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SUMMARY

The volatile anesthetics halothane, chloroform, and ether preferentially stabilize the
membrane-bound acetylcholine receptor protein prepared from the marine ray Torpedo

californica in a conformational form which binds agonists with high affinity. Since these
anesthetics do not require the presence of the cationic ligand to facilitate the transition
from the low-affinity state to the high-affinity state, these agents can be considered as
positive heterotropic effectors of the acetylcholine receptor protein. Aliphatic alcohols,
which have well-defined physiological effects at neuromuscular junctions, also stabilize

the high-affinity form of the acetylcholine receptor protein in citro. The effectiveness of
the primary alcohols and the anesthetics in stabilizing the tightly binding form correlates
with their respective membrane/buffer partition coefficients, emphasizing the importance
of these perturbants’ hydrophobicity in altering the structure of this membrane-bound

protein. If the high-affinity form of the receptor protein is the manifestation in vitro of
the desensitized receptor in vivo, this heterotropic effect could explain the depression of

synaptic transmission by volatile anesthetics. By increasing the concentration of desen-
sitized or refractory receptors at crucial central nervous system synapses, volatile anes-.thetics could block depolarization of postsynaptic membranes by neurotransmitters.

INTRODUCTION

Electrophysiological studies have indicated that vola-
tile anesthetics impair synaptic transmission at the ver-
tebrate neuromuscular junction by affecting postsynaptic
membranes ( 1-4). In an effort to understand the bio-
chemical basis of this phenomenon, the effects of volatile
anesthetics on the membrane-bound AcChR1 protein
isolated from the electric organs of Torpedo californica
were examined (5). We found that volatile anesthetics

greatly facilitated a ligand-induced conformational tran-
sition which increases the affinity of the AcChR for
agonists, such as carb by a factor of 100-1000. Because
this high-affinity form of the AcChR is most likely an in

vitro correlate of the desensitized or inactivated state
observed in electrophysiological experiments (5-10), our
results suggested that volatile anesthetics could affect
synaptic transmission either by enhancing the rate of the
ligand-induced conformational change or by stabilizing
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the desensitized form of the AcChR relative to the resting
state of low affinity for agonists (5).

The experiments outlined here have been designed to
determine the relative significance of these two mecha-
nisms. The conformational change has been monitored
by the increased inhibition of the rate of ‘2i-labeled a-

bungarotoxin ([‘25I]a-Bgt) binding to the AcChR by the
agonist carb after pretreatment with carb and/or the
organic perturbant. In the micromolar concentration
range, carb does not affect the binding of [‘2i]a-Bgt to
the resting or initial state of the AcChR. However, when

the AcChR undergoes its conformation transition to the
tightly binding form, the same concentration of carb
effectively blocks [‘251]a-Bgt binding. Therefore the rel-
ative concentration of the tightly binding conformational
state and the loosely binding conformational state of the
AcChR can be readily assessed by studying the kinetics
of toxin binding in the presence of 1 /.LM carb (6-8).

The central observation of this paper is that the vola-
tile anesthetics halothane and chloroform act as hetero-
tropic effectors of the AcChR in its membrane-associated

form and preferentially stabilize the tightly binding con-
formational state of the receptor. This conclusion is
based on the demonstration that pretreatment of mem-
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brane fragments with the anesthetics convert the resting
state AcChR into the tightly binding form in the absence
of agonist. These organic perturbants also enhance the
rate of the ligand-induced conformational change by
decreasing the concentration of agonist required for the
conversion to proceed at 50% of its maximal rate. The
anesthetics do not affect the magnitude of the first-order
rate constant for the conversion. The aliphatic alcohols
1-octanol, 1-butanol, and ethanol also facilitate conver-
sion of the AcChR to the high-affinity state. Correlations
with electrophysiological data indicate that 1-octanol and

1-butanol might also act as positive heterotropic effectors
of the AcChR. The mechanism by which ethanol facili-
tates conversion to the high-affinity state is not certain.

EXPERIMENTAL PROCEDURE

Materials and methods. The following materials were
obtained commercially: carb, phenylmethylsulfonylfluor-
ide, Triton X- 100, and once-recrystallized bovine serum
albumin (Sigma Chemical Company, St. Louis, Mo.);
lactoperoxidase (EC 1.11.1.7) (Calbiochem, San Diego,

Calif.); Na’25I (New England Nuclear Corporation, Bos-
ton, Mass., or Amersham Corporation, Arlington
Heights, Ill.); DEAE-81 filter discs (Whatman Inc., Clif-

ton, N. J.); halothane, containing 0.019k thymol (Halo-
carbon Laboratories, Hackensack, N. J.); analytical grade
chloroform, diethyl ether, and 1-butanol (Mallinckrodt
Inc., St. Louis, Mo.); analytical grade 1-octanol (Baker
Chemical Company, Phillipsburg, N. J.); 100� Gold
Shield ethanol (ICN, Cleveland, Ohio); and Bun garus

multicinctus lyophylized venom (Miami Serpentarium,
Miami, Fla.). Torpedo californica were obtained live
from Pacific Biomarine (Venice, CaliL).

a-Bgt was purified by ion exchange chromatography
(CM-52 (Whatman)) (11) and gel filtration [Sephadex G-
50 fine (Pharmacia Fine Chemicals, Piscataway, N. J.)]

to homogeneity.
The [‘25IJa-Bgt was prepared using lactopel-oxidase

and purified using Sephadex G-50 fine with 0.01 M sodium

phosphate (pH 7.4) and 0.05 M NaCl as the elution buffer.

Batch purification of the toxin with DEAE-cellulose us-
ing this buffer was essential to eliminate background
binding in the DEAE-filter disc method developed by
Schmidt and Raftery (12). Membrane fragments bearing
the AcChR were prepared from T. californica electric

organs that were excised and quick-frozen in liquid nitro-
gen and stored at -60#{176}as previously described (5). The
toxin-binding normalities were determined using unla-
beled a-Bgt as primary standard. Assays to determine
the proportion of AcChR in the low-affinity state in the
presence and absence of perturbants to be described
below were conducted within 2-3 days of preparations of

membrane fragments.
Delivery ofvolatile anesthetics. The volatility and low

aqueous solubility of inhalational anesthetics required a
simple gas flow system (13) to permit the incubation and
assay of membrane fragments under defined conditions.

To produce an atmosphere of the desired volume per-
centage of a volatile anesthetic (Fig. 1), a saturated

gaseous mixture was first generated by passing air
through the liquid anesthetic using a scintered glass tube
at a monitored flow rate. The saturated mixture was then
diluted with air of monitored flow rate to generate an
atmosphere of gas at the desired volume percentage of
anesthetic. The vapor pressure of the anesthetic and the
flow rates of the air permit the volume percentage of

anesthetic in the final flowing gaseous mixture to be
calculated by Eq. 1:

Fraction of anesthetic in saturated solution

fraction of air in saturated solution

= p (1)
1 -p

where p is the vapor pressure of the anesthetic. If air at

flow rate x is passed through the liquid anesthetic, the

FIG. 1. Schematic description of volatile anesthetic delivery system
A saturated vapor of anesthetic was generated by passage of medicinal-grade air (Liquid Carbonics) through liquid anesthetic using a scintered

glass tube. The effluent gaseous mixture was diluted with more medicinal-grade air. Most of the final gaseous mixture was bled to the atmosphere,

but a portion was passed through a small vial of water prior to passage over the membrane solution in a 15-mI scintillation vial. The apparatus

was equipped so that two membrane solutions could be equilibrated with anesthetic vapor simultaneously.
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flow rate of the anesthetic gas ( y) emerging with the air
can be expressed by Eq. 2:

y= � (x) (2)

1 -p

Finally, when the gaseous mixture is then diluted with
air of flow rate z, the volume percentage of anesthetic in
the final flowing mixture is summarized by Eq. 3:

Vol% anesthetic = )‘ x 100 (3)
x+y+z

The effluent gaseous mixture was passed through a small
vial of water prior to passage over the membrane solu-

tions (1 ml of membranes in a 15-ml Beckman scintilla-
tion vial) to prevent evaporation of the membrane solu-
tion. The vapor pressures at 21#{176}for the anesthetics
halothane, chloroform, and diethyl ether were 0.334,
0.21 1, and 0.579 atmos, respectively.

With our experimental protocol, only the loss of anes-
thetic during the short time between equilibration with
gaseous mixture and completion of the assay for toxin
binding was a concern. Since passage of air over anes-
thetic-treated samples for several minutes was required
to reverse the anesthetic effects, the possible loss of
anesthetic during the assay could not be significant.

Kinetic measurement. The association of toxin with

the AcChR can be represented by

A+T-�sAT

where T is the concentration of uncomplexed [‘25I]a-Bgt,

A is the concentration of uncomplexed toxin binding
sites, A T is the concentration of AcChR-toxin complexes,
and k is the bimolecular rate constant for toxin binding.
If toxin is present in excess, its concentration, T0, does
not vary when the initial rates of formation of receptor-
toxin are monitored. As a result, the initial toxin binding
rate, k,,,, defined as kT0, can be determined from Eqs. 5
and 6.

or

ATA-A

Il A0

AT = k(To)(Ao)t = k,,(A0)(t)

I CPM� - CPM,

= t\1 - CP.M�X CP.Mhackgroun(1

where CPM� is the infinity point binding of the toxin to
the filter discs expressed as counts per minute, CPM,

represents the counts bound at time, t, after initiation of
the toxin-binding reaction, and CPMhackgroun(1 �5 the back-
ground binding of the toxin to the filter discs. Four

determinations of A0 - A/A0 were made between 3 and
10 sec of initiation, before 30% of the total reaction was
complete.

For the kinetic runs, membranes (approximately 0.04
�LM in toxin binding sites) were incubated in a closed vial,
under medicinal grade air, under anesthetic or with a
primary alcohol for 30 mm at 21#{176}using a thermostated
water bath. Control experiments indicated that the per-
turbant effects described below developed within 10 mm

of incubation and were stable for at least 60 mm (the
longest time tested). Aliquots (500 gil) of the membrane
solution were added to [‘2�I]a-Bgt (approximately 0.3 /.LM)

and, where appropriate, carb (final concentration 1 jIM).

The membrane solution was always added in approxi-
mately 100-fold volume excess relative to the [‘2’I]a-Bgt
and carb mixture. To measure initial rates of toxin bind-
ing, 100-jil aliquots were withdrawn and the reaction was
quenched by addition to 10 jil of unlabeled a-Bgt (1 mg/
ml or approximate 30-fold molar excess relative to the
[‘25I]a-Bgt) and 2 /11 of 0.1 M carb. Infinity points for
these kinetic runs were determined by incubating mem-
branes and [ ‘25I]a-Bgt for several hours followed by the

addition of quenching reagents. Unless otherwise mdi-
cated, the buffer used for these experiments was corn-
posed of 0.01 M 4-(2-hydroxyethyl)- 1-piperazineethane-

sulfonic acid (pH 7.4), 0.1 M NaCl, 1 mri�i ethylene glycol
bis($-aminoethyl ether)-N,N,N’-N’ tetraacetic acid, and

3 mM NaN;t.

The rate of the affinity conversion induced by carb
was measured by pretreating the membranes with the

agonist for varying times followed by addition to [‘25I]a-
Bgt and assay of the initial rate of toxin binding (6-9).
This conversion is governed by a first-order rate constant
which depends on agonist. At high concentrations of

carb, the larger first-order rate constants were estimated
from analysis of time-course of toxin binding after addi-
tion ofmembranes to carb and [‘25I]a-Bgt (without prein-

(4) cubation) as a parallel first-order reaction (14).

RESULTS

Carb induces a reversible structural transition of
AcChR to a tightly binding form (6-8). This high-affinity

conformer is characterized by the inhibition of the rate
of [‘25I]a-Bgt binding to the AcChR by 1 jIM carb. The
two-state model for the AcChR originally proposed by
Katz and Thesleff (15) to explain desensitization at the
neuromuscular junction has also been used to explain
this in vitro phenomenon. According to this model, the

(5) AcChR exists primarily in the resting or low-affinity form
(R). Incubation of agonist (L) with AcChR leads to the

conversion of the AcCh.R to the desensitized or high-
affinity form of the AcChR (D). K1 is the dissociation
constant for agonist bound to a low-affinity state (RL);
K2 �5 the dissociation constant for agonist binding to a
high-affinity state (DL); and k1 , k1, k2, and k_2 are rate
constants which characterize the reversible transitions.

R+L.. ‘RL

k1 � k1 k2 k2

� K2

D+L.. ‘DL

SCHEME I

The initial rate of toxin binding to the receptor in the

presence and absence of 1 jIM carb can be used to estimate
the fraction of total receptor (Ao) in the R form (i.e.,
R/Ao). The ratio of the initial rate in the presence of
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(10)

ligand, VL, to that in the absence of ligand, VL=o, �5

approximately equal to the fraction of the AcChR in the

low-affinity form

-�-=�- 7
VL=0 A0

if the following conditions are met: (a) carb competitively
inhibits the toxin binding (Fig. 2); (b) K1 >> 1 jIM (Fig.

2A); (c) K2 << 1 jIM (Fig. 2B); and (d) toxin binds to
unligated forms of R and D at identical rates (16). This
latter property has been demonstrated in this laboratory

using the D form of the receptor prepared (a) by incu-
bation with carb, followed by dilution and assay of the

initial rate of toxin binding, or (b) by prolonged storage
of the AcChR at 4#{176}.In the absence of any perturbant,

the values of R/A0 for different AcChR preparations
have ranged from 80% to 96% (e.g, Fig. 5 or Fig. 7),
values similar to those reported in the literature (6-9, 17,
18).

Halothane effects on the AcChR. Incubation of the
membrane-bound AcChR with halothane causes dra-
matic changes in R/A0. For example, membrane frag-
ments incubated with 5% halothane exhibit an R/A0 . of
0.31 (Fig. 3A). Since the total toxin-binding normality of
the AcChR preparations is not altered by halothane
pretreatment and the passage of air over the membranes
does not affect the toxin-binding kinetics (Fig. 3B), the
observations are not an artifact of the delivery procedure.
The alteration produced by the anesthetic is observed
within 10 mm and remains the same after 1 hr of incu-
bation. The effect ofpreincubation of halothane is readily

reversed within 15 mm by passage of air over anesthetic-
treated samples (Fig. 3C). Moreover, if membranes are

1� �

FIG. 2. Competitive inhibition by carb of the rate of [‘251]a-Bgt
binding

A. Competitive inhibition by carb of the rate of [‘251]a-Bgt binding

to the low-affinity state of the membrane-bound AcChR. Membranes

(0.042 tiM In toxin binding sites) were added to the indicated concentra-

tion of carb and [‘9]a-Bgt (0.28 /ZM) followed by determination of the

pseudo-first order rate constant for toxin binding. The data was plotted

according to the equation 1/k = 1/kib + (1/ktb)(L/K2). K, was 61 )�M.

B. Competitive inhibition by carb of the rate of [‘25I}a.Bgt binding

to the high-affinity state of the membrane-bound AcChR. Membranes

(0.031 ILM in toxm binding sites) which had converted to a high-affinity

state upon prolonged storage were pretreated with the indicated con-

centrations of carb for 30 mm followed by addition to 0.21 �M [125I]a�

Bgt and assayed for time course of toxin binding. K1 was 0.02 �tM.

Similar results were obtained using AcChR converted to the high-

affinity state with carb, followed by dilution to a lower carb concentra-

tion and assay for the initial rate of [‘9]a.Bgt binding.

FIG. 3. Conversion of the membrane-bound AcChR to the high-

affinity state by 5% halothane

A. Membranes (0.038 �LM in toxin binding sites) were incubated for

30 mm at 21#{176}under an atmosphere of 5% halothane and added to

[‘2511a-Bgt (0.28 jiM) alone (#{149})or to [‘25I]a-Bgt and 1 �M carb (U), or

membranes were incubated with 1 �M carb prior to addition to [12511a.

Bgt (A) and assayed for the initial rate of toxin binding.

B. Membrane fragments were incubated under a stream of air and

then added to [‘251]a-Bgt in the presence (U) and absence of 1 �tM carb

(#{149}).

C. Membrane fragments were incubated under an atmosphere of 5%

halothane followed by an additional 30 mm of preincubation under a

stream of air. They were then assayed with [‘251]a-Bgt in the presence

of (U) and absence of 1 �M carb (#{149}).

converted to the high-affinity form by carb in the pres-

ence of halothane and then diluted into a buffer contain-
ing only the anesthetic, the membrane fragments regain
the value of R/A0 that characterized them after incuba-
tion with anesthetic alone in the absence of carb. The
observed first-order rate constant for the regeneration of

the low-affinity form is (k1 + k � ) (Scheme I). Its value
is 0.029 sec� and 0.018 sec’ in the presence and absence
of 3% halothane, respectively.

Estimation of R/A0 according to Eq. 5 requires that
the rate of affinity conversion of the AcChR in the
presence of 1 jIM carb be slower than the 3-10 sec required

to measure the initial rate of toxin binding. Previously
we have demonstrated that halothane and chloroform

accelerate the rate of the affinity conversion induced by
0.5 jiM carb. These measurements have been extended to
other agonist concentrations in order to assess the extent

to which the agonist-induced affinity conversion facili-
tated by anesthetics affect our measurements of R/Ao.

An oversimplified kinetic scheme for the agonist-in-

duced conversion which ignores some of the elements of
reversibility of Scheme I (Eq. 7) is summarized in Eq. 8
(Scheme II).

K1 A�

R+L�RL�’DL (8)

The observed first-order rate for the conversion, k, ac-
cording to Scheme II, is given by Eq. 9

k �
k=KL (9)

which can be converted to its double-reciprocal form, Eq.
10.

1 1 fK1\1

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


200

U

5,

-Iac�
l00

% Halothane

_L M�x i�-�
carb

0

C
0

U

$00 -

a

�
50-

A

05-

I .0

Ii$EI4
0.5

00���iI 2 3

502 YOUNG AND SIGMAN

FIG. 4. Kinetics of the carb-dependent affinity conversion in the

presence and absence of3% halothane

First-order rates ( k, values) for the affinity conversion were obtained

at the indicated carb concentrations as discussed in the text after

preincubation of membranes for 30 mm at 21 #{176}in the presence (0) and

absence (#{149})of 3% halothane. The lines drawn are least-squares fits of

the data to Eq. 10.

Although this treatment is incomplete, it provides a
convenient approach to illustrate whether anesthetics
preferentially affect either k0111� or K1 . The data of Fig. 4
demonstrate that 3C/c halothane primarily accelerates the
rate of ligand-induced conversion by decreasing the con-

centration of carb necessary to achieve conversion at 50�
of the maximal rate. The maximal rate is relatively
unaffected, changing from 0.04 to 0.07 sec ‘ in the ab-

sence and presence of 3% halothane, respectively. Quan-
titative treatments, incorporating all possible reversible
steps, have shown that k2 from Scheme I is 0.07 sec’,
using untreated membranes as well as those incubated
with 1% chloroform or 3% halothane (19)! Conversion at
this anesthetic-insensitive limiting rate (t � = 10 sec)
cannot account for the values of R/A shown in Figs. 5
and 6 since the toxin-binding rates used to estimate
R/A0 were calculated from time points obtained as soon
as 3 sec after the addition of carb and toxin to the
AcChR-bearing membranes (cf. Fig. 3A). Therefore, hal-
othane acts as a heterotropic effector and stabilizes the
high-affinity conformer of the AcChR in the absence of
carb.

Additional evidence for the perturbation of receptor
structure by anesthetics in the absence of agonists is
supported by the biphasic toxin kinetics observed in the
absence of agonist after membrane fragments have been
incubated with volatile anesthetics (2).

The ratio R/A of AcChR is maximally sensitive to
halothane in the 3-5% concentration range of the anes-
thetic. The severe concentration dependence is consist-

2 The value for k2 reported here using Ca2�-free buffers is 2-fold

slower than that observed by Quast et al. (9) using membrane prepa-

rations incubated in a buffer containing calcium. However, it is 5- to 6-

fold faster than that observed by Weiland et al. (20) using a Ca2�-free

buffer different from ours. Differences in observed rates for the affinity

conversion therefore reflect factors other than just the presence or

absence of Ca2�.

FIG. 5. Concentration dependence of the conversion of the AcChR

to the high-affinity state by halothane

A. Membranes (0.038 �tM in toxin binding sites) were pretreated with

halothane for 30 mm at 21#{176}.Aliquots were removed and added to [125I1

a-Bgt (0.28 �LM) alone (#{149})or added to [‘25IJa-B�t and 1 �tM carb (U) and

initial rates of toxin binding were assayed. The data are means of three

to six determinations of the initial rates and are expressed as percentage

of the control rate obtained in the absence of halothane. Error bars

indicate standard deviations. Control rates for #{149}and U were 3.57 X

10� 2 sec’ and 3.38 x 10_2 sec’, respectively.

B. The fraction of low-affinity state receptor (1�/Ao) was calculated

as described in the text as a function of halothane concentration.

ent with several molecules of halothane stabilizing the D
form relative to the R form. Volatile anesthetics are not

unique in their ability to stabilize the D form. This
property is also shared by certain local anesthetics (17,
18, 20) as well as calcium ion, which decrease the R/A0
to 0.63 when 1 mM calcium chloride replaces ethylene

glycol bis(fl-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid in the buffer. Calcium ion and halothane must
stabilize the D form at different loci because the effects
of the two agents are synergistic.

Chloroform. Other volatile anesthetics facilitate the
conversion of the AcChR to its high-affinity form. Mem-
brane fragments incubated with chloroform demonstrate

comparable results (Fig. 6). In the concentration range
of 1-3% chloroform, a sharp transition in R/Ao is ob-
served. Chloroform differs in one important respect from
halothane. It inhibits the association rate of a-bungaro-

toxin at concentrations whereby it alters R/Ao (1-3%).
Nevertheless, the reduction of toxin binding by chloro-
form is proportionally much more substantial when as-

% Chloroform

FIG. 6. Concentration dependence of the conversion of the AcChR

to the high-affinity state by chloroform

A. Membranes were pretreated with chloroform for 30 mm at 21#{176}.

Aliquots were removed and added to [‘2511a-Bgt alone (#{149})or added to

[‘2511a-Bgt and 1 jiM carb (U) followed by assay for the initial rate of

toxin binding. Toxin binding site and {1251]a.Bgt concentrations were

0.043 �LM and 0.28 ).LM, respectively. The data are means of three to six

determinations of the initial rate and expressed as percentage of the

control rate obtained in the absence of chloroform. Error bars indicate

standard deviations. Control rates for #{149}and U were 4.52 x 102 sec�

and 4.00 x 102 sec�, respectively.

B. The fraction of low-affinity state receptor (R/A0) was calculated

as a function of chloroform concentration.
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FIG. 7. Conversion ofthe AcChR to the high-affinity state by primary alcohols

A, B, and C. Membranes were pretreated with octanol (A), butanol (B), or ethanol (C) prior to addition of [‘25IJa.Bgt alone (#{149})or to toxin and

1 fLM carb (U) followed by assay for the initial rate of toxin binding. Toxin binding sites and [‘25I]a-Bgt concentrations were 0.050 �tM and 0.42 �LM

(A), 0.046 j�M and 0.28 �zM (B), and 0.042 �zM and 0.28 �LM (C), respectively. The data are means of three to six determinations and are expressed

as percentage of the control rate obtained in the absence of primary alcohols. Error bars show the standard deviations. Control rates for #{149}and

U were 5.24 and 4.28 (A), 3.49 and 2.74 (B), and 3.65 and 3.05 (C) x 102 sec�, respectively.

D, E, and F. The fraction oflow-affinity state receptor (I�/Ao) was calculated from the data in A, B, and C as described in the text as a function

of concentration of added octanol (D), butanol (E), and ethanol (F).

sayed in the presence of carb than in its absence. Calcium
ion also has a synergistic effect with chloroform in the

conversion of the AcChR to the high-affinity form.
The third volatile anesthetic which exhibited an effect

on this affinity conversion of the receptor protein is
diethyl ether. Under an atmosphere of 6% diethyl ether,
substantial conversion of the membrane-bound AcChR
to the high-affinity form was observed.

Aliphatic alcohols. Aliphatic alcohols have well-de-
fined electrophysiological effects at neuromuscular junc-
tions (22-24), and we have examined their effect on the

affinity conversion in vitro of Torpedo AcChR. 1-Octanol
causes a decrease in both the amplitude and time con-

stant of decay of mepcs at the vertebrate neuromuscular
junction (22). We find that incubation of Torpedo mem-
branes with 0.25 m.M-1.0 mM octanol for 15 mm converts
the AcChR to the high-affinity state (Fig. 7A). 1-Butanol
causes a decrease in the amplitude of mepcs but increases
their time constant of decay (23). 1-Butanol (0.025 M-0.1
M) also causes conversion to the high-affinity state (Fig.
7B). The parallel decreases in amplitude of mepcs and
facilitation of conversion to the high-affinity conformer
of the AcChR caused by butanol and octanol is consistent

with the notion that conversion to the high-affinity state

monitors receptor desensitization.
However, this parallel is weakened when comparing

the effect of ethanol on the affinity conversion in vitro
and its effect on the amplitude of mepcs. Although
ethanol prolongs the duration of mepcs, it does not
decrease, and, in fact, causes small increases in their
amplitude (24). Fig. 7C demonstrates that ethanol (0.25
M-1.0 M) facilitates conversion to the high-affinity state,

although this effect is less dramatic than that observed
for octanol and butanol. The explanation for the lack of
correlation between the effect of ethanol on the affinity
conversion in vitro and its (lack of) effect on the ampli-
tude of mepcs is not readily apparent. It is possible that

Torpedo AcChR and AcChR at the neuromuscular junc-
tion differ in their sensitivity to ethanol. Moreover, a
detailed analysis of the kinetics of the carb-induced affin-
ity conversion has not been attempted in the presence of
ethanol. Ethanol might cause an increase in the maximal
rate for the affinity conversion beyond 0.07 sec’. If so,
the initial rate of toxin binding in the presence of 1 jIM

carb and ethanol could be slow because of the rapid carb-
induced conversion to the high-affinity state as opposed
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to conversion by ethanol prior to the addition of carb. It
is noteworthy that ethanol does produce increases in the

rate of agonist-induced desensitization at the neuromus-
cular junction monitored by an electrophysiological assay
(25).

All of the aliphatic alcohols tested produced alterations
in toxin binding in the absence of carb. 1-Octanol caused
small increases in this rate (Fig. 7A), whereas while 1-
butanol and ethanol produced decreases at the same
concentration which affected the affinity conversion (Fig.
7B and C). It is of interest that all agents tested which
inhibit toxin binding in the absence of carb (halothane,
chloroform, ethanol, and butanol) also decreased the rate
of decay of mepcs (2, 23, 24). 1-Octanol does not inhibit
toxin binding in the absence of carb when present at
concentrations up to 2.5 m�i, near its solubiity in water,

and causes an increase in the rate of decay of mepcs (22).
Correlation of kinetic effects with membrane/buffer

partition coefficients. Detergent solubiization of mem-
brane-bound AcChR yields protein with complex ligand

properties suggestive of multiple noninterconverting con-
formational states (26). Membrane-protein interactions
therefore must provide an important conformational con-
straint on the AcCh.R which might be disrupted by the
hydrophobic alcohols and anesthetics utilized here. The
failure of anesthetics to affect any of the toxin binding

properties of the solubiized receptor either in the pres-
ence or absence of antagonist or agonist lends some
support to this view (5). Correlation ofthe concentrations
at which the affinity conversion is facilitated by the
anesthetics and alcohols with their membrane/buffer

partition coefficients provides additional evidence for the

importance of hydrophobicity in the action of these
perturbants on the conformation of the AcChR.

The membrane/buffer partition coefficients for
ethanol, butanol, octanol, chloroform, and halothane are
0.14, 1.5, 152, 18.7, and 12.9, respectively (27). Aqueous
concentrations of the volatile anesthetics were estimated
from literature values for buffer/gas partition coefficients
in the same saline buffer (27). The values are 6.8 and 1.5
for chloroform and halothane, respectively. The aqueous
concentration can be calculated from the volume per-
centage of anesthetic in the gas phase by the following

expression which considers the anesthetic-air mixture as

an ideal gas:

Molarity in aqueous phase =

vol % in gas phase . .

22 4 � buffer/gas partition coefficient

The values of aqueous concentration are 5.8 nmi and 2.7

mM for chloroform and halothane. Inspection of Fig. 8
reveals that, with the exception of halothane, the concen-
tration of perturbant required for half-conversion corre-

lates very well with the membrane/buffer partition coef-
ficient. The line drawn is a least-squares fit of the alcohol
data. This good correlation is consistent with the primary
alcohols and chloroform affecting the conversion by a
hydrophobic effect.

DISCUSSION

The volatile anesthetics chloroform and halothane are

positive heterotropic allosteric effectors of the AcCh.R.

log [Membrane/Buffer Partition Coefficient]+ I

FIG. 8. Correlation between concentration ofperturbant required

to convert the AcChR to the high.affinity state with membrane/buffer

partition coefficients

The log of the perturbant concentration in the aqueous phase which

diminishes �/Ao to one-half of its control value is plotted against the

log of the membrane/buffer partition coefficient for ethanol, butanol,

octanol, chloroform, and halothane. The line drawn is a least-squares

fit of the primary alcohol data. Perturbant concentrations were ob-

tamed from Figs. 5-8, and membrane/buffer partition coefficients were

obtained as described in the text.

They stabilize the high-affinity state of the protein at the

expense of the low-affinity form in the absence of agonist.
Although these perturbants also enhance the rate of the
ligand-induced conversion to the high-affinity form, they
achieve this by decreasing the concentration of carb
required for maximal conversion without altering the
magnitude of the first-order rate constant. This rate is
sufficiently slow so that ligand-induced conversion can-
not account for the low values of R/Ao observed when
receptor is preincubated with anesthetic and assayed in

the presence of 1 jIM carb. The aliphatic alcohols 1-
octanol, 1-butanol, and 1-ethanol also affect the affinity
conversion of the AcChR. Correlations with electrophys-
iological data suggest that octanol and butanol are acting

as positive heterotropic effectors, whereas the mecha-
nism by which ethanol affects the affinity conversion is
not certain. It should be pointed out that Cohen and co-
workers (18) have reported that 2-propanol facilitates
conversion of Torpedo AcChR to the high-affinity state.

The allosteric model for volatile anesthetic action of
the membrane-bound AcChR from Torpedo is similar to
that proposed for the action of local anesthetics on this
protein (17, 18, 20). Although the allosteric effects of the
local anesthetics may arise from binding to an ion chan-
nel of the AcChR (17, 18), a comparable locus for volatile

anesthetics on any of the subunits of the AcChR may
not exist. Instead, it is possible that the allosteric effects

could arise from perturbations at the protein-lipid inter-
face resulting in the relaxation of essential conforma-
tional constraints.

If the high-affinity state of the AcChR is responsible
for the desensitized postsynaptic membrane, this heter-
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otropic effect by volatile anesthetics could account for
their ability to block synaptic transmission at neuromus-
cular junctions (1-4). The concentration dependence of
the anesthetic effects will be a function of the fraction of
activated receptors at the synapse required to produce
an action potential and the concentration of effectors
(e.g., calcium ion and membrane potential) which may
alter k_1 1k1 (Scheme I). Since glutamate (28-30) and
some y-aminobutyric acid receptors (31) are susceptible
to densensitization, it will be interesting to see whether
they respond to volatile anesthetics in a manner parallel
to that of the AcChR of Torpedo electroplax. If crucial
central nervous system receptors exhibit volatile anes-
thetic-sensitive desensitization, the phenomena reported
here may serve as a biochemical and structural model for
anesthesia.
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