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Abstract

Our studies indicate that, in the presence of particular
isoforms of adenylyl cyclase (i.e., type 7 AC), moderately
intoxicating concentrations of ethanol will significantly
potentiate transmitter-mediated activation of the cAMP
signaling cascade. Activation of this signaling cascade
may have important implications for the mechanisms by
which ethanol produces intoxication, and/or for the
mechanisms of neuroadaptation leading to tolerance to,
and physical dependence on, ethanol. We initiated a
series of studies to investigate the phosphorylation of
AC7 by PKC, the role of this phosphorylation in modulat-
ing the sensitivity of AC7 to activation by Gsa, and the
PKC isotype(s) involved in the phosphorylation of AC7.
The T7 epitope-tagged AC7 expressed in Sf9 and HEK293
cells was found to be phosphorylated in vitro by the cata-
lytic subunit of PKC. Treatment of AC7-transfected
HEK293 cells with phorbol dibutyrate (PDBu) or ethanol
increased the phosphorylation of AC7 and its respon-
siveness to Gsa. In human erythroleukemia (HEL) cells,
which endogeneously express AC7, ethanol and PDBu

increased AC activity stimulated by PGE,. The potentia-
tion by both PDBu and ethanol was found to be sensitive
to the PKC &-selective inhibitor, rottlerin. The potentia-
tion of AC activity by ethanol in HEL cells was also selec-
tively attenuated by the RACK inhibitory peptide specific
for PKC 6, and by expression of the dominant negative,
catalytically inactive, form of PKC 8. These data demon-
strate that AC7 can be phosphorylated by PKC, leading to
an increase in functional activity, and ethanol can poten-
tiate AC7 activity through a PKC 8-mediated phosphory-
lation of AC7.

Copyright®© 2001 National Science Council, ROC and S. Karger AG, Basel

The G-protein-mediated signal transduction pathways
that use adenylyl cyclase (AC) as an effector are among
the most common signal transduction pathways in both
neuronal and non-neuronal cells. Neurotransmitters bind
to Gs-coupled receptors and promote the dissociation of
the heterotrimeric Gs protein and the exchange of GTP
for GDP bound to the Gsa subunit. The Gse subunit with
GTP bound to it then activates the AC. The activated AC
generates the second messenger cyclic adenosine 3'5'-
monophosphate (cAMP), which in turn activates the
cAMP-dependent protein kinase A (PKA). PKA is known
to phosphorylate and regulate several target proteins in
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different intracellular regions from the plasma membrane
to the nucleus. Several studies have shown that ethanol
acutely potentiates Gs-stimulated AC activity in various
whole cell and membrane preparations [1, 50, 53], and it
is not surprising that consequences of the stimulatory
effects of ethanol on the Gs-AC signal transduction path-
way can be observed in the plasma membrane as well as in
the nucleus. In studies by Palmer’s group, the cAMP-gen-
erating system has been shown to be a controlling element
in the modulation of ethanol sensitivity of GABA, recep-
tor-coupled ion channels [10, 26]. Activation of AC
through B-adrenergic receptors potentiated Purkinje neu-
ron responses to GABA, and sensitized GABA responses
to the potentiating effect of ethanol [ 10, 26]. Since ethanol
can increase B-adrenergic receptor-stimulated AC activi-
ty, this pathway suggests a mechanism by which ethanol
can produce a ‘a feedforward’ sensitization of GABA4
receptors on cerebellar Purkinje neurons to the action of
ethanol. Acute exposure of rats to ethanol has also been
demonstrated to activate AC signal transduction from the
membrane to the nucleus. Increased cAMP production at
the plasma membrane increased the phosphorylation of
CREB in the nucleus of striatal and cerebellar tissues [60,
61]. In addition, Moore et al. [39] demonstrated in a
recent behavioral study using Drosophila mutants that
cAMP levels, and consequently PKA activity, determined
the sensitivity of the flies to the intoxicating effect of etha-
nol.

Adaptation of the AC system occurs after chronic expo-
sure to ethanol, resulting in reduced responsiveness of AC

- to different stimuli, and leading to lowered cAMP produc-
tion and PKA activity. These mechanisms have been sug-
gested to play a role in behavioral tolerance to ethanol [9,
53].

Observations that the actions of ethanol on AC activity
are evident primarily under conditions where Gs (the
stimulatory G protein) is also activated have led to the
hypothesis that ethanol acts to promote the rate of activa-
tion of Gs protein and/or to sensitize AC to the action of
the Gs protein [19]. On the other hand, ethanol has also
been shown to inhibit nucleoside transporters which in-
ternalize extracellular adenosine [8], and it has been pro-
posed that the ethanol-induced increases in levels of
extracellular adenosine lead to activation of AC through
the interaction of adenosine with Gs-coupled A, adeno-
sine receptors [8].

One of the difficulties in studying the mechanism of
action of ethanol on AC activity in native tissues is the
fact that ACs are a gene family. Currently, nine different
genes that code for ACs (AC1-AC9) have been identified,
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and some of these genes also produce multiple splice vari-
ants [24, 51, 52]. Most cell types, including neurons, prob-
ably express two or more AC isoforms [16, 45]. In fact,
practically all AC isoforms are expressed in brain, and
each isoform has a unique but overlapping expression pat-
tern, as demonstrated by in situ hybridization studies
[38]. Since there is significant functional diversity in the
family of ACs [24, 51, 52], it is important to realize that
the complement of the ACs in a given cell type, as well as
the ACs’ subcellular localization and association with reg-
ulators and modulators, will probably determine how eth-
anol will influence AC signal transduction pathways both
acutely and chronically.

All currently known AC isoforms can be activated
through Gs-coupled receptors, although the conditions,
magnitude and mechanisms of such activation vary from
isoform to isoform [15, 24, 51, 52]. Similarly, ethanol’s
ability to potentiate Gs-stimulated AC activity varies
among isoforms, with AC7 being the most sensitive to
ethanol of all tested isoforms [64]. For instance, 50 mM
ethanol produced a 56% increase in PGE;-stimulated
cAMP production in HEK293 cells transfected with type
7 AC [65], while activation of ¢cAMP production in
HEK?293 cells transfected with other AC family members
was, at best, one half to one third of this value. We wished
to determine the characteristics of AC7 that result in the
enhanced sensitivity to the potentiating effect of ethanol.
Since in our prior work and the work of others, 3-isobutyl-
1-methylxanthine (IBMX) has been used routinely as an
inhibitor of phosphodiesterase to protect newly formed
cAMP, and since IBMX can also act as a competitive
antagonist at A, adenosine receptors, it became initially
important for us to examine whether the actions of IBMX
at the adenosine receptors were contributing somehow to
our witnessed results regarding ethanol potentiation of
ACT activity.

To initiate the examination of the role of adenosine
and adenosine A, receptors in the actions of ethanoi on
AC, we examined the effect of ethanol on AC activity in
HEK cells transfected with AC7 in the presence of Ro 20-
1724, a phosphodiesterase inhibitor lacking activity at the
adenosine A, receptor. Figure 1 demonstrates that etha-
nol had equivalent effects in the presence of Ro 20-1724
or IBMX. To further examine the possible role of adeno-
sine in the actions of ethanol, we examined the ability of
adenosine per s¢ to increase the accumulation of cAMP in
HEK?293 cells transfected with AC7. Adenosine (10 pui)
produced a small increase in cAMP accumulation in the
AC7-transfected HEK293 cells (0.048%), whereas PGE,
(10 puf), which we routinely use for our studies [65], pro-
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Fig. 1. Effects of IBMX and Ro 20-1724 on cthanol-induced
increases in cAMP production. cAMP accumulation was measured
in HEK293 cells transfected with AC7. Cells were preincubated,
prior to PGE,; addition, for 10 min with cither 500 uM IBMX or
500 uM Ro 20-1724, and incubated for 5 min with 10 uM PGE, in
the presence or absence of 200 mM ethanol, as indicated. The effects
of PGE| and PGE, + e¢thanol are reported as cAMP accumulation.
Fig. 2. Effect of an adenosine receptor agonist on CAMP accumula-
tion. a HEK?293 cells transfected with AC7 were incubated for 5 min
with 10 pM PGE; = 200 mM ethanol in the presence or absence of
50 uM 8-(p-sulfophenyl) theophylline, as indicated. cAMP accumu-
lation was measured. The stimulation by ethanol was 358.8 = 28.3%
in the absence and 366.8 £ 17.2% in the presence of this adenosine
antagonist. b The effect of the adenosine receptor antagonist on the
actions of adenosine, per se, was examined by incubating the cells
with 10 pud adenosine (Ado) plus 10 uM forskolin (Forsk) for
5 min.

duced a much higher increase (0.35%). In order to accen-
tuate the effect of adenosine acting as an agonist at A,
adenosine receptors, adenosine was added together with
forskolin (fig. 2). A synergistic activation of AC activity
was demonstrated when the Gs-coupled A, receptor ago-
nist (adenosine) was added with forskolin to cells express-
ing AC7. The adenosine receptor antagonist [8-(p-sulfo-
phenyl)theophylline] blocked the effect of adenosine on
forskolin-activated AC activity (fig. 2b), but had no effect
on PGE -stimulated AC activity or the potentiation of
this activity by ethanol (fig. 2a). Because of its poor mem-
brane permeability, 8-(p-sulfophenyl)theophylline would
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not be expected to inhibit intracellular events under our
assay conditions.

As already mentioned, prior work [8] had suggested
that ethanol acts to enhance extracellular adenosine lev-
els, and it has been proposed that increases in AC activity
in the presence of ethanol are wholly generated through
the increased activation of A, adenosine receptors by the
accumulated adenosine. Our current studies illustrate lit-
tle or no role for adenosine in the actions of ethanol on
PGE-mediated increases in cellular cAMP. A possible
interpretation of the prior findings on the importance of
endogenous adenosine in ethanol-induced actions on
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cAMP signaling [8], is that activation of a Gs-coupled
receptor is critical for evidencing ethanol-induced actions
on AC activity. If an appropriate exogenous transmitter
substance (e.g. PGE,) is not added to a cellular assay sys-
tem, ethanol would have no effect on cAMP levels unless
an endogenous transmitter (such as adenosine) accumu-
lated to levels sufficient to stimulate the cognate (adeno-
sine A,) Gs-coupled receptor.

We have additionally argued that the actions of etha-
nol on cAMP generation transcend the actions of ethanol
on the Gs protein activation process and involve an etha-
nol effect on the Gs-AC interaction. Our contention was
based on the already-stated fact [64] that certain members
of the AC enzyme family were substantially responsive to
the actions of ethanol while other members were not
responsive. Since all members of the AC family of en-
zymes can, under specific conditions, be activated by Gsa
[52, 54], the characteristics of a particular AC must con-
tribute to the degree of ethanol potentiation of the catalyt-
ic activity of AC, irrespective of the actions of ethanol on
the Gs protein.

An interesting feature of AC7 is that it is one of the AC
isoforms that are sensitive to the effects of phorbol esters,
through activation of protein kinase C (PKC)[17, 22, 59,
62]. Our studies showed that both the effects of ethanol
and phorbol esters on AC7 are blocked by bisindolylmal-
eimide and staurosporine, a relatively selective PKC
inhibitor and a Ser/Thr kinase inhibitor, respectively.
These data suggested a role for PKC in the actions of etha-
nol on AC7. Further work in our laboratory [46] demon-
strated that prolonged preincubation of cells (20 h) with a
phorbol ester blocked the actions of ethanol on AC in
human erythroleukemia (HEL) cells, which express AC7
as their primary endogenous AC isoform [16]. Although
little published evidence exists for direct phosphorylation
of AC7 by PKC, direct phosphorylation of the closely
related AC2 by PKC o has been demonstrated [67]. Since
both AC7 and AC2 have PKC consensus sites in function-
ally relevant regions, i.e. AC catalytic domains (C;, and
C,a) and putative regulatory regions (Ciy,) [24, 54, 56, 66],
we hypothesized that AC7 activity can be regulated by
PKC through direct phosphorylation, and that certain of
these phosphorylation events may be involved in the
actions of ethanol on AC7.

To determine whether or not AC7 could itself be a tar-
get (substrate) for PKC phosphorylation, a His- and T7-
epitope tagged AC7 expression vector was constructed
which would allow for efficient purification by immuno-
precipitation. The tagged AC7 was overexpressed in Sf9
insect cells by infection with a recombinant baculovirus.
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The membranes from AC7- and control-infected Sf9 cells
were solubilized, and the AC7 protein was immunopre-
cipitated using the monoclonal anti-T7 antibody. Western
blot and autoradiographic evidence for in vitro phosphor-
ylation of AC7 protein by PKC was obtained after incuba-
tion of the immunoprecipitated AC7 with rat brain PKC
catalytic subunits in the presence of [y-32P]JATP. A phos-
phorylated band with the same mobility characteristics as
AC7 was noted after polyacrylamide gel electrophoresis,
while no phosphorylated band was noted in control assays
which contained no AC7. Given these results, we also
investigated whether ethanol could promote the phos-
phorylation of AC7 by PKC. AC7-transfected HEK293
cells were simultaneously incubated with PGE, and etha-
nol for 2-5 min, and the cell membranes were prepared
under conditions which would preserve the phosphoryla-
tion state of AC7. We then performed a ‘back’ phosphory-
lation experiment by monitoring the extent of AC7 phos-
phorylation by PKC in vitro using the membranes of the
ethanol-treated and control cells. The reduced phosphory-
lation of AC7 by PKC in vitro (‘back’ phosphorylation)
indicated that ethanol had promoted phosphorylation of
ACT7 at PKC ‘substrate’ sites.

To show functional significance for the enhanced phos-
phorylation of AC7 seen with ethanol, AC7 activity was
assayed in membranes that were prepared from etha-
nol-, PDBu-, or control vehicle-treated AC7-transfected
HEK293 cells. When constitutively active Q227L-Gsa
was added to the membranes from AC7-transfected
HEK?293 cells that had been pretreated with PDBu or
vehicle immediately prior to membrane preparation, the
activity of expressed AC7 in the presence of Q277-Gso.
was significantly higher in membranes of PDBu-treated
cell membranes than in vehicle-treated cell membranes.
This indicated that the phosphorylation of AC7 by PKC
may change the responsiveness of the enzyme to Gsa. As
for PDBu, ethanol exposure of AC7-transfected cells also
increased the responsiveness of the enzyme to added
Q227L-Gso, when tested in the cell-membrane-contain-
ing assay for AC activity.

There is a significant amount of diversity in the family
of PKCs, which consists of at least 11 different isoforms
[41]. The PKC family can be divided into three subfami-
lies: the conventional PKCs (¢cPKC: a, I, BII and y) are
Ca?* dependent and activated by phosphatidylserine and
diacylglycerol (DAG) and its analogs, the phorbol esters;
the novel PKCs (nPKC: 8, &, m, 6 and pn) are Ca2* indepen-
dent, but activated by phosphatidylserine and DAG and
phorbol esters; the atypical PKCs (aPKC: A and C) are not
activated by CaZ* or by DAG or phorbol esters [41]. An
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important question is how the specificity of regulation
(phosphorylation) of a target protein by a kinase arises.
Signal transduction pathways, such as the receptor-G pro-
tein-AC pathway, appear to be organized into multi-ele-
ment complexes by scaffold and anchoring proteins that
ensure functional integrity, efficiency and spatio-tempo-
ral control of signaling [3, 57]. The specificity of PKC
actions is thought to originate from the presence of PKC-
isoform-specific anchoring proteins [36, 37] as well as the
presence of PKC-isoform-specific substrate sequences
[40] in the target proteins, such as AC7. It is probable that
both the PKC-isoform-specific anchoring protein and the
nature of the substrate sequence together determine the
efficiency and level of phosphorylation of a protein and
the functional consequences of the phosphorylation of a
given protein such as an AC. Having shown that AC7 can
be directly phosphorylated by PKC, and that ethanol can
promote this phosphorylation, we next investigated the
isoforms of PKC responsible for the effect of ethanol. For
these experiments, we used HEL cells.

HEL cells express mRNA for AC6, AC7, and the etha-
nol-insensitive AC3 [64]. AC7 mRNA is by far the most
abundant species of AC mRNA expressed in HEL cells
[16]. Furthermore, using an AC2 family antibody, an
immunoreactive band in the range of 110 kD was identi-
fied in the membrane fraction of HEL cells, which corre-
sponded in size to an immunoreactive band of ACT7-
infected Sf9 cells and AC7-transfected HEK293 cells.
Therefore, HEL cells seemed appropriate for further in-
vestigation of the role of PKC in ethanol potentiation of
AC activity. G6-6976 has been shown to selectively inhib-
it the conventional PKCs and PKC u, while rottlerin
selectively inhibits PKC & and 6 [13, 32, 58]. Pretreating
HEL cells with increasing concentrations of G6-6976 had
little or no effect on the potentiation of PGE-stimulated
AC activity by either PDBu or ethanol. However, when
HEL cells were pretreated with rottlerin, the potentiation
of AC activity by both ethanol and PDBu was inhibited in
a concentration-dependent fashion. For example, with
2.5 uM rottlerin in the assay, the potentiation by ethanol
was reduced from 83 + 10to 28 £ 7%, and the potentia-
tion by PDBu was reduced from 112 £ 11to 59 £+ 12%.

The role of a PKC anchoring protein is to target the
appropriate PKC isoform in the vicinity of its substrate
[36, 37]. So far only two PKC anchoring proteins, or
receptors for activated C kinase (RACKSs), have been
cloned. RACK1 1s selective for PKC B [36, 48, 49], and
the second RACK is selective for PKC g [7]. Interestingly,
the PKC anchoring RACK proteins are structurally relat-
ed to G protein B subunits [48] that stimulate the activity
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of AC2-family enzymes, including AC7 [55, 63]. Peptides
containing specific sequences within the N-terminal V-1
regions which are unique to the various PKCs have been
recently used to competitively inhibit the binding of
PKCs to the RACK binding proteins. These peptides
have been shown to be PKC-isotype-specific, and to have
little cross-reactivity. When HEL cells were pretreated
with RACK inhibitory peptides (kindly provided by Dr.
Daria Mochly-Rosen, Stanford University, Stanford, Cal-
if., USA) prior to stimulation by PGE, the potentiation of
AC activity by ethanol was attenuated by about 50%
(from 68 £ 16 to 36 = 3%, p < 0.05, Student’s t test) by
the RACK inhibitory peptide specific for PKC § (5V1-1).
In contrast, the inhibitory peptide for PKC ¢ (¢V1-2) ora
control (scrambled sequence) peptide had no effect (etha-
nol potentiation was 62 + 11%). The potentiation by
PDBu was also significantly reduced by the 8V 1-1 pep-
tide, whereas the PKC ¢ peptide and scrambled control
peptide were without effect.

Overexpression of dominant negative (DN), catalyti-
cally inactive, forms of PKC has previously been shown to
competitively inhibit the activity of the targeted PKC iso-
form, either by displacing the endogenous PKC from its
substrate, and/or by competing with the endogenous PKC
for co-factors and substrates. The DN construct for PKC
has a lysine in position 376 mutated to a methionine with-
in the ATP binding site, making it catalytically inactive
{25b]. Both the wild-type and DN constructs of PKC &
have been incorporated into separate replication-defi-
cient adenovirus (AdS DL312) vectors, kindly provided
to us by Dr. Trevor Biden (Garvan Institute of Medical
Research, Sydney, Australia). HEL cells were infected
with the viral vectors carrying either the wild-type or DN
form of PKC 8 at two different adenovirus titers, 10 X
103 or 50 x 103 particles/cell. HEL cells infected with the
DN-PKC é adenovirus demonstrated a 174% increase in
immunoreactive PKC 8 protein, representing the expres-
sion of the DN mutant PKC & in addition to the endogen-
eous expression of wild-type PKC 8. When HEL cells were
assayed for AC activity 20 h after viral infection, the
potentiation of PGE-stimulated AC activity by 100 mM
ethanol was no longer statistically significant in cells
infected with the DN-PKC & adenovirus, at either virus
titer. At the higher virus titre, the potentiation of ethanol
was reduced to 16 £ 7%, as compared to 52 = 18% in
cells infected with the wild-type PKC 8 adenovirus.

Our previous results [46] ruled out the involvement of
the atypical PKCs in the effect of ethanol by demonstrat-
ing that the downregulation of the classical and novel
PKCs by prolonged exposure to phorbol esters eliminated
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ethanol potentiation of PGE;-stimulated AC activity in
HEL cells. Our current results also demonstrated that the
PKC inhibitor, G6-6976, which is selective for the classi-
cal PKCs, did not reduce the potentiation of AC activity
produced by ethanol or PDBu. This lack of effect was evi-
dent at G6-6976 concentrations that were 50- to 500-fold
higher than the published Ki values for PKC ¢, § and n
[14, 32]. The sum of these data indicated the lack of
involvement of the atypical and classical PKCs, as well as
PKC y, in the effects of ethanol or PDBu on AC activity.

On the other hand, our pharmacological and molecular
biological studies suggested a role for a novel PKC (PKC
d) in ethanol and phorbol ester potentiation of agonist-
stimulated AC7 activity. First, rottlerin has been shown to
selectively inhibit PKC 8 and 6 function [58], and to selec-
tively inhibit the PKC 6 and 0 isozymes (Ki = 3-6 uM)
with 10-fold greater potency than the a, f and y isoforms
and a 20- to 30-fold greater potency than the €, n and C
isoforms [2, 14]. Rottlerin has been used to implicate
PKC & in many cellular functions, such as the regulation
of cell growth and differentiation, apoptosis, and tumor
development [6, 29, 44, 47]. Our results demonstrated a
reduced potentiation of AC activity by either PDBu or
ethanol even in the presence of a concentration of rottler-
in below its Ki for inhibition of PKC & [13]. However,
rottlerin inhibition alone could not distinguish between
the involvement of PKC 6 and 9, both of which are
expressed in HEL cells. Rottlerin has also been shown to
affect CaM kinase III and Trk receptor activity [42].
Thus, additional experiments were performed using a
novel class of selective peptide PKC inhibitors.

A RACK inhibitory protein similar to the one we used
was previously shown to prevent translocation of PKC §
upon cell stimulation [23]. A related peptide has also been
used to demonstrate the involvement of PKC 8 in mediat-
ing ethanol-induced upregulation of L-type CaZ* channels
[11]. Our results, demonstrating that the PKC 6 RACK
inhibitory peptide, but not the PKC ¢ peptide or a scram-
bled peptide, inhibit PDBu and ethanol-induced poten-
tiation of AC activity, further support a role for PKC 6 in
the action of ethanol.

Finally, catalytically inactive DN forms of various
PKC isotypes have also been successfully used as specific
inhibitors of PKC actions, and a recent study used a DN
PKC to delineate opposing effects by two different PKC
isotypes, 8 and o [20]. We can conclude from our studies
using DN PKC & that PKC § is in large part responsible
for the potentiation by ethanol of prostanoid receptor/Gs
protein-coupled AC activity in HEL cells. The fact that
some potentiation remained even in the presence of the
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RACK inhibitor peptide and the dominant-negative PKC
d isoform may, however, argue for an additional mecha-
nism for the effects of ethanol on AC activity.

Only two prior studies have implicated the novel PKCs
in regulating AC activity. Inhibition of AC6 activity by a
novel PKC during adenosine A2a receptor desensitization
in PC12 cells was implied by the lack of Ca2* dependence of
this process and the effects of overexpression of PKC d ore
in the PC12 cells[25a]. The potentiation of PGE,-stimulat-
ed AC2 activity by phorbol-12 myristate, 13 acetate in
macrophages was also suggested to be due to the novel
family of PKCs [28]. On the other hand, atypical PKCs
were reported to mediate lysophosophatidic acid potentia-
tion of PGE-stimulated AC2 activity in these same cells
[27]. Neither study by Lin et al. [27, 28] showed evidence of
direct phosphorylation of AC, and it is not clear which AC
isoforms besides AC2 are present in macrophages. Given
our work showing that AC7 can be directly phosphorylated
by PKC, it is of interest that in addition to the putative
PKC phosphorylation consensus sites in the catalytically
relevant cytoplasmic loops of AC7, putative sites for which
the novel PKCs show preference [40] are present within the
Gso binding domains. This is particularly intriguing since
we have shown that phosphorylation of AC7 by PKC
resulted in greater sensitivity of the enzyme to stimulation
by Gsa. In early examinations of the actions of ethanol on
AC activity, we demonstrated that ethanol increases the
rate of activation of Gs [30]. If an increased availability of
activated Gsa* occurs in the presence of phosphorylated
AC7, our results would predict a significant activation of
this AC isoform, which could explain why AC7 is the most
sensitive to the actions of ethanol.

In addition to our demonstration of PKC & involve-
ment in ethanol modulation of AC activity, the novel
family of PKCs has been implicated in various other
acute and chronic effects of ethanol. Short-term ethanol
exposure of NG108-15 cells can alter the subcellular local-
ization and thus presumably the function of PKC § and ¢
[12]. PKC ¢ has been found to be involved in ethanol-
induced cardioprotection [ 5, 35], and the acute behavior-
al effects of ethanol mediated through GABA, receptors
are dampened in PKC g knockout mice [18]. Chronic eth-
anol exposure upregulated the density and function of L-
type Ca?* channels via a PKC-3-dependent mechanism
[4], while the upregulation of N-type Ca?* channels by
chronic ethanol treatment was recently found to be attrib-
utable to PKC g [33]. Chronic ethanol treatment of PC12
cells also enhanced nerve growth factor-induced neurite
outgrowth and activation of MAP kinases by a PKC &-
dependent mechanism [21].
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The exact mechanism or mechanisms by which etha-
nol activates PKC & to alter AC7 activity remains un-
known. Although previous data have indicated that etha-
nol has little if any direct stimulatory effect on the catalyt-
ic activity of PKC in vitro [31, 34], ethanol could modu-
late the interaction between, and the co-localization of,
AC7 and PKC 8. A pool of endogenously active DAG-
sensitive PKCs residing at the cell membrane has been
recently described in a number of cell types, including
HEL cells [4]. Other PKCs were localized primarily in the
cytosol. In murine erythroleukemia cells, PKC & was
found to be predominantly membrane associated, and in
a constitutively active state [43]. Thus, the acute effects of
ethanol on AC activity, which can occur in less than 1 min
[46], could be mediated through a pool of already acti-
vated, membrane-bound PKC &. Ethanol could promote a
conformational change in AC which provides or enhances
availability of a site(s) for PKC-mediated phosphoryla-
tion, or ethanol could promote the association of AC with

The conclusions from our experiments, overall, are
that under basal conditions, PKC 6 maintains AC7 in a
modestly phosphorylated form to maintain its responsive-
ness to Gsa. In the presence of ethanol, the phosphoryla-
tion of AC7 by PKC 6 is enhanced. The more phosphory-
lated form of this AC isoform becomes more sensitive to
activated Gso and, in this way, ethanol enhances recep-
tor-mediated signaling through the AC system. The in-
creased levels of cAMP during such a signaling process
will produce a greater effect on PKA, and greater modifi-
cation of downstream effectors dependent on cAMP sig-
naling.
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