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SUMMARY

1. Extensor digitorum longus muscles of rats were paralysed with local, non-lethal
doses of botulinum toxin Type A (BoTx). At 2 and 7 days after toxin injection, the
nerve-muscle preparations were excised and end-plate currents analysed at 23 'C by
dual-micro-electrode voltage clamp.

2. At 2 days after BoTx injection, the growth time of miniature end-plate currents
(m.e.p.c.s) increased from a rather narrow range with a mean of 0-59 to a mean of
1-35 ms with a large variability between m.e.p.c.s. End-plate currents (e.p.c.s) were
reduced compared to unpoisoned muscle. The decay phase of m.e.p.c.s and e.p.c.s,
the growth phase of e.p.c.s and the voltage sensitivity of m.e.p.c.s were unchanged.

3. At 7 days after BoTx injection, the findings were similar to 2 days except that
the time constant of the decay phase of m.e.p.c.s and e.p.c.s was about twice as long
as normal and that the voltage sensitivity of m.e.p.c.s was increased.

4. The acetylcholine null potential (about 0 mV) was unchanged after treatment
with BoTx.

5. The increase in the growth time of m.e.p.c.s compared to e.p.c.s following the
injection ofBoTx suggests that the poisoning, besides blocking quantal release, affects
the time course of spontaneous but not that of evoked release. After BoTx poisoning
the trans-synaptic diffusion of a majority of spontaneously released transmitter
quanta seems to occur more slowly or from areas more distant from the highest
concentration of the post-synaptic receptor than that of evoked release.

6. The increase in the decay phase of m.e.p.c.s and e.p.c.s and its increased voltage
sensitivity observed in muscles poisoned for 7 days with BoTx suggest the appearance
at the end-plate ofa population ofnew receptors with a prolonged ion channel opening
time similar to that previously described for extrajunctional receptors after
denervation and for junctional receptors during development.

INTRODUCTION

Botulinum toxin (BoTx) has both pre- and post-synaptic effects at the neuro-
muscular junction. Its primary action is on the nerve terminal, where it blocks release
ofacetylcholine (see review by Howard & Gundersen, 1980) without affecting impulse
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conduction down the nerve or at the nerve terminal (Harris & Miledi, 1971). BoTx
does not completely abolish acetylcholine release. Miniature end-plate potentials
(m.e.p.p.s) of low-frequency and end-plate potentials (e.p.p.s) of low amplitude can
be recorded from BoTx-treated muscles (Harris & Miledi, 1971; Cull-Candy, Lundh
& Thesleff, 1976).

In addition, BoTx produces denervation-like effects in the muscle, such as an
increase in extrajunctional sensitivity to acetylcholine (Thesleff, 1960). Since extra-
junctional receptors have channel kinetics different from those at the end-plate of
innervated muscle (Dreyer, Muller, Peper & Sterz, 1976; Sakman, 1978; Gage &
Hamill, 1980), there existed the possibility that similar alterations may occur at the
end-plate after denervation.
To circumvent the problem of locating and analysing end-plate receptors after

denervation. BoTx was used to produce denervation-like effects. Using this technique,
the neuromuscular junction remains morphologically intact and miniature end-plate
currents (m.e.p.c.s) and end-plate currents (e.p.c.s) can be analysed by voltage-clamp
technique. Furthermore, a study of the growth time of such currents provides
information about the kinetics of transmitter-receptor interactions in BoTx
poisoning.

METHODS

All experiments were performed in vitro on the extensor digitorum longus (e.d.l.) muscle of male
(Wistar) rats (150-200 g). Toxin injection and surgical procedures were done using diethyl ether
for anaesthesia.
A powdered preparation of Clostridium botulinum toxin type A, with a mouse LD50 of about

0-05 ug/kg, was dissolved in a buffer solution as described by Ambache (1949). BoTx was given
in a single injection of 025 ml (about six mouse LD50 doses) subcutaneously into the anterolateral
region of the right hind leg, superficial to the distal part of the tibialis anterior muscle. The amount
of toxin given produced complete paralysis of the lower leg within 18 h. Electrophysiological
examination has shown that with this amount of toxin and mode of administration spontaneous
quantal release of acetylcholine, recorded as m.e.p.p.s, is reduced to less than 10% of normal and
nerve-evoked release to less than 1% of normal (Cull-Candy et al. 1976). In some experiments we
compared the effect on neuromuscular transmission of the crude BoTx used in the present study
with that of the isolated and purified neurotoxic component (mol. wt. about 150 000) of BoTx type
A obtained through the courtesy of Dr J. Oliver Dolly, Department of Biochemistry, Imperial
College, London. In equipotent doses, no difference was observed.
At 2 or 7 days after BoTx injection, the e.d.l. nerve-muscle preparations were excised under a

continuous flow of oxygenated (950% 02-50% CO2) Krebs-Ringer solution having the following
composition (mM): NaCl, 135; KCl, 5; CaC12, 4; MgCl2, 1; Na2HPO4, 1; NaHCO3, 15; glucose, 11.
The pH of this solution was 7-2-7-3. The excised muscles were pinned through their tendons,'
stretched approximately to their resting lengths, placed in a temperature-regulated (23 + 0-5 °C)
chamber (25 ml) and suffused at a rate of 4 ml/min. After a 45 min equilibration period, m.e.p.c.s
and e.p.c.s were analysed using dual-micro-electrode voltage clamp.
The voltage recording micro-electrodes were filled with 3M-KCI and had tip resistances of

5-10 x 106 Q. The current passing micro-electrodes were filled with 2M-K citrate and were bevelled
to a tip resistance of about 2-5 x 106 Q. Current was measured through an agar bridge Ag-AgCI
bath electrode coupled to a current-to-voltage converter. The time constant of the voltage-clamp
circuit was < 100 pus.

End-plates were localized by following fine nerve branches and the micro-electrode was inserted
in an apparent end-plate region. Localisation was considered acceptable when the m.e.p.c.s had
a rise time of less than 1*0 ms. The current-passing micro-electrode was inserted in the same fibre
at an inter-electrode distance of less than 100 ,um. Proper positioning of both micro-electrodes in
the same fibre was accepted when current pulses injected through the current-passing micro-electrode
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produced voltage deflexions of both oscilloscope traces. Noise reduction for resolution of m.e.p.c.s
was accomplished by placing a 500 Hz filter (30% attenuation) in the recording circuit.

E.p.c.s were recorded similarly to m.e.p.c.s, but following nerve stimulation via a platinum
wire-glass capillary suction electrode. In unpoisoned muscle, contraction during nerve stimulation
was prevented either by increasing the Mg2+ concentration of the suffusate or by utilizing a
modification of 'cut muscle' preparation (Barstad, 1962; Glavinovi6, 1979). In this case, the muscle
fibres were crushed on both sides ofthe end-plate region using a fine-tipped forceps, leaving an intact
area of about 1-5 cm. After an additional equilibration period (30 min) resting potential ranged from
-20 to -40 mV. In some experiments transmitter release in the BoTx-treated muscles was
enhanced by the addition of 2-5 /SM-4-aminopyridine to the bathing medium. Data from e.p.c.s were
considered acceptable when the maximum membrane potential variation was less than 2% of the
clamped voltage. A 1500 Hz filter (5% attenuation) was routinely used for the recording of e.p.c.s.
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Fig. 1. End-plate currents (e.p.c.s) as a function of holding potential (V) recorded from
a normal (0) muscle and a muscle which had been treated with BoTx for 7 days (@).
Currents were recorded at 23 °C and contractions were prevented by using the crushed-fibre
technique. Transmitter release was enhanced in the BoTx-treated muscle by the addition
of 2-5 /iM-4-aminopyridine to the suffusate.

RESULTS

In normal muscle, where transmitter release was not inhibited by high Mg2+, large
e.p.c.s were recorded in response to nerve stimulation (Fig. 1). The amplitude of e.p.c.s
from normal muscle showed a linear relation to clamped voltage and had an
acetylcholine null potential of +0 18 +1878 mV for the eight end-plates sampled.
E.p.c.s recorded from BoTx-treated muscle were depressed to a similar degree at both
2 and 7 days after toxin injection (Fig. 1). However, the relationship of peak e.p.c.
to clamped voltage remained linear and the acetylcholine null potential was
unchanged compared to normal muscle at both 2 days (-1-64 + 2-90 mV, n = 6) and

* * *
w
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7 days (-0-59+2-03 mV, n = 9) after toxin injection. The depression in peak e.p.c.
of BoTx-treated muscles was similar to the depression observed in normal muscle
suffused with 12 mM-Mg2+ Krebs-Ringer solution (Table 1).
Measurements of m.e.p.c.s were dictated by the resolving power of the recording

system, which was unable to resolve consistently m.e.p.c.s ofless than 2 nA. Accepting
the exclusion of a population of small m.e.p.c.s, there was a slight increase in m.e.p.c.
amplitudes after toxin injection (Table 1). BoTx poisoning had significant effects on

TABLE 1. Amplitude of e.p.c.s and m.e.p.c.s in normal and BoTx-treated
muscles clamped at -80 mV

Normal BoTx (2 days) BoTx (7 days)
e.p.c. (nA) 498+ 13-6 58-2+6-8 65-4+5-2

(10) (5) (17)
m.e.p.c. (nA) 6-38+0-40 795+1-04 8-52+0-47

(35) (26) (26)
* Values indicate means + S.E. of means for the number of fibres shown within parentheses.
The normal muscles were suffused with a solution containing 12 mMMg2+ when e.p.c.s were

recorded. Transmitter release in BoTx-treated muscles was enhanced by the addition of 2-5 ,M-
4-aminopyridine to the suffusate.

E.p.p.s M.e.p.p.s
E.p.c.s M.e.p.c.s

Normal

2 days BoTx

7 days BoTx

12 mV
20 nA 4 ms

Fig. 2. Examples of e.p.p.s, m.e.p.p.s., e.p.c.s, and m.e.p.c.s recorded from normal muscle
and from 2- and 7-day BoTx-poisoned muscles. The current recordings were made at a
holding potential of -80 mV. For the recording ofe.p.c.s transmitter release was depressed
in normal muscles by the addition of 12 mM-Mg2+ to the suffusate.
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the time course of end-plate currents. Examples of such potentials and currents in
normal and 2- and 7-day BoTx-poisoned muscles are shown in Fig. 2. The manner
and extent of these effects on the growth and decay phases of e.p.c.s and m.e.p.c.s
were dependent on the length of time after toxin injection (Fig. 2 and Table 2).
The mean time-to-peak of the growth phase of m.e.p.c.s recorded from normal

end-plates, clamped at -80 mV, was 0-59+ 0-03 ms. A frequency histogram of
m.e.p.c.s from normal muscle indicated little variability in the growth time (Fig. 3):

TABLE 2. Time course of m.e.p.c.s and e.p.c.s recorded from normal and BoTx-treated
muscles voltage-clamped at -80 mV

Growth time (ms) T of decay phase (ms)
m.e.p.c.

Normal 0-59 + 0.03* 126 + 0 09
(35)t (35)

2 days BoTx 1-35+1-06 1-34+0-10
(11) (11)

7 days BoTx 1-28+0-09 2-52+0-21
(9) (9)

e.p.c.
Normal 0 55+0 03 1 35+0 15

(10) (10)
2 days BoTx 0-65+0-03 1-59+0_09

(5) (5)
7 days BoTx 0-71+0-05 2-60+0-19

(17) (17)
* Mean +S.E. of mean.
t Number of end-plates sampled.
$ Normal muscles were suffused with 12 mM-Mg2+ Krebs-Ringer solution to reduce the amplitude

of the e.p.p.
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Fig. 3. Frequency histograms of the growth phase of m.e.p.c. recorded from normal
(continuous lines), and 2 day (dashed line) and 7 day (dotted line) BoTx-treated muscles.
The holding potential was at -80 mV and the data were normalized as percentage of total
fibres sampled.
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BoTx poisoning, however, resulted in more than a twofold increase in the time-to-peak
of m.e.p.c.s as shown for 2 and 7 day poisoned muscles in Table 2. This increase was
accompanied by an increase in the variability of this parameter (Fig. 3). In contrast
to these changes in m.e.p.c.s, the growth phase of the e.p.c. in BoTx-treated muscles
appeared to be unchanged compared to normal muscles (Table 2).
The decay phase of e.p.c.s and m.e.p.c.s was affected by BoTx poisoning but with

a time course different from their growth phases (Table 2). The time constant of the
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Fig. 4. A, the time course of the decay phase of m.e.p.c.s recorded from a single end-plate
in normal and BoTx-treated muscles and plotted semilogarithmically as a function of time.
The normal currents (O), 2 days after BoTx injection (A) and 7 days after BoTx injection
(0) were recorded from end-plates voltage-clamped at -80 mV. B, the mean time
constant (r) for the decay phase of m.e.p.c.s determined from eight to thirty-seven
recordings in normal (0), 2 (A) and 7 (0) day BoTx-treated muscles and plotted
semilogarithmically as a function of holding potential.

decay phase was not different from normal at 2 days after toxin injection. However,
at 7 days after toxin injection, the time constant ofthe decay phase was approximately
twice that of normal muscle in both m.e.p.c.s and e.p.c.s. Although BoTx poisoning
prolonged the growth phase of m.e.p.c.s, the decay phase could still be characterized
by a simple exponential function (Fig. 4A).
The effect of membrane potential on the time constant (T) of the decay phase of

m.e.p.c.s for normal and BoTx-treated muscles is shown in Fig. 4B. The relationship
between the membrane potential and the time constant of the decay phase has been
described by Magleby & Stevens (1972) as:

r(V) = -(O) exp (V/H),
where r( V) is the time constant at clamped potential V, r(O) is the time constant at
zero potential, and H is the constant indicating the voltage sensitivity. That is, H
is the change in membrane potential required to produce an e-fold change in the time
constant. The above equation predicts an exponential decrease in T as V goes in the
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depolarizing direction. The results of the present experiment fulfilled this criterion as
shown in Fig. 4B.
At 2 days after toxin injection, the time constant of the decay phase of m.e.p.c.s

was unchanged from normal at all the voltages examined. However, at 7 days after
toxin injection, the time constant of decay phase was increased compared to normal
muscle at all voltages (Fig. 4B). This increase in the time constant was accompanied
by a decrease in the calculated voltage sensitivity constant H, which was 75, 78 and
64 mV for normal, 2-day and 7-day BoTx-treated muscles respectively.
The growth phase of e.p.c.s and m.e.p.c.s from normal and BoTx-treated muscles

was unaffected by changes in holding potential.

DISCUSSION

An analysis of m.e.p.c.s and e.p.c.s by voltage clamp can be useful in elucidating
the effects of BoTx poisoning on transmitter-receptor interactions at the end-plate,
particularly those affecting the time course of these currents. Gage & McBurney
(1975) showed that the growth and decay phases of m.e.p.c.s were governed by
processes with different characteristics. They demonstrated that the growth phase
was non-exponential, relatively insensitive to changes in clamp potential and had a
low Q10. In contrast, the decay phase was exponential, voltage-sensitive, and had a
high Q10. They suggested that the growth phase was determined by the rate of arrival
of acetylcholine at the post-synaptic receptors, while the factors controlling the decay
phase were related either to the dissociation time of acetylcholine from its receptor
(Adams & Sakmann, 1978) or to a conformational change in a macromolecule with
a dipole moment in the post-synaptic membrane (Magleby & Stevens, 1972).
The present data on the growth time of m.e.p.c.s and e.p.c.s suggest that

transmitter release in BoTx-treated muscles may derive from two different regions
of the nerve terminal. M.e.p.c.s and e.p.c.s with a growth time.of less than 0-8 ms,
which is similar to that seen in unpoisoned muscles, probably result from quanta
released from 'active zone' areas opposite the crests of the end-plate folds where the
greatest concentrations of receptors exist (Couteaux & Pecot-Dechavassine, 1970;
Heuser, Reese & Landis, 1974). Another type of release gives rise to m.e.p.c.s but
not to e.p.c.s, with a much slower growth phase 0-8-2-4 ms. It seems possible that
this latter type of quantal release occurs from areas at a greater distance from the
greatest density of post-synaptic receptors or from areas from which diffusion is
slowed compared to transmitter release from 'active zone' regions. In either case,
miniature e.p.c.s would be slow rising and could have rounded peaks. This does not
occur in e.p.c.s because nerve-evoked release is voltage-dependent and apparently
always occurs at 'active zone' regions. In this context it is of interest that Gage &
McBurney (1975) observed, at the normal toad neuromuscular junction, a small
population of m.e.p.c.s with a growth time between 0 5 and 5 ms, compared with
50-300 ,us for the majority of m.e.p.c.s suggesting, also at unpoisoned terminals, the
presence of spatially separated areas for spontaneous quantal transmitter release.
The marked prolongation of the decay phase of m.e.p.c.s and e.p.c.s seen 7 days

after BoTx-treatment indicates the appearance in the end-plate ofreceptor complexes
with an increased channel open time. Several investigators have reported that the
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receptors which are inserted extrajunctionally, following denervation, or at the
end-plate, during embryonic development, have a single channel lifetime which is
more prolonged than the receptors at the innervated adult end-plate (Dreyer et al.
1976; Sakmann, 1978; Gage & Hamill, 1980; Fischbach & Schuetze, 1980). Loring
& Salpeter (1980) reported that, following denervation, the apparent half-time of
receptor turnover at the end-plate is only 2-3 days, compared to 10 days in the
innervated end-plate and about 1 day in the extrajunctional membrane of denervated
muscles. One interpretation was that the end-plate after denervation contains a dual
population of receptors; the original receptors with a slow turnover time and new
ones with a turnover rate similar to that of extrajunctional receptors (Levitt, Loring
& Salpeter, 1980). Our results suggest that 2-7 days of botulinum poisoning induces
the appearance in the end-plate of receptors with an increased channel life-time, i.e.
similar to those in the extrajunctional membrane, and that these are responsible for
the prolongation of the decay phase of m.e.p.c.s and e.p.c.s.
The possibility that the prolongation of the decay phase resulted from a repetitive

binding of acetylcholine to its receptor because of diminished cholinesterase activity
cannot be excluded but appears less likely since BoTx-poisoned nerve terminals,
under appropriate conditions, release transmitter quanta without a shift in the
amplitude distribution towards higher values (Spitzer, 1972; Boroff, del Castillo,
Evoy & Steinhardt, 1974; Cull-Candy et at. 1976). Furthermore, there was an increase
in the voltage sensitivity of the decay phase of m.e.p.c.s indicative of altered receptor
binding properties (Magleby & Stevens, 1972) while such an effect is not seen with
cholinesterase inhibition (Katz & Miledi, 1973).
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