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The search for the basis for the behavioral
effects of ethanol has been prolonged and
intensive. While many actions of ethanol
have been reported, a specific mechanism
of action of ethanol has been elusive.
Proposed mechanisms of action have gen-
erally been divided into two classes: those
which involve an alteration of membrane
fluidity due to partitioning of ethanol into
neuronal membrane lipids and those
which involve an interaction between eth-
anol and specific neuronal membrane pro-
teins. The latter hypothesis has held sway
in recent years. Ethanol has been shown to
interact with a wide variety of transmem-
brane voltage-gated ion channels and neu-
rotransmitter receptor channels (1-3).
However, recent emphasis has been on an
interaction of ethanol with neurotransmit-
ter receptor channels including the y-ami-
nobutyrate type A receptor (GABAR)
channel (4, 5). Ethanol has been shown to
enhance the uptake of y-aminobutyrate
(GABA)-induced Cl- flux in a number of
preparations (6-9) and to enhance GA-
BAR currents in some (10-16), but not all
(17-20), studies. The discrepancy in eth-
anol actions may be due to heterogeneity
of GABARs in different brain regions,
resulting in regionally specific effects of
ethanol (6, 8, 21, 22). Behavioral data have
also provided support for an action of
ethanol on GABAR channels (23-26).
The physiological basis for enhancement
of GABAR currents and the basis for the
variability among reports are unclear. The
recent cloning of multiple GABAR sub-
units and subunit subtypes has provided
new insights into possible mechanisms of
ethanol interactions with GABARs. Eth-
anol has been shown to enhance recom-
binant GABAR currents when the recep-
tors contain a splice-variant long form of
the y2 subunit (y2L) (27), and this effect
has been shown to be dependent upon
phosphorylation of the subunit by Ca2+/
phospholipid-dependent protein kinase C
(PKC) (28). This unusual observation
leads to the conclusion that removal or
inactivation of PKC should block the be-
havioral effects of ethanol. This hypothe-
sis has been tested by Harris et at (29) in
this issue by examining the effects of eth-
anol in null mutant mice that lack the 'y
isoform of PKC. While the results appear

to confirm the general hypothesis, they
raise as many questions as they answer.
Pharmacology of GABARs. GABA is

the major inhibitory neurotransmitter in the
central nervous system. The GABAR is a
macromolecular protein composed of a Cl-
channel with specific binding sites at least
for GABA, picrotoxin, barbiturates, benzo-
diazepines, and neurosteroids (30), but no
specific binding site for ethanol has been
described. Barbiturates, benzodiazepines,
and neurosteroids enhance GABAR cur-
rent by binding to their specific allosteric
regulatory sites. Ethanol enhancement of
GABAR current does not appear to act by
binding of ethanol to the barbiturate, ben-
zodiazepine, or neurosteroid GABAR reg-
ulatory sites.

Molecular Biology of GABARs. The
mammalian GABAR has structural fea-
tures similar to other ligand-gated ion
channels (30). At least five different sub-
unit families (a, (3, y, 8, and p) have been
isolated (Table 1) (31-34). Multiple
cDNAs encoding various subtypes of these
subunits have been isolated (35-39). Six a,
four (, four -y, and two p subtypes and
several splice variants have been described
(Table 1). It is uncertain which GABAR
isoforms are expressed in vivo, but the
widespread and regionally specific distri-
bution of GABAR subunit mRNAs iden-
tified by in situ hybridization (40) and the
large number of subunit subtypes suggest
that GABARs may exist in vivo in multiple
isoforms.

Phosphorylation of GABARs. GABAR
channel function may be modified by
treatment with agents that increase pro-
tein phosphorylation. Several GABAR
subunits contain consensus kinase sub-
strate sequences in the cytoplasmic loop
between the third and fourth transmem-

brane region for cAMP-dependent pro-
tein kinase (PKA), PKC, Ca2+/calmodu-
lin-dependent protein kinase II, and pro-
tein-tyrosine kinase (Table 1). Affinity-
purified preparations of GABARs have
been shown to be phosphorylated by both
PKA and PKC (41, 42), suggesting that
direct phosphorylation of GABARs mod-
ifies GABAR function.

All (3 subunit subtypes contain a con-
served PKA phosphorylation site ((31,
serine-409; (32, serine-410; (33, serine-408;
(34', serine-423) in a PKA consensus se-
quence for phosphorylation in the cyto-
plasmic loop between the third and fourth
transmembrane regions. However, 3 sub-
units have been shown to be substrates in
vitro for both PKA and PKC (42, 43). The
phosphorylation by both kinases was com-
pletely prevented by preincubation with
an antibody prepared against a synthetic
peptide corresponding to the consensus
substrate for PKA in the (3 subunits (44)
and was blocked by a serine to alanine
mutation (43, 45). Tryptic digestion and
microsequencing revealed that the phos-
phorylated residue was in a fragment con-
taining the cytoplasmic loop (44).
The y2 subunit has been shown to be

phosphorylated in vitro by purified PKC
and Ca2+/calmodulin-dependent protein
kinase II, but not by PKA, at serine-327 in
the cytoplasmic loop between the third
and fourth transmembrane regions (42,
43, 46). The -y2 subunit subtype has an
mRNA splice variant, 'y2L, which contains
an 8-amino acid insert with a consensus
substrate sequence for PKC phosphoryla-
tion at serine-343 (47). In addition, there is
a tyrosine kinase consensus sequence in the
y2 subunit outside of the spliced insert.
There are also possible PKC phosphor-

ylation sites in a4, a5, a6, and S subunits.

Table 1. GABAR subunit subtypes and consensus sites for phosphorylation

No. of No. of splice Consensus sites
Subunits subtypes variants Subtype Kinase

a 6 1 a4, a6 PKC
(3 4 3 P31-(34 PKA, PKC
ly 4 1 yl, y3 PTK

y2S/L PTK, PKC
8 1 0 8 PKC
p 2 0 pl, p2 PKC

PKA, cAMP-dependent protein kinase; PKC, Ca2+/phospholipid-dependent protein kinase;
PTK., protein-tyrosine kinase.
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Despite the abundance of potential phos-
phorylation sites on GABAR subunits,
the functional effects ofGABAR phosphor-
ylation by PKA or PKC remain controver-
sial.

Regulation of GABARs by PKA. In-
creases in cAMP decreased GABAR
function in rat cortical synaptoneuro-
somes (48) and in cultured chick cortical
neurons (49). Injection of the catalytic sub-
unit ofPKA into mouse spinal cord neurons
resulted in a reduction in GABAR currents
(50). The reduction in current was due to a
decrease in opening frequency. The PKA
catalytic subunit has also been shown to
reduce GABAR Cl- flux into lysed and
resealed rat synaptoneurosomes and to
increase phosphorylation of a polypeptide
that could be immunoprecipitated with
antibodies specific for GABARs (51).
Currents through recombinant receptor
channels expressed in human embryonic
kidney 293 cells with a1131 and alfly2
subunit combinations were also reduced
by cAMP, and this functional modulation
was prevented by site-directed mutagene-
sis of residue serine-409 on the 31 subunit,
indicating that acute phosphorylation of
this residue was responsible for the reduc-
tion of GABAR current (52).

In contrast to the above studies, in cere-
bellar Purkinje cells application of 8-bromo-
cAMP enhanced GABAR current, mimick-
ing the physiological effect of norepineph-
rine innervation, known to be mediated by
(3-adrenergic receptors coupled to PKA
(53). Furthermore, expression of alp3ly2
subunit combinations in mouse fibroblast
L929 cells stably transfected with cDNA
encoding the catalytic subunit of PKA re-
sulted in enhanced GABAR currents when
compared with expression of al31y2 sub-
unit combinations in the parent L929 cell
line (54). The enhancement in GABAR
current was abolished by mutatior. of the
PKA phosphorylation site on the ( sub-
unit. These experiments suggested that
chronic PKA phosphorylation also en-
hanced GABAR currents.

Alteration of GABARs by PKC. PKC
was found to phosphorylate recombinant
(31 and y2S as well as -y2L subunits on
intracellular serine residues as shown by
site-directed mutagenesis; however, no
functional consequences were determined
in this study (43). Recently, Krishek et at
(45) reported that site-directed mutagen-
esis of the serine residues differentially
reduced the effects of phorbol esters on
GABAR currents expressed in human em-
bryonic kidney cells and Xenopus oocytes.
The functional significance and mechanisms
of phosphorylation of GABARs by direct
PKC treatment, however, remain uncertain.
In oocytes injected with brain or GABAR
subunit mRNA, phorbol esters reduced
GABAR currents via activation of PKC;
site-directed mutagenesis of serine410 in
the (2 subunit and serine-327 in the 'y2S
subunit demonstrated that phosphorylation

of these residues in the GABAR by phorbol
ester-stimulated kinase was responsible for
the inhibition of function (55). The phorbol
ester inhibition of GABAR function ex-
pressed in oocytes also could be shown in
brain microsacs, where PKC activation ap-
peared to inhibit selectively the fraction of
GABAR flux which was not rapidly desen-
sitized by prolonged (several seconds) ex-
posure to agonist (56).

In contrast to these studies, constitu-
tively active PKC (PKM) has been shown
to enhance recombinant alf3ly2LGABAR
currents recorded from transiently trans-
fected L929 cells (57). This enhancement
was blocked by mutation of the (31 and 'y2L
phosphorylation sites and, thus, appeared to
be due to phosphorylation of both subunits.

Alteration ofGABARs by Unknown Ki-
nases. In hippocampal neurons, GABAR
currents appear to be "maintained" by
phosphorylation (involving an unknown
kinase and unknown substrate): the activ-
ity "runs down" in some cells when cyto-
plasmic contents are dialyzed during
whole cell recording and can be main-
tained by addition ofATP and Mg2> (58).

Ethanol, GABARs, and PKC Phosphor-
ylation. The characterization of multiple
subunits of GABARs, the finding that
ethanol enhancement of GABAR cur-
rents was regionally specific, and the dem-
onstration that GABAR subunits were
heterogeneously distributed suggested
that specific GABAR subunits were re-
quired for the enhancement of GABAR
current by ethanol. To examine this ques-
tion, Wafford etat (27) expressed GABARs
in Xenopus oocytes by injecting mouse
brain mRNA or al(3ly2S and al(8ly2L
cRNA and determined their ethanol sen-
sitivity. They demonstrated that GABAR
currents obtained from injecting mouse
brain mRNA were enhanced by ethanol.
However, when specific subunit expres-
sion was blocked by preincubation with a
specific antisense oligonucleotide, ethanol
sensitivity was absent when y2L but not
-y2S antisense oligonucleotide was injected.
Furthermore, recombinant GABARs ex-
pressed with 'y2L, but not with y2S, were
enhanced by ethanol. This led to the con-
clusion that the alternatively spliced region
of y2L was required for ethanol sensitivity
and, thus, that ethanol response heteroge-
neity may be based in part on regional
expression of GABAR isoforms which ex-
press -y2L and y2S. This conclusion was
confirmed by Wafford and Whiting (28),
who expressed al3lpy2L and all31y2S
mRNAs in Xenopus oocytes and showed
that only GABAR currents obtained from
receptors containing the 7y2L subtype were
enhanced by ethanol. However, since the
,y2L insert introduced a PKC site, the ques-
tion was raised whether or not PKC phos-
phorylation of the -y2L serine-327 influ-
enced ethanol enhancement of GABAR
current. Wafford and Whiting (28) demon-
strated that the effect of ethanol was

blocked by mutating the y2L subtype to
remove the serine in the PKC consensus in
the splice insert. These results suggested
another mechanism for heterogeneity: eth-
anol sensitivity might also depend on the
presence of a phosphorylated y2L subunit.
However, this conclusion has not had uni-
versal acceptance. Enhancement of recom-
binant GABAR currents expressed in hu-
man embryonic kidney 293 cells (59) or
Xenopus oocytes (60) did not require the
presence of the y2L splice variant. None-
theless, these observations raise an interest-
ing question: Can selective intracellular
phosphorylation of a ligand gated receptor
channel determine the regulation of the
receptor channel? If so, the level of inhibi-
tion and response to exogenous (and endo-
genous?) regulatory compounds may be
highly dependent on the phosphorylation
state of the receptor. A similar statement
concerning excitation may be made if sim-
ilar mechanisms are confirmed for excita-
tory receptors such as the N-methyl-D-
aspartate receptor (61).
The work reported by Harris et at (29)

in this issue of the Proceedings provides an
important link among these many studies
but raises a number of new questions.
Harris et al (29) have examined the
GABA-induced Cl- flux and the ability of
ethanol, the benzodiazepine flunitraz-
epam and the barbiturate pentobarbital to
enhance Cl- flux in cortical and cerebellar
synaptosomes and to cause the loss of
righting reflex and reduction of body tem-
perature in wild-type and PKCy null mu-
tant mice. They demonstrate that the mu-
tant mice have no alteration in GABA-
induced Cl- flux but have reduced
sensitivity to the effects of ethanol on Cl-
flux, loss of righting reflex, and hypother-
mia. The mutant mice show normal re-
sponses to benziodiazepine and barbitu-
rate. These results appear to implicate this
specific -y of PKC in the action of ethanol
to enhance GABAR current. While the
basic studies of ethanol action on GA-
BARs have suggested a relationship be-
tween PKC phosphorylation and GABAR
function, this study directly links the loss
of PKCy function with loss of ethanol
behavioral effects to loss of an interaction
between ethanol and GABAR function.
Thus it establishes a firm relationship
between the pharmacological actions of
ethanol, GABA function, and PKCy func-
tion.
However, a number of important ques-

tions remain. If PKC is important in reg-
ulating GABAR function (up or down?),
then why is basal GABAR function not
altered in the PKCy null mutant? Why
don't the other six PKC isoforms [a, (i,
PI3,, , s, or ( (62)] provide the phosphor-
ylation function lost by PKCy? Why are
membrane vesicles (microsacs) produced
from cortex and cerebellum insensitive to
ethanol in the PKC-y null mutant mice
despite the widespread presence of the
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phosphorylation of other PKC isoforms?
Why is the y2L serine-343 important for
ethanol action while phosphorylation of
the closely adjoining -y2L-subypte serine-
327 site and the (-subunit serine site is not
relevant? Is the loss of sensitivity to eth-
anol due to loss of direct phosphorylation
of the GABAR by PKCy, or does it result
from phosphorylation of an additional
intracellular protein? While the PKCy
isoform is not detectable until 7 days of
age and does not reach adult levels until
14-28 days of age, it remains possible that
these are subtle developmental alterations
produced by its absence which indirectly
influence ethanol sensitivity. None of
these questions were directly answered by
this study. However, this study does
strongly suggest that phosphorylation of a
central nervous system protein is involved
in the action of GABAR current by eth-
anol and the behavioral effects of ethanol,
and the availability of PKC-y null mutant
mice provides an important new tool to be
employed in the study of PKC function in
the central nervous system and for char-
acterizing the link between the behavioral
actions of ethanol, PKC phosphorylation,
and GABAR function. This study, there-
fore, provides a considerable stimulus for
continued research in this area to identify
the responsible mechanisms underlying
the behavioral actions of ethanol.
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