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SUMMARY

1. Electrophysiological properties of soleus motoneurones in adult cats were
examined with intracellular electrodes following alterations of activity of the soleus
muscle induced by transaction of the thoracic spinal cord or by conduction block of
the muscle nerve with tetrodotoxin (TTX) cuffs. Attempts were also made to main-
tain muscle activity by daily stimulation of the peripheral nerve.

2. Within 8 days after transaction of the thoracic cord, soleus motoneurones
showed a significant decrease in the duration ofafterhyperpolarization following action
potentials. This change in motoneurone properties induced by cord transaction was
prevented by daily stimulation of the sciatic nerve.

3. Soleus motoneurones showed a significant decrease in the duration of after-
hyperpolarization within 8 days after conduction block of the soleus nerve with TTX.
This change in motoneurone properties was prevented by daily stimulation of the
nerve peripheral to the TTX cuff but not central to the cuff.

4. The soleus muscle showed a significant decrease in weight relative to body
weight within 8 days after transaction of the thoracic cord. This decrease in muscle
weight following cord transaction was prevented by daily stimulation of the sciatic
nerve.

5. No fibrillation was detected in the soleus muscle 8 days after conduction block
of the soleus nerve with TTX. The maximum twitch tension of the soleus muscle
evoked by nerve stimulation showed no significant difference between the two sides
treated and untreated with TTX. Fast axoplasmic transport measured with cholin-
esterase as a marker was not affected by TTX. Thus, there was no sign of functional
degeneration of motor nerve fibres following the chronic application of TTX,
although morphological abnormalities were found in some nerve fibres.

6. It is concluded that motoneurone properties in an adult depend partly upon
some factors associated with activity of the innervated muscle and that such trophic
signals are retrogradely carried by the motor axons.

INTRODUCTION

At early developmental stages, a large number of spinal motoneurones cue,
presumably because they fail to form 'adequate' motor connexions with the muscle
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2. CZJ9H AND OTHERS
(Hughes, 1961; Prestige, 1967, 1976; Hamburger, 1975). In fact, if the limb bud
(the precursor of limb muscles) is removed before the formation of neuromuscular
connexions, all the corresponding motoneurones eventually degenerate (Hamburger,
1958; Hughes, 1962; Prestige, 1967, 1976). Furthermore, the number ofmotoneurones
that die during development is fewer than normal when the peripheral target organ
is enlarged by grafting an additional limb bud (Hollyday & Hamburger, 1976).
Therefore, it seems reasonable to assume that normal development of spinal moto-
neurones requires the presence of, or connexion with, skeletal muscle. However, it
remains unknown whether normal motoneurone properties in an adult are maintained
by an influence from the muscle.
When the soleus muscle is partially denervated in adult cats, the soleus moto-

neurones whose axons are left intact alter their electrophysiological properties as well
as those whose axons had been sectioned (Huizar, Kudo. Kuno & Miyata, 1977). On
the other hand, soleus motoneurones show no significant changes in their properties
after sensory deprivation by chronic section of the lumbosacral dorsal roots (Kuno,
Miyata & Mufioz-Martinez, 1974a). It is then possible that adult motoneurone
properties depend upon the condition of the innervated muscle, so that normal
motoneurone properties are no longer maintained when muscle activity is reduced by
partial denervation. The purpose of the present study is to examine the possible
influence of muscle activity upon the innervating motoneurones.
For this purpose, activity of motoneurones innervating the hind legs was reduced

by transaction of the thoracic spinal cord in adult cats, leaving the peripheral
neuromuscular connexions intact. In another series of experiments, activity of the
soleus muscle was blocked by tetrodotoxin (TTX) cuffs applied to the muscle nerve.
Following either method of reducing muscle activity, soleus motoneurones showed
changes in their electrophysiological properties, which were similar to those observed
in intact motoneurones after partial denervation of the muscle. In addition, the
alterations in motoneurone properties induced by these procedures could be prevented
when muscle activity was maintained by daily stimulation of the muscle nerve. It is
concluded that the adult motoneurone properties are maintained, at least in part,
by factors related to activity of the innervated muscle.

METHODS

Cord transection. Adult female cats, 1-8-3-6 kg in weight, were anaesthetized by an i.P.
injection of sodium pentobarbitone (35-40 mg/kg). The spinal cord was transacted at the
twelfth thoracic level with aseptic precautions. The urinary bladder of operated animals was
emptied every day either manually or by catheterization until spontaneous micturition was
restored. During the first few days after the operation, the hind legs remained flaccid and showed
no spontaneous movements. Subsequently, occasional reflex movements appeared, and the
hind legs became slightly spastic 4-8 weeks after the operation (see Karpati & Engel, 1968). The
body weight decreased by 7-18% within 2 weeks after cord transaction but subsequently
increased and exceeded the pre-operative weight by 7-20% about 55 days after the operation.

Tetrodotoxin cuffs. Silicone cuffs containing TTX were prepared as described by Lavoie,
Collier & Tenenhouse (1976, 1977; also see Brown & Ironton, 1977). One mg TTX buffered with
citric acid-sodium citrate (Sankyo Co.) and 65 mg of NaCl were dissolved in 1-2 ml. water, and
the solution was lyophilized. The NaCl-TTX powder was then thoroughly mixed with 0-3 ml.
of Silastic 382 (Dow Corning Corp.). The mixture was placed in a glass tube with an internal
diameter of 4 mm, and the centre of the mixture mould was hollowed with a 15 gauge hypodermic
needle (about 2-2 mm in diameter). After polymerization, the silicone cylinder was cut 2-4 mm

240



INFLUENCE OF MUSCLE ON MOTONEURONE 241
in length. Each cuff was estimated to contain approximately 0 1 mg TTX in 20% NaCi. For
implantation, the cat was anaesthetized with sodium pentobarbitone, and the nerves to the
lateral gastrocnemius and soleus muscles were exposed in the left hind leg under aseptic con-
ditions. The hollow TTX cuff was slit longitudinally, and it was loosely wrapped around the
exposed muscle nerves. Contractions of the lateral gastrocnemius-soleus muscles evoked by
stimulation of the sciatic nerve were abolished 15-45 min after the application of the TTX cuff.
The chronic effect of TTX cuffs was examined twice a day by stimulation of the sciatic nerve
with implanted electrodes (see below). All branches of the sciatic nerve were cut in the popliteal
fossa, except for the lateral gastrocnemius-soleus (l.g.s.) and flexor digitorum-hallucis longus
(f.d.h.l.: equivalent to medial and lateral flexor digitorum longus) nerves (Fig. 1B). Thus,
contractions of the f.d.h.l. muscles were used as a criterion for the effectiveness of stimulation of
the sciatic nerve with implanted electrodes, and the presence or absence of contractions of the
l.g.s. muscles was used to test the chronic effect of TTX cuffs (Fig. 1B). Contractions of these
muscles produced by stimulation of the sciatic nerve could be easily identified after the closure
of the wound. Conduction block of the l.g.s. nerves by TTX cuffs lasted for 3-7 days. The
period of conduction block appeared to be roughly correlated with the length of the TTX cuff
applied (2-4 mm). When nerve conduction was recovered, the cuff was immediately replaced
with a new TTX cuff to maintain the block of nerve conduction for the desired period (7 days).
Some cats (about 25 %) vomited about 30 min after the application of TTX cuffs. From the
dose-response relationship for emesis elicited by TTX (Borison, McCarthy, Clark & Radha-
krishnan, 1963), it was likely that TTX leaking out of the cuff might have reached the plasma
concentration equivalent to an i.v. injection of TTX (1 usg/kg). In no instance did death of the
animal result from the application of TTX cuffs. Control cuffs containing 20 % NaCl without
TTX did not block nerve conduction (also, see Lavoie et al. 1976, 1977).

Chronic nerve stimulation. Bipolar silver electrodes were embedded along the internal wall of a
hollow silicone (Silastic 382; Dow Corning Corp.) cuff with dimensions: internal diameter, 5 mmn;
external diameter, 10 mm; length, 15 mm. A portion of the silicone cuff was longitudinally cut
out at an angle of about 90 degrees, and the remaining arc-shaped cuff electrodes were encircled
around the intact sciatic nerve on the left side at the mid-thigh level (cf. DeVilliers, Nos6,
Meier & Kantrowitz, 1964). The cuff electrodes were then capped with the previously removed
piece of silicone and tied round with silk thread. Insulating wires attached to silver electrodes
were led subcutaneously to a small Winchester plug fixed to the outside of the skin covering
the dorsal surface of the sacrum. Implantation of the cuff electrodes was performed under
aseptic conditions with sodium pentobarbitone anaesthesia. The threshold for effective nerve
stimulation was determined by initiation of contractions of the hind leg muscles (Fig. 1 A). The
threshold did not significantly change for at least 2 weeks after implantation ofthe cuff electrodes.

Daily stimulation of the sciatic nerve with implanted electrodes was carried out in animals
with cord transaction. The animal was loosely restrained in a cloth sleeve. The trunk of the cat
was supported in a prone position by an aluminium cylinder to which the cloth sleeve was hooked.
The hind legs were fixed with metal clamps holding the ankles, and a weight of 600 g was applied
to each foot in order to give a constant passive stretch to the ankle extensor (l.g.s.) muscles.
Electrical stimuli were applied every 30 see at a frequency of 10/sec lasting for 10 see (mean
frequency, 200 pulses/min). In some experiments, stimuli were applied every 30 see at a frequency
of 50/sec lasting for 2 see (mean frequency, 200 pulses/min). The two procedures were identical
in the total number of stimuli applied but different in the pattern of stimuli (see L0mo, West-
gaard & Dahl, 1974). The pulse duration was 0*1 msec, and the stimulus intensity was adjusted
to twice the threshold for initiation of muscle contractions. Chronic nerve stimulation was given
for 7-8 hr every day and maintained for 7-13 days (Salmons & Vrbova, 1969). During daily
nerve stimulation, the animal usually fell asleep or took food and drink freely since the head and
the forelegs were not restrained. Thus, the animal showed no apparent signs of discomfort in
response to nerve stimulation.

Stimulation of the intact sciatic nerve causes contractions of the hind leg muscles and anti-
dromic or synaptic activation of their motoneurones in the spinal cord (Fig. 1A). The partici-
pation of activity of the soleus muscle following stimulation of the sciatic nerve could be
eliminated by the application of TTX cuffs to the l.g.s. nerves distal to the site of stimulation
(Fig. 1 B). Attempts were also made to maintain daily activation of the soleus muscle without
activation of its motoneurones. For this purpose, a pair of electrodes was implanted distal to the
TTX cuff (Sd in Fig. IC). Each of the distal stimulating electrodes was a silver ring (about
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2 mm in diameter) tied to the deep surface of the lateral gastrocnemius muscle, so that the
soleus nerve emerging through the lateral gastrocnemius muscle was situated between the two
electrodes with a distance of about 5 mm to each electrode. Under these conditions, the electrodes
were not in direct contact with the nerve, but the spread of stimulating currents caused strong
contractions of the soleus muscle without appreciable contraction of the lateral gastrocnemius
muscle. The chronic effect ofTTX cuffs was examined twice a day by the presence or absence of
contractions of the l.g.s. muscles following stimulation with the electrodes implanted in the
sciatic nerve (Sp in Fig. 1 C).

Sciatic nerve

A

B

Sp L~~~ ~ ~~~g.S!

F.dhI

C

rrx ~~Sd
Fig. 1. Schematic diagrams of different experimental conditions in the hind leg.
F.d.h.l. flexor digitorum longus and flexor hallucis longus muscles. L.g., lateral gastro-
cnemius muscle. Sol., soleus muscle. A, stimulating electrodes (S) were implanted in
the sciatic nerve for daily stimulation in cord-transected cats. B, branches of the
sciatic nerve were sectioned except for the nerves to the f.d.h.l., l.g. and sol. muscles;
activity of the l.g. and sol. muscles was blocked by the application of TTX cuffs; the
chronic effect of the TTX cuff was examined by the presence or absence of con-
tractions of the l.g. and sol. muscles in response to stimulation with electrodes implanted
in the sciatic nerve (S.) proximal to the TTX cuff; the same electrodes were used also for
daily stimulation in cord-transected animals. C, same as in B, but daily stimulation was
performed with electrodes (Sd) implanted distal to the TTX cuff in cord-transected
animals.

Experimental procedure. After varying post-operative periods, the animal was anaesthetized
with sodium pentobarbitone (35-40 mg/kg, I.P.) and prepared for intracellular recordings from
lumbosacral motoneurones by procedures essentially similar to those described in previous
reports (Kuno et al. 1974a; Huizar et al. 1977). In the left hind leg, the nerve to the soleus muscle
was isolated from surrounding tissues, leaving its connexions with the muscle intact. Intracellular
recordings from soleus motoneurones were identified by antidromic action potentials evoked
by stimulation of the soleus nerve. In preparations with TTX cuffs applied to the l.g.s. nerves,
the cuff was removed the evening before the experiment. Nerve conduction was completely
recovered within 15 hr after removal of the TTX cuff, as evidenced by identical twitch tensions
of the soleus muscle in response to stimulation of the nerve central and distal to site of the cuff
application. The distal tendon of the soleus muscle was cut and connected to a transducer
(Grass FT 10) for measurements of isometric contractions. Muscle contractions evoked by
stimulation of the soleus nerve or by intracellular stimulation ofeach motoneurone were measured
at an initial tension of 100 g (Kuno, Miyata & Mufioz-Martinez, 1974b; Huizar et al. 1977).
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INFLUENCE OF MUSCLE ON MOTONEURONE 243
The properties of soleus motoneurones examined were resting and action potentials, con-

duction velocity, and the duration of afterhyperpolarization (a.h.p.) following single action
potentials evoked by intracellular stimulation, as detailed previously (Kuno et al. 1974a). Only
those motoneurones with an action potential in excess of 75 mV were studied. Mean values of
motoneurone properties under a given condition were calculated from twenty-nine to thirty-two
cells. In order to minimize a possible bias of sampling from particular animals, the maximum
number of soleus motoneurones observed from each animal was limited to ten. In some ex-
periments, the properties of medial gastrocneInius motoneurones were also examined to com-
pare with those of soleus motoneurones. Statistical analysis of the results was by means of
two-tailed t tests with significance limit of 2P < 0 05.

Additional technical details are given in the appropriate sections of Results.
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Fig. 2. Changes in the duration of afterhyperpolarization (a.h.p.) of soleus moto-
neurones after cord transaction (open circles) or after section (axotomy) of the soleus
nerve (crosses). Filled circles, the results with daily stimulation of the sciatic nerve
at 10/see in cord-transected animals. Each point represents the mean + S.E. of mean
(horizontal bars). The values for axotomized motoneurones (crosses) are reproduced
from previous data (Kuno et al. 1974 a). The value for control, unoperated animals (from
Huizar et al. 1977) is shown on day zero. All durations were measured to the time at
which the membrane potential returned to its resting level (Kuno et al. 1974a).

RESULTS

Experiments with cord transection
Motoneurone properties after cord transection. As illustrated in Fig. 2 (open circles),

soleus motoneurones showed a significant decrease in the duration of a.h.p. within
8 days after transaction of the spinal cord, and these changes were further enhanced
with time after the operation. About 55 days (52-59 days) after cord transaction,
the mean duration of a.h.p. (101 msec) of soleus motoneurones (open circle in Fig. 2)
was not significantly different from that (97 msec) observed over 100 days (110-
119 days) after axotomy (crosses in Fig. 2; see Kuno et al. 1974a). However, axoto-
mized soleus motoneurones are characterized by a significant increase in overshoot of
action potentials and a significant decrease in axonal conduction velocity and in
resting membrane potential as well as in the duration of a.h.p. (Kuno et al. 1974a;
Huizar et al. 1977). In contrast, following cord transaction these electrophysiological
changes did not occur in soleus motoneurones, except for a decrease in the duration
of a.h.p. Therefore, the changes in properties of soleus motoneurones after cord
transaction were qualitatively similar to those observed in intact soleus motoneurones
following partial denervation of the muscle (Huizar et al. 1977).
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The electrophysiological properties were also examined in fifty medial gastro-
cnemius motoneurones 52-59 days after cord transaction. Their properties were
not significantly different from those measured in unoperated cats.

Effects of chronic nerve stimulation. Transection of the thoracic spinal cord caused
an apparent paralysis of the hind legs. In order to maintain muscle activity, the
sciatic nerve was chronically stimulated at a frequency of 10/sec (see Methods for
stimulus paradigm) immediately after cord transaction. As shown in Fig. 2, the
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Fig. 3. Frequency distributions of the duration of a.h.p. of soleus motoneurones 14 days
after cord transaction with (B) and without (A) daily stimulation of the sciatic nerve

at 10/sec. Their mean values are shown by arrows.

Fig. 4. Freque±acy distributions of the duration of a.h.p. of coleus motoneurones.
Cross-hatched histogram, from control, unoperated cats (reproduced from Huizar et al.
1977). Heavy lined histogram, 7 days after conduction block of the soleus nerve with
TTX cuffs. Arrows indicate their mean values.

decrease in the duration of a.h.p. of soleus motoneurones following cord transaction
(open circles) was significantly prevented by daily nerve stimulation (filled circles).
The mean duration of a.h.p. (137 msec) of soleus motoneurones observed with daily
nerve stimulation 8 or 14 days after cord transaction (Fig. 2, filled circles) was not
significantly different (0.10 < 2P < 0 20) from the mean value (144 msec) obtained
from unoperated, control animals. Fig. 3 shows frequency distributions ofthe duration
of a.h.p. of soles motoneurones recorded 14 days after cord transaction with (B)
and without (A) daily stimulation of the sciatic nerve at a frequency of 10/sec. The
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difference between their mean values (137 msec and 119 msec, indicated by arrows
in Fig. 3) was highly significant (2P < 0 001). The difference between the mean values
(137 msec and 125 msec; Fig. 2) obtained with (filled circles) and without (open
circles) daily nerve stimulation 8 days after cord transaction was also highly significant
(0.001 < 2P < 0.005). Because of technical difficulties, the experiments with daily
nerve stimulation were not extended to periods longer than 2 weeks. However, even
from these data alone (Fig. 2, filled circles), it seems clear that changes in motoneurone
properties induced by cord transaction can be prevented by daily activation of the
peripheral nerve.

Effective pattern or amount of stimulation. Under physiological conditions, soleus
motoneurones discharge at a frequency of 5-20/sec (Granit, Henatsch & Steg, 1956;
Granit, Phillips, Skoglund & Steg, 1957). It is possible that the maintenance of soleus
motoneurone properties by daily nerve stimulation may require a particular pattern
of stimuli. In eight cats, the sciatic nerve was chronically stimulated at a frequency
of 50/sec (see Methods for stimulus paradigm) for 8 days after cord transaction. The
mean duration of a.h.p. calculated from thirty-two soleus motoneurones was 128 msec.
This value was not significantly different from the mean value (125 msec) observed
8 days after cord transaction without nerve stimulation (Fig. 2). Thus, daily stimu-
lation of the sciatic nerve at a high frequency apparently failed to prevent the
changes in motoneurone properties induced by cord transaction.

In this series of experiments (at 50/sec), the total number of stimuli applied per
day was kept at the same level as that with daily stimulation at 10/sec (see Methods).
L0mo et al. (1974) have postulated that the two conditions are identical in the degree
of muscle activity but different in its pattern. However, this may depend upon the
definition of 'muscle activity'. In three different soleus muscles, comparison was
made for the areas formed by the isometric, tetanic tension curves elicited by 100
stimuli at 10/sec and by 100 stimuli at 50/sec. This area, which indicates the product
of tension and time, was found to be consistently greater in the former, by 2 6-3-3
times, presumably because the latter frequency exceeded the tetanic fusion frequency.
Thus, 'muscle activity' measured in terms of the maintained tension does not
necessarily correspond to the total number of stimuli applied. From the present
results, it remains uncertain whether prevention of the changes in motoneurone
properties following cord transaction requires certain patterns or certain amounts
of daily activity.

Experiments with TTX
Effects of nerve block. If the changes in motoneurone properties induced by cord

transaction are due to a reduction in activity of the innervated muscle, similar
changes may be expected to occur in the motoneurones when the muscle nerve is
chronically blocked by TTX. TTX cuffs were applied to the l.g.s. muscle nerves
(Fig. 1 B). Activity of the soleus muscle was thus blocked for 7 days, and the experi-
ments were performed on day 8. Fig. 4 shows a histogram (heavy lines) of the duration
of a.h.p. for thirty-one soleus motoneurones recorded under such conditions (from six
cats). In comparison with the results obtained from control, unoperated animals
(Fig. 4, cross-hatched histogram), there was a significant (2P < 0 001) decrease in
the mean value (114 msec versus 144 msec; Fig. 4, double and single arrows). The
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soleus motoneurones, however, showed no significant changes in axonal conduction
velocity, overshoot of action potentials and resting membrane potentials following
the chronic application of TTX cuffs. Thus, the changes occurring in soleus moto-
neurones following cord transaction seem to be mimicked by conduction block of
the muscle nerve with TTX.

Effects of motcneurone or muscle activity. While the changes in motoneurone
properties induced by cord transaction can be prevented by daily stimulation of
the peripheral nerve at 10/sec, it is uncertain whether this effect is due to daily
maintenance of motoneurone activity or muscle activity. To distinguish these possi-
bilities, cord transaction was combined with the application ofTTX cuffs in the same
animal.
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Fig. 5. Frequency distributions of the duration of a.h.p. of soleus motoneurones
8 days after cord transaction with daily stimulation of the peripheral nerve at 10/sec
proximal (A) and distal (B) to the TTX cuff applied to the lateral gastrocnemius and
soleus muscle nerves. Their mean values are shown by arrows.
Fig. 6. Changes in the ratio of muscle wt. (g) to the body wt. (kg) with days after cord
transaction for the medial gastrocnemius (open circles) and soleus (open triangles)
muscles. Filled circles and filled triangles, the results with daily stimulation of the
sciatic nerve at 10/sec after cord transaction. Each point represents the mean + S.D.
(horizontal bars).

In one group of animals (four cats), the sciatic nerve was stimulated with the elec-
trodes implanted proximal to the TTX cuff (Fig. 1 B, Sp). In another group (six cats),
activity of the soleus muscle was maintained by stimulation with the electrodes
implanted distal to the TTX cuff (Fig. 1C, Sd). Thus, in the former case the partici-
pation of activity of the soleus muscle associated with daily stimulation of the sciatic
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nerve was eliminated by the TTX cuff, whereas in the latter, muscle activity
was maintained without antidromic or synaptic activation of the spinal moto-
neurones.

Fig. 5 shows frequency distributions of the duration of a.h.p. of soleus moto-
neurones observed 8 days after cord transaction with daily stimulation of the sciatic
nerve proximal to the TTX cuff (A) and with daily stimulation distal to the TTX cuff
(B) at a frequency of 1 0/sec. The mean duration of a.h.p. in the former (110 msec;
arrow in Fig. 5A) was significantly (2P < 0.001) shorter than that in the latter
(137 msec; arrow in Fig. 5B). Also, the mean value obtained with daily stimulation of
the nerve proximal to the TTX cuff (Fig. 5A) was not significantly (0.40 < 2P < 0.50)
different from the value (114 msec; Fig. 4) observed after the application of the
TTX cuff alone. Furthermore, the mean value obtained with stimulation of the nerve
distal to the TTX cuff (Fig. 5B) was not significantly (0-20 < 2P < 0.30) different
from the value (144 msec; Fig. 4) observed in control, unoperated animals. From these
results, it seems clear that the changes in motoneurone properties induced by a
combination of cord transaction and nerve block with TTX can be prevented by
daily activation of the muscle but not by activation of the motoneurones or their
sensory inputs.

Alterations in muscle weight
It is difficult to assess how far muscle activity in the hind leg may be altered by

cord transaction or by daily stimulation of the peripheral nerve. However, one may
assume that changes in muscle activity are reflected, at least to some extent, as
changes in muscle weight. Based on this assumption, muscle wet wts. were measured
at the end of the experiment, and the muscle wt. (g) was expressed relative to the
body wt. (kg) measured on the day of the operation (Eccles, 1941). Fig. 6 shows
changes in the ratio of muscle to body wts. for the medial gastrocnemius (open circles)
and soleus (open triangles) muscles following cord transaction. In both muscles, the
value was decreased to about 60 % of that observed in control, unoperated animals
within 8 days after cord transaction (also, cf. Eccles, 1941). Daily stimulation of the
sciatic nerve at a frequency of 10/sec significantly prevented the decrease in muscle
weight induced by cord transaction (filled circles, filled triangles in Fig. 6). In fact,
for the soleus muscle the muscle-to-body wt. ratio observed with daily nerve stimu-
lation 8 or 14 days after cord transaction was not significantly (0.10 < 2P < 0.20)
different from the control value (filled triangles in Fig. 6).

Table 1 summarizes the ratios of muscle to body wts for the soleus muscle under
various experimental conditions. The conditions in which the muscle-to-body wt.
ratio showed a significant decrease (Table 1 B, E, F) apparently corresponded to those
in which soleus motoneurones showed a significant decrease in the duration of a.h.p.
This correlation is consistent with the assumption that alterations in motoneurone
properties are associated with changes in some factors related to activity of the inner-
vated muscle. The only condition which was inconsistent with this assumption was
daily nerve stimulation at a frequency of 50/sec following cord transaction (Table 1 D).
Under this condition soleus motoneurones displayed a significantly shorter a.h.p.
(see above), but the muscle-to-body wt ratio was not significantly (0.05 < 2P < 0 10)
different from the control value.
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INFLUENCE OF MUSCLE ON MOTONEURONE

Validity of nerve block with TTX

In the preparations from which TTX cuffs had been removed the evening before the experi-
ment (see Methods), intracellular stimulation of soleus motoneurones invariably elicited muscle
contraction. However, it could be argued that the chronic application of TTX cuffs may have
caused degeneration of some soleus motor nerve fibres and that these particular motoneurones
may not have been detected by antidromic stimulation of the muscle nerve. If this were the case,
the observed changes in soleus motoneurone properties following the application of TTX cuffs
might be explained on the basis of partial denervation of the muscle (see Huizar et al. 1977).
This possibility was, however, unlikely for two reasons. First, in preparations treated with TTX
cuffs for 7 days, no fibrillation was detected in the soleus muscle under a dissecting microscope.
This was in contrast with the occurrence of fibrillation following a block of the axonal transport
in the motor nerve (Fernandez & Ramirez, 1974). Secondly, when the maximum twitch tensions
evoked by nerve stimulation were compared between the right (without TTX treatment) and
left (with TTX treatment) soleus muscles, the treated side was, on the average, 1-06 times
(ranging from 0*95 to 1.18) greater than the control side. This difference in twitch tensions
between the two sides was within the normal range (Huizar et al. 1977). The mean twitch
tension of motor units tested by intracellular stimulation of soleus motoneurones was 1-6 g in
preparationstreatedwithTTXcuffsfor7days.Thisvaluewasnotsignificantly(O0.30 < 2P < 0.40)
different from the control value (1.5 g) obtained from unoperated animals. Thus, there was no
indication for functional motor connexions by collateral sprouts in preparations treated with TTX.

Fast axoplasmic transport in nerve fibres has been shown to be unaffected by the application
of TTX in the concentrations which are sufficient to block impulse conduction (Ochs & Hol-
lingsworth, i971; Anderson & Edstrom, 1973; Lavoie et al. 1976, 1977; Pestronk, Drachman &
Griffin, 1976). In two cats, we measured fast axoplasmic transport with cholinesterase as a marker
in collaboration with Dr D. L. McIlwain. The left soleus nerve treated with TTX cuffs for 7 days
and the right, control soleus nerve were firmly ligated with a thread (Ethicon 4-0) near the muscle.
The soleus nerves on both sides were removed 40 hr after ligation, and two adjoining 5 mm
segments central to ligation were obtained from each nerve for assay of cholinesterase by the
method of Ellman et al. (1961; also, cf. Lavoie et al. 1977). Accumulation of cholinesterase so
measured was greater by about 100% in the segment closer to the ligation in both control and
TTX treated nerves. Thus, our results were consistent with previous observations (see above).

Preliminary morphological observations on the soleus nerve treated with TTX for 7 days
were made under the light and electron microscopes by Dr A. Rustioni. To our surprise, about
15% of myelinated fibres showed abnormal pictures which were characterized by darkening
of the axoplasm under the light microscope. Electron micrographs showed the presence of
Schwann cells and their nuclei within the axoplasm of some myelinated fibres. No abnormality
was detected in the soleus nerve treated with the cuff containing 20% NaCl without TTX for
7 days. These results were consistent in two cats prepared for morphological examination. It
remains uncertain whether the nerve fibres affected by the chronic application of TTX are
motor or sensory fibres; nor is it clear how the presence of morphologically abnormal nerve
fibres may be reconciled with the apparent lack of sign of functional degeneration of motor fibres
indicated by the physiological experiments (see above). When the soleus muscle is denervated
by 7-29 %, intact soleus motoneurones have been shown to decrease the mean duration of
a.h.p. to 136 msec about 3 weeks after partial denervation (Huizar et al. 1977). Compared with
this value, the decrease in the duration of a.h.p. (114 msec; Fig. 4) of soleus motoneurones one
week after the application of TTX cuffs is significantly greater. Therefore, even if moderate
fibre degeneration were present after the chronic application of TTX, this factor alone cannot
entirely account for the present results.

DISCUSSION

From the results presented here, it seems clear that the duration of a.h.p. of
soleus motoneurones can be modified by factors associated with activity of the
innervated muscle. Apparently, the factors responsible for maintenance of the moto-
neurone properties are not mediated by the sensory fibres since the change in the
motoneurones induced by cord transaction can be prevented by chronic stimulation
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of the peripheral nerve distal to site of conduction block by the TTX cuff but not
central to the cuff (Fig. 5). Furthermore, soleus motoneurones show no significant
changes in the duration of a.h.p. after chronic section of the lumbosacral dorsal roots
(Kuno et al. 1974a). It is likely that muscle activity is directly or indirectly signalled
to the innervating motoneurones through the motor axons. For such retrograde
signals, three possible mechanisms may be considered. It should be noted that these
three possibilities are not mutually exclusive.

Trophic substances. It is possible that the normal properties of soleus motoneurones
are maintained by some trophic substances transported through the motor axons
from the muscle. Disuse atrophy of the immobilized muscle has been shown to be
associated with a decrease in rates of protein synthesis and an increase in its de-
gradation (Goldspink, 1977a, b). If the postulated trophic substances show similar
changes, depending upon the degree of muscle activity, the changes in motoneurone
properties observed in the present study may be accounted for by alterations of the
substances in the muscle.

Transmitter release from motor nerve terminals. Changes in muscle activity induced
by the present procedures are expected to be accompanied by alterations in the
amount of transmitter released at the neuromuscular junctions. It is thus possible
that the trophic signal toward the motoneurones may be related to the process of
transmitter release from the motor nerve terminals. Pilar & Landmesser (1976) have
suggested that the maintenance of neurones may be disturbed by the accumulation
of some substances normally utilized at the nerve endings. It is also possible that
the uptake of the postulated trophic substances (see above) by motor nerve terminals
may occur at the expense of transmitter release (Holtzman, Freeman & Kashner,
1971; Heuser & Reese, 1973). If such were the case, muscle activity per se would not
be essential for the maintenance of motoneurone properties. These two possible
mechanisms cannot account for alterations of intact soleus motoneurones following
partial denervation of the muscle, since these motoneurones apparently maintain
normal activity (Huizar et al. 1977). However, at present it is not absolutely certain
whether changes of soleus motoneurones observed in the present study are based on
the same mechanisms as those following partial denervation of the muscle.

Collateral sprouting from motor axons. Partial denervation of a muscle results in
collateral sprouting from the intact motor nerve fibres (Edds, 1953). It has recently
been shown that motor nerve terminals grow collateral sprouts a few days after
blocking the motor nerve with TTX (Brown & Ironton, 1977). Similarly, motor
nerve sprouting induced by botulinum toxin (Duchen & Strich, 1968) can be pre-
vented by chronic stimulation of the muscle (Brown, Goodwin & Ironton, 1977).
Thus, prolonged inactivity of a muscle appears to cause collateral sprouting from the
motor nerve terminals. It is possible that the peripheral axonal growth may be
responsible for the change in motoneurone properties (see Watson, 1969, 1970, 1973).
The authors wish to thank Dr B. Collier for detailed instruction in preparing TTX cuffs,

Dr C. Gheze for demonstration of restraining the cat with a cloth sleeve, and Dr T. Narahashi
for providing TTX and several local anaesthetics throughout our preliminary experiments. We
are also indebted to Dr D. L. McIlwain for his continuous help in the axonal flow experiments
and to Dr A. Rustioni for morphological observations of our specimens. We thank Miss Cynthia
V. Taylor for technical assistance. This work was supported by project (NS 11132) and research
(NS 10319) grants from the U.S. Public Health Service.
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