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SUMMARY

Ethanol inhibits adenosine uptake, thereby increasing the con-
centration of extracellular adenosine. Elevation of extraceliular
adenosine increases intracellular CAMP concentration via acti-
vation of adenosine A, receptors. Extracellular adenosine is also
required for the subsequent development of ethanol-induced
heterologous desensitization. Here we report that activation of
cAMP-dependent protein kinase is necessary for inhibition of
adenosine uptake by ethanol and for the consequent accumula-
tion of extracellular adenosine. Ethanol does not inhibit adeno-
sine uptake in mutants of the S49 cell line that lack receptor-

stimulated cAMP production (unc cells) or cAMP-dependent
protein kinase activity (kin~ cells). Forskolin, which bypasses the
receptor-coupling defect in unc cells to increase CAMP levels,
restores inhibition of adenosine uptake by ethanol. In contrast,
in kin~ cells forskolin did not restore inhibition of adenosine
uptake by ethanol, despite similar increases in CAMP levels.
Taken together, these results suggest that CAMP-dependent
protein kinase tes a component of the nucleoside
transporter, thereby regulating the sensitivity of adenosine trans-
port to ethanol.

The cAMP signal transduction system is a primary target
for ethanol in intact cells. Ethanol acutely stimulates cAMP
levels (1-6), whereas long term exposure decreases G,, mRNA
and protein, leading to decreased cAMP production by recep-
tors coupled to G, (heterologous desensitization) (5, 7-12).
Ethanol-induced receptor desensitization may be of patho-
physiologic importance, because circulating lymphocytes (6)
and platelet membranes (13) from alcoholic subjects exhibit a
similar decrease in receptor-coupled cAMP production.

In several different cell types, acute exposure to ethanol
inhibits adenosine uptake via the nucleoside transporter (14,
15). As a result, adenosine accumulates extracellularly and
activates adenosine A, receptors, increasing intracellular cAMP
levels (16). Adenosine accumulation and adenosine receptor
activation are also required for chronic ethanol-induced heter-
ologous desensitization of cAMP production (16). After chronic
exposure to ethanol, adenosine uptake is no longer inhibited by
ethanol and, as a result, accumulation of extracellular adeno-
sine does not occur (14). However, the relationship between
ethanol-induced alterations in cAMP levels and the subsequent
chronic effects of ethanol on adenosine transport is unclear.
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Here we have utilized variants of the S49 cell line to deter-
mine whether PKA (EC 2.7.1.37) is required for the inhibition
of adenosine uptake by ethanol. We found that ethanol did not
inhibit adenosine uptake in cells deficient in cAMP signal
transduction. As a result, extracellular adenosine concentra-
tions were not increased by ethanol, and there was no heterol-
ogous desensitization after chronic exposure to ethanol. Qur
data suggest that PKA-mediated phosphorylation of the nucle-
oside transporter or an associated regulatory component is
required for inhibition of adenosine uptake by ethanol, for the
accumulation of extracellular adenosine, and for the subsequent
development of heterologous desensitization.

Experimental Procedures

Materials. [*H]Adenosine, [*H]uridine, and ['*C}methoxyinulin
were purchased from Amersham Corp. Chloroacetaldehyde was pur-
chased from Fluka, scintillation fluid from National Diagnostics, min-
eral oil from Fisher Scientific, and silicone oil from Aldrich. All other
reagent-grade chemicals were purchased from Sigma or Boehringer-
Mannheim. Cell culture media were purchased from GIBCO.

Cell culture. S49 wild-type and variant cell lines (unc and kin~)
were obtained from the Cell Culture Facility at the University of
California, San Francisco. Cells were grown in Dulbecco’s modified
Eagle medium, with 10% horse serum, and were then transferred to
defined medium, containing 1.5 units/ml adenosine deaminase (aden-
osine aminohydrolase; EC 3.5.4.4) (16), and subcultured every 48 hr for

ABBREVIATIONS: G,, stimulatory guanine nucleotide-binding regulatory protein; PKA, cAMP-dependent protein kinase; PBS, phosphate-buffered
saline; HEPES, 4-(2-hydroxyethyi)-1-piperazineethanesulfonic acid; PIA, phenylisopropyladenosine; PGE,, prostaglandin E,; ddFSK, 1,9-dideoxyfor-

skolin.
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2-8 weeks. Cells were then seeded at 3.0 X 10° cells/ml, in defined
medium without adenosine deaminase, and were cultured for 48 hr in
the presence or absence of 100 mM ethanol. Cells were removed from
cell culture medium by centrifugation at 200 X g for 5 min and were
resuspended in assay buffer for specific experiments.

cAMP concentrations. Cells were resuspended at 10° cells/ml, in
PBS containing 0.2% glucose, 26 mM HEPES, and 1 unit/ml adenosine
deaminase, and were preincubated for 5 min at 37° with 10 uM ZK-
62711 (a gift from Berlex Labs, Cedar Knolls, NJ), an inhibitor of
phosphodiesterase activity. cAMP production was stimulated by incu-
bation of the cells with 100 uM PIA or 1 uM PGE, for 15 min, in the
presence or absence of 150 mM ethanol (16). Reactions were terminated
by addition of 50 ul of 2% Nonidet P-40 in 1 N HCI and incubation of
the tubes on ice for 10 min. cAMP levels were determined in a 700 X g
supernatant by radioimmunoassay (5).

Nucleoside uptake. Cells were resuspended in Hanks’ buffered
saline containing 25 mM HEPES and were preincubated with 0-200
mM ethanol for 4 min at room temperature (14). Uptake was then
determined by addition of 100 ul of the cell suspension to 100 ul of
buffered medium containing [*H)adenosine or [*H]uridine (0.01 mCi/
ml) and various concentrations of ethanol. After incubation for 60-90
sec, cells were rapidly separated from the medium by centrifugation
through 100 ul of inert oil (17). Radioactivity in the cell pellet was
measured as previously described (14, 17). Final cell concentrations
during the assay were 0.5-1.0 X 107 cells/ml. Uptake was linear with
increasing cell concentrations. Nonspecific uptake of nucleosides was
determined after preincubation for 5 min with 10 uM dipyridamole, an
inhibitor of nucleoside transport (18). Extracellular fluid in the pellet
was measured with [*C]methoxyinulin (19). Ethanol did not alter
nonspecific uptake of adenosine or the amount of extracellular fluid in
the cell pellet in S49 wild-type and variant cell lines (data not shown).

Enzyme activities. Adenosine deaminase and adenosine kinase
(ATP:adenosine-5’-phosphotransferase; EC 2.7.1.20) activities were
measured in soluble fractions of wild-type, unc, and kin~ cells, as
previously described (14, 20, 21).

Extracellular adenosine concentration. Cells were suspended at
1-3 X 107 cells/ml, in PBS prepared with sterile water (16), and were
preincubated for 5 min at room temperature. PBS (0.5 ml) containing
0 or 200 mM ethanol was then added to 0.5-ml aliquots of cells. After
10 min, medium was separated by centrifugation of the cells through
100 ul of inert oil. A fluorescent derivative of adenosine in the medium
was immediately prepared and separated by reverse phase high pressure
liquid chromatography (16, 22). Fluorescence of the eluted sample was
monitored on a Kratos FS 970 fluorescence detector, at an excitation
wavelength of 280 nm (23, 24), and was compared with that of authentic
1,N%-ethenoadenosine. Identity of adenosine was confirmed by disap-
pearance of the adenosine peak after pretreatment with adenosine
deaminase.

Forskolin treatment. The effect of 107 to 10~ M forskolin and its
inactive derivative ddFSK on adenosine uptake was determined. Cells
were incubated with forskolin or ddFSK, or the same concentration of
vehicle (33 mM ethanol), for 10 min at 37°, centrifuged for 5 min at
200 X g, and resuspended as described above for measurement of
nucleoside uptake. cCAMP concentration was measured by radio-
immunoassay, as described (5).

Statistical analysis. Values are reported as mean + standard error,
unless indicated otherwise. Differences between mean values were
analyzed by two-tailed ¢ tests and one-way analysis of variance.

Results

Adenosine uptake. To determine whether the cAMP-me-
diated signal transduction pathway is required for inhibition of
adenosine uptake by ethanol, we measured the effects of ethanol
on adenosine uptake in wild-type and variant S49 cell lines.
The inhibition of [*H)adenosine uptake by ethanol in wild-type
cells reached 35% (Fig. 1). In contrast, ethanol did not inhibit
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Fig. 1. Ethanol (EtOH) inhibition of adenosine uptake in S49 wild-type
(0), kin~ (@), and unc cells (A). Uptake of 0.3 um [*H]adenosine was
measured in the presence of 0-200 mm ethanol at 90 sec. Uptake in the
presence of ethanol is expressed as a percentage of uptake in the
absence of ethanol. Values represent mean + standard error of 12
experiments for wild-type cells, three for kin™~ cells, and four for unc cells.
Uptake in wild-type, kin~, and unc cells in the absence of ethanol was
4.38 + 0.41, 2.47 + 0.47, and 1.75 + 0.54 pmol/107 cells, respectively.
*, p < 0.05, compared with cells incubated in the absence of ethanol.

TABLE 1

Adenosine deaminase and adenosine kinase activity in S49 wild-
type, unc, and kin~ cells

Activities of adenosine deaminase and adenosine kinase were measured in S49
wild-type, unc, and kin~ cells as described in Experimental Procedures. Values
represent mean + standard error of three or four experiments.

nmol/mg of protein/ pmol/mg of

min protein/min
Wild-type 242+56 171+ 21
unc 348+6.6 220+ 39
kin~ 327165 19.4 + 3.1

uptake in kin~ cells, which lack PKA activity, or unc cells, in
which G, is present but receptor activation is not coupled to
adenylyl cyclase (25) (Fig. 1). The magnitude of adenosine
uptake in the absence of ethanol was similar in wild-type, unc,
and kin~ cells (Fig. 1, legend). These results suggest that an
active CAMP-dependent phosphorylation pathway is required
for inhibition of adenosine uptake by ethanol.

[*H]Adenosine uptake is due to influx through the nucleoside
transporter, as well as subsequent intracellular metabolism.
One or both components may be altered by ethanol. We first
confirmed that the differences in sensitivity of adenosine up-
take to ethanol between wild-type and mutant cells were not
due to differences in adenosine metabolism. No difference was
found in activity of the primary adenosine-metabolizing en-
zymes, adenosine deaminase or adenosine kinase, between wild-
type, kin~, and unc cells (Table 1). We next determined the
effect of ethanol on the uptake of uridine, another nucleoside
transported by the nucleoside transporter but metabolized dif-
ferently than adenosine. Uptake of [*H]uridine was inhibited
by ethanol in wild-type cells (Fig. 2). If cAMP-dependent
phosphorylation at the level of nucleoside transport is required
for inhibition of adenosine uptake by ethanol, then uptake of
uridine in kin~ and unc cells should also be unaffected by
ethanol. Similar to the results obtained with adenosine (Fig.
1), ethanol did not inhibit [*H]uridine uptake in unc or kin~
cells (Fig. 2). Taken together, these results suggest that inhi-
bition of adenosine uptake by ethanol is regulated by cAMP at
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Fig. 2. Inhibition of uridine uptake by ethanol in S49

wild-type, kin~, and unc cells. Uptake of 0.14 um [*H]

uridine was measured at 60 sec, in the presence or

absence of 100 mm ethanol. Percentage of inhibition
* by ethanol is expressed in relation to cells incubated
in the absence of ethanol. Uptake in wild-type, kin~,
and unc cells in the absence of ethanol was 0.45 +
0.04,0.6 + 0.1, and 0.7 + 0.2 pmol/107 cells, respec-
tively. Values represent mean =+ standard error of six
to eight experiments. *, p < 0.05, compared with wild-
type cells.
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the level of nucleoside transport (26) and is not due to changes
in adenosine metabolism.

Decreased intracellular cAMP and consequently decreased
PKA in unc cells and the lack of PKA activity in kin~ cells
should result in decreased cAMP-dependent protein phosphor-
ylation (27). If adenosine uptake in unc cells is insensitive to
ethanol because of decreased phosphorylation, then forskolin,
which increases cAMP concentration independently of receptor
activation (28), should restore inhibition of adenosine uptake
by ethanol. When adenosine uptake was measured in unc cells
that had been treated with increasing concentrations of forsko-
lin for 10 min, inhibition of adenosine uptake by ethanol was
restored (Fig. 3). ddFSK, a forskolin derivative that does not
increase cCAMP, did not restore ethanol sensitivity (data not
shown), suggesting a specific effect of forskolin on cAMP
generation. Forskolin failed to restore sensitivity to ethanol in
kin~ cells (Fig. 4), which lack PKA activity, despite increases
in cAMP levels. Because forskolin had no effect on adenosine
uptake in the absence of ethanol in all three cell types (Fig. 4),
these results suggest that cAMP-dependent phosphorylation is
required only for inhibition of adenosine uptake by ethanol.

Extracellular adenosine concentrations. In wild-type
S49 cells, acute exposure to ethanol results in an increase in
extracellular adenosine concentration, which we postulated is
due to inhibition of adenosine uptake by ethanol (16). Because
ethanol did not inhibit adenosine uptake in kin~ cells, these
cells should not accumulate extracellular adenosine on exposure
to ethanol. When wild-type cells were incubated in 100 mM
ethanol for 10 min, extracellular adenosine concentrations in-
creased 1.8-fold (Fig. 5) (16). In contrast, ethanol did not
increase extracellular adenosine concentrations in kin~ cells
(Fig. 5). These results suggest that cAMP-dependent phos-
phorylation, which is required for inhibition of adenosine trans-
port by ethanol, regulates ethanol-induced increases in extra-
cellular adenosine.

kin-

Ethanol-induced heterologous desensitization. Extra-
cellular adenosine is required for ethanol-induced heterologous
desensitization in S49 wild-type cells (14). In kin~ cells, ethanol
did not inhibit adenosine uptake and, consequently, did not
increase extracellular adenosine concentrations. Therefore,
chronic exposure to ethanol should not lead to heterologous
desensitization of receptor-dependent cAMP production in
these cells. After chronic exposure of S49 wild-type cells to 100
mM ethanol for 48 hr, PIA and PGE, receptor-stimulated
cAMP levels were decreased by 28% and 36%, respectively (Fig.
6). In contrast, receptor-dependent cAMP production was not
decreased in kin~ cells after the same exposure to ethanol (Fig.
6), suggesting that PKA is required for ethanol-induced heter-
ologous desensitization.

Discussion

Inhibition of adenosine transport by ethanol mediates acute
ethanol-induced increases in cAMP levels and is required for
the subsequent development of heterologous desensitization
(16). Acute exposure to ethanol inhibits adenosine uptake,
leading to an increase in extracellular adenosine concentration
(14). Adenosine then activates adenosine A, receptors to in-
crease intracellular cAMP (16). Upon continued exposure to
ethanol, there is a heterologous desensitization of receptors
coupled to adenylyl cyclase via G,, leading to decreased cAMP
levels (16), and adenosine uptake is no longer inhibited by
ethanol (14).

These observations suggest a relationship between the effects
of ethanol on the cCAMP signal transduction system and inhi-
bition of adenosine uptake by ethanol. Therefore, we examined
inhibition of adenosine uptake by ethanol in variants of the
S49 cell line that are deficient in receptor-dependent cAMP
production (unc) and PKA activity (kin~). In S49 wild-type
cells, acute exposure to ethanol inhibited adenosine uptake,

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet

cAMP Regulates Ethanol Inhibition of Adenosine Transport 815

*
*
AVAVAY ~ N
INRNNNRNN
AAAVA A YA YA A Y
LR AR
AVAVA VA YA YR YA A Y
AODAHNNNS
20 | OOODODON
NN
APAAS AT AVATAVAVA YA YA YA Y
'\'\'\ \’\'\'\'\ '\'\'\ \'\'\'\'\
l\l\l‘lsl\l\I\f‘ I\I‘I‘t\l\l‘l‘t‘ ae .
= NRXNNNNN URAXXNNNN Fig. 3. Inhibition of adenosine uptake by ethanol in unc cells
o g NRNNNNN OONNNNN as a function of forskolin concentration. Uptake of 0.14 um
O BAAANRN AAAAAANN [*H]adenosine was measured at 60 sec, in the presence or
- AN VN AN AYAYA S NN
Sz NN INRNNNRNN absence of 200 mm ethanol, after preincubation of unc cells
AVAVAAA A Y AAVAVAVA A A Y . o
o c ISNNANIN NNRNNNNN with or without forskolin at the indicated concentrations.
£ 2 -1 NN DOGOXNRN Percentage of inhibition by ethanol is expressed as in Fig. 2.
m - , 2 LR AR
e a AN Values represent mean * standard error of four to eight
‘= AYAYA YA SN SN AN A YA YA YAY N
2 £ 0 NI SN experiments. *, p < 0.008, compared with cells not treated
— AYAY AYAVAYA AN AVAYAYANA VA A WY . .
Q —np— ‘. \'\':'\'\’\'\'\ NN with forskolin.
g\ CACACAARRXS CRCAR R
AAYAYA AN \) AVAA VAN YA Y \'\ '\'\,\‘\’\l\'\'\
AARAANNN RSN SOVAIAN
I‘I lsd\l\l‘l\l\A I‘I\I‘I‘l‘l\l‘l\ I\I‘I\l‘l\l‘l‘l‘
AATAAA A YA AAVAVAVA YA YA YA Y AYAYAYAVA YA YA IR Y
by ¢ ¢ 2 2 2 2 2 4 (AR NS IIIII‘II\I\
L] ANNNNNNN ONNNNNNN
/‘I‘l‘t‘l‘l\l‘l\d I\I\I\I‘I\I\I‘i‘ I\l I‘l RS
f‘l I‘l\f\l‘l\l\d l‘l‘l‘l‘l\l\l\l\ I‘I‘I‘J‘l‘l‘l ’
\l‘i\l‘l‘l\l‘l\d l‘l‘l‘l‘l l\l\l‘ I‘l:l:l:l:l:l:l:
o ANAAIIN BSOSO BANIOION
0 0.1uM 1uM 10 uM
Forskolin
30 -
*
]
S Fig. 4. Inhibition of adenosine uptake by
NN N NN . . -
20 NN 200 mm ethanol in wild-type, unc, and kin
- ¢ 2 2 v A . .
AN cells after treatment with forskolin. Cells
2 2 2 2 AN 0
AAVA S YA Y . -
NARKN were treated with (£2) or without 0) 105 m
T AN forskolin, and adenosine uptake was meas-
AVA YA YA YA Y 2| . .
o) VNN ured as described in Fig. 3. Forskolin had
v LA . N
% L‘E NN, SN no effect on adenosine Uptake in the ab-
N AVAY AAVAYA YA Y
a - NN NN sence of ethanol (uptake after forskolin
2 o NN AN treatment was 95 + 5% of uptake in cells
TARNA) A AR TANAY . .
g § NAANN XXX in the absence of forskoiin; 17 experiments).
LA AR P 2t A . '3 "
= 2 RIsIAINN) AN Forskolin-stimulated cAMP levels did not
N AR NN N NN "
e 2 10 CANNNS NANXN differ between cell types (1030 + 160 pmol/
3 € B NN AN 107 cells; seven experiments). Values rep-
A ) ~ AVA VA VA YA
2 ) NN RN resent mean + standard error of three to
: . A
(-4 NN NN eight experiments. *, p < 0.02, compared
NANNNS RAKRNAXS with cells not treated with forskolin.
‘I\I‘I\I\l \I\t\l‘l\d
AN NN
NN NNNRN,
LA S ¢ 2 2 2 A
ARARAIAY AVAAVAAY
[N 4 2 2 7 A
‘/‘l\l‘t‘l \I‘I‘I\t\d
\'\’\'\’\’ \’\’\"’\ﬂ
NN RENNN
0 Vavli Pava PAVAY Ay

causing increased extracellular adenosine concentrations (14).
In contrast, ethanol did not inhibit adenosine uptake in kin~
or unc cells (Fig. 1). Consequently, ethanol did not increase
extracellular adenosine (Fig. 5) and chronic ethanol-induced
heterologous desensitization did not occur (Fig. 6) in kin~ cells.
In unc cells, inhibition of adenosine uptake by ethanol could
be restored by raising of cAMP levels with forskolin (Figs. 3

kin ~
and 4). Increasing of cAMP levels in kin~ cells by forskolin had
no effect (Fig. 4). Because kin~ cells lack PKA activity, these
results suggest that cAMP-dependent phosphorylation is re-
quired for ethanol to inhibit adenosine uptake.

Adenosine uptake is due to both influx of adenosine via the
nucleoside transporter and subsequent intracellular metabo-
lism. Our data suggest that ethanol sensitivity of nucleoside
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Fig. 5. Extracellular adenosine concen-
trations in S49 wild-type and kin~ cells
after acute exposure to ethanol. Cells
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__|
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were incubated with (&) or without [OJ)
100 mm ethanol for 10 min. The extra-
cellular adenosine concentration was
determined by high pressure liquid chro-
matography, as described in Experi-
mental Procedures. Values represent
mean + standard error of nine experi-
ments for wild-type cells and four ex-
periments for kin~ cells. *, p < 0.003,
compared with cells not exposed to
ethanol.
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Fig. 6. Receptor-stimulated CAMP levels in S49 wild-type (&) and kin~
cells (CJ) produced by incubation for 48 hr with 100 mm ethanol. Resuits
are expressed as the percentage decrease of PIA or PGE, stimulation in
chronic ethanol-treated cells, compared with control cells grown in the
absence of ethanol. *, p < 0.007, compared with controls. PIA-stimulated
CAMP levels in cells not treated with ethanol were 2.0 + 0.2 pmol/10°®
cells (130% stimulation over basal) for wild-type cells and 36 + 5 pmol/
10° cells (119% stimulation) for kin~ cells. PGE,-stimulated levels in wild-
type and kin~ cells were 7.7 + 0.5 (402% stimulation) and 95 + 7 pmol/
10° cells (290% stimulation), respectively. Values are mean + standard
error of four or five experiments. NS, not significant.

transport, rather than intracellular metabolism, is regulated by
phosphorylation. Adenosine and uridine are both transported
by the nucleoside transporter but are metabolized by different
intracellular pathways (26, 29-33). We found that ethanol
inhibited both uridine and adenosine uptake in wild-type cells
but had no effect on the uptake of either of these nucleosides
in unc or kin~ cells (Figs. 1 and 2). Adenosine deaminase, which
deaminates adenosine to inosine, and adenosine kinase, which
phosphorylates adenosine to AMP, are primarily responsible
for adenosine metabolism (26). Neither acute nor chronic ex-
posure to ethanol alters activity of these enzymes in wild-type
cells (14). Moreover, we were unable to demonstrate any differ-
ences in enzyme activities in the variant cell lines, compared
with the wild-type (Table 1). Taken together, these data suggest
that a common ethanol-sensitive component of the transport
system, either the nucleoside transporter itself or an associated

kin-

regulatory component, is regulated by phosphorylation. This
phosphorylation is required for ethanol to inhibit adenosine
uptake. Confirmation of such a regulatory mechanism awaits
purification of the nucleoside transporter.

Although it has been proposed that the nucleoside trans-
porter may be allosterically regulated (34, 35), there are con-
flicting reports on regulation of nucleoside transport by cAMP
(26, 36, 37). Early studies suggested that decreases in cAMP
produced by serum or insulin increased uridine uptake (36, 37).
In those experiments, a reduction in cAMP levels preceded
increases in uridine uptake (36). However, later studies showed
no alteration in initial uptake rates due to serum- or insulin-
induced changes in cAMP (26). Subsequently, Wohlheuter et
al. (38) reported that increased cAMP levels had no effect on
transport of adenosine or uridine in Chinese hamster ovary
cells. Consistent with these latter observations, increasing of
cAMP levels with forskolin had no effect on adenosine uptake
in the absence of ethanol in S49 wild-type, unc, or kin~ cells
(see legend to Fig. 4). cAMP-dependent phosphorylation ap-
pears to be required only for sensitivity to ethanol.

After prolonged exposure of S49 wild-type cells to ethanol,
adenosine uptake is no longer inhibited by rechallenge with
ethanol (14), i.e., nucleoside transport has lost its sensitivity to
ethanol. Because this insensitivity is similar to that found in
unc and kin~ cells, the insensitivity in cells chronically exposed
to ethanol might be due to decreased cAMP levels (5, 7-12)
and, presumably, decreased phosphorylation of the nucleoside
transport system.

The role of phosphorylation in the sensitivity of adenosine
uptake to ethanol is unknown. Because ethanol binds to hydro-
phobic moieties on proteins (39-43), ethanol might bind di-
rectly to the transporter, causing a conformational change that
would result in inhibition of uptake. Our data suggest that the
adenosine transport system has to be “primed” by phosphor-
ylation before ethanol exposure, i.e., ethanol would only bind
to the transporter and/or inhibit uptake if the nucleoside
transporter or an associated regulatory component were phos-
phorylated.

In summary, the findings in this study suggest that, in S49
cells, cAMP-dependent phosphorylation of the nucleoside
transporter is required for acute inhibition of adenosine uptake
by ethanol, the accumulation of extracellular adenosine, and
the subsequent development of ethanol-induced heterologous
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desensitization. These cells adapt to ethanol by lowering cAMP
levels, which may then result in an insensitivity of the adeno-
sine transporter to the inhibitory effects of ethanol. Because
ethanol has similar effects on the adenosine transporter and
cAMP signal transduction in a neural cell line (16) and in
human peripheral lymphocytes (8),% regulation of the sensitivity
of adenosine transport to ethanol by cAMP-dependent phos-
phorylation may be important in the pathophysiology of alco-
holism.
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