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Abstract

In this study, we have evaluated the role of impulse-dependent and spontaneous acetylcholine
(ACh) transmission in the neural regulation of two muscle properties: the resting membrane
potential (RMP) and the number of extrajunctional ACh receptors.

Complete blockade of ACh transmission was produced by infusion of a-bungarotoxin (a-BuTx)

into the soleus muscles of rats in vivo via implanted osmotic pumps. Blockade of nerve impulse
conduction was induced by prolonged treatment of the sciatic nerves of rats with tetrodotoxin
(TTX). Control studies demonstrated that the pharmacological actions of a-BuTx and TTX were
highly specific, with no significant impairment of fast axonal transport or alterations in the
morphology or physiology of the treated nerves.

ACh blockade using a-BuTx produced a fall in the RMP that was identical to the effect of surgical
denervation with respect to the time of onset, rate of development, and extent of change. Blockade
of nerve impulses using TTX produced a similar but partial change in the RMP that began later and
progressed more slowly than that of denervation.

Similarly, the increase of extrajunctional ACh receptors following a-BuTx-induced blockade of
ACh transmission was identical to that of surgical denervation. By contrast, the effect of nerve
impulse block using TTX was less pronounced at equivalent time points.

Our findings indicate that specific pharmacological blockade of ACh transmission produces
changes in the RMP and extrajunctional ACh receptors of skeletal muscle that are quantitatively
equivalent to those of denervation. This suggests that ACh transmission itself mediates the nerve’s
trophic regulation of these muscle properties. Impulse-related ACh release and/or the muscle usage
that it triggers account for only part of the regulatory effect; spontaneous ACh transmission (quantal
and/or nonquantal) contributes the remainder. We suggest that nonquantal ACh release may

represent the neurotrophic influence not fully accounted for in previous studies.

Motor innervation plays an important role in the reg-
ulation of many properties of skeletal muscle. Elimina-
tion of the influence of the nerve by surgical denervation
results in a variety of changes in the physiological, bio-
chemical, and structural properties of muscle fibers
(Guth, 1968; Drachman, 1974; Gutmann, i976; Vrbova et
al, 1978). Conversely, the motor nerve is thought to
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supply “trophic” influences that normally prevent these
denervation changes. The question of how these influ-
ences of the nerve are mediated has been a matter of
continuing controversy. Although ACh transmission and
the muscle usage that it produces have been shown to
play an important role (reviewed by Drachman et al.,
1981; Thesleff and Sellin, 1980), it also has been suggested
that unrelated factors (for example, materials carried by
axonal transport) may participate as well (Fernandez and
Ramirez, 1974; Ochs, 1974; Guth and Albuquerque, 1978;
Guth et al., 1981).

In the present study, we have attempted to define the
neural influences that regulate two such properties of
skeletal muscle, the resting membrane potential (RMP)
and the distribution of extrajunctional acetylcholine
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(ACh) receptors. These two properties change markedly
following denervation: the RMP falls rapidly by approx-
imately 15 mV from a normal level of —80 mV (Ware et
al., 1954; Albuquerque et al., 1971; Card, 1977; Stanley
and Drachman, 1980); the extrajunctional ACh receptor
density increases to a level several hundred times that of
the innervated muscle (Axelsson and Thesleff, 1959; Mi-
ledi, 1960; Edwards, 1979; Fambrough, 1979).

Our experimental strategy has been based on the se-
lective use of two specific neurotoxins: (1) a-bungaro-
toxin (a-BuTx) to eliminate cholinergic transmission and
(2) tetrodotoxin (TTX) to produce disuse by blocking
nerve conduction. We have devised techniques for the
application of the toxins to optimize blockade in the
intact animal and have carried out detailed studies to
ascertain the completeness and specificity of action of
the neurotoxins as employed in the present experimental
setting. Quantitative methods have been used to measure
the changes in RMP and ACh receptors in order to
compare the effects of pharmacological blockade with
those of surgical denervation.

Our results lead to the conclusion that the neural
regulation of the RMP and extrajunctional ACh recep-
tors of skeletal muscle may be mediated entirely by
cholinergic transmission. Both impulse-related and spon-
taneous release of ACh appear to have important roles
in the regulatory process. The implications of our findings
in terms of neurotrophic regulatory mechansims are con-
sidered below. Preliminary accounts of some of these
findings have been reported previously (Pestronk et al.,
1976b, 1980; Stanley and Drachman, 1979, 1980).

Materials and Methods

Experimental procedures were carried out on female
Sprague-Dawley rats (180 to 200 gm) under chloral hy-
drate anesthesia (400 mg/kg).

a-Bungarotoxin treatment (ACh blockade). These ex-
periments were designed to measure the effects of block-
ade of ACh transmission on the RMP and extrajunctional
ACh receptors of skeletal muscle. a-BuTx obtained from
the Miami Serpentarium was repurified by ion exchange
chromatography using Whatman CM-32 columns. Neu-
romuscular blockade was initiated by injecting a loading
dose of 3 or 8 ug of a-BuTx in 30 pl of Ringer solution
into the soleus muscle through a fine No. 30 needle.
Blockade was maintained by continuous infusion of a-
BuTx in Ringer solution at a rate of 1.0 pl/hr (containing
0.2 or 0.4 pg/pl) by means of Alzet osmotic infusion
pumps implanted subcutaneously in the abdominal wall.
The solution was delivered directly to the muscle via
tapered polyethylene tubing sutured to the proximal
tendon of the soleus. In short term experiments (up to 72
hr), the higher loading and maintenance doses of a-BuTx
indicated above were used. In experiments of longer
duration, the lower dose levels were used to avoid cu-
mulative toxicity and to ensure survival of the animals.

In the studies of RMPs, one group of 20 rats was
treated with o-BuTx for 8 to 120 hr. In a second group of
19 animals, one soleus muscle was denervated by cutting
the nerve to the soleus within 2 mm of its point of entry
into the muscle using fine iridectomy scissors. Great care
was taken not to disturb the blood supply or damage the
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muscle. The soleus muscles in the opposite legs of 11 of
these animals served as unoperated controls. In 4 addi-
tional animals, the soleus was injected with 30 pl of
Ringer solution followed by pump infusion of Ringer
solution at 1 pl/hr to control for the effect of infusion
alone.

In the studies of extrajunctional ACh receptors, the
treatment schedule was specially modified to permit the
measurement of receptors by '“I-a-BuTx binding after
neuromuscular blockade with «-BuTx. Injection and in-
fusion of a-BuTx were first carried out as above for 2 to
5 days. We confirmed the completeness of paralysis by
observation of the soleus muscle under a dissecting mi-
croscope while stimulating the nerve to the soleus. The
pumps then were removed, and neuromuscular blockade
was maintained as follows: a single intramuscular injec-
tion of 3 ug of a-BuTx was given immediately, followed
24 hr later by a final injection of 0.6 ug of '*I-labeled a-
BuTx. The measurement of extrajunctional ACh recep-
tors is possible after this treatment because their rapid
turnover (Berg and Hall, 1975b; Linden and Fambrough,
1979) results in replacement of most a-BuTx-blocked
extrajunctional receptors by newly incorporated recep-
tors within 48 hr. Because the a-BuTx injected on the
final day of ACh blockade was *°I labeled, it not only
served to maintain the transmission block but also spe-
cifically labeled the ACh receptors present at that time
(Stanley and Drachman, 1978). The blocked ACh recep-
tors remaining at the end of the experiment thus were
counted together with those subsequently labeled in vitro
with '®I-a-BuTx (see below).

Three groups of animals were used for comparison. In
the first group, the soleus muscle was denervated by
surgical section of the sciatic nerve in the midthigh. The
second group was both denervated and treated with a-
BuTx; injections of 3 ug of a-BuTx were given on days 0
and 2 or 5, and 0.6 ug of "*I-a-BuTx was given 1 day after
the last dose as in the experimental animals. In the third
(control) group, polyethylene catheters filled with Ringer
solution were sutured to the soleus muscle and, in some
cases, were connected to Alzet pumps.

To evaluate the specificity of action of chronically
administered a-BuTx, the following control studies were
carried out: (I) intracellular microelectrode recordings
were made in 18 muscles treated with a-BuTx for up to
72 hr. (2) Light microscopic studies of neuromuscular
junctions were made in 12 soleus muscles treated with
a-BuTx for 2 to 7 days. At the end of the treatment
period, the muscles were quick-frozen in isopentane
cooled with solid CO,, sectioned in a cryostat, and stained
for the combined demonstration of nerve terminals and
acetylcholinesterase as described previously (Pestronk
and Drachman, 1978). (3) Electron microscopic studies
were carried out in 7 soleus muscles treated with a-BuTx
for 2 or 5 days and in 2 control soleus muscles. At the
end of the a-BuTx infusion, the rats were killed by intra-
aortic perfusion with Ringer solution, followed by a fix-
ative solution of 5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.3. Endplate-containing segments of soleus
muscles were located by staining for cholinesterase (Kar-
novsky and Roots, 1964). These segments were postfixed
with 1% osmium tetroxide for 2 hr, dehydrated, and
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embedded in Epon 812. Thin sections were cut on a
Sorvall MT2B ultramicrotome, placed on Formvar-
coated grids, stained with uranyl citrate and lead acetate,
and examined with an AE801 electron microscope. Fifty-
four junctions of a-BuTzx-treated muscles and 27 control
junctions were photographed and examined. (4) Mea-
surement of fast axonal transport was carried out in 6
a-BuTx treated rats by the radiometric methods de-
scribed below. In 5 additional animals, «-BuTx was in-
jected into the mid-sciatic nerve to determine whether it
directly impedes axonal transport.

Tetrodotoxin treatment (muscle disuse). Impulse con-
duction was blocked in the sciatic nerve by subperineurial
injection of tetrodotoxin (TTX) (Sankyo) as described
previously (Pestronk et al.,, 1976b). TTX (2 pug in 2 ul of
Ringer solution) was injected into the surgically exposed
sciatic nerve at the midthigh level by means of a glass
micropipette coupled to a micrometer-driven syringe
mounted on a micromanipulator. Nerve conduction block
developed within 10 min and usually remained complete
for 48 hr.

By means of repeated injections at 48-hr intervals,
paralysis was maintained for up to 7 days without nerve
damage. Just before each repeat injection of TTX and at
the termination of each experiment, the blockade was
tested by electrical stimulation of the nerve above the
injection site. If the blockade was incomplete, the animals
were discarded.

RMPs were measured in the soleus muscles of 22 rats
treated with TTX for 1 to 7 days. Eighteen animals,
denervated by surgical section of the sciatic nerve in the
midthigh at the same intervals prior to RMP measure-
ment, also were examined in this study. Controls con-
sisted of the opposite soleus muscle of 18 denervated or
TTX-treated animals either untreated (15 muscles) or
treated with injections of Ringer solution (3 muscles).

Extrajunctional ACh receptors were determined in the
extensor digitorum longus (EDL) and soleus muscles of
17 rats treated with TTX for 4 or 7 days. Twenty-five
animals denervated by sciatic nerve section, 5 animals
denervated and given T'T'X injections into the distal
nerve stump, and 9 animals treated with intraneural
injections of Ringer solution also were used in this ex-
periment for extrajunctional ACh receptor determina-
tion.

Control studies to ascertain the efficacy and specificity
of the TTX treatment were carried out in three groups
of TTX-treated animals. In the first group of rats, intra-
cellular recordings of miniature endplate potentials
(mepps) and evoked endplate potentials (epps) were
made after 1 to 7 days of TTX treatment. The second
group of animals was used for light microscopy of treated
nerves. The sciatic and soleus nerves of rats treated with
TTX for 7 days and of the 6 rats treated with Ringer
solution for 7 days were embedded in Epon. One-micro-
meter-thick sections were stained with toluidine blue,
coded, and examined microscopically by three of us with-
out knowledge of the prior treatment. The third group of
11 animals treated with TTX for 2 hr to 7 days was used
for measurement of fast axonal transport (see below).

Resting membrane potential measurement. RMPs
were measured in the exposed soleus muscles in vivo
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using glass microelectrodes filled with 3 M KCl and
having tip resistances of 5 to 20 megohms. The electrodes
were connected to a W-P Instruments (M701) amplifier
with a unity gain. The output of the amplifier was fed
into a sensitive electrometer (Keithley 6012B) for mea-
surement of RMPs and also was displayed on a Tektronix
(510N) storage oscilloscope for measurement of minia-
ture endplate potentials (mepps). Microelectrodes were
rejected if there was an increase in tip resistance of 4
megohms or more during the course of recording. The
tip potentials of 15 typical microelectrodes averaged 0.8
mV and were invariably less than 2.5 mV. RMPs were
recorded from the anterior aspect of the soleus muscle.
An incision was made through the skin on the lateral side
of the calf, and the biceps femoris then was separated
from the tibialis anterior muscle. The biceps femoris was
reflected to expose the anterior aspect of the soleus.
Immediately after exposure, the soleus was bathed in
fresh rat serum, and a pool of serum was formed over the
muscle by raising the skin flaps on either side. After 5
min of equilibration, the temperature of the serum pool
stabilized at between 32 and 35°C. Where serum was
used to bathe the muscle, the RMPs were found to be
higher and more stable than when the muscle was bathed
in Ringer solution (Kernan, 1963).

All recordings were made from the region of the muscle
containing the endplates, as it has been suggested that
the earliest change in RMP after denervation may occur
at the junctional region of the muscle fiber (Albuquerque
et al., 1971). In experiments where mepps were present,
the occurrence and rise times of mepps (<1.5 msec, onset
to peak) were used as a guide to the endplate regions of
the muscle. Where there were no mepps (long term
denervation or postsynaptic blockade), we relied on
knowledge of the location of the endplate region in the
muscle, which was first determined by mapping cholin-
esterase staining in a series of excised soleus muscles
(Stanley and Drachman, 1980). Only RMPs from surface
fibers were measured, as it has been shown that deeper
fibers have a higher mean RMP (Card, 1977).

Extrajunctional ACh receptor determinations. Mus-
cles were teased longitudinally into three or four pieces,
pinned at resting length, and incubated for 3 to 4 hr at
37°C in modified Ham’s F-12 culture medium containing
0.1 to 0.3 pg of "*I-a-BuTx/ml (specific activity, 2 to 5
% 10* Ci mol™") as previously described (Pestronk et al.,
1976a, b). The muscles then were washed thoroughly,
fixed in 4% glutaraldehyde, and stained for acetylcholin-
esterase. Junction-free muscle strips were dissected fur-
ther under the stereomicroscope into small bundles of 10
to 100 fibers, and the number and length of fibers in each
bundle were determined. The radioactivity due to bound
'»I-a-BuTx was measured in a Gamma counter. Trans-
verse sections of frozen muscles stained with hematoxylin
and eosin were used to compute average fiber diameters.
Results are expressed as ACh receptor sites per um® of
surface membrane (mean *+ SE).

Axonal transport. In order to determine whether a-
BuTx or TTX might interfere with axonal transport, we
carried out measurements of fast axonal transport of
radiolabeled proteins and glycoproteins in the sciatic
nerves of rats treated with each of the neurotoxins. The
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radioactive precursors used in these studies included
[*H]leucine, [*H]fucose, and [**S}methionine. The pre-
cursor solution was injected directly into the ventral horn
of the lumbar spinal cord by means of a glass micropi-
pette mounted on a micrometer-driven syringe as previ-
ously described (Griffin et al., 1976, 1981). Following
injection, the sciatic nerve bed or rectal temperature was
maintained at 37°C by a temperature regulator (Yellow
Springs Instrument Co. model 73) and heat lamp. After
an interval of 4 to 24 hr to permit axonal transport, the
animals were killed as previously described. The sciatic
nerves and ventral roots were dissected in continuity and
divided into 3-mm segments. Each segment was digested
in 2 N NaOH at 60°C, neutralized, and dissolved in
Aquasol (New England Nuclear) scintillation counting
medium. Counting was done in a Beckman LS150 scin-
tillation counter. The results, expressed as counts per
min per 3-mm nerve segment, were plotted against the
position along the nerve, given in millimeters (Figs. 1 and
2). The short duration (4- to 8-hr) experiments were used
to determine the rate of fast transport by measuring the
distance to the point at which the leading edge of the
curve fell below 2 SD above the mean base line nontrans-
ported radioactivity in the nerve. Mean rates of transport
are expressed as millimeters per day (mm d ') = SE. The
long term (24-hr) experiments were used to test whether
any transported material was held up at the site of
intraneural injection of a-BuTx or TTX.

Results

Effects of neurotoxins

We first examined the effects of prolonged a-BuTx and
TTX treatments on neuromuscular function and struc-
ture.

a-Bungarotoxin. a-BuTx treatment produced com-
plete neuromuscular blockade within % to 1% hr after
the initial intramuscular injection and was maintained
throughout the duration of the infusion. Nerve stimula-
tion failed to elicit detectable contractions as observed
with the stereomicroscope. Neither mepps nor epps could
be recorded with intracellular microelectrodes.

Axonal transport of incorporated [*S]methionine was
normal in rate (389 + 18 mm d™') and did not differ
significantly from the control side (403 + 38 mm d7')
(Fig. 1la). With the intraneural administration of the
toxin, there was no retention of transported radioactivity
at the site of injection (Fig. 1b).

The morphology of the neuromuscular junctions of
soleus muscles treated with a-BuTx for 2 to 7 days was
examined by light microscopy of material stained for
axons and acetylcholinesterase and measured as previ-
ously described (Pestronk and Drachman, 1978). There
were no morphological differences between a-BuTx-
treated and control junctions (Fig. 2a). The mean end-
plate length was 40 = 2 (SE) um in a-BuTx-treated
muscles and 39 + 2 ym in controls; the number of nerve
terminal branch points was 3.4 = 0.2/endplate in a-BuTx-
treated muscles and 3.5 = 0.1/endplate in controls. In
muscles denervated for the same period of time, the
nerve terminals had degenerated completely.

Electron micrographs of the neuromuscular junctions
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Figure 1. Effect of a-BuTx on fast axonal transport of
[*¥S]methionine-labeled proteins in rat sciatic nerves. a, a-BuTx
was infused into the soleus muscle as described in the text. [J,
a-BuTx-infused side; @, opposite untreated control side. Nerves
were removed 5 hr after intraspinal injection of [**S]methionine.
The curves represent mean values for 3 animals. There were no
differences in the rates of fast transport or the forms of the
transport curves in the a-BuTx-treated and control sides. &,
Transport curves of rat sciatic nerves injected with «-BuTx
(O) or Ringer solution (@) at the position of the arrow. The
nerves were ligated distal to the site of injection, and trans-
ported material was allowed to accumulate for 24 hr. Note that
the amount of radioactivity transported to the ligature is com-
parable in the two nerves and that there is no accumulation
proximal to the site of injection.

of soleus muscles treated for 2 or 5 days with a-BuTx
infusions showed no abnormalities. The nerve terminals,
apposition of pre- and postsynaptic structures, and post-
synaptic folds were all identical to controls (Fig. 3).
Tetrodotoxin. Injection of TTX into the sciatic nerve
resulted in complete, sustained block of nerve conduction
across the treated region. The sciatic nerve was stimu-
lated, and electrical recordings were made from the sur-
face of the soleus and EDL muscles in vivo while the
muscles were observed under a stereomicroscope. In
animals treated with TTX for 2 to 7 days, no mechanical
or electromyographic responses could be detected from
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Figure 2. a, Neuromuscular junctions from normal and a-BuTx-treated soleus muscles.
The black silver-stained nerve terminals end within the gray areas stained for cholinesterase.
Typical junctions from a normal control animal (left) and from muscle treated with a-BuTx
for 7 days (right) are shown. There was no difference in terminal size or morphology in
normal and a-BuTx-treated muscles. Bar = 25 um. b, Soleus nerves after sciatic nerve
injection with Ringer solution (left) and TTX (right). In each case, the nerves were treated
for 7 days. A few fibers showed Wallerian degeneration in each nerve. Sections were stained

with toluidine blue. Bar = 25 ym.

the muscles following a stimulus proximal to the blocked
region of the nerve. A stimulus distal to the blocked
region of the nerve, however, resulted in a brisk contrac-
tion and a normal muscle action potential. In the muscles
of TTX-treated animals, mepps were recorded in a pro-
portion (69%) of muscle fibers similar to that of the
controls (73%). Further study of mepps was done in vitro
using excised muscles immersed in oxygenated Trowell’s
T8 medium. Seven days of TTX treatment did not reduce
the mepp frequency (soleus, 2.0 + 0.03 s™'; EDL, 2.4 +
0.27 s7') or amplitude (soleus, 0.37 + 0.03 mV; EDL, 0.46
+ 0.05 mV, corrected to —75 mV RMP) recorded at 22°C.

Fast axonal transport of incorporated [*H]leucine,
[*S]methionine, or [PH]fucose was measured in rats
treated with TTX for 7 days. The transport rate through

the region of injection was normal (387 + 26 mm d™')
and equal to that of the control side (396 + 16 mm d™').
The form of transport curves was not altered by TTX
treatment nor was there holdup of transported radioac-
tivity at the site of injection (Fig. 4).

The effect of TTX treatment on the morphology of 7-
day TTX-injected and Ringer-injected nerves was ex-
amined by light microscopy. No morphological differ-
ences were found in the sciatic nerve or its branches to
EDL and soleus; only occasional degenerating axons
could be identified after either treatment (Fig. 2b).

Effects of treatments on muscle RMPs

The normal RMP in the rat soleus muscle measured
in vivo was 79.4 = (SD) 3.0 mV in 684 muscle fibers from
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Figure 3. Electron micrographs of a typical neuromusc
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ular junction of soleus muscle treated

for 5 days with a-BuTx. Note the normal morphology of nerve terminals and postsynaptic
regions. a, Low power view: magnification X 8,760. Bar = 1 um. b, High power view of nerve
terminal: magnification X 44,000. Bar = 0.45 pm.

34 untreated muscles. Surgical denervation, leaving a 5-
mm nerve stump, resulted in a fall in the RMP which
began at 18 to 24 hr and reached a plateau of about —65
mV at 36 to 42 hr (Table I; Fig. 5).

The result of a-BuTx infusion was identical to that of
surgical denervation: the RMP began to fall at 18 to 24
hr after the onset of treatment, declined maximally to
—65 mV at 36 to 42 hr, and remained at that level for at
least 80 hr (Table I; Fig. 5). Muscles treated with infu-
sions of Ringer solution showed no change in RMP as
compared to untreated controls. Thus, the curves of
RMP change after denervation and, after «-BuTx treat-
ment, were virtually superimposable (Table I; Fig. 5).

Similarly, TTX treatment produced a decrease in the
RMPs of soleus muscle fibers. However, the change
began between 48 and 72 hr, which was later than that
following midthigh nerve section. It did not reach the
maximum fall to —65 mV until about 7 days (Table II;
Fig. 6).

Effects of treatments on extrajunctional ACh receptors

Surgical denervation resulted in a marked increase of
extrajunctional ACh receptors in both the EDL and
soleus muscles. The rise was greater at 7 days than at 4
days (Figs. 7 and 8).

a-BuTx treatment also produced an increase in extra-
junctional ACh receptors above control levels (Fig. 7).
More important, comparison of the extrajunctional ACh
receptor density in the a-BuTx-treated muscles and the
two groups of denervated muscles showed no significant
differences. Thus, a-BuTx infusion reproduced the effect
of denervation with respect to extrajunctional ACh re-
ceptors. In control experiments, the surgical manipula-
tions involved in the infusion did not increase the level
of extrajunctional ACh receptors significantly as com-
pared to the untreated controls. Furthermore, the a-
BuTx did not appear to exert a direct effect on muscle
independent of its interference with neuromuscular
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Figure 4. Effect of intraneural TTX injection on fast axonal
transport of [**S]methionine-labeled proteins in rat sciatic
nerve. A, Nerve treated with TTX for 5 days at the position of
the arrow; @, opposite control side injected with Ringer solution
for 5 days. Nerves were removed 7 hr after intraspinal injection
of [**S]methionine. There was no difference in the rate of fast
transport or in the form of the transport curves. Transported
protein did not accumulate at the site of injection.

TABLE I
Effect of a-BuTx and denervation on the RMP

a-BuTx-treated Denervated
Time RMP RMP
Rats  Fibers Rats  Fibers ———
Mean SE Mean SE
hr mv mvV
0 34 684 794 0.1
8 2 41 795 0.5 2 41 79.0 05
18 2 41 79.1 05 2 41 790 06
24 3 103 71.2 0.3 4 105 71.5 0.5
30 4 87 68.7 04 2 41 688 05
36 2 50 663 05 2 47 676 05
42 2 41 655 0.6 2 41 652 0.6
48 2 41 64.7 05 2 41 66.3 1.0
72 2 48 64.3 0.7 1 32 65.7 0.6
120 1 48 66.3 0.6 2 48 66.0 0.5
30° 2 45 794 0.5
48° 2 46 796 05

“ Pooled untreated controls.
® Ringer-treated controls.

transmission, since a-BuTx treatment plus denervation
produced levels of extrajunctional ACh receptors similar
to those of either treatment alone (Fig. 7).

Similarly, TTX treatment produced a denervation-like
increase of extrajunctional ACh receptors in the EDL
and soleus muscles at both 4 and 7 days (Fig. 8, a and b).
However, the levels of ACh receptors in the T'TX-treated
muscles were significantly lower than those of the dener-
vated muscles at both time points. The injection proce-
dure itself could not account for the increase in extra-
junctional ACh receptors in the TTX-treated animals, as
there was no change following subperineurial injections
of control Ringer solution. TTX had no effect on the
levels of ACh receptors in addition to that of denervation,
since treatment with TTX plus denervation resulted in
an increase of ACh receptors similar to that of denerva-
tion alone (Fig. 8, a and b).
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Discussion

The main findings in the present investigation show
that: (1) blockade of neuromuscular transmission with
a-BuTx results in changes in the RMP and extrajunc-
tional ACh receptors of skeletal muscle that are quanti-
tatively equivalent to those of surgical denervation and
(2) blockade of nerve impulse conduction with TTX
leads to changes in the two muscle properties tested that
are similar to, but less pronounced than, those of dener-
vation.

As in any pharmacological study, the interpretation of
these findings depends critically on the specificity of
action of the agents used. The two neurotoxins used in
these experiments, a-BuTx and TTX, are highly potent
and selective biological agents known to interfere with
specific steps in the processes of neuromuscular excita-
tion. We have evaluated the physiological effects of each
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Figure 5. Effect of a-BuTx treatment and denervation on
RMPs of soleus muscles. O, Untreated control muscles; &,
Ringer-treated control muscles; @, denervated muscles; [J, a-
BuTx-treated muscles. Note that the time course of the fall in
RMP was virtually identical in the a-BuTX-treated and dener-
vated muscles. Each point represents the mean RMP of 20
fibers in a single muscle.

TABLE I
Effect of intraneural TTX injection and denervation on the RMP
TTX-injected® Denervated
Time RMP RMP
Rats Fibers Rats Fibers ———
Mean SE Mean SE
mvV mV
0° 34 684 794 0.1
12 hr 2 40 798 05
24 hr 4 52 788 0.3 2 40 738 0.5
36 hr 2 24 784 06 2 37 695 1.0
48 hr 4 54 787 05 2 40 643 0.6
3 days 4 61 730 05 2 60 660 05
4 days 4 62 69.5 0.7 2 41 65.1 0.6
5 days 1 20 71.5 1.0
6 days 3 60 656.1 04
7 days 3 107 644 04 3 135 652 0.3
6 days® 3 62 81.1 04

“Only RMPs from fibers in which mepps could be recorded were
included.

® Pooled untreated controls.

“ Ringer-injected controls.
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toxin under the particular conditions of the present ex-
periments in order to determine the completeness and
specificity of their actions. Detailed examinations of the
structure and function of the treated nerves and neuro-
muscular junctions have been carried out to rule out
unexpected damaging effects of the toxins.
a-Bungarotoxin. Numerous studies have confirmed
the specificity of action of a-BuTx in blocking ACh
receptors of skeletal muscle (Miledi and Potter, 1971;
Changeux et al.,, 1970; Lee, 1972). a-BuTx has no known
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Figure 6. Effect of TTX blockade of nerve conduction on
RMPs of soleus muscles. O, Untreated control muscles; O,
Ringer-treated muscles; A, TTX-blocked muscles; @, dener-
vated muscles. Note that TTX treatment resulted in a fall of
the RMP that began later and fell more gradually than after
denervation. Each point represents the mean RMP of 7 to 20
fibers in a single muscle.
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Figure 7. Effect of a-BuTx treatment on extrajunctional
ACh receptors (AChR) of rat soleus muscles. Note that the
increase of ACh receptors after a-BuTx treatment was equiva-
lent to that after denervation (Den) at both the 4- and 7-day
time points.
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Figure 8. Effect of TTX blockade of nerve conduction on extrajunctional ACh receptors
(AChR) of rat muscles. a, Soleus muscle; b, extensor digitorum longus muscle. Note that
TTX produced a significant increase of ACh receptors and that the effect of denervation
(Den) was greater than that of TTX at both 4 and 7 days.
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inhibitory action on the release of ACh by the motor
nerve or nerve terminal (Miledi et al., 1978), although
presynaptic binding has been suggested by electron mi-
croscopy (Lentz et al., 1977).

Although the binding of a-BuTx to ACh receptors is
virtually irreversible, previous attempts to produce last-
ing cholinergic blockade by intramuscular injections of
the toxin have been disappointing because partial recov-
ery of neuromuscular transmission occurs rapidly (Chang
et al., 1975; Fertuck et al., 1975; Pestronk and Drachman,
1978). We therefore devised a method of continuous local
intramuscular infusion of a-BuTx which maintains a
persistent blockade of ACh transmission as documented
by the absence of mepps and the lack of electrophysio-
logical or mechanical response to motor nerve stimula-
tion. Prolonged infusion of a-BuTx by this method did
not damage the motor nerve terminals histologically or
ultrastructurally. Fast axonal transport was not affected
by intramuscular infusion or intraneural injection of a-
BuTx. Thus, as used in the present investigation, a-BuTx
infusion appears to be an effective method of producing
both specific and continuous blockade of cholinergic
transmission. By virtue of its postsynaptic action at the
ACh receptor site, it can intercept all ACh transmission
(both quantal and nonquantal). Because of its specificity,
it is highly improbable that a-BuTx could interfere with
the transport, delivery, or action of hypothetical
“trophic” agents other than ACh.

Tetrodotoxin. TTX has been shown to interfere with
the conduction of electrical impulses in excitable mem-
branes by blocking sodium conductance channels (Evans,
1972). In this study, it was injected intraneurally, result-
ing in complete blockade of nerve conduction at the site
of application, while allowing the distal portion of the
nerve to function normally. We have been able to main-
tain nerve blockade for a prolonged period of time by
injecting TTX repeatedly without significantly damaging
the nerves or nerve terminals morphologically. Further-
more, TTX blockade does not interfere with axonal
transport of radiolabeled proteins and glycoproteins
across the site of injection or throughout the length of
the nerve. Finally, the distal portion of the axon and the
nerve terminals remain functionally intact as judged by
their ability to release ACh spontaneously and in re-
sponse to impulses. Based on these observations, TTX
blockade fulfills the criteria for pure muscle disuse: nerve
impulses (and impulse-related ACh release and muscle
usage) are eliminated without structural or functional
damage to the motor nerves or neuromuscular junctions.

Blockade of ACh transmission: Effects on RMP and
ACh receptors. It was first necessary to establish the
time course of the change in RMP following denervation,
since previous reports have given conflicting results (Al-
buquerque et al., 1971; Card, 1977). Using an in vivo
recording technique, we found that the RMP began to
fall 18 to 24 hr after nerve section (with a very short
nerve stump) and achieved a maximum change of 15 mV
at 36 to 42 hr (Stanley and Drachman, 1980) in agreement
with Card (1977). This time course has proven highly
consistent through seven separate sets of experiments
using 117 animals.

Blockade of cholinergic transmission by a-BuTx infu-
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sion resulted in changes in the RMP that faithfully
reproduced the pattern of surgical denervation. The
curves of RMP changes in a-BuTx-treated and dener-
vated muscles were virtually superimposable throughout
their entire time course (see “Results”; Fig. 5).

Similarly, the increase of extrajunctional ACh recep-
tors corresponded closely in a-BuTx-treated and dener-
vated muscles at the two time periods examined. These
changes could not be attributed to the experimental
manipulations, since control infusions of Ringer solution
or surgical implantation of polyethylene catheters had
no such effects. Further, the a-BuTx did not have a direct
effect on the muscles independent of ACh receptor block-
ade, since the combination of denervation plus a-BuTx
treatment did not result in a higher level of ACh receptors
than denervation alone.

These findings now demonstrate that the effects of
cholinergic blockade are quantitatively equivalent to
those of surgical denervation with respect to the two
neurally regulated properties of muscle examined. Qur
results are in general agreement with those of earlier
studies of the RMP and extrajunctional ACh receptors
(Berg and Hall, 19756a; Chang et al., 1975; Mathers and
Thesleff, 1978; Pestronk and Drachman, 1978; Tonge,
1978), though the previous reports did not establish the
quantitative completeness of the effects. In some studies,
the use of methods that produced partial ACh blockade
gave results that were similar to those obtained in the
present experiments but were less pronounced than the
effects of denervation (Chang et al., 1975; Pestronk et al.,
19764a; Pestronk and Drachman, 1978; Tonge, 1978). In
one report (Berg and Hall, 1975a), systemic administra-
tion of postsynaptic blocking agents to rats resulted in
large effects on ACh receptors and RMPs. However, the
heroic methods necessary to sustain the paralyzed ani-
mals precluded the accumulation of sufficient data to
permit quantitative conclusion regarding the complete-
ness of the effects. In our investigations, the method of
intramuscular a-BuTx infusion produced continuous lo-
cal blockade of ACh transmission; its simplicity permit-
ted the use of relatively large numbers of animals, and
the reproducibility of the methods of measurement of
RMP and ACh receptors allowed quantitative compari-
son with the effects of surgical denervation.

TTX blockade of nerve impulses: Effects on RMP and
ACh receptors. TTX blockade of impulse conduction
resulted in changes in both the RMP and the extrajunc-
tional ACh receptors of skeletal muscles similar to those
of denervation but less marked in degree and/or slower
in the time course of development. The RMP began to
fall at 48 to 72 hr after beginning TTX treatment, which
is much later than the 18- to 24-hr onset observed after
denervation. The rate of decline of the RMP was slower
than that following denervation; it eventually attained a
maximum decrease of 15 mV at about 7 days of TTX
treatment, while the RMP of denervated muscles
reached this level at 48 hr. Similarly, extrajunctional
ACh receptors increased after TTX nerve blockade.
However, the increase was less marked, as compared
with the denervated muscles, at both 4 and 7 days.
Reports from several laboratories have confirmed the
partial denervation-like effects of T'T'X blockade on these



The Journal of Neuroscience

and other properties of muscle (Lavoie et al., 1976; Pes-
tronk et al., 1976b; Mills et al., 1978).

The results of our TTX experiments are consistent
with two other lines of evidence that indicate that nerve
impulses and muscle usage have an important but partial
role in the neural regulation of skeletal muscle properties.
First, several reports have shown that electrical stimu-
lation is effective in preventing or reversing certain de-
nervation changes (Jones and Vrbova, 1970; Drachman
and Witzke, 1972; Lomo and Rosenthal, 1972; Purves and
Sakmann, 1974; Westgaard, 1975). For example, when
stimulation was applied directly to the denervated hem-
idiaphragms of rats in imitation of the normal phrenic
nerve impulse pattern, the increase of extrajunctional
ACh sensitivity was largely, but incompletely, prevented
(Drachman and Witzke, 1972). Second, “nerve stump”
experiments have shown that some influence indepen-
dent of nerve impulses or muscle activity remains in the
distal stump of a severed motor nerve and is capable of
delaying the onset of certain denervation changes. The
onset of fibrillations (Luco and Eyzaguirre, 1955), the fall
in the RMP (Locke and Solomon, 1967; Albuquerque et
al., 1971; Stanley and Drachman, 1980), and the increase
in extrajunctional ACh receptors (Uchitel and Robbins,
1978) occur later in muscles with longer nerve stumps
than in those with nerves sectioned close to the muscle.
Since nerve section renders the denervated muscles in-
active regardless of the stump length, this indicates that
some factor other than muscle usage must account for
the difference in timing. These experiments do not spec-
ify the nature of the factor, which we suggest may be
continued spontaneous ACh leakage (see below).

The role of ACh transmission and its impulse-directed
and spontaneous components. Our observations show
that elimination of ACh transmission alone is equivalent
to surgical denervation with respect to its effects on the
muscle properties examined. The simplest interpretation
of these findings is that the loss of ACh transmission is
sufficient to account for the changes in the RMP and
extrajunctional ACh receptors that follow denervation.
Further, this suggests that ACh transmission normally
mediates the motor nerve’s influence on the RMP and
extrajunctional ACh receptors.

The separate contributions of impulse-dependent and
spontaneously released components of ACh transmission
also may be inferred from our data. As noted above,
blockade of nerve impulses by TTX produced incomplete
denervation-like effects on the RMP and extrajunctional
ACh receptors. Since elimination of al{l ACh transmission
by a-BuTx resulted in complete denervation-like effects,
while blockade of its impulse-dependent fraction pro-
duced only partial effects, the difference may be attrib-
uted to the spontaneously released component of ACh.

According to present concepts, spontaneous release of
ACh from motor nerve terminals occurs in both quantal
(Fatt and Katz, 1952) and nonquantal forms (Potter,
1970; Katz and Miledi, 1977). Far more ACh is believed
to be liberated by nonquantal leakage than by sponta-
neous quantal release (Potter, 1970; Katz and Miledi,
1977). The relative contributions of each of these forms
of spontaneous ACh release in regulating skeletal muscle
properties have not yet been defined. However, we now
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have preliminary evidence that nonquantal ACh release
has an important role in the regulation of the RMP. As
described above, the onset and time course of the changes
in RMP produced by denervation and a-BuTx treatment
were virtually identical. If cessation of ACh transmission
is responsible for the change in RMP, this would predict
that ACh transmission stops at about the same time after
either treatment. We have found that a-BuTx blocks
cholinergic transmission by about 1'% hr after injection.
Nerve section results in immediate cessation of nerve
impulses (and therefore of impulse-dependent ACh
release). Spontaneous quantal ACh release (mepps) per-
sists for approximately 12 hr. Preliminary studies indicate
that the bulk of spontaneous ACh release—presumably
the nonquantal form—stops earlier than the mepps, ie.,
within a few hours after close nerve section (Stanley and
Drachman, 1981). This suggests that impulse-dependent
and nonquantal spontaneous forms of ACh release are
most important in the regulation of the RMP, while the
role of spontaneous quantal ACh release is not yet clear,

Experiments using botulinum toxin suggest that both forms
of spontaneous ACh release may be involved in the regulation
of extrajunctional ACh receptors. Botulinum toxin has been
shown to block nearly all guantal ACh release, including both
the impulse-related and the spontaneous components (Brooks,
1956; Kao et al., 1976; Pestronk et al., 1976a; Cull-Candy et al.,
1976). Its effect on nonquantal ACh release is not yet known,
though a substantial proportion of spontaneous ACh release is
not blocked by the toxin. Chronic botulinum treatment results
in an increase of extrajunctional ACh receptors similar to, but
less pronounced than, that of denervation (Pestronk et al.,
1976a; Simpson, 1977; Mathers and Thesleff, 1978) but greater
than that of disuse (Pestronk et al., 1976b). The fact that the
effect of botulinum is less than that of surgical denervation
suggests that nonquantal ACh release left unblocked by botu-
linum toxin plays a role in the mediation of the nerve’s regula-
tory effect. Additional support for this view is provided by
experiments showing that the combination of botulinum toxin
and a postsynaptic blocking agent, which could interfere with
transmission of nonquantally released ACh, produces a greater
change in ACh receptors than does botulinum alone (Mathers
and Thesleff, 1978). On the other hand, the fact that the effect
of botulinum toxin is greater than that produced by impulse
blockade with TTX may be due to its additional interference
with spontaneous quantal ACh release.

These observations lead to the conclusion that spontaneous
ACh release plays an important partial role in the regulation of
both the RMP and the extrajunctional ACh receptors of skel-
etal muscle, though further studies are needed to define the
precise contribution of the quantally and nonquantally released
components.

It has been suggested previously that hypothetical
trophic substances delivered to skeletal muscles by motor
nerves may regulate the RMP, extrajunctional ACh re-
ceptors, and other muscle properties (Albuquerque et al.,
1972; Fernandez and Ramirez, 1974; Guth and Albuquer-
que, 1978; Guth et al., 1981; Ochs, 1974). For example a-
BuTx might theoretically block the neural release or
muscle uptake of a trophic factor other than ACh. While
this possibility cannot logically be excluded entirely, the
exquisite specificity of action of a-BuTx detailed above
makes such actions highly improbable. Based on the
present results, there seems to be no need to postulate
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trophic mediators other than ACh to account for the
neural regulation of the muscle properties studied in this
investigation. It is tempting to speculate that sponta-
neous nonquantal ACh release constitutes the previously
unaccounted for “neurotrophic factor.”

Conclusions

Specific pharmacological blockade of ACh transmis-
sion produced changes in the RMP and extrajunctional
ACh receptors of skeletal muscle that were quantitatively
equivalent to those of denervation. We therefore postu-
late that ACh transmission itself mediates the nerve’s
trophic regulation of these properties. Impulse-related
ACh release and/or the muscle usage that it triggers can
account for only part of the regulatory effect of the motor
nerve. The remainder is attributed to transmission of
spontaneously released ACh; the relative contributions
of the quantally and nonquantally released forms require
further definition. The fact that both the RMP and the
extrajunctional ACh receptors respond similarly to
changes in cholinergic transmission provides mutual sup-
port for these observations. However, this does not imply
that all neurally regulated properties of muscle are influ-
enced identically by ACh transmission. The factors that
regulate each such property must be evaluated individ-
ually. Future studies need to be directed toward learning
more about the muscle’s side of the relationship, in order
to determine how cholinergic transmission regulates a
complex range of biochemical and physiological re-
sponses on the part of the muscle.
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