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SUMMARY

1. Denervation of one cutaneous-pectoris muscle of the frog induces the formation
of new synapses in the intact innervated muscle on the opposite side. After crushing
the motor nerve to the left muscle the incidence of polyneuronal innervation in the
right intact muscle increased from an average normal value of 16% to an average
value of 27% (Rotshenker & McMahan, 1976).

2. The formation of the new synapses in the intact muscle is independent of the
presence of denervated muscle fibres or degenerating axons peripheral to the site
of axotomy. After removing the left cutaneous-pectoris muscle, the proportion of
polyneuronally innervated muscle fibres in the right intact muscle increased to an
average value of 34%.

3. The number of new synapses formed in one muscle is dependent upon the type
of the lesion to the motor nerve to the opposite muscle; 40% of the muscle fibres
on the right side were found to be polyneuronally innervated after transacting the
motor nerve on the opposite side, as compared to 27% after crushing it.

4. The delay with which new synapses are formed on the unoperated side is depen-
dent upon the distance from the spinal cord of the axotomy. New synapses were de-
tected 4-8 weeks after cutting the opposite nerve close to the muscle. Placing the
site of axotomy close to the spinal cord shortened the delay and new synapses were
detected as early as 9 days after the operation.

5. The stimulus for the formation of new synapses by an intact nerve is ineffective
if the injured nerve on the contralateral side originates from distant segments of the
spinal cord. The pattern of innervation in cutaneous-pectoris muscles was not altered
following denervation of distant muscles in the hind limb.

6. These results suggest that the signal for sprouting and synapse formation may
arise in the damaged nerve cells, central to the site of axotomy, and then be com-
municated transneuronally within the spinal cord to the intact motoneurones on
the opposite side.

INTRODUCTION

Sprouting of intact nerve fibres and synapse formation constitute a general response
to partial denervation in both central and peripheral nervous systems (for reviews
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see Edds, 1953; Guth, 1974; Harris, 1974; Stein, Rosen & Butters 1974; Cotman &
Lynch, 1976; Gutmann, 1976; Purves, 1976a, 1977). For example, if a muscle is
partially denervated, the remaining intact axons sprout and form synaptic connexions
with the denervated muscle fibres (Exner, 1885; Edds, 1950, 1953; Hoffman, 1950;
Guth, 1962; Brown & Ironton, 1978). Recently, however, it has been shown that
sprouting and synapse formation are not restricted to denervated tissues. After crushing
the motor nerve to one cutaneous-pectoris muscle of the frog, the motor nerve to the
opposite muscle sprouts and forms additional synaptic connexions with intact and
already innervated muscle fibres (Rotshenker & McMahan, 1976). Some of the ques-
tions that arise from this observation concern the mechanism that underlie the in-
duction of sprouting of intact motoneurones and synapse formation: what is the
source of the signal for sprouting and synapse formation and how does it reach the
responding intact motor nerve cells?
The signal for sprouting could arise distal to the site of axotomy from the dener-

vated target tissue such as denervated muscle fibres or from degenerating axons or
both, and reach the opposite muscle by local diffusion or via the circulation. Such
mechanisms have been shown to play a major role in the innervation of denervated
iris tissue transplanted to the anterior chamber of a host eye. There, intact nerve
fibres of the host iris sprouted and innervated the denervated iris (Olson & Malforms,
1970). Similarly, degenerating nerve fibres and denervated muscle fibres have been
proposed to be the source ofthe signal for sprouting and synapse formation in partially
denervated muscle (Weiss & Edds, 1946; van Harreveld, 1947; Hoffman & Springell,
1951; Edds, 1953; Brown & Ironton, 1977a, b).
Alternatively, the source ofthe signal for sprouting and synapse formation could be

the injured nerve cells, central to the site ofthe lesion. In that event the signal could
be communicated from the damaged nerve cells to the intact motoneurones in the
spinal cord.
The present study was undertaken to find the site where the signal for sprouting

and synapse formation arises from and by what pathway it reaches the intact motor
nerve cells. The separation between the site of denervation (one cutaneous-pectoris
muscle) and that ofsprouting and synapse formation (the intact muscle on the opposite
side) made it possible to design experiments to distinguish between the two alter-
native mechanisms. The current findings suggest a major role for a central mechanism
for the induction of contralateral sprouting and synapse formation, the signal
appears to arise from the injured nerve cells which communicate it within the spinal
cord to intact motoneurones.

Brief communications of some of the observations have been given (Rotshenker,
1977, 1978).

METHODS

Rana pipien8 frogs, 5 cm body length, were used.

The preparation. The cutaneous-pectoris muscles of the frog (Fig. 1) are two broad flat muscles
situated in the front of the frog's chest. The two distinct muscles are attached to the mid line
by a thin layer of connective tissue which also separates them from one another. Muscle fibres
originate from the xiphoid process and extend upwards to insert into the skin. Each muscle
is supplied by a separate motor nerve whose cell bodies are situated in the spinal cord on the
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same side as the muscle they innervate. This was observed in preliminary experiments in whieh
motoneurones to the cutaneous-pectoris muscle were labelled by the retrograde transport of
HRP. Also, in an extensive study on the cyto-architecture of the spinal cord of the frog Szekely
(1976) found that motoneurones, situated on either the left or right side of the spinal cord give
rise to only one axon that emerges through the ventral root on the same side. Motor nerve
fibres innervating one muscle do not cross the mid line and therefore do not innervate muscle
fibres on the opposite side.

3 mm < : A

Fig. 1. The cutaneous-pectoris muscles of the frog and their motor nerves as seen
from the inside. Muscle fibres originate from the xiphoid (below) and insert into the skin
(rostrally). The connective tissue which separates the two muscles is split.

Surgical procedures. Frogs were anaesthetized by placing them in water containing 0-1%
tricaine methanesulphonate (Ayerest). Surgery was performed under a dissecting microscope.
The skin was closed with 6-0 silk sutures.
When the left cutaneous-pectoris muscle was denervated, this was done by lesions to either

the motor nerve or the brachial nerve from which it is derived. The motor nerve w-as either
crushed by fine forceps or cut by scissors about 1-2 mm from the muscle. The brachial nerve
was exposed by a paravertebral incision in the skin and splitting of the muscles overlying it.
The nerve was cut about 5 mm from the spinal column.
To remove the left cutaneous-pectoris muscle, the entire muscle was first exposed. Then, the

skin was cut above the line to where the muscle fibres are inserted (see Fig. 1). The muscle was
lifted at this point and removed by carefully dissecting it from the mid line, from the adjacent
muscle on the left and from the muscle underlying it. The two cutaneous-pectoris muscles are
separated from one another by a thin layer of connective tissue and this may be cut through
without injuring the muscle on the opposite side. However, a few of the muscle fibres that com-
prise the adjacent muscle on the left side were damaged when the left cutaneous-pectoris muscle
was cut away from the xiphoid process. In control experiments where the influence of this muscle
damage was examined, muscle fibres in the same region were injured by pinching them with
fine forceps or scraping them with a razor blade. Special care was taken not to injure the nerve
supply to the muscle.
When the cutaneous-pectoris was 'tenotomized' this was done by cutting the skin all around

the line to which muscle fibres are inserted (see Fig. 1). As a result, the muscle with its motor
innervation intact was left attached to the xiphoid process. The muscle inserted back to the
skin body wall at a lower level than normal in about a week. When the entire left hind limb was
denervated all the spinal nerves that innervate it were cut after exposing them. by a paraverte-
bral incision of the skin and splitting the overlying muscles. Reinnervation of leg muscles did not
occur for 30 weeks at least.

Electrophysiological identification of polyneuronally innervated musclefibres. For electrophysio-
logical studies both right and left cutaneous-pectoris muscles were removed together with their
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common origin (xiphoid process) and insertion (skin) and their motor nerves which are about
1-1 5 cm long (see Fig. 1).

Preparations were bathed in Ringer solution (116 mii-NaCI, 1.8 inm-CaCl2, 2-0 mm-KCl,
1 mMN-NaH2PO4, dextrose 0-17 0O, pH 72) which contained curare (2-4 x 0-6 g/ml.). Nerves were
stimulated with a section electrode about 1 cmn from the muscle. Evoked end-plate potentials
(e.p.p.s) were recorded by impaling Inuscle fibres x-itli standard micropipettes filled with 3 m-
KCl. The micro-electrodes were inserted into the muscle fibres close to their synaptic sites visual-
ized through Nomarksi optics. To identify polyneuronally innervated muscle fibres, brief pulses

E

10 msec

Fig. 2. Polyneuronal innervation. Intracellular recordings of multiple end-plate poten-
tials from a curarized intact muscle fibre. A gradual increase in the intensity of stimu-
lation to the motor nerve elicited the low amplitude e.p.p. first; a further increase in the
intensity of stimulation resulted in an abrupt increase in the amplitude of the e.p.p.
(see also Methods).

were applied to the nerve at a rate of 1/see, w-Nhile gradually increasing the intensity of stimula-
tion. As the increasing stimulus intensity recruited a greater number of axons, there was, in

polyneuronally innervated fibres, an abrupt, stepw%-ise change in the amplitude of the recorded
end-plate potential (e.p.p.); each step was produced by the 'excitation' of a different motor
axon (Fig. 2) (see also Redfern-. 1970; Brown. & Jansen & v-an Essen, 1976). This method under-
estimates the incidence of polvneuronal innervation since some thresholds are quite close to
another. In addition poorly transmitting synapses xx ill be missed since the preparations were
curarized.

Fifty to sixty muscle fibres constituting about 10-15 °o of the total muscle fibre population
were examined in each inuscle. The incideince of polyneuronal innervation for each muscle was
defined as the percentage of muscle fibres exhibiting multiple e.p.p.s. The average values were
calculated using the individual value from each muscle.

RESULTS

1. The pattern of innervation of single muscle fibres of the adult cutaneous-pectoris
muscle of the frog
Axons that comprise the motor nerve to the cutaneous-pectoris muscle of the

frog branch after entering the muscle and the branches each innervate individual
muscle fibres at a single end-plate area (Letinsky, Fishbeck & McMahan, 1976;
Rotshenker & AMeAlahan, 1 976). The majority of muscle fibres are innervated by a
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single motoneurone and, therefore, when the whole motor nerve to the muscle is
stimulated at varying intensities, most muscle fibres exhibit a single end-plate poten-
tial (e.p.p.). However, a small proportion, 16% + 05 (s.E. of mean), exhibit multiple
e.e.p.s that are evoked by the excitation of axons that arise from different moto-
neurones (Rotshenker & McMahan, 1976; see also Methods). The pattern of inner-
vation of normal intact muscle can be altered and the incidence of polyneuronal
innervation increased. After crushing the motor nerve to the contralateral cutaneous-
pectoris muscle, the incidence of muscle fibres exhibiting multiple e.p.p.s increased
1*7-fold over normal to an average value of 26-6 0/ + 1-7 (s.E. of mean) (Rotshenker &
McMahan, 1976; see also Fig. 4). It was suggested then that the motor nerve to the
opposite muscle sprouted and formed additional synaptic connexions with already
innervated muscle fibres. Preliminary experiments support this conclusion (Reichert
& Rotshenker, 1979). Using the Zinc-iodide-osmium stain (Letinsky et al. 1976) it is
possible to visualize sprouts arising from axon terminals on one muscle fibre crossing
to other muscle fibres whose original innervation can also be seen. Such sprouting is
not seen in normal intact cutaneous-pectoris muscles (Letinsky et al. 1976).

2. The source of the stimulus for sprouting and synapse formation
Denervation of one cutaneous-pectoris muscle induced sprouting and synapse

formation in the opposite intact muscle. The source of the signal for sprouting and
synapse formation could be either peripheral or central to the site of the injury.
The signal could arise from the denervated muscle or the degenerating axons, as it is
commonly suggested to occur in partially denervated muscles (Weiss & Edds, 1946;
van Harreveld, 1947; Hoffman, 1951; Edds, 1953; Brown & Ironton, 1977a, b).
Alternatively, the signal for sprouting could arise from the damaged nerve cells
central to the site of injury.

The role of injured nerve cells
Axotomy and removal of a muscle. To examine the role injured nerve cells might

play in the induction of sprouting and synapse formation, the entire left muscle was
removed.
In nine frogs the left cutaneous-pectoris muscle was removed and the right intact

muscle examined 8-19 weeks later. The incidence of muscle fibres that had multiple
end-plate potentials reached an average value of 3420 +2% 2 % (s.E. of mean)
(Fig. 34). Thus the incidence of polyneuronal innervation increased more than twice
over normal following neuronal lesion in the absence of the denervated muscle
and degenerating axons that innervate it.
The role of injured muscle fibres. During surgery, while removing the left cutaneous-

pectoris muscle, a few of the muscle fibres that comprise the adjacent muscle,
lateral to the muscles removed, were injured. It could be argued that the damaged
muscle fibres induced the formation of the new synapses. The possible role of injured
muscle fibres in the induction of sprouting and synapse formation was therefore
examined.
In a group of five frogs, the muscle lateral to the left cutaneous-pectoris muscle

was injured. The operation was performed under a dissecting microscope and special



care was taken to injure muscle fibres only, leaving the nerve fibres that innervate
them intact. It was difficult to quantify the amount of muscle fibres damaged during
the removal of the muscle. Therefore, the amount of damage performed in these
experiments was based on a subjective estimate to mimic the original damage.
Both left and right muscles were examined from 8 to 14 weeks after the operation.
The incidence of polyneuronal innervation did not differfrom normal in either muscle:
15.0% + 2-3 (s.E. of mean) and 16.0% + 1-6 (s.E. of mean) in left and right muscles,
respectively (Fig. 3B). Therefore, mild adjacent muscle damage is not sufficient to
induce sprouting and synapse formation.
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Fig. 3. The effect of removal of the contralateral muscle, of muscle injury, and of
immobility, on sprouting and synapse formation. The incidence of polyneuronal inner-
vation in right (R) and left (L) cutaneous-pectoris muscles. A, 8-19 weeks after
removing the left muscle. B, 8-14 weeks after damaging the adjacent muscle to the left
cutaneous-pectoris muscle C, 4-24 weeks after tenotomizing the left cutaneous-pectoris
muscle. n is the number of muscles tested in each group. In each muscle fifty to sixty
muscle fibres were examined. Bars indicate ± 1-0 S.E. of mean.

The role of immobility. The removal or denervation of one muscle might result in a
work overload on the opposite muscle. It has been suggested that such overloading
may induce motoneurones to elaborate their axonal endings (Tuffery, 1971). It
was of interest, therefore, to examine the effect of immobilization of one muscle on
the pattern of innervation in the opposite muscle. In a group of five frogs the left
cutaneous-pectoris muscle was 'tenotomized' by cutting the region of skin to which
muscle fibres are attached (Fig. 1). As a result, the muscle and its nerve supply were
left intact but no tension could develop in the muscle for about 7 days, until it
inserted in the skin at a lower level than normal. Both left and right cutaneous-
pectoris muscles were examined from 4 to 24 weeks after the operation. The inci-
dence of polyneuronal innervation did not increase over normal in either one of the
two muscles, but rather showed a tendency to decrease: 13-5% ± 1-8 (S.E. of mean)
in right muscles and 12.50% + 1*5 (S.E. of mean) in left muscles (Fig. 3C). This amount
of immobility did not seem therefore to be a sufficient stimulus for inducing contra-
lateral sprouting and synapse formation.
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3. The route by which the signal for sprouting is communicated to intact mntoneurones
The above results suggest that the damaged nerve cells central to the site of

injury are a most likely source of the signal for sprouting and synapse formation.
The injured nerve cells could communicate the signal to intact motoneurones either
through the spinal cord or systemically via the circulation or by local diffusion of
the stimulating material from one cutaneous-pectoris to another. If the signal is
communicated in the spinal cord, then sprouting and synapse formation could be
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Fig. 4. Nerve transaction is more effective than nerve crush in inducing contralateral
sprouting and synapse formation. The incidence of polyneuronal innervation in right
(R) and left (L) cutaneous-pectoris muscles. A, normal; B, 8-56 weeks after crushing the
motor nerve to the left cutaneous-pectoris muscle. C, 8-32 weeks after transacting the
motor nerve to the left cutaneous-pectoris muscle. The incidence of polyneuronal
innervation is given in the scale on the left and the increase in the incidence of poly-
neuronal innervation (as multiples of the normal) is given in the scale on the right.

subject to modulation in the same way as are post axotomy changes that occur in
somata of injured nerve cells. Chromatolysis, increased synthesis and turnover of
nucleotides and proteins and loss of afferent synaptic input are some of the changes
that occur in cell bodies of axotomized motoneurones (e.g. Lieberman, 1971, 1974).
All these effects are more pronounced if the nerve is transacted rather than crushed.
Also, the latency with which these changes occur is dramatically decreased if the
site of the injury is placed close to the cell bodies rather than further away from them
(Watson, 1968, 1974; Kuno & Llinas, 1970a, b; Lieberman, 1971, 1974; Mendell,
Munson & Scott, 1974).

(a) The type of neuronal lesion and the degree of sprouting and synapse formation
Intact muscle. After crushing the motor nerve to the left cutaneous-pectoris muscle

the incidence of polyneuronal innervation in the right intact muscle increased 1'7-
fold over normal to an average value of 26.6%+ 1.7 (s.E. of mean) (Rotshenker &
McMahan, 1976) (see also Fig. 4B). A more striking increase in polyneuronal
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innervation resulted from a complete transaction of the left nerve at the same site.
The proportion of muscle fibres exhibiting multiple e.p.p.s increased 2*5-fold over
normal and the incidence reached an average value of 39 7% ± 3-2 (s.E. ofmean) (Fig.
4 C). The time course of the development of the new synapses and their persistence
were not influenced by the type of the lesion to the opposite nerve. New synapses were
first observed 4-8 weeks after the operation and they persisted for the duration of
tests which was up to 56 weeks after crushing the nerve and up to 32 weeks after
transacting it. Therefore, the degree of sprouting and synapse formation in one
muscle is dependent upon the type of the lesion to the motor nerve to the opposite
muscle.

Reinnervated muscle. Crushing the motor nerve to the cutaneous-pectoris muscle
at its entry to the muscle is followed by prompt regeneration (as soon as the fourth
day after denervation), while a complete transaction of the nerve at the same site
delayed reinnervation by about 2-3 weeks. The proportion of muscle fibres on the
same side that became polyneuronally innervated increased almost 3-fold over
normal after crushing the nerve and the incidence reached an average value of 50O 1 %
+ 3-3 (s.E. of mean) (Rotshenker & McMahan, 1976; see also Fig. 4B). Following a
complete transaction of the nerve there was eventually a similar increase in the
incidence of polyneuronal innervation on the same side to an average value of 49-7 %
+ 3-8 (s.E. of mean (Fig. 4C). Thus, the type of the lesion to the motor nerve did not
affect the degree of polyneuronal innervation in the reinnervated muscle, though it
delayed reinnervation substantially.

(b) The site of axotomy and the timing of sprouting and synapse formation
Irnact muscle. New synapses in intact right cutaneous-pectoris muscles were

detected between 4 and 8 weeks after crushing the nerve to the opposite muscle at its
entry into the muscle. By 8 weeks synapse formation reached its maximum value. A
similar time course was observed after transacting the nerve at the same site (Fig. 5).
However, the latent period between axotomy of the motor nerve to one muscle and
the detection of new synapses in the opposite muscle was dramatically shortened
when the site of axotomy was placed close to the spinal cord. New synapses were
observed as early as nine days after transacting the brachial nerve that contains
the motor nerve to the cutaneous-pectoris about 5 mm from the spinal column
(Fig. 5). However, the extent of polyneuronal innervation was not influenced by the
change in the site of injury. It reached an average value of 3970/ ± 3-2 (S.E. of mean)
after transacting the motor nerve close to the muscle and an average value of 41-4%
± 1-8 (s,E. of mean) after transacting the brachial nerve (Fig. 5).
Denervated muscle. Reinnervation ofthe left (ipsilateral) cutaneous-pectoris muscle

began 2-3 weeks after cutting the motor nerve just before it entered the muscle.
No reinnervation of the denervated muscle was observed following the transaction
of the brachial nerve for as long as it was tested (10 weeks).

(c) The role of denervated muscle fibres and degenerating axons
In a group of five frogs the nerve to the left sartorius muscle was cut, and in another

group of four frogs the entire innervation to the left hind limb was transacted close
to the spinal cord. Cutaneous-pectoris muscles were examined 8-30 weeks after the

542 S. ROTSHENKER



MOTONEURONE SPROUTING AND SYNAPSE FORMATION 543

operation. No alterations were found in the pattern of innervation of either left or
right muscles. The incidence of polyneuronal innervation observed in right and left
muscles was respectively 15-6% ± 08 (s.E. of mean) and 15-6 0/ + 1*6 (s.E. of mean)
after denervating the sartorius muscle and 14-3 0/ + 0O8 (s.E. of mean) and 15'1 % ± 0O8
(s.E. of mean) after transacting the entire innervation to the left hind limb. In the
latter case no reinnervation of the left hind limbs was observed for as long as it was
tested. Thus, the presence of either a small or large mass of denervated muscles and
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Fig. 5. Lesions near the spinal cord produce earlier contralateral sprouting and synapse
formation. The time course of the development of polyneuronal innervation in intact
right cutaneous-pectoris muscles as a function of time after transacting the motor
nerve to the left cutaneous-pectoris muscle: after transacting the brachial nerve
through which the nerve to the muscle passes (0 and A) and at its entry to the muscle
(I and B). Arrows indicate the range within which 95% of the normal values are
found (average ± 2 S.D.). The columns present the average plateau values.

degenerating axons did not induce supernumerary innervation. Therefore, sprouting
and s tapse formation are unlikely to be induced systemically. Furthermore, the
intact motoneurones to the cutaneous-pectoris muscle do not respond with new
synapse formation if they and the damaged neurones are situated at a distance of
several segments from each other in the spinal cord.

DISCUSSION

The present results suggest that the signal for the sprouting of the intact moto-
neurones to one cutaneous-pectoris muscle arises from the injured nerve cells of the
motor nerve to the opposite muscle central to the site of axotomy. The signal appears
then to be communicated transneuronally across the spinal cord from the damaged
neurones to the responding intact motor nerve cells.

Several lines of evidence support this conclusion. First, sprouting and synapse
formation occurred in the absence of denervated muscle fibres and degenerating
axons, thus leaving the damaged neurones as a most likely source for the signal for
sprouting. Secondly, placing the site of axotomy away from the denervated muscle
rather than close to it, shortened the delay with which new synapses appeared in the
intact muscle. The timing of the response was thus modulated in the opposite direction
from what is expected if the source of the signal for sprouting and synapse formation



was the denervated tissue. The onset of many of the denervation changes that follow
axotomy is slowed when a longer nerve stump is left attached to the denervated
muscle; degeneration of nerve fibres and cessation of transmitter release (Birks,
Katz & Miledi, 1960; Miledi & Slater, 1970), spread of acetylcholine sensitivity
(Luco & Eyzaguirre, 1955; Emmelin & Malm, 1965), appearance of tetrodotoxin-
resistant action potentials (Harris & Thesleff, 1972), decrease in resting potential
(Alburquerque, Schun & Kauf, 1971) and decrease in end-plate cholinesterase
(Davey & Yonkin, 1978). The decreased delay with which sprouting and synapse
formation followed the placement of axotomy close to the spinal cord suggests there-
fore the involvement of the cell bodies and central processes of the damaged nerve
cells in the spinal cord. The increased magnitude of sprouting and synapse formation
that followed the more severe injury transactionn versus crush) further supports this
conclusion. Similar observations were made on the dependence of the magnitude
and time of onset of post axotomy changes in somata of injured nerve cells on the
type and the site of axotomy; chromatolysis (e.g. Lieberman, 1971, 1974), increased
synthesis and turnover of nucleotides and proteins (Watson, 1968, 1974), changes in
electrophysiological properties and loss of afferent synaptic input (Kuno & Llinas,
1970a, b; Mendell et al. 1974). Finally, the presence of a large mass of denervated
muscles and degenerating nerves that followed the complete denervation of ahind
limb did not cause any alterations in the pattern of innervation of the intact
cutaneous-pectoris muscles, thus suggesting that the formation of the new synapses
is not induced systemically and furthermore that motoneurones do not respond to
the injury of neurones situated in distant segments of the spinal cord.

Injury of nerve cells can thus promote a growth response which apparently acts
transneuronally in the central nervous system. It differs in that respect from what is
suggested to occur in partially denervated tissues. There, local interactions, in the
periphery, between the sprouting axons and the denervated tissue (denervated target
cell and/or degenerating axons) are believed to be the primary cause for sprouting
and synapse formation. It was suggested that in muscles, the stimulus for sprouting
may be products arising from degenerating axons (Hoffman, 1950, 1951; see also
Edds, 1953) or from denervated muscle fibres (van Harreveld, 1947), possibly any a
consequence of the state of inactivity that follows the axotomy (Brown & Ironton,
1977a, b). In the salamander, sprouting of sensory nerve fibres was proposed to result
from the lack of a neurotrophic substance that normally neutralizes a growth promo-
ting action of a material liberated by the target cells (Aguilar, Bisby, Cooper &
Diamond, 1973; Diamond, Cooper, Turner & MacIntyre, 1976). It is impossible to tell
at present whether interactions between nerve and muscle such as those described
above also participate in the formation of the new synapses in the intact cutaneous-
pectoris muscle. However, if they were to play a role then they would be secondary
to and activated by the primary stimulusthatarisesfrom the injured nerve cells on the
opposite side.
The nature of the signal that arises from the injured nerve cells and induces sprout-

ing and synapse formation in the intact cutaneous-pectoris muscle remains unclear.
There are, however, indications for the possible involvement of trophic interactions
between nerve and muscle. The dependence of the timing of the response upon the
length of axon that remains attached to the damaged neurone suggests that the
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critical event that follows axotomy may be the reduction in concentration of some
trophic substance which is normally produced in the peripheral field of the damaged
neurone and transported retrogradely to the cell soma. A similar mechanism has
been suggested to operate in another transneuronal event - the maintenance of
synapses on sympathetic (Nja & Purves, 1978) and motor nerve cells (Sumner &
Sutherland, 1973; Cull, 1973, 1974). Another possibility is that sprouting and
synapse formation result from the altered pattern of activity of the intact moto-
neurones (Brown & Ironton, 1977a, b; however, Benoit & Changeux, 1978) that
follows the change in activity of the injured nerve cells that may synapse directly or
indirectly with the responding motoneurones on the opposite side. Further experi-
ments are needed to resolve this question of the nature of the stimulus for sprouting
and synapse formation.
The present results suggest then that the peripheral field of innervation of the motor

nerve cells that innervate one cutaneous-pectoris muscle is influenced by the injured
neurones that innervate the opposite muscle. The precise mechanism by which this
influence is exerted is yet unknown. This finding raises, however, the interesting
possibility that the pattern of innervation of a tissue may be dependent not only on
the interactions between the innervating nerve cells and their target cells but also
on the integrity of other neurones with which the innervating nerve cells can com-
municate in the central nervous system.

I am grateful to Dr S. WV. Kuffler and U. J. McMahan for making much of this study possible.
I wish to thank theIn and Drs D. Purves, R. Rahamimoff, R. Werman and T. N. Wiesel for
their most valuable comments during the preparation of this manuscript and to Miss M. Hogan,
Miss H. SolomIon, Miss F. Reichert and Miss S. Sharon for tecliical assistance.

This study was supported by the Dysautonomia Foundation, Muscular Dystrophy Association
and N. I. H. grants.

REFERENCES

AGUILAR, C. E., BISBY, M. A., COOPER, E. & DIAMOND, J. (1973). Evidence that axoplasmic
transport of tropic factors is involved in the regulation of peripheral nerve fields in sala-
manders. J. Physiol. 234, 449-464.

ALBUQUERQUE, E. X., SCHUN, F. T. & KAUF, F. C. (1971). Early membrane depolarization of
the fast mammalian muscle after denervation. Pfli4gers Arch. 328, 36-50.

BENOIT, P. & CHANGEUX, J. P. (1978). Consequences of blocking the nerve with a local anaes-
thetic on the evolution of multi-innervation at the regenerating neuromuscular junction of the
rat. Brain Res. 149, 89-96.

BIRKS, R., KATZ, B. & MILEDI, R. (1960). Physiological and structural changes at the amphibian
myoneural junction, in the course of nerve degeneration. J. Physiol. 150, 145-168.

BROWN. M. C. & IRONTON, R. (1977a). Motor neuron sprouting induced by prolonged tetrodo-
toxin block of nerve action potentials. Nature, Lond. 265, 459-461.

BROWN, M. C. & IRONTON. R. (I1977 b). Suppression of motor nerve terminal sprouting in partially
denervated mouse muscles. J. Physiol. 272, 70-71P.

BROWN', M. C. & IRONTON, R. (1978). Sprouting and regression of neuromuscular synapse in
partially denervated mammalian muscles. J. Physiol. 278, 325-348.

BROWN, M. C., JANSEN, J. K. & VAN ESSEN, D. (1976). Polyneuronal innervation of skeletal
muscle in new born rats and its elimination during maturation. J. Phy-iol. 261, 387-422.

COTNIAN, C. W. & LYNCH, G. S. (1976). Reactive synaptogenesis in the adult nervous system.
In Neuronal Regulation, ed. BARONDES. S. H., pp. 69-104. London: Plenum.

CULL. R. E. (1974). Role of nerve-muscle contact in maintaining synaptic connections. EXp1
Brain Res. 20, 307 -310.

I8 PHY 292



546 S. ROTSHENKER

CULL, R. E. (1975). Role of axonal transport in maintaining central synaptic connections.
Expl Brain Res. 24, 97-101.

DAVEY, B. & YONKIN, S. G. (1978). Effect of nerve stump length on cholinesterase in denervated
rat diaphragm. Expl Neurol. 59, 168 -175.

DIAMOND, J., COOPER, E., TURNER, C. & MACINTYRE, L. (1976). Trophic regulation of nerve
sprouting. Science. Lond. 193, 371-377.

EDDS, M. V. (1950). Collateral regeneration of residual motor axon in partially denervated
muscles. J. exp. Zool. 113. 517-551.

EDDS, M. V. (1953). Collateral nerve regeneration. Q. Rev. Biol. 28, 260-276.
EMMELrN, N. & MALI, L. (1965). Development of supersensitivity as dependent on the length

of degenerating nerve fibers. Q. Jl exp. Physiol. 50, 142-145.
EXNER, S. (1885). Notiz zu der Frage von der Faservertheilung mehrerer in einem Muskel.

Pflugers Arch. ges. Physiol. 36, 572-576.
GUTH, L. (1962). Neuromuscular function after regeneration of interrupted nerve fibers into

partially denervated muscle. Expl Neurol. 6, 129-141.
GUTH, L. (1974). Axonal regeneration and functional plasticity in central nervous system.
Expl Neurol. 45, 606-654.

GUTMAN, E. (1976). Neurotrophic relations. A. Rev. Physiol. 38, 177-215.
HARRIS, A. J. (1974). Inductive functions of the nervous system. A. Rev. Physiol. 36, 251-305.
HARRIS, J. B. & THESLEFF, S. (1972). Nerve stump le-ngth and membrane changes in denervated

skeletal muscle. Nature, Lond. 236, 60-61.
HOFFMAN, H. (1950). Local reinnervation in partially denervated muscle. A histochemical

study. Aust. J. exp. Biol. med. Sci. 28, 383-397.
HOFFMAN, H. (1951). A study of the factors influencing innervation of muscles by implanted

nerves. Aust. J. exp. Biol. med. Sci. 29, 289-308.
HOFFMAN, H. & SPRINGELL, P. H. (1951). An attempt at the chemical identification of 'neuro-

cletin' (the substance evoking axon sprouting). Aust. J. exp. Biol. med. Sci. 29, 417-423.
KUNO, M. & LLINAS, R. (1970a). Alteration of synaptic action in chromatolized motoneurones

of the cat. J. Physiol. 210, 823-838.
KUNO, M. & LLINAS, R. (1970b). Enhancement of synaptic transmission by dendritic potentials

in chromatolized motoneurones of the cat. J. Physiol. 210, 807-821.
LETINSKY, M., FISHBECK, K. & MCMIAHAN, U. J. (1976). Precision of reinnervation of original

post synaptic sites in muscle after nerve crush. J. Neurocytol. 5, 691-718.
LIEBERMAN, A. R. (1971). The axon reaction: A review of the principal features of perikaryon

responses to axon injury. Int. Rev. Neurobiol. 14, 49-124.
LIEBERMAN, A. R. (1974). Some factors affecting retrograde neuronal responses to axonal lesions.

In Essays on the Nervous System, ed. BELLAIR, R. & BRAY, E. G.
Luco, J. V. & EYZAGUIRRE, C. M. (1955). Fibrillation and hypersensitivity to ACH in dener-

vated muscle: effect of length of degenerating nerve fibers. J. Neurophysiol. 18, 65-73.
MENDELL, L. M., MUNSON, J. B. & Scorr, J. G. (1974). Connectivity changes of la afferents on

axotomized motoneurones. Brain Res. 73, 338-342.
MILEDI, R. & SLATER, C. R. (1970). On the degeneration of rat neuromuscular junction after
nerve section. J. Physiol. 207, 507-528.

NJA, A. & PuIRvEs, D. (1978). The effect of nerve growth factor and its antiserum on synapses
in the superior cervical ganglion of the guinea pig J. Physiol. 277, 53-75.

OLSEN, L. & MALFORMS, T. (1970). Growth characteristics of adrenergic nerves in the adult
rat. Acta physiol. scand. 80, supply. 348, 1-112.

PuRVEs, D. (1975). Functional and structural changes of mammalian sympathetic neurones
following interruption of their axons. J. Physiol. 252, 429-463.

PuRvES, D. (1976a). Long term regulation in the vertebrate peripheral nervous system.
Int. Rev. Physiol., Neurophysiol. 10, 126-177.

PuRVEs, D. (1976b). Functional and structural changes in mammalian sympathetic neurons
following colchicine application at post ganglionic nerves. J. Physiol. 259, 159-175.

PuRVES, D. (1977). The formation and maintenance of synaptic connections. In Function and
Formation of Neural Systems, ed. STENT, G. S., pp. 21-49. Berlin: Dahlem Konferenzen.

REDFERN, P. A. (1970). Neuromuscular transmission in new-born rats. J. Physiol. 209, 701-709.



MOTONEURONE SPROUTING AND SYNAPSE FORMATION 547

REICHERT, F. & ROTSHENKER, S. (1979). Motor axoin sprouting in intact imuscles. Brain Res.
(In the Press).

ROTSHENKER, S. (1977). Sprouting of motor neurones and synapse formation. J. Physiol. 273,
74-75P.

ROTSHENKER, S. (1978). Sprouting of intact motor neurons induced by neuronal lesion in the
absence of denervated muscle fibres and degenerating axons. Brain Res. 155, 354-356.

ROTSHENKER, S. & MCMAHAN, U. J. (1976). Altered patterns of innervation in frog muscle after
denervation. J. Neurocytol. 5, 719-730.

STEIN, G. S., ROSEN, J. 'J. & BUTTERS, N. (ed.) (1974). Plasticity and Recovery of Function in
the Central NVervous System. London: Academic.

SUMNER, B. E. H. & SUTHERLAND, F. I. (1974). Quantitative electron microscopy on the injured
hypoglossal nucleus in the rat. J. Neurocytol. 2, 315-328.

SZEKELY, GE. (1976). The morphology of motorneurons and dorsal root fibers in frogs' spinal
cord. Brain Res. 103, 275-290.

TUFFERY, A. R. (1971). Growth and degeneration of motor endplates in normal cat hind limb
muscles. J. Anat. 110, 221-247.

VAN HARREVELD, A. (1947). On the mechanism of 'spontaneous' reinnervation in paretic
muscles. Am. J. Ph ysiol. 130, 60-6676.

WATSON, WV. E. (1968). Observations on the nucleolar and total cell body nucleic acid of injured
nerve cells. J. Physiol. 196, 655-676.

WATSON, W. E. ( 1974). Cellular responses to axotomy and to related procedures. Br. med. Bull.
30, 112-115.

W,EISS, P. & EDDS, M. V. (1946). Spontaneous recovery of muscle following partial denervation.
Am. J. Physiol. 145, 587-607.

i8-2


