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1 We have studied the e�ects of acute ethanol (EtOH) exposure on the agonist responses of rat
neuronal nicotinic receptors expressed in Xenopus oocytes by means of voltage clamp techniques.

2 In some cells, agonist-induced current responses with the a3b4 subunit combination could be either
signi®cantly potentiated or inhibited (range 25% to 237% of control response) by low ethanol
concentrations (1 ± 30 mM). At high ethanol concentrations (100 ± 300 mM) robust potentiations were
observed (range 135% to 305% of control).

3 The low EtOH concentration e�ects on the a3b4 subtype exhibited tolerance with repeated EtOH
exposure.

4 In general, the a3b2, a4 ± 1b2 and a4 ± 1b4 subunit combinations were less sensitive to low
concentrations of ethanol, but respectively showed potentiations of up to 178%, 226% and 154% at high
EtOH concentrations.

5 The a7 homomeric receptor was also relatively insensitive at low EtOH concentrations. At high
EtOH concentrations, potentiations, inhibitions or no alteration of control agonist response were
observed (range 88% to 141% of control).

6 We conclude that all the neuronal nicotinic receptor subunit combinations tested here can be
modulated by high concentrations of EtOH in a rapidly reversible manner. This modulation may underlie
some of the behavioural e�ects of ethanol. The a3b4 subunit combination may be especially sensitive to
modulation by low EtOH concentrations. This remarkable sensitivity and plasticity of nicotinic receptors
may contribute to a process of mutual reinforcement in nicotine and alcohol addiction.
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Introduction

There is a strong correlation between the excessive consump-
tion of both alcohol and nicotine (Kozlowski et al., 1993).
This correlation is also seen in animal studies of ethanol-ni-
cotine interactions at both behavioural (Dar et al., 1993;
Blomqvist et al., 1996) and genetic levels (De Fiebre & Collins,
1992; Blomqvist et al., 1996). Nicotinic receptors are also
thought to be involved in ethanol-induced dopamine release in
the limbic forebrain (Blomqvist et al., 1993). The question
therefore arises as to whether there might be direct actions of
alcohol on neuronal nicotinic acetylcholine receptor subtypes
which underlie the synergism between alcohol and nicotine
addiction.

Alcohol is known to potentiate the activity of muscle ni-
cotinic acetylcholine receptors (AChRs) (Arcava et al., 1991),
and is also able to modulate the activity of a variety of other
neuronal receptor subtypes (Samson & Harris, 1992, review; Li
et al., 1993). Also, acutely applied alcohol has recently been
shown to inhibit the chick a7 neuronal nicotinic receptor in a
non-competitive mechanism involving the amino-terminal
domain of the receptor (Yu et al., 1996). In other receptors,
some aspects of its mechanism of action have been elucidated.
For example the ethanol-induced enhancement of the activity
of recombinant g-aminobutyric acid (GABA)A receptors re-
quires the presence of the g2L subunit (Wa�ord et al., 1991),
and is thought to be partly mediated by protein kinase C
(Wa�ord & Whiting, 1992; Lin et al., 1994). This e�ect may
also occur in hippocampal neurones in the brain (Weiner et al.,
1994). Protein kinase C also mediates one of the pathways
through which alcohol inhibits the kainate responses of glu-
tamate receptors (Dildy-May®eld & Harris, 1995), although
there is also evidence of an additional adenosine 3' : 5'-cyclic
monophosphate (cyclic AMP) independent mechanism. How-
ever, despite years of intensive e�ort, there is still considerable

debate about how alcohol exerts its e�ects on receptors. For
example, perturbation of the ¯uidity of annular lipids or a
discrete hydrophobic pocket within the receptor are also me-
chanisms that have been proposed (Franks & Lieb, 1994, re-
view). Ethanol can also alter the activity of phospholipase D
(Pai et al., 1988). It therefore seems probable that alcohol has
more than one mechanism through which it exerts its e�ects.

In order to characterize these e�ects, we have examined the
action of alcohol on the agonist responses of several neuronal
nicotinic AChR subtypes functionally expressed in Xenopus
oocytes. Some of this work has been published previously in
abstract form (Covernton & Connolly, 1995; 1997; Covernton
et al., 1995).

Methods

Functional expression in Xenopus oocytes

Defolliculated oocytes were prepared for injection as described
previously (Boulter et al., 1987). Diguanosine-triphosphate
capped RNA was transcribed in vitro from the corresponding
DNA template. Up to 20 ng of RNA or 3 ± 5 ng of DNA
encoding subunits of nicotinic AChRs were injected into the
oocytes in a ratio of approximately 1 : 1.5 (a : b). Injection was
into the oocyte cytoplasm (RNA) or nucleus (cDNA). Rat
subunit cDNAs under the control of the SV40 early promoter
in the Flip vector (Bertrand et al., 1992) were kindly provided
by Dr Robert Duvoisin (Dyson Vision Research Institute,
Cornell University, New York). The other subunits were
provided by Prof S. Heinemann, Dr J. Boulter and Dr D.
Johnson (Salk Institute, U.S.A.). The pGEM HE vector (Li-
man et al., 1992), into which the rat a7 subunit was subcloned,
was originally provided by Dr Emily Liman (Harvard,
U.S.A.). The subunit combinations a3b2, a3b4, a4 ± 1b2, a4 ±
1b4 and a7 were investigated.1Author for correspondence.
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Electrophysiological recording

Two electrode voltage clamp recordings (VH=60 mV) were
obtained by means of an Axon Geneclamp 500, and nicotinic
agonist-induced current responses recorded in the presence and
absence of a variety of concentrations of ethanol (Spectrosol,
Sigma). Responses were recorded directly onto a chart recor-
der (Gould EasyGraph). Electrodes were pulled from borosi-
licate glass (GC150-TF, Clark Electromedical) by a Flaming
Brown micropipette puller (Sutter Instrument Co.), and bro-
ken back to the required resistance (RI=0.5 ± 1 MO, RV=2±
5 MO). Pipette solutions had the following composition: cur-
rent pipette, CsF 0.25 M, CsCl 0.25 M, EGTA 100 mM,
pH 7.2; voltage pipette, 3 M KCl. All external recording so-
lutions, both control and those to which drugs had been added,
contained in (mM) NaCl 115, BaCl2 1.8, KCl 2.5, HEPES 10
(pH 7.2) and atropine 1 mM to block endogenous muscarinic
currents. Ba2+ replaced Ca2+ in the external medium in order
to minimize the endogenous Ca2+-activated Cl7 conductance,
which manifests itself as a transient net inward current at
VH=60 mV. This substitution was made in case a possible
e�ect of ethanol on the Ca2+-activated Cl7 conductance might
be misinterpreted as a direct e�ect on nicotinic AChRs. A
gravity-driven manual switching system allowed either drug or
control solution to be rapidly perfused (25 ml min71) through
an e�ective bath of volume 0.3 ml. All reagents were obtained
from Sigma-Aldrich Chemical Company.

Drug application protocol and data analysis for EtOH
modulation

Initially, reproducible current responses were obtained to the
standard agonist concentration. All drug applications were
made at 5 min intervals. For all the subtypes tested, agonist
responses in Ba2+ often exhibited a gradual `run-up' or `run-
down' depending on the oocyte. Oocytes which could not
reach a reproducible control response (i.e. within 10% of the
previous response) were not used for analysis. After a repro-
ducible control agonist response was obtained, the same con-
centration of agonist was co-applied with alcohol. Following
this a recovery control response was obtained. Data were not
used from the cells where the immediate recovery response was
not within 20% of the previous control value.

Agonist concentrations routinely used were in the range 1 ±
30 mM. If very high concentrations of agonist were used with
short application intervals, the test and recovery responses
could be badly a�ected by desensitization. If the interval be-
tween applications was made long enough for recovery from
high agonist concentrations, then run down of the response
could also jeopardize estimation of the degree of modulation
(data not shown). Therefore, in order to obtain the most re-
liable estimation of the degree of modulation of the agonist
response by ethanol, we used low mM concentrations of agonist
combined with short time intervals between drug applications.

As discussed below, there was evidence of the development
of tolerance of the agonist response to modulation by ethanol.
Therefore, only the `®rst-exposure' co-applications of agonist
and ethanol were used to construct concentration-response
relationships.

Results

Subtype comparison of the e�ects of ethanol

As mentioned above, due to problems of desensitization and
run-down, it was decided to make comparisons at 1 ± 10 mM
ACh for the heteromeric subtypes. This is approximately equal
to a level of 4EC25 for all the subtypes if their concentration-
response curves are ®t with a single component (data not
shown), and is low enough to allow adequate recovery from
desensitization between agonist applications. For the homo-
meric a7 receptor, nicotine (10 ± 30 mM) was used in preference

to ACh due to the relatively low potency of the latter agonist.
This was also equivalent to a value of 4EC25. Some results
from early experiments on the a3b4 combination with 10 mM
nicotine have also been included in the ethanol concentration ±
% control plots in Figure 6a, but these have been identi®ed by
open symbols.

Modulatory actions of ethanol at low concentrations on
responses of the a3b4 subunit combination

For the a3b4 combination, low concentrations of ethanol (1 ±
30 mM) were found to have di�erent e�ects in di�erent oo-
cytes. In some cases, ethanol potentiated the response of the
a3b4 combination to nicotinic agonists. In some others, the
agonist response was inhibited by ethanol. Figure 1 shows
examples of inward current responses from 4 di�erent oo-
cytes revealing both potentiation and inhibition of a3b4 re-
sponses at remarkably low concentrations of EtOH (1 ±
3 mM). In the top trace 1 mM EtOH potentiated the response
to 3 mM ACh to 136% of the control value. In the second
trace 1 mM EtOH inhibited the response to 10 mM ACh to
85% of control. In the third trace 3 mM EtOH potentiated
the response to 3 mM ACh to 148% of control. In the bottom
trace 3 mM EtOH inhibited the response to 1 mM ACh to
68% of control. Despite the problem of tolerance (see Figure
5), these e�ects were qualitatively reproducible within a given
oocyte. For example, in one oocyte, three consecutive appli-
cations of 1 mM ethanol+10 mM acetylcholine were made.
The average (+s.e.) of the three responses in the presence of
ethanol was 148+2.08 nA. This was signi®cantly greater
(P50.005, Student's t test) than the average of the control
current responses (103.3+1.5 nA). When the same concen-

a

b

c

d

ACh 3 µM ACh 3 µM+EtOH 1 mM ACh 3 µM

100 nA
60 s

ACh 10 µM ACh 10 µM+EtOH 1 mM ACh 10 µM

100 nA
60 s

ACh 3 µM ACh 3 µM+EtOH 3mM ACh 3 µM

200 nA

60 s

ACh 1 µM ACh 1 µM+EtOH 1 mM ACh 1 µM

100 nA

60 s

Figure 1 Low concentrations of ethanol both potentiated and
inhibited the response of the a3b4 combination to nicotinic agonists.
Inward current responses from 4 separate oocytes showing both
potentiation and inhibition of a3b4 responses at low concentrations
of EtOH (1 ± 3 mM) are presented. In (a), 1 mM EtOH potentiated
the response to 3 mM ACh to 136% of the control value. In (b), 1 mM

EtOH inhibited the response to 10 mM ACh to 85% of control. In (c),
3 mM EtOH potentiated the response to 3 mM ACh to 148% of
control. In (d), 3 mM EtOH inhibited the response to 1 mM ACh to
68% of control. No discernible currents were observed when EtOH
was applied alone at concentrations of less than 100 mM.
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trations of ethanol and acetylcholine were repeatedly applied
to a di�erent oocyte, consistent inhibitions were seen. In this
case, the 3 responses in ethanol averaged only 346+2.6 nA,
signi®cantly lower (P50.05) than the control response of
397.5+10.8 nA.

The fact that strong modulatory e�ects were only observed
in some oocytes could cause them to be overlooked. With
1 mM EtOH, 3 out of 8 oocytes showed e�ects which exceeded
a 15% potentiation or inhibition of the control response, and
for 3 mM EtOH there were only 2 out of 9 oocytes. Therefore,
to obtain an average of the agonist responses in the presence of
ethanol from all the oocytes tested, the data from potentiated,
inhibited and una�ected cells were combined together. Un-
surprisingly, this population mean was not signi®cantly dif-
ferent from the average control result. However, as shown
above, this population result concealed the fact that agonist
responses within individual oocytes could be signi®cantly al-
tered by low concentrations of ethanol. The mean inward
current (+s.e.mean) obtained for a3b4 with 3 mM ACh was
388.3+40.8 nA (n=16), and no discernible currents were ob-
served when EtOH was applied alone at concentrations equal
to or less than 30 mM (n=22).

Figure 2 shows inward current responses from 2 di�erent
oocytes revealing the extremes of potentiation and inhibition
of a3b4 responses that were sometimes observed at the same
ethanol concentration (in this case 30 mM ethanol). In the top
trace 30 mM EtOH potentiated the response to 1 mM ACh to
237% of the control value. In the bottom trace 30 mM EtOH
inhibited the response to 10 mM nicotine to 25% of control.
Thus, both nicotine and ACh can modulate the activity of the
a3b4 combination. Therefore, the e�ects we observed are in-
dependent of the agonist used.

E�ects of high ethanol concentrations on a3b4

At the upper end of the range (100 ± 300 mM EtOH), robust
potentiation of the agonist-induced current was observed on
every occasion. An example of this is shown in Figure 3, where
300 mM EtOH potentiated the response to 1 mM ACh to 305%
of the control value. At ethanol concentrations less than
100 mM, ethanol alone had no e�ect on membrane current in
the absence of agonist. However in Figure 3, 300 mM EtOH
alone caused a very small outward current. Such currents were
often observed at EtOH concentrations of 100 and 300 mM,
and were also seen in uninjected oocytes. The mean ®rst ex-

posure value in all oocytes of current produced by 300 mM

ethanol alone was 5.4+0.9 nA (n=7). This outward current
would tend to diminish fractionally the measured inward
current generated by application of agonist plus ethanol to the
oocyte. Since the largest current ever observed for alcohol
alone was less than 3.5% of the smallest current response to
agonist+alcohol for a3b4, the agonist+alcohol values were
not adjusted for a possible contribution to the current by
ethanol alone. Similarly, the agonist+alcohol responses of the
other combinations were not adjusted. Figure 3 also shows the
e�ect of a repeated co-application with 300 mM EtOH on the
same oocyte exhibiting a similar level of potentiation.

Both potentiation and inhibition can occur in the same
cell

Figure 4 shows an example of a3b4 receptor agonist-induced
responses exhibiting both inhibition and potentiation by dif-
ferent concentrations of EtOH in the same oocyte. The traces
run sequentially from top to bottom. At 3 mM EtOH the re-
sponse to 1 mM ACh was inhibited to 68% of the control value
(®rst exposure to EtOH). At 30 mM EtOH the response to
1 mM ACh was inhibited to 67% of the control value. How-
ever, at 300 mM EtOH the response to 1 mM ACh was poten-
tiated to 172% of the control value.

Development of tolerance

Tolerance was de®ned as a decrease in the degree of ethanol
modulation of an unchanging control response following re-
peated applications of ethanol. An example of this is shown in
Figure 5. The ®rst two a3b4 responses are the ®rst and second
exposure of the oocyte to agonist+ethanol (1 mM in this case)
and are potentiated to a similar level (145% of control). The
third trace shows the e�ect of a 1 mM EtOH co-application
later on in the same recording after several higher EtOH
concentrations (up to 100 mM) had been applied. The poten-
tiating e�ect of the 1 mM EtOH had been abolished. This
tolerance was not observed in every cell, but it invalidated a
protocol of carrying out agonist concentration-response curves
in the presence of ethanol. Nor was it valid at a given agonist

a

b

ACh 1 µM ACh 1 µM+EtOH 30 mM ACh 1µM

50 nA

60 s

Nicotine 10 µM Nicotine 10 µM+EtOH 30 mM

200 nA

60 s

Nicotine 10 µM

Figure 2 In di�erent oocytes expressing the a3b4 combination, a
large potentiation or inhibition was observed at the same ethanol
concentration. In (a), 30 mM EtOH potentiated the response to 1 mM
ACh to 237% of the control value. In (b), in a di�erent oocyte,
30 mM EtOH inhibited the response to 10 mM nicotine to 25% of
control. These e�ects were not dependent on the type of nicotinic
agonist used.

a

b

ACh 1 µM ACh 1 µM+EtOH 300 mM ACh 1 µM

EtOH 300 mM ACh 1 µMACh 1 µM

ACh 1 µMACh 1 µM ACh 1 µM+EtOH 300 mM

100 nA

60 s

c

Figure 3 A continuous trace showing the reproducibility of robust
potentiations produced by the co-application of concentrations of
alcohol to the a3b4 combination. In (a), the response to acetylcholine
was potentiated to 305% of the control value by 300 mM ethanol.
However, in (b) 300 mM ethanol alone only resulted in a small
outward current. (c) Shows a repeated co-application on this cell.
This again resulted in potentiation to 305%.
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concentration, to compare e�ects seen with the ®rst exposure
to ethanol with subsequent e�ects in individual oocytes. To
overcome these problems, we adopted the `®rst exposure' ap-
proach (see Methods) when seeking to compare the actions of
ethanol on di�erent receptor subtypes.

E�ects of entire clinically relevant range of ethanol
concentrations on a3b4 responses

Figure 6a shows a scatter plot of all the `®rst exposure' re-
sponses of a3b4 receptors in the presence of EtOH. The
magnitude of the responses is expressed as a % of the control
response. The control response was de®ned as the average of
the responses to agonist alone immediately before and after the
®rst agonist co-application with ethanol. Superimposed on this
scatter plot are the points representing the means of the re-
sponses in the presence of a particular concentration of etha-
nol. Each data point represents a single oocyte, and each
concentration represents responses from at least 3 di�erent
batches of oocytes. Note the large scatter of data points at the
low EtOH concentrations (5100 mM) re¯ecting the reprodu-
cible potentiations and inhibitions seen in some oocytes as well
as the less a�ected responses found in others. The overall mean
is therefore close to 100%. The variability of modulation by
low concentrations of ethanol was not dependent on the batch
of oocytes or preparation of RNA from which the responses
were obtained, but seemed to be associated with individual
oocyte variation within a batch. However, at EtOH concen-
trations of 100 mM and above only large potentiations were
observed. At 100 mM EtOH the mean averaged response to
ACh was increased to 146.2+4.15% (range=135.7 ± 161.0%)
of the control value (n=5, P50.0005), and at 300 mM EtOH
the mean averaged response to ACh was increased to
249.8+16.5% (range=206.5 ± 305.1%) of the control value
(n=5, P50.001).

Actions of ethanol on a4 ± 1b4 receptors

The mean inward current obtained for a4 ± 1b4 with 1 mM ACh
was 1227.1+154.7 nA (n=17). Figure 6d shows the e�ects of

ethanol on a4 ± 1b4 responses. It displays a scatter plot with
superimposed mean data plot showing the e�ect of all `®rst
exposure' agonist-EtOH co-applications relative to control
(100%) for the a4 ± 1b4 subunit combination. Note also that
the average potentiations at EtOH concentrations of 100 mM

and above were signi®cantly (P50.05) lower than those ob-
tained with the a3b4 subunit combination (see Table 1). Each
data point represents an individual oocyte (data from a total of
40 oocytes were used for this plot).

Figure 7a shows typical inward current responses obtained
from a Xenopus oocyte injected with the a4 ± 1b4 subunit
combination, showing potentiation of the response to 10 mM
ACh when co-applied with 300 mM EtOH. The potentiation in
this example is only 143% of the control value, which is close
to the mean value of 143.3+2.94% (n=6).

a4 ± 1b2 receptors

Figure 6b shows the e�ects of clinically relevant concentrations
of ethanol on a4 ± 1b2 responses. The mean inward current
obtained for a4 ± 1b2 with 10 mM ACh was 349.5+50.0 nA
(n=27). Like the combination a4 ± 1b4 there appears to be
little e�ect of EtOH at concentrations less than 100 mM, but
potentiations were observed at this concentration and above.
Agonist-induced current responses for the a4 ± 1b2 subtype
were increased to 113.3+3.71% (P50.05, Student's t test,
n=5, range: 108.1 ± 127.9%) of the control value by 100 mM

EtOH, and increased to 188.9+14.1% (P50.005, n=5, range:
143.3 ± 225.6%) by 300 mM EtOH. The potentiation at
300 mM EtOH was signi®cantly lower than that of the a3b4
combination (P50.05), but also signi®cantly higher than that
of the a4 ± 1b4 combination (P50.05). Each data point re-

a

b

ACh 1 µM ACh 1 µM+EtOH 3 mM ACh 1 µM

EtOH 300 mM

ACh 1 µMACh 1 µM

ACh 1 µMACh 1 µM ACh 1 µM+EtOH 300 mM

100 nA

60 s

c

ACh 1 µM+EtOH 30 mM

ACh 1 µM ACh 1 µM

d

Figure 4 Example of a3b4 receptor agonist-induced responses
exhibiting both inhibition and potentiation by di�erent concentra-
tions of EtOH in the same oocyte. The traces run sequentially from
top to bottom. At 3 mM EtOH the response to 1 mM ACh was
inhibited to 68% of the control value. At 30 mM EtOH the response
to 1 mM ACh was inhibited to 67% of the control value. However, at
300 mM EtOH the response to 1 mM ACh was potentiated to 172%
of the control value.

a

b

ACh 10 µM ACh 10 µM+EtOH 1 mM ACh 10 µM

ACh 10 µMACh 10 µM

ACh 10 µMACh 10 µM ACh 10 µM+EtOH 1 mM

100 nA

60 s

c

ACh 10 µM+EtOH 1 mM

Figure 5 Repeated exposure to low concentrations of ethanol led to
the development of tolerance in some cells. In this example the a3b4
responses are all from the same oocyte and run sequentially from top
to bottom. In (a), the ®rst co-application of 10 mM ACh and 1 mM

EtOH to this cell revealed a potentiation to 145% of the control
agonist response. This was followed by a second co-application, (b)
in which approximately the same level of potentiation was seen.
Following these two co-applications, several higher concentrations of
EtOH (up to 100 mM) were applied. Although the magnitude of the
control response remained stable throughout, (c) shows that after
these high EtOH concentrations the potentiating e�ect of 1 mM

EtOH was no longer evident. Thus tolerance to the potentiating e�ect
of ethanol had occurred.
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presents an individual oocyte (a total of 34 oocytes for this
plot).

a3b2 receptors

Figure 6e shows the e�ects of ethanol on a3b2 responses. The
mean inward current obtained for a3b2 with 10 mM ACh was
91.1+8.7 nA (n=35). Like the combination a3b2 there ap-
peared to be little e�ect of EtOH at concentrations less than
100 mM, and potentiations were observed at this concentration
and above. However, a single inhibition (to 87% of control)
was observed at 100 mM EtOH. Agonist-induced current re-
sponses for the a3b2 subtype were increased to 116.2+6.3%
(P=0.05, Student's t test, n=6, range: 86.7 ± 126.2%) of the
control value by 100 mM EtOH, and increased to 161.0+7.6%
(P50.002, n=5, range: 136.8 ± 177.6%) by 300 mM EtOH.
Each data point represents an individual oocyte (a total of 35
oocytes for this plot).

Ethanol e�ects on homomeric a7 receptors

Like the a3b2, a4 ± 1b2 and a4 ± 1b4 combinations, the a7
homomer was not strongly modulated at low concentrations of
ethanol (1 ± 30 mM) under these conditions (Figure 6c). At
concentrations above 30 mM the e�ects were more varied than
the heteromeric combinations, with some oocytes exhibiting
potentiations, some small inhibitions and others apparently
not a�ected. With 100 mM EtOH the mean response was
115.5+7.31% (n=6, range: 98.9 ± 141.6%), and with 300 mM

EtOH the mean response was 107.6+6.7% (n=6, range:
88.4 ± 130.7%). An example of potentiation with 300 mM

EtOH is shown in Figure 7b. The mean inward current ob-
tained for a7 with 10 mM nicotine was 188.6+22.4 nA (n=36).

The e�ects of high concentrations of ethanol on all the
subunit combinations are summarized in Table 1.

Rare e�ects of ethanol on nicotinic receptors

As discussed above, to avoid problems with tolerance, we
adopted a `®rst-exposure' protocol. However, during early
studies with repeated ethanol exposure some rare e�ects were
observed for the a3b4 combination. In one case there was a
cumulative inhibition from 3 ± 100 mM EtOH. In another,
robust potentiations were observed at 3 ± 30 mM EtOH but the
extent was inversely proportional to the concentration. In a
third example a robust inhibition was observed with 30 mM

EtOH, but over a prolonged period, the control response ex-
hibited marked `run-down' and the EtOH switched to poten-
tiation relative to control. Also, as shown in Figure 6e, we
observed a `®rst exposure' example of inhibition of a3b2 at
100 mM ethanol. In a preliminary experiment, a4b4 responses
were inhibited by ethanol in a single oocyte. These rare events
suggest that there can be occasional oocytes in which excep-
tional behaviour occurs.

However, with the more consistent, `®rst exposure' Ca2+

free conditions employed here, four di�erent phenomena be-
come apparent: (i) variable potentiation at lower ethanol
concentrations, (ii) variable inhibition at lower ethanol con-
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Figure 6 Scatter plots of individual cell responses to `®rst shot' agonist-ethanol (EtOH) co-applications. Acetylcholine was the agonist
for the paired subunit combinations (except for the indicated points on the a3b4 plot) and nicotine was the agonist for the homomeric
a7 receptor. Each data point represents a single oocyte, and each concentration represents responses from at least 3 di�erent batches of
oocytes. At each ethanol concentration point, the minimum number of oocytes was 6 for concentrations less than 100 mM, and a
minimum of 5 observations for concentrations of 100 mM and 300 mM. Superimposed on this data are symbols indicating the mean
response to agonist-ethanol applications at a particular concentration (mean response). The data points are expressed as a % of the
control agonist alone responses. The control value (100%) is indicated by a dotted line on the plot. Note that in these experiments,
apart from the a3b4 combination, EtOH had relatively little e�ect on the agonist responses when applied at concentrations of less than
30 mM. The largest potentiations at EtOH concentrations greater than 30 mM were also seen with the a3b4 subunit combination.
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centrations, (iii) the development of tolerance, and (iv) a
consistent potentiation at the highest ethanol concentrations.

Discussion

Modulation of neuronal nicotinic AChRs by ethanol

The data presented here suggest that di�erent neuronal nico-
tinic receptor subtypes can di�er in their characteristics of
modulation by physiologically encountered concentrations of
ethanol. Under the conditions employed in these experiments,
the di�erent subtypes appeared to fall into three categories: (i)
a3b4-type e�ects are characterized by the presence of both
potentiation and inhibition at low ethanol concentrations in
some cells, and robust potentiation at high ethanol concen-
trations; (ii) generally a3b2, a4 ± 1b2 and a4 ± 1b4 receptors are
less sensitive at low concentrations, but show potentiation at
high EtOH concentrations; (iii) a7-type receptors are relatively
insensitive at low EtOH concentrations, but show both po-
tentiation and inhibition at high EtOH concentrations. How-
ever, this characterization may be somewhat arbitrary. The
low concentration e�ects observed with a3b4 were relatively
rare events. Therefore, it is possible that under other condi-
tions, such as in the presence of Ca2+ (Dildy-May®eld &
Harris, 1995), the other subtypes may show greater sensitivity
than they have in this particular set of experiments.

In contrast to the variability of the e�ects of low ethanol
concentrations, potentiation of responses at high ethanol
concentrations was nearly always seen. However, Figure 5 and
Table 1 demonstrate that the average magnitude of the po-
tentiation produced by 300 mM ethanol was di�erent for dif-
ferent combinations. The order of decreasing sensitivity to
ethanol was a3b44a4b24a3b24a4b44a7. The responsive-
ness of the a3b4 combination was considerably greater than
that of any other. This cannot be attributed to the presence of
an independent site on the b4 subunit, since the a4b4 combi-
nation showed the least tendency to potentiation of any of the
heteromeric combinations. Nor can it be attributed solely to
the presence of the a3 subunit, as the a3b2 combination
showed less potentiation than the a4b2 combination. It would
seem that both a3 and b4 subunits are required. Perhaps both
subunits contribute juxtaposed domains which together form a
binding site for alcohol. In other combinations, the domains
may be less well aligned and the synergism would not occur.

Studies on the responses of nicotinic AChRs in ganglia,
which also express a3 and b4 subunits, show that the activity of
the receptors can be both upregulated and downregulated
(Valenta et al., 1993; Gurantz et al., 1994). We also see this
with a3b4 receptors expressed from cDNAs in oocytes. The
variability of the degree of modulation of a3b4 responses by
low concentrations of ethanol has several interesting implica-
tions. If ethanol worked simply by acting on a hydrophobic
pocket in the protein or on the annular lipid to disrupt protein
structure, then we would perhaps expect more consistency in
the degree and direction of current modulation. The incon-
sistency at low concentrations tends to argue against a simple
change in membrane ¯uidity as the sole mechanism. Also,
studies on the Torpedo receptor in lipid vesicles suggest that the
lipid-protein interface, at least deep in the bilayer, is quite in-
sensitive to the presence of ethanol up to 0.9 M (Abadji et al.,
1994). One possibility is that the rapid potentiation and inhi-
bition of nicotinic responses at low concentrations of ethanol
may be mediated by intracellular signalling pathways. This
may involve intimate association of the receptor with a regu-
latory protein, such as occurs between the N-methyl-D-aspar-
tate (NMDA) receptor and protein tyrosine kinase Src (Yu et
al., 1997).

The a3 and b4 subunits are not just restricted to ganglia, but
are also found throughout the brain (Dinely-Miller & Patrick,
1992). a3 and b4 subunits also occur together in receptors in
the mammalian nervous system (Flores et al., 1996). In oo-
cytes, this combination is characterized by a long open time
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ACh 10 µM ACh 10 µM+EtOH 300 mM ACh 10 µM

ACh 10 µMACh 10 µM

Nicotine 10 µMNicotine 10 µM

Nicotine 10 µM+

EtOH 300 mM

200 nA

60 s

ii

EtOH 300 mM

250 nA
60 s

ii

Nicotine 10 µM EtOH 300 mM Nicotine 10 µM

Figure 7 (a,i) Typical inward current responses obtained from a
Xenopus oocyte injected with the a4 ± 1b4 subunit combination,
showing potentiation of the response to 10 mM ACh when co-applied
with 300 mM EtOH. The potentiation in this example was only 142%
of the control value, which was close to the mean value of 143.3%
(n=6). This was signi®cantly less (P50.005) than the mean value of
249.8% for the a3b4 response (n=5). As with all of the e�ects of
ethanol, there was complete and rapid recovery of the control
response. In (a,ii), a subsequent application of 300 mM ethanol alone
showed only a small outward current. (b) Example of an a7 response
showing potentiation by 300 mM EtOH to 131% of the control value
(i). Again the subsequent e�ect of 300 mM ethanol alone was barely
detectable (ii).

Table 1 E�ects of high concentrations of ethanol (EtOH)
on the responses of all the nicotinic subunit combinations to
agonist

[EtOH]
Subtype (mM) Mean n Range P-value

a3b4
a4-1b4
a3b2
a4-1b2
a7

a3b4
a4-1b4
a3b2
a4-1b2
a7

100
100
100
100
100

300
300
300
300
300

146.2+4.15
114.8+2.36
116.2+6.27
113.3+3.71
115.5+7.31

249.8+16.5
143.3+2.94
161.0+7.62
188.9+14.1
107.6+6.70

5
6
6
5
6

5
6
6
5
6

135.7, 161.0
106.7, 120.6
86.70, 126.2
108.1, 127.9
98.90, 141.6

206.5, 305.1
135.7, 154.2
136.8, 177.6
143.3, 225.6
88.40, 130.7

<0.0005
<0.002
0.05
<0.05
NS

<0.0005
<0.0001
<0.002
<0.005
NS

The mean values+s.e.mean of the agonist response in the
presence of 100 and 300 mM ethanol are expressed as a % of
the control response in the absence of ethanol. n=the
number of oocytes in which ®rst-exposure responses were
studied. In nearly all cases robust potentiations were seen
which were signi®cantly greater than the control responses
(Student's t test of the mean, Mini-Tab).
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(Papke & Heinemann, 1991) and like all neuronal nicotinic
receptors, is more permeable to Ca2+ than muscle AChRs
(Mulle et al., 1992; Vernino et al., 1992; 1994). Nicotinic single
channel activity with analogous characteristics has been ob-
served in the medial habenula (Mulle et al., 1992; Connolly et
al., 1995), where a3 and b4 subunits are also expressed (Du-
voisin et al., 1989), and so it seems probable that the obser-
vations described here will have relevance to the actions of
ethanol on native nicotinic AChRs containng a3 and b4 sub-
units in brain tissue. Both these subunits are also expressed in
PC12 cells (Boulter et al., 1990), where Nagata et al. (1996)
have recently shown that low concentrations of ethanol (30 mM
to 10 mM) can produce variable e�ects of potentiation and
inhibition of nicotinic responses.

The e�ects of ethanol on the rat a7 homomeric receptor
presented here appear to contradict those obtained for the
chick a7 in another study. In the work of Yu et al. (1996)
ethanol caused a dose-dependent inhibition of the nicotine-
induced current response (IC50=33 mM), whereas we observed
mixed inhibition/potentiation at concentrations above 30 mM.
The reasons for this di�erence are unclear, as the agonist
concentrations used were similar (10 mM vs 10 ± 30 mM nico-
tine) and acute ethanol applications were used (although not
using a `one-shot' protocol). Also, the use of higher agonist
concentrations would not seem to explain the di�erences. In
one cell, the response of rat a7 to 100 mM nicotine was only
reduced by 5% in the presence of 100 mM ethanol. A second
response in the same cell to 300 mM nicotine was reduced by
only 2.5%. In a second cell the response to 300 mM nicotine
was not altered in the presence of 300 mM ethanol (data not
shown). It would therefore seem possible that there is a species
di�erence between the rat and chick a7 receptors in their
pattern of ethanol modulation. Several pharmacological dif-
ferences between these two receptors have previously been
described ± for instance the agonist 1,1-dimethyl-4-phenylpi-
perazinium iodide (DMPP) is a potent near-full agonist on the
rat a7 receptor, but a very weak partial agonist on the chick a7
receptor (Bertand et al., 1992; SeÂ gueÂ la et al., 1993), even
though there is considerable (90%) amino acid sequence
homology between them (Couturier et al., 1990; SeÂ gueÂ la et al.,
1993). However, DeFiebre et al. (1995) suggested that such
inhibition by EtOH may also occur with the rat a7 receptor.

The suggestion that the observations described here may
have importance beyond the oocyte is reinforced by the fact
that mecamylamine, a nicotinic antagonist, can antagonize the
mesolimbic dopamine-activating properties of ethanol
(Blomqvist et al., 1993). Therefore, it seems possible that al-
cohol enhancement of nicotinic receptor activity in the meso-
limbic pathway may contribute the mutual reinforcement of
drinking and smoking behaviour. Similarly, it is possible that
the modulation of neuronal nicotinic receptor subtypes may
contribute to the induction of alcohol-dependence due to
chronic high alcohol exposure. The concentration of ethanol at
which the potentiating e�ect starts to occur in all the hetero-
meric receptors tested here (and sometimes with the a7 re-
ceptor) is equivalent to that regularly experienced by heavy
drinkers (i.e.530 mM, which is equivalent to approx. 10 units;
1 unit=8 g=10 ml EtOH).

In rat substantia nigra reticulata and ventral palladium,
Criswell et al. (1993) examined the nicotine-induced changes in
neuronal ®ring rate. In 7 of 9 cells which were excited by ni-
cotine, the increase in ®ring rate was enhanced by alcohol.
However, FroÈ lich et al. (1994) noted that alcohol could inhibit
the excitatory e�ects of nicotine, kainate and NMDA on
neuronal ®ring rates in rat locus coereleus, where a3b4 is also
expressed. From these results it is apparent that the e�ects of
ethanol on nicotinic receptors are not uniform in the brain, but
may be subtype speci®c, or depend upon the intracellular sig-
nalling status of the cell under investigation.

Criswell and colleagues also noted that the degree of inhi-
bition of the NMDA response declined with prolonged incu-
bation with ethanol. We have observed similar evidence of an
initial strong sensitivity to low concentrations of ethanol,
which fades with repeated exposure. This raises the possibility
that if an individual rapidly consumes even a small amount of
alcohol, then there could be a window of time before tolerance
sets in during which the person's performance is strongly af-
fected. For a short period, driving ability could be compro-
mised even though the blood alcohol level is well below the
legal limit.

Another implication of these results is that in the brain, the
control of the activity of nicotinic AChRs may be highly dy-
namic and speci®c for each subunit combination. The diversity
of the MIII ±MIV cytoplasmic domains may mediate some of
this plasticity, enabling each receptor subtype to respond ra-
pidly to a particular set of intracellular signalling in¯uences.
Unfortunately, dialysis of neurones during patch clamp may
remove or disrupt some of these signalling pathways.

In the light of the present results, it is tempting to suggest
that the direct e�ects of alcohol on neuronal nicotinic recep-
tors is responsible for the intense need to smoke that some
people feel when drinking alcohol. It will be informative to
determine whether it is the inhibitory e�ect or the potentiating
e�ect which is important, and again which subtypes are in-
volved. The answers to these questions will help de®ne the
mechanisms of reward in drug dependence. They may also help
in the design of more e�ective strategies for smoking cessation,
for if the e�ects described here occur in the brain, then there
may be a case for advising those hoping to give up smoking
that they should avoid heavy drinking at all costs!
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