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SUMMARY
Effects of ethanol on the function of Ca2�-activated Cl channels
activated by G protein-coupled serotonin (5-hydroxytryptamine,
(5-HT)1�) and muscannic M1 cholinergic receptors were studied
in Xenopus oocytes expressing mouse whole-brain mRNA.
Ethanol (25-200 mM) inhibited currents evoked by both 5-HT

and acetylcholine (ACh), in a concentration-dependent manner.
The maximal effect was obtained with 1 50 m� ethanol, which
produced 65 and 49% inhibition of 5-HT and ACh responses,
respectively. In the presence of 1 00 mr�i ethanol, the ECse values

for both 5-HT and ACh were increased about 4-fold. In contrast,
in oocytes expressing rat cerebellar mRNA, metabotropic gluta-
mate receptor responses were much less sensitive to ethanol.
To examine potential postreceptor sites for ethanol inhibition,
guanosine-5’-O-(3-thio)triphosphate and myo-inositol-1 ,4,5-tris-
phosphate were injected intracellularly. Ethanol (1 00 mM) did not

significantly inhibit the currents produced by either guanosine-
5’-O-(3-thio)tnphosphate or myo-inositol-1 ,4,5-trisphosphate.
Activation of protein kinase C (PKC) by phorbol-1 2-myristate-1 3-
acetate markedly inhibited 5-HT-induced responses. Both the
PKC inhibitor peptide and staurosporine prevented ethanol inhi-
bition of 5-HT-induced responses. Moreover, ethanol, similarly
to phorbol-1 2-mynstate-1 3-acetate and opposite to PKC inhibi-
tors, enhanced the rate of Ca2�-activated Cl current desensiti-
zation induced by repeated applications of 5-HT. These results
indicate that certain types of receptor-G protein interactions are
more susceptible than others to uncoupling by ethanol and that
ethanol inhibition of 5-HT1� receptors requires PKC-mediated
phosphorylation. We suggest that ethanol may activate PKC,
which phosphorylates the receptors, resulting in inhibition of the
responses.

Compared with voltage- and receptor-gated ion channels, few

studies have investigated the effects of ethanol on the function
of ion channels regulated by receptors linked to second messen-
ger systems. However, there is evidence that ethanol modulates

the coupling between neurotransmitter receptors and intracel-
lular second messenger production. For example, acute ethanol

exposure increases f3-adrenergic receptor-stimulated adenylate

cyclase activity in brain and cultured cell preparations (1, 2).

Moreover, activation of PIP2 hydrolysis, a second messenger
pathway coupled to neurotransmitter receptors (3-5), by 5-HT,
carbachol, or norepinephrine was inhibited by concentrations
of ethanol ranging from 100 to 500 mM (6-8). The effect of
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ethanol was found to be dependent upon the type of stimulus

and the brain area used, indicating that ethanol selectively

affects the coupling of certain receptors to the PLC-dependent
pathway.

Although the mechanism of action of ethanol on these sys-
tems has not been elucidated, a number of reports suggest that
ethanol might interact with a G protein that couples the neu-

rotransmitter receptor to PLC (9-12). It is noteworthy that a
similar mechanism of action has also been proposed for the
inhibitory effects of several anesthetic agents on receptor-

mediated PIP2 hydrolysis (13, 14).

On the basis of these data, we predicted that ion channels

linked to the activation of second messenger systems would be

sensitive to ethanol. To address this question, we used Xenopus

laevis oocytes as an experimental model. These cells possess an

endogenous Cl conductance that is activated by a rise in the

ABBREVIATIONS: PIP2, phosphatidylinositol-4,5-bisphosphate; DAG, diacylglycerol; ACh, acetylcholine; 5-HT, 5-hydroxytryptamine; t-ACPD, (trans)-
1-amino-i ,3-cyclopentanedicarboxylic acid; GPT�YS, guanosine-5’-O-(3-thio)tnphosphate; lP3, myo-inositol-1 ,4,5-tnsphosphate; PKCI, protein kinase

C inhibitor peptide; BAPTA, 1 ,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid; PMA, phorbol-12-mynstate-13-acetate; MBS, modified
Barth’s solution; EGTA, ethylene glycol bis(�9-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; PLC, phospholipase C; PKC, protein kinase C; ANOVA, analysis of variance; LSD, least significant difference; TPA, 1 2-O-tetradecanoylphorbol
13-acetate.
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intracellular Ca2� concentration (15-17). After the injection of
brain mRNA, the oocyte expresses several metabotropic recep-

tors, such as the 5-HT1�, muscarinic M1, and glutamate recep-

tors (18-20), all of which are linked to a common second

messenger system (20, 21). Stimulation of these receptors leads

to the activation of PLC, a process that is mediated by a G
protein, resulting in the formation of IP3 and DAG. IP3 pro-

motes, through its interaction with IP3 receptors, the release of

Ca2� from endoplasmic reticulum, and this, in turn, triggers the
opening of C1 channels, an event that can be monitored

electrophysiologically. DAG, on the other hand, activates PKC,
which initiates and regulates a number of cellular functions
through phosphorylation of proteins, including some receptors,
whose function is then down-regulated (22-25).

In the present report, we describe the effect of acute ethanol
treatment on Ca2�-activated Cl currents evoked by the stim-

ulation of 5-HT1� and muscarinic M1 receptors expressed in
Xenopus oocytes after the injection of mouse whole-brain

mRNA. We investigated the possible site of the action of
ethanol, with respect to the different steps of the PIP2 hydrol-
ysis cascade. An account of this work has appeared in abstract

form (26).

Experimental Procedures

Materials. Adult Xenopus laevis female frogs were purchased from

Xenopus I (Ann Arbor, MI). ACh, 5-HT, quisqualic acid, EGTA,
BAPTA, GTP-yS, staurosporine, and PMA were purchased from Sigma

Chemical Company (St. Louis, MO). t-ACPD was from Tocris Neura-
mm (Essex, England), 1P3 was purchased from Calbiochem (La Jolla,

CA), and PKCI [PKC(19-36)] was obtained from GIBCO BRL (Gaith-
ersburg, MD). Ethanol and all other reagents used were of analytical
grade and were obtained from commercial sources.

Drugs used for bath perfusion were dissolved in MBS (see below),

whereas those injected intracellularly were suspended in distilled water.

All drug solutions were prepared fresh daily before each experiment.
Isolation of mRNA. Poly(A)� mRNA was isolated from adult (6-

8-week-old) male C57BL/6 mice or Sprague-Dawley rats by using the

Fast Track mRNA isolation kit (Invitrogen, San Diego, CA), following

the procedure described elsewhere (27). The poly(A)� mRNA was then
purified by phenol/chloroform extraction, precipitated with 0.15 vol-

umes of 2 M sodium acetate and 2 volumes of absolute ethanol, and

stored at -80’. The amount of extracted poly(A)� mRNA was subse-
quently determined spectrophotometrically.

Postmortem human cortical tissue was obtained from The Schizo-
phrenia Research Center of The Denver Veteran Affairs Medical

Center, and poly(A)� mRNA was isolated as described by Lin et al.

(14).
Isolation of Xenopus ooeytes and microinjection of brain

poly(A)� mRNA. Stage V and VI oocytes were isolated from a section

of ovary by manual dissection, using fine surgical forceps, and then
exposed to collagenase type 1A as described elsewhere (27). mRNA was
reconstituted in diethyl pyrocarbonate-treated water, and each oocyte

was injected with 100-150 ng of mRNA/50 nl, using a sterile glass
pipette (tip diameter, 20-25 Mm), and was cultured at 16-19’ in sterile
MBS [88 mM NaCl, 1 mM KC1, 2.4 mM NaHCO3, 10 mM HEPES, 0.82

mM MgSO4, 0.33 mM Ca(N03)2, 0.91 mM CaCl2, pH 7.5] supplemented

with 10 mg/liter streptomycin, 10,000 units/liter penicillin, 50 mg/liter
gentamycin, 2 mM sodium pyruvate, and 0.5 mM theophylline. Oocytes

were then used for electrophysiological recording on days 3-10 after

injection (27).

Whole-cell voltage-clamp of injected oocytes. Oocytes were
placed in a rectangular 100-�il recording chamber and perfused with

MBS at a flow rate of 2 ml/min, at room temperature. Recording and
clamping microelectrodes (0.5-5 Mfl) were pulled from 1.2-mm (outside

diameter) capillary tubing and filled with 3 M KC1. Electrodes were
impaled in the animal pole and voltage-clamped at -70 mV, using an
Axoclamp hA amplifier (Axon Instruments, Inc., Burlingame, CA).

Resting membrane potentials of mRNA-injected oocytes usually ranged
between -30 and -70 mV. The drugs were perfused for 20 sec (about
10 sec were required to reach equilibrium in the recording chamber).

At least 20-mm intervals were allowed between applications of 5-HT,
ACh, quisqualic acid, or t-ACPD, to reduce rundown of current ampli-

tude due to desensitization. Ethanol was preapplied for 30-60 sec before
being coapplied with 5-HT, ACh, quisqualic acid, or t-ACPD.

Intracellular injections of stock solutions of EGTA (20 mM), BAPTA
(20 mM), GTP-YS (1 mM), 1P3 (10 SM), and PKCI (300 ng/30 nl) were

performed using a digital microdispenser (Drummond Scientific,
Broomall, PA), according to the method of Lin et al. (14). PMA (10 or
25 nM) was prepared in dimethylsulfoxide (final concentration in MBS,

0.05-0.1%). PMA was bath-perfused for 5 mm, and 5-HT (500 nM) or

quisqualic acid (10 MM) responses were measured at 1 and 25 mm after
PMA application.

Statistical analysis. Currents were expressed as percentages of
control responses due to variability in oocyte expression. The control

responses were measured before and after each drug application, to
take into account possible shifts in the control currents as recording

proceeded. Each oocyte represents a single determination, and oocytes
from many different frog donors were used for each experiment. One-
way ANOVA, followed by Fisher’s LSD post hoc test, was used for
statistical analysis. Curve-fitting and estimation of EC� values for
concentration-response curves were performed using ALLFIT.

Results

Effect of ethanol on membrane currents induced by 5-

HT and ACh. In agreement with other studies (18, 19), bath
perfusion of 5-HT or ACh produced inward C1 currents with
a slow onset (5-10 sec after perfusion) that were characterized

by a transient inward current component followed by a long-

lasting oscillatory component. Both of these components were
shown to be Ca2� dependent, because they were prevented by

the intracellular injection of 400 pmol of EGTA or BAPTA
(data not shown). Pharmacological characterization of the

receptor subtypes mediating these responses in oocytes dem-
onstrated that the actions of 5-HT and ACh are mediated
through selective interactions with 5-HT1� and muscarinic M1
receptors, respectively (14). Currents elicited by both 5-HT and

ACh showed the expected desensitization (14, 21, 28); responses

produced by the first application of 5-HT or ACh could never
be achieved during subsequent drug applications. However, by
allowing at least 20 mm between drug applications it was

possible to diminish rundown and to obtain reproducible re-

sponses during the recording period.

Ethanol inhibited 5-HT responses in a reversible (Fig. 1A)
and concentration-dependent (Fig. 1B) manner. The minimal

ethanol concentration required to significantly inhibit 5-HT-
gated currents was 50 mM (36 ± 5% inhibition), and the

maximal inhibition (65 ± 4%) was reached with 150 m�i
ethanol. A higher ethanol concentration (200 mM) produced a

similar effect. The IC50 value for ethanol inhibition of 5-HT-

induced currents was calculated to be about 46 mM.

Similar results were obtained when the action of ethanol was
evaluated on currents induced by 10 iLM ACh (Fig. 2). Ethanol

at concentrations of 50 and 150 mM produced 30 and 49%

inhibition of ACh responses, respectively (Fig. 2B). As in the
case of 5-HT, 200 mM ethanol did not induce further inhibition

of these currents. The IC� value for ethanol inhibition of ACh-
induced currents was also 46 mM.
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Fig. 1. Ethanol inhibition of 5-HT-induced Ca2�-activated C1 currents in
Xenopus oocytes expressing mouse brain mRNA. A, Tracings were
obtained from a single cell and show the effect of 100 m� ethanol (ET)

on currents elicited by 1 00 n�i 5-HT. Horizontal bars, time of drug
application. B, The graph shows the concentration-dependent inhibition
by ethanol of 5-HT responses. Ethanol (25-200 mM) was bath perfused
for 60 sec before being coapplied with I 00 n� 5-HT for 20 sec. Values
represent the mean ± standard error of 12 different oocytes. �, p < 0.05
versus control response with 100 n� 5-HT (one-way ANOVA followed
by Fisher’s LSD post hoc test).

The microinjection of postmortem human cortical mRNA

into oocytes produced measurable ACh-induced currents that
were attenuated by ethanol in a reversible manner (data not

shown).

Ethanol and metabotropic glutamate receptor-me-

diated membrane currents. To evaluate whether ethanol

affected Ca2�-activated C1 currents elicited via the activation
of other G protein- and PIP2 turnover-linked receptors, we
investigated its effect on metabotropic glutamate receptors.

These receptors are expressed in oocytes after the injection of

brain mRNA and can be activated by quisqualic acid or the

more selective agonist t-ACPD (29). Fig. 3 shows that, in
oocytes expressing rat cerebellar mRNA, 100 mM ethanol in-

hibited membrane currents elicited by 100 nM 5-HT by 40%
but failed to significantly modify those produced by the appli-

cation of 10 �M quisqualic acid or 100 �M t-ACPD. However,
when the ethanol concentration was increased to 200 mM,
currents evoked by both quisqualic acid and t-ACPD were
inhibited by about 25%.

Ethanol alteration of the concentration-response

curves for 5-HT- and ACh-mediated membrane cur-

rents. To characterize further the effect of ethanol on 5-HT

and ACh responses, concentration-response curves for 5-HT or
ACh were obtained in the absence and presence of 100 mM
ethanol. 5-HT was applied at concentrations ranging from 1

[ETHANOL], mU

Fig. 2. Ethanol inhibition of ACh-induced Ca2�-activated Cl currents in
Xenopus oocytes expressing mouse brain mRNA. A, Tracings were
obtained from a single cell and show the effect of 100 m�i ethanol (ET)
on membrane currents induced by 10 �LM ACh. Horizontal bars, time of
drug application. B, The graph shows the concentration-dependent
inhibition by 25-200 mM ethanol of ACh responses. Drugs were bath
perfused as described for Fig. 1 . Values represent the mean ± standard
error of eight different oocytes. �, p < 0.05 versus control response with
10 �M ACh (one-way ANOVA followed by Fisher’s LSD post hoc test).

Quis

Fig. 3. Effects of ethanol (EtOH) on 5-HT1� and metabotropic glutamate
receptor-mediated responses. The effects of 1 00 or 200 m� ethanol on
100 nM 5-HT-, 10 zM quisqualic acid (Quis)-, or 100 zM t-ACPD-mediated
responses were compared in oocytes expressing mRNA from rat cere-
bellum. Values represent percentage change from control responses
produced by ethanol (mean ± standard error of six to 12 different
oocytes).

nM to 10 �tM (Fig. 4A). The threshold 5-HT concentration was

about 10 nM and the EC50 value was estimated to be 124 nM.

In the presence of. 100 mM ethanol, the threshold 5-HT con-
centration was increased to about 100 nM, the EC50 value was

443 nM, and the maximal response induced by 10 �tM 5-HT was
inhibited by 28%. The magnitude of the inhibition by ethanol

was dependent upon the 5-HT concentration, with the ethanol
inhibition being greater at lower concentrations of 5-HT (Fig.

4A). Similar results were obtained with ACh (Fig. 4B). Perfu-
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Fig. 4. Ethanol alteration of the concentration-response curve for 5-HT-
and ACh-mediated Ca2�-activated C1 currents. Increasing concentra-
tions of 5-HT (1 nM to 1 0 tiM) (A) and ACh (1 0 n� to 100 �M) (B) were
applied in the absence or presence of 100 m� ethanol (ETOH). Values
represent the percentage of the maximal response obtained with 10 �M

5-HT(A) or 100 �M ACh (B)(mean ± standard error offour to six different
oocytes). Insets (A and B), percentage ethanol inhibition as a function of
increasing 5-HT or ACh concentrations. Drugs were bath perfused as
forFig. 1.

sion of ACh concentrations between 10 nM and 100 �tM induced

increasing inward currents, with an EC�o value of 2.3 �tM. In

the presence of 100 mM ethanol, the EC50 value was increased

by about 4-fold (9.6 �M) and the maximal response induced by
100 �M ACh was inhibited by 34%. As for 5-HT, the ethanol
inhibition was dependent upon the concentration of ACh, with
lower concentrations of ACh showing higher sensitivity to

inhibition by ethanol (Fig. 4B).

Ethanol and currents induced by intracellular injec-

tion of 1P3 or GTPYS. Based on previous reports that mdi-

cated that ethanol has differential actions on receptor-G pro-
tein interactions, we attempted to clarify the site of action of
ethanol. First, we studied the effect of ethanol on the Ca2�-
activated Cl currents produced by the intracellular injection

ofGTP�yS (20 pmol), a nonhydrolyzable activator ofG proteins,

or 1P3 (200 fmol). As shown in Fig. 5, 100 mM ethanol did not

significantly alter the currents produced by either compound,
whereas, by comparison, it inhibited by about 40% the currents
elicited by the bath application of 500 nM 5-HT. Increasing the

ethanol concentration to 200 mM also did not affect the GTP-yS

Fig. 5. Effect of ethanol on Ca2�-activated C1 currents elicited by the
intracellular injection of P3 or GTP-YS. A and B, Tracings show the effect
of 100 mM ethanol (ET) on currents induced by the intracellular injection
of 200 fmol of lP3 or 20 pmol of GTP�YS. Tracings were obtained using
a single oocyte in A, but two different oocytes were used in B because
only a single GTP�yS response could be obtained in each oocyte. C,
Summary of the effect of 100 m� ethanol (EtOH) on currents induced by
5-HT, lP3, and GTP-YS. Values represent percentage of control responses
(mean ± standard error of six to 14 different oocytes).

Ethanol inhibition of 5-HT1� receptor-mediated cur-

rents and the role of PKC. Activation of 5-HT1�, M1, and

metabotropic glutamate receptors leads to the activation of
PKC, which in turn is believed to play a crucial role in the

regulation of the function of these receptors in Xenopus oocytes
(23, 24, 28, 30, 31). We also found that application of the

phorbol ester PMA (10 or 25 nM) for 5 mm inhibited 5-HT-
evoked currents measured 1 and 25 mm after PMA treatment
by 60 and 80%, respectively (Fig. 6). Although the quisqualic

acid (10 �M) response was similarly inhibited 25 mm after PMA
treatment, the inhibition at 1 mm after PMA treatment was
only 13%. However, due to the large variability of quisqualic

acid responses immediately after PMA exposure, the difference
between the effects of 5-HT and quisqualic acid was not statis-
tically significant.

On the basis of these findings, we investigated whether the
effect of ethanol on Ca2�-activated C1 currents evoked by 5-

HT could be altered by modulating the activity of PKC. As
shown in Fig. 7, the inhibition by 150 mM ethanol of 5-HT
responses was almost completely abolished after the intracel-

lular injection of 300 ng of PKCI. We should note that the
effect of PKCI was not observed in every cell tested. Variability
of responses to this inhibitor was more marked among oocytes

obtained from different frog donors, compared with oocytes

from the same batch. To test another PKC inhibitor, oocytes

were exposed to 400 nM staurosporine for 12-18 hr. In agree-
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Fig. 6. PMA-mediated inhibition of Ca2�-activated C1 currents evoked
by 5-HT. A, Tracings were obtained from a single oocyte and show 500
nM 5-HI-evoked responses before and after 10 n�i PMA perfusion for 5
mm. B, Summary of the effect of 10 or 25 n� PMA treatment for 5 mm
on 5-HT (500 nM) responses. Values represent percentage of control
(mean ± standard error of five different oocytes).

ment with the findings of Sakuta et al. (31), we found that such

treatment resulted in a decrease of desensitization and a poten-

tiation of the oscillatory responses to 5-HT, as well as to ACh.
It is also worth noting that ethanol, in some staurosporine-

treated oocytes, was able to activate chloride currents that were
abolished by the intracellular injection of 400 pmol of EGTA
or by changing the membrane potential to -20 mV (data not
shown). Induction of Ca2�-activated C1 currents by intracel-

lular injection of ethanol was previously reported by Wafford
et al. (32). This effect is believed to occur through the release

of intracellular Ca24�. Thus, it is possible that staurospo-
rine treatment sensitizes some oocytes to this ethanol-induced
effect.

Fig. 8 shows that staurosporine treatment, similarly to PKCI
treatment, completely prevented the inhibition of 5-HT re-
sponses produced by 150 mM ethanol. Note that, in the tracings

in Fig. 8A, bath application of 150 mM ethanol alone failed to

elicit any measurable membrane current.
These findings indicate that inhibition of PKC activity pre-

vents or reduces the depressant effect of ethanol, and they

suggest at least two possible mechanisms, i.e., that 1) ethanol

directly activates PKC, promoting phosphorylation of the
receptor and resulting in inhibition of receptor function, or 2)
ethanol requires a receptor in a phosphorylated state to exert

its inhibitory effect.
Ethanol and Ca2�-activated C1 current desensitiza-

tion. To investigate further the role of PKC in the inhibitory

modulation by ethanol of 5-HT1� receptor-mediated responses,
desensitization studies were performed. Others have shown that
PKC plays an important role in the desensitization of these

receptors (25, 28, 31). Based on the results described above, we

ra�o

U
U

Fig. 7. PKCI prevention of ethanol inhibition of 5-HT-induced Ca2�-
activated C1 currents. A and B, Effects of 150 m� ethanol (Efl on
currents induced by 500 n� 5-HT in a control oocyte (A) and in an oocyte
that was injected intracellularly with 300 ng of PKCI/30 nI, 40 mm before
recording (B). C, Summary of the effect of PKCI on ethanol inhibition of
5-HT responses. Values are percentage change from control responses
(mean ± standard error of four different oocytes).

predicted that ethanol, like PKC activators and in contrast to

PKC inhibitors, would promote receptor desensitization.
Desensitization of 5-HT1� receptors was studied by using

repeated 5-HT applications, at 3-mm intervals (Fig. 9). The
current amplitude gradually decreased and, in accordance with

other reports (28), the transient component of the 5-HT re-
sponse was more susceptible to desensitization, compared with

the long-lasting component. Fig. 9A shows that either the
continuous perfusion of 150 mM ethanol or pretreatment with

10 nM PMA accelerated desensitization of 5-HT responses. In

agreement with other reports (25, 31), staurosporine treatment

decreased current desensitization. The rates of desensitization
calculated from regression analysis (Fig. 9B) were as follows:

control, 0.0368/mm; ethanol, 0.0636/mm; PMA, 0.0486/mm;

staurosporine, 0.0203/mm.

Discussion

In the present study we used an electrophysiological approach

to demonstrate, for the first time, that acute exposure to ethanol

1008 Sanna of a!.
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Fig. 8. Effect of ethanol on 5-HT-induced Ca2�-activated Cl currents in
oocytes treated with staurosporine. Oocytes were incubated with 400
nM staurosponne for 12-1 8 hr. A, Tracings obtained from a single cell
show the effects of 150 mM ethanol (EtOH) on currents evoked by 500
nM 5-HT. B, Summary of the effects of 150 m� ethanol in control and
staurosponne (STAURO)-treated oocytes. Values represent percentage
change from control responses (mean ± standard error of 10 different
oocytes).

inhibits the function of an ion channel activated by second

messenger-linked receptors. Xenopus oocytes represented a

convenient model system for this study, because they express

a large number of endogenous Ca2�-activated Cl channels (15,

17). The physiological role of Ca2�-activated C1 channels is
likely to involve mediation of the responses of native musca-

rinic receptors present in the cells of the follicular layer, which

encloses the oocytes (33, 34). These endogenous muscarinic

receptor-activated responses, which are mediated by muscarinic

M3 receptors (35) and linked to phospholipid metabolism, are

abolished after treatment of oocytes with collagenase (19).
However, the same signaling pathway can be operated by
heterologous receptors expressed from brain mRNA, including

serotonin 5-HT1� receptors (18, 36), muscarinic M1 receptors

(19, 36), and metabotropic glutamate receptors (20). The oc-

currence of Ca2�-activated Cl currents has also been described

in mammalian nervous system, such as in cultured mouse spinal
neurons (37) and cultured rat dorsal root ganglia (38).

Our experiments showed that Ca2’�-activated Cl currents
evoked by 5-HT, by ACh, and, to a much lesser extent, by
quisqualic acid or t-ACPD, were decreased by ethanol. The
inhibitory effect on 5-HT and ACh responses was reversible

and concentration dependent, occurred at a concentration of
ethanol as low as 50 mM, and was maximal at 150 mM for both

receptors. We found that 100 mM ethanol increased by about
4-fold the EC� value for both 5-HT and ACh responses and

Fig. 9 Desensitization of Ca2�-activated C1 currents induced by re-
peated applications of 5-HT and effects of ethanol (ETOH), staurosponne
(STAUROS.), and PMA. Currents produced by repeated (every 3 mm)
20-sec bath applications of 500 n� 5-HT were recorded in oocytes
perfused in the absence or in the continued presence of 150 m� ethanol
or in oocytes preincubated with 400 n�i staurosponne for 12-18 hr or
with 10 nM PMA for 1 hr. A, Values on the abscissa, time (mm) after the
first 5-HT application; values on the ordinate, percentage of the initial
response produced by 5-HT (mean ± standard error of seven to 15
different oocytes). B, Values on the ordinate, same as in A but expressed
as ln[l,/l,,�,], where l� and l,,� represent the currents measured at a given
time t and at time 0, respectively.

also decreased the maximal effect of both agonists. Ethanol

also inhibited ACh responses expressed from human brain

mRNA, which is consistent with the study of Lin et al. (14)

showing that the anesthetic enflurane produced a similar in-

hibition of mouse and human ACh responses. In addition, we

also have evidence that the rat 5-HT,� receptor clone is ethanol

sensitive.

In earlier studies, Hoffman et al. (8) showed that much higher

concentrations of ethanol (250-500 mM) were needed to inhibit

carbachol-stimulated PIP2 breakdown in different mouse brain
areas, and 500 mM ethanol caused a 2-3-fold increase in the

EC� value for the carbachol response. Similar concentrations

(500 mM) of ethanol also inhibited muscarinic receptor-me-

diated PIP2 hydrolysis in the striatum, but not in other brain

areas (6). However, Rabe and Weight (39) demonstrated that

lower concentrations (25-100 mM) of ethanol were sufficient

to decrease muscarine-stimulated and Ca2�-dependent release
of norepinephrine in PC12 cells. Moreover, Balduini and Costa
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(40) found that ethanol (150-500 mM) inhibition of muscarinic

receptor-mediated PIP2 metabolism was age dependent, in that
it could be detected in cortical slices from 7-day-old but not
adult rats. Ethanol (50-500 mM) was also found to decrease
PIP2 metabolism stimulated through a-adrenergic, bradykinin,
and neurotensin receptors in brain membranes and cultured

cells (6, 41).

The question arises as to why most studies to date required

large concentrations of ethanol (up to 500 mM) to produce only

modest inhibition of ACh responses but our system is much

more sensitive. It is important to note that the two studies
using either single cells or cells in culture, namely ours and
that of Rabe and Weight (39), demonstrated effects of lower

concentrations of ethanol. Thus, it is possible that different

types of cells vary in their sensitivity to ethanol (perhaps due
to kinase or phosphatase differences; see below) and the exper-
iments with brain tissue measure the average of ethanol-sen-

sitive and -resistant cells.

Our experiments provide some information about the molec-

ular mechanism by which ethanol affects receptor-mediated

PIP2 hydrolysis. Although we do not have direct evidence, at
least three considerations seem to exclude the neurotransmitter

binding site of the 5-HT1� and M1 receptors as the site of action
for ethanol. Firstly, the concentration-response studies showed

that ethanol increased by about 4-fold the EC�,o value for both
5-HT and ACh responses and decreased the maximal response
induced by both compounds; this suggests that this action is
uncompetitive in nature. The classical explanation for uncom-
petitive inhibition is that the inhibitor alters the ligand-recep-

tor complex after binding of the ligand has occurred. Secondly,
both receptor-mediated responses had identical sensitivity to
ethanol (IC�, 46 mM). Thirdly, receptor binding studies on

muscarinic receptors in brain membranes and cultured cells did

not reveal any significant effect of acute ethanol treatment,
even at very high concentrations (39, 40, 42). Thus, if ethanol

does not affect the binding of agonist to the receptors, then

some other step(s), downstream from the receptor, must be
altered by this drug. To investigate other sites, we injected
GTP-yS or IP3 into the oocyte to bypass the receptor and

selectively activate different steps of the second messenger

pathway. The lack of effect of ethanol on Ca2�-activated C1
currents evoked by 1P3 indicates that ethanol does not interfere
with 1P3-induced Ca2� release. Moreover, this finding also
shows that ethanol does not directly inhibit the Ca2�-activated
Cr channel.

Direct activation of G proteins by injection of GTP’YS was

also not altered by ethanol. Thus, it is unlikely that ethanol
directly interferes with the binding of guanine nucleotides to G

proteins or with the coupling between G proteins and PLC.
However, this result does not exclude the possibility of an

action of ethanol on the coupling between the receptor and the

G protein.

Although native oocytes possess their own G proteins, it has
been shown that the 5-HT1� and M, receptors expressed in
oocytes from brain mRNA are coupled to newly synthesized
pertussis toxin-sensitive G0 and G, respectively (43, 44). The

stimulatory G protein G8, coupled to the adenylate cyclase

second messenger system, appears to be an ethanol-sensitive
target, whereas other G proteins seem to be much less sensitive
to this drug (10). This is consistent with the findings of Gon-
zales and Crews (7), who showed that guanine nucleotide- and

calcium-dependent PIP2 hydrolysis in cortical membranes was
not affected by concentrations of ethanol as high as 500 mM.

Moreover, Candura et at. (9) reported that 250 and 500 mM

ethanol induced a slight inhibitory effect on GTP�yS- and

fluoride-stimulated PIP2 turnover in cortical membranes of 7-
day-old rats, but this effect could not account for the extent of

ethanol inhibition of carbachol-stimulated PIP2 turnover ob-

served in the same preparation. Our data further support the

idea that G0 and G are resistant to direct actions of ethanol.

General anesthetic agents also affect muscarinic and 5-HT
receptor-stimulated PIP2 turnover by altering receptor-G pro-

tein coupling (13, 14). However, Lin et at. (14), using Xenopus

oocytes expressing mouse brain mRNA, found that enflurane

directly suppresses GTP’yS-induced Ca2�-activated C1 cur-
rents. Thus, this result suggests that enflurane and ethanol

alter 5-HT1. and M, receptor function through different mech-
anisms of action.

Stimulation of PKC activity by Ca2� and DAG is thought to
be a crucial molecular event for the regulation of 5-HT1� and
M1 receptors (24, 28). Pharmacological manipulation of PKC
activity with activators, such as the phorbol ester derivatives,

or with inhibitors led to the conclusion that the stimulation of
PKC produces a down-regulation of 5-HT and ACh responses
in oocytes as well as in other systems (23, 45-47). Using PMA,

we verified that the 5-HT response is inhibited immediately
after activation of PKC. This process represents a physiological

negative feedback mechanism by which the intracellular re-
sponse to receptor stimulation is terminated. Conversely, in-

hibition of PKC activity with the use of different PKC inhibi-

tors blocked this process and reduced the inactivation of the
responses (25, 31). On the basis of this body of knowledge, we

tested the effect of ethanol on 5-HT responses in oocytes

treated with the PKC inhibitors staurosporine and PKCI. Our

results indicated that both compounds were able to abolish the

inhibition by ethanol of 5-HT-induced Ca2�-activated Cl cur-

rents. Moreover, we found that ethanol increased current de-

sensitization produced by repeated stimulations with 5-HT.

This effect was similar to that induced by PMA and opposite

to that of staurosporine. These data clearly suggest that the
action of ethanol on these receptors involves PKC modulation.

One possible mechanism to explain our results is that ethanol

stimulates PKC, which, in turn, down-regulates the 5-HT1.

receptor-mediated response. In support ofthis hypothesis, there

are several reports showing that ethanol activates PKC by
promoting its translocation from the cytosol to the membrane

fraction (48-50). It is interesting to note that in these studies

the effective ethanol concentrations ranged from 2 to 200 mM,

the ethanol effect on PKC occurred within 30 sec, and the
effect was reversible. Thus, these parameters are very similar

to those used in our study. In addition, we have recent experi-
mental evidence that ethanol, like PMA, increases protein
phosphorylation in oocytes, in an “in vivo” assay.’ However,

ethanol does not directly stimulate the activity of isolated PKC

(51, 52), and the mechanism by which ethanol may activate

PKC in vivo has not been clarified. It is, however, likely that

in vitro assays with purified PKC and substrates might lack

some factors that would be present in vivo and that would be
important for ethanol-mediated activation of PKC.

Thus, assuming that ethanol acts through PKC, what com-
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ponent(s) of the 5-HT,� and M, receptor-linked metabolic

pathway might be phosphorylated by PKC? Kato et at. (23),

using Xenopus oocytes expressing rat brain mRNA, proposed

that the site of TPA-stimulated PKC phosphorylation is up-

stream from G proteins and is likely the 5-HT,� receptor.

Similar findings were reported by Maruyama (53), who dem-

onstrated, using pancreatic cells, that PKC activation does not

affect the activity of G proteins but uncouples the muscarinic

receptor and the G protein. Because those authors found that
TPA did not significantly alter GTP-yS-induced responses,

those results suggested that TPA stimulated phosphorylation

of the receptor. However, it has been proposed that PKC can

phosphorylate both the receptor (53, 54) and the coupled G

protein (55, 56). Although there is evidence that the metabo-

tropic glutamate receptor couples through a pertussis toxin-
sensitive G protein similar to that used by the 5-HT1� and M1

receptors, likely of the G0 or G type (20, 57), and, similarly to

these receptors, its function is inhibited after PKC activation,

quisqualic acid or t-ACPD responses were less sensitive to the

inhibitory action of ethanol. However, when comparing the

time courses of the effects of PMA on 5-HT,� and metabotropic

glutamate receptors we found that, at 1 mm after PMA treat-
ment, the metabotropic glutamate receptor response was variably
affected, compared with the marked inhibition of the 5-HT,�

receptor. The weaker inhibition immediately after activation

of PKC observed in some oocytes may explain why the metabo-

tropic glutamate receptors are less sensitive to the acute actions

of ethanol. Molecular cloning of the metabotropic glutamate

receptor revealed that, although this protein contains seven
transmembrane regions, no amino acid sequence homology or

conserved amino acids were found between the glutamate recep-
tor and other G protein-linked receptors (57). In addition, this

receptor contains a large amino-terminal extracellular domain
that is common to large hormone molecule G protein-linked

receptors but that is absent in receptors for small molecule

neurotransmitters (58). Thus, it is tempting to speculate that

these amino acid sequence and structural differences, in addi-

tion to the differences in the acute effects of PKC between the
metabotropic glutamate receptor and other G protein-linked

receptors, may be the molecular basis for the lower sensitivity
ofthe metabotropic glutamate receptor to the effects of ethanol.

Based on our results and those of others, ethanol may activate
PKC, leading to phosphorylation of the 5-HT,. and M, recep-

tors and inhibition or desensitization of the responses. An

alternative hypothesis is that ethanol acts on the receptor

proteins but this action requires that the receptor be phos-

phorylated. These two hypotheses are similar to those proposed

for the actions of ethanol on ligand-gated ion channels. PKC-

mediated phosphorylation appears to be important for ethanol
enhancement of �y-aminobutyric acid type A responses (59), for

ethanol inhibition of N-methyl-D-asparate action (60), and

(under conditions of augmented calcium conductance) for

ethanol inhibition of kainate responses.2 Thus, some of the

pleiotropic actions of ethanol may be explained by a common
mechanism involving activation of PKC.

In summary, this is the first report on the acute effects of
ethanol on PIP2 hydrolysis stimulated through 5-HT,� and
metabotropic glutamate receptors. We have shown that concen-

trations of ethanol that can be reached in brain during intoxi-

cation inhibit the function of 5-HT,� and M, receptors ex-

pressed in Xenopus oocytes from mRNA isolated from mouse,

rat, and human brain. The metabotropic glutamate receptor

was only weakly inhibited by ethanol, suggesting that not all
PIP2 hydrolysis-linked receptors represent targets for the ac-

tion of this drug. Our results, together with reports demonstrat-

ing that 5-HT1� receptor function is altered during withdrawal

from chronic ethanol treatment (61-63) and that the 5-HT,�/,b
agonist 1-(3-chloropheny)piperazine HC1 substitutes for

ethanol in a drug discrimination paradigm (64), support the
idea that some of the metabotropic receptors linked to the PIP2

hydrolysis pathway are inhibited by ethanol and this action

may be important in the pharmacology of this drug of abuse.
In addition, ethanol has been shown to inhibit long term
potentiation in the hippocampus (65), and the recent report by

Maeda et at. (66) showing an involvement of M, receptors in
long term potentiation in hippocampal slices, together with the

present data, suggests that these receptors may have a role in
the inhibition oflong term potentiation by ethanol. We propose

that a possible mechanism of action of ethanol involves acti-

vation of PKC, resulting in uncoupling of the receptor from
the G protein. Finally, our data suggest that some G protein-

coupled receptors may be as sensitive to ethanol as are the

ligand-gated ion channels (67).
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