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Summary: The kinetics of acetylcholine receptor-mediated flux of 22sodium ions
from microsacs has been measured in the presence of activators (carbamyl-
choline and decamethonium) and an inhibitor (d-tubocurarine) of neural transmis-
sion. The dependence of the first-order rate constant, kgps, for 2250dium ion
efflux on either decamethonium or carbamylcholine concentration does not exhibit
cooperativity. The apparent cooperativity observed by Kasai and Changeux in dose-
response curves for 22sodium flux from the same preparation is adequately accounted
for by the contribution which efflux from non-excitable microsacs, the main com-
ponent of the preparation, makes to the measurements. d-Tubocurarine was found
to be a non-competitive inhibitor of decamethonium-activated 22sodium efflux. The
results of the kinetic measurements are in agreement with equilibrium measurements
of the interaction of decamethonium with the same microsac preparation, i.e. ad-
herence to a classic Langmuir binding isotherm and separate binding sites for
activators and inhibitors of neural activity. The results indicate a direct re-
lationship between ligand binding and receptor-mediated ion flux. How these two
processes contribute to electrophysiological measurements is not apparent.

The binding of chemical mediators to the membrane-bound acetylcholine
receptor initiates changes in the permeability of neural membranes to inorganic
ions, and thus in their electrical potential (1,2). The relationship between
these processes is not known. Investigations using the electroplax of Electro-

phorus electricus indicated marked cooperativity in electrophysiological measure-

ments (3,4), and competitive interactions between activators and inhibitors of
neural activity (4,5,6). Studies of the binding of effectors to the receptor in
electroplax membrane preparations gave no evidence (7-12) for the marked coop-
erativity observed in electrophysiological measurements and indicated (10-12)

the existence of separate binding sites for activators and inhibitors.
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In this paper we present a quantitative comparison between the binding
process and the resulting acetylcholine receptor-mediated changes in permeability t¢
sodium ions in electroplax membrane preparations. We have measured the effect of
an activator of neural transmission, decamethonium, on 22Na efflux in presence
and absence of d-tubocurarine, an inhibitor. We also present data on the carbamyl-
choline-induced efflux of 22Na+, measured under the conditions of Kasai and
Changeux (13-15), and an analysis of the data in terms of both receptor-mediated
and unspecific flux of ZZNa . The results indicate a direct relationship between
binding of ligands and receptor-mediated ion flux.

Kasai and Changeux (13-15) have elegantly demonstrated that microsacs from
electroplax membranes exhibit acetylcholine receptor-mediated ion flux. We (16)
have recently developed an approach by which the receptor-mediated flux of 22Na+
from electroplax microsac preparations can be analyzed without the measurements
being obscured by efflux from non-excitable microsacs, the main component of the
membrane preparation (16). In our experiments the efflux followed a single
exponential decay. The following relationship between the observed first-
order rate constant for 22Na+ efflux, kobs’ and carbamylcholine concentration
was established: k_, = k' ff_—KD

of effector and KD is the apparent dissociation constant of the receptor-ligand

(eq.1). L represents the molar concentration

complex. k' is the maximum observable efflux rate at infinite ligand concentra-

tion and has been defined previously (16). In Figure (la) ko values, obtained

bs
in the absence and presence of 0.2 uM and 0.5 uM d-tubocurarine, at pH 7.0 and
4°C,are plotted as a function of decamethonium concentration according to a
linear form of equation (1). In order to demonstrate that our results are re—
producible and independent of membrane preparation or eel, we measured efflux in
the absence of d-tubocurarine from microsacs prepared from five different eels.
The coordinates of the solid lines were computed by a linear least-squares method.
The ordinate intercept of the line determined in absence of d-tubocurarine gives

a k' value of 0.15 + 0.01 min_l. The slope of the line gives a value for Ky for

decamethonium of 0.5 + 0.15 uM. In equilibrium binding experiments (11), KD was
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Figure 1: Acetylcholine receptor-mediated 22Na flux from microsacs, pH 7.0, 4°C.

The electroplax membranes were prepared essentially as described by
Kasai and Changeux (13-15). In the experiments illustrated in (a) the microsacs
were equilibrated with 10 mM NaCl, 90 mM KC1l, and 0.4 M sucrose, and efflux was
measured in a solution of the same composition, with the addition of 1 mM phos-
phate buffer, pH 7.0. In the experiment illustrated in (b) the microsacs were
equilibrated with a solution of 10 mM NaCl and 0.4 M sucrose, and efflux was
measured in a solution of 170 mM KC1, 2 mM CaCly, 1 mM phosphate buffer, pH 7.0.
The equilibration with 0.24 uM 22Nac1 (stock solution 1 mCi/ml) was done under
conditions which allow one to measure acetylcholine receptor-mediated efflux only
(16). k(obs) was evaluated as described previously (16). A linear least-square
computer program, giving the standard error of slope and intercept, was used in
the analysis of efflux measurements. The amount of 22Nat retained by the micro-
sacs was determined by a Millipore filter assay. Materials were obtained as indi-
cated in (16). Different symbols represent membrane preparations from different
eels.

(a) The dependence of kypg on decamethonium concentration in absence (curve 1)
and presence of 0.2 uM (curve 2) and 0.5 uM (curve 3) d-tubocurarine. The data
were plotted according to a linear form of eq. (1), kgpg = k' - kops X Kp x L-1.
The slopes of the lines are proportional to Kp, and the intercepts to k' in ab-
sence of d-tubocurarine, and to k'y in presence of the inhibitor. k't = k'Kp

(IO + KI)'l in presence of a non-competitive inhibitor; Iy is the molar concentra-
tion of the inhibitor and K; the dissociation constant of the inhibitor from its
complex.

Curve (1): Xp = 0.5 + 0.15 uM; k' = 0.15 + 0.01 min'l; Curve (2): Ky = 0.6 + 0.1
uM; k'; = 0.08 + 0.01 min'l; Curve (3): Kp = 0.8 + 0.1 uM; k’I = 0.07 + 0.002 min~
(b) The dependence of k,pg on carbamylcholine concentration. The data were
plotted as in (a). Kp = 40 + 9 uM; k' = 0.21 + 0.02 min~1.

=
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found to be 0.3 + 0.2 uM at pH 7.0 and 4°C. Under the same experimental condi-
tions, but with carbamylcholine as ligand, the value of k' was 0.17 + 0.02 min-l

22Na+ efflux is

(16). The effect of d-tubocurarine on decamethonium-induced
typical of non-competitive inhibitors. The ordinate intercept of the lines,
representing the efflux rate at infinite concentrations of decamethonium, is af-
fected, indicating that decamethonium can not displace d-tubocurarine from its
sites. Within experimental error, the slope of the lines is not affected. This
means that decamethonium binds as well to the receptor in presence of d-tubo-
curarine as in its absence. The relationship between k' in presence and absence
of inhibitor, assuming a simple non-competitive inhibition, is given in the
Figure legend. The dissociation constant for d-tubocurarine calculated from this
relationship is 0.3 uM. Direct measurements of the binding process with membranes
prepared by the same method gave a value of 0.2 uM and indicated separate binding
sites for inhibitors and activators of neural activity (10-12).

We have found no evidence for cooperativity in decamethonium-induced 22Na+
efflux (Fig.l(a)), in agreement with results obtained previously with carbamyl-
choline (16). With the exception of 22Na+, the components of the internal and
external media of the microsacs were at equilibrium at the start of the efflux
measurements. The experimental conditions chosen by Kasai and Changeux (13-15)
for efflux measurements were such that NaCl inside the microsacs was opposed by
a high concentration of KC1 outside. In order to see whether the resulting
counterflow of opposing ions was responsible for the cooperative phenomena ob-
served in their experiments but not in ours, we investigated the carbamylcholine-
induced 22Na+ efflux using their conditions. The results of this experiment are

shown in Figure 1(b). The fit of the data, when plotted according to a linear
form of equation (1), does not provide evidence for a cooperative process.
. 22+ e s . . .
In Figure 2(a) the percent of Na remaining in the microsacs is plotted
on a logarithmic scale as a function of time. Ty and T represent the time at
. . o e 22+ .
which the microsacs have lost 507 of their initial "“Na content in absence and

presence of 1 x 10_3 M carbamylcholine respectively. Kasai and Changeux (13-15)
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Figure 2: Na flux from microsacs measured according to the procedure of Kasai
and Changeux (13-15), pH 7.0, 4°C. 22

The microsacs were incubated overnight with a solution of 10 mM NaCl, 0.24 uM NaCl,
and 0.4 M sucrose. Efflux in absence or presence of carbamylcholine was initiated
by diluting the microsacs 50-fold with a solution 170 mM KC1l, 2 mM CaClpy, 1 mM
phosphate buffer, pH 7.0.
(a) The data are plotted on a semi-logarithmic scale as log fraction of 22Na+ re-
tained by the microsacs at zero time versus time. The time for half-equilibration
of the microsacs with the dilution buffer is indicated by T¢ for the experiment in
absence of carbamylcholine, and by <t for the experiment in presence of 10~3M
carbamylcholine.
®, Efflux in absence of carbamylcholine. The observed time-course of the reaction
was fitted to the sum of two exponentials:
-k.t -k, t
[22Na+]t - [22N3+]t=0 (ae 1 + Be 2 ).
following parameters which were evaluated by use of a non-linear least-square com-
puter program: o = 0.26, 8= 0.74, kg = 0.49 min~1, k, = 0.02 min~l.
A, efflux in the presence of 1 x 1073 M carbamylcholine. The parameters of the
line were computed by use of eq. (2) and were evaluated as described in the text.
Typically, after diluting the membrane preparation to Initiate efflux, the experi-
mental points were scattered. This affects only the evaluation of kj which does
not contribute to the calculation of T values (see text). The value of kz is based
on all experiments with the same membrane preparation and on measurements in the
1 hr to 5 hr time period which are not shown for aesthetic reasons.
(b) Dependence of 1/% - 1/7y on carbamylcholine concentration. The different
symbols represent experimentally determined points obtained on different days.
The solid line was computed by use of eq.(2) and the parameters given in the
text. For reasons of comparison and convenience, a semilogarithmic scale is

used.

The solid line was computed using the

T
defined an excitability factor (;2-- 1), and found that its value varied from

preparation to preparation. Our values fell within the range reported (13-15, 17).

22

In this experiment the value was 1.0. The time-course of the Na+>eff1ux in
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absence of ligand falls into two clearly separable steps (Fig. 2(a)). The co-
ordinates of the upper curve in Figure 2(a) were computed by fitting the time-
course of the efflux to the sum of two exponentials (see the legend to the Figure).
A non-linear least squares computer programwas used to evaluate the exponentials

pertaining to the fast and slow steps, kl and k The values obtained were

9"
0.49 min ' and 0.02 min"l.
The following equation was used to evaluate the efflux data in presence of

effectors:

—klt -k2t —kobst)

22+ +
Na ]t=0 (ae + Re + ve

(*a'1, = 7

(eq. 2).

The procedures used for obtaining the parameters of the equation and the
assumptions made are described below. (1) The kl and k2 values were obtained from
experiments in which effector was not present (Fig. 2(a) upper curve) for the
following reasons: The slope of the lines pertaining to the slow phase of
the 22Na+ efflux is essentially the same in presence and absence of carbamyl-
choline (Fig. 2(a)), indicating that this activator has no observable effect on
that phase of the reaction, and that the value of k2 is the same in both experi-
ments. When the microsacs were incubated with 22Na+ for 20 minutes and the
efflux was measured immediately, only the fast phase of the efflux was seen and
carbamylcholine had no effect (16). From this we deduced that the efflux rate
constant, kl’ was also not affected by carbamylcholine. (2) The coefficients
a, B, and Yy were determined as follows: the ordinate intercepts, obtained by
extrapolating the progress curvesof the slow phase of the reaction, gives the B
values in absence (0.74) and in presence (0.56) of carbamylcholine. The differ-
ence between these values (0.18 in this case) varied from preparation to prepara-

22Na+ efflux

tion and corresponded, within experimental error, to the fraction of
mediated by the acetylcholine receptor, investigated under conditions where only
specific efflux was measured (16). We assigned the value of 0.18 to Yy in equa-
tion (2), and, therefore, a is 0.26. (3) At any given ligand concentration the
kobs values were calculated from the k' (0.21 min—l) and KD (40 uM) values
determined in the experiment shown in Figure 1(b).

Using these independently determined parameters and equation (2) we found
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good agreement between calculated and experimentally determined t; and 1T values.
Figure 2(b) illustrates the dependence of (1/1 - 1/1y) on carbamylcholine con-
centration, and the relationship between calculated and experimentally determined
values. In agreement with the data of Kasai and Changeux (13-15) the graph

(Fig. 2(b)) shows a sigmoidal rather than a hyperbolic curve and gives an apparent
Hill coefficient of 1.5. However, no assumption of cooperativity was made in the
calculation. The shape of the curve can be understood if one calculates the con-
tribution each of the processes makes to the half-equilibration time; at all
effector concentrations, 26% of the original 22Na+ content of the microsacs is
lost in the a-process. At low carbamylcholine concentrations (5 uM), 20% is
contributed by the B process, and only 4% by the specific y process; at high
ligand concentrations (1 mM) the B process contributes 8%, and the y process 16%,
or 4 times more than at low ligand concentration. Thus ligand-receptor inter-
action is much less effective in determining 7 values at low ligand concentra-
tions than it is at high concentrations. The observed effect is similar to a
cooperative phenomenon in which the affinity of the ligand-binding sites in-
creases with increasing ligand concentration.

A phenomenon known as desensitization has been observed in experiments with

membrane-bound receptor (4,6,18). In desensitization, the effector-induced in-
crease in the permeability of the cell membrame to inorganic ions decreases with
time even though the effector is present. A comparison of the 22Na+ content of
the microsacs before addition of effector, and the zero time value determined
from the rate of specific effector-induced 22Na efflux indicates the absence of
a significant fast release of 22Na+ which occurs prior to the process which we
measure. The electrophysiological experiments which indicated cooperativity (3)
involved exposure of the receptor to ligand concentrations for equal or longer
times than we used. Therefore, desensitization does not appear to be responsible
for the difference in the effector concentration-response curves observed in ion
flux and electrophysiological measurements with electroplax membranes.

The Kasai and Changeux membrane preparations (13-15) are an important ad-
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vance because they allow one to investigate receptor-ligand interaction and per-
meability changes under specified conditions in the same membrane preparation.
The comparison between these two processes required the development of methods
(10-12, 16) which allowed one to study quantitatively the specific properties of
the receptor which is only a very small component of the membrane preparation.
The absence of cooperativity in receptor-mediated efflux of sodium ions, and the
non-competitive interaction between d-tubocurarine and an activator of neural
transmission, indicate a direct relationship between ligand binding and receptor-
mediated ion flux. How the two measured processes contribute to electrophysio-
logical measurements is an interesting problem for future work.
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