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Summary. Several intrinsic properties of acetylcholine 
receptor-rich membrane vesicles prepared from Elec- 
trophorus eIectricus, which need to be considered in 
measurements of receptor-mediated ion flux, have 
been identified. One of these properties is a slow ex- 
change of inorganic ions in the vesicles. The slow 
exchange of ions is not related to the receptor-mediat- 
ed flux of ions and accounts for 30-35% of the efflux 
observed. A method to separate this process from 
the receptor-controlled flux has been developed. It 
has also been shown, using a light-scattering method, 
that aggregation-disaggregation of the vesicles can in- 
terfere with the efflux measurements, and a method 
to overcome this problem has been developed. The 
difference in the amplitude of effluxes induced by 
saturating amounts of carbamylcholine and gramici- 
din has been investigated and has been shown not 
to be due to a receptor-controlled process; therefore, 
the amplitude difference does not need to be consid- 
ered in understanding the receptor-controlled process. 

Acetylcholine receptor-rich membrane vesicles (mi- 
crosacs) prepared from Electrophorus electricus pro- 
vide an in vitro system in which to study interactions 
of the receptor with chemical mediators and the sub- 
sequent changes in the permeability of membranes 
to inorganic ions. There are several advantages in 
working with vesicles rather than with intact cells. 
(i) Variable and defined solution compositions inside 
and outside the vesicles can be used. (ii) The internal 
volume of the vesicles, and the number of bound 
charges, can easily be determined. (iii) Passive and 
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enzyme-driven fluxes of inorganic ions do not interfere 
with the measurements. (iv) The number of receptors 
exposed to a known concentration of ligand can be 
determined. 

The vesicles have been shown to respond to acetyl- 
choline and other acetylcholine-receptor ligands (Ka- 
sai & Changeux, 1971a c), but the population also 
contains vesicles that are unaffected by receptor-li- 
gands (unspecific vesicles) in addition to vesicles that 
are sensitive to acetylcholine and its analogs (specific 
vesicles). About 85% of the total observed efflux is 
due to unspecific vesicles (Hess et al., 1975). The spe- 
cific vesicles have been physically separated from the 
unspecific ones by taking advantage of their perme- 
ability differences (Hess & Andrews, 1977). 

Recently it was shown (Hess, Lipkowitz & Struve, 
1978) that the receptor-controlled ion flux is biphasic, 
an initial fast phase preceding a second slow phase. 
On the basis of electrophysiological experiments, 
Katz and Thesleff (1957) proposed the existence of 
a ligand-dependent equilibrium between active and 
inactive (desensitized) receptor states. The results of 
ion flux experiments could be explained on the basis 
that the initial fast phase was due to the active state 
of the receptor and the slow phase to the inactivated 
state (Hess et al., 1978). Although the fraction of the 
total efflux due to the fast process (~) increased with 
increasing carbamylcholine concentrations, a slow 
phase persisted at saturating carbamylcholine concen- 
trations, and a maximum value for ~ of about 0.65 
was obtained. This led to the suggestion that, even 
at saturating ligand concentrations, inactivation or 
desensitization of the receptor could occur before ex- 
change of radioactive ions inside the vesicles with the 
ions in the external medium was complete. We now 
know that inactivation does occur, but the rate of 
ion movement through the (inactivated) receptor is 
much faster than was thought previously (Hess, Cash 
& Aoshima, 1979; Epstein et al., 1980). In this paper 
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we show that the slow phase observed at saturating 
ligand concentrations, which accounts for 30-35% 
of the total efflux, is due to slowly exchanging ions 
which are not controlled by the receptor, and there- 
fore their efflux is not related to the receptor-mediated 
process. Thus, our results indicate that at high ligand 
concentrations the ion flux in the vesicles goes to 
completion before the first measurement can be made 
with the Millipore filter assay or within 10 sec (Hess 
et al., 1979). The slowly exchanging ions have not 
been considered in efflux experiments used in qualita- 
tive investigations of receptor function (Kasai & 
Changeux, 1971a-c; Bernhardt & Neumann, 1978; 
Hanley, 1978; Hsiao-Ping et al., 1979). 

We have also shown, using light-scattering and 
ion flux methods, that disaggregation of the vesicles 
can occur and that this can interfere with flux mea- 
surements. This also has not been considered in efflux 
measurements (Kasai & Changeux, 1971a-c; Bern- 
hardt & Neumann, 1978; Hanley, 1978; Hsiao-Ping 
et al., 1979). A procedure was developed to overcome 
the interference produced by vesicle disaggregation 
and has been used to observe the time-dependent de- 
velopment of the slow phase described earlier. 

We have also investigated the effects of a channel- 
forming antibiotic, gramicidin D, on the vesicles. Po- 
pot, Sugiyama, and Changeux (1976) observed an am- 
plitude difference between the effects of saturating 
amounts of gramicidin and of carbamylcholine in 
Torpedo receptor-rich vesicles. Although we also ob- 
serve an amplitude difference between saturating 
amounts of gramicidin and carbamylcholine when we 
use E. electricus receptor-rich vesicles, we show here 
why this amplitude difference is not related to recep- 
tor-controlled processes and why it does not need 
to be considered in understanding the function of 
such processes. In previous experiments this differ- 
ence in amplitude was ascribed to inactivation (de- 
sensitization) of the receptor (Popot et al., 1976). 

Materials and Methods 

Electric eels were obtained from World Wide Scientific Animals, 
Ardsley, N.Y. The vesicles were prepared as described by Kasai 
and Changeux (1971 a). Vesicles in sucrose-free solutions were pre- 
pared by pelleting the microsacs prepared in sucrose, and resus- 
pending them in a sucrose-free buffer by the procedure of Fu et al., 
(1977). Carbamylcholine chloride, I>tubocurarine chloride, grami- 
cidin D, valinomycin, and amphotericin B were purchased from 
Sigma Chemical Co. Stock solutions of  86RbC1, and 2/NaC1 were 
obtained from New England Nuclear, and Na36C1 was obtained 
from Amersham Corporation. Tri-n-butyl tin chloride was the gen- 
erous gift of Professor Efraim Racker. All other chemicals were 
reagent grade and were obtained from either Fisher Scientific or 
Mallinkrodt. 

Stock solutions of gramicidin D (20 mg/ml), valinomyein 
(5.0 raM), and tri-n-butyl tin (10% vol/vol) were made up in abso- 
lute ethanol. Stock solutions of amphotericin B (35 mg/ml) were 

made up in dimethyl sulfoxide (DMSO), and stored in a brown 
glass container. All subsequent dilutions were made using the same 
solvent as was used in in the stock solutions. The final ethanol 
concentrations never exceeded 0.4% in the experiments. Ethanol 
concentrations up to 1% had no effect on the flux measurements. 
The final DMSO 1 concentration never exceeded 0.2% and had 
no effect on the flux measurements. Protein concentrations were 
determined using the method of  Lowry et al, (1951), with bovine 
serum albumin as the standard. 

Light-scattering measurements were made using an argon laser 
(Coherent Radiation Model 52) at 457.9 nm as the light source, 
and a monochromator (Jobin Yvon Ranamor HG2) at a 90 ~ angle 
to the source. 

Ion flux measurements were made essentially as reported by 
Hess et al, (1975), The vesicles were loaded using three different 
techniques (described below) with the radioactive tracer ions, 
22Na+, 36C1-, or 86Rb . The latter ion is thought to serve as 
an effective replacement for 4ZK+ (Palfrey & Littauer, 1976) and 
has the advantage of being a more stable isotope. At the beginning 
of  each experiment the loaded vesicles were diluted to a final 
concentration of either 160 gg or 80 pg of  protein per ml with 
appropriate solutions containing phosphate buffer pH 7.0. These 
solutions included potassium eel Ringer's solution (150mM KC1, 
9.4 mM NaC1, 3 mM CaCl2, 1.5 mM MgCI2, 1 mM phosphate, at 
pH 7.0) or sodium eel Ringer's solution (169 mM NaC1, 5 mM 
KC1, 3 mM CaC12, 1.5 mM MgC12, 1 mM phosphate, at pH 7.0) 
(Keynes & Martins-Ferreira, 1953). The vesicles were kept at 4 ~ 
at all times before and during the experiment. A Millipore filtration 
assay was used to determine the amount of radioactive ions retained 
by the vesicles as a function of time. The filters (Millipore 
HAWP 02500, HA 0.45 pro, 25 ram) retain 95% of  the vesicles, 
although the size of the latter is much smaller than that of the 
pores of the filter (Kasai & Changeux, 1971a). Unless otherwise 
specified, 80 gg of protein were used per filter for each time point. 

Three different procedures for loading the vesicles with radio- 
active ions were used. In the first procedure (overnight loading) 
the vesicle preparation, about 5,0-10.0 mg of protein per ml, was 
incubated overnight at 4 ~ in appropriate solutions containing 
the radioactive tracer ion. Incubations with S6Rb+ were made 
at concentrations of 50 100 pCi per ml, with 22Na + at 25-50 ~tCi/ 
ml, and with 36C1- at 40--60 gCi/ml. Due to limitations in manufac- 
turing, radioactive chlorine (36C1-) is not available in concentrated 
stock solutions. Our supply came in 257 m~ NaC1 at a concentra- 
tion of 110 gCi/ml. By properly adjusting the ionic composition 
of the vesicles before the addition of  the 36C1-, we were able to ob- 
tain a final ionic composition in the incubation identical to sodium 
eel Ringer's solution. The specific activity in these incubations 
was 0.27 mCi/mmol. 

The second procedure in which only the specific vesicles are 
loaded (ligand-induced loading or LIL) was to add a mixture of 
carbamylcholine and the radioactive tracer ion (final concentration 
of 100 gCi/ml) to the vesicle preparation (5.0-10.0 mg of protein 
per ml). This allowed the radioactive ions to move into the specific 
vesicles at an accelerated rate. After a specified time period, o- 
tubocurarine chloride (curare), an effective inhibitor of carbamyl- 
choline, was added to stop the influx. The molar concentration 
of earbamylcholine never exceeded 120 times the molar concentra- 
tion of curare to ensure complete inhibition. It has been shown 
that curare does not damage the vesicles (Cash, Hess, 1981). The 
incubation mixture was then diluted 50 to 100-fold before the efflux 
was measured. 

1 Abbreviat ions  used: curare, D-tubocurarine; DMSO, dimethyl 
sulfoxide; LIL, ligand-induced loading; LIL-DS, ligand-induced 
loading in dilute solution; c~, fraction of the total efflux due to 
the fast phase; kobs, observed rate constant for the slow phase 
of the efflux. 
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A third method was developed to avoid the disaggregation 
phenomenon that is described later. The procedure used differs 
from the previous one in that the vesicles were diluted only 6- 
to 10-fold after loading with radioactive ions (ligand-induced load- 
ing in dilute solution or LIL-DS). A vesicle preparation was diluted 
to a concentration of 1.0 mg of protein per ml at least 1 hr before 
the start of  an experiment. A solution of carbamylcholine and 
the radioactive tracer ion was added to a final concentration of 
0.5 mM and 100 gCi/ml, respectively. After 0.30 min, the vesicles 
were diluted 6- to 10-fold with the appropriate buffer containing 
I0 mM curare. 

When the overnight incubation method was used, vesicles were 
allowed to remain in the dilution buffer for a minimum of 120 rain. 
By the end of this time the radioactive ions inside the unspecific 
vesicles had equilibrated with the external ions (Hess et al., 1975). 
The LIL procedure required a minimum wait of 20 rain to allow 
the disaggregation phenomenon to go to completion. However, 
with the LIL-DS procedure, measurements could be made immedi- 
ately after loading, since the unspecific vesicles had not been filled 
to any significant extent and the disaggregation phenomenon was 
not significant. 

Results 

L Slowly-Exchanging Inorganic Ions 

Efflux of S6Rb+ from specific membrane vesicles is 
shown in Fig. 1. In the experiments the LIL procedure 
for loading the vesicles with 86Rb+ was used under 
physiological conditions (potassium eel Ringer's solu- 
tion inside the vesicles and sodium eel Ringer's solu- 
tion on the outside). Addition of I0 mM carbamyl- 
choline resulted in a biphasic efflux. The addition of 
gramicidin to the vesicles also resulted in a biphasic 
efflux. A slow phase persists even at saturating grami- 
cidin concentrations, just as it persists at saturating 
ligand concentration (Hess et al., 1978). Control ex- 
periments were performed to be sure that the grami- 
cidin was not breaking vesicles. Since the antibiotic is 
known to have no effect on anion permeability (Press- 
man, 1976), the vesicles were loaded overnight with 
3 6 C I -  and the efflux followed. Addition of saturating 
amounts of gramicidin had no effect on the 36C1 
efflux, which is also shown in Fig. t (�9 indicating 
that vesicles were not broken. Saturating amounts of 
ligand (carbamylcholine) or saturating amounts of 
gramicidin both result (Fig. 1) in a slow phase that (i) 
accounts for approximately 35% of the total efflux 
and (ii) follows a single exponential decay with a half- 
time of approximately 3 rain. Similar results were 
obtained when 22Na + was used to follow efflux. These 
results indicate a slow exchange of cations in the 
vesicles and that the process is not related to receptor- 
controlled fluxes. 

In another experiment gramicidin was allowed to 
equilibrate overnight with the vesicles, but a biphasic 
efflux was still obtained, and t h e  results were 
comparable to those obtained when gramicidin was 
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Fig. 1. 86Rb+ efflux from specific vesicles. Vesicles in potassium 
Ringer's solution were loaded using LIL with 1 mM carbamyIcho- 
line and I80 pCi S6Rb+/ml. Curare (60 gM) was added after 8 min 
to stop the influx. The vesicles were then diluted with sodium 
eel Ringer's solution to a final concentration of  160 pg of  protein 
per ml, and 0.5 ml aliquots (80 gg protein) were taken for each 
point. After a 20-rain period in the dilution buffer, 25 gg/ml grami- 
cidin (o) or 10 mM carbamylcholine (u) was added. The arrow 
indicates the time of addition. (0) 36CI- control efflux. Vesicles 
in sodium eel Ringer's solution were loaded overnight with 36C1-. 
The vesicles were then diluted to a final concentration of 160 gg 
of protein per ml. After approximately 200 rain, 25 pg/ml gramici- 
din was added. All results are plotted as a percent of total radioac- 
tive metal ions present before addition of  gramicidin or carbamyl- 
choline 

added during the efflux (see Table 1). We can, there- 
lore, rule out the possibility that the slow phase of 
the efflux observed with gramicidin is due to a slow 
incorporation of the antibiotic into the vesicles. 

In sodium eel Ringer's solution the concentration 
of cations bound inside the vesicles is 63 mM (Kim, 
1979). This result suggested the hypothesis that the 
slowly exchanging inorganic ions were tightly bound 
inside the vesicles, and thus were responsible for the 
slow phase of the effluxes observed with saturating 
levels of gramicidin and carbamylcholine. We there- 
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Table 1. Properties of the slow exchange of inorganic ions in mem- 
brane vesicles 

Ampho- Ampho- Gram- 
tericin B tericin B icidin 
(1.4 lag/ml) (7 gg/ml) (25 gg/ml) 

2 2 N a  + kobs a 0,15min t 0.14min-t 0.16min-1 
(1 __~.)b 0,22 0.19 0.34 

36C1 kobs a 0,17 rain -1 0.16 min -1 
(1 __~)b 0.19 0.13 

a Rate coefficient for the slow exchange of ions. 
u The fraction of ions in vesicles which exchange slowly. 

Vesicles in sodium eel Ringer's solution were incubated over- 
night with amphotericin B (in 0.2% DMSO) or gramicidin (in 0.2% 
ethanol). Control experiments included incubations with 0.2% 
DMSO or 0.2% ethanol, and these solvents did not affect the 
measurements. After overnight incubation, the vesicles were diluted 

30-fold with sodium eel Ringer's solution containing the same 
concentration of antibiotic that was present in the incubations. 

fore checked to see if the slow phase depended on 
salt concentration (i.e., to see if we could saturate the 
charges). Vesicles were incubated overnight with vary- 
ing salt concentrations (50 to 500 mM KCI) and the 
effluxes were initiated with either carbamylcholine 
(1 raM) or gramicidin (25 gg/ml). For  both the carba- 
mylcholine- and gramicidin-induced effluxes, both the 
fraction of the total efflux due to the fast phase (~) 
and the observed rate of the slow efflux(kous) were 
independent of salt concentrations in the range tested. 
These results do not rule out the possibility that the 
molar concentration of binding sites exceeds the mo- 
lar concentration of inorganic ions, 500 raM, in the 
experiment. In view of the estimated diameter of the 
vesicles and of their lipid composition (B.L. Lenchitz, 
R.L. Noble & G.P. Hess, manuscript in preparation), 
the existence of such sites appears unlikely. The re- 
sults are also consistent with a dissociation constant 
of the complex which is larger than 500 mM. However, 
the slow exchange rates for both cations and anions 
are similar (see below), and the formation of salts 
involving ionizing groups of the lipids or proteins 
with high dissociation constants appears unlikely. 

Additionally, since Ca 2§ is known to bind many 
organic ligands much more tightly than Na § or K § 
(Sillen & Martell, 1964), we decided to check the 
effect of Ca 2 + on the observed slow phase. Vesicles 
containing 150 mM KC1, 9.4mM NaC1, and 1 mM 
phosphate were equilibrated with 0, 3, and 10 mM 
Ca 2+, and then loaded with S6Rb+ using the LIL 
procedure. Effluxes induced with 20 gg gramicidin/ml 
were performed against buffers containing the same 
amount of Ca 2+ as was in the vesicles. The results 
showed that Ca 2+ did not affect the slow phase (kob0 
or the fast phase (~) of the S6Rb+ effiuxes. 

Anions, as well as cations, are involved in the 
slow exchange, as shown in experiments with the 
channel-forming polyene antibiotic, amphotericin B. 
This antibiotic forms channels in membranes which 
conduct cations, anions, and small organic molecules 
with very little specificity (Pressman, 1976 ; Cass, Fin- 
kelstein & Krespi, 1970). N M R  studies (Gent & Pre- 
stegard, 1976) have shown: (i) Amphotericin B causes 
vesicle breakage which is greatest when used at antibi- 
otic/cholesterol ratios greater than 1 : 1. (ii) Pore for- 
mation is slow and completed only after the mem- 
branes have been exposed to the solution for about 
2 days. (iii) Amphotericin B does not seem to cause 
structural changes in the membrane. Lipid analysis 
of receptor-rich membrane vesicles from the electric 
ray, Torpedo californica, has shown a protein/lipid 
ratio of 70:30% and a cholesterol/lipid ratio of 
22:78% (Schiebler & Hucho, 1978). Assuming that 
the lipid content of eel membrane vesicles is approxi- 
mately the same as that for Torpedo vesicles, we used 
concentrations of amphotericin B that correspond to 
1:2 and 1 : 10 amphotericin B/cholesterol ratios (7 gg 
amphotericin B/ml and 1.4 gg amphotericin B/ml, re- 
spectively, for a solution containing 160 gg protein/ 
ml). 

The results (Table 1) show that amphotericin B- 
induced flux of both 22Na+ and 36C1- is biphasic. 
The observed rates for the slow exchange of Na + 
and C1- are similar. It should be noticed that e is 
large, undoubtedly due to some breakage of vesicles. 
The important point is that a slow phase still persists 
for C1- and Na +. 

The time-dependent development of the slow phase 
is depicted in Fig. 2. To avoid disaggregation prob- 
lems (discussed later), the LIL-DS procedure was used 
for loading vesicles in potassium Ringer's solution 
with S6Rb +. The vesicle mixture was then diluted 
with potassium Ringer's solution containing 10 mu 
D-tubocurarine to close the receptor channels. The 
solution was allowed to stand for varying periods 
of time (1 to 50 rain) after which gramicidin (20 ~tg/ 
ml) was added and the efflux measured. As the time 
of standing before addition of gramicidin was in- 
creased, the fraction of the efflux due to the slow 
phase increased (i.e., ~ decreased). The flux of S6Rb+ 
into the vesicles is rapid in the presence of carbamyl- 
choline, and is halted upon dilution with curare. Since 
the dilution was greater than sixfold, the concentra- 
tion of S6Rb + inside the vesicles was higher than 
that in the dilution buffer. During the time of standing 
there was no flux of 86Rb+ into the vesicles. The 
observed changes are, therefore, due to processes in- 
volving inorganic ions inside the vesicles. The time de- 
pendence of the slow-phase development can be fitted 
to a single exponential with a half-time of approxi- 
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Fig. 2. Time-dependent development of the slow phase. Vesicles 
(1.0 mg protein/ml) in potassium Ringer's solution were loaded 
using LIL-DS with 0.5 mN carbamylcholine and 100 pCi S6Rb+/ml 
for 0.3 rain. The vesicles were then diluted to 160 #g of protein 
per ml with potassium Ringer's solution containing I0 m g  curare. 
Gramicidin (20 btg/ml) was added after a specified time and an 
efflux curve was obtained. The experiment was repeated several 
times, varying the time before the addition of  gramicidin. The 
fraction of the observed efflux due to the fast phase (x) is plotted 
v s .  the time of standing before gramicidin addition. Solid symbols 
represent single experiments, open symbols are the average of two 
experiments. The exponential line shown has a half-time of approxi- 
mately 3 min 
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Fig. 3. Effect of valinomycin on S6Rb+ efflux from specific vesicles 
(o). Vesicles (3.1 mg protein per ml) in 400 mM KC1, 100 mM su- 
crose, 2 mM Pi, pH 7, were loaded using the LIL procedure with 
0.1 mM carbamylcholine and 160 gCi S6Rb+/ml. After 10 rain 
0.1 mM curare was added and the vesicles were diluted to 160 btg 
of protein per ml with the same buffer. After a 20-min period 
in the dilution buffer, 0.5-ml samples were taken for each point. 
After waiting a specified period of time, valinomycin (5 pg) was 
added. The control experiment is the effect of 5 btM valinomycin 
on 22Na+ flux from specific vesicles in 90 mM KC1, 10 mM NaC1, 
0.4 M sucrose, 2 mM Pi, pH 7.0 (zx). The results are plotted as 
a percent of total radioactivity 

mately 3 min, in agreement with the efflux results 
(Fig. 1). 

Experiments with true ionophores (not channel 
formers) (Pressman, 1976) produced different results. 
Valinomycin is one of the true ionophores which has 
a high specificity for K § and Rb § (Pressman, 1976). 
A valinomycin titration was performed and the satu- 
ration concentration was determined to be approxi- 
mately 1 I.IM. Shown in Fig. 3 is a 86Rb + efflux (�9 
performed using 5 gM valinomycin in a Na +-free solu- 
tion. Valinomycin induced an efflux, too fast to be 
measured with the Millipore filter assay, which ac- 
counted for 100% of the total eftlux (i.e., no slow 
phase was observed). Also shown in Fig. 3 is a control 
experiment with 22Na+ (zx) which indicates that vesi- 
cles are not broken at this concentration of valinomy- 
cin. 

Another true ionophore, tri-n-butyl tin, known to 
promote C1 for OH exchange, was used (Selwyn 
et al., 1970). When the ionophore was used at a concen- 
tration of 1.4 ~tM, a 36C1 efflux too fast to be mea- 
sured also resulted and accounted for 100% of the 
total efflux. A S6Rb+ control flux was also performed 
and no harmful effects of the ionophore were ob- 
served. 

II. Disaggregation of vesicles upon dilution 

The effect of dilution of vesicles upon efflux measured 
using the Millipore filter assay is illustrated in Fig. 4a. 

The results are expressed as percent of radioactivity 
inside the vesicles as a function of time. In the experi- 
ments shown, the vesicles were loaded for the same 
length of  time in the presence of 100 gCi 2aNa+ per 
ml. The results were normalized to the 22Na+ content 
of the vesicles when the efflux had ceased and equilib- 
rium with inorganic ions in the external solution had 
been attained. In one experiment (0) the vesicles were 
loaded by the LIL procedure using 0.5 mM carbamyl- 
choline for 20 sac; the loading was stopped with 
10 mM curare. In the other experiment ([]) carbamyl- 
choline and curare were omitted during loading with 
22Na+. In both experiments the vesicles were diluted 
over 100-fold to a membrane protein concentration 
of 80 btg/ml. The initial relatively rapid phase of the 
efflux was seen in both experiments. This phase is 
not related to receptor-controlled flux since, when 
carbamylcholine and curare were omitted during 
loading, the initial apparent loss of 2ZNa+ from the 
vesicles was still observed. This suggested that disag- 
gregation of the vesicles was taking place upon dilu- 
tion which was 100-fold or greater and that disaggre- 
gation affected the assay of radioactivity inside the 
vesicles. In the experiment designated by open trian- 
gles the protein concentration was only 800 tag per 
ml during loading with 22Na+, and the vesicles were 
diluted to 80 gg membrane protein/mI before the el- 
flux was measured. The results show that the initial 
apparent loss of 2;Na+ from the vesicles, which was 
seen in the other two experiments, was essentially 
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Fig. 4. Disaggregation of vesicles. (a): Radioactivity measurements. (o) Vesicles in sodium eel Ringer's solution (10 mg protein per 
ml) were loaded using the LIL procedure with 0.5 mM carbamylcholine and 100 gCi 22Na + per ml. After 0.3 rain the vesicles were 
diluted 125-fold (final concentration of 80 Ixg of protein per ml) with sodium eel Ringer's solution containing 5 mg curare. (zx) Vesicles 
(0.8 mg protein per ml) were loaded using LIL-DS procedure under the same conditions. The vesicles were then diluted 10-fold (same 
final concentration). (:z) Vesicles (8 mg protein per ml) were loaded for 0.3 min with a6Rb+ in the absence of carbamylcholine before 
being diluted 100-fold (same final concentration). The results are normalized to the 22Na+ content of the vesicles when the efflux 
has ceased and equilibrium with inorganic ions in the external solution has been attained. (b): Light-scattering measurements. Upper 
trace: Vesicles (6.0 mg protein per ml) equilibrated with sodium eel Ringer's solution were diluted 150-fold to a final concentration 
of 40 gg protein per ml, and the light scattering measured as a function of time. Lower trace." Vesicles (0.6 mg protein per ml) were 
diluted 15-fold under the same conditions to the same final protein concentration. The results are shown as percent of light scattering, 
normalized to the expected light scattering in the absence of disaggregation 

eliminated when the vesicles were diluted only 10-fold 
before the measurements were made. 

Direct evidence that disaggregation occurs when 
the vesicles are diluted 100-fold comes from light- 
scattering experiments. Light scattering is known to 
be a useful tool in the estimation of molecular weights 
and can therefore be used effectively to measure disag- 
gregation of particles (Doty & Edsall, 1951). Figure 
4 b depicts the light scattering observed upon dilution 
of the vesicles. The upper trace represents a 150-fold 
dilution and the lower one a 15-fold dilution. The 
final protein concentration was kept constant at 
40 I~g/ml. The results show that a large dilution of 
the vesicles resulted in an initial decrease in light 
scattering before a baseline level was reached, an ob- 
servation consistent with vesicle disaggregation. 
When the vesicles were diluted only 15-fold, a change 
in the aggregation state of the vesicles was not de- 
tected. 

The LIL-DS technique, in which dilute vesicle so- 
lutions were incubated with tracer ions and in which 
the vesicle solutions were diluted only 10-fold before 
making efflux measurements, was needed for the ex- 
periments in which we measured the appearance of 
the slow flux (Fig. 2). The LIL-DS technique has the 
advantage of (i) loading the specific vesicles complete- 
ly, while not loading the vesicles which do not respond 

to carbamylcholine and which in subsequent efflux 
experiments would obscure the receptor-controlled 
flux (Hess et al., 1975); (ii) reducing the disaggrega- 
tion phenomenon to the point where it is no longer 
significant; and (iii) consequently permitting measure- 
ments of the flux of ions into specific vesicles immedi- 
ately after loading. This last advantage is important 
if one wants to avoid the effects of the slowly exchang- 
ing ions discussed in Section I. We have used the LIL- 
DS procedure to study ion movement mediated by 
equilibrium mixtures of active and inactive receptor 
forms (Epstein etal., 1980; Aoshima etal., 1980). 

III. Comparison of the Amplitude of EfJluxes 
due to Gramicidin and Carbamylcholine 

When gramicidin is added to vesicles that have been 
incubated overnight with radioactive ions, the ampli- 
tude of the gramicidin-induced efflux is greater than 
the amplitude of efflux induced by saturating levels 
of carbamylcholine. Work in this laboratory has 
shown that with eel vesicles the desensitized or inacti- 
vated state of the receptor still allows ions to flow 
through receptor-formed channels with a half equili- 
bration time, t~., of less than 30 sec (Hess etal., 
1979; Epstein etal., 1980). However, as shown in 
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Fig. 5. Complete efflux curve for 86Rb*. Vesicles 
(6.1 mg of protein per ml) equilibrated with sodium 
eel Ringer's solution were incubated overnight with 
100~tCi ~6Rb + per ml, before being diluted to a final 
concentration of 160 mg protein per mI. 0.5-ml aliquots 
(80 gg protein) were removed and both 
carbamylcholine (1 m•) and gramicidin (20 gg/ml) 
were added at the times indicated 

Fig. 5, the amplitude difference is still present 1 hr 
after the addition of  carbamylcholine. It is clear that 
inactivation of the receptor cannot  explain the ampli- 
tude difference in the eel vesicles. 

One possible explanation of these amplitude dif- 
ferences is the presence of another vesicle population. 
This population would contain vesicles that are 
" t i gh t "  (i.e., not leaky) but do not contain a function- 
al receptor, or inside-out vesicles in which the receptor 
binding sites are not accessible to carbamylcholine. 
Depicted in Fig. 5 is a characteristic efflnx curve of 
vesicles incubated with 86Rb+ overnight. The initial 
efflux (0-120 rain) is due to disaggregation of the 
membrane vesicles as described above and to the ex- 
change of radioactive ions inside the unslpecific vesi- 
cles with ions in the external medium (Hess et al., 
1975). Upon addition of carbamylcholine, an efflux 
from the specific vesicles is observed (Hess et al., 
1975). Addition of gramicidin after ions inside the 
unspecific and specific vesicles have reached an equi- 
librium with those in the external medium results 
in another apparent efflux (Fig. 5). When the vesicles 
are incubated with radioactive inorganic ions for only 
10 rain, the final equilibration values reached after 
dilution of  vesicles are the same for carbamylcholine 
and gramicidin (Fig. I). This suggests the presence 
of a nonleaky, unspecific vesicle population (Fig. 5). 

To show that gramicidin did not affect the Millipore 
filter assay, the following experiment was performed: 
Vesicles were exposed to 86Rb+ (50 gCi/ml) for 
0.3 min (in the absence of carbamylcholine), before 
being diluted 10-fold to a protein concentration of 
320 gg/ml. The solution was then divided into two: 
0.2% ethanol was added to one (control) and gramici- 
din in ethanol was added to the other to give final 
concentrations of 20 gg/ml and 0.2% ethanol, respec- 
tively. After 30 min, a time period long enough to 
allow complete exchange of any internal 86Rb+ with 
the external nonradioactive ions, Millipore assays 
were performed in duplicate using 80 gg of membrane 
protein per filter. The CPM value obtained reflects the 

background absorption of 86Rb+ by the vesicles and 
the filter. The results showed that the average CPM 
per 80 gg protein was approximately the same for 
the control and gramicidin solutions (429 + 30 CPM 
and 418_+29 CPM, respectively). Thus, gramicidin 
per se has no effect on the retention of S6Rb+ by 
the membrane vesicles or the filters. 

Discussion 

It has been shown that in eel electroplax membrane 
vesicles, the fluxes of inorganic ions are of at least 
two types (Hess et al., 1975; Hess, Andrews & Struve, 
1976): (i) About 85% of the flux is unspecific in 
that it does not respond to carbamylcholine. The time 
taken for half of the radioactive ions inside the vesi- 
cles to exchange with nonradioactive ions in the exter- 
nal solution, ti/2, is on the average 20 rain. (ii) About 
15% of the flux comes from specific vesicles which 
do respond to carbamylcholine. In the presence of 
1 mM carbamylcholine the exchange of inorganic ions 
across the vesicle membrane is complete in less than 
3 sec (Hess, 1979), and in the absence of carbamylcho- 
line in 20 hr (Hess & Andrews, 1977). In earlier exper- 
iments (Kasai & Changeux, 1971a-c) the tl/2 value 
for the efflux from the total vesicle population, z, 
has been used to assess receptor-controlled fluxes. 
In the presence of receptor ligand, when the efflux 
from the specific vesicles is fast, z will critically de- 
pend on the efflux from the unspecific vesicles. The 
specific vesicles contribute only 15% of the total inor- 
ganic ions of the vesicle population; r is therefore 
determined by the time it takes for the nonspecific 
vesicles to lose an amount of radioactive ions which 
corresponds to 35% (50-15%) of the radioactive ions 
in the total vesicle population, or about 8 rain (Hess 
et al., 1975, 1976). It can, therefore, be seen why mea- 
surements of  z have led to an underestimation of 
the efficiency of receptor-controlled ion fluxes (Kasai 
& Changeux, 1971c). We have shown previously 
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Fig. 6. Corrected plot of the fraction of the ligand-induced 86Rb+ 
efflux due to the fast process (e) vs.  concentration of carbamylcho- 
line. The raw data were taken from Fig. 4 of Hess et al. (1978). 
Vesicles incubated overnight with 100 mM KC1, 0.4 M sucrose, 
35 gCi of 86RbCI per ml, were diluted into a medium containing 
100 mM NaCI, 0,4 M sucrose, 1 mM phosphate at pH 7.0 to initiate 
efflux. After 120 min, carbamylcholine was added 

(Hess et al., 1976) why measurements of fluxes from 
a heterogeneous population of vesicles suggested co- 
operative effects in receptor-controlled fluxes and why 
inactivation was not detected in previous flux mea- 
surements (Epstein et al., 1980). 

Here we identify additional processes which can 
interfere with measurements of receptor-controlled 
fluxes in membrane vesicles. In effiux measurements, 
still routinely used in the qualitative assay of receptor 
function (Kasai & Changeux, 1971a-c; Bernhardt & 
Neumann, 1978; Hanley, 1978; Hsiao-Ping etal., 
1979), disaggregation of vesicles produces artifacts 
in the Millipore filter assay. In previous experiments 
we have shown that the receptor-controlled efflux is 
biphasic; an initial fast phase is followed by a slower 
phase (Hess etal., 1978). The fraction of the reaction 
which proceeded by the fast phase e, was found to 
depend on carbamylcholine concentration (Hess 
etal., 1978), and had a maximum value of about 
0.65. This maximum value of c~ implied that the ion 
translocation process associated with the initial fast 
phase ceased completely and that at some later time 
a second slow process developed. This led to the inter- 
pretation that first the active state of the receptor, 
and later the inactive (desensitized) State, gave rise 
to ion channels through the membrane (Hess etal., 
1978, 1979). Taking the slowly exchanging ions into 
account (see Section /), ~ reaches a value of 1.0 at 
high carbamylcholine concentration, and this mea- 

surement led to a simpler model, consistent with the 
results of flow quench experiments, in which only 
the active state of the receptor forms ion channels 
(Aoshima et al., !980; Cash & Hess, 1980). The cor- 
rected plot of e vs. carbamylcholine concentration 
is shown in Fig. 6. We conclude, therefore, that inacti- 
vation of the receptor does not interfere significantly 
with the rapid exchange of the vesicle contents at 
high concentrations of receptor ligand. However, in- 
activation of the receptor does occur and has been 
studied (Hess et al., 1978, 1979; Epstein et at., 1980; 
Cash & Hess, 1980), but the rate of ion movement 
in the inactivated state of the receptor is greater than 
was originally thought. The slowly exchanging ions, 
observed when vesicles are exposed to radioactive ions 
for longer periods of time, make it difficult to assess 
the efflux measurements routinely used in qualitative 
measurements of receptor function (Kasai & Chan- 
geux, 1971 a-c; Bernhardt & Neumann, 1978; Hanley, 
1978; Hsiao-Ping et al., 1979). 

The apparent discrepancy between the channel 
formers and the true ionophores in releasing these 
slowly exchanging ions may be explained by the dif- 
ference in the mechanism of action of the two types 
of antibiotics. The true ionophores act by a shuttle 
mechanism~ while the channel formers actually make 
a pore in the membrane (Pressman, 1976). If we as- 
sume that the slowly exchanging ions are trapped in 
spaces between the lipid bilayers of the vesicle mem- 
branes, then we can postulate that they are accessible 
to true ionophore molecules that can shuttle across 
the membrane but that they are not accessible to 
channel formers, such as the acetylcholine receptor, 
which span the bilayer. 

Although gramicidin has been used previously to 
release radioactive ions from these vesicles, it has 
not been mentioned that the amplitude of the effiux 
is greater than with carbamylcholine (Kasai & Chan- 
geux, 1971a). An amplitude difference in the effects 
of gramicidin and earbamylcholine has been observed 
with TotTedo receptor-rich membrane vesicles, and 
it has been suggested that inactivation or desensitiza- 
tion of the receptor is responsible for such amplitude 
differences (Popot et al., 1976). Here we conclude, 
however, that the amplitude difference is due to a 
population of vesicles in which radioactive ions equili- 
brate slowly and which do not respond to carbamyl- 
choline. 

In order to study the underlying mechanism by 
which ligand binding to the acetylcholine receptor 
initiates changes in ion permeabilities, it is essential 
to identify and separate the processes related to the 
receptor from those which are not. Previous work 
from this laboratory has separated, both kinetically 
and physically, the specific, excitable vesicles from 
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the unspecific, nonexcitable vesicles. This paper has 
shown that even the specific vesicles have intrinsic 
properties that are not related to the receptor-mediat- 
ed kinetics and which must be considered in the mea- 
surements. 
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