fibres and making new end-plates.
11 months of atrophy and 2 of innervation (P 11 n 5).

by cross-union of peroneal into tibial nerve (see
p. 30). In PI1 the -total time of atrophy was
11 months, but as the animal was sacrified only
2 months after the return of fibres to the muscle
the innervation would not be expected to be very
complete. However, the nerve bundles in the
muscle are well filled with nerve fibres. The atrophy
is so severe that in many places the nerve bundles
seem to run among a mass of fat cells and blood
vessels from which muscle fibres have completely
disappeared. Many muscle fibres are indeed evi-
dently approaching the final stage of atrophy, being
reduced to narrow threads or strings of nuclei
(PI. 6, fig. 64). At least until the penultimate stages
of atrophy the end-plate may persist. PI. 6, fig. 65,

Anatomy 78

single larger fibres in process of medullation, and
almost certainly motor, emerge from the ends of
Schwann tubes and run across the muscle fibres,
branching rapidly and making elaborate plexuses.
Short blunt collaterals of these fibres end in simple
knobs apparently in contact with muscle fibres,
though not obviously related to plates (PI. 6, fig. 63
and Text-fig. 11). These branches seem to be making
contact with the sarcoplasm and building new plates
of the most varied shapes, which would explain
the appearances seen at longer periods after re-
innervation of atrophic muscles (p. 35).

In the two animals in which denervation had
lasted for 13 months and innervation for 2 months
the atrophy was very profound. Very many of the
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muscle fibres were narrow threads, often separated
from each other by the development of the con-

nective tissue (PI. 9, figs, 90, 91). Nevertheless, the
better-preserved muscle fibres still possess end-
plates, and in this case some have been innervated,
with indentation of the sarcoplasm in the norihal
manner (PI. 6, fig. 66). Such plates even show the
excessive darkness characteristic of freshly in-
nervated plates, and their muscle fibres have made
a good recovery.

Text-fig. 12. Re-innervation of the surviving end-plate of
a very atrophic muscle fibre. 17 months of atrophy and
3 months' innervation (426p 1).

e.s.t.

in spite of the large volume of the nerve fibre
reaching it.
However, large areas of the muscles, (gastro-

cnemius and plantaris) have become so atrophic
that little remains except rows of nuclei surrounded
by very small amounts of striated substance (PI. 6,
firg. 70). Nerve fibres were less abundant in these
regions than in those in which there had been less
profound atrophy. The 'perineurial' sheath of the
nerve bundles are so thickened that they perhaps
prevent the exit of the fibres (PI. 9, fig. 93).

Nevertheless, nerve fibres of motor type branch
out among these masses (PI. 9, figs. 91, 92) and run

for long distances in close contactwith even the most
atrophic fibres. Although the detailsoftheir relations
to the sarcoplasm could not be made out with full

certainty, there seems every reason to suppose that

some of the endings constitute functional contacts.
The muscle fibres which have not reached quite

to this extreme stage of atrophy are in process of

re-innervation by formation of new end-plates. The

Text-fig. 13. Motor nerve fibre branching and making contact with very atrophic muscle fibres.
17 months' atrophy and 3 months' innervation (426p 6).

However, in other large portions of the muscle
the nerve fibres run for long distances, as in other
atrophic muscles, sometimes branching in a manner
suggestive of 'attempts' to make contact with the
sarcoplasm, exactly as in the cases already de-
scribed.
The latest stage ofatrophy studied was 17 months,

followed by re-innervation for nearly 3 months
(426p). Even after this time some muscle fibres
have a considerable volume. Their end-plates may
persist, and in a few cases have been re-innervated
(PI. 6, fig. 69). In this figure the nuclei of the plate
can be seen standing out laterally and a nerve fibre
is present and has apparently made a simple knob-
like ending in contact with the convex surface of
the sarcoplasm. Text-fig. 12 shows another old plate
in which only a very simple ending has been formed

old plates persist, at least on many fibres, but the
old Schwann tubes taper away to fine points at a

distance from the end-plates. Text-fig. 13 shows
several such tubes some with and some without
nerve fibres. The flow of axoplasm evidently
becomes undirected where it leaves the end of the
tube, so that it fails to enter the end-plate, which
now consists only of the closely packed nuclei and
a little sarcoplasm. The stream usually divides into
several branches at the end of the tube and these
wander out across and along and around the muscle
fibres in the manner already described, making new
end-plates where they come into contact with the
sarcoplasm. Some of these new plates already have
three or four branches, though still usually only
with two to four nuclei. Little collections of darkly
staining sarcoplasm appear where the contacts are
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made (p in PI. 6, fig. 67), suggesting a reaction
between the nerve and muscle fibres. It is difficult
to avoid the conclusion that this contact of surfaces
produces specific mutual effects.

In one animal (452), after a period of denervation
lasting in all for 17 months, a relatively long period
of recovery was allowed, the animal being killed
10 months after arrival of fibres at the muscle. In
this case, therefore, we can follow the later stages
of re-innervation after extreme atrophy. Even in
this long time the muscle has by no means fully
recovered, and indeed it is clear that it will never

be able to do so. There is extensive development
of tendon, especially in the periphery of the muscle.
Although many of the muscle fibres have made a

good recovery of diameter, there are large areas in
which -few or none are found. Some of these are

presumably regions in which there had been
development of fibrous tissue and fat during
atrophy. Others, however, are clearly regions
occupied by much shrunken muscle fibres which
have failed to be innervated and to recover their
volume. Indeed, the very thin muscle fibres can

still be seen in these areas (PI. 9, fig. 95). Nerve
fibres may run among these thin muscle fibres, and
we therefore have here a convincing demonstration
that delay in re-innervation may make it impossible
in large numbers of muscle fibres for restitution of
function to occur. In some places, as would be
expected, isolated muscle fibres have recovered
within an otherwise still atrophic mass.

The actual endings on the muscle fibres are of
very strange and abnormal forms, and show the
end-product of the process of new formation of
plates. The endings often lie in groups as would be
expected if they are formed by the development of
the branching processes ofmotor fibres such as those
seen in the earlier stages of recovery (text-fig. 11).
A single nerve fibre may send lateral branches to
supply a number of muscle fibres (PI. 9, figs. 96, 97).
The branches in contact with the sarcoplasm are

often of flattened leaf-like form, very unlike those
in typical end-plates (PI. 6, fig. 71). It is difficult
to give a count of the number of such endings, since
some of them are mere lateral bulges. However,
the average number of branches counted was only
2*1 with extremes of 1 and 5. Clearly the main
branches are much fewer than in a normal plate, and
many plates have only a single branch. Once again
it appears that there is little relation between the
number or shape of endings and their function. The
branches are definitely associated with nuclei and
a little sarcoplasm to make a differentiated end-
plate (PI. 6, fig. 71). But the number of
nuclei is never large (average 3-5 and extremes
of 2 and 6); presumably they are simply the
modified muscle fibre nuclei which happened to
lie in the neighbourhood of the incoming nerve

fibre.

DISCUSSION

The effect of atrophy on re-innervation
Evidently the process of re-innervation is not the
same at all stages of muscle atrophy. Functional
connexion is made when a suitable motor nerve

fibre touches the sarcoplasm of a muscle fibre.
Assuming that by the processes occurring at the
site of injury some nerve fibres have become
directed into channels similar to their original ones

it is obviously essential for successful regeneration
that they should follow these channels right back
to the end-organ.

If the new fibres reach the muscle quickly, they
enter the old plates and rapidly re-establish a

pattern of innervation very similar to that which
was originally present. As atrophy proceeds, how-
ever, the fibrosis which develops between the
muscle fibres interferes with the connexion between
the Schwann tube and the old end-plate, so that
the returning stream of axoplasm is not wholly
directed back into the latter. We do not know
exactly what factors control the disposition of the
new collagen which produces this effect, but we may
imagine its arrangement to be as shown in Text-
fig. 14; blocking the end of the Schwann tube (see
also Text-fig. 13). At first no doubt the closure is
incomplete and channels remain through which the
axoplasmic stream can reach the plate. The fact
that the branches within the plate may be short
and thick seems to indicate that there is a pro-
gressive constriction of the space around the surface
of the fibre into which the axoplasm can flow.
Alternative channels also exist among the strands
of collagen, and part of the stream may flow away
as an 'ultraterminal fibre'. Ultimately the whole
stream deviates in this way and runs along between
the muscle fibres to produce the characteristic
pattern of the re-innervation of an atrophic
muscle.

Sooner or later these 'escaped' fibres may be led
into contact with the sarcoplasm of a muscle fibre,
where they cause the production of a lew end-plate.
Their chance of making any contact at all decreases
as the muscle fibres shrink and the collagen around
them thickens. Moreover, it becomes progressively
less likely that a nerve fibre will innervate approxi-
mately its original set of muscle fibres. After the
longer periods of atrophy the nerve fibres do not
even run along the muscle fibres but across them
(PI. 9, fig. 97, etc.). In fact, prolonged atrophy
increases the probability of wrong functional con-

nexions by adding to the chances of the nerve union
scar further possibilities of confusion in the muscle
itself.
These fibres running along and across the muscle

fibres are of course new formations not laid down
in any existing nervous pathway. Yet they may
become of large diameter and fully medullated, and

3-2
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are provided with Schwann cells. Probably these
latter follow over the newly laid fibre in the manner
described by Speidel (1932), but Boeke (1916) has
suggested that the Schwann cells may precede the
nerve fibres.

In any case it is certain that quite new fibres can
be laid down; a remarkable instance ofthe structural
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Text-fig. 14. Diagrams to show changes in relation of
Schwann tube to muscle fibre as a result of progressive
atrophy and fibrosis. On the left the conditions as seen

in transverse section before innervation, on the right
the result produced when the fibres return (seen in
longitudinal section). A. Very little atrophy, space

above the end-plate large, returning fibres able to branch
in the old plate. B. Space restricted by fibrosis, part
of the stream of axoplasm escapes. C. End of tube
closed by fibrosis and connexion with old plate broken.

plasticity of the adult mammalian nervous system.
The Schwann tubes which mark the course of the
old nerve fibre provide a useful guide for the
regenerating fibres towards the old end-organ
(Holmes & Young, 1942), but the process of
atrophy may prevent them from leading the stream
all the way back to the latter. Glees (1943) has

suggested that the pattern of Schwann tubes is
important in the skin for directing fibres back to
their end-organs. It would be very interesting to
discover whether, with the progress of atrophy, the
re-innervation becomes more difficult in the skin as
it does in the muscle. It may be that this is one
of the chief factors which produces a poor sensory
and motor recovery when suture is long delayed.
Recovery after any nerve suture is dependent on
the chance that suitable central fibres will enter
suitable peripheral pathways, and apparently
atrophy adds the further hazard that at the end of
its journey the fibre may not reach the original
end-organ.

Do the end-plates disappear?
End-plates have been identified on muscle fibres

in all but the most extreme stage of atrophy, and
there was evidence of some re-innervation of old
plates even when the nerve fibres arrived after
17 months of denervation. There is therefore no
proper evidence to show that end-plates atrophy.
Moreover, there is no evidence of any change in the
number of nuclei in the plate, even of the much
atrophied fibres in Text-fig. 13. However, the
outer nuclei which are probably those of fibroblasts
increase in the early stages. Unfortunately it Is
rather difficult to find the uninnervated plates of
the later stages of atrophy, so that no proper counts
can be made to discover whether there is a gradual
reduction in the number of nuclei or other sign of
atrophy. For the same reason it is still more
difficult to estimate the proportion of plates to
muscle fibres and hence to discover whether any are
disappearing. The fact that some plates persist for
a long time does not prove that others have not
disappeared. However, in the absence of any
evidence that they do so we may assume that they
all remain during the early stages of atrophy. The
final stages of muscle atrophy are still not fully
understood (see Tower, 1935, 1939). The fibres
become reduced to very narrow strands containing
a simple series of nuclei, and in this state the plates
can hardly be preserved. -Probably many muscle
fibres finally break up into separate strands (PI. 6,
figs. 64, 65) and then disappear altogether.
We must conclude, then, that the end-plate

remains with relatively little change on most of the
fibres for a considerable period (at least 9 months)
of atrophy. But its value is reduced much earlier
than this by the fact that the fibrosis around the
fibre has made it difficult for a new nerve fibre to
reach it.

Formation of new end-plates
The streams of axoplasm which run along be-

tween the muscle fibres may end blindly in the
collagen. If they come into contact with the surface
of the sarcoplasm they can cause differentiation of
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the latter to produce an end-plate. Such contact
may not be made until the fibres have run for long
distances. In other cases the fibres emerging from
the ends of the Schwann tubes in the muscle wrap
around the muscle fibres in the immediate neigh-
bourhood. This may produce a pattern of re-
innervation by the formation of new plates which
is not greatly different from that produced in normal
development. It is particularly in the re-innervation
of muscles in the latest stages of atrophy that such
an arrangement is found; in the earlier stages the
nerve fibres tend to run for longer distances between
the muscle fibres. In this respect the muscle may
be said to 'return to an embryonic condition' in its
last stages of atrophy, and re-innervation of very
atrophic muscle may produce a general pattern
more similar to the normal than that produced
after moderate atrophy (compare PI. 9, figs. 94
and 96 with PI. 8, fig. 88).

It is not possible to be certain what determines
the making of a contact between nerve fibre and
sarcoplasm. Probably it is mainly the mechanical
conditions imposed on the streams of axoplasm by
the connective tissue between the muscle fibres.
Presumably contact is only effective if the muscle
fibre is not already innervated though we know little
ofhow innervation confers thisimmunityandinsome
cases there is evidence indicating that more than
one regenerating nerve fibre makes contact with a
muscle fibre (PI. 2, fig. 21 and PI. 5, fig. 53). At
its simplest a new plate is distinguished simply
as a small collection ofunstriped sarcoplasm staining
brown with silver (PI. 6, fig. 67). Boeke (1916)
shows several examples of such simple 'plates' and,
as he says, they may be collateral or, terminal.
Further development of the plate is produced by
collection of some of the nuclei in the neighbour-
hood, and perhaps also of some fibroblast nuclei to
make 'outer end-plate nuclei' (PI. 3, figs. 28, 29).
In this way quite a complete little plate may be
built, with the branches of the nerve fibres in-
denting the sarcoplasm as in a normal plate. In the
animal (452) in which we allowed a period of
atrophy of 17 months and then re-innervation for
10 months many of the new plates contained five
or six nuclei. This suggests that some further
process of addition of nuclei and multiplication of
nerve branches takes place in the later stages. But
PI. 6, fig. 71, shows that even a long time after
suture these new plates remain very unlike normal
plates, probably they never reproduce exactly the
original condition. It would be very- interesting to
examine the physiological properties of these
products of adult development; There is no doubt
whatever that the contact of axoplasm with sarco-
plasm produces a differentiation of the latter. This
may not seem surprising since we know that it
occurs during development, but it is worth em-
phasis as one of the few undoubted cases in which
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nerve fibres produce definite structural differentia-
tion in the mammal.

There is presumably a reciprocal effect of the
contact' on the nerve fibre, which stops its further
advance and spreads out into branches over the
surface of the sarcoplasm. It may be that this is
mainly a simple mechanical effect of the conditions
on the flow of axoplasm. But it is not unlikely that
more specific factors are also involved, perhaps as
a result of-the molecular interactions of the surface
membranes of the nerve and muscle fibres.

Is there attraction of the nerve fibres to the
sarcoplasm?

In the above account of the process of regenera-
tion it has been assumed that the stream of axo-
plasm flows along over such surfaces and in such
tubes as it finds available. Many authors have
supposed that the direction of flow is influenced by
specific 'neurotropic' attractions (for discussion see
Young, 1942). Thus Tello (1907) interpreted the
appearances of 'escaped' fibres (p. 22) by sup-
posing that as the fibre was growing past the end-
plate a branch was 'attracted' in to-the latter. No
reliable evidence of such attractive substances has
ever been produced (see Weiss, 1934), and there is
therefore no reason to postulate their existence
unless to explain any otherwise incomprehensible
appearances. We have not seen any connexions
which could not have been made by the leading
back of the stream of axoplasm in the manner
already described.
The most difficult part of the process to under-

stand is the final contact with the sarcoplasm. The
Schwann tubes and the spaces among the collagen
around the muscle fibres provide adequate con-
ductors to lead the new fibres back near to the
sarcoplasm, but what determines that the stream
should spreAd out and branch, and then, usually,
proceed no further? Since our general assumption
is that axoplasm flows forward in streams wherever
it is able to do so, we require a special explanation
of why it should stop when in contact with sarco-
plasm. Mechanical obstruction may be the only
factor operating, but it is not fantastic to suppose
that there are specific molecular attractions between
the muscle surface and axon surface, which keep
them in contact. In this connexion it is especially
interesting that sensory nerve fibres fail to make
connexion with end-plates, even when they reach
them (Gutmann, unpublished).

Normalization of end-plates and resorption
of excess fibres

The process of regeneration continues for a long
time after the arrival of fibres in the plates. Table 2
and Text-fig. 6 show that new branches are formed
within the plates until approximately the normal
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number is re-formed. In later stages there may even

be an excess over normal and perhaps the addition
of some nuclei (p. 26). However, it may be that
there is a gradual increase in these features of the
plates during the lifetime of every individual. The
regenerated plates can often be distinguished from
normal by the greater thickness of their branches,
even one year after suture. There is, however, no

evidence as yet that these differences in number and
shape of the endings produce functional ab-
normalities. We have seen that the first fibres to
reach the end-plates are very thin, but are able to
stimulate the muscles, though not necessarily with
full effectiveness. It would be very interesting to
discover whether there are any special features of
the transmission associated with either these first
connexions with old plates or the new plates which
are formed in the more atrophic muscles.
The course of the increase in number of branches

(Text-fig. 6) seems to be similar after the various
types of lesion, but to become slower and slower
with increasing periods of denervation. After more
than 5 months of atrophy the re-innervation is so

abnormal that counts ofthis sort become impossible,
the branches formed in the new end-plates remaining
few in number and irregular in shape. If any

contact between nerve fibre and sarcoplasm is
adequate for transmission these abnormalities may
be functionally unimportant, but it is not impossible
that the slow normalization in these respects is a

factor tending to produce poor recovery after long
denervation.
The converse process of normalization by re-

duction of irregularly connected fibres has often
been suggested but never very convincingly demon-
strated (Boeke, 1916). Such excess fibres are of
two main types: (1) sensory and sympathetic fibres
which have proceeded along motor pathways into
the muscle, (2) motor fibres which have failed to
enter their end-plates and proceeded as 'escaped
fibres' among the muscles. Fine networks inter-
preted as sensory have been seen after all opera-

tions, more frequently after severance and suture
than after crushing the nerve (p. 29). Some are

seen at the latest stages (one year) after suture.
We are unable to say for certain whether there is
a gradual absorption, though we have the impression
that such nets are less prominent in the later stages.

Escaped motor fibres can certainly grow to a

large size and become medullated. We have seen

them at the longest periods after suture, and again,
therefore, cannot assert that they are resorbed.
But the impression given by the later stages is that
more of the plates are terminal, as if some of the
ultra-terminal fibres had been removed. *But some

very'irregular forms may persist into the latest
times examined (PI. 3, figs. 34-37). The whole
question of the trophic dependence of nerve fibres
on' their function still remains completely obscure.

Boeke (1916) has emphasized that in the early
stages of regeneration there is an 'excessive' re-
innervation of the muscle. In so far as it refers to
the actual connexions with the muscle fibres this
is the reverse of true. The earliest end-plates contain
very few branches and thereafter the number
gradually increases (Text-fig. 6). But since many
motor fibres 'escape', and many sensory fibres are

present, there may be an unusually large number of
nerve fibres in the muscle. As stated above we are

inclined to agree with Boeke that this excess is
later reduced, but some quantitative treatment is
necessary before any definite statement can be
made.

Delay between return offibres and onset of
muscle function

In the series in which the nerve was crushed close
to the muscle we have shown that fibres arrive back
near the end-plates about 12 days after the opera-
tion, whereas electrical stimulation of the nerve
produced contraction first on the 18th day and
reflex functioning appeared on the 23rd day. It
seems that there is no great delay between the
actual entry of fibres into the end-plites and the
onset of their power to function. Table 4 shows that
the delay between arrival of fibres and the onset
of functioning is greater after suture than after
crushing the nerve and, so far as we can determine,
steadily increases with increasing periods ofatrophy.
We may suppose that this increasing delay with
longer atrophy is due to the longer time taken to
make the necessary number of connexions with old
end-plates and to form new ones.

Effect of atrophy on the success of re-innervation

For many reasons the recovery of a muscle be-
comes increasingly more difficult as its atrophy
proceeds. The most rapid innervation is produced
when new fibres proceed directly into the old plates.
This may occur even in the later stages of atrophy,
but becomes progressively less frequent. It would
be very interesting to estimate the extent to which
old and new plates participate in the innervation
after various-periods of atrophy. Our data are not
complete enough to allow a very exact estimate.
Re-innervation after crushing close to the muscle
probably proceeds wholly by connexion with the
old plates. After crushing further away some new

plates are found (p. 25). After immediate suture,
where the fibres return to the muscle within about
1 month, most of the re-innervation is by connexion
with old plates, but some of the latter fail to be
innervated. For instance, in muscle 650c, examined
2 months after return of the fibres, two out of ten
plates examined contained no fibres (p. 31). But
in muscle 650 e, on the opposite side of the same

animal, there had been denervation for 3 months

a8



Re-innervation of muscle
and re-innervation for 2 months, and only five out
of ten plates contained fibres.
With the later stages of atrophy the shrinkage

of the muscle fibres makes it so difficult to find the
plates that no similar counts are possible. A few
re-innervated old plates were found in nearly all
muscles, even after 17 months of atrophy. But
from stages with 7 months of atrophy onwards they
were very rare. We may conclude that the curve for
the proportion of old end-plates which are re-inner-
vated runs somewhat as in Text-fig. 15. But it
must be emphasized that the shape of the curve is
only guessed from considerations of the above facts
-an exact estimation of it remains to be made.

Since it is possible for new plates to be formed it
might be argued that it is of little importance for
the recovery of the muscle whether old or new

plates are used. But we have already seen that the

I I I I I I cI
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Text-fig. 15. Curve to show the percentage of surviving
end-plates which become re-innervated during recovery

after various periods of atrophy. Insufficient data are

available to allow a full plot to be made, and the curve is
therefore only a rough approximation illustrating the
general impression obtained from study of the process

of re-innervation.

process of recovery becomes slower and less suc-

cessful as the atrophy becomes more severe.

A muscle which has been allowed to atrophy for
9 months shows fewer end-plates and smaller
muscle fibres 3 months after innervation than does
one which has atrophied only for 3 months. We do
not know whether this slower recovery of the
muscle fibres which become innervated prejudices
the ultimate recovery of diameter and power of
contraction. Certainly the pattern of innervation
becomes progressively less normal after increasing
periods of atrophy and therefore the likelihood of
normal functional reconnexions decreases (Cooper,
1929). Even more serious is the fact that when re-

innervation proceeds by the formation of new end-
plates many muscle fibres fail to become innervated
at all. This is best seen in animal 452 where on one

side fibres returned after 1 month of atrophy, and on

the other side after 17 months. The muscles were

examined I0months after return of the fibres, sothat
there was full opportunity for the muscles to recover.

On the side where there had been atrophy of only
1 month they had done so. On the more atrophied
side, however, not only were the innervated muscle
fibres still abnormally small, but there were areas in

which the muscle fibres had failed to recover, in spite
of the presence of nerve fibres among them (PI. 9,
fig. 95). In fact this muscle, even after 10 months,
made a very much less complete recovery than its
less atrophied fellow. The difference is well shown
by Text-fig. 16 and by the weight of the gastro-

Text-fig. 16. Photographs of the gastrocnemius muscles of

rabbit 452 which had been innervated for 10 months

after denervation of month mn case of A, 17 months in B.

cnemius, which was 2 92 g. on the side with only

1. month of atrophy, 2 02 g. on that with 17 months

of atrophy. We do not know whether the process

of recovery was still proceeding as late as 10 months

after suture, but there is every reason- to suspect

that the defect produced by atrophy would never

be made up, since many muscle fibres had dis-

appeared altogether and 'others were unable to

respond even though nerve fibres branched among

them (P1. 9, fig. 95);
We see then that apart from the actual dis-

appearance of muscle fibres and all the other

difficulties imposed by long atrophy, it produces
irreversible changes in the muscle and severely
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prejudices the final recovery. That this can occur
also in man is shown by a case in which the
radial nerve was sutured after it had been inter-
rupted 5 years previously. One year after suture
no recovery had taken place and examination of a
portion of the m. extensor carpi radials brevis
showed that although abundant nerve fibres were
present they had failed to make connexions with
the much-atrophied muscle fibres.

This is an extreme case, and we do not know how
far similar factors will operate to reduce the
effectiveness of recovery after more moderate
periods of atrophy. However, since the lengths of
nerve to be regenerated are often great, it is not
uncommon in man for a muscle to remain de-
nervated for a year, even when suture is performed
within a few months of injury. If the muscles
atrophy at approximately the same rate as those
here studied it seems likely that their recovery
after such long periods of atrophy can be at best
only partial. At least three factors will combine to
ensure this. (1) The establishment of new con-
nexions becomes more' difficult so that the rate of
recovery is reduced, and there is a great increase
in the delay between return of fibres and recovery
of function. (2) The pattern of innervation becomes
more and more abnormal, so that the chances of
correct connexions are reduced, especially in mixed
nerves. (3) The number of muscle fibres which
never become re-innervated is increased. It is not
yet possible to say exactly what period of de-
nervation will make these effects serious in man.
They all operate increasingly from the beginning of
denervation and perhaps begin to be severe after
6-9 months. But everything which can be done to
reduce the time between injury and return.of fibres
to the muscles assists the process of regeneration
and is likely to improve the final functional result.

SUMMARY
1. In normal motor end-plates the nerve fibres

make contact with the surface of the sarcoplasm.
They may indent the latter but are not surrounded
by it, and a membrane always separates the insides
of the nerve and muscle. /t

2. In the peroneal muscles of the rabbit the
plates contain an average of 5X8 terminations,
mostly tapering to fine points. Within the sarco-
plasm of the plate is an average of 8-1 nuclei
belonging to the muscle fibre. Outside the plate
lie one or two fibrocytes. A few Schwann nuclei
may also lie near the plate.

3.. After interruption of the nerve there is no
increase in the number of nuclei within the sarco-
plasm of the plate, but the outer fibrocytes increase
in number. When a muscle fibre shrinks its end-
plate may remain intact, though shrunken, even
after more than a year of denervation.

4. After a nerve has been interrupted by
crushing close to a muscle one nerve fibre returns
to each plate and rapidly branches in contact with
its sarcoplasm.

5. After the longer periods of atrophy imposed
by crushing the nerve at a distance from a muscle
a portion of the returning stream of axoplasm
often 'escapes' and makes an ultra-terminal fibre.
Some end-plates are not re-innervated and new
plates are formed where the ultraterminal fibres
touch the sarcoplasm.

6. After severance and immediate suture of the
nerve these tendencies are exaggerated, and in
addition many small fibres (presumably sensory and
sympathetic) enter the muscle. Here they do not
form end-plates but 'escape' to form elaborate net-
works along the muscle fibres. When a large and a
small fibre approach a plate only the former enters it.

7. The number of endings in the plates returns
to normal at about 70 days after a nearby crushing
of the nerve, 100 days after a more distant crush.
It is still subnormal even 1 year after severance
and suture.

8. The delay between return of fibres to the
muscle and the onset of reflex functioning is 11 days
after the nerve has been crushed close to the
muscle, 22 days after a more distant crush injury,
and 25 days after severance and suture close to the
muscle. After delayed suture involving increasing
periods of denervation this delay increases and
reaches 55 days after 9 months of atrophy.

9. The endings in many of the plates remain
somewhat abnormal at long periods after any form
of nerve injury. The excess of ultraterminal fibres
and the networks of fine fibres may remain a year
after suture. Perhaps they are gradually reduced,
but only very slowly.

10. When muscles have been kept denervated
for increasing periods the proportion of old end-
plates which becomes re-innervated is progressively
reduced. Most of the nerve fibres escape and run

along between the muscle fibres, ultimately making
contact with the sarcoplasm and forming new

plates. In the later stages of atrophy they tend to
run across the muscle fibres.

11. With increasing periods of atrophy the
effectiveness of re-innervation is prejudiced by at
least three factors: (a) the increasing difficulty and
slowness with which new plates are formed; (b) the
abnormality of the pattern of re-innervation, in-
creasing the likelihood of wrong connexions; (c) the
fact that many muscle fibres are never re-innervated
at all.

This work has been assisted by a grant from the
Rockefeller Foundation. We are grateful to Prof.
H. J. Seddon for giving access to clinical material.
One of us (E. G.) has been in receipt of a grant
from the Nuffield Trust.
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EXPLANATION OF PLATES

Except where stated all figures are of peroneal muscles of
the rabbit stained with Bielschowsky's method. Animal
reference numbers are given for each figure.

Key to Lettering
a.m. atrophic unrecovered region of muscle; b.v.n. blood

vessel nerves; cap. capillary; e. blind termination;
e.p. end-plate; e.e.p. empty end-plate; f. fibrocyte;
fa. fat; i.n. inner end-plate nucleus; k. terminal knob;
n.f. new nerve fibre branching in muscle; o.n. outer
end-plate nucleus; p. protoplasm of end-plate; 8. small
(?sensory) nerve fibre; 8l&. thickened sheath of nerve
bundle; 8.n. Schwann nucleus; u.s. unstriped sarcoplasm
of atrophic muscle fibre; u.t. ultraterminal fibre.

PLATE 1. Normal end-plates
Fig. 1. Surface view showing how the branches indent the

sarcoplasm. (732c 3.)
Figs. 2, 4. Lateral views showing how the branches lie
between the inner and outer end-plate nuclei. The
branches indent the sarcoplasm but are not wholly
surrounded by it. (732c 6 and 702f 1.)

Fig. 3. Surface view. (733e 5.)
Fig. 5. Lateral view showing tapering and bulhous ter-

minations. (702f 1.)
Fig. 6. Lateral view showing branching some distance from

the muscle fibre and several Schwann nuclei near the
plate. (702f 1.)

Fig. 7. Lateral view of the same condition. Note also the
clear channels in the sarcoplasm around the terminal
branches. (727h 1.)

Fig. 8. End-plate in which two branches have joined,
forming a cpmplete ring. (733e 5.)

PLATE 2. Re-innervation after crushing the nerve 20 mm.
from its entry to the muscle. The time before and-after
the first arrival of fibres at the end-plates is given after
each figure number in day8.

Figi. 9-11. End-plates which have not yet been innervated,
9 and 10 in lateral, 11 in surface view. (711b 1, 711f 3
and 734b 1.)

Fig. 13. Finest fibre just entering plate. (734b 1.)
Fig. 14. New branches within the plate. (710h 3.)
Fig. 15. A single fibre innervating two plates in series and

forming an ultraterminal fibre. (710h 2.)
Fig. 16. Terminal loops in regenerating plate. (710h 2.)
Fig. 17. Plate with ultraterminal fibre. (733 a 5.)
Fig. 18. The ultraterminal fibre persists even 3 months

after re-innervation. (695a 1.)
Fig. 19. Even in the earlier stages each end-plate is

innervated only by one fibre. (733a 4.)
Fig. 20. Network of fine (? sensory) fibres persisting

3 months after re-innervation. (695a 4.)
Fig. 21. End-plate innervated by two fibres approaching
from opposite directions. (695a 6.)

Fig. 22. End-plate 6 months after re-innervation, showing
abnormally thick terminations. (706c 4.)

PLATE 3. Re-innervation after crushing the nerve 100 mm.
from the muscle. The time before and after arrival of
fibres at the end-plates is given after each figure
number in month-8.

Fig. 23. A portion of the axon has entered the end-plate,
but the greater part forms an ultraterminal fibre.
(727a 4.)

Fig. 24. As fig. 23, but with ring-like endings. (726a 6.) -
Fig. 25. As fig. 23. The ultraterminal fibre has continued

to thicken but the end-plate remains very under de,
veloped. (696a 2.)
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Fig. 26. Network of (? sensory) fibres. (727 a 4.)

Fig. 27. End-plate without ultraterminal fibre. One process

much thickened. Note that the branch seen in lateral
view is separated from the surface of the end-plate
sarcoplasm by a very narrow space. (696a 1.)

Fig. 28. New end-plate of very simple form. (696a 4.)
Fig. 29. A more developed new end-plate, formed on the
end of the ultraterminal fibre of another plate (not
shown).

Fig. 30. Terminal rings on the end of 'escaped' fibres. They
are close to a muscle fibre but have not caused the
development of end-plates. One of them has become
detached from its nerve fibre and is presumably de-
generating. (727a 1.)

Fig. 31. Ending of escaped fibre-in endomysium. Note also
the atrophic muscle fibre with a central row of nuclei.
(727a 1.)

Fig. 32. Undeveloped end-plate showing swelling of axon

proximally presumably due to resistance to its entry to
the plate. A collateral branch ends in the endomysium.
(696a 1.)

Fig. 33. Plate remaining undeveloped even after re-

innervation for 3 months. (702e 2.)
Figs. 34, 35. Over-developed plates found after re-inner-

vation for 5 months. Note large number of thick
branches. In fig. 35 a branch has apparently left the plate
and run back along the entering fibre. (703k 1.)

Fig. 36. Another atypical plate after 5 months, with a large
and small loop. The large loop definitely has no proto-
plasmic centre and must have been formed by the union
of two streams of axoplasm. (703k 4.)

Fig. 37. Atypical plates still present 8 months after re-

innervation, showing thick terminal branches and a

collateral mass which, though not in contact with a

muscle fibre has not been resorbed. (704g 4.)

PLATE 4. Re-innervation after immediate suture 48 mm.
from the muscle. The time before and after return of
fibres to the region of the end-plates is given after each
figure number in months.

Fig. 38. Broad irregular branches within the end-plate and
complex ultraterminal fibres. (753d 9.)

Fig. 39. Besides the large fibre running into the end-plate
a small one also runs in the same tube, turns back and
ends blindly. Note also the rings within the plate. From
a union of central tibial with peripheral peroneal stump.
(581h 1.)

Fig. 40. Simple plate 2 months after return of fibres.
(708e 9.)

Fig. 41. Small branches running into end-plate and large
ultraterminal fibre ending blindly. (708 e 6.)

Fig. 42. Plexus of presumably sensory fibres. (650c 5.)
Fig. 43. Intramuscular nerve 35 days after crushing the
main trunk 100 mm. from the muscle. For comparison

with fig. 44. (779a 4.)
Fig. 44. Intramuscular nerve from the opposite side of the
same animal as shown in fig. 43, a suture having been
made 48 mm. away, 35 days previously. Fibres present
only in some of the tubes. (779g 4.)

Fig. 45. Loop in end-plate. The arms of the cross are in
complete continuity at the junction. (650c 1.)

Fig. 46. Collateral knob on an ultraterminal fibre. Such
collaterals form new plates when they meet the sarco-

plasm of a muscle fibre. (650c 5.)
Fig. 47. Large ultraterminal fibre which has not been

absorbed even 4 months after arrival of fibres at the
muscle. (762f 6.)

Fig. 48. Regenerated end-plate of approximately normal
appearance. (671j 4.)

Figs. 49, 50. End-plates still very simple 6 months after
return of fibres to the muscle. (752g 1.)

Fig. 51. End-plate with thickened branches 6 months after
return of fibres. (752g 1.)

Fig. 52. Networks of fine fibres persisting 9 months after
return of fibres. (452a 1.)

PLATE 5. Re-innervation after delayed suture of tibial into
peroneal nerve. The time before and after return of
fibres to the end-plates is given after each figure number
in months.

Fig. 53. Simple new end-plate; nearby the ending of another
fibre on the same muscle fibre. (680a 1.)

Fig. 54. Simple collateral ending perhaps formed by the
innervation of an old plate. (680a 1.)

Fig. 55. Surviving end-plate with nerve fibre passing by
but not making a connexion. (680a 5.)

Fig. 56. Irregular claw-like terminations. (680a 3.)
Fig. 57. Two well-formed but simple terminal endings.

(680a 7.)
Fig. 58. Ending in endomysium, not connected with a

muscle fibre. (680a 1.)
Fig. 59. Surviving end-plate remaining empty in spite of

presence of numerous nerve fibres in the neighbourhood.
(581 a 5.)

Fig. 60. Surviving end-plate into which new fibre has just
penetrated without making any branches. (581 a 6.)

Fig. 61. Simple terminations of fibres running for long
distances along muscle fibres. (581 a 5.)

Fig. 62. Simple endings probably not in contact with
muscle fibres. (581 a 6.)

PLATE 6. Re-innervation after delayed suture of peroneal
into tibial. Figures are of gastrocnemius or plantaris
muscles, and times before and after return of nerve

fibres to end-plates are given after each figure number
in monthU.

Fig. 63. Nerve fibre running along muscle fibre and showing
various dilations in contact with the sarcoplasm.
(Plln 5.)

Fig. 64. Muscle fibres remaining very atrophic even some

time after return of fires. (P 111 2.)
Fig. 65. Muscle fibres remaining very atrophic and ap-

parently in process of division into separate strands.
A large mass of unstriated sarcqplasm which might be
the remains of an old plate is seen (see, however, fig. 68).
(PIll 7.)

Fig. 66. Nerve fibre innervating a probably surviving plate
and then passing on as an ultraterminal fibre to make new
endings. (P10g 4.)
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Nerve crushed 20 mm. from muscle. Time in days.
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Immediate suture. Times in months.
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Delayed suture. Times in months.
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Delayed suture. Times in months.

*sn&
..:....

68.17+3

.....

so ...... .. .. ...,...

wr f,,K;A i_ ':. ur 67 17+ 3

Figs. 63-71

GUTMANN AND YOUNG-RE-INNERVATION OF MUSCLE

Plate 6

U.U

t 10A

sM .:t: W
W

t

70 il:711111,+ -3
omf1.



Journal of Anatomy, Vol. 78, Parts I
Normal, crushed nerves,

2 Plate 7
immediate suture. Times in months.
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Delayed suture. Times in months.
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Delayed suture. Time in months.
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Re-innervation of muscle
Fig. 67. Nerve fibre running among atrophic muscle fibres
and giving off branches to make contact with them. The
sarcoplasm has become differentiated around the ter-
minal branch. (426-q 1.)

Fig. 68. Muscle fibre remaining very atrophic long after
return of fibres. Large areas of unstriated sarcoplasm
are present and can hardly all be old end-plates.
(426p 1.)

Fig. 69. Surviving end-plate projecting at side of fibre.
A new nerve fibre approaches it. (426p 1.)

Fig. 70. Muscle fibres remaining very atrophic some time
after return of fibres. (426p 7.)

Fig. 71. Fully formed new end-plates after long period of
atrophy and long period of recovery. (452b 1.)

PLATES 7-9. Series to illustrate results of re-innervation
after progressively increased periods of atrophy. All
figures at the same magnification (75 x). Time of
atrophy and of re-innervation given after each figure
number in months.

PLATE 7

Fig. 72. Normal muscle showing end-plates close to
emergence of fibres from bundles. The one rather long
fibre is quite exceptional. (732c 8.)

Fig. 73. After crushing nerve close to muscle the normal
pattern of terminal endings is regenerated. (695a 1.)

Fig. 74. After crushing at a long distance from the muscle
many of the new axons form ultra-terminal fibres.
(702e 4.)

Figs. 75, 76. After immediate suture many fibres running
for long distances between the muscle fibres appear.

(650c 3, 708 e 4.)
Figs. 77, 78. The pattern regenerated after immediate

suture may be close to normal. (426r 1, 762f 4.)
Fig. 79. Ultraterminal fibres after simple suture. (650c 5.)

Fig. 80. The general pattern of fibres running for long
distances remains even 6 months after return of fibres
(671f 1.)

Figs. 81, 82. Ultraterminal fibres remain even 10 and
13 months after re-innervation of the muscle. (452a 2,
569a 1.)

PLATE 8
Figs. 83, 84. With 3 months of atrophy the condition is not

very different from that of the simple suture. End-plates
remain but often are not innervated. (650e 6 and 5.)

Figs. 85, 86. With 5 months of atrophy the longitudinal
plexuses become very marked. (680a 2 and 1.)

Figs. 87, 88. With 7 months before return of fibres atrophy
becomes very profound and nerve fibres run for long
distances without contact with muscle fibres. (597 a 3
and 1.)

Fig. 89. With 9 months' atrophy some muscle fibres are

reduced to threads and contact with nerve fibres becomes
still more difficult. (581 a 10.)

PLATE 9
Figs. 90, 91. 13 months of atrophy. Some nerve fibres
make loops across the muscle fibres, a condition becoming
more and more frequent at later times. (P 10g 9 and 10.)

Figs. 92-94. Extreme atrophy after 17 months of denerva-
tion. Nerve fibres only seldom make contact with muscle
fibres (fig. 92); they run in much thickened connective
tissue sheaths (fig. 93); nevertheless, a pattern not unlike
the normal may be restored (fig. 94). (426p 4, p 8 and 9.)

Figs. 95-97. Imperfect recovery even after long period of
re-innervation of very atrophic muscles. New end-plates
are formed, but in large portions of the muscle the nerve
fibres have been unable to promote recovery of the
muscle fibres (fig. 95). Nevertheless,.in part the pattern
of innervation may approach the normal (fig. 96). But
single nerve fibres branch repeatedly as they run across
muscle fibres (fig. 97). (452b 14 and 16.)
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