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Ethanol increases agonist affinity for nicotinic receptors
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The p of ethanol the app affinity with which acetylcholine and carb ine elicit * Rb* flux
from Torpedo nicotini Icholi rich icles at 4°C. Mhmty d iall, with hanol
concentration, reaching nearly 200-fold by 3.0 M ethanol without sign of At sub 1 a-
tions 50-100 mM ethanol enhanced flux by 15-35%, but the i ist-i flux was unaffected in
quenched-flow assays. The effect was mdependem of the agonist and of the nme over which flux. was measured (5 ms to
10 s), indicating that ethanol acts before itization occurs. Ethanol also caused an increase in the
apparent afiinity with which Icholi d fast d itization. This affinity increase was equal to that for
ﬂux-response curves, Imttlle maximum fast d itization rate was i d 50% at 0.5 M ethanol. This was the most
p ti and has not been reported beiore. Prolonged premcubatlon with 1.0 M ethanol alone

duced ist-ind ‘ﬂux ivity by only 25%. The rate of ag duced slow d ization was also increased,
but neilber of these efiects was as marked as those on fast desensitization and cation flux.

Introduction Several lines of evidence suggest that ethanol may aci
by modulating the affinity of cholinergic agonists for
Short-chain alcohols, including etk 1, have been channel activation sites on the nAcChoR. Linder et al.
shown to enh nAcChoR-mediated cation flux at the [8) proposed that the slower mepc decay rates observed
lar j ion in a ber of el physio- with ethanol reflect a decreased rate of dissociation of
logical studies. Ethanol slows the rate of miniature acetylcholine from its receptor. Using electrophoretic
endplate current (mepc) decay [1,2], and decreases the techniques for rapid agonist application [9] on
freq y of the endp! noise power spectra {1,3], voltage-clamped endplates, Bradley et al. [3,10] showed
indicating that the rate of cation channel closmg is that ethanol decreased the apparent acetylcholine dis-
slowed. In isolated skeletal 1 hanol sociation constant. In a preliminary report {11}, we
skeletal muscle twitch tension (both directly and indi- presented evidence that ethanol increases the apparent
rectly stimulated) {4,5], yet prehmmary smgle channel affinity of carbamylcholine for Torpedo nAcChoR, a
studies indicate that nAcChoR h is receptor which is highly homologous with the vertebrate
not altered by ethanol {6} In long-chain al- neuromuscular junction receptor.
cohols and a wide variety of other anesthetic agents In addition, ethanol has been shown to inactivate
inhibit neuromuscular junction depolarization by in- nAcChoR in the absence of agonist. Ethanol stabilizes
creasing mepc decay rates {7]. Thus, the short-chain an inactive nAcChoR state, characterized by an increase
alcohols appear to have a unique, specific effect on the in agonist affinity, as has been demonstrated using
nAcChoR receptor-channel complex. various ligands as probes of the receptor’s state [11-13}.

However, effects of ethanol on agonist-induced desensi-

tization on either the minute time scale (slow desensiti-

Abbreviations: nAcChoR, i ptor; a-BTX, zation) or the subsecond time scale (fast desensitization)
GABA, y-ami ic acid, mepc, minfature end- have not been reported.

plate current: NMDA, N-methyl-p-aspartate. In this paper, we present studies of the effects of

Correspondence: K.W. Miller, Department of Anesthesia, Massachu- cthanol on the nAcChoR cation channel from Torpedo.

setts General Hospital, Boston, MA 02114, U.S.A. Several agonist-triggered receptor func::ons were studied
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using *Rb* flux measurements in sealed Torpedo elec-
troplaque vesicles, including activation of cation chan-
nels, slow desensitization, and fast desensitization. Be-
cause quenched-flow techniques can produce rapid, pre-
cise drug concentration jumps in suspensions of Torpedo
vesicles they have a clear advantage over electrophysio-
logical techniques for studying agonist concentration-re-
sponse curves [14] and fast desensitization.

Materials and Methods

Preparation of Torpedo postsynaptic membranes. Post-
synaptic membranes from freshly dissected eclectro-
plaques of Torpedo nobiliana (Biofish Associates,
Georgetown, MA) were prepared at 4°C, essentially as
described by Krodel et al. [15]. Aliquots of electro-
plaque tissue were homogenized with an equal weight of
aqueous 0.02% NaN, solution containing 0.1 mM phen-
yimethylsulfony! fluoride to inhibit proteolysis. The ho-
mogenate was centrifuged at 5400 X g for 10 min to
pellet large tissue fragments and the supernatant was
centrifuged at 15000 X g for 90 min to pellet membrane
fragments. Membranes were further purified by sucrose
density gradient centrifugation. Fractions rich in nAc-
Chok -wuie pooled and resuspended in a small volume
of Torpedo physiological saline (250 mM NaCl, 5 mM
KCl, 3 mM CaCl,, 2 mM MgCl,, 5 mM NaP, and
0.02% NaN;, pH 7.0). The suspensions contained 5 to
10 mg protein/ml (assayed by the method of Lowry et
al. [16], using bovine serine albumin as standard) and 7
to 15 pM in [*HJacetylcholine birding sites (assayed as
described previously [17]) and were kept frozen in liquid
N, for up to 6 months and thawed within 48 h of use.

Measurement of nAcChoR cation channel function.
Cation channel function was determined by measuring
agonist-induced **Rb™ efflux or influx at 4°C in scalzd
Torpedo electroplague vesicles which, for efflux studies,
were loaded with ®Rb* by overnight incubation {17].
The number of active receptor-channel complexes was
reduced by preincubation with sufficient e-bungaroto-

was used, **Rb*-loaded vesicles were treated with 0.1
mM diisopropylfluorophosphate for 20 min prior to
flux assays to inhibit acetylcholinesterase. Gross agon-
ist-stimulated *Rb* efflux counts (CPM(Ag,t)) were
corrected for passive, time-dependent %*Rb* ‘leakage’
from sealed vesicles (CPM(leak, ¢)). The corrected efflux
response is expressed as F,, the percentage of non-leak
BRb* counts released [17]

CPM(Ag, 1) — CPM(leak,?
= Mt Py % 100% W

Analysis of ethanol-enhanced *°Rb* leak from sealed
vesicles. Any l-induced enh of *Rb*
leak from sealed vesicles during a 10-s exposure was
detected as an increase in filtrate radioactivity above
the leak level without ethanol present and analyzed
similarly to agonist-induced efflux (Eqn. 1):

leak

_ CPM(Alc,t)— CPM(0 Ale,1)
= “CPMtotal) —CPM(0 Alc.) ~ 100% @

em of slow agonist-induced d
kinetics. Vesicles (a-BTX treated, 0.5 ml) were mixed
manually with an equal volume of Torpedo physiologi-
cal solution cc carb thanol, or
both, and the mixture was incubated for up to 30 min at
4°C. At various times during the incubation, a S0 pl
aliquot was removed and mixed with an equal volume
of 10 mM carbamylcholine solution containing **Rb*
at 50 uCi/ml. After 10 s, ®Rb™* influx was halted by
mixing with 100 ul of 100 mM procaine. 175 pl of the
final vesicle suspension was applied to a small (1 ml)
cation exchange column and vesicles were eluted with
220 mM sucrose (for details, see Forman and Miller,
[18]). CPM(leak) was measured in an identical fashion,
but without agonist present. CPM(total) was established
by overnight incubation of vesicles with 3Rb* solution
before the addition of procaine and passage over cation
h resin. Flux activity after preincvbation for a

xin (a-BTX) to prevent full equilibration of **Rb*
across vesicle membranes during flux assays. Efflux or
influx of ¥ Rb* was assayed by two techniques. For flux
times of 10 s or longer, solutions were mixed by hand
and flux stopped by filtration. For shorter periods, a
quenched-flow technique was used and flux was stopped
with procaine [17] and the intravesicular **Rb" sep-
arated by passage over a cation exchange resin as de-
scribed previousty [18]. Ethanol was added to vesicles at
the same time as agonist so that the time that vesicles
were exposed to ethanol was minimai. Preincubation of
vesicles with up to 1.5 M ethanol for 10 s prior to
addition of agonists had no effect on flux assays. Chan-
nel activity was stimulated with either acetylcholine or
carbamylcholine, an acetylcholine analogue that is not
hydrolyzed by acetylcholinesterase. When acetylcholine

tlme, was expressed as the fraction of that present

h any p bation step (F,(0)). Plots of frac-
tional flux activity vs. time were analyzed by fitting data
to a single-exponential function using non-linear least
squares:

Ey ()
Fa(0) @

Em Fa()

O =( ——;A(O) )xexp(—k,x1)+
where F, (00)/F,(0) is the fraction of activity remaining
at equlhbnum and k; is the rate of slow descnsmzauon

ement of fast gonise-induced d i

kinetics. Fast d rates were determined using
a method analogous 1o that described for slow desensiti-
zation, but an automated pulsed quenched-flow device
was used to control preincubation and **Rb* influx




periods on 2 millisecond time scale (described in Ref.
18).

Reversibility of ethanol actions. The reversibility of the
effects of a 10-s exposure to 1.0 M ethanol in the
absence of agonists was tested using the filtration tech-
nique to measure ¥Rb* efflux. To 100 pl of 3Rb*-
loaded vesicles were added 200 pl of Torpedo physio-
logical saline containing 1.5 M ethanol {final concentra-
tion 1.0 M). After incubating for 10 s, vesicles were
diluted 10-fold in Torpedo physiological saline {i.e.,
back-diluted to 0.1 M ethanol) and then 1 ml aliquots
were mixed with either 10 pl of carbamylcholine to
stimulate flux (final carbamylcholine concentration = 56
M) or 10 pl Torpedo physiological saline (to measure
leak) for another 10 s before filtration. One set of
control experiments followed the same protocol, except
vesicles were diluted 10-fold in Torpedo physiologica.
saline with 1.0 M ethanol (firal concentration 1.0 M*
prior to leak and flux determinations. Another set of
control experiments were performed by the same
method, but with 0.1 M e(hanol throughout.

Preparation of ethano! Soluti of ethanol
in Torpedo physiological saline wera prepared by weigh-
ing ethanol into Torpedo physiological saline in par-
tially filled volumetric flasks and adjusting with Torpede
physiological saline to final volume. At room temper-
ature, ethanol concentrations over 2.0 M caused Torpedo
physiological saline solutions to become cloudy (prob-
ably due to calcium phosphate precipitation). This was
prevemed by usmg ice-cold Torpede physiological saline
and sol prepared in this fashion were used im-
mediately in the cokd room (4°C). Ethanol and agonist
solutions were mixed just before adding vesicies in
order to reduce evaporative losses. Gas chromatography
determined the losses to be less than 3% at 4°C.

Chemicals. Diiscpropylfluorophosphate was from Al-
drich Ch 1 Co. (Mil WI), «-bungarotoxin
(a-BTX), buffer reagents, acetylcholine chloride,
carbamylcholine chloride, and proczine hydrochloride
were from Sigma Chemical Co. (St. Louis, MO).
[*H]Acetylcholine and **RbCl were from New England
Nuclear (Boston, MA). Anhydrous ethanol (= 99.9%
purity) was from Pharmco (Dayton, NJ).

Results

Ethanol effects on passive **Rb* leak

Since ethanol perturbs membranes [19], its eifect on
passive 8Rp* ‘leakage’ from Tarpedo vesncles during a
10-s exposure was tested first. Sign in
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correction with a matched ethanol-enhanced **Rb* leak
measurcment. Above 3.0 M ethanol the leak after 10 s
was about 25% of the total intravesicular *Rb* ccunts,
and the variation in both leak and agonist-induced
efflux measurements increased. Under these conditions,
the sensitivity of flux assays to changes in channel
activity was deemed unacceptable for quantitative anal-
ysis of concentration-response data. Therefore, the max-
imum ethanol concentration used was 3.0 M.

Ethanol effects on P curves
The effects of ethancl were determined both on

carban ylcholine stimulated 10-s flux and on acetylcho-

line stimulated flux using quenched-flow assays. Leak-

corrected flux responses were analyzed by fitting tc a
logistic equation:

gonist ¢

»

=FA(mu)x(-A—~“—+—"("T‘) “
where 4 is the agonist concentration, F,{max} is the the
maximum agonist-stimulated ®¥Rb* flux (usually at 5
mM carbamylcholine or 1 raM acetylcholine), K, is the
50% activating concentration, and N, is the Hill coeffi-
cient.

It was more convenizii to study the effects of ethanol
on apparent K, over a wide range of concentrations
using the 10 s filtration assays. These involved a shorter
overall exposure to ethanol than did quenched-flow
experiments because the time between quenching and
passing the vesicles over the catior exchange resin
exceeded 10 s. Thus the 10-s assay minimized the leak
correcticn cnavling concentrations of ethanol up to 3.0
M 1o be studied. Table 1 izes the par
derived by fitting the data to Eqn. 4 by non-linear
least-squares methods [11]. The apparent K, values in
Table ! 4 inuously with i g ethanol
concentration without ever achieving a plateau. At 3.0
M ethanol a 180-fold decrease in apparent K, was

observed. The Hill coeffici d up
TABLE |

Fitted p from 10 s di p
curves

Parameters were derived by non-linear least-squares fitting of leak-
corrected flux data (at least 12 points in each curve) to Eqn. 4. A plot
of some of the data has been given previously by Miller et al. [11].

leakage after 10 s (more than 5% leak enhancement)
were only observed at or above 1.5 M ethanol. Thus,
subsequent flux studies were only corrected for en-
hanced ¥Rb* leak when the ethanol concentration was
1.5 M or greater. Above 1.5 M ethanol, leak counts aftsr
10 s increased rapidly and each F, assay

[Ethanol] (M) Fa(max) (%) Ka (aM) M

0.0 353103 120 =3 15+0.1
03 31.1+03 52 12 1.6+0.1
a6 302+03 24 1 13401
09 305404 133 +038 13£0.1
1.5 31.1+04 43 103 11x01
27 313405 08 +0.1 0.7£0.1
30 31.9+038 0.67+0.08 0.7:£0.1




98

w
9

T T T 1 T L) T L

- a
ir P
[SRPe . / —
3 s B
I d ]
<
g / VA
S P oo -1
= / d J
u

L / P d

La A wod, , 4,

10°° 10 10 1072

Acetylcholine (M)

Fig. 1. Effects of ethanol on i

curves measured using rapid quenched-flow. The effects of ethanol on
acetylcholine-induced *Rb™ efflux were studied in a-BTX treated
vesicles. Data were fitted to Eqn. 4 by non-linear least squares (sce
Results). Concentration-response curves with flux integrated over 30
ms (0.5 M ethanol) and over 5 ms (1.0 M ethanol). The X, of the
cortrol was unaffected by the integration time and F,(max) was
unaltered by ethanol ( p = 0.5). For convenience the two sets of curves
have been normalized to have the same experimental F,(max) in the
diagram. Fitted paramcters for the lines shown are as follows:

TABLE Il

Enk of ine-induced “°Rb™ flux by ethanol at 4°C

Values shown arc the ratios of averaged flux measurements (n =4)
in the of the indi ethanol to

control measurements made without cthanol,

[Ethanol] 10s 20 ms
Fems/ Pum FlSum/ Flioum
50 1.20+0.05 1.14+0.07
100 1.48+0.05 1.45+0.05
2060 2.20+0.10 2281011

in human subjects (up to 100 mM; [20]). However,

hanol’s p with decreasing tempera-
ture. For example, in the tadpole the anesthetic con-
centration increases from 200 mM at 20°C to 340 mM
at 10°C and in the frog from 140 at 30°C to 330 mM
at 3°C [21]. In the nAcChoR both 10-s and quenched-
flow assays indicate that when the flux is stimulated by
submaximal concentrations of agonists (Tablc II), it is
d at sub-anesthetic concentrations as low as 50

[Ethanol] Ka (PM) A h
None (0) 79 =7 1.5%02
0.5 M (D) 233108 13101
1.0 M (&) 50+03 14101

to approx. 1 M, but above this a decrease was observed.
Table I also shows that the F,(max) was decreased by
15% over the whole concentration range studied (0.3-3.0
M). This small effect on F,(max), which is caused by

h d fast d itization (see below and Discus-
sion), had little influence on the overall analysis.

The leftward shift of agonist concentration-response
curves was examined further in guenched-flow experi-
ments, which showed that the maximum flux elicited by
either acetylcholine or carbamylcholine was unaffected
by ethanol in the range 5-45 ms, showing that the smail
decrease seen in the 10-s experiments develops over an
intermediate time scale. Fig. 1 shows that the decrease
in acetylcholine’s apparent dissociation constant, which
occurs without change in Hill coefficient, was 3.4-fold
at 0.5 M ethanol (30 ms integration) and 16-fold at 1.0
M (5 ms integration).

For comparison, we define a parameter, SCsg, as the
concentration at which K§°/KQ2 = 0.5. Based on
quenched-flow acetylcholine response curves, the SCsg
for ethanol is 250 + 30 mM and for the 10-s assay with
carbamylcholine it is 290 4+ 20 mM. Thus, the increas:
in affinity is independent of both the agonist aad the
time scale of the experiment.

Effect of low ethanol concentrations

Although the extent of the increase of affinity
observed in the above studies is quite large, the ethanol
concentrations used are well above the range observed

mM ethanol ( p < 0.02).

Ethanol effects on slow desensitization

In the prolonged presence of low agonist concentra-
tions, even those below that at which cation-flux actlv-
ity is observed, nAcChoR undergoes slow d
tion. Fig. 2 shows that ethanol increases both the rate

R(t)F0)

e
o 1© 20 30
Preincubation time, t{min)

Fig. 2. Effect of ethanol on ine-induced slow

tion. Torpedu vesicles (< 57 nM in total [*Hlacetylcholine sites and
blocked with &-BTX to inactivate 80% of sites) were preincubated
with 50 nM ine and varying of ethanol before
measunog **Rb* influx for 10 s in the presence of 5 mM carba-
mylcholine. Residual flux activity ( Fj(t)) is shown as the fraction of
flux activity d without i i (FA(0)). Data were
fitted to Eqn. 3 by non-linear least squares with Fa(co) fixed at the
value measured after more than 30 min of incubation. Fitted parame-
ters for the lines shown are as follows:

[Ethanol] FL(0)/FA(0) ky (min~)

None (0) 0.40 +0.03 0.073+0.013
025 M (¢) 0.14+0.03 0.105+0.016
0.5 M(D) 0.05+0.02 0.171£0.023
1.0M (a) 0.00+£0.02 0.304+0.015




and extent of slow desensitization over a period of
minutes. Whereas preincubation with 50 nM carba-
mylcholine alone inactivates about 60% of receptors
with a k. of 0.073 min~!, a combination of 50 nM
carbamylcholine plus 1 M ethanol fully inactivates
receptors 4-fold faster with a &, of 0.304 min~

Because of the long exposures to ethanol in slow
desensitization experiments, we performed control stud-
ies to measure the effects of long preincubations with
ethanol alone. Previous studies, using [>H]acetylcholine
binding assays indicate that 0.7 M ethanol atone causes
50% inactivation {conversion to high affinity state) of
nAcChoR after a 30 min incubation at 4° C [11]. Using
8Rb* flux to directly assess nAcChoR activity, we
found that 0.5 M ethanol caused no inactivation at up
to 20 min, while 1.0 M ethanol caused a slow drop in
flux activity to 75+ 5% of initial after 30 min. Thus,
ethanol’s 1cain effect is to enhance agonmist-induced
desensitization, but a small part of the inactivation
observed with 50 nM carbamylcholine plus 10 M
cthanol may be attributed to the action of ethanol
alone.

Ethanol effects on fast desensitization
In addition to increasing the rate of slow d iti
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concentration in Fig. 3B and are fitted to a logistic
equation analogous to Eqn. 4:

kg = kq(m Ale
= | —22
a4 a(max ) (AND+ 5") (&)

where Xy, is the acetylcholin: concentration causing
desensitization at a rate of k,(max)/2 and Ny, is the
Hill coefficient. The dashed line in Fig. 3B represents a
fit to Eqn. 5 for desensitization rates measured in the
absence of ethanol. The K, in the presence of 0.5 M
ethanol is 3.3-fold lower than that in its absercs, and
ky(max) is 50% higher in the presence of ethancl

Reversibility of ethanui ¢ffecis

In order to determine whether 10-s exposures 1o 1 M
ethanol caused irreversible functional effects of nAc-
ChoR, reversibility experiments were performed. 1 M
ethanol increased the flux stimulated by 56 nM carba-
mylcholine in 10 s (F,y) from 15 +3% to 45 + 3%.
Ten-fold back dilution (to 0.1 M ethanol) into a
carbamylcholine containing sclution after a 10-s ethanol
cxposurc in the absence of carbamylcholine resulied in
Fg,n=22+2%, while a control experiment where
vestcles were exposed to 0.1 M ethanol for both a 10 s

tion, k,, we established using pulsed quenched-flow

that 0.5 M ethanol enh. fast d ion which
occurs on a subsecond time scale. Fig. 3A  shows
semilog plots of fast d ion induced by i -

ing concentrations of acetylcholine. At all acetylcholine
concentrations studied, equilibrium desensitization (pre-
incubation for 10 min) eliminated all flux activity. The
fast desensitization rates (k, values) derived from anal-
ysis of data in Fig. 3A are plotted against acetylcholi

bation and the carbamylcholine test stimulation
gave f"sepm =23 +2%. This result indicates complete
reversibility of the flux enhancement caused by 2 10 s
exposure to 1.0 M ethanol.

Discussion

Advantages of flux studies
The data presented above extend previous electro-

ph: ] dies of ethanol actions at the neuro-

of § = T
)
tod -
10— O \A 8l
-, 8\ \o T &
sf 2 5 o
Y or B
. £ 30 = a4
woLooa \ H
£ aop- 3 2
| % o
1 24 o~y 3 L '
o o.s P 05 07 0
Preincubation time, t (sec) Ace(ylchulme(M)
Fig. 3 Effects of 0.5 M ethanol on line-induced fast i (A) Fast kinetics were measured by pulsed
flow. After prei ion with 0.5 M ethanol plus acelylcl\olme (1 uM (@), 10 pM 32 pM (o). 100 uM (D), 320 uM (O), or 1 mM the

remaining nAcChoR activity was assessed with a 3-4 ms exposure to **Rb* plus 1 mM acetylcholine and 0.5 M ethanol. After some of the longer
preincubations activity was assessed with 15 ms exposures. £, values were to without (F3%x)- Fast
desensitization rates {(k, values) were obtained from the slopes ined by linear k q fitting of the log- £ d data as shown. (B)
The &, values (G, solid line) derived from data shown in part A of this figure are plotted against acetylcholine concentration. Values were fitted to
Eqn. 5 by non-linear least squares, kq(max) =9.5+04 s~}, Kp=31.4145 uM, and Np=13202. O
using the same vesicles, but without ethanol (rates at up to 102 M Icholi re d). Fitted

Kp=100£15 M, and Np=1.6+0.2

...... O represent k4 values measured
are: ky(max) =6.5+03s"",
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muscular junction in two significant directions. Firstly,
the ability to change the effective agonist concentration
in less than a millisecond and to measure cation flux
integrated over a few milliseconds means that, in con-
trast to physiological studies, concentration-response
curves can be obtained before the development of
desensitization in Torpedo vesicle suspensions. Sec-
ondly, our methods enable exposure to ethanol to be
very brief, enabling concentrations as high as 3 M to be
studied. In comparison, physiological studies required
ethanol exposure times of 20 min or more, causing
irreversible loss of agonist-induced currents at cthanol
concentrations over £ M [10]. Although Boyd and Cohen
[22] observed iiteveisible loss of [*H]acetylcholine bind-
ing to nAcChoR from Torpedo with long exposures (0
propanol and butanol, with the blief exposures possible
in our werk the maxi i duced flux did not
change betweer 0.3 and 30 M ethanal, nor did the
passive leakage of %*Rb* through vesicle membranes
increase excessively.

Ethanol enhances apparent agonist affinity for fiux and
fast desensitization

A remarkable degree of enhanced cation flux activity
is seen at low, but not high, agonist concentrations
when ethanol is added to *Rb™ flux assays in Torpedo
nAcChoR-rich vesicles, confirming and extending previ-
ous observations from electrophysiological studies as
well as our own preliminary data [11}.

This ethanol-induced enhancement of flux at low
agonist concentrations occurs because of an increase in
the apparent affinity of the agonists for opening chan-
nels, a conclusion similar to that obtained from
acetylcholinc dose-response curves determined by

ive electrop ic dies on the vertebrate
neuromuscular Junctlon [10). In the latter study, 400
mM ethanol at 18°C reduced the apparent acetylcho-
line dlssoaauon constant (K,) by half, while higher
ir ible loss of fi ion. OQur
10 s and quenched-flow ¥Rb* flux studies at 4°C give
similar reductions of K, at 290 and 250 mM, respec-
tively. Considering the well known problems of obtain-
ing K, values from physiological experiments and the
temperature difference, there is satisfactory agreement
between our work and that of Bradley et al. [10].

The flux studies d d the i in ap-
parent agonist affinity (1/X,) over a wide range of
ethanol concentrations. This leftward shift in the con-
centration-response curves was analysed as the ratio of
K, in the prmnw of ethanol (KX, "‘) to that in its
absence (K2) for both the 10 s and quenched-flux
assays. Fig. 4 shows that (K2 /X 8} decrenses exponen-
tially as the ethanol concentration increases up to 1.0
M, where an approximately 10-fold reduction is ob-
served, independent of which technique was loyed.
At higher ethanol concentrations, the plot devnates

15

Ethanol (M)

Fig. 4. Ethanol dependence of apparem agonist al'ﬁmues Fitted K,
values (K2 values) from ett
tion-response curves for 10-s exposures (0; Table I) and acetylcholine
concentration-response curves for brief exposures (a; Fig. 1) were
normalized to control K, values in the abscnce of alcohol (K3
values) and plotted on a log scale against ethanol concentration. In
addition, the ratio of the fitted parameter, K, from fast desensitiza-
tion rate analysis (Fig. 3) in the presence of 0.5 M ethanot (K&¢) to
that without etaanol (K.‘;) is plotted on the same scale (O). All the
data were fittedd 10 a straight line by linear least squares, resulting
in a slope of —1.10+0.08 M~ This line predicts that SCgp=
275430 mM.

slightly from linearity, but there is no identifiable
saturation in the leftward-shift up to 3.0 M ethanol
(Table I; and Ref. 11). Thus, our data provide no
evidence that the effect of ethanol on K, saturates.

Ethanol also causes a leftward shift in the concentra-
tion-response curve for fast desensitization (Fig. 3B) for
which the ratio K3</K$5 (Eqn. 5) at 500 mM ethanol
has an almost identical value to (Ki*/KQ) for 30 ms
integrated flux (Fig. 4).

Kinetic interpreiation

In order to appreciate the significance of the
ethanol-induced decrease in the apparent X, A 3 well as
the effect of desensitization on our resul(s, it is helpful
to consider a simplified sch P g the h
nisms of nAcChoR channel activation and fast desensi-
tization:

OZ AR?

£
AR === AR
==
‘&‘A'FU

where K, =[A)[R]/[A-R], K;=[A-R]}/[A-FD] and
®=[A-RI/[A-R°.

Agonist binding to the resting state of the receptor,
R, is thought to lead rapidly to a pre-open state, A - R,
in rapid equilibrium with the open-channel state, A - R°,
and more slowly (about a second} with the fast-desensi-
tized state, A-FD [23,24]. This simplified scheme is
sufficient to ine the ch induced by ethanol,
but it ignores the fact that occupauon by two molecules
of acetylcholine are required to open the channel and
that fast desensitization may proceed from open as well




as pre-open receptors [18]. Slow desensitization is also
ignored here because the time it takes iv develop is long
compared to either flux assay.

According to this scheme, the agonist-induced flux
concentration-response curve is given by the state func-
tion for A - R°. This includes contributions from £, K
and @. In addition, as is well known, fast desensitiza-
tion will infiuence the 10-s flux assay: in fact, it causes
an apparent shift of the agonist-response curve to lower
concentrations [25].

The ethanol-induced leftward shift of the concentra-
tion-response curves for agonist-induced cation flux in-
tegrated over 10 s could be attributed a priori to a
number of possibie mechanisms (see Eqn. 6), including:
(a) increasing agonist affinity, 1/K}; (b) displacement
of the pre-open to open state cquilibrium towards the
open state (equivalent to d &); (¢) d g
fast desensuzanon rates which would increase K, and
(@i

Of these pmauve mechanisms, the latter, @, is ruled
out by single-channel studies which show that ethanol
does not ch h 1 d [6], while effects
on fast desensitization, c, are unlikely since the leftward
shift can be observed at 5 ms while the maximum
desensitization rate we observed was less than 10 s~'.
H di b the ining two ex-
plana(ions is more difficult.

At first sight, explanation b also seems unlikely
because decreasing @ would lead to an increase in the
maximum observed flux. However, single-channel stud-
ies show that the ratio (1/9) of microscopic channel
opening rates to closing rates is high (at least 32 for
acetylcholine [24];. Thus, at saturating agomist con-
centrations, the probability of non-desensitized chan-
nels being open is =0.97 and displacing the equi-
librium further tov/ards the opea state would tesu]t in
little additional ob:ervable flux. Theref: 1
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ity, but thev do not rule out an additional effect on the
closing rate. An effect on K, might reflect an increase
in the on-rate for acetylcholine binding or a decrease in
the off-rate for acetylcholine dissociation. The on-rate is
considered to be diffusion limited, but it might be
further enhanced if the relatively long range electro-
static forces between the receptor and the agonist were
strengthened in the presence of ethanol. Although
ethanol at the concentrations employed here would
indeed reduce the dielectric constant of the aqueous
medium, this effect would be too small to explain our
data. Thus, a decrease in off-rate is most probable [8].

Ethanol increases fast desensitization rates

Although the decrease in K, may explain the equal
leftward shift in the fast desensitization and flux con-
centration-response curves (Fig. 4), it does not explain
why the maximum apparent rate of fast desensitization
increases while the maximum flux does not. In this
respect, ethanol appears to act unsymmetrically on Eqn.
6. The observed fast desensitization rate, k,, is a func-
tion of the concentration of the pre-open state, AR, and
of the rate constants for the AR = A - FD transition. At
all saturating agonist concentratiors. the concentration
of AR will remain unchanged on addition of ethanol,
suggesting that K; is decreased through an action on
the forward or backward rate constant or both. More
detailed dies would be d to i
ethanol acts separately on K, and Kj, or whether,
uplike @, the initial value of K is such that the
maximum k,; will be observed to increase when the
leftward shift occurs. The latter possibility seems less
likely because it suggests that ethanol acts equally on @
and K.

The i in the value of k, does

b cannot be ruled out on the basis of flux studics.
Unfortunately, single-channel studies are complicated
by time dependen: effects on kinetics, and the pre-
liminary data that have been published to date do not
settle this question.

The 1 rhat a d in X, lains the

plain why ethanoi caused a 15% drop in F,(max) in
10-s concentration-response curves (Table I), while no
change was seen in millisecond flux assays (Fig. 1).
Thus, if one assumes an initial maximum 3Rb* efflux
rate (k?) of 15 s™! (estimated as described in Forman
and Miller {18]) at 1 mM acetylcholine in both the

leftward shift in the i ion-flux curves is
reinforced by our ubservation that ethanol causes the
same degree of leftward shift for fast desensitization as
it does for flux (Fig. 4). Closer inspection shows that the
desensitization rate curves with and without 0.5 M
ethanol (Fig. 3) parallel their respective acetylcholine
flux response curves (Fig. 1) closely: K values are
close to K, values, while the Hill coefficients for the
two sets of curves are identical. Considering the symme-
try in Eqn. 6, the simplest explanation is that both shifts
result from a common perturbation at the binding step.

‘Thus, our concemrauon-response data tend to favor
an ethanol-i d in app ist affin-

and ab of ethanol, Eqn. 7 [25] can be
used 1o calculate integrated efflux in the presence of an

p ial fast d occurring at a rate of
kg:

- k{ii —expi{— &,
&(.)=5(max)x(1—exp(—"’“—‘“"+')'))

*q (4]

This equation predicts that after 10 s, F,(max) will
drop 13% when K is increased from 6.5 s™" (no ethanol)
to 9.5 s~ (0.5 M ethanol). Within experimental error,
this is the same as the observed drop in 10-s flux when
ethanol was added to 1 mM acetylcholine,
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Ethanol enh, slow de
Our data show that, when flux activity is used to
assay ing activity, preincubation with 1 M ethanol

alone causes little desensitization over 30 min. This
contrasts with previous studies which used various
ligands, such as '?’I-a-bungarotoxin [12], [*Hlacetyl-
choline [11} and a channel blocker, [*Hjhistrionicotoxin
[13), to probe the receptor’s state, For example, prein-
cubation for 30 min with 700 mM ethanol converted
half the resting-state p to the d itized state,
as estimated by a subsequent 5-s test exposure to con-
centrations of [*Hlacetvi~holine low enough to bmd
only to high affinity receptors [11]. Such i

possible that Gage’s conclusion that ethanol affects the
channel closing rate may be incorrect, since a decrease
of either the channel closing rate or the agonist dissocia-
tion rate will lead to a slower observed rate of mepc
decay [8,27,28). The specific issue of whether ethanol
microscopically alters the agonist off-rate, resulting in
longer channel opening bursts, or the intra-burst distri-
bution of open and closed times (or both) could be
profitably studied using single-ch 1 methods. In any
case, the physical basis of the Gage mechanism requires
that a transmembrane electric field exist for the action
of ethanol to occur, yet in our work both flux and fast

may occur b ethanol’s 1 effect on agonist
bmdmg afflmly may lead to an overestimation of de-
ization when dard ligand binding assays are
used [11,12], a possibility that merits further attention.
Whereas 0.5 and 1.0 M ethanoi alone caused 0 and
25% desensmzauon in 30 min, in the presence of low
o ton the d itization was 95 and
100% respectively. This suggests that ethanol interacts
with the agonist occupied desensitized state more
strongly than the pre-existing desensitized state. Con-
sistent with this explanation, the apparent slow desensi-
tization rate (k,, Fig. 2) increased linearly with ethanol
concentration in the range 0-1.0 M.

A Tornl, b 1

of I’s action

are enh d by ethanol in the absence
of an applied transmembrane voltage.

Bradley et al. [10] proposed a ‘hydrophobic patch’
site within the AcChoR ion channel, similar to that at
which alkanols are thought to inhibit firefly luciferase
{29]. In the Bradley model, ethaneol binds to the open-
channel state without inhibiting cation flux, thus in-

ing the app gonist affinity by ‘uncompeti-
tive’ stabilization of the open-channel state (i.e., in-
creased channel lifetime, as in the Gage model), Bradley
et al. [10] extended their model by assuming that long-
and short-chain alk s share a on ch 1 site
with only the bulkier long chain alcohols causing chan-
ncl block. Thus, ethanol should compete with an inhibi-
tory alcohol like octanol, but our preliminary studies
are not enurely consi with this prediction [30]-the

Our data enable us to cc on some mol
mechanisms that have been proposed to account for the
action of ethanol at acetylcholine receptors.

Gage et al. [1] suggested that short-chain alkanols,
including ethanol, reduce the membrane dielectric con-
stant near nAcChoR, which slows the rate-limiting re-
orientation of a protein dipole within the tr

in affinity induced by ethanol in a ten second
flux assay was independ of the p of a par-
tially inhibiting concentration of octanol.

Finally, our data do not indicate whether ethanol
exerts its effects on the nAcChoR at a saturable protein
site or through a less specific 2 Since ch
in k order p at 4°C were deteciable

brane electric field during channel closure. Arguing that
the change in membrane dielectric constant was a linear
function of the weight fraction of membrane-phase al-
cohol, this model accounted for the exponential rela-
tionship between mepc lifetime and ethanol concentra-
tion. Th2 hypothesis was indirectly supported by ev1-
dence that ethanol inhibits a er n

at 500 mM, the lowest concentration studied (11}, and
the leftward shifting effect on agonist concentration-re-
sponse curves appears not to be a saturable process,
ethanol may be causing some sort of nonspecific mem-
brane effect. However, the situation is complex for we
observed little penurbanon of function by ¢thanol in

Jjunction with a voltage sensitivity opposite to that ob-
served for vertebrates, which the model attributes to
reversal of the gating dipole orientation [26].

It is ini<resting to note that when the data of Gage et

the ab of

Phar

In order of decreasmg sensitivity to ethanol four iunc-

al. [1] is replotted as log,o(mepc decay time

vs. the ethanol concentration, a slope of 1.5 M~! is
obtained. If we calculate log,o(F,) for a low carba-
mylcholine concentration (2 pM) from 10-s agonist-re-
sponse curves using the parameters in Table I and plot
the results against ethanol concentration up to 2.7 M,
the result is a straight line with slope =152 M~! (r=
0.97). Thus, the two sets of data seem to be closely
related, yet our work provides little indication that the
channel closing rate is altered by ethanol, Indeed it is

tions of the acetylchol P were h
i duced fast d PR agc - duced
cauon flux; induced slow d ion, and
l-induced slow d itization. The first two ef-

fects were the result of an i in the app
affinity of the agonist. Although this shift was equal for
the two actions, the effect on fast desensitization, not
previously reported, was greater in itude b it
was accompanied by an mcreasc in the maximum rate.
How large would these effects be at physiological
concentrations? The anesthetic potency of ethanol, un-




like most general anesthetics, falls with decreasing tem-
perature. Extrapolating data for tadpoles [11] to 4°C
yields an anesthetic concentration of approx. 400 mM,
while a value for frogs at 3°C is 330 mM [21]. Adopting
a conservative value of 0.33 M, one may estimate that at
low agonist concentration fast desensitization would be
enhanced at least 6.1-fold, cation flux 4.2-fold and slow
desensitization 1.6-fold. Even at threshold concentra-
tions for inebriation (approx. one tenth the anesthetic
ion), fast d i would be enh d
1.7-fold. At an intact synapse the net result would
clearly depend on the degree of stimulation and its time
course, but effects of this magnitude cannot be ignored
in the etiology of ethanol’s action. Indeed, their overall
itude is not dissimilar from that ly reported
for inhibition of NMDA-activated currents [31], sug-
gesting that the role of central nicotinic receptors should
also be considered.

Furthermore, the mechanism by which ethanol acts
on the nAcChoR may be quite general. For example,
the agonist concentration-response curves for the chlo-
ride flux mediated by the GABA receptor, a receptor
which is homologous with the nAcChoR, is shifted to
the left by ethanol [32]. The latter work also showed
there were muluple efiects of ethanol, for example
d ded. That ethanol exerts a mul-

was
tiplicity of actions on these targets suggests that there
may be several underlying mechanisms at work. Cur-
rently it would be difficult to obtain the same degree of

i in GABA-stimulated chioride flux experi-
menls as can be achieved in cur prep ion. Thus, a
more detailed ination of ethanol’s hani of
action at the nAcChoR may be the most efficient ap-
proach to elucidating the underlying mechanisms at
work in this super-family. Such an approach may even
be pertinent to such alcohol-sensitive channels as that
activated by NMDA, where the inhibitory potency of
alcohols is related to their lipid solubility {31].
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