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Abstract

Motor nerves undergo extensive terminal outgrowth when
the muscles they supply are “functionally denervated.” In
this study, we have investigated the role of the acetyicholine
receptors (AChRs), newly appearing in such muscles, in
promoting nerve terminal outgrowth. The amount of out-
growth was determined by morphometric measurement of
(a) nerve terminal branching, (b) endplate length, and (c)
ultraterminal sprouts, in cholinesterase-silver-stained neu-
romuscular junctions. Presynaptic neuromuscular blockade
with botulinum toxin induced pronounced nerve terminal out-
growth in both the rat and mouse soleus muscles, although
ultraterminal sprouts did not occur in the rat soleus. By
contrast, postsynaptic neuromuscular blockade with a-bun-
garotoxin (a-BuTx) induced little or no terminal outgrowth,
although it caused “functional denervation.” Moreover, a-
BuTx and anti-AChR antibody inhibited the terminal out-
growth otherwise induced by botulinum toxin. Other types of
motor nerve growth, such as nerve regeneration, were unaf-
fected by these agents. Our results are consistent with the
concept that extrajunctional AChRs in skeletal muscle play
an important role in the control of motor nerve terminal
outgrowth at neuromuscular junctions.

Motor nerves normally undergo a continuous process of outgrowth
(or “sprouting”) of new branches from their terminal axonal arbori-
zations (Barker and Ip, 1966; Tuffery 1971; Kemplay and Stolkin,
1980; Wernig et al., 1980; Smith and Rosenheimer, 1982). This
process is greatly increased by treatment with pharmacological
agents, such as botulinum toxin (Duchen and Stritch, 1968; Pestronk
and.Drachman, 1978a), that interfere with cholinergic transmission
(Brooks, 1954) and produce denervation-ike changes in muscle
(Brown and Ironton, 1977; Pestronk and Drachman, 1978b). Previ-
ously, we have reported evidence that nerve terminal outgrowth is
influenced by the increase of extrajunctional acetyicholine receptors
(AChRs) that occurs in functionally denervated muscle (Pestronk
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and Drachman, 1978b). First, the degree of terminal outgrowth
(nerve terminal branching and endplate elongation) correlates with
levels of extrajunctional AChRs in the muscle membrane. Second,
a-bungarotoxin («-BuTx), a snake venom fraction that specifically
blocks the functional sites of AChRs (Miledi and Potter, 1971; Berg
et al., 1972; Lee 1972), significantly inhibits terminal outgrowth.
However, the latter finding has been questioned in a study that used
methods that differed in several respects from our own (Holland and
Brown, 1980). In the present investigation we have re-examined the
discrepancy in results by comparing the two experimental systems;
in addition, we have used several new methods to study the effects
of AChR blockade on nerve terminal outgrowth. The results now
resolve the apparent differences and confirm and extend our pre-
vious findings. They are consistent with the idea that extrajunctional
AChRs or a closely related molecule play an important role in the
control of motor nerve terminal outgrowth.

Materials and Methods

For these experiments, 46 female Sprague-Dawley rats and 24 female
Lewis rats weighing 170 to 230 gm, and 135 female Swiss mice weighing
25 to 40 gm were used.

Staining of neuromuscular junctions

Soleus muscles were removed, pinned at resting length, and frozen in
isopentane cooled with solid CO,. The muscles were sectioned longitudinally
(50-um thickness for rats and 30-um thickness for mice) in a cryostat. A
combined cholinesterase-silver stain was used (Pestronk and Drachman,
1978a) that displays the cholinesterase-containing endplates as well demar-
cated transparent blue zones against which the silver-stained nerve terminals
stand out clearly as black linear structures. This consistent staining method
allows measurement of nearly all endplates in each section. The stained
slides were coded and examined in a “blind” fashion, so that the microscopist
had no knowledge of the experimental treatment performed on the muscle.

Measurement of terminal outgrowth

Nerve terminal outgrowth at the neuromuscular junction may be mani-
fested by an increase in the number of nerve terminal branches ending within
the endplate, by an increase in the length of the endplate, and by the
occurrence of “ultraterminal” sprouts, new terminal branches that extend
beyond the cholinesterase-stained endplate zone (Figs. 1, aand b, and 2, a
to f).

To quantitate terminal outgrowth, we measured at least 20 endplates in
each muscle by (7) counting the number of nerve terminal branch points
within each cholinesterase-stained endplate area, (2) measuring the length
of each endplate area parallel to the length of the muscle fiber, as outlined
by the cholinesterase stain, and (3) counting the number of ultraterminal
sprouts that originated from each endplate. The frequency of ultraterminal
sprouting was expressed in terms of: (a) the pjoportion of endplates with
ultraterminal sprouts and (b) the average number of ultraterminal.sprouts per
endplate. Each measurement has proved reliable and reproducible. Similar
results were found when repeated “blind” counts were made by the same or
different examiners. The endplate length measured on-the basis of the
cholinesterase stain was equal to measurements obtained using immunohis-
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tochemical staining of postsynaptic junctional AChRs (W. C. Yee and A.
Pestronk, unpublished observations). These measures of endplate length
closely reflect the length of the nerve terminal arborization as demonstrated
by the silver stain.

Botulinum toxin treatment

Crystalline type A botulinum toxin, freshly diluted in mammalian Ringer's
solution (1.2 x 107 gm in 30 wl for the rat and 1.2 x 107" gm in 10 ul for
the mouse) was injected directly into the surgically exposed soleus muscle,
with the use of a fine 30 gauge needle.

a-BuTx treatment

a-BuTx obtained from the Miami Serpentarium was repurified by ion
exchange chromatography using Whatman CM-32 columns prior to use.

Injection. Animals were treated with daily injections of a-BuTx in Ringer's
solution (3 g in 30 wl in rats or 1 ug in 10 ul in mice) into the soleus muscle.
Using this method of «-BuTx treatment, initial AChR blockade is initially
complete as measured by lack of miniature endplate potentials of muscle
response to nerve stimulation and of further a-BuTx binding. However, partial
recovery of the AChR blockade occurs in the 24-hr period between injection
(see also Chang et al., 1975; Fertuck et al., 1975; Pestronk and Drachman,
1978b). Control muscles received daily injections of 0.5 to 1.0 ug of bovine
serum albumin in a similar volume of Ringer's solution.

Perfusion. Soleus muscles were treated continuously with a-BuTx by use
of implantable osmotic pumps. At the beginning of each experiment a
loading dose of a-BuTx in Ringer's solution (3 ug in 30 ul for rats or 0.6 ug
in 10 wl for mice) was injected into the soleus muscle through a fine 30
gauge needle. Neuromuscular blockade was then maintained by continuous
infusion of a-BuTx in Ringer's solution (0.2 mg/ml at 1 wl/hr for rats and 0.06
mg/ml at 0.47 plfhr for mice) by means of Alzet osmotic infusion pumps
implanted subcutaneously in the abdominal wall. The «-BuTx solution was
delivered directly over the body of the soleus muscle via tapered, flexible
polyethylene tubing sutured in place. Control animals had pumps and tubing
filled with Ringer's solution sutured in a similar position. After 7 days the
muscles were removed, and nerve terminal outgrowth was evaluated as
described above.

Perfusion of «-BuTx over the soleus muscle produced persistent and
complete blockade of AChRs throughout the experimental period measured
as above. In addition, this method of a-BuTx treatment resulted in more
denervation changes in muscle. In perfused muscles, levels of extrajunctional
AChRs (measured by the binding of [®1}-«-BuTx) averaged 95 + 8% of
those seen after denervation, significantly (p < 0.05) more than the 62
12% found with intermittent «-BuTx injections (A. Pestronk, unpublished
observations). Thus, perfusion of «-Butx is more effective than intermittent
injections in maintaining AChR blockade.

Reinnervation of endplates after nerve crush

In these studies, nerve regeneration was induced by crushing the nerve
to the soleus at its point of entry into the muscle, by means of a pair of fine
jeweler's forceps. The effectiveness of axonal regeneration was evaluated
by measuring the percentage of old synaptic sites (cholinesterase-stained
zones) reinnervated at 7 to 14 days after the nerve to the soleus was
crushed. Terminal outgrowth of the regenerated axons at the reinnervated
endplates was also measured, as described above.

Passive transfer of human anti-AChR antibody

Mice were treated with serum from a human patient with myasthenia
gravis. One milliliter of serum from a patient with myasthenia gravis (anti-
human AChR antibody titer 121 x 1077 M) was injected intraperitoneally into
each mouse daily for 9 days. Sprouting experiments were begun 2 days
after the initial serum injection. Control animals received normal human serum
injected daily in the same manner.

Antibodies to AChR in rats with experimental autoimmune
myasthenia gravis (EAMG)

AChR was purified by affinity chromatography (Eldefrawi and Eldefrawi,
1973) from the electric organ of Torpedo californicus. Female Lewis rats
(175 to 200 gm) were immunized with 50 ug of AChR, emulsified in an equal
volume of Freund's complete adjuvant, injected intradermally.

Measurement of anti-AChR antibodies was carried out by an immunopre-
cipitation assay similar to those previously described (Pestronk et al., 1983).
All immunized rats had strongly positive anti-AChR antibody titers 4 weeks
after immunization at the time of the sprouting experiments: anti-Torpedo
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AChR titers averaged 1036 = 205 X 10™° m on day 0, and 1459 + 197 x
107 M on day 7. Anti-rat AChR titers averaged 14 + 4 X 10~° M on day 0,
and 47 + 17 X 107 m on day 7.

Results

Nerve terminal outgrowth induced by botulinum toxin treatment
(Table 1)

Rat. Seven days after treatment with botulinum toxin there was a
significant amount of nerve terminal outgrowth in rat soleus muscles
(Fig. 1, a and b). Nerve terminal branch points increased by an
average of 1.4/endplate, and endplate length increased by 12 um.
No ultraterminal sprouting was present.
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Figure 1. Cholinesterase-silver-stained endplates from rat soleus muscles.
a, Endplate from a normal muscle. Endplate length is short and there are
few branch points. b, Endplate from a muscle 7 days after treatment with
botulinum toxin. There is significant terminal sprouting with increased end-
plate length and nerve terminal branching but no ultraterminal sprouts. ¢,
Endplate from a muscle treated with a-BuTx for 7 days. There is no significant
change from controls in endplate length or in terminal branching. Bar = 20
am.
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TABLE |
Effects of botulinum toxin on nerve terminal outgrowth
Table | gives a comparison of terminal outgrowth in rat and mouse soleus muscles treated with botulinum toxin (Bot). Branch points and endplate length
increased to a similar extent in the rat and the mouse, but ultraterminal sprouts increased only in the mouse. Results are expressed as mean + SE.

Rat Mouse
Sprouting Characteristic

Control (7)® Bot (6) Control (15) Bot (16)
Branch points/endplate 32+03 46 +0.2° 27+041 42+01°
Increase 14 15
Endplate length (xm) 40+ 4 52 +6° 43 + 1 55+ 2°
Increase 12 12
Ultraterminal sprouts/endplate 0.03 £ 0.02 0.03 £ 0.02 0.03 +0.01 0.71 = 0.08°
Increase 0.0 0.68
Endplates with ultraterminal 0.02 + 0.01 0.03 +0.02 0.02 +0.01 0.46 + 0.04°

sprouts

#Numbers in parentheses, number of muscles sampled.
" Greater than control, p < 0.001.
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Figure 2. Cholinesterase-silver-stained endplates from mouse soleus muscles. a and b, Endplates from normal muscles. ¢, Endplate from muscle 7 days
after treatrment with botulinum toxin. Several ultraterminal sprouts are present (arrows). d, Endplate from a muscle 7 days after treatment with botulinum
toxin with increased endplate length and nerve terminal branching. e, Endplate from a muscle treated with a-BuTx for 7 days. f, Endplate from a muscle
treated with botulinum and a-BuTx injections. Terminal branching and endplate length are normal but a long ultraterminal sprout is present. g, Endplate from

a muscle treated with botulinum and continuous a-BuTx perfusion. There is no increase in endplate length or terminal branching. Bar = 20 um.

Mouse. As in the rat, botulinum toxin induced a marked change
in the mean number of nerve terminal branch points, with an increase
of 1.5/endplate. The endplate length also increased significantly by
12 um. However, in contrast to the rat soleus, where no ultraterminal
terminal sprouts were detected (Table I), the mouse soleus showed
an increase of ultraterminal sprouts, averaging 0.68/endplate (see
Fig. 2, a to d).

Nerve outgrowth induced by a-BuTx treatment (Table i)

In the rat soleus there was no significant terminal outgrowth after
7 days of a-BuTx injections (Fig. 1¢). Endplate length and nerve
terminal branching did not change significantly, and no ultraterminal
sprouting was seen (Table Il). In the mouse soleus (Fig. 2e), 7 days
of injection or perfusion of a-BuTx produced a small amount of
nerve terminal sprouting. This was manifested by a slight increase

in terminal branch points (0.2 to 0.5 branch point/endplate) and
ultraterminal sprouts (0.06 to 0.16 ultraterminal sprout/endplate)
without a significant change in endplate length (Table II).

Effect of a-BuTx on nerve terminal outgrowth induced by
botulinum toxin (Table Ilf)

In a previous study we found that injection of a-BuTx produces
virtually complete inhibition of the terminal outgrowth otherwise seen
in botulinum-treated rat soleus muscle. In the present study, our
results show that a-BuTx also significantly inhibits terminal outgrowth
in the mouse soleus muscle and that continuous infusion produces
a greater effect than intermittent daily injection. In botulinum-treated
mouse soleus muscles injected daily with «-BuTx, increases in
terminal branching and endplate length were inhibited by 44% and
77%, respectively, when compared to botulinum-treated muscles
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TABLE I
Effects of a-BuTx on nerve terminal outgrowth
Soleus muscles were treated for 7 days with a-BuTx. a-BuTx induced no terminal outgrowth in the rat and only a minor degree of outgrowth in the mouse.

Rat Mouse
Sprouting Characteristic . -BuTx «-BuTx «-BuTx Pump
Control (7) Injection (7) Control (15) Injection (5) ®
Branch pointsfendplate 32+02° 3302 27+041 29+ 041 32+02°
Increase 0.1 0.2 0.5
Endplate length (zum) 39+2 40x2 43+1 44 +1 42+3
Increase 1.0 1 -1
Ultraterminal sprouts/endplate 0.02 £ 0.01 0.02 £0.02 0.03 = 0.0t 0.19 £ 0.07*° 0.09 + 0.02°¢
Increase 0.0 0.16 0.06
Endplates with uitraterminal 0.02 = 0.01 0.02 +£0.02 0.02 = 0.01 0.14 £ 0.05° 0.07 + 0.02°
sprouts
2 Numbers in parentheses, number of muscles sampled.
b Greater than control, p < 0.05.
¢ Greater than control, p < 0.02.
TABLE I

Effects of a-BuTx on botulinum-induced terminal outgrowth in the mouse
Mouse soleus muscles were treated with botulinum toxin (Bot) on day 0. «-BuTx injections or perfusions were maintained for 7 days, as indicated. Note
(a) that a-BuTx inhibited the botulinum-induced nerve terminal outgrowth, and (b) that perfusion of a-BuTx was more effective than injection, especially in

inhibiting ultraterminal sprouts.

Injection Perfusion
Sprouting Characteristic

Control (8)° Bot (8) Bot + a-BuTx (5) Control (8) Bot (8) Bot + a-BuTx (9)
Branch pointsfendplate 27 +0.1 43+02° 36+ 03> 27 %041 41+02° 32+02%°
Increase 1.6 09 1.4 05
Endplate length (m) 45 +1 57 £ 3° 48 + 3° 41 +1 53+ 1° 44 £1°
Increase 12 3 12 3
Ultraterminal sprouts/endplate 0.04 +0.01 073 x0.11° 072017 0.03 = 0.01 0.69 = 0.11° 0.17 + 0.09%¢
Increase 0.69 0.68 0.66 0.14
Endplates with ultraterminal 0.02 = 0.01 0.45 + 0.05° 0.49 = 0.10’ 0.02 +0.01 0.47 £ 007  0.12+0.05%¢

sprouts

4 Numbers in parentheses, number of muscles sampled.

® Greater than control, p < 0.001.

¢ Less than botulinum, p < 0.05.

9 Less than botulinum, p < 0.001.

¢ Greater than control, p < 0.05.

" Greater than control, p < 0.005.

9 Less than botulinum and botulinum + injected a-Butx, p < 0.005.

injected daily with albumin (Table Il), but there was no effect on
ultraterminal sprouting (Fig. 2f). By contrast, continuous perfusion
of the mouse soleus with «-BuTx from implanted pumps inhibited all
three forms of terminal outgrowth (Table Ill, Fig. 2g). Botulinum-
induced increases in terminal branch points, endplate length, and
ultraterminal sprouting were significantly inhibited by 64%, 76%, and
79% respectively (p < 0.001).

Effect of a-BuTx on regeneration following nerve crush

To determine whether «-BuTx had an inhibitory effect on nerve
outgrowth per se, we examined its effect on axonal regeneration.
Axons regenerating after a crush injury tend to grow until they
reinnervate muscle fibers at or near the original synaptic sites. To
study the effect of a-BuTx on the ability of axons to grow, we
crushed the nerves to the soleus in two groups of mice and treated
one group with continuous local a-BuTx infusion. At 2 days after
nerve crush, no axons were visible within the muscles in either
group, indicating that the crush procedure produces early complete
loss of intramuscular axons. By 7 days, 76 *+ 6% of the original
endplates had been reinnervated in nine control animals. This figure
was not significantly changed (73 + 4%) in the soleus muscles of
the nine mice perfused with «-BuTx during the 7-day regeneration
period, indicating that a-BuTx does not inhibit axonal regeneration.

Terminal outgrowth of regenerating axons at old synaptic sites
(Table 1V)

When regenerating axons make contact with muscle fibers, they
undergo terminal branching and an increase in the area of synaptic
contact. Because this pattern of outgrowth appears very similar to
the terminal outgrowth induced by botulinum toxin, we examined
the effects of a-BuTx on this process.

In control untreated soleus muscles of 3-month-old rats, endplate
length averaged 38 = 1 um and nerve terminals had 2.8 + 0.1
branch points. In soleus muscles reinnervated after nerve crush 14
days previously, 31% of the muscle fibers were reinnervated. Single
fibers with two areas of cholinesterase staining were rare, suggesting
that reinnervation occurred at the site of the original synapses.
However, there were significant changes in endplate morphology in
reinnervated muscles compared with controls. Reinnervated end-
plates were enlarged. The nerve terminals themselves appeared
thin, and their terminal branching was considerably less profuse than
before nerve crush (Table V).

To examine the effect of «-BuTx blockade of AChRs on the
terminal sprouting occurring during reinnervation, we injected «-
BuTx daily into the soleus muscles of rats for the first 7 days after
nerve crush. Our results showed that, after 14 days, 90% of muscle
fibers were reinnervated, which again did not differ from reinnervation
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in control muscles. However, «-BuTx eliminated the expansion of
endplate length that occurs normally with reinnervation. In the o-
BuTx-treated reinnervated muscles, both endplate length and the
amount of terminal branching were significantly less in than in control
reinnervated muscles (Table V).

Effects of human anti-AChR antibody on terminal outgrowth
(Table V)

The inhibition of nerve terminal outgrowth by a-BuTx suggests
that AChRs may be involved in this process. To test this idea further,
we studied the effect of serum known to have a high titer of anti-
AChR antibody, from a human with myasthenia gravis, on terminal
sprouting in the mouse (Table V). Nine days of treatment with
myasthenic serum had no effect on the morphology of nerve termi-
nals in normal animals. Nerve terminal branching, endplate length,
and ultraterminal sprouts were similar in animals given myasthenic
serum and normal control human serum. In botulinum-treated mice
given daily injections of myasthenic serum there was a significant
inhibition of terminal outgrowth. The botulinum toxin-induced in-
crease in branch points and endplate length was inhibited by
approximately 50% (p < 0.005) compared with control serum-
treated animals. However, the myasthenic serum treatment had no
significant effect on ultraterminal sprouting (Table V).

Effects of immunization with AChR on nerve terminal outgowth
(Table Vi)

We next examined nerve terminal outgrowth in rats which had
been immunized with purified Torpedo AChR and therefore had high
titers of anti-AChR antibody (Table VI). In rats immunized with AChR,
soleus endplates were somewhat larger and more complex than in
normal rats. Seven days after injection of botulinum toxin, endplate
length was unchanged and there was a small but not significant
increase in terminal branch points. By contrast, non-EAMG Lewis
rats developed marked nerve terminal outgrowth after botulinum
treatment (Table Vi). Seven days after botulinum treatment the mean
endplate length increased by 12 um and terminal branch points
increased by 1.3/endplate in the soleus muscles.

Discussion

Denervation changes in muscle and nerve terminal outgrowth.
Denervation changes in skeletal muscle play an important role in
eliciting nerve terminal outgrowth at the neuromuscular junction
(Duchen and Stritch, 1968; Brown and Ironton, 1977; Pestronk and
Drachman, 1978b). Two lines of evidence support this idea. (7) The
amount of nerve terminal sprouting correlates with the degree of
denervation change in the muscle (Pestronk and Drachman, 1978b).
In previous experiments, functional denervation of skeletal muscle
was produced by (a) presynaptic blockade of acetylcholine (ACh)
transmission by botulinum toxin (Brooks, 1954; Tonge, 1974; Pes-
tronk and Drachman, 1976) or (b) tetrodotoxin blockade of nerve
impulse transmission (muscle disuse) (Lavoie et al., 1976; Pestronk
et al., 1976). Our results showed that there was a significant
correlation between the amount of terminal outgrowth, measured by
increased terminal branching and endplate length, and the degree
of denervation changes, as indicated by levels of extrajunctional
AChRs (Pestronk and Drachman, 1978b). (2) When muscle dener-
vation changes are inhibited, the amount of terminal outgrowth is

correspondingly reduced. For example, Duchen and Tonge (1977)

reduced muscle denervation changes by implanting a foreign (non-
poisoned) nerve into botulinum-treated muscles. As a result, the
terminal outgrowth that normally occurs after botulinum toxin treat-
ment was inhibited (Duchen and Tonge, 1977). Brown et al. (1980)
used direct electrical stimulation to reduce levels of denervation
changes (extrajunctional ACh sensitivity) in botulinum-treated mus-
cles. The resulting reduction of denervation changes inhibited the
appearance of terminal outgrowth. These studies all lead to the
conclusion that a stimulus for terminal outgrowth arises from func-
tionally denervated muscle fibers.

Motor Nerve Terminal Outgrowth and AChRs
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TABLE IV
Terminal outgrowth at reinnervated endplates
Fourteen days were allowed for regeneration after nerve crush at its point
of entry into the rat soleus muscle. a-BuTx-treated muscles were injected
daily for 7 days after the nerve crush. Note that a-BuTx inhibited nerve
terminal branching and endplate elongation but did not interfere with rein-
nervation.

Reinnervated  Reinnervated +

Sprouting Characteristic Controt (7)°

(W) a-BuTx (5)
Branch points/endplate 28+01 19x01° 1.6+0.1°
Endplate Length (um) 38+ 1 45+ 1° 40 + 1°
Percentage of endplates 98 + 1 91 £ 2° 90 + 2°

innervated

& Numbers in parentheses, number of muscles sampled.
b Ditferent from control, p < 0.001.

¢ Less than reinnervated, p < 0.02.

“Less than reinnervated, p < 0.002.

AChRs and nerve terminal outgrowth. The appearance of new
AChRs in muscle membrane following denervation may itself play
an important role in eliciting nerve terminal outgrowth. First, as noted
above, the extent of nerve terminal outgrowth correlates with the
level of increase of extrajunctional AChRs in muscle membrane
(Pestronk and Drachman, 1978b). More direct support comes from
our finding that «-BuTx, which specifically blocks AChRs, also
inhibits nerve terminal outgrowth (Pestronk and Drachman, 1978b).
The expected increase in endplate size and nerve terminal branching
in botulinum-treated muscles was largely inhibited when the muscles
were also treated with a-BuTx. Other studies have found similar
effects of AChR blocking agents on the terminal outgrowth that
occurs during development. The size and complexity of endplates
in developing chick embryos is greatly restricted by treatment in ovo
with a-BuTx or a-cobratoxin (Giacobini et al., 1973; Freeman et al.,
1976). Curare treatment reduces the number of small terminal
sprouts at chicken embryo endplates (Ding et al., 1983). The present
results confirm and extend these observations. Our data show again
that a-BuTx significantly inhibits nerve terminal outgrowth. In addition,
we have found that terminal outgrowth is reduced in the presence
of other agents that interact with AChRs, including serum containing
anti-AChR antibody from a myasthenia gravis patient and in animals
specifically immunized against AChR.

The inhibitory effect of a-BuTx on nerve terminal outgrowth has
been disputed by Holland and Brown (1980). In their experiments
ultraterminal sprouting was evaluated histologically in mice that were
first treated with botulinum toxin to induce sprouting and then were
injected with a-BuTx. Their results failed to show inhibition of ultra-
terminal sprouting by a-BuTx.

Our new findings show that the apparent discrepancies in results
are attributable to three differences in the experimental procedures
used: (1) the species of experimental animal, (2) the criteria for
measurement of terminal outgrowth, and (3) the method of admin-
istration of a-BuTx. In the rat soleus muscle, nerve terminal outgrowth
after botulinum treatment is manifested by increased terminal
branching and elongation of the endplates, but not by ultraterminal
sprouting. In the mouse, all three forms of nerve terminal outgrowth
occur. In our study, we examined all three manifestations of terminal
outgrowth, whereas Holland and Brown (1980) relied solely on
ultraterminal sprouting. In addition, the method of administration of
a-BuTx makes an important difference both in the degree of block-
ade of AChRs (see "Materials and Methods") and in the inhibition of
terminal outgrowth. Our results show that intermittent injection of -
BuTx (as carried out by Holland and Brown (1980)) produces at
most a partial reduction of terminal outgrowth; terminal branching
and endplate elongation are more sensitive to this treatment,
whereas ultraterminal sprouts in mice, the sole measure of terminal
outgrowth used by Holland and Brown (1980}, may not be affected
at all by incomplete «-BuTx blockade. In the mouse, a-BuTx must
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TABLE V
Effects of human anti-AChR antibody on terminal outgrowth
Soleus muscles from mice were treated for 9 days with serum from myasthenic humans with myasthenia gravis or from control individuals. Botulinum
toxin was injected on day 2. The myasthenic serum significantly inhibited the increase of nerve terminal branch points and endplate length but did not

interfere with ultraterminal sprouting.

Control Serum

Myasthenic Serum

Untreated (8)° Botuiinum (10) Untreated (8) Botulinum (7)

Branch points/endplate 2.7+01 41+02° 2.7 01 3.4+ 02
Increase 14 0.7
Endplate length (zm) 39+t 47 = 1° 39 £ 1 43 £ 1b°
Increase 8 4
Ultraterminal sprouts/endplate 0.02 £ 0.01 0.61 £ 0.09° 0.04 £ 0.01 0.54 + 0.10°
Increase 0.59 0.50
Endplates with ultraterminal 0.02 + 0.01 0.45 + 0.06° 0.04 + 0.01 0.42 = 0.07°

sprouts

2 Numbers in parentheses, number of muscles sampled.

® Greater than untreated, p < 0.001.

¢ Less than control botulinum, p < 0.005.

TABLE VI

Effects of EAMG on botulinum-induced terminal outgrowth
Experiments were performed on rats with EAMG 4 to 5 weeks after immunization with AChR. Botulinum toxin was injected into the soleus muscle 7 days
before the study. Note the inhibition of nerve terminal outgrowth in the rats with EAMG.

Control EAMG

Untreated (5)* Botulinum (7) Untreated (7) Botulinum (5)
Branch pointsfendplate 33+02 46+0.1° 3.7+01 41x01°
Increase 1.3 04
Endplate length (zm) 44 x2 53+ 2° 47 =17 49 +2
Increase 12 2
Ultraterminal sprouts/endplate 0.02 £ 0.01 0.03 £ 0.01 0.04 £0.02 0.04 £0.02
Increase 0.01 0.0
Endplates with ultraterminal sprouts 0.02 £ 0.01 0.03+0.01 0.04 = 0.02 0.04 +0.02

4 Numbers in parentheses, number of muscles sampled.
b Greater than control untreated, p < 0.001.

° Less than control botulinum, p < 0.05.

< Greater than contro! untreated, p < 0.01.

be applied by continuous perfusion directly over the soleus muscle
in order to produce a maximal effect on terminal outgrowth. In
contrast, the main changes in the botulinum-treated rat soleus,
terminal branching and endplate elongation, are sensitive to even
partial AChR blockade produced by daily a-BuTx injections (Pestronk
and Drachman, 1978b; present results). The present data show that
continuous «-BuTx blockade of AChRs by perfusion produces
inhibition of outgrowth in both the rat and the mouse that is observ-
able with any method of analysis. With more complete AChR
biockade produced by a-BuTx perfusion, all three measures of nerve
terminal outgrowth are inhibited by more than 70% even in the
mouse.

There are at least three theoretically possible explanations for the
ability of a-BuTx and anti-AChR antibody to inhibit nerve terminal
outgrowth. First, these agents might reduce denervation changes in
muscle, which would then not be sufficient or appropriate to evoke
terminal outgrowth. This possibility is excluded, since a-BuTx actually
increases denervation changes seen after botulinum treatment
(Mathers and Thesleff, 1978; Drachman et al., 1982). Second, a-
BuTx and anti-AChR antibody might directly damage the nerve or
inerfere with its ability to grow. However, there are no pathological
changes in the light microscopic or ultrastructural morphology of
nerve terminals (or the postsynaptic apparatus) chronically treated
with a-BuTx (Drachman et al.,, 1982) or human myasthenic serum
(Toyka et al., 1978). In addition, neither a-BuTx nor anti-AChR
antibody impairs the ability of the nerve to undergo other types of
outgrowth such as collateral sprouting (A. Pestronk, manuscript in

preparation) or regeneration (see above), even in the same muscles
where terminal sprouting is inhibited. These findings appear to
exclude the possibility of general sprout-inhibiting effects of a-BuTx
and anti-AChR antibody. The third possible explanation seems most
likely: i.e., that the inhibitory effects of «-BuTx and anti-AChR anti-
body on terminal sprouting result from their common actions on
AChRs. Treatment with «-BuTx (a purified polypeptide snake toxin
of M, = 8000), passive transfer of human myasthenic immunoglob-
ulin, and immunization of rats with AChR are very different proce-
dures, but they share the ability to interfere specifically with AChRs.
Possible mechanisms for their effects include blockade or steric
hindrance of the ACh recognition site itself, steric hindrance of a
nearby site, or some as yet undefined secondary consequence of
AChR blockade. Further studies will be required to determine
whether these mechanisms operate by interrupting an interaction
between new nerve terminal branches and the surface components
of the muscle fiber or, less likely, via secondary changes induced in
muscle metabolism.

Dual and opposite effects of a-BuTx on nerve terminal outgrowth.
Paradoxically, agents that interact directly with the AChR should
have dual and opposite effects on terminal outgrowth at the neuro-
muscular junction. Their ability to inhibit transmission at the neuro-
muscular junction produces denervation changes in muscle (Ed-
wards, 1979; Fambrough, 1979) (including an increase of extrajunc-
tional AChRs). This in turn elicits terminal outgrowth. However, by
binding to and thereby reducing available AChRs, these agents also
tend to inhibit terminal outgrowth. Our results suggest that these
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opposite effects are probably occurring simultaneously, and are
competing. When mouse soleus muscles are treated with a-BuTx,
denervation changes occur (i.e., an increase of extrajunctional
AChRs), resulting in a small amount of terminal outgrowth. However,
quantitative analysis shows that terminal outgrowth in these muscles
is less than one would expect for the degree of denervation changes
induced by a-BuTx, a consequence of its growth-inhibiting effects.
A similar phenomenon is seen in the animals immunized against
AChR. One month after immunization some terminal outgrowth has
occurred. However, the terminal outgrowth (terminal branching and
endplate enlargement) normally seen after botulinum treatment is
inhibited. In this case it appears that an immune response to AChR
both stimulates (see also Bickerstaff and Woolf, 1960) and inhibits
terminai outgrowth.

Other factors influencing nerve terminal sprouting. The conclu-
sion that AChRs are important in evoking nerve terminal outgrowth
does not exclude the possibility that other factors may play a role
as well. if the basal lamina from a prior synaptic site is present,
AChR may not be necessary to initiate terminal outgrowth in regen-
erating nerves (Marshall et al., 1977). The characteristics of “synap-
tic” basal lamina that evoke terminal outgrowth from regenerating
nerves are not known. However, when nerve terminal outgrowth
occurs into areas without prior synaptic contact, such as during
development, after botulinum treatment, or in enlargement of the
endplate by regenerating axons (see “Terminal Outgrowth of Regen-
erating Axons at Old Synaptic Sites”), AChRs may play an important
role.

The idea that trophic or chemical factors may evoke nerve terminal
outgrowth has also been considered. At this time there is no direct
evidence that any such substances stimulate nerve terminal out-
growth in vivo, where local or surface factors such as AChRs and
the basal lamina seem to be important. Interestingly, an antibody
against an M, = 56,000 protein secreted by muscle has been found
to inhibit ultraterminal sprouting (Gurney, 1984). There is some
evidence that diffusible factors from muscle may play a role in
initiating or directing another type of outgrowth, collateral sprouting
(Ramoén y Cajal, 1928; Hoffman, 1950; Hoffman and Springell, 1951;
Diamond et al., 1976; O'Brien et al., 1978), since it must be evoked
over a distance. Further information in this area awaits identification
and characterization of all the factors that may stimulate or inhibit
nerve outgrowth in vivo.

In any event, study of the control of terminal outgrowth and other
forms of nerve growth must take into account the possible multifac-
torial nature of the process, including the intrinsic ability of the nerve
to grow (Ruffolo et al., 1978; Black and Lasek, 1979; Pestronk et
al, 1980; Huang and Keynes, 1983). Each type of motor nerve
growth should be analyzed separately to determine the factors
controlling it. Examination of the various types of nerve growth, and
the similarities and differences between them, should contribute to
a more precise understanding of neuronal sprouting and plasticity.
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