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The effect ofchronic neostigmine treatment on channel
properties at the rat skeletal neuromuscular junction
M. Gwilt' & D. Wray2
Pharmacology Department, Royal Free Hospital School of Medicine, Rowland Hill Street, London, NW3 2PF

1 We have studied the effects ofchronic neostigmine treatment on single channel properties at the rat
skeletal neuromuscular junction. Rats received 0.86mg kg- neostigmine (s.c.) daily for 9-11 days.
Microelectrode recordings were then made from the extensor digitorum longus muscle.
2 The amplitude of miniature endplate potentials was significantly reduced in muscles from
neostigmine-treated rats as compared with controls.
3 Acetylcholine (2-55 M) applied in the bath produced a depolarization and associated channel
opening frequency (from voltage noise analysis) which were significantly reduced in neostigmine-
treated muscles with respect to controls.
4 The depolarization resulting from the opening of a single channel (from voltage noise analysis) and
single channel open time and conductance (from current noise analysis) were not significantly changed
by chronic neostigmine treatment.
5 It is concluded that chronic neostigmine treatment causes an adaptive reduction in the number of
functional acetylcholine receptors at the endplate without otherwise affecting single channel properties
themselves.

Introduction

Anticholinesterase drugs prolong the action of acetyl-
choline (ACh) in the synaptic cleft (Katz & Miledi,
1973), thereby affecting neuromuscular transmission.
During prolonged treatment with an anticholines-
terase, endplate acetylcholine receptors (AChRs) may
be exposed to chronically elevated concentrations of
ACh (see Discussion). It might be expected that
adaptive changes at the endplate would occur in
response to possible increased synaptic ACh levels.
Muscles isolated from rats chronically treated with
neostigmine have been shown to possess reduced
miniature endplate potential (m.e.p.p.) amplitudes
(Roberts & Thesleff, 1969; Engel et al., 1973; Ward et
al., 1975) and reduced postsynaptic sensitivity to
iontophoretically applied ACh (Tiedt et al., 1978).
These reports have led to the suggestion that chron-
ically elevated endplate ACh levels might reduce
postsynaptic sensitivity at the neuromuscular junc-
tion. A decrease in the number of AChRs (measured
using a-bungarotoxin binding) in rat muscle has been
seen following chronic neostigmine treatment (Chang
et al., 1973).

'Present address: Medicinal Biology Department, Pfizer
Central Research, Sandwich, Kent, CT13 9NJ.
2Author for correspondence.

Another way in which endplate ACh concentration
can be altered is by denervation, producing a chronic
deficit of ACh. In this case an adaptive increase in
AChR number occurs (Axelsson & Thesleff, 1959;
Miledi, 1960). This increase in postsynaptic ACh
sensitivity is further augmented by a three to five times
increase in channel open time (for review see e.g.
Wray, 1980). This results in an increased ion flow
through such channels causing an increase in the
depolarization produced by the opening of a single
channel (Katz & Miledi, 1972). These changes operate
in the direction which tends to minimise the effect of
the deficit of ACh.

Conversely, a chronic excess of ACh, as might be
expected in chronic neostigmine treatment, may cause
an adaptive reduction in the charge passed by a single
channel, along with a reduction in the number of
AChRs at the endplate.

In this paper, possible changes in single channel
properties have been studied in isolated extensor
digitorum longus (EDL) muscles from control rats
and from rats treated with neostigmine at doses and
duration of treatment similar to those studies des-
cribed above. The frequency of channel opening, and
depolarization produced by a single channel, were
measured by voltage noise analysis. The mean single
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channel open time and conductance were found by
current noise analysis in voltage clamped fibres.
A preliminary abstract of this work has been

presented at the IUPHAR IXth Congress of Phar-
macology, London (Gwilt & Wray, 1984).

Methods

Pretreatment of animals

Rats (Sprague-Dawley 230-240 g) were injected with
neostigmine methylsulphate (0.43 mg kg- ' s.c. in the
scruffof the neck) twice daily for 9-1I1 days. Injections
were given at intervals of approximately 12 h. For the
first six treatments, rats were also given atropine
(1 mg s.c.) 30 min before neostigmine to reduce un-
desirable muscarinic effects. After this period, rats
tolerated neostigmine treatment well, although pro-
nounced muscular fasciculation was seen after all
injections. The last injection of neostigmine was given
at least 12 h before the start ofan experiment. Control
rats were sham-treated (atropine followed by neostig-
mine injections replaced by an equal volume of
isotonic saline) or untreated. Drugs were dissolved in
isotonic saline and the volume of each injection was
0.2ml.

Electrophysiological recording

Rats were killed and the extensor digitorum longus
muscle was quickly removed into well-oxygenated
(95% 02/5% C02) Krebs solution of the following
composition (mM): Na+ 143.0, K+ 5.9, Cl-127.7,
Mg2+ 1.2, Ca2+ 2.5, HCO3 25.0, H2PO41.2,
so42- 1.2 and glucose 11.1. Intracellular microelec-
trode recordings were made as previously described
(Wray, 1981) under continuous perfusion. M.e.p.ps
and voltage noise were recorded at 37°C while voltage
clamped current noise was recorded at 23-24°C. For
the noise experiments, ACh was applied in the perfus-
ing solution in the presence of physostigmine (3 gM)
(to prevent inactivation of ACh) and tetrodotoxin
(250 nM). All recordings were stored on magnetic tape
and analysed by computer. Voltage noise recordings
were low pass filtered at 400 Hz, digitized at I kHz and
the depolarization produced by a single channel (a),
the channel opening frequency (n) and the membrane
time constant (i,.) were calculated as previously
described (Wray, 1981). Briefly, single channel de-
polarization, a, was obtained from a = (voltage noise
variance)/(depolarization). The time constant, tm,
was obtained from the half power frequency, fc,
of the power spectrum using ?m = 1/(2xfc). This
time constant is expected to be the same as the
membrane time constant, -,, (see e.g. Wray, 1981).
Channel opening frequency was calculated from

n = (noise variance)/(a2Tm). Corrections were made
for non-linear summation (Katz & Miledi, 1972). At
each endplate, the time course of changes in channel
opening frequency was followed throughout each
ACh exposure and the maximum channel opening
frequency (n<) and maximum depolarization
attained (V,,,.) were found. Current noise in voltage
clamped fibres was low pass filtered at 800 Hz and
digitized at 2 kHz to obtain the single channel open
time (T) and the single channel conductance (y) (see
e.g. Wray, 1980). The channel open time was obtained
from the half power frequency of the current noise
power spectrum using X = l/(2xfc). The conductance
was obtained from y = 12/(l.E) where 12 is the current
noise variance, I the mean current passed and E the
clamp potential. The reversal potential was taken as
omV (Colquhoun et al., 1977; Sellin & Thesleff, 1981;
Alema et al., 1981). Corrections were made through-
out to n, a and y for the effects of the low pass filters
used (Colquhoun et al., 1977). Recordings of m.e.p.ps
were digitized at 10 kHz and their amplitudes found.
At least 25 m.e.p.ps. were analysed at each endplate to
obtain the mean m.e.p.p. amplitude.

All results in this paper are presented as mean
± s.e.mean (one value per endplate). Significance was
determined by Students' t test (2-tailed) and the level
for non-significant results was set at P> 0.05.

Results

Voltage recordings

Voltage recordings were made at 37°C at endplates of
EDL muscles in control and neostigmine-treated rats.
The mean membrane potential in neostigmine-treated
animals was 70 ± 1 mV (30 endplates from 7 rats).
This was not significantly different from the mem-
brane potential in controls (72 ± 1 mV, 25 endplates
from 9 rats), indicating lack of effect of neostigmine
treatment on membrane potential.
The mean m.e.p.p. amplitude was 0.50 + 0.04mV

(14 endplates from 2 rats) in controls and
0.34 ± 0.02mV (24 endplates from 4 rats) in muscles
from neostigmine-treated rats. This represents a sig-
nificant (P< 0.02) reduction in m.e.p.p. amplitudes in
muscles from neostigmine-treated rats as compared
with controls. M.e.p.p. frequency was also measured
for the same muscle fibres. There was no significant
reduction in m.e.p.p. frequency in neostigmine-treated
animals (6.40 ± 0.51 s- ') as compared with controls
(7.3 ± 1.2 s-').

M.e.p.p. amplitudes are reduced by a postsynaptic
mechanism (Tiedt et al., 1978), and the mechanism of
this effect was investigated here by noise analysis. ACh
was applied to EDL muscles in the bath and examples
of records obtained during exposures to ACh are
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shown in Figure 1. When ACh 2 JM was applied to
muscles the endplate showed well-maintained de-
polarization. Meanwhile, channel opening frequency
rose quickly to a maximum and then declined slightly
towards a plateau, indicating little desensitization at
this concentration. When the ACh was washed off,
both membrane potential and channel opening
frequency returned to near their original values.
During exposure to ACh 5 IM the channel opening
frequency could be seen to fall markedly from an
initial maximum, indicating greater desensitization at
this higher concentration. The slight desensitization at
ACh 2 JM and greater desensitization at 5 JM were
typical features of these experiments. Values of max-
imum depolarization reached (V,"a,) and maximum
channel opening frequency ( in similar ex-
periments were calculated for each endplate and the
mean values are shown in Table lA. Chronic neostig-
mine treatment significantly reduced V,,0, (P< 0.001)
and n,,aX (P< 0.01) during exposures to 2 JAM ACh. At
5 AM ACh, n,,.. was significantly reduced (P< 0.05),
while Vmax was reduced although not significantly. The
small reduction in V,,x at this concentration is proba-
bly due to an indirect effect of the more rapid
desensitization which occurred at this concentration
(Figure 1). Because of chloride shifts during ACh
exposures (Jenkinson & Terrar, 1973), the depolariza-
tion is not a sensitive indicator of postsynaptic func-
tion during desensitization. Chloride shifts retard the
attainment of maximum depolarization until marked
desensitization has occurred. On the other hand, the
measurement of channel opening frequency, n, allows
the effect on channels underlying the depolarization to
be seen.

Analysis of the voltage noise also yields values at
each endplate for the depolarization produced by a
single channel opening, a, and for the membrane time
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Figure 1 Time course ofchanges in membrane potential
and channel opening frequency in control rat EDL
muscle (37TC) during exposure to acetylcholine (ACh) as
shown. Vertical bars represent s.e.mean, horizontal bars
represent the period of analysis. Channel opening
frequency was determined from mean values of a
(0.089 1AV) and Tm (0.85 ms) obtained by averaging bet-
ween the two exposures.

constant, TM. Mean values of these parameters for all
endplates are shown in Table 1 B. No significant
difference was seen for a between control and neostig-
mine-treated muscles. This strongly suggests that the
channel open time and conductance of endplate
channels were not altered by chronic neostigmine
treatment. In addition, no significant difference in Tm
was found between control and treated muscles,
indicating that the passive electrical properties of the
muscle fibre membrane were not markedly changed by
chronic neostigmine treatment. The grand mean
values for a and Tm when averaged over test and
control endplates was 0.063 JV and 1.25 ms respec-
tively.

In summary, neostigmine treatment caused a de-
crease in depolarization produced by ACh. This

Table 1 Effect of chronic neostigmine treatment on channel properties in rat EDL muscle measured by voltage noise
analysis

ACh 21AM
Control (5, 5) Neostigmine (6, 3)

7.4 ± 0.3
17.4 ± 3.0

4.4 ± 0.4***
6.9 ± 1.7**

ACh 5AM
Control (8, 6) Neostigmine (4, 2)

9.9± 1.1
27.7 ± 4.8

Control (11, 7)

7.6 ± 0.5
11.2 ± 3.0*

Neostigmine (6, 3)

0.058 ± 0.008
1.16 ± 0.09

0.071 ± 0.005

1.41 ± 0.10

Means ± s.e.mean are shown (using one value for each endplate). Muscles were exposed to acetylcholine (ACh) 2 JAM,

5 AIM or both (though rarely at the same endplate). In B, when the same endplate was exposed to both 2 JAM and 5 JAM

ACh, values of a and Tm were averaged between the two exposures and one value per endplate again used in the
calculation ofmean values. The first figure in parentheses shows the number ofendplates used, the second figure shows
the number of animals. Significant difference from control is denoted by asterisks: *0.05>P>0.01;
**0.01 >P> 0.001; ***P<0.001.
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occurred whenACh was applied in the bath (decreased
V,,aX) or when ACh was released spontaneously (de-
creased m.e.p.p. amplitude). The decrease in postsyn-
aptic depolarization was in turn caused by a reduction
in channel opening frequency without any change in
the depolarization produced by single channels. The
apparent lack of effect of neostigmine treatment on
single channel properties was further investigated by
use of current noise analysis.
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Current recordings

Current recordings at endplates of voltage-clamped
EDL muscles were made at 23-24°C. Input resistance
(Rin) in neostigmine-treated animals was
0.42 ± 0.03 Mfl (5 endplates from 2 rats), which was
not significantly different from controls
(0.40 ± 0.07 MQ, 4 endplates from 2 rats).
The analysis ofagonist-induced current fluctuations

in voltage clamped fibres allows the estimation of
channel open time and conductance. Endplates were
clamped at -70 mV and Figure 2 shows an example of
a voltage clamp record from one of these experiments.
Bath-applied ACh (2-51iM) caused an increase in
clamp current together with an increase in current
noise. Current and its associated noise returned to
near baseline after the ACh was washed off. These
records show similar features to those in unclamped
fibres except that onset and recovery were faster than
for depolarization because of the absence of chloride
currents in clamped fibres (Jenkinson & Terrar, 1973).

Current noise power spectra were always fitted well
with a single component Lorentzian curve, and an
example from a neostigmine-treated animal is shown
in Figure 3. The mean channel open time, obtained
from such power spectra, was not significantly affec-
ted by neostigmine treatment: the open time was
1.04 ± 0.10 ms (7 endplates from 3 muscles) in con-
trols and 1.07 ± 0.09 ms (5 endplates from 2 muscles)
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Figure 2 Time course of changes in endplate clamp
current and associated current noise variance during
exposure ofa control EDL muscle to acetylcholine (ACh,
5 pM). Vertical bars represent s.e.mean, horizontal bars
represent the period of analysis. Clamp potential
- 70 mV, temperature 23°C.

Frequency (Hz)

Figure 3 Power spectrum of current noise. EDL muscle
from a neostigmine-treated rat was exposed to acetyl-
choline (ACh, 5 jM) at 24°C. The halfpower frequency of
this spectrum is 134 Hz, which gives a value for the time
constant, To of 1. 19 ms. Clamp potential = - 70 mV.
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in neostigmine-treated animals. The mean single chan-
nel conductance for these endplates was also not
significantly changed by neostigmine treatment
(22.7 ± 3.5 pS in controls and 18.8 ± 3.8 pS for neos-
tigmine-treated animals). This lack of change in y and
To together with lack of change in passive membrane
properties (?m and Rin) would lead to lack ofchange in
a, the depolarization produced by a single channel.
This latter result for a was obtained directly in our
experiments involving voltage noise analysis in the
previous section. Grand mean values of y and Tro when
averaged over test and control endplates were 21.1 pS
and 1.05 ms respectively.

Discussion

In this study we have shown that chronic neostigmine
treatment of rats for 9-11 days reduced m.e.p.p.
amplitudes as well as the depolarization produced by
bath-applied ACh. The frequency of opening of
channels by applied ACh was reduced in neostigmine-
treated muscles as compared with controls. On the
other hand, the properties of open single channels
(single channel depolarization, open time and conduc-
tance) were all unchanged by chronic neostigmine
treatment.
The reduction in m.e.p.p. amplitudes found here by

neostigmine treatment was similar in extent to that
seen in previous studies (Roberts & Thesleff, 1969;
Engel et al., 1973; Ward et al., 1975; Tiedt et al., 1978).
This reduction in m.e.p.p. amplitude correlated in our
study, and in that of Tiedt et al. (1978), with the
reduction in postsynaptic sensitivity to either bath-
applied or iontophoretically applied ACh. Hence the
reduction in m.e.p.p. amplitude produced by neostig-
mine treatment is of postsynaptic rather than presyn-
aptic origin. Furthermore, our study showed that
neostigmine treatment for 9-11 days did not lead to
marked passive changes in membrane properties:
resting potential, Rin and ?tm. Thus passive changes do
not account for the reduction in m.e.p.p. amplitude.
The postsynaptic reduction in sensitivity to ACh by

chronic neostigmine treatment is entirely accounted
for by the decrease in channel opening frequency,
without any other change in single channel properties.
Current noise power spectra were always fitted well
with single Lorentzian curves, indicating the absence
of any other obvious changes in channel kinetics.

Neostigmine may produce its chronic effect on
channel opening frequency by simply decreasing re-
ceptor number, by decreasing receptor affinity for
ACh, or by reducing the probability of channel
opening once ACh has bound to the receptor. Chang
et al. 1973, demonstrated a 42% reduction in a-
bungarotoxin binding to endplates in rat diaphragm
muscle by neostigmine treatment similar to that used

here. This correlates fairly well with the reduction in
channel opening frequency (by 60%) seen in our study.
These observations taken together, therefore, suggest
that chronic neostigmine treatment causes the loss of
acetylcholine receptor from endplates without other-
wise affecting channel properties. Associated with
these effects are characteristic morphological changes
(Hudson et al., 1978).
The mechanism of the chronic effect of neostigmine

is not known. It has been argued (Tiedt et al., 1978)
that the changes are produced by a chronic excess of
ACh in the synaptic region, via inhibition of acetyl-
cholinesterase. Half an hour after injection of neostig-
mine, m.e.p.p. amplitudes and m.e.p.p. rise and decay
times are increased, indicative of acetylcholinesterase
inhibition (Tiedt et al., 1978). The effects of neostig-
mine might be expected to wear off on a time scale of
the order of hours (e.g. about 43% of an i.m. dose in
rats is excreted within 1 h, Roberts et al., 1965). Thus
cholinesterases may not be inhibited continuously
throughout the period of chronic treatment. Indeed,
the m.e.p.p. time course is not prolonged 5- 17 h after
the last injection of neostigmine, showing that acetyl-
cholinesterase is no longer inhibited at such a time
after injection (Roberts & Thesleff, 1969; Tiedt et al.,
1978). Clearly, then, during chronic neostigmine treat-
ment, cholinesterases are inhibited intermittently for
periods of a few hours following each injection which
was given approximately every 12 h. During these
periods of enzyme inhibition, is there an excess of
synaptic ACh? Nerve-stimulated ACh release is re-
duced by chronic neostigmine treatment to around
55% of control values (Roberts & Thesleff, 1969).
Thus for stimulated release this reduction in ACh may
counter any increase in synaptic ACh levels produced
by acetylcholinesterase inhibition. On the other hand,
our results show that the frequency of spontaneous
release is not markedly reduced by chronic neostig-
mine treatment. This is in agreement with Roberts &
Thesleff (1969) although Tiedt et al. (1978) found a
small reduction. For each packet of transmitter spon-
taneously released, during acetylcholinesterase inhibi-
tion, ACh molecules are present in the cleft for an
increased time before diffusing away from the synaptic
cleft (Katz & Miledi, 1973). Therefore, spontaneous
release may lead to transient excess ACh in the
synaptic cleft during periods of enzyme inhibition by
neostigmine. Perhaps more importantly, non-quantal
leakage ofACh also occurs spontaneously and contin-
uously (Katz & Miledi, 1977), and this mechanism
may also lead to continuously increased ACh levels in
the synaptic cleft during enzyme inhibition.
Although the chronic effects of neostigmine treat-

ment may be produced by increased ACh levels, an
alternative mechanism is by direct action of neostig-
mine on the receptor. It is known that anticholines-
terase drugs at high concentrations interact directly
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with the acetylcholine receptor/channel complex to
cause a depression of endplate potential amplitudes
(Eccles & MacFarlane, 1949; Kuba et al., 1973;
Kordas et al., 1975; Albuquerque et al., 1984). It might
be thought that such direct actions on the receptor by
neostigmine would contribute in some way to the
chronic effects. Such a mechanism appears unlikely
because the direct action of neostigmine is weak or
absent at the micromolar concentrations encountered
in our injected rats (Eccles & McFarlane, 1949;
Kordas et al., 1975; Sherby et al., 1985). Furthermore
neostigmine (<10 gM) applied in the bath does not
change the open time channel kinetics (Katz& Miledi,
1973; Fiekers, 1985). At the much higher concentra-
tions of 60-90#M, neostigmine itself causes a de-
polarization of only 0.3mV (Katz & Miledi, 1977).
Moreover, after chronic treatment with the anticholin-
esterase paraoxon, characteristic morphological chan-
ges normally appear but these are eliminated by
pretreatment with a reactivator ofacetylcholinesterase
(Laskowski et al., 1975). This again suggests the lack
of involvement of a direct action of the anticholines-
terase drug on the acetylcholine receptor in producing
these chronic changes. In support of this conclusion,

denervation before chronic treatment with neostig-
mine prevented the occurrence of morphological
changes (Hudson et al., 1978). However, other direct
actions ofneostigmine (e.g. to increase receptor desen-
sitization) may be important (Sherby et al., 1985).

In summary, therefore, the elevation of synaptic
ACh levels apparently induced during chronic neostig-
mine treatment might be the mechanism producing an
adaptive reduction in the number of functional
AChRs at the endplate with no change in single
channel properties themselves. For denervated muscle
(chronic deficit of ACh), there is a corresponding
increase in the number of receptors. However, this
increase for devervated muscles is accompanied by an
increase in channel open time (see Introduction).
Therefore, it appears that while chronically decreased
ACh levels tend towards being compensated for by an
increase in both AChR number and the amount of
ionic charge passed per channel, chronically increased
ACh levels might be adapted to by a decrease in AChR
number with no compensating decrease in channel
open time or conductance.

M.G. was supported by an S.E.R.C. studentship.
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