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I. INTRODUCTION

The action of many excitatory and inhibitory substances may be explained
by supposing that they open additional channels or pathways through the mem-
brane for one or several of the environmental ions. For excitatory substances,
these channels are available to Na and at least one other ion species; for inhib-
itory substances, they are available to K or Cl ions, or both.

In a few situations it has been possible to demonstrate that such channels are
opened by transmitter substances by following the movements of radioactive ions.
For the most part, however, the evidence comes from studies of the way in which
prejunctional nerve stimulation affects the electrical properties of cells; it has
therefore been found convenient to account for the ion movements in electrical
terms. To those unaccustomed to thinking in such terms, equivalent circuits
may at first seem somewhat forbidding; but all that is required is a knowledge
of Ohm’s law.

A valuable account of many aspects of junctional transmission has recently
been given by Katz (83a).
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II. THE ACTION OF TRANSMITTERS THAT INITIATE EXCITATION
A. Equivalent electrical circuit

The use of an clectrical model was first described by Fatt and Katz (50) in
1951 to explain the action of acetylcholine, released by nerve stimulation, on the
end-plate membrane. A similar model has since been used to account for the
action of excitatory tiansmitters on a variety of chemosensitive membranes
(table 1, section 1I C). With an appropriate modification, it applies also to inhi-
bition (section III), and the same methods have been used to investigate its
validity in both cases. It is convenient, however, to restrict the discussion at this
stage to excitation.

The essential features are illustrated in figure 1b. The right hand element
(E, R) represents the ordinary ion pathways thiough the membrane of a single
cell, in the absence of transmitter action; the left hand element (e, r) represents
the pathways that are opened by the action of the transmitter or similar sub-
stance. Its effect is thus mimicked by closing the switch, S. If € is less than E, a
current will then flow in the direction shown, reducing the potential difference
between the terminals.

The value of the current, I is clearly givenby I = (E — ¢)/(R + r). The reduc-
tion in potential difference, ¢, is therefore given by e = R(E — ¢)/(R + r).

The current I corresponds to the flow of positive ions outwards through the
ordinary channels (and negative ions inwards, or both) and the equal net flow of
positive ions inwards through the channels opened by the transmitter. The re-
duction in potential difference between the terminals, e, corresponds to depo-
larization of the cell. This depolarization if sufficient, will cause an action po-
tential to be generated.

Thus a typical frog muscle fibre at rest might be simply represented (cf. 51)
by a battery corresponding to the resting potential, of 90 mV), in series with a
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Fi16. 1. (a) Intracellular electrode inserted at junctional region of cell: V, potential
difference measured between inside and outside. (b) Simplified equivalent circuit: current,
I, flows only when S is shut. (c) Equivalent circuit for transmitter action at the end-plate
(cf. 29, 51).
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resistance of 2 X 10° ohm (fig. 1¢): the channels through the end-plate membrane
may be represented by a battery of 15 mV in series with a resistance of 2 X 10*
ohm. When, therefore, the end-plate is activated, a current of

@ — 15 mV
(2 X 105 4+ 2 X 10% ohm

= 34 X 1077 amp

flows inwards through the transmitter-induced channels and outwards through
the rest of the membrane. Its effect would be to depolarize the muscle fibre by
(3.4 X 1077 amp X (2 X 10%) ohm = 68 mV at the end-plate, if an action po-
tential were not generated before this depolarization was attained.

According to the model of figure 1, the voltage, of course, changes to its new
value immediately the switch is closed and reverts to its initial value immediately
the switch is opened. This simplified model will suffice for the present discussion,
which is not concerned with the time course of transmitter action. However,
in practice the capacity of the membrane slows the rise and fall of the changes
in membrane potential. With their more realistic model, which included the
capacity and allowed for the cable properties of the muscle cell, Fatt and Katz
(50) were able to account for the amplitude and time course of the end-plate
potential at different points along the fibre [¢f. Falk and Fatt, (48, . 104): for
similar models appropriate to other situations see (21, 52, 104)].

In general the ion current that flows inwards through the activated regions
of the membrane and outwards through the ordinary channels will, of course,
give rise to an exchange of one intracellular ion species for another. This exchange
is generally too small to have any significant effect on the intracellular concen-
trations, unless a cell is exposed to a transmitter substance for a prolonged period.

The equilibrium potential for the action of the transmaitter. The values that must
be ascribed to the components of the equivalent circuit of figure 1 may be looked
on in two somewhat different ways. Clearly, at the more fundamental level,
they reflect the permeabilities of the membrane to the various ions and their
environmental concentrations (section II C); but they may also be thought of in
terms of the way they are measured. Thus E evidently corresponds to the resting
potential, or in other words to the potential difference across the membrane in
the absence of any net current, and R the resistance between the inside and out-
side of the cell, is given by the ratio of the displacement of the membrane po-
tential caused by a current to the value of the current. If, during transmitter
action, the membrane could be sealed, except for the channels opened by the
transmitter, ¢ would then be observed as the potential difference across these
channels in the absence of net current through them. This direct form of experi-
ment is clearly impossible; but if the potential difference between the “out’” and
“in” terminals in figure 1b were set to e with the switch open, then when it was
shut, no current would flow through r, and there would be no further change in
potential difference. Therefore, ¢ may be defined as the potential difference
across the cell membrane that is unaffected by the action of the transmitter. For
this reason e is usually referred to as the “equilibrium potential” for the action
of the transmitter.

If the argument is carried a stage further, it may be seen that the model of
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figure 1 predicts that by displacing the membrane potential, it should be possible
not only to abolish the potential change caused by the transmitter, but also to
reverse it. That this can be done in practice provides the evidence for the cor-
respondence between the model and transmitter action, and, by implication,
for the idea that the transmitter acts by opening additional channels through
the membrane, or in other words by increasing its permeability.

It will be recalled that the usual convention is that membrane potentials are
referred to in terms of the inside with respect to the outside potential. Batteries
with the orientation shown in figure 1, therefore have negative numerical values.
Since this convention is not always applied consistently, a depolarization from
—90 mV to —70 mV, say, is often described as a reduction in membrane po-
tential.

B. Evidence for the model: methods for the determination of
transmitter equilibrium potentials

1. INTERACTION METHOD. An ingenious method was described by Castillo and
Ikatz (28) in 1954 for investigating the effect of the transmitter on the end-plate
membrane of frog muscle fibres. It has since been applied to frog sympathetic
ganglion cells (14) and in a study of the action of procaine on the end-plate (96).

A microelectrode was inserted into a muscle fibre at the end-plate and an
action potential generated in the fibre by direct stimulation (i.e., not via the
nerve). By stimulation of the motor nerve at varying times in relation to the
direct stimuli, the transmitter was applied to the end-plate at different stages
of the action potential (see fig. 2). It was found that the effect of the transmitter
was abolished when the membrane potential was at about —15 mV.

The approximate equivalent circuit is shown in figure 2. When S is shut at
such a time that the membrane potential is between —30 mV and — 15 mV, current
flows inwards through the left hand element (corresponding to the channels
opened in the chemosensitive membrane) and outwards through the ordinary
channels, increasing the depolarization. When the membrane potential is less
negative than — 15 mV, current flows in the opposite direction, causing a relative
increase in internal negativity.

2. CONSTANT CURRENT METHOD. The most widely used method for investigating
the validity of the model and determining the transmitter equilibrium potential
was introduced by Fatt and Katz (50) in 1951. The membrane potential was
recorded with one intracellular electrode and a second was used for passing dif-
ferent steady currents to displace the membrane potential. Both electrodes were
inserted at the end-plate. It was found that the amplitude of the end-plate po-
tential, e say, was increased when the fibre was hyperpolarized; moreover, the
relationship between e and the membrane potential, V say, was a straight line
which could be extrapolated to predict that e would have been zero at a value of
V between 0 and about —14 mV.

The equivalent circuit is illustrated in figure 3. Suppose that a current I is
made to flow between the terminals; then with S open,

V=E —-RI (1)
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Fic. 2. Simplified equivalent circuit for the interaction method, and the nature of the
results obtained [after (28); ¢f. (14, 96)].

When § is shut, provided the total current remains constant (e.g., if it were sup-
plied by a battery in series with a very large resistance), part of it, i, say, flows
through the left, and part, ir say, through the right hand branch; thus

I=1i+ir (2)
If the potential difference between the terminals changes to V!, then
Vi =E — Rir 3)
and
Vi = ¢ — ri, 4)

Equations 2, 3 and 4 are easily solved for V! in terms of I. From eqn. 1 it is then
found that

V-V =[R/(r+ RV — ¢
With the usual sign convention, the depolarization, e say, is given by
e=[R/r+R)J(e—V) 5

Accordingly, under constant current conditions, the depolarization caused by
the transmitter should vary linearly with the displacement of the membrane
potential from the level of the transmitter equilibrium potential, e. It should
evidently be abolished when the membrane potential is equal to ¢; and if the
membrane potential is made less negative than ¢, the effect of the transmitter
on the membrane potential should be reversed in direction.

It was not feasible to abolish or reverse the direction of the end-plate potential
by this method (the steady depolarization required would have caused con-
tractions of the muscle fibre, which would have dislodged the electrodes), but
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Fic. 3. Experimental arrangement and simplified equivalent circuit for the constant
current and voltage clamp methods.

the junctional potentials in other cells have been reversed. They include cat
motoneurones (33) and cerebellar cells (46); electroplaques of electric fish (13);
and frog sympathetic ganglion cells (103) and slow skeletal muscle fibres (21).
Moreover, the “artificial” junctional potentials caused by the ionophoretic
application of drugs have been reversed: in the case of acetylcholine, on the end-
plates of muscle fibres bathed in solutions in which action potentials do not oceur
(30, 115) and on chronically denervated muscle (6); and in the case of glutamate,
on motoneurones (34). The results from a number of investigations are listed
in table 1 (section II C).

The effects of inhibitory transmitters on the membrane potential, which are
in principle similar to those of excitatory transmitters, have also been extensively
investigated by the constant current method (table 2, section III A).

Effect of non-linear voltage-current relationship. A linear relationship between
the amplitude of the junctional potential and the steady membrane potential
as predicted by eqn. 5 has not always been found (see e.g., 15, 21, 30). A partic-
ularly striking example of a departure from this prediction of the model has
recently been described by Kandel and Tauc (82). They have found that for a
certain variety of cell in the sea-slug, Aplysia, the depolarization caused both by

"the transmitter and by ionophoretically applied acetycholine was diminished
when the cell was hyperpolarized by applied currents. However, they have shown
that this result does not compromise the essential validity of the model, and
that it is explained by the fact that the membrane resistance (R in fig. 3) de-
creased with hyperpolarization.

When R is not constant, 7.e., for a membrane with “rectifier’”” properties, it is
simplest to use a graphical approach (30) based on eqns. 2, 3 and 4. This is il-
lustrated in fig. 4 (¢) and (d) for a cell with a voltage-current relationship similar
to that described by Kandel and Tauc (82). For comparison, the same method
is applied to a non-rectifying case in (a) and (b). Curve A in (a) and (c) is the
voltage-current curve in the absence of transmitter action (i.e., for the element
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F1a. 4. Effect of rectification on the relationship between the amplitude of the junctional
potentials and the membrane potential, in the constant current method (see text).

E, R in fig. 3) and represents eqn. 3, R being variable; and curve B is the relation-
ship for the activated chemosensitive membrane (eqn. 4) (7.e., for the element
¢, T), r being assumed constant. With regard to the relationship between voltage
and current during the action of the transmitter, it is clear that for any partic-
ular voltage, the total current is the algebraic sum of the separate currents in
A and B (eqn. 2); this addition gives curve C. The change in potential caused by
the action of the transmitter, under the constant current condition, is then given
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by subtracting the voltage in A from that in C, for the same current. The values
so obtained are plotted in (b) and (d) for the linear and rectifying cases, against
the initial membrane potentials in A. The relationship between the amplitude
of the synaptic potential and the membrane potential observed by Kandel and
Tauce (82, fig. 2), is similar to that shown in the left hand section of (d), i.e., for
hyperpolarization.

In several other situations, different forms of variation of the membrane re-
sistance, R, with membrane potential have also been shown to account for the
observed nonlinearity in the relationship between the amplitude of the junctional
potential and the membrane potential (e.g., 21, 30).

There are, however, two curious anomalous results, which cannot be imme-
diately explained in this way. In the motoneurone, it has been found that the
excitatory postsynaptic potential (EPSP) increases only over a limited range of
steady hyperpolarization, although the membrane resistance appears to be
constant (33). The same applies to cells in the vas deferens (11), in which the
junctional potentials caused hypogastric nerve stimulation are not decreased by
steady depolarization, unless this exceeds 20 mV. These results might be ex-
plained if the resistance of only a small part of the membrane, in the neighbour-
hood of the chemosensitive region, was voltage dependent. Under the conditions
in which the equivalent circuit of the following section applies, the nonlinearity
would not be observed in the voltage-current relationship in the absence of trans-
mitter action, but would play a significant part during it.

Effect of junctions distant from the site of recording and current injection. In the
slow muscle fibres of the frog, where nerve stimulation simultaneously activates
junctions distributed along the whole of the fibre, it has been shown that to
reverse the direction of the junctional potential at any one point, it is necessary
to depolarize the fibre at that point beyond the level of the transmitter equi-
librium potential (21). The same is likely to be true wherever there are activated
junctions distant from the site of impalement; for instance, in neurones that are
impaled in the cell body but have junctions on dendrites (see, e.g., 42) or in
smooth muscle cells that form part of a “functional syncytium” (e.g., 123, 124).
In these cases there is an obvious departure from the equivalent circuit of figure
3, which corresponds to the situation in which there is a single postjunctional
chemosensitive region, close to which the electrodes are inserted. Although it is
not generally possible to make a detailed analysis, a simple equivalent circuit
shows how the discrepancy between the ‘‘reversal” and true equilibrium potential
comes about in these cases. Suppose, by way of example, that the cell concerned
has a single dendrite on which the junction is situated. The internal resistance of
the dendrite is represented by the additional element D, in the equivalent circuit
of figure 5. If the transmitter equilibrium potential is —10 mV, the membrane
in the region of A must be depolarized to this level, to abolish the effect of the
transmitter. A current of 8 X 10~° amp must therefore be made to flow through
the region of the membrane represented by the branch BB’. However, this cur-
rent will also cause a rise in potential across D, of (8 X 10~°) amp X 10 ohm,
i.e., of 8 mV. Thus the membrane potential recorded by the electrode will be
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Fia. 5. Effect of a junction at a distance from the site of impalement of the cell in the
determination of the transmitter equilibrium potential. The branch R, E corresponds to the
remainder of the cell, including the cell body (see text .

—2 mV. It is evident that qualitatively, the nature of the result does not depend
on the values for the separate resistances, which in practice could not be deter-
mined.

This analysis is of interest for two rather different reasons. First, it suggests
how the previously mentioned nonlinear relationships between junction po-
tentials and the membrane potential might arise, in spite of an apparently con-
stant membrane resistance (11, 33). For suppose that the region of the membrane
represented by BB’ (fig. 5) had rectifier properties, but its resistance was always
large with respect to R; evidently, if R were constant, a nonlinear voltage-cur-
rent relation would obtain only during the action of the transmitter.

The analysis is also of interest in connection with the identification of unknown
transmitter substances. For example, Curtis (34) has applied glutamate and
several other excitatory amino acids (see Curtis and Watkins, 35) to motoneu-
rones through the extracellular tip of a triple-barrel microelectrode; one of the
intracellular tips was used for recording, and the other for displacing the mem-
brane potential by passage of currents. The upshot of these experiments was
that the direction of the artificial synaptic potential was reversed at a greater
internal negativity than was the EPSP. This result has been regarded as evidence
against the idea that the natural transmitter is an amino acid on the ground
that the equilibrium potential for a transmitter should not depend on whether
it is applied artificially or by nerve stiumulation. However, the reversal potential
of the EPSP may correspond to a smaller internal negativity than the true equi-
librium potential, if the excitatory synapses are located on dendrites (¢f. 12). On
the other hand the cell body may also be sensitive to glutamate and the reversal
potential for its effect when applied in the way described would then be expected
to be closer to the true equilibrium potential. It is of course known that chemo-
sensitivity to a transmitter substance may extend to regions outside those ac-
tivated by nerve stimulation (e.g., 82, 85, 118); and a discrepancy between the
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reversal potentials for the inhibitory effects of artificially applied acetylcholine,
and of the transmitter, on Heliz H-cells has already been explained on the basis
of the present discussion (85).

3. VOLTAGE cLAMP METHOD. This method has been applied to the study of the
action of acetylcholine at the end-plate (110, 116) and of the (unknown) trans-
mitter on the large cardiac ganglion cells of the lobster (70). In each case both the
constant current and voltage clamp methods were applied in the same experi-
ment, and the two methods gave the same result for the equilibrium potential.

The method again requires the impalement of a single cell with both a record-
ing and a current-passing electrode. The current is not, however, kept constant
during the action of the transmitter, but is supplied by a feedback amplifier to
keep the membrane potential, V say, constant, at a pre-set level. Referring again
to figure 3, suppose that with S open, a current I flows in the direction shown,
reducing the potential difference between “out’” and “in” to V = E — RI. Under
voltage clamp conditions where V does not change, when S is shut an additional
current i, (which may be in either direction), flows through the left hand element.
Since V = € — r-i,, this current is given by i, = (¢ — V)/r. The value of the
equilibrium potential is evidently equal to the membrane potential at which
ir = 0, 7.e., at which no additional current is drawn from the feedback amplifier.

In principle, this is a most powerful method. The amplitude and time course
of the current i, give an exact measure of the change caused by the transmitter,
since the fact that the membrane potential is held constant implies that the
membrane capacity may be ignored in principle, and not merely by way of sim-
plification It is also clear that the properties of the nonjunctional membrane do
not affect i,. However, if there are junctions distant from the site of impalement
of the cell the accuracy will be affected in the same way as with the constant
current method.

C. Interpretation of transmitter equilibrium potentials in terms of ion movements

The results obtained by the methods described in the previous section are
summarized in table 1, from which it can be seen that the equilibrium potentials
for the action of excitatory transmitters lie between 0 and —20 mV. It will be
appreciated that if the ion pathways opened by the transmitter allowed the
passage of only a single ion species, then with the exisiting intracellular con-
centrations, [K);, [Na}i, [Cl];, and extracellular concentrations [K],, [Na], and
[Cl]o, the transmitter equilibrium potential, ¢, would be given by one of the values
of the Nernst potentials:

Ex = I—;—Tlog .E%i’; Ex. =I—;-,€log .%‘:; Ec =¥]og °£1_li:
(where R, T and F have their usual meanings, so that RT/F = 25 mV at 20°C).
Since in the normal environment Ex and Ec, are fairly close to the resting poten-
tial, and Ex, is positive, the values for € in table 1 indicate that in all these cases,
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TaBLE 1
Evid, or validity o del, and level of transmitter equilibrium potentials for various cells
q p
' |
Site Method Equilibrium Potential ! Reference

Striated muscle
Frog fast fibres
Nerve stimulation*

Nerve stimulation

Nerve stimulation

Ionophoretic Ach

Frog slow fibres

Cat denervated tenuis-
simus ionophoretic
Ach

Lobster

Locust
Smooth muscle
Guinea pig vas deferens

Vertebrate neurones
Cat motoneurone
Nerve stimulation

Ionophoretic gluta-
mate
Toad motoneurone
Cat cerebellar cells
Frog sympathetic gan-
glion cells

Invertebrate neurones
Squid giant synapse

Lobster ganglion cell

Onchidium ganglion cell

Constant current

Interaction

Constant current,
and voltage

clamp
Constant current

Constant current

Constant current

Constant current
Constant current

Constant current

Constant current
Constant current

Constant current
Constant current

Constant current

Interaction

Constant current

Constant current
and  voltage
clamp

Constant current

|
|

0to —14 mV
extrapolation
—10 to —20 mV,

reversal
—18 mV, extrap- |
olation

0, reversal (high
[K],) —60 mV,
reversal (low
[Nalo)

—10 to —20 mV,
reversal

—10 mV, reversal

—20 mV, extrap-
olationt
0, extrapolationt

0, extrapolationf

0, reversalt

below zero, ex-
trapolation

0, extrapolationt

?, reversal

—10 to —20 mV,
reversal

—10to —20 mV
reversal

0, extrapolation

—10 mV, extrap-
olation

0, extrapolation

Fatt and Katz (50) figs.
28, 29

Castillo and Katz (28)
fig. 3

Takeuchi and Takeuchi
(110 fig. 9.

Castillo and Katz (30)
figs. 4, 7.

Burke and Ginsborg
(21) figs. 1, 2.

Axelsson and Thesleff
(6) fig. 4

Grundfest and Reuben
[(65 fig. 11) cf. (64))]
Castillo et al. (24) fig. 4

Bennett and Merrillees
(11) fig. 5

Coombs et al. (33) figs.
1,2
Curtis (34)

Araki (2) fig. 6

Eccles et al. (46) figs.
13, 14

Nishi and Koketsu (103)
figs. 12, 13

Blackman et al. (14) fig.
8

Hagiwara and Tasaki
(69) figs. 10, 11

Hagiwara et al.
figs. 5, 6

(70

Kusano and Hagiwara
(94) fig. 4D

* Unless otherwise stated, responses were obtained by nerve stimulation.
t Values may be overestimates because of distant junctions (see Section II).
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Fi16. 6. (a) Typical relationship for different varieties of cell between values of Nernst
potentials and membrane potential corresponding to resting, transmitter equilibrium and
peak of action potential levels. (b) Equivalent circuit for transmitter equilibrium potential,
¢, in terms of Nernst potentials and ‘‘additional conductances” A g produced by transmitter
action.

the channels opened by the transmitter must allow the passage of Na and at least
one other ion species (see fig. 6a). More detailed information is available for
muscle, and the action of inhibitory substances (see section III), from experi-
ments in which changes in ion concentrations have been made, and their effect
on the value of ¢ determined. It would therefore be useful to have some model
whereby values for ¢ could be interpreted in terms of the properties of the ion
pathways. The ‘“constant field” model (63, 73; ¢f. 47) does not appear to be
applicable (44, 111), and in the absence of any other theory that allows explicit
discussion in terms of permeabilities, a somewhat formal approach has been
adopted [(e.g., 96, 111); for some implications see (53)]. It is based on the model
used by Hodgkin and Huxley in their analysis of the ion movements underlying
the action potential (see e.g. 72a). It is supposed that the channels opened by the
transmitter may be represented by the circuit shown in figure 6b. Then with the
usual sign convention, it is easily seen that

_ Ex/rx + Exi/rva + Eai/ra
1/rx 4+ 1/rxa + 1/ra

It is more convenient to use conductances, in which case

= Agx Ex + Agna Exa + Ago Ec
AgK + AgN. + Aga

where Agx = 1/rg, etc. (This notation is used to avoid confusion between the
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conductances attributable to the activated postjunctional membrane and those
of the nonjunctional membrane usually denoted by gk, etc.) Agk, etc. refer to the
values at the transmitter equilibrium potential, for the existing ion concentrations
since no assumption can be made about the properties of the resistances in figure
6b. These might be functions of both voltage and ion concentrations, and indeed
the problem of analysing transmitter action more closely can be regarded as
determining these functions. An important step in this direction has been made
for the action of acetylcholine on the end-plate (section D); elewhere the evi-
dence is scanty. However, it is worth noting that since, in general, the channels
opened by the transmitter can be represented by a battery and resistance which
are at least approximately constant over a wide range of membrane potential,
it is unlikely that Agx etc. are particularly voltage dependent.

It would be of interest to relate the ion conductances to the ion fluxes across
the activated postjunctional membrane. If the assumption is made that the ion
movements are independent of one another [see Hodgkin and Huxley (72a,
p- 467)] then it may be shown that for univalent ions,

E - Ex Ex - E |

M = Ag 7 I:l—e.\p RT/F]
Ex—-E
M2=M1 exp RT/F

where M; and M. are respectively outward and inward fluxes for a cation and
vice versa for an anion, Ey is the Nernst potential for the particular ion and Ag
its conductance, and E is the potential difference across the membrane. By way
of example, if Ex = —100 mV, theoutward flux of K ionsata membrane potential
of —15 mV would be equal to

-1 100)10"? 1t -100 15 |7
Agk(ohm™) X( 5 + 100107 (volt) l:l — exp —+5]

96,500 (coulomb. mole™) 25
= 9.2 X 1077 Agk mole/sec. (Agk in ohm™) at 20°C,

and the inward flux to

9.2 X 1077Agg X exp%5 = 3.1 X 10% Agk mole/sec.

When the membrane potential is equal to the Nernst potential, i.e., E = Ey,
then M; = M; = (RT/F*)Ag = 2.6 X 107 Ag mole/sec.

It must, however, be noted that the results described in the following section
show that the expressions are unlikely to hold for the end-plate. Thus if Agxa
and Agx are not greatly affected by small changes in membrane potential it
would be predicted, for example, that a reduction in the external concentration
of Na ions from 113 mM to 33 mM would lead to a reduction in the value of
Agns/Agx by a factor of about 14, whereas in practice no change was observed.
This suggests that the ion movements across the activated end-plate do not occur
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through simple aqueous channels [see section IV; ¢f. (43)]. No comparable data
are available for other kinds of junctional membrane.

It need hardly be mentioned that attention has been focused on K, Na and
Cl ions, because these have the highest concentrations and would therefore be
expected to carry most of the current. In exceptional circumstances, the move-
ment of Ca ions, for example, may make a significant contribution to the current.
It may also be important in other ways (section II F).

D. Ion movements in skeletal muscle

Effect of changes in ion concentration on the transmitter and acetylcholine equi-
librium potentials. Both the voltage clamp and constant current methods have
been used by A. and N. Takeuchi to investigate the effects of changes in ion
concentration on ¢, the transmitter equilibrium potential (111, 115, 116). The
ionophoretic application of acetylcholine allowed experiments to be made under
conditions in which nerve conduction is abolished (115, 116).

Changes in the concentrations of Cl ions, with corresponding changes in the
Nernst Cl potential, E¢;, of as much as 80 mV, had no effect on e. Evidently,
acetylcholine does not increase the Cl-conductance of the membrane (i.e., Agc
= 0, in eqn. 6). On the other hand, as would then be expected, ¢ was sensitive
to changes in the concentration of K as well as Na ions. In the case of Na ions,
the results could be accounted for quantitatively by the change in Ey,, with the
assumption that Agxa./Agx remained constant (111, 113). In contrast, it wasneces-
sary to assume that the external coneentration of K ions did affect the ratio of
the conductances (115). The results could be fitted empirically by the relation
Agna/Agx = 129/(2[K), + 95). Thus under physiological conditions, where
[Klo = 2.5 mM, Agna/Agx = 1.29; and with Ex = —99 mV and Ex. = +50
mV, € is equal to —15 mV.

The effect of changes in Ca ion concentration was also investigated (116). It
was found that (a) an increase in [Ca), from 2 to 30 mM reduced Agya by about
30% and (b) when the preparation was bathed in a Na-free solution containing
isotonic CaCl,, the value of ¢ was less negative than the resting potential. This
indicates that acetylcholine also causes an increase in Ca-conductance, since in
this situation, neither Ex nor Ey, can be less negative than the resting potential.

Pharmacological considerations. The results just described have been con-
cerned with the effects on the ion pathways. There are, of course effects at the
recepter level both of the environmental ions (e.g., 77, 97, 100, 101) and of the
traditional neuromuscular blocking agents. In this connection, it is of interest
that the acetylcholine equilibrium potential, and hence Agx./Agx is unaffected by
tubocurarine, although the individual values Agya and Agk as would be expected
may be greatly reduced (111). Evidently, this is in line with the idea that tubo-
curarine does not affect the properties of the channels opened by acetylcholine,
but reduces their number by combining with acetylcholine receptors (e.g., 77).
In contrast, Maeno (96) has recently found that in the presence of procaine, the
transmitter equilibrium potential and hence Agya/Agk, is altered. One expla-
nation is that Na and K ions pass through separate channels, each kind being
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under the ultimate control of a different species of receptor, cach with a different
affinity for procaine. However, this seems unlikely; and it would be necessary to
assume that by chance, the two kinds of receptor had the same affinity for tubo-
curarine. The more likely alternative (¢f. Shanes, 107) is that procaine modifies
the properties of the ion pathways, perhaps in addition to combining with ace-
tylcholine receptors of a single species. It has been suggested (e.g., 107, 120) that
other substances, for instance the ‘“depolarizing” neuromuscular blocking drugs
such as decamethonium, also have a direct effect on the ion pathways. There is
however no compelling evidence against the idea that these drugs are partial
agonists. Thus the interaction between decamethonium and acetylcholine at the
end-plate (e.g., 31) may be explained by supposing that a large proportion of the
receptors is occupied by decamethonium, but that it is a drug with a low efficacy
(109). On this basis, the effects of the depolarizing drugs are confined to the
receptor level; this conclusion would be strengthened if it were shown that the
equilibrium potential for their action was identical with that for acetylcholine.

Specificity of 1on pathways. It has been shown by a number of investigators that
the channels made available to Na and KK ions at the end-plate, by the action of
acetylcholine, also allow the inward transfer of certain “foreign” cations. This
result has been inferred from the fact that acetylcholine still causes depolariza-
tion, even in the total absence of extracellular Na ions, provided that the bathing
solution contains cations such as ammonium, tetramethylammonium (99),
methylammonium (60), and hydrazinium (90).

Denervated skeletal muscle: tracer experiments. The equilibrium potential for
the action of acetylcholine appears to be the same for chronically denervated
muscle as for the end-plate of normal muscle (see table 1); the same ion move-
ments are thus likely to underlie the depolarization caused by acetylcholine in
the two situations. It is therefore of interest to consider the results of tracer
experiments on denervated muscle (81) since the tracer method is capable of
demonstrating changes in permeability, rather than of conductance. For such
experiments denervated muscle has, of course, the advantage that the chemo-
sensitive region occupies a much greater fraction of the surface of the fibre than
in normal muscle (for review, see 121); any change in ion fluxes caused by ace-
tylcholine is not therefore swamped in the ion movements that are always oc-
curring, in parallel, through the nonchemosensitive membrane.

It will be recalled that an increase in the rate of influx or efflux of a labelled
ion does not always imply an increase in permeability to that ion. For example if
a cell is loaded with 2K, and a drug which depolarizes the membrane is applied,
the rate of efflux of 2K may increase as a result of the depolarization rather than
because of an increase in permeability to K ions. (Considerations of this kind are
especially important in studies of the effect of drugs on spontaneously active
tissues, since large ‘“‘nonspecific”’ changes in ion fluxes may then occur because of
changes in the frequency of action potentials (see, e.g., 79 and section III D).
This complication has been avoided by Jenkinson and Nicholls (81), who have
studied the ion movements in the chronically denervated rat diaphragm, already
completely depolarized in K-enriched solutions. It was shown that no further
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change in membrane potential occurred on the application of acetylcholine but
that the rates of influx of 2K, 2Na and 4Ca and the rates of eflux of ¥K and *Na
were all increased by acetylcholine (10~7 to 2 X 10~% g/ml). In contrast the
movements of 3¢Cl were virtually unchanged. The results are therefore in com-
plete accord with those obtained from the electrical experiments on the normal
end-plate.

Nothing is known of the ion movements underlying the stimulant effects of
tubocurarine and adrenaline on chronically denervated muscle (see Thesleff and
Quastel, 122, for references).

Uptake of depolarizing drugs. The tracer method has also been applied to studies
of the uptake of various quaternary nitrogen compounds by muscle (see 120).
Among those recently investigated (119) are tritium labelled (N-methyl 3H)
decamethonium and carbamylcholine (carbachol). In the normal rat diaphragm,
the uptake of decamethonium was significantly greater in the end-plate region,
except in the presence of tubocurarine. As might then be expected, a greater
uptake was found in chronically denervated muscle, uniformly distributed over
its whole length. On the other hand, the uptake of carbachol by normal muscle
was not greater at the end-plate, nor was the uptake greatly affected by tubo-
curarine. The interpretation of these results is somewhat uncertain (see 120;
¢f. 101, 130).

E. Ion movements in intestinal smooth muscle

Electrical experiments. There is no direct evidence that the standard model
applies to the action of the transmitter or of depolarizing drugs on intestinal
smooth muscle, since the existence of an equilibrium potential for their action has
not been established. However, Biilbring and Kuriyama (18) have studied the
effect of acetylcholine on single cells in the taenia of the guinea pig; and they
have shown that the depolarization is altered by changes in [K], and [Na], in a
way which suggests that acetylcholine increases the conductance to Na and at
least KK ions (see also Bennett, 7).

Tracer experiments. Durbin and Jenkinson (40) have applied the tracer method
to a study of the action of carbachol on the taenia of the guinea pig. The experi-
ments were made on preparations that were depolarized in K-rich solutions, for
the reasons given above. The rates of influx and eflux of 2K, %Cl (and ®Br),
and the rate of influx of 2Na and ¥Ca wecre all increased by carbachol (3 X
107 g/ml). The results are therefore consistent with the idea that carbachol’s
primary action on the membrane of cells in the taenia is to produce a non-
selective increase in ion permeability.

F. Effects al other sites

Little definite can be said about the ion movements caused by excitatory sub-
stances at sites other than those listed in table 1 or discussed in section E.

A number of substances cause complicated potential changes in sympathetic
ganglia (see Volle, 128, for review), but external records only are available and
it is not possible to interpret these in terms of ion movements.
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Acetylcholine has recently been shown to depolarize single chromaffin cells of
the adrenal medulla (Douglas et al. 37) and it is therefore attractive to suppose
that it causes an increase in ion conductance at this site. It is already known
that the secretion of catecholamines is in some way related to the uptake of Ca
ions (see Douglas, 36), which might now be supposed to result in part from a
direct effect of acetylcholine on the permeability to Ca ions. The uptake of Ca
ions has been shown to be concerned in the development of tension by depolarized
smooth muscle, under the action of acetylcholine and its analogues (see Durbin
and Jenkinson, 41; Schild, 106) and by depolarized denervated skeletal muscle
(81). It is, of course, also well known that Ca ion movements are intimately re-
lated to contraction, under conditions in which transmitters are not involved
(see, e.g., Niedergerke, 102).

In at least two situations, it appears that the standard model cannot account
for the effects of transmitter substances. Thus it is inappropriate for the action
of sympathomimetics on the heart (see Tiautwein, 125, for review), and for the
initiation of salivary secretion (see Burgen and Emmelin, 19, and Lundberg
95, for reviews). Although nerve stimulation causes changes in potential, they
cannot readily be explained by increases in membrane conductance.

Finally, it may be recalled that there are situations in which junctional trans-
mission occurs without the aid of transmitter substances (e.g., Furshpan and
Potter, 57; Martin and Pilar, 98). Ion movements must, of course, be concerned,
since ions are the only current carriers available, but their identity is determined
by the passive properties of the postsynaptic membrane and not by the provision
of additional ion pathways.

III. THE ACTION OF INHIBITORY TRANSMITTERS
A. Transmitter equilibrium potentials

The first account of the action of an inhibitory transmitter in terms of a model
similar to that of figure 1 was given by Fatt and Katz (52) in 1953, to explain
the results of experiments on crustacean muscle fibres. At the resting level, no
effect on the membrane potential was produced by inhibitory nerve stimulation;
when, however, the membrane potential was displaced, in either direction, by a
constant current, inhibitory nerve stimulation then caused a change towards the
original resting level. Evidently, there was a transmitter equilibrium potential,
in this case at the level of the resting potential.

The existence of equilibrium potentials ¢ both for the action of transmitters
and inhibitory substances applied artificially, has now been established for a
variety of cells (table 2). The fact that ¢ has the same value for the effects of
nerve stimulation and of applied y-amino-n-butyric acid (GABA) supports the
idea that GABA may be an inhibitory transmitter in crustacea (e.g., 68, 112)
and insects (127) (for review of evidence of other kinds see 35, 54, 85, 88) and
possibly in the cat cerebral cortex (91). The same is true in connection with
acetylcholine and the mollusc H-cells (87, 118). [A small discrepancy in the case of
the Helix H-cells has been explained (87) on the basis of the discussion in section
II B].



TABLE 2

Levels of inhibitory equilibrium potentials for various cells. In all cases, the responses could be
reversed by passage of current across the cell membrane

Difference
between
Site Method Equilibrium and Reference
Resting
Potential
Vertebrate
Heart: dog atrium, Ach* Constant current | 25 mV hyp.t | Trautwein and Dudel
(126)
Motoneurone, cat Constant current | 10 mV hyp. | Coombs et al. (32) figs.
1,2
Motoneurone, cat Voltage clamp 15 mV hyp. | Araki and Terzuolo (4)
fig. 9
Motoneurone, toad Constant current | 15 mV hyp. | Fukami (56) fig. 4
Cortical cells, cat
gf\rﬁ’z stim. Constant current | small hyp. Kl;g'llt;vw and Schwartz
Mauthner cell, goldfish Constant current | small hyp. Furukawa and Fursh-
pan (59) fig. 18
Invertebrate
Muscle
Crab Constant current | 0 Fatt and Katz (52) fig.
7
Crayfish
Astacus
I(\;ngz stlm.} Constant current | 0 Boistel and Fatt (15)
Orconectes Constant current | small dep. Dudel and Kuffler (39
fig. 2
Cambarus
Nerve stim.| C ¢ ¢ 14 Takeuchi and Takeuchi
GABA { onstant current | small dep. 112) fig. 9
Lobster Constant current | 0 Grundfest et al. (65)
fig. 1
Insect
Nerve stim.} Constant current | "P to 20 mV | Usherwood and Grund-
GABA hyp. fest (127) fig. 4
Crayfish giant motor fibre
ggi stim. Constant current | small dep. Fu(x"sssl;pg;& g?g Potter
Crustacean stretch receptor
Nerve stim. Stretch small dep. Kuffler and Eyzaguirre
(92) figs. 4, 5
Nerve stim.} Constant current small dep. Hagiwara et al. (68)
GABA or hyp. ’
Molluscan neurones
Aplysia and Helix Constant current Tauc (117) figs. 11, 13
Aplysia (H-cells)
Nerve released) Constant ¢ Tauc and Gerschenfeld
Ach onstant curren 118) fig. 7
Helix (H-cells) up to 20 mV | Kerkut and Thomas
Nerve released hyp. (87) fig. 2
Ach Constant current vP Gerschenfeld (61)
Cryptomphallus (D-cells) | Constant current
Onchidium Voltage clamp || small dep. Hagiwara and Kusano
Constant currentf or hyp. (67) fig. 1

* Unless otherwise stated, responses were obtained by nerve stimulation.
t hyp. = the level of the transmitter equilibrium potential is more negative than the

resting potential.

306
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Fi1c. 7. Simplified equivalent circuit for interaction between inhibitory (A) and excitatory
(B) transmitter effects on postjunctional membrane.

1

Interaction between inhibilory and excitatory effects. Where ¢’ is more negative
than the resting potential, the inhibitory transmitter acting alone will cause
hyperpolarization. Although the hyperpolarization may contribute, it is not the
main cause of the inhibitory effect (52); and the change in membiane potential
during the simultaneous actions of inhibitory and excitatory substances is not
the algebraic sum of the displacements that each would separately cause. This
is illustrated by the equivalent circuit of figure 7, which also indicates how a
transmitter may be inhibitory, although when acting alone it causes depolariza-
tion (see table 2). It is assumed that the channels opened by the excitatory and
inhibitory transmitters are entirely distinct (see 113). The action of the inhibitory
transmitter is represented by closing switch A, which produces a ‘“depolarization”
of 2.5 mV. The action of the excitatory transmitter, represented by closing switch
B, causes a ‘“‘depolarization” of 30 mV. When A and B are both shut, the ‘‘de-
polarization” e, in mV is evidently given by

e = (10 ohm) X (I mA)
where,
I=ir+is
75 — 10¢I = 70 + 10%a
and
75 — 10¢I = 15 + 10%s

whence e = 22 mV. The action of A is thus to “inhibit” that of B. It is evident
that a transmitter substance will be inhibitory if the level of its equilibrium po-
tential is more negative than the threshold for excitation.

It need hardly be emphasized that this inhibitory action applies also to situa-
tions in which excitation is brought about by processes other than excitatory
transmitter action, as for example in the heart (see Trautwein, 123), the crayfish
motor axon (Furshpan and Potter, 57, 58), the crustacean stretch receptor
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(Kuffler and Eyzaguirre, 92) and spontaneously active smooth muscle (see
Burnstock and Holman, 22).

Presynaptic inhibition. It was recognized by Fatt and Katz (52), that the
change in conductance caused by the inhibitory transmitter was not large enough
to account alone for the inhibition of crustacean muscle. It has now been shown
conclusively by Dudel and Kuffler (39) that in this situation, the inhibitory
transmitter (probably GABA) has the additional (and usually more important)
effect (but see 84) of reducing the amount of transmitter liberated by the ex-
citatory nerve. This action, known as presynaptic inhibition, occurs also in the
vertebrate central nervous system (see, e.g., Eccles, 42). The action of the trans-
mitter on the presynaptic excitatory nerve terminals may have the same under-
lying ionic mechanism as that involved in postsynaptic inhibition (38, 114), but
its discussion is outside the scope of this article.

B. Ion movements involved in inhibition at particular sites

It is evident from the fact that the levels of ¢’ are close to, or more negative
than the resting potential (Table 2) that the additional conductance produced
by inhibitory substances must be greater for K or Cl, or both, than for Na ions.
Further information has been obtained from observations on the way in which
¢ changes when the ion concentrations, and hence their Nernst potentials, are
altered (section II C). The results are summarized in table 3.

TaBLE 3
Effects of changes in Nernst potentials Ex and Ec) on inhibitory equilibrium potential, ¢

Stimulus E Effect on ¢’ at,‘:::li‘:.m Reference
Vertebrate
Heart Ach Ex | € = Konly | Trautwein and Dudel
Ex (126)
Neurones in cat CNS Nerve Eci | Changed | CI* See Eccles (42, 43)
Mauthner cell Nerve Eci | Changed | Cl Furukawa and Fursh-
pan (59)
Invertebrate

Astacus muscle Nerve } Ex | V.small | K? Boistel and Fatt (15)
GABA Ec) | Large Cl

Insect muscle Nerve Ex | None Usherwood and Grund-
GABA Eci | Large Clonly| fest (127)

Crayfish giant motor Nerve Cl Furshpan and Potter

axon GABA Ec: | Changed (58)
Crayfish stretch re- Nerve Cl* Hagiwara et al. (68)
}:f; tor GABA Eci | Changed

Helix H-cells Nerve Ex | Small K? Kerkut and Thomas
Ach Eci | Large Cl (87) See also (86)

Cryptomphallus Nerve Ek | Large K only | Gerschenfeld and Chi-

D-Inhi cells Eci1 | None arandini (62)

* Less direct evidence shows that K ions also permeate the activated postsynaptic
membrane in the motoneurone (35) and Crayfish stretch receptor [for refs. see (68)].
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1. THE HEART. It had already been shown in 1953 by Burgen and Terroux (20)
that the action of acetylcholine (and carbachol) could be explained by supposing
that it caused an increase in K conductance. This was confirmed by Trautwein
and Dudel (126), who showed that the equilibrium potential for the action of
acetylcholine on the atrium of the dog heart was, in fact, identical with the
Nernst K potential, Ex. Evidently, the channels opened by acetylcholine are
available only to K ions. This conclusion had also been reached by Harris and
Hutter (71; see also 74, 75) on the basis of tracer studies. In the sinus venosus
of frog and tortoise hearts, both the influx and efflux of 2K were increased by
the application of acetylcholine, whereas those of 3¢Cl (and 2Br) were unaffected.

2. VERTEBRATE CENTRAL NEURONES. Controlled changes in the extracellular
ion concentrations of vertebrate central neurons which must be studied n situ
cannot be made; the intracellular concentrations can however be altered by the
injection of ions from an intracellular electrode. The most extensive investiga-
tions have been made on motoneurones of the cat (32, 45; for a recent summary
see Eccles, 43). The changes in ¢’ with changes in [Cl]; have shown that the trans-
mitter causes an increase in conductance to Cl ions. However, since Eg, is at the
level of the resting potential, or perhaps even somewhat less negative, but in-
hibitory nerve stimulation causes hyperpolarization, it has been assumed that
there is also an increase in K conductance (45). This has not been tested directly
because of the difficulty in making significant changes to [K]; and hence to Ex.
An increase in [Na]; had no effect on ¢, provided that it was not accompanied
by an increase in [Cl];. This condition was achieved by coupled injections of Na
and SO, ions into the cell, from double-barrelled electrodes (45).

It has been inferred that the Cl conductance in other central neurones is also
increased by inhibitory nerve stimulation since the responses are reversed from
the hyperpolarizing to the depolarizing direction, when [Cl]; rises, as a result of
diffusion of Cl ions from a KCl-filled intracellular recording electrode.

3. INVERTEBRATE CELLS. The wide variety of invertebrate cells which has been
studied is indicated in table 3; in addition, it has been found that GABA and
piperazine may cause inhibition of Ascaris muscle by increasing the conductance
of specific regions of the membrane to Cl ions (26, 27). In this, as in insect muscle
(127) [and possibly Helix H-cells (86)] inhibition is associated not only with an
increase in conductance that is exclusive to Cl ions, but also with hyperpolariza-
tion. The Nernst Cl potential, Ec;, for these cells must therefore be more negative
that the resting potential. This in turn implies that there must be an outward
“Cl-pump”’. Although for several kinds of cell the existence of an inward “Cl-
pump”’ must be assumed, to account for the excess in [Cl]; over the value that
would be in equilibrium at the resting potential (e.g., 23, 89, 129), there is as yet
no independent evidence for a “pump” in the opposite direction (but see 25).

C. Specificity of ion pathways

Attempts have been made to specify the properties of the ion pathways more
closely by examining the effect of the injection of various anions into cells, on
the change in membrane potential caused by the inhibitory transmitter. The
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cells that have been studied are cat motoneurones (3, 32, 76), goldfish Mauthner
cells (5) and Helix H-cells (87). It was found for all three types, that anions that
have a “limiting equivalent conductance” in water, \° (see, e.g., Robinson and
Stokes, 105, chapter 6) greater than 64 units (cm? ohm—! equiv—!) were indis-
tinguishable from Cl ions (\° = 76 units), insofar as the activated postjunctional
membrane was concerned; in contrast, anions for which \° was less than 56 units,
were totally impermeant. Since A\° is a function of the mobility, which in turn
depends on the size of the hydrated ion, it has been suggested that the ion path-
ways are aqueous pores of uniform, fixed diameter (ca. 3 .Xx). Little is known in
either theory or practice about ion movements through such small pores; the
idea is at present therefore rather speculative.

D. Action of inhibitory substances on intestinal smooth muscle

It is by no means generally agreed that inhibition in smooth muscle is brought
about by a process of the kind so far discussed (see Bennett, 7; Bueding and
Biilbring, 16; Burnstock and Holman, 22). Nevertheless, although there are
almost certainly additional factors (see below), the idea that there is an increase
in K conductance, which plays a major role in inhibition, now has considerable
supporting evidence.

Alternative explanations which have been suggested (see, e.g., 16, 22), more
particularly for the action of adrenaline than of the transmitter, include (1) the
activation of an electrogenic “Na-pump,” (2) a decrease in Na-permeability,
and (3) an increase in the fixation of Ca ions by the membrane, involving a
metabolic process and leading to (2). While none of these possibilities can at
present be rejected, none is supported by any compelling evidence.

No information is available about the ion movements underlying the inhibitory
action of acetylcholine on smooth muscle.

Electrical experiments. Studies of the membrane potential of single cells in the
taenia of the guinea pig have been made by Kuriyama (93) and Biilbring and
Kuriyama (18). The relationship between the membrane potential and [K], was
investigated in the absence and presence of adrenaline (93, fig. 6). The effect of
adrenaline was similar to that found by Burgen and Terroux (20, fig. 2) for
carbachol in connection with its action on the heart. Thus in the presence of
adrenaline, the membrane potential in the taenia was closer to the Nernst K-
potential, Ex. Furthermore, in Na-free solutions containing K ions, in which it
would be expected that the membrane potential would already be closer to Ex
than normally, adrenaline had little effect (18). Both these findings are consistent
with the idea that adrenaline causes an increase in K conductance. Although
they might also be explained by a decrease in Na conductance, such electrical
evidence as there is [on frog stomach (108)] suggests that the membrane resistance
of smooth muscle is decreased, rather than increased, by adrenaline (see also
tracer studies, below).

It has also been shown by Biilbring and Kuriyama (18) that on the application
of adrenaline to the bath, the spontaneous action potentials in the taenia are
abolished before the cells are hyperpolarized. This may not be, as is sometimes
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thought, a serious objection to the “Ii-hypothesis,” since the hyperpolarization
is not, in any case, the cause of the inhibition (section III A). The phenomenon
might simply reflect the time course of the rise in concentration of the adrenaline
at the cell surface during diffusion. Initially the low concentration might increase
the K conductance sufficiently to inhibit the process responsible for excitation,
but not to cause hyperpolarization. It is of interest, that with sympathetic nerve
stimulation, there appears to be no delay between inhibition and hyperpolariza-
tion.

Bennett, ef al. (8) have briefly reported the effect of ion changes on the in-
hibitory responses of the taenia to intramural nerve stimulation [the transmitter
for these nerves is unknown, but it is not noradrenaline (see 10)]. The experiments
were made with the ‘“‘sucrose-gap” technique, and results were obtained that
suggested that the transmitter caused an increase in K conductance.

Tracer studies. In a number of studies, although adrenaline was found to in-
crease the influx of 2K into the taenia, it did not increase the efflux. This might
be regarded as evidence against the idea that adrenaline causes an increase in
K permeability; on the other hand, since the cells are hyperpolarized by adrena-
line and the spontaneous action potentials are abolished (18), the rate of loss of
K ions from the taenia will be diminished. Thus any increase in 2K efflux that
resulted from an increase in permeability might be masked. Using the depolarized
taenia bathed in K-rich solution (¢f. section II D), which eliminates this compli-
cation, Jenkinson and Morton (78, 79) have tested the effect of noradrenaline
(8 X 1077 g/ml) on the exchange of 2K and *¢Cl and on the influx of #Na. Their
conclusions are that there is no effect on the permeability to Cl or Na ions, but
that there is an increase in permeability to K ions. This effect was not shared by
isopropylnoradrenaline (isoprenaline) in equimolar concentration, and was
blocked by phentolamine, but not by pronethalol. It was therefore concluded
(80) that it was mediated via “‘a-adrenergic” receptors (see Ahlquist, 1). It has
recently been shown that adrenaline also increases the rates of influx and efflux
of 2K in the depolarized taenia (Biilbring, et al., 17).

Inhibition via B-receptors. Jenkinson and Morton (80) have also extended the
studies made by Schild and his colleagues (see, e.g., 106) on the relaxation of
depolarized smooth muscle induced by catecholamines. The kind of inhibition
involved in this situation is not accompanied by changes in membrane potential
and would not be explained by an increase in K permeability. It has been found,
in fact, that such an increase does not occur during the relaxation caused by
isoprenaline, and evidence has been produced to show that the catecholamine
relaxation of the depolarized taenia is mediated via B-receptors. The extent to
which “B-relaxation” is involved under normal conditions and its possible mech-
anism are discussed by the authors in their recent paper (80).

IV. DISCUSSION

It has been evident for some years that the same substance may produce a
variety of permeability changes. Acetylcholine, for example, opens channels in
skeletal muscle only to cations, in heart muscle only to K ions and in intestinal
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smooth muscle, most probably to both cations and anions. At the end-plate (see
Katz, 83) and probably elsewhere, drastic changes in membrane potential are
unable to mimie the action of the transmitter; that is to say, the channels cannot
be opened by voltage or current (but for possible feeble effects see 49 and 55).
They cannot even be opened by the action of the transmitter substance applied
from within the cell (29) (see also 91).

For these reasons it is an attractive idea (49) to suppose that the ion pathways
are, literally, preformed pores which are “unplugged” as a result of the reaction
between the transmitter substance and receptors located on the outer surface of
the cell membrane. The exclusion of cations or anions could then be explained by
supposing that the pores were negatively or positively charged (15, 49) and
discrimination against Na ions where it occurs could be attributed to restricted
pore diameter. It must however be admitted that the physical nature of the ion
pathways is no better understood now than some 15 years ago, when they were
first revealed. It cannot be supposed that the pores, if they exist, are simple
aqueous channels. This idea does not account for the ion conductances in the
situation which has been most closely studied, namely the end-plate (sec-
tions II C and D); that it still seems to fit the action of inhibitory substances
may be due only to the relative absence of detailed information.
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