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SUMMARY

1. A study was made of functional and structural changes during
degeneration of end-plates in the rat diaphragm after phrenic nerve section
at two levels.

2. For 8-10 hr after cutting the nerve in the neck, all end-plates retain
the ability to transmit impulses. During the following 8-10 hr, an in-
creasing number of end-plates lose this ability so that after a total of about
20 hr, no end-plates can transmit.

3. Transmission failure occurs abruptly at most end-plates. This failure
is usually accompanied by cessation of spontaneous miniature end-plate
potentials (min.e.p.p.s), though in a few cases min.e.p.p.s persist after
junctional transmission has failed. Several degenerating junctions were
observed where the frequency of min.e.p.p.s was very low, suggesting an
intermediate stage in min.e.p.p. failure.

4. The time of junctional failure depends on the length of the degenerat-
ing nerve stump. For each additional centimetre of nerve, failure is
delayed about 45 min.

5. Changes in ultrastructure of nerve endings closely parallel those of
function. For about 8-12 hr after cutting the nerve, nearly all end-plates
appear normal. During the period when transmission is failing, some end-
plates are clearlyundergoing structural break-down. By the time functional
failure is complete, all end-plates appear grossly abnormal.

6. During degeneration, the contents of the axoplasm undergo disrup-
tion and the nerve terminal breaks up into small fragments. In contrast,
the Schwann cell appears to become very active and its processes extend
into the synaptic cleft to surround fragments of the nerve terminal.
Ultimately, the Schwann cell completely replaces the axon at the end-plate.

7. Increasing the length of the peripheral nerve stump delays the onset
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of structural break-down. Disruption of end-plates near the site of nerve
entry into the muscle occurs before those farther away.

8. It is suggested that end-plate degeneration is triggered by a signal
which passes from the site of injury to the nerve terminal. The duration of
the period after transection when end-plates appear to be normal would
then reflect the time required for this signal to travel the length of the
isolated nerve stump.

INTRODUCTION

This paper reports observations on the basic changes of structure and
function occurring at mammalian neuromuscular junctions soon after
motor nerve section. One aim of this study was to see how the failure of
nerve impulse transmission during Wallerian degeneration is related to the
disruption of the structural components of the junction. To do this, the
time course of transmission failure has been determined and used as a
guide for the selection of material to be observed in the electron micro-
scope. We have compared our observations with those made in similar
studies on the frog (Birks, Katz & Miledi, 1960; Hunt & Nelson, 1965).
An interesting feature of motor nerve degeneration is that degeneration

is seen sooner at the neuromuscular junction than along the myelinated
axon (Titeca, 1935; Birks, Katz & Miledi 1960). This suggests that the end-
plate may respond to a signal which travels peripherally along the axon
before degeneration of the nerve becomes apparent. One way oftesting this
hypothesis is to see if varying the length of the peripheral nerve stump has
any influence on the time course of degeneration of the terminal. Previous
experiments suggested that increasing the length of the stump does in fact
delay the failure of neuromuscular transmission (Eyzaguirre, Espildora &
Luco, 1952; Gutmann, Vodicka & Zelena', 1955; Luco & Eyzaguirre, 1955;
Birks, Katz & Miledi, 1960). It seemed worthwhileto investigate this point
more fully and to examine its quantitative aspects. Some of these results
have already appeared in a note (Slater, 1966).

METHODS

The experiments were made on the diaphragm of the rat. The end-plates of this
muscle are distributed in a narrow band on one side of the intramuscular nerve
trunk (Coers, 1953). In a normal preparation, the electrical signs of spontaneous
transmitter release from motor nerve endings, the miniature end-plate potentials
(min.e.p.p.s, Fatt & Katz, 1952) can be recorded from over 95% of electrode pene-
trations made 1-3 mm lateral to the nerve trunk (cf. Miledi & Slater, 1968 a). Thus,
when most of these penetrations give negative results in an experimental muscle,
it can be said with confidence that functional failure has occurred.
Female albino rats of Wistar origin (130-170 g) were used in all experiments. In

an initial operation, performed under ether anaesthesia, the left phrenic nerve was

508



TIME COURSE OF RAT END-PLATE DEGENERATION 509

cut. This was done either in the neck, near the exit of the nerve from the spinal cord,
or in the thorax, near its entrance into the muscle. For the operation in the neck, a
ventromedial incision about 2 cm long running anteriorly from the clavicle was made
in the skin, the sternohyoideus muscle retracted and the underlying musculature
separated to reveal the brachial plexus. In order to ensure that all nerve fibres going
to the diaphragm are cut, it was found necessary to transect the whole plexus, as
well as the clearly visible branch of the phrenic nerve. To cut the nerve in the thorax
an incision was made through the skin and superficial musculature between the 9th
and 10th ribs. The intercostal muscles were then separated and the pleural cavity
opened. A bent glass probe was inserted into the thoracic cavity and used to pull
the phrenic nerve out of the thorax, where a piece about 5 mm long was excised.

In the terminal experiment the animal was anaesthetized with ether and the
diaphragm was removed and placed in a modified Krebs solution which was equili-
brated with 95% 02-5% CO2 and maintained at room temperature (17-23° C). The
bathing solution had the following composition (concentrations in m-mole): Na+ 140,
K+ 4 5, Ca2O 2-0, Mg2+ 1-0, Cl- 122-5, S042- 1.0, HCO3- 25, H2P04 1 -0, glucose 11.
The portion of the muscle to be studied was mounted in a Perspex chamber

(30 ml.) in which electrical recordings could be made. Fresh bathing solution which
was equilibrated with the gas mixture flowed into the chamber at a rate of about
3 ml./min, a constant fluid level being maintained with a suction outlet. The nerve
was led into a moist side-chamber, insulated from the main chamber by a 'Vaseline'
seal, and rested on a pair of platinum electrodes which were connected to the outpuit
of a Grass S 4 stimulator.
To determine the state of neuromuscular transmission in the muscle intracellular

recordings were made from the end-plate region using micro-electrodes filled with
3 M-KCI. The muscle was studied routinely by making penetrations in a track
parallel to the clearly visible intramuscular nerve trunk, and just lateral to it.
Penetrations were made at intervals of 0-5 mm along this track, measured by an eye-
piece scale in the Zeiss dissecting microscope, and the distance of each penetration
from the entry of the nerve into the muscle was noted, together with the observed
electrical activity, both spontaneous and evoked.
For examination of end-plate structure, narrow strips of the diaphragm were

fixed for observation in the electron microscope, the same or immediately
adjacent regions being used to determine the extent of transmission failure. When
end-plates were found in the tissue, several sections of the same ending were fre-
quently examined, although no systematic attempt was made to study serial
sections. The next 50-100 um were then removed before examining further end-plates
in the same block.

Tissues were prepared by fixation in a 6% solution of glutaraldehyde in phos-
phate buffer (pH 7-2) for 2 hr at room temperature. Diaphragm strips were usually
placed in the fixative within a minute or two after isolation from the animal. Follow-
ing fixation, the specimens were washed in phosphate buffer for 1 hr, stained in a 1 %
solution of OsO4 in buffer for 0-5 hr and dehydrated in graded alcohols. Many sections
were double stained with uranyl acetate and lead. Some muscles were fixed in 0804
and stained with phosphotungstic acid (cf. Miledi & Slater, 1968 a). All samples were
embedded in Araldite (CIBA Ltd.) and examined in a Siemens Elmiskop Ia.
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RESULTS

The failure of neuromuscular transmission

Time course. Within less than 20 hr after cutting the nerve in the neck,
electric stimulation of the isolated nerve trunk no longer evokes contraction
of the muscle. To see if this rapid failure was not peculiar to the phrenic
nerve, the sciatic nerve was transected in the thigh. The response of most
leg muscles failed in 24 hr, and of all muscles within 36 hr. Thus degenera-
tion is generally faster in the rat than in the cat, where complete failure
of neuromuscular transmission takes 2-3 days (Lissak, Dempsey &
Rosenblueth, 1939).

In other preparations undergoing Wallerian degeneration, it has been
found that the nerve trunk is still electrically excitable when indirect
excitability of the muscle fails (Titeca, 1935; Lissak et al. 1939; Birks, Katz
& Miledi 1960). Similarly, when the peripheral stump of the phrenic nerve
was removed from the rat up to 24 hr after section, it was possible to record
normal extracellular compound action potentials. The first nerve fibres
to fail, as indicated by a reduction in amplitude of the action potential, do
so about 1 day after section; after the second day, all have failed. The
earlier break-down of the indirectly evoked muscle response must there-
fore result from failure of the intramuscular nerve branches, or at the end
plate itself.
To obtain further information, intracellular recordings of electrical

activity were made from end-plate regions of isolated diaphragms. At each
end-plate studied, the response to single supramaximal shocks delivered
to the phrenic nerve was tested. In normal muscles, such a stimulus evokes
an end-plate potential (e.p.p.) large enough to trigger an action potential
in practically all muscle fibres. After nerve section, stimulation of the
nerve gave rise either to a normal e.p.p. and action potential or to no
response at all. It was thus an easy matter to determine the number of
end-plates at which transmission had failed at any time after nerve
section.

Since the development of failure could not be followed in a single muscle,
a sampling method was used to determine the time course of the process.
Animals were killed at intervals during the first day after nerve section,
and the diaphragms removed for electrophysiological examination at room
temperature. The failure of transmission in the isolated muscles was then
practically static, presumably because the degeneration process is greatly
slowed by lowering the temperature (Birks, Katz & Miledi, 1960). The
period from 10 to 18 hr after nerve section was studied in detail. Several
muscles were examined at each 2-hourly interval during this period, and
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about sixty end-plates were observed in each muscle. These results are
shown in Text-fig. 1.

In muscles examined up to 10 hr after nerve section, practically all
endings retained the ability to transmit impulses. This initial latent period
was followed by a period of 8-10 hr in which progressively fewer end-
plates would transmit. At the end of this second phase, some 18-20 hr after
cutting the nerve, virtually all end-plates were electrically inactive, thus
accounting for the loss of the indirect response of the whole muscle.

100
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Text-fig. 1. Time course of end-plate failure after phrenic nerve section
in the neck. Abscissa, time in hr; ordinate, fraction (per cent) of impaled
fibres at which activity was observed. Filled circles, end-plates at which
normal impulse transmission occurred in response to a single stimulus to the
phrenic nerve; open circles, end-plates at which miniature end-plate poten-
tials (min.e.p.p.s) were seen. Each point represents pooled results of about
150 impalements in several muscles.

Mode of tranamission failure. As mentioned above, stimulation of
degenerating nerves resulted either in normal transmission or in no response
at all. This suggests that the failure of transmission occurs abruptly, in an
all-or-none manner. Only one end-plate was ever encountered which gave
an 'intermediate' response to phrenic nerve stimulation, in that the e.p.p.
was much reduced in amplitude and gave rise to a delayed muscle action
potential. Failure of the ability to transmit action potentials was usually
accompanied by cessation of spontaneous min.e.p.p.s (Text-fig. 1). These
findings confirm those made in the frog, where impulse transmission and
spontaneous activity at myoneural junctions failed abruptly and at about
the same time (Birks, Katz & Miledi 1960).

17 PHIY 207
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Some exceptions to the pattern just described were seen. At twenty-

eight of the 795 end-plates examined, min.e.p.p.s were present, although
response to nerve stimulation had already failed. (The reverse situation,
transmission at an end-plate where min.e.p.p.s were not present, was never
observed.) At these few endings transmission had probably failed as a
result of the inability of the action potential either to invade the terminal
(see Krnjevi6 & Miledi, 1959), or to release transmitter.

10 hr 12 hr
60 N=103 60 N=162

O40 140

20 20

0.1 1 10/sec 0-1 1 10/sec

14 hr 16 hr
60 N=90 60 N=33

N 40 _ _40_

20 20...r2iIiii.r.....
0-1 I 10/sec 0.1 1 10/sec

Text-fig. 2. Distribution of min.e.p.p. frequencies at end-plates during
nerve degeneration. Abscissa, min.e.p.p. frequency, note logarithmic scale;
ordinate, fraction (per cent) of end-plates observed. Time after nerve
section and number of end-plates observed is shown on each histogram.

In contrast to the abrupt failure of the e.p.p., there was some indication
that the cessation of spontaneous min.e.p.p.s may be preceded by a
gradual decrease in their frequency. In muscles whose end-plates were
mostly still transmitting, the distribution of frequencies of min.e.p.p.s at
different end-plates, presented in a logarithmic histogram, was symmetrical
about the geometric mean. Sixteen hours after nerve section a few end-
plates with unusually low frequencies were found, giving rise to a marked



TIME COURSE OF RAT END-PLATE DEGENERATION 513

assymmetry and a 'tail' on the low frequency side of the histogram (Text-
fig. 2). Particularly noticeable was a small number of end-plates at which
the frequency was of the order of several per minute instead of several per
second. While normally fewer than 5% of end-plates had frequencies of
0.5/sec or less, 25-30 % were in that class 16 hr after nerve section.

In the group of end-plates where transmission had failed before cessa-
tion of min.e.p.p.s, the frequency of the latter ranged from 17/sec to 1/50
sec. Low frequency is therefore not a necessary preliminary condition for
transmission failure. On the other hand, of the five end-plates whose
min.e.p.p. frequency was less than one tenth of the normal value, only one
responded to nerve stimulation.
A further indication that the end-plates with a very low min.e.p.p.

frequency were at an advanced stage of functional failure comes from a
few experiments in which the stimulating effect of raising the external
potassium concentration from 4-5 to 18-5 mm was tested. This procedure
normally causes the min.e.p.p. frequency to increase at least tenfold
(Liley, 1956). At degenerating end-plates, however, where the frequency
was already low, increasing the potassium concentration had little or no
effect. In these respects the low frequency activity resembles that occurring
after much longer periods of denervation, and associated with the presence
of the Schwann cell (Birks, Katz & Miledi 1960; Miledi & Slater, 1968 a). It
should be recalled, however, that inthediaphragm a period ofabout 2 weeks
intervenes between the complete cessation of min.e.p.p. activity and its
later resumption at a very small number of end-plates which have Schwann
cells associated with them. We feel, therefore, that the low frequency
of min.e.p.p.s observed at some degenerating end-plates probably reflects a
decline in the transmitter release from the failing nerve terminals rather
than an onset of new activity from a different source. A similar situation
has been seen in degenerating neuromuscular junctions of the locust
(Usherwood, 1963). There it is commonly found that min.e.p.p.s persist
for some time after the failure of impulse transmission. When this occurs,
increasing the external potassium concentration does not cause the normal
increase in min.e.p.p. frequency.
While at some end-plates the frequency of min.e.p.p.s is greatly reduced

during this stage of degeneration, there was no obvious change in the
amplitude or time course of the individual potentials. Even at those few
end-plates where the frequency had fallen to a few per minute, the mean
amplitudes (0.5-0.8 mV) were well within the normal range, and the
distribution of individual amplitudes about the mean was symmetrical, as
is the case at normal junctions (Text-fig. 3). These observations indicate
that the amount of transmitter in each packet is not greatly altered, even
at an advanced stage of degeneration.
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In summary, failure of evoked transmitter release at the end-plate

occurs suddenly, after a delay of at least 8-10 hr. The cessation of
min.e.p.p. discharge occurs at very nearly the same time as the failure of
transmission and may be preceded by a gradual reduction in frequency,
while the size of the unit potentials is unchanged.

Influence of the length of the nerve stump. To test the influence of the
length of nerve on the time course of degeneration, a series of experiments
was made in which the extramuscular nerve stump was kept very short.
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Text-fig. 3. Distribution of min.e.p.p. amplitude observed at four degener-
ating end-plates where the frequency was less than 5/min. Abscissa,
min.e.p.p. amplitude, expressed as a fraction of the mean amplitude for
the end-plate from which it was recorded; ordinate, number ofobservations.

The phrenic nerve was cut close to its entry into the diaphragm, thus
reducing the total length of the peripheral stump from a total of 6 cm to
the 2 cm left within the muscle. Since the remaining, extramuscular nerve
was at most a few millimetres long, stimulation to test transmission was
not always practicable, so the presence or absence of spontaneously occur-
ring min.e.p.p.s was then used as the criterion of functional failure.
The effect of cutting the nerve close to the diaphragm was to cause the

failure of transmitter release to- occur about 3 hr earlier than when the
operation was in the neck. This is seen in Text-fig. 4 which shows the clear
difference in the initial latent period without substantial alteration of the
shape of the curve (cf. Text-fig. 1).
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This result shows that the onset of degeneration depends on the length
of the extramuscular nerve. To see if the length of the intramuscular nerve
branches had a similar influence we compared end-plates at different
distances from the nerve entry. When the results from four successive
0-5 cm intervals along the course of the nerve are considered, a systematic
variation in the extent of failure along the nerve is revealed. Regardless
of whether the nerve was cut in the neck or at its entry into the muscle,
failure occurred sooner at end-plates near the nerve entry than at those
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Text-fig. 4. Time course of min.e.p.p. failure in the diaphragm after
phrenic nerve section at two different levels. Abscissa, time after opera-
tion; ordinate, fraction (per cent) of impalements at which min.e.p.p.s
were observed. Filled circles, phrenic nerve cut at its entry into the dia-
phragm; open circles, nerve cut in neck, 4 cm from diaphragm. Each point
represents pooled results from 150 to 200 impalements from several muscles.

farther from it. The data from the regions of the muscle nearest and
farthest from the nerve entry, for both short and long stumps, are shown
in Text-fig. 5.

These results show that the duration of the period preceding end-plate
failure depends on the length of the severed stump. To present this
relation more clearly, the time when failure has occurred at 50 % of the
end-plates in each of the four regions of the muscle, for both long and short
extramuscular nerve lengths, was estimated from the eight curves such
as those in Text-fig. 5. The relation between this time (t50 %) and the length
of the nerve is shown in Text-fig. 6. Thus, the delay in the onset of synaptic
degeneration is determined by the nerve stump, and directly related to its
length. The relation is such that the period preceding synaptic failure is
increased by about 45 min for every additional centimetre of nerve.
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End-plate structure during axonal degeneration
Normal endings. In an attempt to correlate the functional failure just

described with the structural break-down of the end-plate, muscles were
examined in the electron microscope at various times after nerve section.
The structure of normal end-plates in the rat diaphragm was similar to

that described elsewhere (Reger, 1959; Andersson-Cedergren, 1959;
Miledi & Slater, 1968a). The axon terminal contains various organelles:
mitochondria, neurofilaments, neurotubules, lyosomes, glycogen, lamellar
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Text-fig. 5. Progressive failure of min.e.p.p.s in regions of muscle associated
with different lengths of intramuscular nerve. Abscissa, time after opera-
tion; ordinate, fraction (per cent) of impalements at which min.e.p.p.s
were observed. Each point represents the pooled observations from about
sixty impalements. Points corresponding to the same nerve length have
been joined for clarity. The appropriate nerve length is indicated for each
curve. Filled circles and continuous lines, nerve cut at entry to diaphragm;
open circles and dashed lines, nerve cut in the neck.

bodies, multivesicular bodies and synaptic vesicles (Pls. 1-3). The latter
deserve further comment.

Several types of vesicles were found in the axon terminals. The most
common were simple, round or oval, vesicles (ca. 40 nm diam.) whose
interiors appear uniform, but slightly darker than the surrounding cyto-
plasm. Very early in our work we noticed that complex vesicles, like those
originally found by Gray (1961) in the cerebellum of the rat are frequently
observed at rat neuromuscular junctions (Pls. 2, 3a). These structures
consist of a central vesicle, approximately 30-40 nm in diameter, covered
by a layer of smaller 'vesicles' (ca. 15 nm diam.) the over-all diameter of
a complex vesicle being about 70 nm, but some up to 130 nm are also seen

516
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(cf. also Andres, 1964; DTuring, 1967; Nickel, Vogel & Waser, 1967).
Occasionally other vesicles are found which contain a central dense core.
In addition, there are also virus-like clusters of small vesicles (about 10 nm
diam.), the total size of the aggregate being only 30-40 nm.
The vesicular organization of the terminal is further complicated by the

presence of larger sacs and of tubes of various sizes, some of which appear
to be continuous with vesicles. Some of the tubes have a cross-sectional
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Text-fig. 6. Influence of the length of the degenerating phrenic nerve
segment on the time course of end-plate failure. The time when 50% of all
end-plates in a given region of the diaphragm have failed (t50%) was
estimated from the eight curves like those in Fig. 5, and is plotted against
total nerve length. Abscissa, nerve length; ordinate, t50%. Filled circles,
nerve cut within a few mm of entry into diaphragm; open circles, nerve
cut in neck, 4 cm from diaphragm.

appearance similar to that of complex vesicles (P1. 2). Furthermore, many
of the simple vesicles seem to be interconnected by narrow necks, or joined
by filaments. It has been suggested (Birks, 1966) that vesicles may arise
from the break-down of tubules during fixation. It is difficult to rule out
this possibility, but it seems more likely that vesicles and synaptic tubules
are a normal constituent of axon terminals, since they are both seen after
use of different fixatives (OSO4, KMnO4, glutaraldehyde, formaldehyde).
After such fixatives, vesicles, tubules and microtubules of several types
were still seen in the axon terminals, as well as in muscle and Schwann cells.
Both complex and simple vesicles are frequently seen opening into the
synaptic space, and less commonly into the axon-Schwann cell interspace.
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In osmium-fixed tissue stained with phosphotungstic acid the synaptic
axolemma shows some dark spots (cf Gray, 1959; Birks, Huxley & Katz,
1960). These membrane thickenings have a particularly interesting relation
to synaptic vesicles which sometimes appeared wedged between the dark
spots (Pls. 1, 3b-d). Axolemmal thickenings are occasionally seen also on
the Schwann side of the axon. In that case the corresponding portion of the
Schwann cell membrane also appears darker.

The functions of all the intra-axonal organelles are not known. But with so many
processes going on at the synapse, it would not be difficult to speculate on a possible
morphological counterpart for some of them. For instance, plain vesicles, confluent
or not, may contain the transmitter. Complex vesicles could be associated with the
uptake of choline, and other substances, from the synaptic space, in much the same
way that similar vesicles are responsible for yolk uptake in oocytes (Roth & Porter,
(1964). A similar role for complex vesicles has already been suggested by Andres
(1964) and During (1967). The small vesicles that form the clusters, and those making
the rim of the complex vesicles, might contain the acetyltransferase required to syn-
thesize the acetylcholine. These 'micro-vesicles' have the required dimensions to
contain one molecule of the enzyme, which has a molecular weight of about 50,000
(Potter, Glover & Saelens, 1968). If that were so, an interesting possibility would be
that micro-vesicles are detached from the complex vesicles when enough acetyl-
choline has been stored in the central vesicle. But of course, these are only specula-
tions and many other interpretations are possible.

Degenerating endings. After denervation, the normal structure of the
end-plate is greatly altered. Many features of end-plate degeneration in the
rat are similar to those described for other peripheral and central synapses
(Birks, Katz & Miledi 1960; Colonnier, 1964; Hunt & Nelson, 1965;
McMahan, 1967; Nickel & Waser, 1968). Two of these will be described in
some detail since they provide a convenient clue for the identification of
end-plates early in the course of their disintegration.

Mitochondria. In normal nerve endings, the mitochondria are elongated
sausage-like structures (Pls. 1-2) whose diameter, after glutaraldehyde
fixation, is 0-1-0*2 ,tm. They sometimes branch or fold, and tend to lie
parallel to the long axis of the terminal. The cristae usually lie parallel to
the long axis of the mitochondrion. As mitochondria pass in and out of the
plane of section, it is difficult to estimate their real length. In some sections
they are as long as 1-2 ,um, and it is possible that they may sometimes
exceed this length.
At end-plates clearly undergoing degeneration, mitochondria had only

large circular profiles, indicating that they had acquired a spherical shape
(Pls. 4, 5a). The diameter of these profiles was typically about 0-4-0-5 ,um,
although some as large as 0-7 ,tm were seen. In addition to the increase
in diameter, the cristae of these mitochondria sometimes appeared
disorganized and broken up into small vesicular fragments. It may be that
during degeneration some mitochondria break up into fragments, but it is
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interesting that the usual area of these spherical mitochondria is the same
as that of a cylinder with hemispherical ends 0 12 ,ctm in diameter and
1F7 ,tm long. It may therefore be that these profiles represent mitochondria
whose surface membranes have remained intact while the forces required
to maintain the normal elongated shape have been lost. This situation may
thus differ from that in denervated muscle of the rat where the normally
long thread-like mitochondria break up into small spherical fragments,
each with approximately the same calibre as the normal, and with appar-
ently normal internal structure (Miledi & Slater, 1968b).

In some cases, clusters of mitochondria, surrounded by synaptic
vesicles, form a compact mass enclosed within the Schwann cell (Pls. 5, 6);
and fine dense grains are visible throughout. The nature of this precipitate
is unknown. It could be related to the phosphate buffer used during, and
after, fixation but whatever its nature it is interesting to note that the
precipitate is deposited mainly in the degenerating axonic material (Pls.
5a, 6). In these conditions, mitochondria are not always easy to identify,
and it is possible that some structures within the clusters represent a stage
in the degeneration of other intracellular organelles. Indeed, a variety of
other structures is seen in degenerating nerve terminals: bodies made up
of concentric layers of membranes, clumps of vesicles reminiscent of the
'honeycomb' structures seen in degenerating frog synapses (Birks, Katz
& Miledi 1960; Hunt & Nelson, 1965), bags of glycogen particles, and
some more irregular structures enclosed by membranes (see Pls. 4-7).
Schwann cells. At normal mammalian end-plates the Schwann cell is

folded into numerous thin layers (Andersson-Cedergren, 1959; Miledi &
Slater, 1968a). The Schwann cell, and the nerve cell it covers, are sur-
rounded by the ectolemma (basement membrane), which also extends into
the junctional cleft between nerve and muscle, and even into the junctional
folds of the muscle cell (Pls. 1-3). In the frog neuromuscular junction thin
prolongations of the Schwann cell appear occasionally in the synaptic cleft,
between the nerve and muscle cells (Birks, Huxley & Katz 1960; Birks,
Katz & Miledi, 1960). These 'Schwann cell feet' are relatively rarely seen
at normal rat end-plates.
An important feature ofnerve terminal degeneration is the participation

of the Schwann cell in disposing of the degenerating neural material. What
is presumably an initial stage of this process was seen in the form of thin
extensions of the Schwann cell (Pls. 4, 5a), sometimes little more than the
two limiting membranes protruding into the synaptic cleft of degenerating
junctions. In some sections these Schwann cell processes completely sur-
round the axon, and it is clear that the area of synaptic contact between
nerve and muscle must thereby be greatly reduced. In addition to
becoming enveloped by the Schwann cell, and sometimes even before this
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happens, the axon terminal undergoes a process of fragmentation. Several
small axon profiles were frequently seen in a single synaptic groove, and
usually the Schwann cell was interposed between them (Pls. 4, 5).

In what is probably a more advanced state ofdegeneration, the Schwann
cell cytoplasm fills the synaptic groove more completely, and the axo-
plasm and its inclusions are seen as large, densely stained clumps (P1. 6).
In single sections these dense clumps are entirely surrounded by Schwann
cell cytoplasm, but a membrane is sometimes seen enveloping them, and
we are not certain that they ever become completely 'intracellular'.
The end-point of this process appears to be the replacement of the axon

at the end-plate by the Schwann cell, as illustrated by P1. 7a. However,
it should be noted that this position of the Schwann cell is only temporary.
A month or so after nerve section, while the characteristic synaptic folds
remain in the muscle membrane no cells are seen in such close contact with
the end-plate (Miledi & Slater, 1968a; Nickel & Waser, 1968).

Using mainly the change of the mitochondrial profiles and the intrusion
of the Schwann cell cytoplasm into the synaptic cleft to identify degenerat-
ing end-plates, the time course ofstructural break-down couldbe compared
with that of functional failure of the diaphragm.
End-plate8 in the latent period. We examined the ultrastructure of thirty-

three end-plates in two muscles, 8 hr (short stump) and 11 hr (long stump),
after cutting the phrenic nerve. At these times the electrical activity of
both muscles was still normal in the sixty-five end-plates examined with
micro-electrodes. But the physiological evidence indicates that failure
would have occurred in about two thirds of them within the following 4 hr
had they remained in vivo (see Text-fig. 5).
The structure ofthirty-one ofthese end-plates was not obviously altered.

The mitochondrial dimensions and cristae were normal, and Schwann cell
processes were not observed in the synaptic cleft more frequently than in
normal muscle. Neurofilaments, neurotubules and the various types of
vesicles described above were still seen at this time. Lysosomes, membrane
whorls and glycogen bags may be more prominent during this period than
in normal endings, but more detailed studies are needed to confirm our
initial impression. Similarly, in some cases the axoplasm was of unusually
low density and appeared to contain relatively few synaptic vesicles, but
no end-plates were clearly outside the rather wide range encountered in
normal muscle.

In the remaining two end-plates, two clumps ofvesicles were found in one
region of the ending, while the remainder of the terminal was apparently
normal. These two end-plates were near the nerve entry of the 8 hr (short
nerve) muscle, which may be correlated with our electrophysiological
findings (cf. Text-fig. 5).
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End-plates during the period of functional failure. At the time when
junctions cease to transmit, some end-plates appear normal while others
are clearly undergoing gross disruption. In all we examined thirty-five
different end-plates from muscles in intermediate or terminal stages of
failure. From observations made on the same or adjoining regions of the
diaphragm we estimate that about 40% of these endings were electrically
inactive. On the basis of structural appearance, about 50% of the end-
plates in this group appeared unambiguously to be in the course of
degeneration (for example Pls. 4-6). Such end-plates usually had regions
in diverse stages of degeneration; sometimes a contact appeared almost
normal (P1. 7 b), while other regions of the same end-plate could already be
completely surrounded by the Schwann cell.
The diameter of the mitochondrial profiles was clearly increased in twelve

of the twenty-one endings where measurements were made. While the
average diameter of mitochondria of all twenty-one endings was about
0 3 ,um, the distribution of these diameters suggests that two subgroups
were present, one corresponding to the normal value (0.1-0.2 ,um) and the
other with an average of about 0 45 am (Text-fig. 7). Of the end-plates
whose mitochondria were enlarged, all but one showed conspicuous
extension of the Schwann cell into the synaptic cleft. In only one case was
such a Schwann cell extension seen in a section where mitochondria
appeared normal. Thus, the alterations in mitochondria and Schwann
cell probably occur very nearly simultaneously.
Our findings allow us to make a rough estimate of the time taken for

structural break-down of an end-plate to occur. At 8-11 hr after nerve
section, depending on the length of nerve attached to the muscle, almost
all end-plates still seemed normal. Some 3-5 hr later, about half had
swollen mitochondria and were largely surrounded by Schwann cell. In
some sections the axon was already almost entirely replaced by the
Schwann cell. Thus the break-down can occur within a few hours once the
initial latent period is over.

Influence of nerve length. Just as with functional changes, structural
changes are delayed if the length of degenerating nerve is increased. For
instance, in one muscle with short nerve, denervated for 12j hr, a large
majority of end-plates showed clear signs of degeneration (Pls. 5, 7a);
while in a muscle with long nerve attached, 13 hr after denervation, and
85% of end-plates showing min.e.p.p.s, the majority of the end-plates
appeared structurally normal (P1. 7b). The physiological work indicates
that these end-plates were very near their period of rapid disintegration,
and even at this time most of the organelles within the terminal seemed
normal. With a long nerve stump a few apparently normal end-plates were
observed even 16 hr after denervation. Nevertheless, it is interesting to
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note that the number of complex vesicles seemed to be reduced at these
times.

In all the muscles examined in the electron microscope, the degeneration
of nerve terminals was less advanced in the region farthest from the nerve
entry. This indicates, in further correlation with the physiological findings,
that both the extramuscular and intramuscular portions of the nerve
stump contribute to prolonging the latency of terminal degeneration after
nerve section.

8-11 hr 13-16 hr

Ca
0

s10 10
.0

0

z

02 04 06 02 0*4 06
Mitochondrial diameter (,um)

Text-fig. 7. Distribution of the diameters of mitochondria in nerve
terminals at different stages of end-plate degeneration. Time after nerve
section indicated in each histogram. Abscissa, diameter of mitochondria;
ordinate, number of observations.

To summarize, we find that the time course of structural changes of the
end-plates closely parallels that of functional failure. For both there is a
latent period of 8-12 hr during which no obvious changes are seen. This is
followed by a period of similar length, during which all the end-plates in
the muscle undergo a process of break-down. The actual time taken for an
individual end-plate to disintegrate is only a matter of a few hours. The
longer time taken for all the end-plates to degenerate is probably attri-
butable to a lack of synchrony in the degeneration of end-plates; such
asynchrony may be due, at least in part, to the intramuscular variations
of the diameter and length of nerve fibre connected to each end-plate. The
outcome of all this is that 18-20 hr after nerve section all end-plates are in
an advanced stage of degeneration and nearly all have ceased to function.

DISCUSSION

It is clear from our study that changes in end-plate structure occur at
very much the same time after nerve section as does the failure of neuro-
muscular transmission. Thus, there seems to be no difficulty in accounting
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for the loss of function in terms of the observed structural changes. The
alterations of the mitochondria, and the loss of the characteristic dis-
position of other organelles within the axon terminal would be expected to
change its behaviour, and it would be surprising if the processes involved
in the release of transmitter were not thereby impaired. In addition to the
changes within the axon, the interposition of the Schwann cell between
nerve and muscle would presumably prevent any acetylcholine which
might be released from reaching the muscle membrane. This reduction
in the extent of axonal synaptic contact may well account for those end-
plates with very low min.e.p.p. frequencies, described on p. 512. It remains
to see if some structural changes occur which can be specifically related to
the cessation of the quantal release of transmitter. For this, correlated
physiological and morphological observations of single end-plates will
probably be necessary.
The changes observed during degeneration of rat end-plates are similar

to those seen in the frog (Birks, Katz & Miledi 1960). In both cases, the failure
of transmission is abrupt and is accompanied by a nearly simultaneous
cessation of min.e.p.p.s. Nerve terminal disruption and proliferation of the
Schwann cell are also seen in the two animals (cf. also Reger, 1959; Nickel
& Waser, 1968), as well as in degenerating synapses of the frog sympathetic
ganglion (Hunt & Nelson, 1965) and the vertebrate central nervous system
(Colonnier, 1964; McMahan, 1967; see also Gray & Guillery, 1966). It
seems that a common process of degeneration occurs in neurones of widely
different functions and in a number of vertebrate species.

In some invertebrates, however, the response to nerve section can be
quite different. Crayfish motor nerve terminals isolated from their cell
bodies retain the ability to transmit action potentials for up to 3 months,
during which time regeneration of the central stump may occur (Hoy,
Bittner & Kennedy, 1967). In locust, while the failure of transmission
occurs within 2 days at 300 C, min.e.p.p. discharge continues for some
time, ultimately going through a complicated sequence of changes of
amplitude and frequency before failing completely. At the time when trans-
mission fails, the structure of the neuromuscular junction is grossly intact,
although swelling of the mitochondria and clumping of the synaptic
vesicles is seen (Usherwood, 1963; Usherwood, Cochrane & Rees, 1968).
These observations suggest that one of the differences between the degener-
ation of vertebrate and invertebrate synapses may be in the role played by
the Schwann cell.
The time course of the degenerative changes at end-plates in the dia-

phragm is of considerable interest. Our observations, while of a statistical
nature, indicate that at end-plates in the diaphragm, nerve section is fol-
lowedbyaperiod ofat least 8hrwhen grossly normal structure and function
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are maintained. After this initial delay, obvious changes occur, leading in a
few hours to proliferation of the Schwann cell, complete disruption of the
nerve terminal, and abrupt failure of neuromuscular transmission. WVhile
these changes are going on, normal electrical activity of the myelinated
axons can still be recorded. Several closely related questions are raised by
these findings: What initiates the internal disruption ofthe nerve terminal?
What leads to the 'activation' of the Schwann cell? What controls the
timing of these events?
The results of varying the length of the degenerating nerve stump are

relevant to the last of these questions. These experiments show that at
least a part of the survival time of an end-plate after nerve section is
determined by its distance from the site of injury. Further, they define an
apparent velocity with which the effect of cutting the axon reaches the
presynaptic terminal. This is given by the relation in Text-fig. 6 which has
a slope of about 1-5 cm/hr. This value is about ten times greater than that
derived from similar experiments on the tenuissimus of the cat (Luco &
Eyzaguirre, 1955). We have no adequate explanation for this difference.
The basis for the effect of nerve length is unlikely to be purely physical.

A diffusion limited process would be expected to depend on the square of
the distance, rather than on the first power. A similar argument probably
applies to any change in hydraulic pressure which might occur. On the
other hand, one might suppose that the process of end-plate degeneration
is initiated whenever the concentration of some substance, originating in
the cell body, falls below a critical level in the axoplasm of the nerve
ending. If this substance were being used, or lost, at the end-plate, it would
have to be continuously replenished from the soma. Transecting the nerve
would limit the amount of substance available to the ending, to that pre-
sent in the isolated nerve segment. The magnitude of the delay ofdegenera-
tion resulting from the amount of 'trophic' substance present in the nerve
trunk would depend on the balance between the rate at which the sub-
stance is used up, and the rate at which it is transported to the terminal.
It is perhaps relevant that the apparent velocity we have observed is very
similar to that indicated by several recent studies on the movement of
substances in motor and sensorynerves (Miani, 1963; McEwen & Grafstein,
1968; Lasek, 1968; Ochs, Sabri & Johnson, 1969). Thus, it may well be
that the duration of the period of end-plate survival after nerve section re-
presents in part the time required for the translocation of material from the
site of injury to the periphery by a normally occurring transport system.
One assumption of this scheme is that such a transport system, if it

exists, continues to function for at least 8 hr after the loss of continuity
with the cell body. Available evidence suggests that at least the gross
integrity of the axon is maintained for this length of time. As noted above,
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electrical activity of the nerve is essentially normal for up to 24 hr.
Structural changes within the axoplasm may occur before this time, but
probably not much before 12hr after section (Terry & Harkin, 1959;
R. Miledi, unpublished observation). It is further known that the move-
ment of intracellular material in isolated chick neurites (Hughes, 1953) as
well as in some protozoa (Allen, Cooledge & Hall, 1960; Thompson &
Wolpert, 1963) persists for some hours in the absence of the nucleus.
Clearly, a first step in obtaining direct evidence for the scheme we suggest
would be the demonstration that a transport system does function, at the
requisite rate, in the isolated phrenic nerve.
Our experiments do not indicate the chemical nature ofthe factors which

cause the end-plate to degenerate. The nerve terminal could conceivably
respond to a decrease either in the rate of appearance or of the concentra-
tion of some essential metabolite, or to the presence of a deleterious factor
produced at the site of injury. We are equally ignorant of the factors
responsible for the 'activation' of the Schwann cell. One possibility is that
the Schwann cell responds to secondary changes in the neurones. Such
an hypothesis would be supported if changes in the nerve terminal clearly
preceded those in the Schwann cell. However, so far we have been unable
to resolve such a difference in timing.

C. R. Slater held a Marshall Scholarship during the early stages of this work, and
was later supported by U.S. Public Health Service fellowship 1-Fl-GM-15, 010.
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EXPLANATION OF PLATES

All electron micrographs from rat diaphragm. Pls. 1, 3b-d from muscles fixed in
0s04 and stained with phosphotungstic acid. All other plates from muscles fixed in
glutaraldehyde and stained with uranyl acetate and lead. All calibration bars indicate
1 ,m, except P1. 3, where they indicate 0-2 /sm.
The following symbols are used on the Plates: n: nerve; m: muscle; Sch:

Schwann cell; mit: mitochondrion; sv: synaptic vesicles; cv: complex vesicle.

PLATE 1

Normal end-plate showing complex folding of Schwann cell, nerve terminal with
synaptic vesicles and mitochondria, and muscle fibre. Note junctional folds in
surface of muscle fibre, and three regions of high density in synaptic surface of nerve
terminal.

PLATE 2

Normal end-plate showing same structures as in Plate 1. Note complex vesicles in
axoplasm.

PLATE 3

Normal end-plate at higher magnification. a, complex vesicles in nerve terminal.
b-d, high density region of presynaptic vesicles surrounded by palisade of electron-
dense material.

PLATE 4

End-plate denervated 16 hr, long nerve (see Methods). Note swollen mitochondria,
thin extensions of Schwann cell into synaptic cleft, and fragmentation of nerve
terminal.

PLATE 5

Two end-plates denervated 121 hr, short nerve. a, shows accumulation of high
density material consisting in part of mitochondria. Dense granular material of un-
known origin or composition is associated with degenerating axonal material. b,
shows dense clump of synaptic vesicles in left nerve fragment.
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PLATE 6

End-plate denervated 16 hr, long nerve. The Schwann cell has almost completely
replaced the axon in the synaptic cleft leaving two clumps of degenerating axonal
material.

PLATE 7

a, end-plate denervated 121 hr, short nerve. The large Schwann cell completely
replaces the nerve in this section. b, end-plate denervated 13 hr, long nerve. The
effect of the long nerve, in delaying structural break-down, is seen in the nearly
normal structure of this end-plate, as compared with those in Pls. 5 and 7a. Note
area of dense granular material which may indicate an early stage of degeneration.


