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1 The e�ects of several kinase inhibitors (staurosporine, GF 109203X, H89, KN62, genistein) and of
the phosphatase inhibitor calyculin A were studied on the ethanol potentiation and on the function of
homomeric a1 glycine receptor expressed in Xenopus oocytes using a two electrode voltage clamp
recording technique.

2 The function of the homomeric a1 glycine receptor was not modi®ed in Xenopus oocytes pretreated
with kinase inhibitors or with the phosphatase inhibitor calyculin A.

3 The potentiation of the glycine receptor function induced by ethanol (10 ± 200 mM) was signi®cantly
reduced in Xenopus oocytes pretreated with the PKC inhibitors staurosporine or GF 109203X.

4 No di�erences in propofol (2.5 mM) or halothane (250 mM) actions were found after exposure of
Xenopus oocytes to staurosporine.

5 No di�erences in ethanol sensitivity were found after exposure of Xenopus oocytes expressing glycine
a1 receptors to H89, KN62, genistein or to the phosphatase inhibitor calyculin A.

6 The mutant a1 (S391A), in which the PKC phosphorylation site at serine 391 was mutated to alanine,
was less sensitive to the e�ects of ethanol than was the a1 wild type receptor. Moreover, the ethanol
potentiation of the glycine receptor function was not a�ected by treatment with staurosporine in oocytes
expressing a1 (S391A).

7 The splice variant of the a1 glycine receptor subunit, a1ins, containing eight additional amino acids
and a potential phosphorylation site for PKA, did not di�er from wild type for sensitivity to ethanol.

8 These results indicate that phosphorylation by PKC of the homomeric a1 glycine receptor subunit
modulates ethanol potentiation, but not the function of the glycine receptor.
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Introduction

The strychnine-sensitive glycine receptors are ligand-gated ion
channel which mediate inhibitory neurotransmission in spinal
cord, brain stem and several other regions of the central
nervous system (Betz, 1991). Activation of the glycine

receptors produce the opening of an integral chloride channel
with subsequent membrane hyperpolarization. Most native
glycine receptor appear to be composed of two di�erent

subunits, a and b, that associate in a pentameric stoichiometry
of 3a and 2b (Betz, 1991). Four di�erent a subunits isoforms
(a1 ± 4) have been cloned (Bechade et al., 1994; Matzenbach et

al., 1994). Both a and b subunits of the glycine receptor, have a
transmembrane topology comparable to that observed for
other ligand-gated ion channels with four transmembrane
domains and a large cytoplasmic region between transmem-

brane domain 3 (TM3) and transmembrane domain 4 (TM4)
(Bechade et al., 1994).

Protein phosphorylation is a major mechanism for

regulation of receptor function and synaptic transmission in
the central nervous system. Several studies have demon-
strated that ligand-gated ion channels, such as nicotinic-

acetylcholine, glutamate and the GABAA receptors are
phosphorylated by a large number of protein kinases (Swope

et al., 1992). These protein kinases act at di�erent
phosphorylation sites, mainly located in the intracellular
loop between TM3 and TM4 (Swope et al., 1992; Moss &
Smart, 1996). Recent reports indicate that the glycine

receptor is a target for phosphorylation by protein kinase
A (PKA) and protein kinase C (PKC). These results may be
summarized as follows: (1) Activation of PKA increased the

glycine-induced Cl7 currents in cultured spinal trigeminal
neurones (Song & Huang, 1990) and in Xenopus oocytes
expressing mRNA from spinal cord (Vaello et al., 1994).

Moreover, in vitro phosphorylation, by cyclic AMP
dependent PKA, of the a subunit of the glycine receptor has
been reported (Vaello et al., 1994); (2) Activation of PKC by
phorbol esters, positively modulates glycine receptor function

in hippocampal neurones (Schonrock & Bormann, 1995), but
inhibits glycine-induced Cl7 currents in Xenopus oocytes
(Uchiyama et al., 1994; Vaello et al., 1994). However, a

potentiation of the glycine currents in Xenopus oocytes was
also observed when PKC was endogenously stimulated
(Nishizaki & Ikeuchi, 1995); (3) The puri®ed a1 subunit of

the glycine receptor is speci®cally phosphorylated by PKC in
a region corresponding to the intracellular loop between TM3
and TM4, with serine 391 being the phosphorylated residue

(Ruiz-Gomez et al., 1994) and (4) A splicing variant of the a1
glycine receptor subunit, expressed in postnatal rat spinal
cord and brain stem (a1ins), has been recently reported. This
a1ins glycine receptor subunit contains an insertion of eight
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additional amino acids located in the cytoplasmic loop
between TM3 and TM4. These eight additional amino acids
might result in a potential consensus sequence for a

phosphorylation site (Malosio et al., 1994)
Several laboratories have shown that ethanol enhances the

function of the strychnine-sensitive glycine receptor (Celentano
et al., 1988; Engblom et al., 1991; Aguayo & Pancetti, 1994). In

particular, we demonstrated that ethanol, at pharmacological
relevant concentrations, potentiated the function of homo-
meric a1 ± 2 glycine receptors expressed in Xenopus oocytes

(Mascia et al., 1996a,b). In addition, a recent study of
transiently or stably transfected cells showed that the e�ect
of ethanol on glycine receptors was less than observed in

studies using Xenopus oocytes (Valenzuela et al., 1998). The
interaction between ethanol and the strychnine-sensitive
glycine receptor is supported by a recent in vivo investigation:

intracerebroventricular administration of glycine, in mice,
enhances the central depressant e�ects of ethanol measured
as loss of righting re¯ex. This e�ect is blocked by the glycine
receptor antagonist strychnine (Williams et al., 1995). Previous

studies demonstrated that the ethanol modulation of the
function of several receptors is regulated by phosphorylation.
The inhibitory e�ect of ethanol on NMDA receptor is

abolished by PKC inhibitors (Snell et al., 1994). Similarly, the
ethanol inhibition of 5-HT2c receptor is prevented by both the
PKC inhibitor peptide and staurosporine (Sanna et al., 1994).

Potentiation of the GABAA receptor function by low
concentration of ethanol appears to require the presence of
the g2I subunit in a phosphorylated state, although interpreta-

tion of these results is complicated by di�erences between
expression systems (Wa�ord & Whiting, 1992; Harris et al.,
1997). Since a glycine receptor subunits expressed in Xenopus
oocytes assemble homomerically into functional glycine

receptors with properties similar to those of the native
receptors (Betz, 1991), we used the Xenopus oocytes expression
system to examine the possible role of phosphorylation in

ethanol modulation of the strychnine-sensitive glycine recep-
tor. Speci®cally, we determined the e�ect of several kinase
inhibitors: the nonspeci®c protein kinase inhibitor staurospor-

ine (Huidobro-Toro et al., 1996), the PKC inhibitor
GF109203X (Minami et al., 1998), the PKA inhibitor H89
(Waldegger et al., 1996), the CaM kinase inhibitor KN62
(Valenzuela et al., 1995b) and the tyrosine kinase inhibitor

genistein (Valenzuela et al., 1995a) as well as the phosphatase
inhibitor calyculin A (Huidobro-Toro et al., 1996) in Xenopus
oocytes expressing homomeric a1 glycine receptors or the

mutant a1 (S391A).

Methods

Construction of the a1ins glycine receptor subunit.

The glycine a1ins cDNA was prepared by insertion of a 24 bp
(base pair) segment encoding for the amino acids (SerProMet
LeuAsnLeuPheGln) into the glycine a1 cDNA at amino acid

353, using the Quik Change mutagenesis kit and complemen-
tary sense and antisense 69-mer oligonucleotides containing
this 24-bp insertion. The sequence of the glycine a1ins cDNA
was con®rmed by double stranded DNA sequencing.

Microinjection into Xenopus oocytes and
electrophysiological recording

Preparation of the oocytes and microinjection of cDNA were
performed as described elsewhere (Lin et al., 1992). Stage V

and VI Xenopus laevis oocytes were isolated and placed in
MBS containing (mM): NaCl 88, KCl 1, HEPES 10, MgSO4

0.82, NaHCO3 2.4, CaCl2 0.91 and Ca(NO3)2 0.33, adjusted to

pH 7.5). Glycine receptor subunit cDNAs [wild type a1,
mutant a1 (S391A), a1ins, 0.4 ng/30 nl] were injected to the
animal poles of the oocytes according to the blind method of
Colman 1984). The injected oocytes were cultured at 15 ± 198C
in sterile MBS supplemented with 10 mg l71 of streptomycin,
10,000 units l71 penicillin, 50 mg l71 gentamicin, 90 mg l71

and 220 mg l71 pyruvate.

Oocytes were used for recording on days 1 ± 4 after
injection. Oocytes were placed in a chamber (*100 ml
volume) and perfused (2 ml min71) with MBS with or

without drugs via a roller pump (Cole-Parmer Instruments,
Chicago, IL) through 18-gauge polyethylene tubing (Clay
Adams Co., Parsippany, NJ, U.S.A.) that delivered the drug

solutions to the recording chamber. The animal poles of the
oocytes were impaled with two glass electrodes (0.5 ± 10 MO)
®lled with 3 M KCl and voltage clamped at 750 mV using
an Axoclamp 2A ampli®er (Burlingame, CA, U.S.A.).

Clamping currents were continuously plotted on a strip
chart recorder. Glycine was dissolved in MBS and applied
for 20 s. Oocytes were perfused with ethanol or halothane

for 2 min, to allow for complete equilibration in the bath,
before being coapplied with glycine for 20 s. A 5 min
washout period was allowed between drugs applications. The

solution of halothane was prepared immediately before use.
The loss in concentration from vial to bath was approxi-
mately 50 ± 60% (Dildy-May®eld et al., 1996). Propofol was

dissolved in DMSO, then diluted in MBS to a ®nal DMSO
concentration of 0.001%. The loss in concentration from
vial to bath was 60% (Lin et al., 1992). Concentrations
given in the ®gure represent the ®nal bath concentrations.

Staurosporine was dissolved in 10% DMSO then diluted in
MBS to a ®nal DMSO concentration of 0.03% DMSO.
Oocytes were exposed to staurosporine for 4 h before

recording. H89 and KN62 were dissolved in H2O and
microinjected into the oocyte. Genistein was dissolved in
H2O. Calyculin A was ®rst dissolved in 10% DMSO to a

100 mM stock solution. Concentrations of microinjected
drugs represent the intraoocyte ®nal concentrations, calcu-
lated assuming an oocyte volume of 1 ml.

Materials

Adult female Xenopus laevis frogs were obtained from

Xenopus I (Ann Arbor, MI, U.S.A); the human a1 and
the mutant a1 (A391S) glycine receptor subunit, were
subcloned into the mammalian expression vector pCIS 2

(Sontheimer et al., 1989), glycine was obtained by Bio-Rad
Laboratories (Hercules, CA, U.S.A.); ethanol was obtained
by Aaper Alcohol and Chemical Co. (Shelbyville, KY,

U.S.A); Halothane was purchased from Halocarbons
Laboratories (River Edge, NJ, U.S.A), propofol was
obtained from Aldrich Chemical Co. (Milwaukee, WI,
U.S.A). Staurosporine was purchased from Sigma Chemical

Co. (St. Louis, MO, U.S.A). GF 109203X and H89 were
purchased from Calbiochem Co. (La Jolla, CA, U.S.A).
KN-62 was bought from RBI (Natick, MA, U.S.A).

Genistein and calyculin A were purchased from LC
Laboratories (Woburn, MA, U.S.A). All other reagents
used were of reagent grade. The Quik Change site directed

mutagenesis kit was purchased from Stratagene (La Jolla,
CA, U.S.A.). Oligonucleotides were synthesized by the
University of Colorado Health Sciences Center, Department
of Pharmacology, Oligo Synthesis Laboratory.
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Statistical analyses

Statistical analyses were performed on normalized data using

either a t-test or two-way ANOVA and Fishers' post hoc test,
using the SOLO program, BMPD statistical software, (Los
Angeles, CA, U.S.A) running on an IBM compatible
computer.

Results

The e�ects of several protein kinases inhibitors (the nonspeci®c
PKC inhibitor staurosporine, the speci®c PKA inhibitor GF

109203X, the PKA inhibitor H-89, the CaM kinase inhibitor
KN 62 and the tyrosine kinase inhibitor genistein), as well as
the phosphatase inhibitor calyculin A, were examined in

Xenopus oocytes expressing homomeric a1 glycine receptors.
Concentration-response curves for glycine (10 ± 1000 mM) were
determined before and after exposure of Xenopus oocytes to
the protein kinases inhibitors or to calyculin A. Treatment of

oocytes with the protein kinases inhibitors or with calyculin A
did not change the EC50 for glycine, nor the Emax or the Hill
coe�cient (Table 1).

To evaluate the role of PKC on the ethanol enhancement of
the glycine receptor function, a complete ethanol (10 ±
200 mM) concentration-response curve was performed in

Xenopus oocytes expressing a1 glycine receptor subunit, before
and after treatment of the oocytes with staurosporine (800 nM)
or GF109203X (200 nM). In agreement with our previous

reports (Mascia et al., 1996a,b), ethanol potentiated in a
reversible and concentration-dependent manner the action of a
concentration of glycine which produces a peak current that
was 2% of the maximal current observed (EC2). However, the

ethanol potentiation of the glycine response was signi®cantly
lower when the oocytes were previously exposed to the PKC
inhibitors staurosporine or GF109203X, suggesting that

activation of PKC might be involved in the ethanol
potentiation of the glycine receptor (Figure 1).

Because both staurosporine and GF109203X reduced the

ethanol potentiation of the glycine response, the e�ects of
staurosporine were also tested on the enhancement of the
glycine receptor function by anaesthetics. The potentiation of

the function of the glycine receptor induced by halothane
(0.25 mM) or propofol (2.5 mM) was not a�ected by pretreat-
ment of the oocytes with staurosporine (Figure 2).

Table 1 Kinase inhibitors and the phosphatase inhibitor
calyculin A do not alter the glycine action

Treatment Emax (nA) EC50 (mM) Hill

Staurosporine
(800 mM)

GF 109203X
(200 nM)

H-89
(500 nM)

KN 62
(15 mM)

Genistein
(100 mM)

Calyculin A
(60 nM)

control
treated
control
treated
control
treated
control
treated
control
treated
control
treated

3975+238
3710+479
3250+167
3912+391
3175+380
3296+642
3893+ 38
3529+446
4439+95
4408+125
3186+222
3278+259

61+18
73+21
90+27
70+15
57+14
51+21
43+ 7
48+ 4
80+13
60+ 9
44+ 4
31+ 5

1.5
1.5
2.2
2.2
1.9
1.7
1.7
2.7
1.7
2.7
1.9
2.1

Emax, EC50, and Hill values for glycine concentration-
response curves after staurosporine, GF109203X, H-89,
KN62, genistein and calyculin A exposure in Xenopus
oocytes expressing homomeric a1 glycine receptors. Oocytes
were incubated for 4 h with staurosporine, for 30 min with
GF109203X or genistein. H89, KN62 were microinjected
and oocytes were used 5 min after the injection. Glycine was
applied for 20 s. Values are the mean+s.e.m. of ®ve to six
oocytes.

Figure 1 Staurosporine and GF103209X reduce the ethanol
enhancement of currents evoked by glycine in Xenopus oocytes
expressing homomeric a1 glycine receptor subunits. Control
responses were determined and oocytes were then incubated for 4 h
in 800 nM staurosporine or for 30 min in 200 nM GF 103209X and
tested again. Ethanol (10 ± 200 mM) was bath-applied for 2 min
before being coapplied with an EC2 concentration of glycine.
Enhancement of glycine currents induced by ethanol was signi®cantly
lower after treatment with staurosporine or GF 103209X. Values are
the mean+s.e.m. of 10 to 11 oocytes, P50.0001 for controls vs
800 nM staurosporine or vs 200 nM GF 103209X.

Figure 2 Staurosporine did not a�ect halothane (0.25 mM) or
propofol (2.5 mM) potentiation of currents evoked by glycine in
Xenopus oocytes expressing a1 glycine receptor subunits. Control
responses were determined and oocytes were then incubated with
800 nM staurosporine for 4 h and tested again. Halothane or
propofol were perfused for 2 min before being coapplied with an
EC2 concentration of glycine. Values are the mean+s.e.m. of ®ve to
seven oocytes.
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To explore the role of other kinases on the ethanol
potentiation of the glycine response, we examined the e�ects
of several kinase inhibitors in Xenopus oocytes expressing the

a1 glycine receptor subunit. Microinjection of the oocytes with
the speci®c PKA inhibitor H89 or with the CaM kinase
inhibitor KN62, as well as the pretreatment with the tyrosine
kinase inhibitor genistein, induced no signi®cant changes in the

ethanol modulation of the glycine receptor function (Figure
3A, B and C).

Next, the e�ect of the serine-threonine phosphatase

inhibitor calyculin A was examined. Ethanol concentration-
response (10 ± 200 mM) curves were performed in Xenopus
oocytes expressing a1 glycine receptor subunit, before and

after microinjection with calyculin A (60 nM). Ethanol
potentiated in a concentration-dependent and reversible way
the e�ect of glycine in both control and treated oocytes. No

signi®cant di�erences were found between the two conditions
studied (Figure 4).

The e�ect of ethanol was studied in a mutant of the a1
glycine receptor subunit where an alanine replace the serine at

the 391 residue [a1 (S391A)] with consequent elimination of the
PKC phosphorylation site. Glycine (10 ± 1000 mM) concentra-
tion response curves were determined and compared for

oocytes expressing the a1 wild type subunit and oocytes
expressing the mutant a1 (S391A). As shown in Table 2, no
di�erences in the glycine EC50 values, in the Emax values or in

the Hill coe�cient were found when results from the wild type
a1 glycine receptor were compared to results from the mutant
a1 (S391A). A complete ethanol (10 ± 200 mM) concentration

a

b

c

Figure 3 H-89 (A), KN 62 (B) and genistein (C) did not alter the
ethanol action on Xenopus oocytes expressing a1 glycine receptor
subunits. Control responses were determined and oocytes were
microinjected with H-89 (500 nM) or KN 62 (15 mM) or preincubated

with genistein (100 mM) for 30 min. Ethanol (10 ± 200 mM) was
perfused for 2 min before being coapplied with an EC2 concentration
of glycine for 20 s. Values are the mean+s.e.m. of ®ve to seven
oocytes.

Figure 4 The protein phosphatase inhibitor calyculin A did not alter
the ethanol action in Xenopus oocytes expressing a1 glycine receptor
subunits. Control responses were determined and oocytes were
microinjected with (60 nM) calyculin A. Ethanol (10 ± 200 mM) was
perfused for 2 min before being coapplied with an EC2 concentration
of glycine for 20 s. Values are the mean+s.e.m. of ®ve to seven
oocytes.
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response curve was next performed (Figure 5). Ethanol
potentiated the glycine receptor function in both homomeric
type a1 glycine receptors and in the mutant a1 (S391A)

receptors. However, the substitution of S391A in the a1
mutant signi®cantly decreased its ethanol sensitivity when
compared with a1 wild type (P50.001). Moreover the PKC
inhibitor staurosporine did not a�ect the ethanol (10 ±

200 mM) potentiation of the glycine response in Xenopus
oocytes expressing a1 (S391A) glycine receptors. To determine
whether the e�ect of staurosporine on wild type glycine a1
receptors (as presented in Figure 1) is similar to the e�ect of
mutation of Ser 391 to Ala, oocytes from the same batch were
injected with cDNAs for either the wild type or mutated

(S391A) glycine a1 subunits, and oocytes expressing the wild
type glycine a1 receptor were treated with staurosporine.
Under these conditions the e�ect of ethanol was reduced to the

same extent in staurosporine-treated oocytes expressing a1
wild type and in untreated oocytes expressing a1 (S391A).

Previous studies have reported the presence of a splicing
variant of the a1 glycine receptor subunit, a1ins, with eight

additional amino acid in the cytoplasmic loop between TM3
and TM4. This insert of eight additional amino acids may
result in a consensus sequence for a phosphorylation site by

PKA (Malosio et al., 1994). To determine the importance of
this insert in the glycine receptor function and in the ethanol
potentiation of the glycine receptor, oocytes expressing the a1
wild type glycine receptor subunit were compared to oocytes
expressing a1ins glycine receptor subunit. Glycine (10 ±
1000 mM) concentration-response curve were determined. No
di�erences were found in the glycine EC50 values, Emax or Hill
coe�cient (Table 2). Ethanol (10 ± 200 mM) concentration-
response curve were next examined in Xenopus oocytes
expressing a1 or a1ins glycine receptor subunit (Figure 6).

Ethanol potentiated in a reversible and concentration-

dependent manner the glycine receptor function to the same
extent in both the glycine receptors.

Discussion

In previous studies (Mascia et al., 1996a,b), we demonstrated
that ethanol and anaesthetics potentiated the action of glycine
in Xenopus oocytes expressing human homomeric a1 or a2
glycine receptor. In the present study we examined the

possibility that phosphorylation of the glycine receptor could
be involved in the ethanol potentiation of glycine-evoked Cl7

currents. Our results indicate that treatment of oocytes with

protein kinase C inhibitors (staurosporine or GF 109203X)
produced a partial reduction of the potentiation induced by
ethanol. Moreover, the ethanol potentiation of the glycine

receptor was signi®cantly reduced after mutagenesis of a
speci®c PKC consensus site, at serine 391, of the a1 glycine
subunit. This reduction was almost complete at low

concentrations of ethanol (10 ± 25 mM), however was reduced
to 22% when higher (150 ± 200 mM) concentrations were
tested. Furthermore, the e�ect of ethanol in this mutant was
unaltered by preincubation of Xenopus oocytes with the PKC

Figure 5 Ethanol potentiation of the currents evoked by glycine was
reduced in oocytes expressing the mutant a1(S391A) when compared
with the a1 wild type. Staurosporine does not alter the ethanol e�ects
in oocytes expressing the mutant a1 (S391A), but reduces the ethanol
potentiation to the same level of the a1 (S391A) in oocytes expressing
the a1 wild type glycine receptor subunit. Control responses were
determined and oocytes expressing a1 wild type or a1 (S391A) were
incubated for 4 h with 800 nM staurosporine. Ethanol (10 ± 200 mM)
was bath-applied for 2 min before being coapplied with an EC2

concentration of glycine. Values are the mean+s.e.m. of four to eight
oocytes, P50.001 for a1 wild type vs a1 (S391A) and P50.0001 for
a1 wild type vs staurosprine-treated a1 wild type glycine receptors.

Table 2 Glycine action did not di�er in Xenopus oocytes
expressing a1 wild type, the mutant a1(S391A) or the a1ins

glycine receptor subunit

Clones Emax (nA) EC50 (mM) Hill

a1 wild type
a1 (S391A)

a1 wild type
a1ins

2648+385
2437+213

3126+465
3131+392

71+5
71+9

129+11
122+6

3.8
2.6

2.8
2.2

Glycine concentration-response curve were performed
comparing a1 (S391A) or a1ins glycine receptors to a1wild
type glycine receptors expressed into the same batch of
Xenopus oocytes. Glycine was applied for 20 s. Values are
mean+s.e.m. of six oocytes.

Figure 6 Ethanol potentiation of the currents evoked by glycine is
not altered in oocytes expressing homomeric a1 or a1ins glycine
receptor subunit. Ethanol was bath applied for 2 min before an EC2

concentration of glycine was coapplied for 20 s. Values are the
mean+s.e.m. of six di�erent oocytes.
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inhibitor staurosporine. These results suggest that phosphor-
ylation by PKC of the a subunit of the glycine receptor is
important for ethanol potentiation of the glycine receptor

function and are consistent with the evidence that the a glycine
receptor subunit is phosphorylated by PKC at the serine 391
residue (Ruiz-Gomez et al., 1994). Similar ®ndings were
reported for the GABAA receptor (a1b1g2L): PKC inhibitors

as well as mutagenesis of a PKC phoshorylation site were able
to completely block the ethanol e�ect (Wa�ord & Whiting,
1992). However, in the case of the glycine receptor,

phosphorylation by PKC of the a subunit is not su�cient to
completely explain the ethanol potentiation because PKC
inhibitors, as well as mutagenesis of the phosphorylated

residue, were not able to completely block the ethanol
potentiation of the glycine action. In addition, we recently
identi®ed an amino-acid residue, S267, which is essential for

the ethanol potentiation of the glycine receptor function, but is
not a phosphorylation site (Mihic et al., 1997). Moreover, a
series of amino acids mutations at residue S267, demonstrate
that the e�ect of ethanol depends upon the molecular volume

of the substituents in position 267: replacement of the S267
residue with small volume amino acids resulted in potentiation
of the ethanol action, and mutation of the S267 residue with

large residues resulted in inhibition (Ye et al., 1998). As
discussed below, these results suggest that there is an alcohol
binding site on the a glycine receptor subunit that is formed in
part by the 267 residue.

When the e�ect of staurosporine was tested at the same time
and on the same batch of oocytes expressing either the 391

mutant or the a1 wild type, we did not ®nd any di�erence in
the reduction of the ethanol potentiation between staurospor-
ine-treated oocytes expressing the wild-type a1 subunit and
untreated oocytes expressing the mutant a1 (S391A). This

suggests that phosphorylation of S391 can account for all the
e�ects of PKC inhibitors. The e�ects of the PKC inhibitors
were speci®c for the action of ethanol. In fact, treatment of the

oocytes with staurosporine, did not change the potentiation of
the function of the glycine receptor induced by the volatile
anaesthetic halothane or by the intravenous anaesthetic

propofol. This latter ®nding rules out the possibility that the
strychnine-sensitive glycine receptor could be involved in the
decrease of the EC50 for anaesthesia induced by staurosporine
in tadpoles (Firestone et al., 1993).

Because the a subunit of the glycine receptor is
phosphorylated in vitro by cyclic AMP dependent protein
kinase A (Vaello et al., 1994), we examined the possibility that,

in addition to PKC, other kinases (i.e., PKA, CaM kinase and
tyrosine kinase) might be involved in the ethanol modulation
of the glycine receptor function. In our hands, none of the

inhibitors of PKA, CaM kinase or tyrosine kinase were able to
modify the e�ects of ethanol at the glycine receptor. Moreover,
forskolin, an activator of adenylate cyclase, was not able to

modify the ethanol e�ect on the glycine a1 receptor expressed
in Xenopus oocytes (data not shown). In transiently transfected
HEK 293 cells activation of PKA with forskolin did not alter
the ethanol e�ects on glycine a1 receptors (Valenzuela,

unpublished data). Part of these results are in agreement with
previous electrophysiological ®ndings from Aguayo et al.,
(1996) demonstrating that, the potentiating e�ects of ethanol

on the glycine currents, measured in cultured spinal neurones,
were unmodi®ed by treatment with the PKA inhibitors H7 or
PKI peptide inhibitor or after dialysis of neurones with

internal solution lacking ATP. Together, these results suggest
that protein kinase A is not involved in the ethanol modulation
of the glycine receptor function. The alternatively spliced form
of the a1 glycine receptor subunit, a1ins (Malosio et al., 1994),

which in adult spinal cord represents *30% of the total a1
subunit, contains in the eight additional amino acids, a
potential consensus site for phosphorylation by PKA. A

similar splicing variant, bearing eight amino acids and an
additional consensus sequence for PKC, has been reported for
the g2 subunit of the GABAA receptor (g2L) (Whiting et al.,
1990). These eight amino acids in the alternatively spliced form

of the g2 GABAA subunit, are important for the low dose
ethanol potentiation of the GABAA receptor; furthermore, at
least one of these eight amino acids must be in a

phosphorylated state for the low dose ethanol potentiation to
be observed (Wa�ord & Whiting, 1992; Harris et al., 1997).
Because of these ®ndings, we compared the e�ects of ethanol in

oocytes expressing the a1 glycine receptor subunit or the splice
variant a1ins. Our results indicate that the a1ins glycine receptor
is as sensitive to the e�ects of ethanol as the a1 glycine

receptor, and suggest that, if phosphorylation by PKA occurs
in the splice variant, it does not a�ect the ethanol potentiation
of the glycine receptor function.

Treatment of oocytes with the phosphatase inhibitor

calyculin A did not modify the ethanol e�ect on glycine
receptor function. A possible explanation could be the high
level of endogenous phosphorylation inside the Xenopus

oocytes (Woodland, 1979), so that PKC inhibitors could
induce a reduction in the ethanol modulation of the function of
the glycine receptor, but the e�ect of the phosphatase inhibitor

could have been masked by the high phosphorylation state. A
similar result was described by Wa�ord & Whiting (1992) for
the GABAA receptor expressed in oocytes: kinase inhibitors

were able to block the ethanol potentiation, but PKC
activators were unable to modify the ethanol e�ect.

In this study we also investigated the role of kinases
inhibitors, as well as the phosphatase inhibitor calyculin A, on

the function of the glycine receptor. Several publications
suggest that the function of the glycine receptor can be
modulated by activation of PKC or PKA, although the results

are contradictory. In spinal neurons (Song & Huang, 1990)
and in Xenopus oocytes (Vaello et al., 1994) activation of PKA
enhances the function of the glycine receptor. On the contrary,

activation of PKC decreases the glycine receptor function in
Xenopus oocytes (Vaello et al., 1994; Uchiyama et al., 1994),
but potentiates the glycine response in hippocampal neurones
(Schonrock & Bormann, 1995). In contrast to these reports, we

found that the kinases inhibitors and calyculin A were not able
to modulate the glycine response. In particular, the PKC
inhibitors staurosporine and GF 109203X, under conditions

that reduced the ethanol e�ects, did not alter the glycine
response. Our results raise the question of why PKC inhibitors
can modulate the ethanol e�ect, but not the action of glycine at

the glycine receptor. One possibility is that ethanol binds a
`pocket' between transmembrane regions 2 and 3 of the glycine
a1 subunit, as proposed by Mihic et al., (1997), and that

receptor phosphorylation increases the a�nity or e�cacy of
this interaction. For this explanation to be plausible, it would
be necessary for ethanol to bind to di�erent site on the glycine
receptor than does halothane or propofol, or to bind to this

site in a di�erent manner than other anaesthetics. Indeed,
mutations of amino acids in the TM2 and three regions have
distinct e�ects on actions of ethanol, halothane and propofol

(Mihic et al., 1997 and unpublished data).
Finally, we can speculate about which receptor system, in

vivo, could be involved in the ethanol modulation of the

glycine receptor through phosphorylation by PKC. A possible
candidate is the 5-HT2 receptor. Recent data suggest that the
function of the glycine receptor, measured in neurones from
the sacral dorsal commisural nucleus, is potentiated through

Glycine receptor: phosphorylation and ethanol effects268 M.P. Mascia et al



activation of the 5-HT2 receptor (Xu et al., 1996). In fact,
serotonin binding to the 5-HT2 receptor activate phospholi-
pase C with consequent increase in the level of diacylglycerol,

the main endogenous activator of PKC.
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