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ABSTRACT In Electrophorus electroplaques, the agon-
ist-induced postsynaptic conductance depends on membrane
potential. During steady exposure to agonists, after a voltage
step the conductance relaxes on a millisecond time scale, ex-
ponentially approaching a new equilibrium value. The relax-
ation rate constant k is an instantaneous function of voltage,
insensitive to the past or present conductance.
Two components sum to form k. A concentration-sensitive

component increases linearly with agonist concentration and
decreases during desensitization or exposure to curare. Thus
this component reflects the average frequency at which ace-
tylcholine receptors are opening.
The voltage-sensitive component, obtained by extrapolat-

ing k to zero agonist concentration, increases at more posi-
tive potentials. For acetylcholine, the voltage-sensitive com-
ponent equals the rate constant for the exponential decay of
postsynaptic currents; it thus seems to be the closing rate for
active receptors. The voltage-sensitive component has the rel-
ative amplitudes acetylcholine < carbamoylcholine < deca-
methonium, and for each agonist equals the closing rate de-
termined from "noise" measurements at neuromuscular junc-
tions.
The kinetic data explain several aspects of the steady-state

conductance induced by agonists, but shed no light on appar-
ent cooperative effects.

At a nicotinic synapse, when an agonist reaches the postsy-
naptic membrane, the acetylcholine receptors produce an
increase in membrane conductance. In the presence of a
steady agonist concentration, the receptors form an equilib-
rium population. At a given time, some receptors are in an
"open" state (or possibly in one of two such states); other re-
ceptors are in one or more "closed" states (1, 2).

It is not yet certain which molecular events (binding of
agonist, conformational change in the receptor protein, etc.)
govern the transitions between the active and inactive states.
In order to gain more information on these rate-limiting
steps, we have applied two relaxation techniques to the ace-
tylcholine receptors of eel electroplaques. "Voltage-jump"
experiments are based on the fact that, for a steady agonist
concentration, the equilibrium between "open" and
"closed" receptors also depends upon the potential across the
postsynaptic membrane (2-4). The proportion of open re-
ceptors increases as the potential becomes more negative.
Thus, when one rapidly changes the membrane potential
from one level to another, the agonist-induced conductance
relaxes to a new value, with a time course which reflects the
kinetics of the transition is between "open" and "closed" re-
ceptors.
The second experiment derives from the observation that,

at the frog neuromuscular junction, endplate currents ordi-
narily last much longer than the acetylcholine concentration
in the synaptic cleft (5-8). Thus the declining phase of the
endplate current is the response of receptors to an instanta-
neous removal of acetylcholine. We report here that the de-
clining phase of eel postsynaptic currents has precisely the
same significance.

We find that the kinetic data account qualitatively for the
behavior of the steady-state conductance, as influenced by
agonist concentration and by membrane voltage. In addi-
tion, the steady-state conductance seems governed by coop-
erative effects whose molecular nature remains unexplained.

MATERIALS AND METHODS

The experiments use the isolated electroplaque from the
organ of Sachs of Electrophorus electricus. The innervated
face is held against a Mylar sheet which partitions two pools
of Ringer's solution; the sheet contains a window that expos-
es part of the innervated face to one of the pools (9). Cur-
rents are passed between platinum plates in each pool, tra-
versing the window and the exposed region of the innervat-
ed face (4, 10). The temperature was 15° unless otherwise
noted.
The voltage-clamp procedure was used because conduc-

tances may be measured at controlled voltages and with
temporal resolution which is dictated by the speed of a feed-
back circuit rather than by the time constant of the mem-
brane. The feedback circuit was connected to the prepara-
tion only during the actual clamping episodes; a trial consist-
ed of 10 to 20 such episodes spaced 300-1000 msec apart
(see Fig. 1). Thus, although agonists were added for several
minutes at a time during "voltage-jump" experiments, there
was usually no external current applied to the cell.

For measurements of postsynaptic currents, at the start of
each episode the potential was clamped at +50 mV for sev-
eral msec to inactivate Na conductance in the electroplaque.
Next a strong, brief (200 ,usec) pulse of current was passed so
as to depolarize the innervated face; this evoked a spike in
the motor nerve terminals. Then the voltage was clamped at
the desired level for measuring the postsynaptic current.
The Ringer's solution contained Ba+2 (3 mM), which

eliminates the inward rectifying conductance for K+ (4, 11),
and, for "voltage-jump" experiments, tetrodotoxin (10-6 M),
which eliminates Na activation. The electroplaque does not
show delayed rectification for K+. Therefore, in the absence
of agonists, the innervated membrane showed a linear cur-
rent-voltage (I-V) plot (4, 11).

For "voltage-jump" experiments with acetylcholine, and
occasionally with other agonists, cells were pretreated with
diisopropyl fluorophosphate (4 X 10-4 M) for 30 min at 230
in Ringer's solution followed by two 20-min washes in Ring-
er's solution. This treatment is known to inhibit more than
90% of the acetylcholinesterase (12) but had no effect on the
acetylcholine receptor, as judged by the response to carba-
moylcholine.

Other details of the experiments and methods of analysis
have been given (4).

3496



Biophysics: Sheridan and Lester Proc. Nat. Acad. Sci. USA 72 (1975) 3497

1.2-+100- a

0-]
mV

-100-_
- L

-200-j

+5- b

mA 0° -

CM2
-5-

-10-j

1.1s-

mesec-I

1.0 -

0.9 -

10- C

mA
cm2 j

al-J

I 0.8 -
2msec

V2 V3
o VI to V2
* V2 10 V3

§ I7

I 1

-250 -200 -150
V2 [mV]

FIG. 1. Data from a voltage-clamp trial with acetylcholine, 25
AM. Time axis applies to all three panels. (a) Superimposed traces
of membrane voltage. Second voltage level is changed for each epi-
sode. (b) Agonist-induced currents; leakage and capacitative cur-
rents have-been subtracted. (c) Data for the lower six traces in (b).
Semilogarithmic plot of the approach to steady state. Points start
180 ,usec after the jump.

RESULTS
Voltage-jump experiments
Fig. 1 shows records from an experiment designed to mea-
sure the voltage-controlled increase of conductance in the
presence of 25 ,uM acetylcholine. The receptors were first
forced into a closed state by holding the voltage at +50 mV
for 4 msec; the voltage was then jumped to various more
negative values. Agonist-induced currents increased after
the jump, along an exponential time course (Fig. 1c).
The rate constants (k) of this relaxation, as defined by the

slope of the lines in Fig. ic, are instantaneous functions of
the potential. This conclusion is derived from experiments in
which the initial and final levels of voltage jumps were inde-

FIG. 2. Evidence that k depends instantaneously on V. Carba-
moylcholine, 100 AM. Superimposed voltage traces are shown in
the inset; V2 lasted 7.5 msec. V1 = +50 mV; V3 = -235 mV. Ordi-
nate, relaxation rates (k) for the agonist-induced currents. 0, data
for jump from V1 to V2; 0, V2 to V3. 95% confidence limits are
shown. The jump from V2 to V3 also produced instanteous ohmic
changes in agonist-induced currents, due to existing open recep-
tors.

pendently varied; k depended only on the final voltage (Fig.
2). Thus there is no detectable dependence of k upon the
conductance, the history of the conductance, or the history
of the potential.
The rate constants also increase with increasing agonist

concentration (Fig. 3). For a given cell, this relation seems
linear (Fig. 4), and the slope does not vary with potential.
For zero agonist concentrations the linear trend extrapolates
to a finite k; this intercept varies with potential. Each agon-
ist may be characterized by the slope and intercept of plots
of k against concentration such as Fig. 4 (Table 1).
With high agonist concentrations (e.g., 250,M carba-

moylcholine, 100 ,uM acetylcholine, 10 AM decamethoni-
um), the conductances and relaxation rates undergo substan-
tial desensitization (Fig. 5), although less rapidly at 150 than
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FIG. 4. Concentration dependence of relaxation rate constant
(k). Two cells from the same eel, tested on the same day.

at 220 (4). To measure approximately the response that
would occur in the hypothetical absence of desensitization,
we have taken the rates at their peak with time (4). For car-
bamoylcholine and acetylcholine, the linear increase of k ex-

tended to these desensitizing concentrations. For decame-
thonium, the peak rates often appeared to level off at con-

centrations between 10 and 20 MM.
Steady-state conductances induced by agonists are com-

petitively inhibited by d-tubocurarine, with an apparent dis-
sociation constant of 0.2 MAM (4). The relaxation rates k are

also reduced by d-tubocurarine. For one cell tested with car-
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FIG. 5. Desensitization. Trials like that of Fig. 1. Carba-
moylcholine (250 AM) was introduced at time zero. (a) Steady-
state agonist-induced currents. (Sign convention is opposite to
that of Fig. 1.) (b) Relaxation rates, k. 0, -130 mV;@, -160 mV.
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FIG. 6. (a) Decay rate of postsynaptic currents against voltage;
average (42 SEM) of five different cells. (b) Comparison between
data in (a) and a cell which gave the most complete "voltage jump"
data for acetylcholine (pretreated with diisopropyl fluorophos-
phate; see Materials and Methods). Error bars show two SEM, if
larger than symbol. The solid line through the postsynaptic cur-
rent (PSP) data is the exponential relation from (a); the same line,
plus a constant, has been drawn through the "voltage jump" data.
Note that ordinate is logarithmic in (a), linear in (b).

bamoylcholine, the effect of 0.2 MM d-tubocurarine could be
described as a decrease by 40% in the slope of the plot of k
against concentration. The intercept changed by less than
10%.
The steady-state conductances were reduced irreversibly

by a factor of two to three after exposure to 50 nM a-bun-
garotoxin for 15 min; the relaxation rate constants, however,
remained unchanged.
The rate constants vary with temperature. At 15° and

-150 mV, k for decamethonium (3 ,M) was 1.08 msec-1; at

Table 1.

Slope Intercept
Agonist (M-' sec') (msec')

Acetylcholine 107 0.1
Carbamoylcholine 107 0.3
Decamethonium 2 x 108 0.5

Intercept (at zero concentration, -175 mV) and slope of plots of
k against concentration like Fig. 4. Slopes have an SEM of 50%;
intercepts, 25%.
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250 and the same potential, k increased to 3.47 msec-1. This
change corresponds to a Q1o of 3.2. In contrast, the steady-
state conductance induced by a given agonist varies little
with temperature; the Qio was less than 1.5.

Postsynaptic currents
Postsynaptic currents decay with a single exponential rate
constant. The rate constant increases at more positive poten-
tials. At 15° the rate constant equals 0.65 msec1 at 0 mV
and changes e-fold with each 85 mV (Fig. 6a). At 220 these
values increase to 2.1 msec1 and 121 mV. All these data
agree closely with those for frog endplate currents (5, 6).
The voltage sensitivity of postsynaptic current decay rates

is very similar to that of the relaxation rates (k) for acetyl-
choline (Fig. 6b). The "voltage-jump" rates nevertheless
have a slightly but consistently larger voltage-sensitive com-
ponent than do the decay rates for postsynaptic currents
(Fig. 6b is an example); however, these differences vanish
when "voltage-jumps" for a given temperature are com-
pared with postsynaptic currents measured at about 10 high-
er. To explain these facts, we note that "voltage-jump" re-
laxations are measured soon after the agonist has been intro-
duced by a rapid solution change. Small temperature in-
creases occur near the electroplaque during such changes;
because of the chamber's geometry, these increases are
probably not recorded accurately by the thermistor.

DISCUSSION
If the receptor has a unique "open" state, voltage-clamp
currents provide, for a given potential, a linear measure of
the number of open receptors. Over a wide range of condi-
tions, we have found that currents relax with a single rate
constant after a voltage jump. A simple exponential also
characterizes the decay phase of postsynaptic currents.

Separation of "opening" and "closing" rates
A rather general physical model to account for the data is
that the number, ra, of open receptors depends upon two
first-order unidirectional rate constants: the "opening" rate a
and the "closing" rate a. One or both of these rates depends
on voltage. Then, if r is the total number of receptors,

dra/dt = -ara + 6(r - ra)

open receptors, ra, but apparently alter neither the conduc-
tance -y nor the lifetime 1/a of the open state (1, 2). Thus,
these changes in k seem to reflect changes in the opening
rate b.

Since 6 = k - a, we find for acetylcholine that 6 does not
vary detectably with potential (Fig. 6b). Also, 6 seems to in-
crease in a roughly linear fashion with agonist concentration.

Postsynaptic currents give a measure of a for only one
agonist, acetylcholine. However, effects of carbamoylcho-
line, decamethonium, and acetylcholine can be compared
with the technique of bath application. For small agonist-
induced conductances, all three agonists conform to the
same pattern, in the sense that they all produce an equal ex-
ponential voltage-dependence of the equilibrium conduc-
tance (ref. 4 and the present experiments). Since small con-
ductances are determined by the ratio b/a, we suggest that 6
and a behave similarly for all agonists. Thus, 6 would be
voltage-independent, dependent on the agonist and proba-
bly proportional to its concentration; a would be given by
equation (2) where ao varies with the nature of the agonist
but V, does not and equals 85 mV at 150. At any potential a
is also extrapolated zero-concentration value of k (Fig. 4);
data for -175 mV are given in Table 1.
The relaxation rates k are well described by this scheme

and by Eqs. lb and 2 (see upper panel in Fig. 7), with ao =
2.0 msec1 (range 1.8-2.2) for carbamoylcholine and 3.1
msect (range 3.0-3.4) for decamethonium. The receptor
opens for an average time 1/a; at all potentials this time is in
the order, acetylcholine > carbamoylcholine > decametho-
nium, in agreement with "noise" data (14, 16).

Prediction of equilibrium data
The open receptor has a linear I-V relation (4). Then if y is
the open conductance and Vo the reversal potential, Eq. 1
leads to the steady-state I-V relation:

I = r-y[bl(ca + 6)] (V - V0). [3]

This theory does not fit the data, even if 6, ao, and V1 are a
factor of two different from the measured values. However,
an excellent fit is obtained for acetylcholine and carbamoyl-
choline with the relation

[la]

The rate constant k for relaxtion after a voltage jump is

ka=a + 6 [lb]
and the equilibrium number of open receptors is r6/(6 + a).

During the declining phase of postsynaptic currents, 6 is
zero (5, 6). Hence for acetylcholine, a is given by the rate of
decline of postsynaptic currents. We find that

a = a0 exp (V/V1), [2]

where ao is 0.65 msect and VI is 85 mV at 15°. For acetyl-
choline receptors at the frog endplate, these same values of
ao and VI have been obtained in studies of each of three
phenomena: (i) the decay of endplate currents (5, 6); (ii)
acetylcholine-induced "noise" (2); and (iii) "voltage-jump"
relaxations at low acetylcholine concentrations (13, 14).

In the present "voltage-jump" experiments, the relaxation
rate k increases with higher agonist concentration and de-
creases during desensitization and curare treatment. Such
manipulations affect, of course, the steady-state number of

I = ry[b/(a + 3)]f (V - V0) [4]

where n is the Hill coefficient of the initial part of the dose-
response curve (4); n averages 1.9 and lies between 1.5 and 2
for different cells (Fig. 7). The average value for ry is 0.11
mho/cm2 (range 0.07-0.17).* The data are described well
by a linear dependence of 6 on agonist concentration. For a
given cell, the effect of d-tubocurarine or of desensitization
is simply to decrease 6; that of a-bungarotoxin, to decrease
r-y [probably by decreasing r (15)].

These findings do not uniquely describe the molecular na-
ture of receptor activation, although the mechanism is evi-
dently a cooperative one at some level. We are particularly
puzzled that although some cooperative and multistate mod-
els (17, 18) give an equilibrium expression similar to that of
Eq. 4, each predicts that either voltage-jump relaxations or
endplate current decays, or both, would depart measurably
from the simple exponentials we have observed.

* For decamethonium, the rate constants are not sufficiently pre-
cise to give a reliable estimate for n or r-y.

Biophysics: Sheridan and Lester
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FIG. 7. Comparison of Eqs. lb, 2, and 4 (lines) with experi-
mental data for one cell. Top, relaxation rate k. Bottom, agonist-
induced currents at steady state (i.e., vertical displacement of
traces at extreme right in Fig. lb). Assumed values of are given.
Other parameters are n = 2, ao = 2 msec-1, V1 = -85 mV, and r-y
= 0.17 mho/cm2.

Rates and equilibria at the receptor
Neglecting the problems posed by cooperativity, we briefly
examine two molecular hypotheses:

If binding of agonist is the rate-limiting step in activation
of the postsynaptic conductance,

k12
agonist + binding site "'W agonist-binding site,k.,,

then assuming that the agonist concentration near the recep-
tors is buffered by the bulk solution (19), b = kl2.[agonist].
Thus the forward rate k12 is the slope of the dose-response
line in Fig. 4 (see Table 1). Furthermore, a equals k21 and
(at a given voltage) is the intercept of the same line (Table
1). The dissociation constant KD is given by k21/k12. In this
model k21 and KD decrease at more negative potentials, at a

rate of e-fold for each 85 mV. At zero mV, KD is 65 1,M for
acetylcholine, 200 ,gM for carbamoylcholine, and 15 ,M for
decamethonium. Desensitization and exposure to d-tubocu-
rarine decrease the forward rate k12.
The alternative hypothesis, namely that transitions or po-

lymerizations (18) of the channel or "ionophore" are the
rate-limiting steps measured in these relaxations, would
imply that the closing rate of the ionophore, a, is "induced"
differently by each agonist and would demand that 6 level
off at high- agonist concentrations. Such leveling off has been
seen for decamethonium, but rapid desensitization may vi-
tiate accurate measurements in the relevant range of agonist
concentrations (4).
We thank F. Sigworth for constructing the voltage-clamp circuit,

D. Williams for technical assistance, and N. J. M. Birdsall, J.-P.

Changeux, T. Jovin, W. Newsome, M. A. Raftery, and G. Zweig for
helpful discussion. This work was supported by NIH Grant NS-
11756, by an NSF Predoctoral Fellowship (to R.E.S.), and by an Al-
fred P. Sloan Fellowship (to H.A.L.).

1. Katz, B. & Miledi, R. (1972) "The statistical nature of the ace-
tylcholine potential and its molecular components," J. Phys-
iol. 224,665-699.

2. Anderson, C. R. & Stevens, C. F. (1973) "Voltage clamp anal-
ysis of acetylcholine induced end-plate current fluctuations at
frog neuromuscular junction," J. Physiol. 235, 655-691.

3. Ruiz-Manresa, F. & Grundfest, H. (1971) "Synaptic electroge-
nesis in eel electroplaques," J. Gen. Physiol. 57, 71-92.

4. Lester, H. A., Changeux, J.-P. & Sheridan, R. E. (1975) "Con-
ductance increases produced by bath application of choliner-
gic agonists to Electrophorus electroplaques," J. Gen. Physiol.
65,797-816.

5. Magleby, K. L. & Stevens, C. F. (1972) "The effect of voltage
on the time course of endplate currents," J. Physiol. 223,
151-171.

6. Magleby, K. L. & Stevens, C. F. (1972) "A quantitative de-
scription of end-plate currents," J. Physiol. 223, 173-197.

7. Kordas, M. (1972) "An attempt at an analysis of the factors
determining the time course of the end-plate current. I. The
effects of prostigmine and of the ratio of Mg2+ to Ca2+," J.
Physiol. 224,317-332.

8. Kordas, M. (1972) "An attempt at an analysis of the factors
determining the time course of the end-plate potential. II.
Temperature," J. Physiol. 224,333-348.

9. Schoffeniels, E. & Nachmansohn, D. (1957) "An isolated sin-
gle electroplax preparation. I. New data on the effect of ace-
tylcholine and related compounds," Biochim. Biophys. Acta
28, 1-21.

10. Nakamura, Y., Nakajima, S. & Grundfest, H. (1965) "Analysis
of spike electrogenesis and depolarizing K inactivation in elec-
troplaques of Electrophorus electricus," J. Gen. Physiol. 49,
321-349.

11. Ruiz-Manresa, F., Ruarte, A. C., Schwartz, T. L. & Grundfest,
H. (1970) "Potassium inactivation and impedance changes
during spike electrogenesis in eel electroplaques," J. Cen.
Physiol. 55,33-47.

12. Rogers, A. W., Darzynkicwicz, Z., Salpeter, M. M., Ostrowski,
K. & Barnard, E. A. (1969) "Quantitative studies on enzymes
in structures in striated muscles by labeled inhibitor methods,"
J. Cell Biol. 41, 665-685.

13. Adams, P. R. (1975) "Kinetics of agonist conductance changes
during hyperpolarization at frog endplates," Br. J. Pharmacol.
53,308-310.

14. Neher, E. & Sakmann, B. (1975) "Voltage-dependence of
drug-induced conductance in frog neuromuscular junction,"
Proc. Nat. Acad. Sci. USA 72,2140-2144.

15. Katz, B. & Miledi, R. (1973) "The binding of acetylcholine to
receptors and its removal from the synaptic cleft," J. Physiol.
231,549-574.

16. Katz, B. & Miledi, R. (1973) "The characteristics of 'end-plate
noise' produced by different depolarizing drugs," J. Physiol.
230,707-717.

17. Colquhoun, D. (1973) "The relation between classical and co-
operative models for drug action," in Drug Receptors, ed.
Rang, H. P. (Macmillan, London), pp. 149-182.

18. Bamberg, E. & Lauiger, P. (1973) "Channel formation kinetics
of gramicidin A in lipid bilayer membranes," J. Membrane
Biol. 11, 177-194.

19. Eigen, M. & de Maeyer, L. (1963) "Relaxation methods," in
Technique of Organic Chemistry, eds. Friess, S., Lewis, E. &
Weissberger, A. 2nd ed., Vol. 8, Part 2, pp. 896-1054.

Proc. Nat. Acad. Sci. USA 72 (1975)


