
Br. J. Pharmac. (1982), 75, 151- 168

THE ACTION OF GANGLIONIC BLOCKING DRUGS ON THE
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1 The effects of tubocurarine, hexamethonium and trimetaphan on the synaptic currents of rat
submandibular ganglion cells have been measured at 20°C by means of a two-microelectrode
voltage-clamp system. The aim was to distinguish between the receptor-blocking and channel-
blocking actions of those drugs, and to test for possible selectivity of action on the 'fast' and 'slow'
acetylcholine-operated channels.
2 Tubocurarine had no effect on the amplitude of evoked synaptic currents (e.s.cs) or miniature
synaptic currents (m.s.cs), except at concentrations exceeding 20IlM. The slow component of the
e.s.c. was shortened by tubocurarine, this effect becoming more marked as the cell was hyperpolar-
ized. The timecourse of m.s.cs, which have no slow component, was unaffected.
3 Hexamethonium (2-301 M) caused a voltage-dependent reduction of e.s.c. amplitude, and
voltage-dependent shortening of both fast and slow components of the e.s.c. M.s.cs were also
shortened.
4 Trimetaphan (2-10;LM) reduced the amplitude of e.s.cs and m.s.cs. Neither component of the
e.s.c. was shortened by trimetaphan; however, the slow component was reduced in amplitude more
than the fast component, so that the overall duration of the e.s.c. appeared to be reduced. At higher
concentrations (15-25IM) trimetaphan clearly shortened the fast component.
5 It is concluded that tubocurarine acts selectively on the slow ionic channels, the association rate
constant being 2.8 x 106M-1 S-1 at -80 mV. Hexamethonium acts on both fast and slow channels,
the association rate constants, at -80 mV, being respectively 5.3 x 106 M-1S-1 and 1.3 x 107 M-1 s-1.
With both drugs, the association rate constant increases if the cell is hyperpolarized, this effect being
more pronounced with hexamethonium than with tubocurarine.
6 The marked voltage-dependent reduction of e.s.c. amplitude by hexamethonium cannot be
accounted for by open channel block, and requires an additional mechanism, the nature of which is
discussed.
7 Trimetaphan, at low concentrations, acts in a way consistent with receptor block, and shows a
degree of selectivity for the slow component of the e.s.c.
8 In an appendix, the effect of temporal dispersion of the time of opening of ionic channels on the
amplitude and time-course of the composite synaptic response is analysed. It is concluded that the
shortening of the time-constant of the e.s.c. decay by hexamethonium cannot, by itself, account for
the drug's effect on e.s.c. amplitude.

Introduction

There is now good evidence that many agents that their effect at the motor endplate by acting on the
block the action of neurotransmitters do so by affect- acetylcholine (ACh)-operated ionic channels, and
ing the functioning of the associated ionic channels there is now very good evidence that many local
rather than by directly blocking the receptors. Black- anaesthetics produce this effect at the neuromuscular
man (1959) speculated that hexamethonium might junction and at other cholinergic synapses (Adams,
block ganglionic transmission in this way, following 1977; Ruff, 1977; Marty, 1978; Neher & Steinbach,
his demonstration that its blocking action was en- 1978; Tiedt, Albuquerque, Bakry, Eldefrawi & El-
hanced by hyperpolarization of the cell. Adams defrawi, 1979), an action which strikingly resembles
(1976, 1977) suggested that a variety of substances, their effect on the voltage-sensitive sodium channels
including barbiturates and local anaesthetics, exert of electrically excitable membranes (Strichartz,
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1973; Hille, 1977). It has more recently been shown
that many drugs thought to act selectively on ACh
receptors owe their blocking action in part to an
effect on the ionic channels. Tubocurarine (Manalis,
1977; Katz & Miledi, 1978; Ascher, Marty & Neild,
1978; Colquhoun, Dreyer & Sheridan, 1979), gal-
lamine (Katz & Miledi, 1978; Colquhoun & Sheri-
dan, 1981) and decamethonium (Adams & Sak-
mann, 1978) fall into this category of drugs with a
dual blocking action. In a study of the actions of
ganglionic blocking agents on rat submandibular
ganglion cells Ascher, Large & Rang (1979)
showed that hexamethonium, decamethonium and
tubocurarine appeared to act on the ion channel
rather than on the receptor, whereas the action of two
other blocking agents, trimetaphan and surugatoxin
was compatible with a receptor blocking effect.
The model that has most commonly been proposed

to account for the properties of channel blocking
drugs, and which can successfully account for most of
the kinetic observations that have been made, is the
following:

13 k*+B
nA + R - 'AnR - 'A0R*R "A R*B (1)

aX k*-s

In this scheme, A is acetylcholine, R the receptor in
its resting (closed) state, R* the receptor in its active
(open) state, and B is the blocking agent. AnR*B is
thus the active but blocked state of the channel. The
scheme envisages that B can only bind to open chan-
nels (R*); with B bound, therefore, the channel
cannot close, and it can only return to its resting state
via the open state, ADR*. Obviously, more elaborate
kinetic schemes can easily be envisaged, in which, for
example, B might be able to bind to R as well as R*,
and the action of some compounds seems to require
such additional reaction steps (Adams, 1977; Feltz,
Large & Trautmann, 1977; Adler, Oliveira, Albu-
querque, Mansour & Eldefrawi, 1979; Tiedt et aL,
1979; Adams & Feltz, 1980). However, in general,
the action of many blocking agents seems to conform
well to scheme (1), and the preferential (and voltage-
dependent) binding to the open channel suggests that
these drugs reach their site of action via the mouth of
the channel, like sodium ions except that they be-
come lodged in the channel instead of passing freely
through.
The main purpose of this paper is to analyse the

actions of three ganglionic blocking agents,
tubocurarine, hexamethonium and trimetaphan, on
the synaptic currents of submandibular ganglion
cells. The normal characteristics of these synaptic
responses, which resemble endplate currents in many
respects, have been described in detail by Rang
(1981). They decay exponentially following the
peak, the rate constant being sensitive to the mem-

brane potential and representing the rate of closure
of the channels, governed by a in scheme (1). The
main differences from the endplate are: (i) the decay
is bi-exponential, apparently because there are two
types of ACh-operated channel with different mean
lifetimes; (ii) the mean lifetimes are much longer
(about 10 ms and 50 ms respectively at -80mV and
20°C, compared with about 2 ms for endplate chan-
nels). The normal characteristics thus conform with
the left-hand part of scheme (1), except that there
appear to be two separate species of R functioning in
parallel.
According to scheme (1), the action of a channel

blocking drug will be to leave the peak amplitude of
the synaptic response unchanged, since the channels
open before the blocking drug can work, but to alter
decay kinetics. The normal exponential decay (rate
constant kI = a) of the response, will be split into two
components with rate constants, k, and k2, respec-
tively larger and smaller than kc. Both the rate con-
stants and the amplitudes of the two components are
quite complex functions of k*+B,, k*.B and [B] (see
Adams, 1977; Colquhoun & Hawkes, 1977; Ascher
et al., 1978). If, however, the dissociation rate con-
stant k*nB is small with respect to a (strictly speaking
it must be small with respect to cx + k*+B[B]), the
second component becomes very small, and the ob-
served effect is a speeding of the normal rate of decay
from kc = oa to k, = ac + k*+B[B]. Thus the increase in
the rate constant, Ak = k1-k can be used to estimate
the rate constant for the binding of B to the channel

[B] (2)

In this paper an attempt is made to determine the
site of action (receptor or channel) of three blocking
agents, namely tubocurarine, hexamethonium and
trimetaphan, from measurements of their effects on
the amplitude and time course of synaptic currents at
different membrane potentials, and to test whether
they show appreciable selectivity for the 'fast' or
'slow' channels that are present in these cells. The
choice of these three blocking agents was based
mainly on the rapid reversibility of their effects.
Preliminary experiments showed that other blocking
agents, such as mecamylamine, pempidine and
chlorisondamine, produce clear-cut effects, but the
slowness with which they develop and the even
slower recovery made these drugs very difficult to
study quantitatively, and the results are not given
here.
The results obtained confirm the general conclu-

sions of Ascher et aL (1979), but reveal differing
patterns of selectivity among the three antagonists
for the 'fast' and 'slow' channels, and also reveal an
additional, voltage-dependent action of hex-
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amethonium that appears to be distinct from its
channel-blocking effect.

Methods

The methods were essentially as described in previ-
ous papers (Ascher et al., 1979; Rang, 1981). Sub-
mandibular ganglia, with an attached length of chor-
da tympani nerve were dissected from rats
(150-200 g hooded rats of either sex) that had been
killed with chloroform and bled out by injection of
Krebs solution via the left ventricle. The ganglion was
cleaned as much as possible and pinned out in the
recording chamber (about 1 ml capacity) which was
mounted on the stage of a Nomarski microscope
(water immersion objective x40). The chorda tym-
pani was drawn into a suction electrode for stimula-
tion. The chamber was continuously perfused with
oxygenated Krebs solution at about 3 ml/min and the
temperature was maintained at 20°C. When drug
solutions were added or washed out, the flow rate was
usually increased to 5- 6 ml/min, and exchange of the
bath contents was estimated to be complete in about
30 s. With the three blocking agents tested, the drug
effect was usually fully developed within 3-4min,
and recovery took 5-7 min.
Records of synaptic currents (e.s.cs) were made

with the two-microelectrode voltage-clamp system
described previously, the records being stored on
magnetic tape for later computer analysis. A low pass
filter (cut-off frequency 500-700 Hz, roll-off
48 dB/decade) was used to cut out high frequency
noise. The cut-off frequency was set so that the filter
did not affect the rise-time or peak amplitude of the
e.s.c. In the case of evoked synaptic currents, three or
four consecutive signals, digitized at 2000 Hz, were
usually averaged and then fitted by a non-linear least
squares method to give estimates of the amplitudes
and rate constants of the two exponential compo-
nents. The signal-to-noise ratio in these records was
large, and the only purpose of averaging was to
minimize the effects of small random fluctuations in
amplitude of individual responses.
The usual protocol was to stimulate the nerve with

a single supramaximal stimulus (0.2-0.5 ms dura-
tion) every 1Os throughout the experiment. A con-
trol series of e.s.cs was recorded at various membrane
potentials (usually -40mV to - 100 mV in 20mV
steps with 3 responses at each potential). Potentials
less negative than -40 mV often gave poorly-
clamped records, because the resting impedance of
the cells decreased sharply, and the current-passing
electrode was liable to block. Potentials beyond
-100mV (and sometimes beyond -80mV) ap-
peared to damage the cells. In most experiments the
potential was held at -40mV or -60 mV and

jumped to the test potential 100-200 ms before the
stimulus, returning to the holding potential
300-400 ms after the stimulus. In other experiments
the potential was adjusted manually and held during
two or three stimuli. The same results were obtained
by either method.
The blocking agent was applied with the mem-

brane potential held at -40mV or -60 mV. Equilib-
rium was reached in 3-4 min, and after 5-10 min the
synaptic responses were recorded. With channel
blocking drugs there was a possibility that cumulative
block would develop with repeated stimulation at
hyperpolarized potentials. In a few cells the response
at -100 mV in the presence of hexamethonium
tended to decline during the series of three stimuli,
and subsequent responses at -40 mV were also re-
duced, but this effect was never large enough to
introduce a serious error, and was often absent al-
together. Where it did occur, the number of stimuli
delivered at -100 mV in the presence of hex-
amethonium was reduced to one or two to minimize
the error produced.

In most experiments the drug was washed out, and
the control series repeated after each trial. Recovery
was usually complete within 5 min. The effect of the
drug was expressed in terms of the mean parameters
of the control records taken before and after the test
records. Where this was not possible, either because
successive drug tests were made without intervening
controls or because the impalement was lost, the
control records immediately before or after the test
records were used as a basis for comparison.

Miniature synaptic currents (m.s.cs) were recorded
by adding 20mM KCI to the medium, which increases
their normally very low frequency -to about 1/s. The
low-pass filter setting used was 250-300 Hz (roll-off
48 dB/decade. This enabled the m.s.cs, whose amp-
litude at -80mV was 100-150 pA, to be recorded
above the noise level (20- 30 pA peak-to-peak). The
range of membrane potential over which m.s.cs could
be recorded satisfactorily was usually -60 mV to
-100 mV. Most experiments were done at -80 mV,
and the voltage-dependence of the effects of the
blocking agents was not examined.

M.s.cs were recorded on magnetic tape for
1-2 min. The signals were then captured and stored
by a computer programme that used an amplitude
discriminator to pick out m.s.cs above the baseline
noise. An editing and averaging programme allowed
artefacts to be discarded, and also allowed the rising
phase of all the events to be precisely aligned before
averaging. The average was built up of 30-40 m.s.cs
and fitted (usually to a single exponential compo-
nent) by the least squares method. As shown previ-
ously (Rang, 1981) m.s.cs usually contain only one
exponential component, corresponding to the fast
component of the e.s.c. In this series, a small number



154 H.P. RANG

of cells gave m.s.cs that appeared to have long tails in
addition to the fast component. The resolution was
not good enough to permit quantitative analysis, and
these cells were excluded from the analysis.
The main difficulty in analysing m.s.cs is that their

small size may cause them to be lost in the baseline
noise, and there is a risk that the capturing program-
me will obtain a biassed sample. Furthermore, the
low-pass filtering needed to reduce the baseline noise
is likely to distort the rising phase and attenuate the
peak amplitude of the m.s.cs. Though these problems
ought not to affect calculation of the time constant,
they introduce some unreliability into the estimation
of the m.s.c. amplitude. An estimate of the possible
error due to biassed sampling was obtained for some
cells by recording control m.s.cs at different mem-
brane potentials. Taking the reversal potential as
-10mV and assuming a linear current-voltage rela-
tionship for the peak amplitude (Rang, 1981) ena-
bles the expected effect of membrane potential on
m.s.c. amplitude to be calculated. If the event captur-
ing programme is introducing a bias, the measured
mean m.s.c. amplitude should vary less than expected
when the membrane potential is changed. In eight
cells, for which recordings were made at more than
one level of the resting potential, the mean e.s.c.
amplitude at -60mV was 0.82 ± 0.02 times the amp-
litude at -80 mV, whereas the expected factor was
0.71. On the other hand at -100mV the measured
amplitude factor was 1.26± 0.04, compared with the
expected value of 1.29. This suggests that m.s.cs were
reasonably faithfully recorded at - 80mV and
-100 mV, but appreciably overestimated at
-60 mV. By the same token, we would expect that
any reduction in peak amplitude caused by the block-
ing agents would tend to be underestimated.

Solutions and drugs

The Krebs solution had the following composition
(mM): NaCI 119, KCI 4.7, CaCI2 5, KH2PO4 1.2,
NaHCO3 25, MgSO4 1.2 and glucose, 11. The solu-
tion was bubbled with 95% 02: 5% C02. The cal-
cium concentration was double that of normal Krebs-
Henseleit solution as this improved the survival of
cells aftpr impalement with two electrodes.
Drugs used were (+)-tubocurarine chloride

(Koch-Light), hexamethonium bromide (Koch-
Light) and trimetaphan camsylate (Roche).

Results

Normal e.s.cs in this preparation (see Rang, 1981)
rise rapidly to a peak (rise time 2 ms) and decay in
two exponential phases. The fast phase usually
amounts to 50-75% of the total amplitude and

decays with a time constant, Tf, equal to 5-10 ms. The
time constant of the slow phase, t; is 30-60 ms, and
both phases become slower as the membrane is
hyperpolarized.

In investigating the action of the blocking agents
we have measured the effect on the peak e.s.c. amp-
litude, on the relative amplitudes of the fast and slow
phases, and on the time constants of these two
phases.

Experimental records of e.s.cs elicited in the pres-
ence of the three blocking agents that have been
studied in detail are shown in Figures 1-3. The
analysis was based on measurements made on 3-8
cells studied at each concentration, except for a few
concentrations that were tested on only one or two
cells.

Effects on peak amplitude

Tubocurarine Tubocurarine at 20 pM or less had
very little effect on peak amplitude of e.s.cs, irrespec-
tive of the membrane potential (see Figure 1). At
40 tLM an appreciable inhibition occurred and this
increased as the membrane was hyperpolarized, as
can be seen in Figure 1. In this cell 40 jM
tubocurarine reduced the peak amplitude by 20% at
-40 mV and by 33% at -100 mV. Results obtained
on a number of cells (Figure 10) indicate that the
concentration giving a 50% block at -80mV ex-
ceeds 40juM, but it has not been determined at all
accurately.

Hexamethonium Hexamethonium is much more ef-
fective at reducing the peak amplitude, and the inhib-
ition also shows marked voltage dependence, as can
be seen from Figure 2. The 50% blocking concentra-
tion at -80 mV was close to 10 pM (Figure 10). It is
convenient to measure the inhibitory effect as

A - Amplitude in absence of inhibitor
Amplitude in presence of inhibitor

(see Ascher, et al., 1978; 1979). The voltage depen-
dence of A can be expressed by calculating A(V) -1
for various membrane potentials. Figure 3 shows the
results for various hexamethonium concentrations,
normalized by expressing A(V) -1 with respect to
A(-80) -1 for each experiment. Previous work on
voltage-dependent channel blocking drugs (see
Ascher et al., 1978; 1979; Colquhoun et al., 1979;
Colquhoun & Sheridan, 1981) has suggested that
their affinity for the blocking site is related exponen-
tially to the membrane potential, the characteristic
voltage (i.e. the potential change needed for an e-fold
change in affinity) being generally in the range of 25
to 50 mV. The voltage range studied in the present
experiments is not sufficient to show whether or not
the relationship is strictly exponential, but Figure 3
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Figure 1 The effect of tubocurarine on e.s.cs. Each panel shows e.s.cs recorded at -40 mV (smallest response),
-60 mV, -80 mV and -I00mV (largest response). Each tubocurarine concentration was allowed to act for
5-10 min before the reading was made, and the final control series (f) was recorded after washing the preparation for
about 20 min. Note that no decrease in amplitude occurs up to 20 lM tubocurarine, though considerable shortening
of the e.s.c. is evident.

shows an e-fold change in A- 1 with a potential
change of about 50 mV. This is less steep than the
voltage dependence of the blocking action of hex-
amethonium against equilibrium responses to bath-
applied agonists, where A -1 increases more than 3
fold with a 30mV hyperpolarization, equivalent to an
e-fold change in 26 mV (Ascher et al., 1979). On the
simplest assumptions, one would predict that a drug
that acts purely by blocking open channels should not
affect the amplitude of synaptic currents. Thus, if the

acetylcholine concentration rises and falls rapidly
(with respect to the rate of channel closing or channel
block) and the release of quanta is synchronous, the
peak conductance will be achieved before any block
can occur. The reduction of the peak amplitude by
hexamethonium therefore implies either that a
mechanism other than open channel block is operat-
ing, or that these kinetic assumptions do not hold
fully.

___4
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d 12
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Flgure 2 The effect of hexamethonium on e.s.cs. Each
panel shows e.s.cs recorded at -40 mV (smallest re-
sponse), -60 mV, -80 mV and -100 mV. In (b) and (c)
the baseline has been displaced slightly between sweeps
for clarity. Each hexamethonium concentration was ap-
plied for 5-10 min before the recording was made. Note
that as well as shortening the e.s.c., hexamethonium
reduces the amplitude markedly, this effect being much
greater at -100 mV than at more depolarized poten-
tials.

Trimetaphan Trimetaphan reduced the peak amp-
litude of e.s.cs in a simple non-voltage-dependent
manner (Figures 3 and 4) the concentration required
for 50% inhibition being about 2 pLM.

Effects ofblocking agents on the time course ofe.s.cs

All these blocking agents shortened the time-course
of e.s.cs, though in different ways, as is shown in
Figures 5, 7 and 9.

Tubocurarine Tubocurarine, at concentrations ex-
ceeding 5 piM, caused the normal bi-exponential
decay to become a single exponential. With 10 IM
tubocurarine, the time constant was usually inter-
mediate between Tf and Ts; at higher tubocurarine
concentrations it became shorter (see Figures 1 and
5). Whereas in unblocked preparations tf and t; both
increase as the cell is hyperpolarized (see Rang,
1981), in the presence of tubocurarine r stays essen-

I

0.5 -4

_100 -80 -60 -40
Membrane potential (mV)

FSgre 3 Voltage-dependence of the effect of hex-
amethonium (0) and trimetaphan (0) on the e.s.c.
amplitude. Results for hexamethonium and trimetaphan
concentrations from 2-30 sm are plotted by calculating
[A(V)-1J1/[A(-80)-1] for each experiment (see
text). Each point represents the mean for measurements
on 4-10 cells; vertical lines indicate s.e.mean.

tially unchanged, or decreases, with hyperpolariza-
tion (Figure 5). At 5 iM tubocurarine, the decay
remained bi-exponential and analysis showed that
the relative amplitude of the two components was
essentially unchanged. It seemed likely that the dis-
appearance of the second component with higher
tubocurarine concentrations resulted from a selective
speeding of the slow component; once the difference
between Tf and ;, is less a factor of about two, the
separation of the two components becomes indis-
tinct, and they tend to be counted as one. The lack of
effect of tubocurarine on m.s.cs (see later section) is
consistent with this interpretation, since m.s.cs cor-
respond to the fast component of the e.s.c. On the
assumption that the overall time constant in the
presence of tubocurarine represents the speeded-up
;,, and that this speeding results from channel block,
the results can be used to calculate the rate of associa-
tion of tubocurarine with the open slow channels,
k*+s, as described in the introduction. The calculated
value of k*+s for a series of experiments as a function
of membrane potential is shown in Figure 6. Where
several tubocurarine concentrations were tested on
one cell, the relationship between lIT and concentra-
tion was usually linear, as predicted. In some cases
there was a tendency for 1/T to increase less than
predicted as tubocurarine concentration was in-
creased, which could be the result of the failure to
distinguish between Tf and TS in the presence of
tubocurarine. Thus, at low tubocurarine concentra-
tions the calculation of a composite rate constant
would tend to overestimate the speeding of the slow
component. At high tubocurarine concentrations,
when the 'slow' component was equal to or even
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Figure 4 The effect of trimetaphan on e.s.cs.: (a) and
(b) were recorded from one cell (records at -40 mV,
-6OmV, -80mV and -1OOmV); (c)-(f) are from
another cell (records at -40 mV, -60mV and
-80 mV). Each drug concentration was applied for
5-10min before the recording was made. The main
effect of trimetaphan is on e.s.c. amplitude, with little
voltage-dependence, though at higher concentrations
shortening of the e.s.c., and voltage-dependence, are
evident.

faster than the unchanged fast component, the com-
posite rate constant would be a true estimate or an
under-estimate of T, thus distorting the relationship
between lr and tubocurarine concentration as
found. Taking the mean of all the estimates of the

50 r a Control
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Figure 6 The voltage-dependence of the association
rate, k*+B, for tubocurarine (0) combining with the
slow channels, and for hexamethonium combining with
the slow (A) and the fast (0) channels. Each point
represents the mean of 3-8 measurements; vertical lines
show s.e.mean. The lines are drawn by eye and their
slopes correspond to an e-fold change in k*+B with
1 5 mV change in membrane potential for
tubocurarine, and 56 mV for hexamethonium.

association rate constant k*+S for the slow channel
without attempting to correct for this source of error
gives the value 2.8 x 106 M-1 s-1 at -80 mV (Figure
6). The slope of the line drawn in Figure 6 corres-
ponds to a characteristic voltage of 1 15 mV.

b 5 pM

,I ._II

0 40 80 120 160 0 40 80 120 160 0 40 80

Time (ms)
Figure 5 Effect of tubocurarine on the time-course of e.s.cs. Semilogarithmic plots from records similar to those of
Figure 1. Membrane potentials -40mV (0), -60mV (A), -80 mV (A) and -100 mV (U). The lines are drawn by
eye and show the slow component of the response. In (c) successive plots are displaced horizontally by 10 ms for
clarity. At 5 1M tubocurarine the slow component becomes faster and less voltage-dependent; at 20 Mm only a single
component is discernible, and its voltage-dependence is reversed.
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FIgure 7 Effect of hexamethonium on the time course of e.s.cs at-40 mV (0),-60 mV (A) and-80 mV (A). In
(b) and (c), successive plots are displaced horizontally by 20 ms for clarity. The lines are drawn by eye through the
slow component. Note that the e.s.cs remain bi-exponential (compare with Figure 5), and that the time constants
decrease with hyperpolarization in the presence of hexamethonium.

Hexamethonium Hexamethonium also shortens the
time course of e.s.cs in a voltage-dependent manner
(Figures 1 and 7), but its action differs from that of
tubocurarine in two respects: (a) it produces a

voltage-dependent reduction of amplitude (Figure
2), (b) the time course remains bi-exponential, both
components being speeded up by the drug (Figure 7).
At concentrations up to 10 pum the reduction in amp-
litude was confined to the fast component, though at
higher concentrations the slow component was also
affected. At hexamethonium concentrations exceed-
ing 10-20 itM, the reduction in amplitude of the fast
component meant that the two components of the
e.s.c. were no longer easily distinguishable, and the
decay phase was fitted by a single exponential, the
time constant being taken to be an altered value of T;.
As with tubocurarine, the speeding effect was

voltage-dependent, and Figure 6 shows the values of
k*+s and k*+f for a series of experiments. k*+f was

calculated from the results at low hexamethonium
concentrations, where the fast component remained
distinguishable. It can be seen that k*+, is rather
higher for hexamethonium than for tubocurarine
(5.3 x 106 M-1 s- at -80 mV) and its voltage depen-
dence is also steeper (characteristic voltage =
56 mV). The association rate constant for the fast
channel is larger still (1.3 x 107M-1 s'1 at -80 mV)
with a similar voltage-dependence (Figure 6).
To investigate the origin of the reduction in peak

e.s.c. amplitude, which is not predicted by the simple
channel-blocking mechanism, the effect of hex-

amethonium on the rising phase of the e.s.c. was

studied. If the reduction in peak amplitude results
from the asynchronous opening of channels during
the rising phase of the e.s.c., so that some become
blocked before others have opened, then the early
part of the rising phase should be unaffected by
hexamethonium. If, on the other hand, a different
mechanism is operating to reduce the effectiveness of
ACh in opening channels, the block should be evi-
dent throughout the rising phase. In several cells,
e.s.cs were recorded with rather low resistance elec-
trodes and adjustment of the clamp gain and capaci-
tance compensation to optimize the frequency re-

sponse so as to obtain as faithful a record as possible
of the rising phase. Typical records are shown in
Figure 8, from which it can be seen that the block
appears to be present during the earliest part of the
rising phase, suggesting that open channel block can-
not fully account for the action of hexamethonium.

Trimetaphan The action of trimetaphan clearly dif-
fered from that of the other blocking agents, in that it
affected the amplitude much more, and the time
course much less (Figure 3 and Figure 9). At 5 tM
trimetaphan the peak e.s.c. amplitude was reduced
by about 60%, but both components were still pres-
ent and neither time constant was appreciably
changed (Figures 9 and 10). In contrast to hex-
amethonium, the decrease in amplitude was not
voltage-dependent. It was consistently found, how-
ever, that the amplitude of the slow component, as,
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and x is the trimetaphan concentration. The results
C6 appear to fit this equation satisfactorily with
Con K = 1.2 1M and Kf = 4.8 JuM, i.e. a 4 fold preference

of the drug for 'slow' receptors. It should be noted,
however, that equation (1) assumes that the antagon-
ism is 'non-competitive' in the sense that antagonist
occupancy does not decrease from its equilibrium

C6 value during the time that ACh acts. If there is some
degree of re-equilibration during the time for which
the transmitter acts, equation (1) will overestimate
the true equilibrium constants. Indeed, the difference
between Kf and KS obtained from the results could, in

Con principle, represent a difference in the dissociation

a Tubocurarine
1.5 r

10 ms

Figure 8 Effect of hexamethonium (C6, 10 pM) on the
rising phase of e.s.cs recorded at -40 mV and -80 mV.
The earliest part of the nsing phase shows inhibition by
hexamethonium, suggesting that a mechanism other
than open channel block is operating (see text).

was reduced more than that of the fast component, af.
Thus, at 5 JiM trimetaphan, af was reduced to
0.49 ± 0.04 (8 cells) of the control value whereas a,
was reduced to 0.19± 0.03 (8 cells). If this results
from receptor block, with trimetaphan showing some
degree of selectivity for the 'slow' receptors, we
would expect the inhibition of the peak amplitude to
follow the relationship

ap (drug) 1K a, (control)
ap (control x + KS ap (control)

Kf af (control)
x + Kf ap (control) (1)

where KS and Kf are equilibrium constants for
trimetaphan binding to the 'slow' and 'fast' receptors

20 a Control
1-.
OA

"EIs A.s
I'll LX

b 5 piM

..

4 L~~~~~~~\A

a 40 80 120 0 40 010 120
Time (ims)

Figure 9 Effect of trimetaphan (5 uM) on the time
course of e.s.cs recorded at -40mV (0), -60mV (A)
and -80 mV (A). The lines are drawn by eye through
the slow component. Trimetaphan markedly reduces the
amplitude of the slow component, but does not appreci-
ably alter its time constant.
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Figure 10 Effects of tubocurarine (a), hexamethonium
(b) and trimetaphan (c) on the amplitude (-) and slow
time constant, ;s (0) of e.s.cs recorded at -80 mV. Each
point represents a test in one cell, and the amplitude and
slow time constant are expressed relative to the control
values in that cell. Note that tubocurarine reduces ;s
without affecting amplitude, whereas trimetaphan
shows the opposite pattern. Hexamethonium reduces
both amplitude and ;s.

-40 mV

-80 mV

10 nA

10

0.2

0.5

.1),



160 H.P. RANG

rate constant of trimetaphan bound to 'fast' and
'slow' receptors rather than a true difference in affini-
ty, a question that would need to be resolved by noise
analysis or voltage-jump experiments (Rang, 1981).
At higher concentrations (15-25 piM) trimetaphan

clearly reduced the time constant of the fast compo-
nent (see Figure 3). Thus, in one cell 15 jlM
trimetaphan reduced Tf (-80) to 57% of the control
value, and 25 jIM trimetaphan reduced it to 38% of
the control. Unlike the effect of tubocurarine and
hexamethonium, however, this effect showed no
voltage-dependence, the fractional reduction in Tf
being the same at -40mV and -80 mV.
The effects of the three blocking agents on the

amplitude and time constant of e.s.cs are summarized
in Figure 10.

Effects ofblocking agents on miniature synaptic
currents

It was of interest for two reasons to investigate how
blocking agents affect miniature synaptic currents
(m.s.cs). First, m.s.cs comprise only the fast compo-
nent of the e.s.c. (Rang, 1981), and thus provide a
rather simpler situation for analysis than e.s.cs. Sec-
ondly, non-synchronous release of transmitter, which
may complicate the analysis of e.s.cs (see discussion)
should not be a problem with m.s.cs. On the other

hand, m.s.cs are very small in this preparation (about
100 pA at -80 mV), and the signal-to-noise ratio is
unfavourable, so the analysis was less detailed than
for e.s.cs. Most cells were studied at -80 mV which
provided an adequate m.s.c. amplitude with better
recording stability than more hyperpolarized poten-
tials.

Tubocurarine Tubocurarine (10 pM) had no appar-
ent effect on m.s.c. amplitude and slightly prolonged
T.. (Table 1, Figure 11). At SlM (1 cell)
tubocurarine increased m.s.c. amplitude by 27% (ap-
parently a real effect, since it disappeared when the
drug was washed out) without affecting t. The
ability of tubocurarine to enhance the sensitivity of
ganglion cells to ionophoretically applied carbachol
under certain conditions was noted in an earlier study
(Ascher et al., 1979). At 20 liM tubocurarine (2 cells)
neither amplitude nor time constant were affected.
This confirms the conclusion reached earlier that
tubocurarine does not block or shorten the fast com-
ponent.

Hexamethonium Hexamethonium (5-101pM) ap-
peared to reduce m.s.c. amplitude only very slightly,
but markedly reduced TmA.c (Figure 11, Table 1). On
the assumption that this speeding represented chan-
nel blocking by hexamethonium, the association rate

Table 1 Effects of tubocurarine and hexamethonium on miniature synaptic currents (m.s.cs)

Control
Concn amplitude

Drug (MM) (pA)

Tubocurarine

Hexamethonium

5 121
10 149

116
52
152
137

20 197
83

5 115
80
169
88

101
106

10 66
61
70
81
89

Contrpl
time constant

(ms)

13.0
11.8
11.7
7.9
7.2
7.1
6.3
9.8
8.2

15.6
6.3

18.4
11.4
12.1
8.3
7.9

14.9
11.2
9.5

Amplitude
relative

to
control

1.27
0.94
1.05
0.96 -

0.91
1.18
0.95
0.87
1.02
1.04
1.06
0.82
0.96
0.97
0.74
0.98
0.91
0.97
0.81

1.01
± (5)

0.04

0.98
± (6)

0.04

0.88
± (5)

0.05

Mean ± s.e.mean 107 ± 9.0 (19) 10.5 ± 0.8 (19)
Each line represents results from one cell, obtained by averaging 30-40 m.s.cs.

Time constant
relative

to
control

k*+B
m-1 -1 io6

1.10
± (5)

0.05

1.03
1.08
0.91
1.16
1.23
1.11
1.05
0.99
0.68
0.68
0.60
0.66
0.68
0.64
0.60'
0.76
0.48
0.43
0.37

0.66
± (6)

0.01

0.53
± (5)

0.07

11.4
6.0

21.0
5.5
8.3
9.3
8.0
3.9
7.2

11.7
17.9
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Figure 11 Computer-averaged m.s.cs, showing the effects of tubocurarine (a) and hexamethonium (b). Each plot
represents the average of 20-30m.s.cs. (a) Controls (x); tubocurarine 10juM (+); tubocurarine 20AM (*). (b)
Controls (x); hexamethonium #&M (+); hexamethonium jLM (*). Tubocurarine has no effectbeyond a small increase

in m.s.c. amplitude at 10 jAM. Hexamethonium slightly reduces the amplitude and markedly reduces the time constant
of m.s.cs.

constant calculated from equation (1) was found to
be (10.0± 1.19) x 106M-1 s-1 (10 measurements in 6
cells), a value close to that found for the fast compo-
nent of the e.s.c. (13.3± 2.0)x106xMs1.

Trimetaphan Trimetaphan (2 Mm) was tested on

three cells. In each case it reduced the amplitude
considerably. In two cells the amplitude appeared to
be reduced by about 50%, but at this level it was not
possible to measure the amplitude or time constant of
m.s.cs with any certainty. In the third cell, the amp-
litude was reduced by 24% and the time constant was
unchanged.

Discussion

The results obtained are summarized qualitatively in
Table 2. When tested at low concentrations, the three
blocking agents produce clearly distinct effects.
Trimetaphan shows no voltage-dependence and its
action is to reduce the amplitude of the synaptic
response without affecting its time course. This is
consistent with an action on the receptors, though
dose-ratio measurements at equilibrium would be
needed to provide positive evidence for a competitive
interaction. It is of interest that the slow phase of the
e.s.c. is more sensitive to trimetaphan than the fast

x

xv

a **

Xv

20 ms

4f
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Table 2 Summary of results of effects of tubocurarine, hexamethonium and trimetaphan on synaptic responses of
rat submandibular ganglionic cells

Tubocurarine Hexamethonium
(up to 20 11M) (up to 30 pM)

Amplitude
Reduction of fast component
Voltage-dependence
Reduction of slow component
Voltage-dependence

Time course
Reduction of tf
Voltage-dependence
k*+f (-80mV)M1s
Reduction of ;s
Voltage-dependence
k*+, (-80mV) M 1 S 1

ot

9*

0

2.8 x 106

slight*
?slight

1.3x 107

5.3 x 106

Trimetaphan
(up to 10JAsM)

0
+
0

0

0

* Speeding of TS makes separation of components uncertain at concentrations exceeding 5 Am.
t Increase in amplitude in some cells at 2-5 Am.

phase, since this suggests that the receptors may be
different. The estimated concentration producing
50% inhibition of the slow component (1.2 pM), was
one quarter of the concentration needed to produce
an equal block of the fast component. This might
suggest a four fold difference in affinity for the two
types of receptor, but this inference would be jus-
tified only if it were known that no dissociation of the
blocking agent occurs during the rising phase of e.s.c.
Nothing is known of the rate of dissociation of
trimetaphan, and it is possible that the fast compo-
nent of the e.s.c. is relatively less blocked because
trimetaphan dissociates from these receptors to a
greater extent than from the 'slow' receptors within
the rise-time of the e.s.c. This could, indeed, occur
without there being any difference between the actu-
al dissociation rate constants of the trimetaphan-
receptor complexes, for the agonist concentration is
one factor that determines the rate of equilibration
when an agonist and a competitive antagonist are
acting simultaneously (see Rang, 1966). Thus, if the
local ACh concentration responsible for the fast
component were higher than that responsible for the
slow component, it would displace trimetaphan from
the receptors more rapidly and the peak inhibition
would be less. The differential block of the slow
component does not, therefore, show that different
receptors are involved in the two components,
though that is a possibility. If a drug were found with
the opposite selectivity in its action, the evidence for
a difference between the receptors would be more
compelling.
The results show that trimetaphan at higher con-

centrations (10 im and above) shortens the time
constant as well as reducing the amplitude of the
e.s.c. TS could not be reliably measured at concentra-

tions exceeding 5 pM because of the very low amp-
litude of the slow component, but it did not appear to
be reduced at 5 tiM. The shortening of Tf at higher
concentrations of trimetaphan, in contrast to the
effect of hexamethonium was not appreciably
voltage-dependent. The mechanism is not clear, but
since trimetaphan is a cationic sulfonium compound
it seems unlikely that it would show a non-voltage-
dependent channel blocking action. To distinguish
between a channel blocking action and an indirect
effect on channel lifetime it would be useful to meas-
ure the concentration-dependence of the kinetic ef-
fect, and also to study the effect with agonists whose
mean channel lifetimes differ.
The blocking action of tubocurarine, at least in

concentrations up to 20 pim, is confined to the slow
component of the e.s.c. Its rather striking lack of
effect on m.s.cs, which correspond to the fast compo-
nent of the e.s.c., confirms this conclusion. The time
constant of the slow component is reduced by
tubocurarine in a voltage-dependent manner. The
most likely interpretation is that this results from
block of open channels, according to scheme 1, which
agrees with the conclusion of Ascher et al. (1979).
The absence of the predicted additional slow compo-
nent of the e.s.c. in the presence of a channel-
blocking drug (see Introduction) is not surprising, for
Ascher etal. (1979) estimated that the rate of dissoci-
ation of tubocurarine, k*nB, was only 0.2s-1 at
-80 mV, so the slow component would be a low
amplitude, long-lasting tail which could not be easily
detected. The association rate k*+s for tubocurarine
acting on the slow channel was 2.8 x 106 M-1 S- at
-80 mV. This agrees fairly well with our earlier and
less direct estimate of 5 x 106M1 S-1 (Ascher et al.
1979) and is somewhat less than its estimated rate
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constant (8 x 106M-1 s- at 80mV and 9°C) for
blocking endplate channels (Colquhoun etaaL, 1979).
The fast channels in the ganglion do not, it seems,
bind tubocurarine, and in comparing the present
results with those of Ascher et aL, it should be
remembered that no distinction between fast and
slow channels was made in the earlier study.
Hexamethonium produced effects basically similar

to those of tubocurarine, but with certain important
differences. (1) The blocking action affected both
slow and fast channels, with a rather higher rate of
binding to fast than to slow channels. (2) The voltage-
dependence of the association rate constant was
steeper than with tubocurarine (e-fold increase in
k*+B in 115 mV for tubocurarine, compared with
56mV for hexamethonium; see Figure 7). (3) Hex-
amethonium produced a marked voltage-dependent
decrease in e.s.c. amplitude, which tubocurarine did
not do, except at high concentrations.
The effect of hexamethonium in blocking the fast

channels is presumably an important factor in causing
overall block of ganglionic transmission, since the
fast channels contribute more than half of the peak
synaptic current (Rang, 1981). The rate constant
for blocking the fast channels was about
1.3 x 107 M- Is-' at -80 mV, which is very similar to
the rate of block of ACh-operated channels at the
motor endplate by cationic blocking agents (Ruff,
1977; Feltz et al., 1977; Neher & Steinbach, 1978;
Adler, Albuquerque & Lebeda, 1978; Colquhoun et
al., 1979; Colquhoun & Sheridan, 1981). The associ-
ation rate constants for hexamethonium and
tubocurarine combining with ACh-operated chan-
nels of Aplysia neurones (7.5 x 105 M-1 s- and
4.4 x 105 M-1s-1 respectively at 12°C and -8OmV;
Ascher et al., 1978) are somewhat lower than those
reported here, but the temperature difference will
partly account for this.
The voltage-dependence of the association rate of

drugs with endplate channels has been measured by
various authors. In general, the characteristic voltage
(i.e. the potential change giving an e-fold change in
k*+B) lies in the range 50-100mV (Neher & Stein-
bach, 1978; Colquhoun et al., 1979; Colquhoun &
Sheridan, 1981) though much shallower voltage-
dependence of the channel blocking rate was found
for atropine (Adams & Feltz, 1980). The simplest
interpretation of these differences, on the basis of the
channel blocking model, is that the position of the
energy barrier within the channel, which has to be
surmounted by a drug combining with the blocking
site, varies for different drugs. On this basis, the
energy barrier for tubocurarine would lie closer to
the mouth of the channel than the barrier for hex-
amethonium.

Effects of various drugs on the peak amplitude of
synaptic currents, which are not easily accounted for

in terms of the simple channel blocking model shown
in scheme (1), have been described by several au-
thors, and no simple explanation can be offered.
Thus, procaine (Adams, 1977), atropine (Feltz etal.,
1977), quinacrine (Tsai, Oliveira, Albuquerque, El-
defrawi & Eldefrawi, 1979; Adams & Feltz, 1980),
tetraethylammonium (Adler, Oliveira, Albuquer-
que, Mansour & Eldefrawi, 1979), piperocaine
(Tiedt et al., 1979) all act in this way, and, except with
quinacrine, the effect is highly voltage-sensitive, as it
is with hexamethonium. With piperocaine, Tiedt et
al. (1979) showed that the effect on amplitude took a
few seconds to change in response to a step in mem-
brane potential, whereas the shortening of the e.p.c.
time constant was immediate. This and other evi-
dence led them to postulate a second site of action,
distinct from the ionic channel but showing similarly
voltage-dependent binding, to account for the reduc-
tion of amplitude, and similar conclusions were
reached by the other authors quoted above in rela-
tion to atropine, quinacrine and tetraethylam-
monium.

In principle, the simple channel block model could
account for the voltage-dependent decrease in peak
amplitude if the opening of channels during the rising
phase of the e.s.c. occurred over a time interval that
was appreciable in relation to the mean open time of
the channel. Shortening the mean open time by addi-
tion of the blocking agent would then decrease the
peak amplitude by reducing the degree of 'overlap' in
the opening of the population of channels. Asyn-
chrony in the opening of channels could arise either
because the released transmitter continues to act for
an appreciable time, or because the release of indi-
vidual quanta by the nerve impulse is asynchronous.
Since the ganglion cell has about 50-100 boutons
terminaux it is possible that delay in the spread of the
presynaptic action potential could lead to temporal
dispersion in transmitter release. The effect of tem-
poral dispersion of channel opening on the charac-
teristics of synaptic currents is analysed more fully in
the Appendix, where two extreme possibilities are
discussed. In the first model, the temporal distribu-
tion of channel opening times is assumed to be Gaus-
sian, with standard deviation a and a maximum at
t= 0. This might be a reasonable description of the
dispersion of transmitter release from different
boutons. The second possibility assumes an exponen-
tial distribution of channel opening times, maximum
at t= 0 and declining exponentially with time con-
stant T1, a reasonable model for the persistence of
transmitter action. In either case the mean channel
lifetime is taken as t, and the factor that determines
the shape and amplitude of the synaptic response is
the ratio a/t (for the Gaussian model) or T;/t (for the
exponential model). As expected, dispersion of the
channel opening times results in a slowing of the
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rise-time of the synaptic response, and the rate of rise
of the normal synaptic response gives a rough idea of
what value of a/t or Tn/t might be appropriate. At
-80 mV the rise-time of the synaptic response be-
tween 10% and 90% of the peak amplitude, to.1l.9,
was about 2 ms, and Tf was about 10 ms, so to.1-0. was
close to 0.2 rf. As can be seen from the Appendix
(Figure 13) this would correspond to a/T=0.1 (for
the Gaussian distribution of opening times) or
Tr/Tr0.2 (for an exponential distribution). From this
can be calculated the expected effect on peak amp-
litude of reducing t, if the amplitude of each individu-
al event stays constant. At -80mV 101tM hex-
amethonium reduced Tf on average to 51% of the
control value. Thus, a/t would increase from 0.1 to
0.2, and this would reduce the peak amplitude to
0.66/0.81 = 84% of the control value (see Figure 13).
On the basis of the exponential distribution, the same
calculation predicts a reduction to 81% of the control
amplitude. The actual reduction was 50% (Figure
10). A similar discrepancy exists for the other hex-
amethonium concentrations studied. Thus, though
the dispersion effect may well contribute somewhat
to the reduction in e.s.c. amplitude, it cannot account
for the whole effect. One piece of evidence,
nevertheless, that seems to point to such a mechan-
ism is that m.s.c. amplitude appears to be much less
affected by hexamethonium than e.s.c. amplitude,
which would be expected if temporal dispersion of
individual quanta were appreciable. However, as has
been stressed, the measurement of m.s.c. amplitude
is not highly reliable, and this evidence should not
carry too much weight. Similarly, other hypotheses
based on the apparent insensitivity of m.s.c. amp-
litude to hexamethonium (e.g. that hexamethonium
has a presynaptic action, or that the receptors acted
on by potassium-evoked quanta behave differently
from those contributing to the e.s.c.) are too far-
fetched to rest on this evidence alone.

It therefore seems likely that hexamethonium has
an action in addition to its channel blocking effect,
that causes the voltage-dependent reduction in e.s.c.
amplitude. Support for such an action of hex-
amethonium also comes from our earlier study of
carbachol responses of submandibular ganglion cells
(Ascher et al., 1979). In voltage-jump experiments it
was found that the 'instantaneous' current reached
within a few milliseconds after a hyperpolarizing
jump in the presence of hexamethonium was smaller
than expected from the magnitude of the inward
current flowing immediately before the jump, imply-
ing that a rapid increase in the blocking action of the
drug had occurred, preceding the slow relaxation
associated with the channel blocking reaction. Furth-
ermore, the equilibrium level of block produced by
hexamethonium showed less dependence on agonist
concentration than was predicted from an exclusive

action on open channels, and Ascher et al. (1979)
calculated that the drug might also block closed
channels or receptors, the dissociation constant for
this effect being roughly 5 !LM at -80 mV, which is
close to the EC50 for reduction of e.s.c. amplitude at
this potential (Figure 10). Furthermore, Ascher etal.
(1979) found that, whereas the blocking action of
tubocurarine increased progressively during a re-
sponse to ionophoretic carbachol application lasting
a few seconds (as expected for open channel block),
this was not evident with hexamethonium even
though the kinetic parameters for open channel block
were very similar to those of tubocurarine. Thus, a
substantial component of the voltage-dependent
blocking action of hexamethonium appeared to exist
before the agonist acted, as has now been found with
synaptic currents.
This 'secondary' action of hexamethonium could,

of course, be a receptor blocking effect, but its steep
voltage-dependence makes this a little unlikely. At
the neuromuscular junction, competitive antagonists
show little or no voltage-dependence in their action
(Jenkinson, 1960; Colquhoun et al., 1979; Col-
quhoun & Sheridan, 1981) and to show voltage-
dependence it would be necessary for the binding of
the antagonist to show more voltage-sensitivity than
that of the agonist, which is an improbable, though
not impossible, condition. If, in the ganglion, the
voltage-dependent effect of hexamethonium is attri-
buted to receptor block, a different site of action
would need to be postulated for the non-voltage-
dependent blocking effect of trimetaphan and
surugatoxin. It seems more economical to postulate
that these drugs are acting on receptors, but not
hexamethonium.
Could the 'secondary' hexamethonium effect be

due to an action on closed channels? The speed with
which the block adjusts to changes in membrane
potential requires that the rates of association and
dissociation are much faster than for open channel
block, from which recovery in the absence of agonist
appears to take tens of seconds (A.M. Gurney& H.P.
Rang, unpublished results). Other examples of chan-
nel blocking drugs so far studied, including the in-
teraction of hydrophilic local anaesthetics with axon-
al sodium channels (see, for example, Hille, 1977),
have shown that they associate and dissociate much
faster when the channel is open than when it is closed,
and it would be far-fetched to postulate the reverse
state of affairs with hexamethonium. One speculative
hypothesis that would account for most of the ob-
served phenomena is to suppose that hex-
amethonium can affect closed channels by binding
close to the mouth of the channel. The superficial
situation of this site would account for its rather
shallow voltage-dependence (Figure 4) compared
with the open-channel site, and would also explain
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the fast onset and offset rate constants. When the
channel opens, the hexamethonium might move to a
site deeper within the membrane (hence showing
steeper voltage-dependence) from which dissocia-
tion is much slower. A testable prediction of this
model is that it should be possible to saturate the
superficial sites with hexamethonium and then apply
agonist to allow the hexamethonium molecules to
reach the deeper sites without any ionic current
flowing through the channels. If, on the other hand,
the secondary action actually prevents channels from
being opened by agonist, then it should also prevent
open channel block from developing.
The conclusion that hexamethonium acts on the

channel rather than the receptor clearly conflicts with
the evidence of van Rossum (1962), Mclsaac &
Millerschoen (1963) and Flacke & Fleisch (1970)
who observed a parallel shift of the log dose-effect
curve for ACh or other ganglion stimulants in the
presence of hexamethonium. The reason for the dis-
crepancy may be that these studies involved indirect
measurements of ganglion stimulating activity, and
the membrane potential of the ganglion cells was not
controlled. The voltage dependence of hex-
amethonium's action means that agonist-induced de-
polarization will tend to oppose its blocking effect,
thus mimicking a competitive interaction.

APPENDIX

THE AVERAGE TIME COURSE OF NON-
SYNCHRONOUS EXPONENTIAL EVENTS:
THE EFFECT OF TEMPORAL DISPERSION
OF CHANNEL OPENING TIMES ON
CHARACTERISTICS OF SYNAPTIC
CURRENTS

D. COLQUHOUN & H.P. RANG

If we suppose that the overall response consists of the
sum of a large number of small non-synchronous
exponential events, then the time course of the over-
all response can be predicted as shown below. Each
event might represent a single m.s.c., with the tem-
poral dispersion reflecting the variation in time of
release of individual quanta. Alternatively, each
event might correspond to a single channel, which is
legitimately represented as an exponential rather
than a square wave, provided that channel lifetime is
exponentially distributed. In this case the temporal
dispersion would reflect that variation in the time at
which individual channels open which would be ex-
pected if, for example, the transmitter persisted for
an appreciable time in the synaptic cleft.

It may be noted that a formally identical problem
arises when roughly exponential events, such as mini-
ature postsynaptic currents are averaged. This is
commonly done, to increase precision, after a
number of separate events have been recorded.
There is no unambiguous method of deciding how to
line up the events before they are averaged, so there
will effectively be some scatter in the time origin of
the events. The consequent distortion in the averaged
event can be predicted by the method to be de-
scribed.
A single event will be represented by an exponen-

tially decaying curve with time constant t, amplitude
yo and an instantaneous rising phase, i.e.

y(t)=yoexp[-(t-to)/T] for t>to
y(t)=0 for t<to

(Al)

where

yo is the amplitude of a single event,
T is the time constant,
t is time,
to is the time at which the event occurred (which

is taken to be a variable).

The average value of y as a function of t is given by

to = t
E[y(t)] = yoexp[-(t-to)/t]f(to)dto

to-* -
(A2)

where f(o) is the probability density function of the
variable to. Since each event contributes nothing until
t> b, it is appropriate to integrate over the range
b =-X too = t, rather than from- cto + .
Two forms of the probability density function, f(to)

will be considered, a symmetrical Gaussian distribu-
tion and an exponential distribution, which repres-
ents an extreme positively-skewed distribution.
Physiologically, something between the two is proba-
bly more realistic, but these two examples represent
useful limiting cases.

Gaussian distribution ofto

Suppose that to has a mean equal to zero, and stan-
dard deviation a. The Gaussian distribution is then
represented by

1 2f(to) = 12 exp (- 6/2)
a>/Tit

(A3)

Equation A2 thus becomes

Yo |to=P (t0 td (A4)
E[y(t)] = e/Te ex I -dto (A4)

ovr2 J to~C\'Tco 2&aJ
which gives, on integration

E[y(t)] = 0.5 y0exp (-t/T+ 2/2T2)
[1 + erf(tIaV2T-aIrv/2)] (AS)
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Fgure 12 Theoretical curves representing the time course of overall synaptic responses when there is temporal
dispersion of the time of occurrence of individual event (to) each of which rises instantaneously to a peak at to and
decays exponentially with time constant r. In (a) and (c), the distribution of to is assumed to be Gaussian, with a peak
at time zero and standard deviation a, and the curves are obtained by evaluating equation (A5). In (b) and (d), the
distribution of to is assumed to be exponential, with peak at time zero and time constant rr, and the curves are
obtained by evaluating equation (A8). The degree of dispersion of to with respect to the decay time constant r is
described by R = ar/t for the Gaussian distribution and R = Tr/T for the exponential distribution. In (a) and (b), the
sharpest curve respresents R = 0, and the succeeding curves represent R = 0.2, 0.4, 0.6, 0.8 and 1.0. In (c) and (d) the
top curve represents R = 0 and succeeding curves represent increments of 0.1, the lowest curve representing R = 1.0.

In (a) and (b) the time scale is normalized to the decay time constant tand the curves show the effect of increasing
the scatter in to on the overall response. In (c) and (d) the time scale is normalized to a or Tr, and the curves show the
effect of reducing the decay time constant in the presence of a fixed degree of scatter in to.
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a

Exponential distribution of to

For this model,

f(to)=- exp(-to/Tr) (A6)

where r, is, for example, the mean interval between
the arrival of the nerve impulse at t = 0 and the
occurrence of the event (tr is the 'time constant' of
the exponential probability distribution, and also its
standard deviation).

Equation A2 then becomes

E[y(t)] Yo et/ oxp [to (d - dt.Jrr toL-- \J trj (A7)
Note that because no event occurs before to 0, this
is now the lower limit of the integral.

Equation (A7) gives, on integration

E[y(t)] = Yo [exp(-t/r) - exp(-t/rr)I (A8)

Interpretation of results

The predicted time course of the overall response is
given by equations (A5) and (A8). They are plotted
in Figure 12 for a range of values of aft for the
Gaussian distribution, or (analogously) Tr/T for the
exponential distribution. The response is plotted
against time normalized in the form T= t/r in Figure
12(a,b), or against time normalized as T= tia in
Figure 12(c,d).
The graphs in Figure 12(a,b) are appropriate when

the time constant, r, of the fundamental event is
regarded as fixed, and one wishes to consider the
effect of varying a (or r). This would be appropriate
for prediction of, for example, the effect of various
degrees of uncertainty in the time origin on the
averaging of a constant exponential event. The
curves with the sharp peaks in Figure 12(a,b) show
the undistorted exponential event (equation A1),
seen when there is no scatter (a =0 or tr = 0). Increas-
ing scatter (i.e. increasing alt or tr/t) decreases the
amplitude and increases the rise time (the area is
unaffected).
The graphs in Figure 12(c,d) are appropriate

when, as in the present work, the scatter (a or Tr) of
the time origin is regarded as fixed (it is supposed to
be a characteristic of the transmitter release process),
and one wishes to see the effect of varying the time
constant, T, of the fundamental synaptic response.
Reducing the time constant for the decay of each
event (i.e. increasing aft or T,rt) again reduces the
peak amplitude, as expected.
The magnitude of the effect on peak response is

rather similar for the Gaussian and exponential mod-
els, as shown in Figure 13(a).

Increasing the scatter of the time of occurrence of

~0
c._
E

G)a-

CTor Tr/nT

a-
0

0

0.5
(l/ or Tr /

Fiure 13 (a) Peak amplitude plotted as a function of
Rfor the Gaussian (-) and exponential (0) models. The
peak amplitude is expressed relative to the amplitude
that would be recorded if the events were strictly syn-
chronous (i.e. if R = 0). (b) Rise-time, expressed as the
time taken for the signal to rise between 10% and 90%
of its peak amplitude (to.1-.9) as a function of R for the
Gaussian (-) and exponential (0) models.
For normal e.s.cs to 1- 9 was about 0.2 tf, correspond-

ing to R=0.1 for the Gaussian model or R'0.2 for the
exponential model.

individual events also prolongs the rise-time of the
response, and Figure 13(b) shows the interval be-
tween 10% and 90% of peak amplitude, expressed
relative to the decay time constant, t, for the two
models.

Experimentally (see Results) to.1o.9/ t was about
0.2 under control conditions, which would corres-
pond to a/T 0.1 for the Gaussian model or tr/T 0.2
for the exponential model. The expected effect on
e.s.c. amplitude of reducing T (without changing the
number or amplitude of the individual events can be
ascertained from Figure 13. Thus, for the Gaussian
model, the control amplitude (al/T=0.1) is 0.81;
halving the decay time constant (a/T= 0.2) reduces
the amplitude to 0.68 (i.e. by 16%). A similar calcu-
lation for the exponential model shows that halving T
would reduce the amplitude by 19%.
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