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Activation and cooperative multi-ion block of single nicotinic-
acetylcholine channel currents of Ascaris muscle by the
tetrahydropyrimidine anthelmintic, morantel
*A.M. Evans & 1R.J. Martin

Department of Preclinical Veterinary Sciences, R.(D).S.V.S, University of Edinburgh, Summerhall, Edinburgh EH9 1QH

1 We have investigated activation and block, by the tetrahydropyrimidine anthelmintic, morantel, of
nicotinic-acetylcholine receptor (AChR) currents in membrane vesicles isolated from somatic muscle cells
of the nematode parasite Ascaris suum. Standard single-channel recording techniques were employed.
Morantel in the pipette (6 nM to 600 gM), activated single nicotinic AChR currents.
2 Kinetic properties of the main-conductance state of morantel-activated currents were investigated in
detail throughout the concentration range, 0.6 gM to 600 gM. Open-time distributions were best fitted by
a single exponential. Mean open-times were slightly voltage-dependent, increasing from 0.9 ms at
+ 75 mV to 1.74 ms at -75 mV in the presence of 0.6 gIM morantel. At low concentrations, closed-time
distributions were best fitted by the sum of two or three exponential components.
3 As the concentration of morantel was increased (100-600 JiM), fast-flickering open channel-block
was observed at positive potentials, even though morantel, a cation, was only present at the extracellular
surface of the membrane. The block rate was dependent on morantel concentration and both block rate
and duration of block increased as the potential became less positive. A simple channel-block mechanism
did not explain properties of this block.
4 At negative potentials, as the morantel concentration increased, a complex block was observed. With
increases in morantel concentration two additional gap components appeared in closed-time
distributions: one was short with a duration (- 13 ms) independent of morantel concentration; the
other was long with a duration that increased with morantel concentration (up to many minutes). In
combination, these two components produced a marked reduction in probability of channel opening
(Po) with increasing morantel concentration. The relationship between the degrees of block and morantel
concentration had a Hill coefficient of 1.6, suggesting the involvement of at least two blocking molecules.
The data were analysed by use of a simple sequential double block kinetic model.
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Introduction

The somatic muscle cells which line the body wall of the ne-
matode parasite Ascaris suum have been shown to contract in
response to acetylcholine (Baldwin & Moyle, 1949; Natoff,
1969). The contraction is associated with a depolarization of
the muscle cells (Del Castillo et al., 1963), which is mediated by
a ligand-gated, non-selective cation channel (Martin, 1982;
Harrow & Gration, 1985; Pennington & Martin, 1990). This
channel therefore serves the same function as those in muscle
and nerve in vertebrates, and has been classified as nicotinic
(Toscano Rico, 1926; Baldwin & Moyle, 1949; Natoff, 1969;
Rozhova et al., 1980). However, the nicotinic-acetylcholine
receptor (AChR) found in the somatic muscle cells of Ascaris is
clearly a distinct subtype for which there are a number of
selective agonists, including the imidazothiazoles like levami-
sole and the tetrahydropyrimidines like morantel, (for a review
see Martin et al., 1991). The selective agonists, levamisole and
morantel, are frequently used for therapeutic purposes as an-
thelmintics to control nematode parasite infestations of both
animals and man.

In an electrophysiological study of the effects of nicotinic
AChR agonists on the somatic muscle cells of Ascaris, Harrow
and Gration (1985) obtained bell-shaped concentration-
conductance curves for the tetrahydropyrimidine morantel,
while sigmoidal curves were obtained with acetylcholine and
the imidazothiazole levamisole. They also observed that mor-

antel but not levamisole produced a markedly non-linear
current/voltage (I/V) plot under voltage-clamp. No conclusive
explanation for the self-antagonism or non-linear I/V plots
exhibited by morantel was obtained. Because of the ther-
apeutic importance of morantel as an anthelmintic, additional
investigation is required to provide an understanding of its
actions.

In a recent study Robertson and Martin (1993a) found that
the anthelmintic levamisole both activated and blocked single
nicotinic AChR currents isolated from the somatic muscle cells
of Ascaris, even though this compound exhibits no clear self-
antagonism with respect to the macroscopic nicotinic AChR
currents (Harrow & Gration, 1985). This may be explained by
the fact that levamisole produced fast-flickering open channel-
block, which was marked only at holding potentials more ne-
gative than the normal resting potential of the cell. A more
extreme form of channel-block or additional effects may un-
derline the self-antagonism observed with morantel.

In this investigation, we have examined the effects of
morantel at single nicotinic AChRs found on somatic muscle
of the parasitic nematode Ascaris suum. Morantel was found
to activate as well as block single nicotinic AChR currents.
The degree of block produced by morantel was marked. With
positive holding potentials a fast-flickering open channel-
block was observed; at negative potentials a complex block,
showing positive 'cooperativity' and a marked concentration-
dependent reduction in the probability of channel opening
was observed. The block was described by using a simple
sequential double block model. Preliminary accounts have
been published in abstract form (Evans & Martin, 1992a,b;
1993a,b).
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Methods

The preparation and some of the analytical methods have
been described previously (Robertson & Martin, 1993a).
Briefly, muscle membrane vesicles were prepared by col-
lagenase treatment from the somatic muscle cells of the
nematode parasite, Ascaris suum. These muscle vesicles were
mounted in a bath under phase contrast and single channel
currents recorded using cell-attached or isolated inside out
patches (Hamill et al., 1981). Morantel (6 nM-600 SM), the
anthelmintic agonist under study, was added to the patch-
pipette solution.

Solutons

The bath solution used was (concentration in mm): CsCl 35,
CsAcetate 105, Mg9l2 2, LOTA 1, HEPES 10, pH adjusted to
7.2 with CsOH. All experiments were performed at room
temperature (18-220C). The pipette solution contained (con-
centration in mM): CsCl 140, MgCl2 2, HEPES 10, pH adjusted
to 7.2 with CsOH.

The concentration of the sole conducting cation (Cs') was
symmetrical with respect to the bath and pipette solutions,
while the concentration of the main anion (Cl-) was non-
symmetrical. Thus the morantel-activated single-channel cur-
rents, carried by the non-selective cation channel of the nico-
tinic-acetylcholine receptor (nAChR), could be identified by
their reversal potential (0 mV).

Data analysis

Open- and closed-times To enable analysis of the kinetics of
the single-channel currents activated by morantel, tapes of
experimental records were replayed through an 8 pole Bessel
filter (-3dB, 1.5 kHz), digitized every 70 ps (CED 1401 lab.
interface) and stored in a data file on the hard disc of an IBM
386 (PS/2, model 70) via the PAT V6. 1 single-channel analysis
program (J. Dempster, Department of Physiology and Phar-
macology, Strathclyde University). The system rise time and
dead time were 0.22 ms and 0.14 ms, respectively. For the
present study data were accepted for analysis when the activity
of only a single channel was apparent, i.e. when no multiple
openings were observed in the entire experimental record
(> 5 min). The initial stages of the analysis were performed by
use of the PAT V6.1 software. Single-channel current ampli-
tude distributions were determined by constructing point am-
plitude histograms from a running average of the digitized
record according to the methods of Patlak (1988). The open
channel amplitude distributions were fitted by the sum of one
or more Gaussian components by use of the Dempster soft-
ware.

Transitions between open- and closed-states were de-
termined by setting a threshold at approximately 75% of the
current amplitude of the main-conductance state. In order to
eliminate interference from openings to an apparent sub-
conductance state, each event was then observed and edited
appropriately, i.e. those closures which did not clearly enter
the subconductance state and did not approach 50% of the
main conductance state amplitude were designated open. As
transitions to the subconductance state were very rare (see
results), it was assumed that the gating kinetics of the main
conductance state were independent of the subconductance
openings. Thus for the purposes of this study all openings to
the subconductance state, and all transitions to this state
from the main conductance state were defined as closed.
Edited files of open- and closed-times were compiled and
stored on floppy disc. These data files were then transferred
to the Edinburgh University VAX-1 1/780 main frame com-
puter system for further analysis. A minimum resolvable in-
terval, tmin=0.42 ms, (for data filtered at 1.5 kHz) and
maximum resolvable interval tmax, equal to the duration of
the recording, was then imposed on the data and a condi-
tional probability function of the form:

p.d.f. =

k a' .tri

i-1 '
i-1 (1)

E aij(e"'ttnr, - e-t muxTr )
-1

fitted to the open- and closed-times by the method of max-
imum likelihood (Colquhoun & Sigworth, 1983, p. 245) with
the help of the NAG minimizing subroutine, E04CCF. In the
p.d.f., a1 represents the area of the lh component (Xal= 1), Td is
the time constant or mean value of the th component, t re-
presents time and k equals the number of exponential terms
fitted. In general the sample length was 70 s. However, for
experiments where the probability of opening was low due to
channel-block (concentrations o 100 Am morantel, at negative
holding potentials), the sample time had to be extended up to
4 min In order to record enough events for analysis. The ap-
parent mean open- and closed-times were estimated by the
summing of the relative area of each exponential component
multiplied by the time constant of that component.

Bursts were defined as single openings or groups of open-
ings separated by the shortest gap component or closures that
occur (Colquhoun & Sigworth, 1983; Colquhoun & Sakmann,
1985). Thus for the purposes of burst analysis a critical time
(tcnt) was determined numerically (Robertson & Martin 1993a)
for each data set. All closed-times with a duration less than tent
were defined as those being within a burst of openings, while
all closures with a duration greater than tcit were defined as
those with separate bursts.

Blockage duration and frequency at positive potentials The
duration of the block, that produced a fast-flickering channel-
block at positive potentials, was similar to the short 'within-
activation' closures so an accurate measure of their duration
and frequency was only made when the frequency of block was
high relative to the frequency of the 'within-activation' clo-
sures. Thus the duration of block was taken as the short time
constant (Tl) from the closed-time distribution at concentra-
tions greater or equal to 100 gM, the concentration at which
the mean open-time of the morantel-activated currents began
to decline.

Blockage frequency Plots of blockage frequencies were con-
structed for high concentrations of morantel at positive po-
tentials from estimates of the total corrected number of
blockages in the records and the total corrected open-times.
The technique of Colquhoun and Sigworth (1983, p.246) for
estimating the corrected number of events with a particular
probability density function and value of tent was used: the
number of blockages was taken as the corrected total number
of short closings (time constant TI) assumed to be blockages
under these conditions (see results). The technique of Colqu-
houn and Sakmann (1985, p.505) for estimating the corrected
total open-time was used: this method corrects for missed
events; it calculates the total time spent in gaps within bursts
(mTS), including those undetected; it calculates the total time
occupied by bursts (Nbmb) and determines the corrected total
open-time from the difference (Nbmb-mTS). The corrected
number of blockages (short closing) per corrected open time
was then obtained.

Drugs

Morantel was a gift from Pfizer, Sandwich, U.K.

Least squares estimation

Non-linear least squares estimates were obtained with pro-
grams written in FORTRAN and run on the Edinburgh VAX-
11/780 mainframe. The NAG subroutine E04CCF which
minimizes functions specified by the user and utilizes the sim-
plex method was employed.
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Results

When added to the pipette solution, morantel activated single
non-selective cation channel currents in membrane patches of
vesicles isolated from the somatic muscle cells of Ascaris suum;
no such events were observed in the absence of an agonist of
the nAChRs (n - 84). The conductance and kinetics of acti-
vation of these currents are similar to those described for
acetylcholine- and levamisole-activated single-channel currents
(Pennington & Martin, 1990; Robertson & Martin, 1993a).
The concentration-dependence of activation of these nicotinic-
acetyleholine receptor currents (nAChR) has been studied In
relation to other agonists (Robertson & Martin, 1993a) and
will not form part of this Investigation, which will focus on the
properties of the channel=block produced by morantel.

Morantelaetiveated urrents have multlple tondutaanet
states

Single-channel conductance values showed substantial varia-
tion when individual current amplitudes were compared and it
became clear that at least two open channel conductance states
were activated by morantel (6 nM-600 giM). Figure la shows
examples of the two current amplitudes commonly observed
under a holding potential of -50 mV. These two states were
clearly resolved within the amplitude histogram shown in
Figure lb. In addition to the main state peak at -2.5 pA, a
secondary peak was detected at -2.0 pA; each was fitted well
by a single Gaussian distribution. Although rare, transitions
between the two conductance states were observed (Figure lc).
However, in general the open channel noise was virtually in-
distinguishable from that of the closed channel noise, and
openings to each conductance state appeared to be discrete and
independent events.

Both main- and sub-conductance states exhibit inward
rectification

Figure 2a shows examples of single-channel openings to the
main conductance state, as recorded from an excised inside-out
patch in the presence of 6 gM morantel and a range of holding
potentials (+ 75 mV to -75 mV). The individual current
amplitudes were clearly greater at negative holding potentials,
the unitary conductance increasing from (mean+ s.e.mean;
n=6 patches) 32.41 + 1.09 pS at + 75 mV to 40.4+ 1.1 pS at
-75 mV. Figure 2b shows the I/V plot of main state openings
from the same patch as in (a); in common with the unitary
conductance the mean slope conductance increased from 30 pS
at positive potentials to 40 pS at negative potentials. The I/V
plot for the sub-conductance openings also exhibited inward
rectification (Figure 2c); the unitary conductance increased
from 26+0.9 pS at +75 mV to 30+1 pS at -75 mV (n=6).

Single-channel kinetics

Only the kinetics of the main conductance state of morantel-
activated openings were studied (see methods). All the data
were obtained from vesicle-attached patches to reduce pro-
blems associated with rundown. The resting membrane po-
tential of the vesicle is 0 mV as a result of the displacement of
the intravesicular content by the bath solution (Martin et al.,
1990) and the single-channel I/V relationships of vesicle-
attached patches were indistinguishable from those obtained
using excised inside-out patches.

Open-times

In general the apparent open-times were best fitted with a
single exponential, suggesting the presence of a single open-
state for morantel-activated single-channel currents (Table 1).
In the presence of low concentrations of morantel (6 nm and
6 gM) the apparent mean open-time was greater at negative
holding potentials. For example, with 0.6 gM morantel the
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Figure 1 Morantel-activated single-channel currents have at least
two conductance states. (a) Examples of the two current amplitudes
observed within records of single-channel currents activated by
morantel (6 pM) under a holding potential of -50 mV; c, closed-state;
o, open-state. In this and all subsequent figures, records of single-
channel currents were filtered at 1.5 kHz (-3dB). (b) Patlak amplitude
histogram showing the zero current level and the two peaks of the
open channel currents. The open channel current was fitted with a
double Gaussian giving mean open channel current amplitudes
(±s.d.) of 2.0+0.18pA and 2.5 +0.13 pA. The records in (a) and (b)
were taken from the same excised inside-out patch under a holding
potential of - 50 mV. (c) Examples of transitions between the main
(m) and sub-conductance (s) states of single-channel currents
activated by 6/M morantel in an excised inside-out patch at a
potential of +50 mV. c: closed-state.

mean open-time increased from 0.9 ms at a holding potential
of + 75 mV to 1.73 ms at -75 mV. These findings suggest that
the shutting rate constant, a, is slightly slower at negative than
at positive holding potentials. The voltage-sensitivity corre-
sponds to an e-fold increase in the closing rate for every
+ 156 mV change in potential.

Closed-times

Morantel-activated single-channel currents exhibited more
complex closed-time distributions. In the absence of channel-
block, the closed-time distributions were best fitted by two or
three exponential components at both positive and negative
holding potentials (Table 2). For example with 6 gM morantel
the time constants fitted to the closed-time distribution at
+ 75 mV were 0.13 ms (TI), 97 ms (T2) and 781 ms (T3), re-
flecting the presence of short, intermediate and long gaps. The
short gaps had a duration which was independent of morantel
concentration, and were assumed to represent brief closures
during single activations of the channel as has been described
in previous studies with other agonists (Robertson & Martin,
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1993a) and for nicotinic AChRs in muscle and nerve of ver-
tebrates (Colquhoun & Sakmann, 1985). These will be termed
'within-activation' closures. Three time constants were not

a

+75 mV +50 mV

always resolved because the intermediate component probably
represents infrequent events which are too few to allow accu-
rate or consistent identification.

b <5
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Figure 2 Single channel currents exhibit inward rectification. (a) Examples of single-channel currents activated by 6 PM morantel at
four holding potentials (+ 75 mV, + 50 mV, -50mV and -75 mV), each represents an opening to the main-conductance state. Note
the greater amplitude of the currents elicited at negative holding potentials. (b) Current-voltage relationship obtained from the same
patch as the records in (a). The data at positive and negative potentials were fitted separately. The cord conductance increased from
(mean ± s.e.mean) 30 ± 1.1 pS at positive potentials to 40± 1.1 pS at negative potentials, suggesting inward rectification. (c) Current-
voltage relationship for openings (not shown) to the sub-conductance state taken from the same patch as (a and b). The unitary
conductance was 24 pS at +75mV and 39 pS at -75 mV. Channels were activated by 6Mm morantel.

Table 1 Open-time kinetics: probability density functions observed at + 75 mV and at -75 mV with vesicle attached patches and
concentrations of morantel between 0.006 gM and 600 gM

Vm (mV)

75
75
75
75
75
75
75
75
75
75

-75
-75
-75
-75
-75
-75
-75

Conc. (Mm) n Al

0.006
0.6
6
6
10
30
60
100
300
600

0.006
0.6
6
10
30
60
100

2 1.00
2 1.00
3 1.00
1 0.53
6 1.00
3 1.00
3 1.00
4 1.00
5 1.00
6 1.00
2 1.00
2 1.00
4 1.00
6 1.00
3 1.00
3 1.00
4 1.00

A2

0.00
0.00
0.00
0.47
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

rI (Ms)

0.80
0.90

0.72 ± 0.07
0.46

0.87±0.10
0.88 ±0.19
0.81 ±0.12
0.64±0.13
0.27 ± 0.02
0.25 ± 0.07

1.07
1.73

1.57 ± 0.24
1.16±0.11
0.67 ±0.15
0.46 ± 0.05
0.36±0.04

T2 (Ms)

1.26

Data shown are means ± s.e.mean. In general a single exponential component was distinguished. No single channel events were
recorded at 600 yM and too few for analysis at 300 FM morantel at - 75mV.
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The long time constant was consistently observed and re-
presented a large proportion of the closed-times. Although not
studied in detail the duration of the long component was
clearly greater with low concentrations (6 nM, n = 2, Table 2).
Taken together with studies relating to mammalian nAChR
(Colquhoun & Sackmann, 1985) it is likely that this long
component represents the long closures separating individual
channel activations and will therefore be termed 'between-ac-
tivation' closures. As no marked increase in the probability of
channel opening (see below), nor decrease in the duration of
these long closures was observed between 0.6 /M and 100 uM
(Table 2), we were probably close to or beyond the point of
saturation of the agonist binding site(s) with 0.6 pM morantel
as predicted from the activation by morantel of the macro-
scopic currents in the somatic muscle cells (Harrow & Gration,
1985). These long 'between-activation' closures may therefore
represent an inactive and/or desensitized state of the agonist-
receptor complex.

In summary then, at low concentrations the single-channel
currents activated by morantel were best described assuming a
single open state and two closed states.

Burst-times

At low concentrations (up to 10 gM), at positive and negative
potentials, the burst distributions of morantel-activated
channels were usually best fitted by one component (Table 3);
and the mean burst-time was only slightly greater than the
mean open-time of the channels (see Tables 1 and 3). This
appeared to be due to the low frequency and brief duration of
the 'within-activation' closures (<1Ims; see closed-time ki-
netics).

At higher morantel concentrations (30 pM- 100 pM), again
at positive and negative potentials an additional second longer
burst component (Table 3) was separated out and was asso-
ciated with the appearance of channel-block that is later de-

Table 2 Closed-time kinetics: probability density functions observed at + 75 mV and at-75 mV with vesicle attached patches and
concentrations of morantel between 0.006 gM and 600 g&m
Vm (mV) Conc (gm) n

75
75
75
75
75
75
75
75
75
75

-75
-75
-75
-75
-75
-75
-75
-75

0.006
0.6
6
10
30
30
60
100
300
600

0.006
0.6
6
10
30
30
60
100

Al

2 0.47
2 0.07
4 0.25+0.18
6 0.25+0.18
1 0.32
2 0.48
3 0.33 +0.04
4 0.42_0.07
5 0.51 +0.05
6 0.55 ±0.07
2 0.22
2 0.44
4 0.30±0.10
6 0.20+0.08
2 0.19
1 0.14
3 0.10+0.02
4 0.00

A2

0.00
0.00

0.08 i 0.05
0.38 _ 0.25

0.68
0.17

0.67 + 0.04
0.25 +0.13
0.10+ 0.02
0.12+0.04

0.00
0.00

0.21 +0.12
0.33 + 0.07

0.00
0.23

0.32 + 0.08
0.18 ±0.05

AS A4 Tj (ma) T2 (ma) s, (ma) as (mS)

0.53
0.93

0.67+0.13
0.37+0.18

0.00
0.35
0.00

0.33 +0.16
0.39 i 0.03
0.33 + 0.08

0.78
0.56

0.33 ± 0.02
0.47+0.07

0.81
0.63

0.58 i 0.02
0.40+0.06

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.16±0.05
0.00
0.00

0.00
0.42 ± 0.07

0.14
0.26

0.13+0.03 97+10
0.44+0.04 148+98

0.19 111
0.11 186

0.35+ 0.01 214.5±47.47
0.29 +0.04 269 +224
0.38 +0.02 43.78+ 15.43
0.57+0.07 63+0.07

0.37
0.17

0.49 i 0.24 12.50 + 5.00
0.79+0.39 180+ 53

2.39
1.86 19.12

1.96+ 1.20 72+28
13.30+ 5.00

Data shown are means s.e.mean. Up to four exponential components were distinguished. At - 75mV, no single-channel events were
recorded at 600 gM and too few were available for analysis at 300 gM morantel.

Table 3 Burst-time kinetics: probability density functions observed at + 75 mV and at -75 mV with vesicle attached patches and
concentrations of morantel between 0.006 JM and 600 PM

Conc. (gM) n Al

0.006
0.6
6
6
10
30
60
100
300
600

0.006
0.6
6
10
30
30
60
100

2 1.00
2 1.00
2 1.00
2 0.00
6 0.51
3 0.00
3 0.58+0.2
4 0.52+0.1
5 0.00
6 0.00
2 1.00
2 1.00
4 1.00
6 1.00
1 1.00
2 0.71
3 0.83 +0.0
4 0.83 +0.0

A2

0.00
0.00
0.00
0.00
0.49
1.00

0.42+0.23
0.48 +0.16

1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.29

0.19+0.01
0.17+0.02

tr (Ms)

0.81
0.92
0.97
0.46
0.53

0.76+0.24
0.69+0.32

1.9
2.01

2.41 0.36
1.73 0.21

1.39
0.58

0.46+0.01
0.43 0.06

T2 (Ms)

1.26
1.38

1.36+0.26
3.5 1.8

2.66+0.62
1.14+0.21
1.09+ 1.15

5.74
2.78 1.34
12.39 ± 5.84

Data shown are means s.e.mean. Up to two exponential components were required to describe the burst distributions. At -75 mV,
no single-channel events were recorded at 600 gM and too few events were observed for analysis at 300 gM morantel.

2251
949

781 + 575
818 +294

836

835 + 460
1141 ±348
1186± 360

2139
1153

203 +43
978 + 82

799
303

858 + 193
301+ 133

940 ± 373

3376 + 842

Vm (mv)

75
75
75
75
75
75
75
75
75
75

-75
-75
-75
-75
-75
-75
-75
-75
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Figure 3 A concentration-dependent decline in Po is observed at
negative but not positive holding potentials. Plots of the probability
of channel opening against morantel concentration at (a) +75mV
and (b) -75mV. Each point represents the mean of at least three
observations from patches where the activity of only a single channel
was evident. The vertical bars represent the s.e.mean of each set of
data.

scribed in detail. The brief burst-time constant, Ti, then de-
scribed 'short bursts' that had similar durations to mean open-
times. The longer burst-time constant, T2, described 'long
bursts' that were due to sequences of openings separated by
short 'within-activation' closures and/or short block periods.

Increasing morantel concentration decreases Po at
negative but not positive potentials

At positive potentials the probability of channel opening (Po)
appeared constant and independent of morantel concentration
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between 6Mm (3.83±2.6x I0-3; mean±s.e.mean, n-4) and
100 AM (3.19± 10-3; n-4), suggesting that we were at or ap-
proaching saturation of the nicotinic AChR agonist binding
site(s) as predicted from the studies of the macroscopic cur-
rents activated by morantel (Harrow & Gration, 1985). This
point is illustrated in Figure 3a, which shows a plot of Po
against morantel concentration at a holding potential of
+ 75 mV. Between 100 AM and 600 UM morantel, however, a
small concentration-dependent reduction in Po was observed
(not shown) associated with the onset of a fast-flickering open
channel-block.

At negative holding potentials a marked concentration-de-
pendent reduction in Po was observed between 6 AM and
100 AM morantel. This is illustrated in Figure 3b which shows
a plot of Po against morantel concentration, obtained with a
holding potential of -75 mV; Po declined from
7.68± 1.89 x 10-3 (n -4) at 6 AM to 0.31 ±0.12 x 10-3 (n-4)
at 100 AM. The decline in Po resulted from the complex form
of open channel-block that is considered subsequently.

A flickering channel-block occurs at positive potentials

A fast-flickering open channel-block was observed at positive
holding potentials as the concentration of morantel was in-
creased over the range 100 AM to 600 AM. Figure 4a shows the
fast-flickering channel-block with channel openings recorded
in the presence of 600 AM morantel over a range of positive
holding potentials (+ 125 mV to + 50 mV). It can be seen that
the duration and frequency of the block events increases as the
holding potential was made less positive, an effect consistent
with the cationic nature of morantel. This channel-block led to
a concentration-dependent reduction in the mean open-time
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Figure 4 With high concentration of morantel fast flickering open channel-block is observed at positive potentials. (a) Fast
flickering block of single-channel currents activated by 600,gM morantel at + 125 mV, + 100 mV, + 75 mV and +50mV; vesicle-
attached patch configuration. Note the increase in the frequency and duration of the block as the holding potential is made less
positive (+ 125mV to + SOmV). Records were obtained in the vesicle-attached patch configuration. c, closed; o, open. (b) Open-
time distributions. Single exponential fits to open-time histograms obtained in the presence of 6 and 600AM morantel and a pipette
potential of + 75 mV; the time constants fitted were 0.8 ms and 0.25ms respectively. N is the number of channel openings.
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from 0.72 ± 0.07 ms (mean ± s.e.) with 6 gM morantel to
0.25 ± 0.7 ms with 600 4uM morantel, Figure 4b and Table 1.

Fast-flickering channel-block has been explained by a sim-
ple open channel-block mechanism (Adams, 1976; Neher &
Steinbach, 1978) in which a single large-blocking-ion moves
repeatedly into and out of the open ion-channel. In the fol-
lowing sections we describe properties of the channel-block at
positive potentials and show that it has properties inconsistent
with the simple channel-block mechanism.

The channel-blocking rate, k+B, at positive potentials Figure
5a illustrates plots of reciprocal mean open-time against
morantel concentration for holding potentials of + 100 mV,
+ 75 mV and + 50 mV. It is likely that the gradients of such
plots are a valid method of estimating the channel-blocking
rate, k+B, for a variety of complicated processes governing
channel-block (Ogden & Colquhoun, 1985). For each plot
the line was fitted by the method of least squares; the
slope (±s.e.mean) gave values for k+B of 3.3±0.9 x 106 M-1
s l, 6.1±1.4x 106 M-I s'` and 9.8±0.7x 106 M-1 s-' at
+ 100 mV, + 75 mV and + 50 mV, respectively. Clearly then
k+B increased as the holding potential was made less positive.

k+B is also a factor determining the slope of blockage fre-
quency plots, but the slopes of these plots are proportionately
less than k+B if simple channel-block does not occur and if the
blocked state can enter other closed or blocked states without
directly reopening (Ogden & Colquhoun, 1985). Figure 5b
shows plots of the number of block durations per unit open-
time against morantel concentration, the slopes of which had
values of 2.3 x 106 M-'s-I at + 75 mV and 5.8 x 106 M-'s-' at
+ 50 mV. These slopes are similar but less than the previously
estimated k+B values suggesting that the blocked state is able
to enter another closed or blocked state without always having
to reopen.

Voltage-sensitivity of k+B at positive potentials Figure 6a de-
scribes the voltage-sensitivity ofk+B (obtained from plots of 1/
mean open-time) against the positive holding potential with a
line fitted by the method of least squares to the observations.
The slope of the line, VK, predicts an e-fold decrease in k+B for
every +46 mV change in membrane potential and the inter-
cept predicts that k+B at 0 mV has a value of
2.94 x 107 M-'s-.

The voltage-dependence of ion channel-blocking rates has

been explained by a Woodhull model (Neher & Steinbach
1978; Hille 1992) and the relative position of the block site
within the channel determined from the voltage-sensitivity. 6,
the relative or apparent electrical distance from the extra-
cellular surface of the pore is 2(F/RT)/k+3, where F, R and T
have their usual meaning and for our purposes F/RT is 25 mV
at 20'C. From our data we obtain a relative electrical distance
(6) of 1.1, greater than the width of the channel: this value
cannot be explained by a single block site within the channel.
One explanation, considered later, for the large and apparently
impossible 6 may be that of multi-ion channel-block (Hille,
1992).

The block duration at positive potentials and its voltage-
sensitivity

The channel unblocking rate, k.B, would be equal to the re-
ciprocal of the mean block duration if the fast-flickering block
were governed by a simple open channel-block mechanism
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Figure 6 The forward blocking and unblocking rate constants are
voltage-sensitive. (a) k+B versus membrane potential; (b) k-B versus
membrane potential. The lines were fitted by least squares. From the
intercept of each line on the abscissa scale values of
2.94x 107M-1S-1 and 765s-1 were obtained for k+B and k-B,
respectively, at 0 mV. The slopes predict an e-fold decrease in k+ B for
every + 46mV change in potential and an e-fold increase in k.-B for
+44mV change in holding potential. The vertical bars represent
s.e.mean of each set of data.
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least squares. The slope of the lines predicted values (± s.e.mean) for the forward blocking rate constant, k+ B at
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(0). Estimates of the frequency of block were obtained by dividing the total open-time by the estimated total number of short gaps.
Each point represents the mean of at least three observations. The slope of the plot was 6 x 106M-'s-' at +50mV and
3 x 1O M s' at + 75 mV. (c) The reciprocal of the duration of the short block against morantel concentration for patch potentials
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(Adams, 1976; Neher & Steinbach, 1978) or, in more complex
schemes, as we suspect here, be equal to the sum of all exit
rates from the blocked state. The reciprocal of the mean block
duration then provides an upper estimate for k-B.

Figure 5c shows a plot of the reciprocal of the block
duration against morantel concentration for a holding poten-
tial of + 100 mV, + 75 mV and + 50 mV. There was no sig-
nificant correlation between morantel concentration and the
mean block durations at any of the holding potentials studied.
As might be expected for the cation morantel, the block
duration decreased as the holding potential was made more
positive, giving upper limits for k-B at + 100 mV (100-
600 1uM), +75 mV (100-600 gUM) and +50 mV (100 /IM-
600 /iM) in the region of (mean + s.e.mean) 5165+746 s-1,
2781 + 254 s ' and 1878 +226 s-l, respectively.

Figure 6b shows a semi-log plot of the upper estimates for
k-B against potential and the line fitted to the points observed
at positive potentials by the method of least squares. We find
the intercept with the abscissa at 0 mV to be 767 s- , while the
slope, Vk, shows an e-fold decrease every -44 mV change in
membrane potential, which is numerically close to but opposite
in polarity to the voltage-sensitivity of the blocking rate, k+3.
Although the interpretation of the voltage-sensitivity of these
estimated blocking rates for kdB, depends on the blocking
mechanism involved we can again say that observations do not
support a simple channel-block mechanism because the pre-
dicted relative electrical distance of the site of block would be
1.1 and greater than the width of the channel.

The flickering-block at positive potentials then shows a
number of features not consistent with the simple block. In
addition, Table 3 shows at positive potentials, that the mean
duration (t2) of the 'long bursts', did not increase linearly with
concentration in the range 30 jM--100 jgM in a manner pre-
dicted by the simple open channel-block mechanism. Further
inconsistencies were seen at negative potentials.

Channel-block and open- and closed-times at negative
potentials

We have commented earlier on the marked concentration-de-
pendent reduction in Po observed with negative holding po-
tentials. The mechanism underlying this decline in Po involved
effects on open-times and on closed-times.

Effect on open-times At negative potentials a concentration-
dependent reduction in mean open-time occurred between
6 gM and 100 gM morantel (Table 1). Figure 7a shows ex-
amples of the open-time distributions obtained at 6 gM and
100 jgM. The time constants fitted declined from 1.57 ms with
6 gM to 0.36 ms with 100 gM morantel (Table 1). The slope of
the relationship between the reciprocal of the mean open-time
and morantel concentration was linear and is a measure of the
channel blocking rate, k±B. Figure 7b shows such plots for
holding potentials of -50 mV and -75 mV, each line was
fitted by the method of least squares. The slope for the two
potentials was nearly the same: 2.3 x I07 M -1s' at -50 mV
and 1.9 x 107 M-'s-s at -75 mV.

The values of k+B at -50 mV and -75 mV are almost
identical to that of k±Bo estimated from the analysis of the
flickering channel-block observed at positive potentials:
2 x 107 M-'s-' (Figure 6a). This may be explained if a poten-
tial barrier acts as the rate limiting step for k+B at positive
potentials but a voltage-insensitive diffusion-barrier becomes
the rate-limiting step for k+B at negative membrane potentials.
However, the reduction in mean open-time does not explain
the marked concentration- and potential-dependent decline in
Po measured under negative holding potentials, particularly
when we consider the loss of voltage-sensitivity of k+B at ne-
gative potentials.

Effect on closed-times At negative holding potentials a con-
centration- and voltage-dependent increase in mean closed-
time was observed. At -75 mV the mean closed-time in-
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Figure 7 Concentration-dependent reduction in mean open-time at
negative holding potentials. (a) Single exponential fits to open-time
distributions obtained in the presence of (i) 6 and (ii) 100IM
morantel and a pipette potential of -75mV; the time constants
fitted were 1.28ms (6pM) and 0.43ms (100pM). N is the number of
channel openings. (b) Plots of the reciprocal of mean open-time
against morantel concentration for holding potentials of -50mV
(0) and -75mV (0). The lines were fitted by least squares. The
slope had a value of 2.27+0.3x l0m1-s- at -5OmV and
1.9 + 0.3 x 107 M-IS-' at -75mV. The intercept of the lines was
773 s- at -5OmV and 745 s- at -75mV.

creased from (mean + s.e.mean) 224+ 42 at 6 gM to 1908 + 506
at 100 gM and the changes in the closed-time distributions
resulted in the appearance of two distinctive voltage-sensitive
gap components: a 'short block' and a 'long block'.

Short block One of these gap components was short (mean
duration - 13 ms) and is referred to here as the short block.
The short block had a duration that appeared independent of
morantel concentration. It was first noticed at low frequencies
with 6 gM morantel at -75 mV when the best fit to the closed-
time distribution increased from three to four exponential
components; under these conditions the short block had a
duration of 12.5 ms (t2; Table 2). Between 6 gM and 100 gM,
the short block was not resolved due to aggregation with
'within-activation' channel closures. However, in the presence
of 100 gM morantel the channel openings occurred singly or in
doublets (Figure 8b) separated by gaps with a mean duration
of 13.3 ms (Table 2, tI, 100 gM -75 mV). Under these con-
ditions the short block represented the majority of the short
gaps observed; few if any brief 'within-activation' closures
were observed.

Although the duration of the short block was not con-
centration-dependent, it was voltage-dependent (Figure 9d,
Table 2) and was related to the block periods measured at
positive holding potentials. When the line fitted to the re-
lationship between the reciprocal of the block time (k-B) and
holding potential at positive potentials was extrapolated to
-50 mV and -75 mV, it accurately predicted the duration of
the short gaps observed at both negative potentials when
100 gM morantel was present (Figure 6c) suggesting that its
origin was the same.

Long block The other gap component was long (seconds),
increased in duration with concentration, and is referred to
here as the long block. The concentration-dependent nature of
the long block is illustrated in Figure 8c which compares ty-
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pical single channel records obtained at + 75 mV and -75 mV
in the presence of 10, 100 and 600 gM morantel. The long
block observed at -75 mV with 100 guM morantel increased in
duration still further when the concentration was raised to
600 gM, such that open events were not observed in records as
long as 10 min. These long block gaps were absent at positive
potentials and their appearance showed no time-dependence:
they were observed at negative potentials immediately after
patch formation and disappeared when the holding potential
was made positive (+ 50, + 75 or + 100 mV).

Figure 9a shows representative closed-time distributions
obtained in the presence of 0.6 gM morantel at + 75 mV and
-75 mV: there is no real difference in the duration of the long
time constants fitted at the two potentials. Figures 9b, c and d
show representative closed-time distributions obtained with 30,
60 and 100 gM morantel at + 75 mV and -75 mV: at
-75 mV a concentration- and voltage-dependent increase in
the longest gap component is observed; the mean duration of
the longest time constant fitted to the closed-time distribution
at -75 mV with 30 gM morantel concentration was 303 ms,
with 60 pM it was 990 ms, and with 100 gM it was 4016 ms.
Figure 9d shows that a clear separation was obtained at
100 /M morantel between the long block and the 'between-

a

activation' closures: 'between-activation' closures were identi-
fied by the fact that their mean duration remained virtually the
same at +75 mV (813 ms) and -75 mV (517 ms). It is poin-
ted out, however, that the simple averages of closed-time
constants (Table 2) observed in different preparations only
indicate the presence of the concentration- and voltage-de-
pendent long block when concentrations at 60 gM or greater
are used and the longest gap component at + 75 mV is com-
pared with the longest gap component at -75 mV. Variability
between patch recordings associated with the heterogeneous
population of channels and animals (see Martin et al., 1991)
may have lead to aggregation of the long block with 'between-
activation' closures at lower concentrations.

Degree of block shows cooperativity

The degree of block may be defined as Po-75/Po+75 providing
the following assumptions are valid: (1) In the absence of
channel-block there is no significant increase in Po with mor-
antel concentration over the range 0.6-100 pM. This seems
valid from the relationship between Po and concentration
measured under a holding potential of + 75 mV (Figure 3a).

b
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Figure 8 The short block and concentration-dependent long block gaps at negative holding potentials. (a) Typical opening
produced by 6 gM morantel; note the single uninterrupted opening lasting 4 ms, -75 mV. (b) A 'doublet' of brief openings separated
by the short block observed in the presence of 100yM morantel, -75mV. (c) Concentration- and voltage-dependence of the
additional long block gap observed in the presence of morantel is illustrated at lower time resolution; current records were activated
by 1O0M, 100yM and 600Mm morantel recorded at +75mV and -75mV. Recordings were made in the vesicle-attached patch
configuration, first at -75mV and then at +75mV.
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(2) Between 0.6 uM and 100 pM, the reduction in Po resulting be ignored. (3) In the absence of channel-block the ratio
from channel-block at + 75 mV is small relative to the re- Po_75/Po+75 would be constant and independent of morantel
duction in Po observed at negative holding potentials, and may concentration. Figure iOa shows a plot of Po-75/Po+75 against
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Figure 9 Concentration- and voltage-dependence of the longest gap component in the closed-time distributions. Distributions of
closed-times obtained in the presence of different concentrations of morantel at +75mV and -75mV are shown on a log scale
(abscissa scales 4 bins per log unit except for (d) -75 where 3 bins per log unit was used) against the square root of frequencies
(ordinate scales) and maximum likelihood fits to each individual closed time (see methods pdfs) shown by continuous lines. In (a-d)
distributions at -75mV (right panels) were obtained immediately after patch formation and then distributions at +75mV (left
panels) were obtained subsequently from the same patch. (a) +75: Distributions obtained with 0.6.uM morantel, +75mV, three
exponentials fitted, =0.12ms (area 0.16), T2= 38.5ms (area 0.08) and 3=SlOms (area 0.76). (a) -75: The duration of the longest
time constant fitted was similar when the holding potential was -75 mV; two exponentials fitted, I = 0.17ms (area 0.50) and
2=570ms (area 0.50). (b) + 75: Distributions obtained with 30 sM morantel, + 75 mV, two exponentials fitted, T = 0.19ms (area
0.32) and T2 = I 1 1 ms (area 0.68). (b) -75: At -75mV the duration of the longest time constant was greater, - l.9ms (area 0. 14),
T2= l9ms (area 0.20) and 3 = 303ms (area 0.66). (c) + 75: Distributions obtained with 60/AM morantel, + 75 mV, two exponentials
fitted, ri = 0.27 ms (area 0.26) and %2= 187ms (area 0.74). (c) -75: At -75mV the duration of the longest time constant is much
longer; l =3.9ms (area 0.13), T2=55ms (area 0.21) and r3=99Oms (area 0.66). (d) +75: 100/uM morantel, +75mV, three
exponentials fitted, l =0.13ms (area 0.73), T2=S0ms (area 0.045) and r3=813ms (area 0.225). (d) -75: At -75mV the longest
time constant (long block gaps) exceeded those observed with 30AM or 60/AM morantel, I=7ms (area 0.16), T2=517ms (area 0.30)
and T3=4016ms (area 0.54).
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morantel concentration. The relationship was fitted by non-
linear least squares regression to the Hill equation:

R =1Ruma
+ (r,)nH

where R represents the degree of block at concentrations x.,
IC50 the concentration at which 50% block was observed and
nH the Hill coefficient. Raz is the ratio Po_75/Po+75 in the
absence of block. The best fit was obtained with an R. of 2.9,
IC50 of 10 yM and nH of 1.6. A value for nH greater than 1
suggests the involvement of at least two blocking molecules.

The use of the ratio Po-75/Po + 75 has the advantage of being
able to normalize the data and so reducing inter-patch varia-
bility. We also fitted the Hill equation to the plot of Po.75
against morantel concentrations >than 0.6 uM (Figure lOb)
and found that it had a similar nH value (1.7), suggesting that
our ratio analysis is not compromised.

Sequential double block model

In order to describe the positive cooperativity shown by the
block quantitatively, we have used a minimal model describing
a two-ion open channel-block (Evans & Martin, 1992b; Evans
& Martin, 1993a,b). The simple channel-block model was ex-
tended to incorporate a second binding site for morantel
within the channel pore:

ak+ BgXa Ry k+ B'.Xa
C. f>0 ± MBlI ± MB2 ± MB1MB2

k-B'

where I is the distinguishable closed state and 0 is open, MBl
represents the occupation of a block site near the mouth of the
pore, MB2 represents the occupation of a second block site
deeper within the pore, and MB1MB2 represents a double
occupation. f#'a, k+ , kB., y, 6, k+B' are rate constants and xa
represents the morantel concentration.

The model requires that: the occupation of the site MBl by a
molecule of morantel allows access, by that molecule alone, to
site MB2; it allows MBl to be occupied while MB2 is occupied;
but does not allow a molecule bound to MB2 to leave the
channel pore while MBl is occupied. Thus as the concentration
of morantel is increased the frequency of occupation of MBl

a b

and thus MB2 increases; furthermore, the frequency of double
occupation and thus the duration of time the molecule bound
to site MB2 is held within the pore also increases. Hence the
model may explain the occurrence of the additional long gaps
with a duration dependent on morantel concentration.

The model is simplified with only one closed-state opening:
we excluded the brief 'within-activation' closed-state from the
model as it does not influence greatly the Po-morantel-con-
centration relationship. Also, we have ignored the concentra-
tion-dependence of the opening rate constant fi' as we
appeared to be at or beyond the point of receptor saturation
with the lowest concentrations studied.

The relationship between the degree of block and morantel
concentration predicted by this model may be determined from
the principles of microscopic reversibility. The model describ-
ing the double-ion block of the channel pore predicts that if
there is little or no block at + 75 mV and we let

R= (l+ )/(1+jA) then:

Po-75
Po+75

R

1+7 (t + WB}+ ' (2)

Where f'/(@ + f') are the values at -75 mV; KB is k.B/k+B at
-75 mV; KB is k'-B/k'+B at -75 mV and y!6 are also at
-75 mV.

Estimation of some of the parameters of equation 2 We can
already provide estimates for a number of the parameters de-
scribed in equation 2 from our experimental records. R was
taken as 2.71, the ratio Po-75/Po+75 in the presence of 0.6 yM
morantel when little or no block was observed at -75 mV.
This is nearly the same as R1,,m estimated from the fit to the
Hill equation (Figure i0a). fi'/(a+') was taken as Po in the
presence of 0.6 uM morantel at a holding potential of
-75 mV, when little or no block was observed: this was 0.004.

For the proposed sequential double block scheme, a plot of
the reciprocal of mean open-time against morantel con-
centration would have an intercept of 1/a and a slope of k+B.
As we showed earlier this plot gave a value for k+B of
1.9 x 107 M-s at -75 mV (Figure 7b). If, as we suspect,
MBl represents the same binding site as that conferring block
at positive potentials, then k+B loses its voltage-sensitivity at
negative holding potentials.

c
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Figure 10 The relationship between Po and morantel concentration suggests positive cooperativity between at least two blocking
molecules. (a), (b) and (c) show log-log plots of the degree of block against morantel concentration. The vertical bars represent
s.e.mean for each set of data which comprise at least three observations. (a) Po- 75Po +7 is plotted against morantel concentration,
with the line representing the least squares fit to the Hill equation which gave values of 10Mm for the IC50 and 1.6 for nH. This
suggests positive cooperativity between at least two blocking molecules. (b) The Hill plot of Po_75 against morantel concentrations
greater than 0.6Mm (12pM for the IC50 and 1.7 for nH). (c) The same data as in (a) fitted by least squares to equation 2, the limiting
slope was close to 1.6, as for (a) and (b).
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The sequential model also predicts that at a given holding
potential, the sum of the rate constants, k-B and y, may be
derived from the reciprocal of the mean duration of the short
block periods (TI or 13.3 ms; Table 2) in the presence of
100 IM morantel and a holding potential of -75 mV. At this
point the degree of block is high and we may assume that the
majority of the short gaps represent the short block periods
and few if any short 'within-activation closures' occur.

Estimation of remaining parameters of equation 2 by
non-linear regression

The values of the parameters mentioned above (k+B,k-B + y
R and fi'/(a + f')) were fixed and the remaining parameters of
equation 2 determined from non-linear least squares fits to the
relationship between Po-75/Po+75 and morantel concentra-
tion. We found that it was possible to make estimates of the
three parameters: KB, KB and y/6, if the estimates for KB were
constrained in the analysis to be equal or greater than KB. This
is reasonable since prior entry of one molecule of morantel into
the channel and binding at MB2 might slow the entry rate
(k'+ B) of a second molecule by repulsion as well as increasing
its exit rate (k'-B). Fixing these parameters then allowed esti-
mation of the following rate constants: k+B, 2 x 107 M= c 1;
kB, 22.01 s'I, y, 54 s I; 6, 54 cl. KB and KB were found to
have the same value, 1.1 um, suggesting that the dissociation
constant at the first block site does not increase when the
second block site MB2 is occupied. Figure lOc shows the line
of best fit obtained for equation 2, with the parameters above,
and that the limiting slope of the plot was near at 1.6. The plot
shows that equation 2, and thus the sequential model, de-
scribes our experimental observations. In contrast, the simple
channel-block scheme (Adams, 1976; Neher & Steinbach,
1978) and a simple sequential model, where the blocked state
enters a single desensitized state, failed to describe our ex-
perimental data.

Morantel does not block nicotinic AChR currents when
applied to the cytoplasmic surface of the patch

When single nitotinic AChRs were activated in excised inside-
out patches by addition of 0.6 yM morantel to the pipette so-
lution, a concentration with which no channel-block was ob-
served, bath application of 1 mM morantel to the cytoplasmic
surface of the patch altered neither the single-channel con-
ductance, mean open-time nor Po (not shown). These findings
are similar to the effects observed at the Ascaris nicotinic
AChR with levamisole (Robertson & Martin, 1993b).

Discussion

Conductance properties

The nicotinic-acetylcholine receptors (AChR) from the so-
matic muscle cells of Ascaris displayed at least two con-
ductance states when activated by morantel as has been
observed for acetylcholine- and levamisole-activated single-
channel currents (Pennington & Martin, 1990; Robertson &
Martin, 1993a). Both main- and sub-conductance states ex-
hibited inward rectification. The main-conductance increased
from a mean of 32 pS at + 75 mV to 40 pS at -75 mV. Al-
though the inward rectification has not been obtained in the
Ascaris preparation previously, such rectification has been seen
in studies of rat sympathetic ganglionic nicotinic AChRs
(Mathie et al., 1990) and Torpedo nicotinic AChRs (Imoto et
al., 1988). As for these nicotinic AChRs our results in Ascaris
may be explained by an asymmetrical organization of the pore
of the Ascaris channel, which is suggested by the fact that the
block produced by morantel and another agonist levamisole
(Robertson & Martin, 1993b) only occurred when the drug
was present at the extracellular but not cytoplasmic surface of
the patches. With a symmetrical pore one would expect to

observe block after application to extracellular and in-
tracellular surfaces.

Single channel kinetics

In the absence of channel-block, both open- and burst-time
distributions were usually described by a single exponential,
revealing the presence of one open-state. The mean open-times
were only modestly voltage-sensitive and increased from
0.7 ms at + 75 mV to 1.4 ms at -75 mV, due to a reduction in
the channel closing rate constant a; this corresponds to an
e-fold reduction for every 213 mV. Although such a voltage-
sensitive reduction in the closing rate constant is also a feature
of vertebrate nicotinic AChR channels, they are more sensitive
with an e-fold reduction every 78 mV for skeletal muscle re-
ceptors (for example see Colquhoun & Ogden, 1988), and an e-
fold reduction for every 156 mV for the ganglionic receptors
(for example see Mathie et al., 1990).

The closed-time distributions were more complex and were
described by the sum of two or three exponential components,
revealing at least two closed states. In general these closed
events could be classified as short 'within-activation' and long
'between-activation' closures. Neither component exhibited
any appreciable voltage-dependence.

Channel-block at positive potentials

At positive holding potentials a fast flickering open channel-
block was observed in the presence of high concentrations
(> 60 uM) of morantel. The voltage-sensitivity of the blocking
rate, k+ B predicted an e-fold increase for every 44 mV negative
shift in holding potential and a value for the relative electrical
distance for a single morantel block site of 1.1. This is incon-
sistent with a single block site within the channel pore for a
monovalent cation, such as morantel. Further inconsistencies
with the predictions of simple bimolecular channel-block in-
cluded the slopes of frequency block plots and the finding that
the burst length appeared independent of morantel con-
centration.

Channel-block at negative holding potentials

A more complex form of open channel-block was clearly
present at negative holding potentials and comprised two
identifiable block durations: one whose duration was short
(- 13 ms) and independent of morantel concentration and
another whose duration was long and increased in a con-
centration-dependent manner (up to minutes). These two
components conspired to produce a marked reduction in the
probability of channel opening with increasing morantel con-
centration. This relationship could not be described assuming
simple channel-block; when the data were fitted to the Hill
equation, the best fit was obtained with a Hill coefficient of 1.6,
suggesting positive cooperativity between at least two blocking
molecules. The suggestion that there is more than one block
site in the ion pore for large organic molecules is not novel
(Adelman & French, 1978; Davies et al., 1989; Gingrich et al.,
1993; Maconochie & Steinbach, 1995) and cooperative multi-
ion block of channels by simple ions is well recognized (for
discussion see Hille, 1992). In the present investigation we used
a minimal sequential double block model that describes such a
cooperative interaction (Results). The model requires that the
occupation of a binding site, MBl, near the mouth of the
channel pore precedes binding to the second site, MB2, deeper
within the pore. It allows MBl and MB2 to be occupied si-
multaneously but does not allow a molecule at MB2 to leave
the channel when MBl is occupied. Thus as the concentration
of morantel increases the occupation of MB1 increases so that
there is a concentration-dependent increase in the duration of
the occupation of the MB2 site.

The nicotinic AChR appears to have multiple binding sites
for channel-blocking molecules: quinacrine azide, a derivative
of a channel-blocker photoaffinity labels an Ml region believed

1138



A.M. Evans & R.J.Martin Morantel block of nicotinic channels

to form part of the 25-30 A' funnel entrance of the open
channel (Dipaola et al., 1990); TPMP+ photoaffinity labels an
MII region of the pore that appears to be the QX 222 blocking
site (Hucho et al., 1986). If we consider the large size of the
extracellular antrum of the vertebrate nicotinic AChR pore
(Zhorov et al., 1991), the existence of more than one binding
site for a blocking molecule is quite plausible. It is tempting to
suggest that a site equivalent to the outer 20' region in the MII
region of the pore (Lester, 1992) may represent the MB1 site
and the QX 222 binding site (the 10' hydrophobic ring and 6'
anionic ring on the inner MII region of the pore, Galzi et al.,
1991; Lester, 1992), may represent the MB2 block site.

Values of rate constants estimated from the sequence of
open- and closed-times also supports the sequential
double block model

Horn and Lange (1983) have described a technique for the
estimation of rate constants for any kinetic scheme, by fitting
the parameters of the hypothesized Q matrix of the model to
the entire sequence of open and closed dwell times by max-
imum likelihood. We also tested this approach to estimate
directly the rate of constants of our block model from records
showing only one active channel. The techniques of Colqu-
houn and Hawkes (1977, 1981) were used to make these esti-
mates and programs written in FORTRAN using conditional
probability density functions, of the form described in equa-
tion 1. It has been pointed out by Fredkin and Rice (1992),
that this sort of approach may be successful for complicated
schemes but sometimes fails for simple models. Apparently
reliable estimation rate constants is particularly difficult when
the closed-states are not well separated, because there is an
inherent ambiguity in the closed-state kinetics due to ag-
gregation. We chose the 100 JM concentration results at
-75 mV, because this was the concentration where we con-
sistently separated both the short, and long, block durations
from the normal channel closures.

Table 4 shows the mean and s.e.mean values obtained for the
rate constants of the model at -75 mV. The striking feature of
these results is the similarity to those results obtained from the
Po least squares estimates. For example the maximum like-
lihood estimates gave values of 1.5 gM for KB, 24 s-1 for kB,
57 so' for y, 51 s-1 for 6 and 1.6 gM for KB: these values
compare with 1.1 JIM for KB and KB', 21 s-'for k-B and 54 s-'
for oy and 6 obtained from the least squares estimation. The
similar estimates for the dissociation constants, KB and KB,
obtained by both methods, lends support for the use of our
simple sequential double block model. We also checked the
predictions of the model and found that the estimated rate
constants predicted the concentration-dependence of Po, the
Hill coefficient, as well as the probability density functions of
the open and closed-times for 100 gM morantel (data not
shown).

Other processes used to explain deviations from the
predictions of simple open channel-block

One alternative explanation of our findings is that of desensi-
tization. It is likely that desensitization in general is a phe-
nomena associated with high agonist concentrations and
results from long-lived shut states which have the agonist
binding sites occupied. At vertebrate nicotinic AChR the
channel openings during desensitization are seen as clusters
separated by long closed-times which may have mean dura-
tions as long as 34 s (Sakmann et al., 1980; Colquhoun &
Ogden, 1988). Such long-lived desensitized states could explain
our observations if they occurred only at negative potentials
and were concentration-dependent in duration. However,
when observed in vertebrate and Ascaris preparations, these
long desensitized/closed-times are essentially not voltage-sen-
sitive (Colquhoun & Ogden, 1988; Robertson & Martin,

Table 4 Rate constants estimated by maximum likelihood
for the sequential multi-ion channel-block model from the
sequence of open- and closed- times with 100 JiM morantel
and at -75 mV

I' a k+B k B Y 6 k+B kFB

3.14 1144 16.1 23.7 56.7 51.3 29.1 47.6
±0.70 ± 160 ±2.3 ±4.0 ±20.1 ± 13.2 ±7.3 ± 16.0

Data shown are means ± s.e.mean, n = 4. Note that KB=
k.B/k+B= 1.47 gM; KB=k-B/k'+B=1.64pqM; y/6= 1.1.
Units are s-1 except for k+B and k'+B which are jM- s-1.

1993a). Moreover when present, voltage-sensitive desensitiza-
tion appears to be Ca2"-dependent and supported by depo-
larization of the cell membrane (Manthey, 1966, 1970; Mildei,
1980). The Ca2" concentration of our solutions was deliber-
ately low to minimize any Ca2"-dependent changes in single-
channel activity. In addition, the long concentration- and
voltage-dependent gaps in single-channel records obtained
with morantel as the agonist did not increase in frequency with
the passage of time as they are expected to do if they were
explained by desensitization.
We also estimated, from our data, rate constants for a

sequential model (C*40<-+B*->D) in which the blocked
channel (B) could enter a desensitized state (D) and found
that the mean duration of the desensitized state would have
to be voltage-dependent and concentration-dependent to
explain our data. If desensitization were the explanation for
the long block periods at negative potentials, then the
duration of the desensitized state would be expected to have
the same mean duration (it did not) throughout the con-
centration range, 1O-100 gM morantel, where the Po plot
(Figure 3a) indicates receptor saturation. For these reasons
we believe that the voltage-sensitive and concentration-de-
pendent long gaps seen at negative potentials in this study
cannot be explained by desensitization.

One further alternative explanation of our findings could lie
in the presence of a closed-trapped-blocked state (Gurney &
Rang, 1984). Ogden & Colquhoun (1988) have discussed in
some detail the implications of such mechanisms, which could
result in a concentration-dependent reduction in mean burst
length but which still predict a linear relationship between the
reciprocal mean open-times and the concentration of the
blocking molecule. However the presence of concentration-
dependent and voltage-sensitive long-block durations are not
readily explained by models encompassing a closed-trapped-
blocked state, which would predict a concentration-in-
dependent gap duration.

Conclusion

We have observed that morantel both opens and blocks the
nitotinic AChR in the somatic muscle cells of Ascaris. The
mechanism of block appears complex showing cooperativity
and may be explained by the presence of two block sites within
the channel pore. The marked voltage-sensitivity and bell-
shaped concentration-dependence of macroscopic currents
produced by morantel (Harrow & Gration, 1985) may be ex-
plained by the behaviour of the channel currents seen in this
study.

This work was sponsored by the Wellcome Trust. We would like to
thank Dr D.C. Ogden and Dr M.B. Cannell for reading the
manuscript and for a helpful discussion of our findings.
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