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Acute Ethanol Treatment Modulates 6 Opioid

Receptors in N18TG2 Cells

lvone Gomes, Ph.D.,* Nino Trapaidze, Ph.D.,T Herman Turndorf, M.D., Lakshmi Arehole Devi, Ph.D.,§

Mylarrao Bansinath, Ph.D.”

Background: The in vitro adaptive responses of & opiate re-
ceptors (DOR) to chronic ethanol treatment have been well
documented. The acute effects of ethanol on these receptors are
not well characterized beyond its effect on ligand binding. The
aim of this study was to evaluate the acute effects of clinically
relevant concentrations of ethanol (50-200 mm) on the satura-
tion binding kinetics, receptor/ligand internalization, and ago-
nist stimulation of G-protein coupling in N18TG2 cells express-
ing the Flag epitope-tagged mouse DOR.

Methbods: Confocal microscopy was used to localize Flag
epitope-tagged DOR in N18TG2 cells. Saturation binding assays
at 4°C and 37°C were conducted in the absence or presence of
ethanol on cells not pretreated or pretreated with ethanol for 30
min at 37°C. Highly specific 8 agonist, DPDPE ([D-Pen”,D-
Pen’lenkephalin), was used in these studies. The effect of eth-
anol on agonist stimulation of G-protein coupling was exam-
ined using [3*S]JGTPyS (guanosine-5'-0-(3-thio)triphosphate)
binding to membranes. Agonist-mediated receptor internaliza-
tion was examined using flow cytometry of cells labeled with
the antiserum directed against the Flag epitope, and the ligand
internalization was examined using [’HJDPDPE.

Results: Ethanol decreased the binding of the agonist [*HID-
PDPE, and not the antagonist [*Hldiprenorphine, in a dose-
dependent manner. These effects were temperature-dependent.
Ethanol reversibly inhibited agonist stimulation of [>*S]GTPyS
binding. In non-pretreated cells, ethanol decreased the rate of
receptor/ligand internalization, but this effect was not seen in
ethanol pretreated cells. Taken together, these results suggest
that pretreatment of N18TG2 cells with ethanol induces com-
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pensatory mechanisms that allow the receptor to function effi-
ciently in its presence.

Conclusion: Acute ethanol decreased the binding, agonist-
mediated functional coupling and receptor/ligand internaliza-
tion in N18TG2 cells expressing epitope-tagged DOR. In these
cells, 30-min pretreatment with ethanol was sufficient to re-
verse these effects. (Key words: Desensitization; endocytosis;
enkephalin; G-protein—coupled receptors; neuroblastoma.)

ALCOHOLS have been extensively used in studies aimed at
elucidating the mechanisms of anesthetic action. Ethanol
produces progressive depression of the central nervous
system and can induce general anesthesia at concentrations
greater than 50 mm.! A number of biochemical studies have
shown that ethanol also alters the processing, release, and
receptor-binding properties of endogenous opioid pep-
tides.?”> Among the different subtypes of opioid receptors,
the 6 is more susceptible to the acute and chronic effects of
ethanol*~” than the w or k subtypes.

A number of aspects of receptor regulation, such as
agonist-mediated endocytosis and receptor recycling,
can best be studied using cultured cells expressing the &
opioid receptor (DOR). The binding of an agonist to the
opioid receptor activates associated G proteins followed
by induction of a number of second messenger systems.
This is followed by a rapid agonist-induced internaliza-
tion of the receptor, leading to uncoupling of receptors
from G proteins and ultimately termination of signal-
ing.s -11

Studies using neuronal cell lines expressing DOR have
shown that chronic exposure to clinically relevant con-
centrations of ethanol (25-100 mm) leads to upregula-
tion of DOR mRNA levels.’* Acute exposure of cells to
ethanol reversibly decreased the binding of &-selective
peptide [PHIDADLE ([D-Ala>D-Leu’]enkephalin).'> How-
ever, little is known about the effects of acute ethanol on
the immediate events that follow ligand binding to DOR,
such as on the agonist stimulation of guanosine-5'-O-(3-
thio)triphosphate ([**S]GTPvS) binding to G proteins
and agonist-mediated receptor/ligand internalization.

In this study, using transfected N18T'G2 mouse neuro-
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blastoma cells with the Flag-tagged DOR, we studied the
effects of acute ethanol treatment on DOR.

Materials and Methods

Transfection and Characterization of the
Neuroblastoma Cells Expressing Epitope-tagged
DORs a

Cell Culture. Flag epitope (ADDDDKYD)-tagged 6
opiate receptor was subcloned into pCDNA3 expression
vector as previously described.'* N18TG2 cells were
transfected with 5 mg Qiagen (Qiagen Inc., Valencia,
CA)-purified plasmid DNA using Lipofectin reagent (Life
Technologies, Grand Island, NY). Colonies with stable
expression were selected in a medium containing 500
ug/ml of geneticin. Colonies were tested for receptor
expression by a binding assay using [*H]diprenor-
phine.' Cells expressing the receptor (500,000 recep-
tors/cell) were grown to confluence under 5% CO, in
Dulbecco’s Modified Eagle Medium containing 10% fetal
bovine serum and 500 ug/ml geneticin. Cells were sub-
cultured at a ratio of 1:5 with partial replacement of the
media on the day before subculturing or collected at day
5 or 6.

Cell Staining and Immunofluorescence Micros-
copy. N18TG2 cells stably transfected with DOR were
grown on coverslips and were treated without or with
100 nwm agonist for 30 min or 24 h. After incubation, the
cells were washed with ice-cold 20 mm Tris-Cl, pH 7.5,
containing 150 mm NaCl and 1 mm CaCl, (TBS), fixed
with 4% paraformaldehyde in phosphate buffered saline
(PBS). Fixed cells were washed with TBS, permeabilized
and blocked with 0.1% Triton X-100 (Sigma Chemical
Co., St. Louis, MO) in Blotto (Pierce, Rockford, IL) (3%
nonfat dry milk in 50 mm Tris-Cl, pH 7.5). Cells were
incubated for 1 h at room temperature with 10 ug/mli
primary antibody (anti-FLAG M1 diluted in Blotto),
washed with TBS, incubated for 30 min with 2 ug/mi
fluorescein isothiocyanate- conjugated goat antimouse
immunoglobulin G (diluted in Blotto), washed with TBS
and mounted on glass slides using Permount (Fisher
Scientific, Pittsburgh, PA). Cells were examined using an
oil-immersion objective and standard fluorescein epiflu-
orescence optics, and confocal fluorescence microscopy
was performed using a laser scanning microscope.

Binding Assays. Cells were plated on 24-well plates.
After 24 h, the media was removed, and they were
incubated with [°H][D-Pen’ D-Pen’]enkephalin ([*H]DP-
DPE; 2 num final concentration) or [3H]diprenorphine 0.9
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nM final concentration) in Kreb’s-Ringer’s-HEPES (V-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer,
pH 7.4 (buffer A) in a final volume of 300 ul. The
incubations were kept for 30 min at 37°C. Nonspecific
binding was determined in the presence of 100 nm DP-
DPE or diprenorphine and was 5-10% of the total bind-
ing. At the end of the incubation period, the plates were
kept on ice, and wells were washed five times with 0.5
ml 50 mm Tris-Cl, pH 7.5. Cells were dissolved in 100 ul
1 N NaOH, collected, and neutralized with 100 pl 1 N
HCI, and radioactivity was measured in Biosafe scintilla-
tion fluid (Beckman Coulter Inc., Fullerton, CA).

Membrane Preparation for [>*SJGTPyS Binding.
Cells were washed twice with ice-cold PBS, pelleted at
800g for 3 min, and resuspended with 10 volumes of 5
mum Tris-Cl, pH 7.4, with protease inhibitors (10 um
leupeptin, 10 um aprotinin, 1 pm pepstatin, 100 pg/ml
bacitracin, 1 pum E64, 1 mm EDTA, 1 mm EGTA, 10 pm
iodoacetamide). Cells were probe sonicated twice for
10 s using a Branson Sonifier cell disrupter (Branson
Ultrasonic Corp., Danbury, CT) at setting 6 (chilling
between sonications on ice for 30-60 s) followed by
centrifugation at 5,000g for 15 min. The supernatant was
centrifuged at 40,000g for 20 min at 4°C. The resulting
pellet was diluted to 20 ml with 50 mm Tris-Cl and
recentrifuged at 40,000g. The final pellet was resus-
pended in 50 mm Tris-Cl, pH 7.4, and frozen at —80°Cin
100-ul aliquots (1-2 mg/mi). Protein estimation was
with BCA protein assay reagent (Pierce, Rockford, IL)
using bovine serum albumin as the standard.

Effect of Acute Ethanol on DOR in NI8TG2 Cells

Effect of Ethanol on Ligand Binding to DOR. Two
ligands, [’H]DPDPE (a & opioid-selective ligand that
binds to the receptors present on the cell surface) and
[’H]diprenorphine (nonspecific antagonist that binds to
both the cell surface as well as intracellular receptors)
were used to examine the effect of ethanol (50 ~-200 mm)
on ligand binding. The concentrations of ethanol se-
lected are within the clinically relevant range after in
vivo administration (25-100 mm) and the reported ICq,
of ethanol for [’H]DADLE binding (200 mm) to brain
membranes.

Effect of Ethanol on the Saturation Binding of
[PHIDPDPE to DOR. These experiments were con-
ducted at either 37°C (agonist-mediated receptor inter-
nalization occurs) or at 4°C (agonist-mediated receptor
internalization inhibited). A representation of the exper-
iments performed is shown in table 1. Concentrations of
[PH]DPDPE from 0.1 to 20 nm (final concentration) were
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Table 1. Experimental Groups

Pretreatment with

Group Ethanol (mwm) Ethanol at 37°C (min) Temperature (°C) Comments
Saturation binding of PH]DPDPE
Control — 4 No internalization
—_ _ 37 Internalization
Test 50 0 4/37 Nonpretreated cells
200 0 4/37 Nonpretreated ceils
50 30 4/37 Pretreated cells
200 30 4/37 Pretreated cells
Agonist stimulation of [>*S]GTPyS binding
Control _ — 30
Test 50 0 30 Nonpretreated cells
200 0 30 Nonpretreated celis
50 30 30 Pretreated cells
200 30 30 Pretreated cells
Receptor/ligand internalization
Control —_ —_ 37
Test 50 ¢ 37 Nonpretreated cells
200 0 37 Nonpretreated cells
50 30 37 Pretreated cells
200 30 37 Pretreated cells

used in these studies. Nonspecific binding was deter-
mined in the presence of unlabeled DPDPE and was
5-10% of the total binding. Binding assays at 4°C were
conducted for 16 h for equilibrium to be reached.
Effect of Ethanol on Agonist Stimulated
[>*SIGTPYyS Binding. Membranes (10 ug/tube) were
mixed with various doses of DPDPE and preincubated
for 10 min at 30°C. This was followed by the addition of
assay buffer to yield a final concentration in 100 ul of 50
mum Tris-Cl, pH 7.4, 100 mm NaCl, 5 mm MgCl,, 1 mm
EDTA, 1 mum dithiotreitol (added fresh), 50 um guanosine-
5'-diphosphate, and 50 pm [*>S]GTPYS. Tubes were in-
cubated for 30 min at 30°C, and the reaction was termi-
nated by diluting the sample with 2 ml ice-cold 50 mm
Tris-Cl, pH 7.4, containing 5 mm MgCl, and 100 mm NaCl,
and rapidly filtering the contents through glass fiber
filters (no. 32, Schieicher and Schuell, Keene, NH). The
filters were then washed three times with 2 ml buffer.
Filters were placed in vials containing 400 ul of ethanol
and 4 ml of Biosafe scintillation cocktail. Basal activity
was defined as the difference between the [*°SJGTPYS
binding in the absence and presence of 50 um unlabeled
GTP4S. To determine the increase in the [*°S]GTPYyS
binding over basal, the basal binding was subtracted for
each dose of DPDPE, and the value was divided by the
basal value and then multiplied by 100.1>'® The exper-
iment was performed in triplicate in the absence (con-
trol) or presence of ethanol (50/200 mm) or with mem-
branes pretreated with buffer A/ethanol (50/200 mwm) for
30 min at 37°C followed by centrifugation at 40,000g for
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20 min to remove the ethanol. The [*>S]GTPYS assay was
then conducted in the absence of ethanol.

Effect of Ethanol on Agonist-induced DOR Inter-
nalization. These studies were conducted using flow
cytometry as previously described.!” Briefly, 1-2 X 10°
N18TG2 cells expressing Flag-tagged DOR were plated
onto a 24-well plate. After 24 h, the cells (non-pretreated
and pretreated with 50/200 mm ethanol) were incubated
with 100 nM DPDPE in buffer A. At the end of the
incubation, cells were chilled to 4°C, washed three times
with 0.5 ml PBS, and incubated with 10 pug/ml primary
antiserum (anti-Flag M1 antiserum) in 50% fetal bovine
serum in PBS for 1 h. Cells were washed with 1% fetal
bovine serum in PBS and incubated with 5 ug/ml fluo-
rescein isothiocynate- conjugated goat antimouse immu-
noglobulin G. Cells were washed with 1% fetal bovine
serum in PBS followed by a PBS wash, collected from the
wells with 5 mm EDTA, and analyzed on a FACScan flow
cytometer (Becton Dickinson Immunocytometry Sys-
tems, Inc., San Jose, CA). Live cells were gated by light
scatter or exclusion of propidium iodide, and 5,000 -
10,000 cells were acquired for each time point. The
mean fluorescence of all live cells in the absence of
DPDPE minus mean fluorescence of cells stained only
with fluorescein isothiocyanate- conjugated second anti-
body was taken as total surface receptor expressed by
the cells and used for calculation of the percentage of
receptor internalized by treatment with DPDPE.'®

Effect of Ethanol on [PHJDPDPE Internalization.
N18TG2 cells expressing the Flag-tagged DOR (1-2 X
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10° cells) were plated into 24-well plates. After 24 h, the
medium was removed, and cells (non-pretreated/pre-
treated with ethanol 50/200 mm) were incubated with
[*H]DPDPE (2 nwm final concentration) in a final volume
of 300 ul. At the end of the incubation period, the plates
were chilled at 4°C, and cells washed in 50 mm Tris-Cl,
pH 7.5, were collected to obtain the total binding. The
amount of ligand internalized was determined by wash-
ing another set of wells with ice-cold 0.2 M sodium
acetate buffer, pH 4.8, containing 500 mwm sodium chlo-
ride, the acid buffer that has been previously shown to
remove cell surface binding.'” The cells were washed
with 50 mm Tris-Cl, pH 7.5, dissolved in 1 N NaOH,
neutralized with 1 N HCl, and radioactivity was mea-
sured in Biosafe scintillation fluid.

Statistical Analysis

Saturation binding data for [PH]DPDPE was analyzed
using GraphPad Prism software (San Diego, CA). Dun-
nett’s test was used for the statistical analysis between
control and ethanol (50/200 mu final concentration) in
the experiments involving receptor/ligand internaliza-
tion and [*>*S]GTPvS binding.

Materials

Lipofectin and geneticin (G418) were purchased from
Life Technologies Inc. (Grand Island, NY); [°’H]diprenor-
phine, [*H]DPDPE, and [>’S]GTPyS were from DuPont
NEN (Boston, MA); anti-FLAG M1 antibody was from
Sigma (St. Louis, MO); fluorescein isothiocyanate- conju-
gated goat antimouse immunoglobulin G was from Vec-
tor Laboratories (Burlingame, CA); diprenorphine and
DPDPE were from Peninsula Laboratories (Merseyside,
United Kingdom); Biosafe Scintillation fluid was from
Beckman; BCA protein assay reagent was from Pierce
(Rockford, IL); and glass fiber filters (n0.32) were from
Schleicher and Schuell (Keene, NH). All other reagents
were of analytical grade and purchased from Sigma.
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Fig. 1. Neuroblastoma cells expressing &
opioid receptors. Cells were incubated in
the absence (4) or presence of 100 nM
DADLE for 30 min (B) or 24 h (C). Fixa-
tion, permeabilization, staining, and con-
focal microscopy of the receptors with
the anti-Flag antibody were conducted as
described in Materials and Methods.
Bright staining of the plasma membrane
is seen in (4), whereas prominent intra-
cellular staining is seen inside the cells in
(B) and (O).

Results

Transfection and Characterization of the

Neuroblastoma Cells Expressing Epitope-tagged

DORs

Full-length, Flagtagged, wild-type mouse DOR ¢DNA
was stably transfected into N18TG2 mouse neuroblas-
toma cells, and 48 individual colonies were isolated; six
different colonies were expanded and further studied.
The cell lines were characterized in terms of their bind-
ing affinity for DPDPE. The receptors expressed in
N18TG2 cells exhibited a high affinity for DPDPE (K, 4.1
nm). The distribution of DORs in N18TG2 cells was
examined by confocal fluorescence microscopy after
acute (30 min) and chronic (24 h) exposure to 100 nm
DPDPE in the incubation media (fig. 1). In the absence of
the agonist, receptors were mainly located on the
plasma membrane (fig. 1A); acute exposure to the ago-
nist resulted in the displacement of the receptors from
the cell surface to the cytoplasmic side (fig. 1B), whereas
24-h exposure resulted in a significant reduction of re-
ceptor fluorescence (fig. 1C). These results showed that
acute and chronic exposure to DPDPE differentially al-
tered the location and degree of receptor-associated flu-
orescence in N18TG2 cells.

Effect of Ethanol on Binding of Ligand to Receptor

This set of experiments was aimed at determining the
effect of ethanol on the binding of [P’H]DPDPE (a DOR-
selective ligand that binds to the cell surface receptors)
and [*Hldiprenorphine (a nonspecific opioid receptor
antagonist that binds to both cell surface as well as
intracellular receptors) to Flag-tagged DOR in N18TG2
cells. Increasing doses of ethanol did not significantly
affect [*H]diprenorphine binding, indicating that the to-
tal number of receptors remained constant for the time
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Fig. 2. Effect of ethanol on ligand binding to epitope-tagged
N18TG2 & opioid receptor. Cells were incubated with [PH]di-
prenorphine or PHJDPDPE as described in Materials and Meth-
ods. Specific binding in the absence of ethanol was taken as
100%. Results are the mean * SD of three independent exper-
iments; values that represent significant differences from con-
trol values (in the absence of ethanol) are indicated. *P < 0.05;
*P < 0.01 (Dunnett test).

period used during the assay (fig. 2). However, ethanol
decreased ["H]DPDPE binding to the receptors (fig. 2),
suggesting that it caused either a change in the affinity of
the receptor for this ligand, increased the dissociation
of the ligand from the receptor, or affected the rates of
receptor internalization.

8

:

Fig. 3. Effect of ethanol on [PHIDPDPE
saturation binding to 6 opioid receptors
expressed in N18TG2 cells. (4) Cells were
pretreated with buffer alone for 30 min at
37°C followed by incubation with [H]D-

-
o
s

Specific binding, fmol/mg
protein
B
e

Effect of Ethanol on the Saturation Binding of

FHIDPDPE to DOR

Saturation binding data for [*HIDPDPE were fit by
nonlinear analysis of one or two site-binding models
using the Graph Prism software. The data were best fit
by a single saturable binding site (P < 0.5). Scatchard
analysis of the data showed that, under conditions in
which receptor internalization is prevented (4°C), the
K, of [’"HIDPDPE for DOR was 4.1 = 0.3 nm in control
cells. In non-pretreated cells (fig. 3A), ethanol increased
the K, ie., decreased the affinity, of [’H]JDPDPE by
approximately 1.4-fold at 50 mm and by threefold at 200
mm (table 2). In pretreated cells (fig. 3B), ethanol in-
creased the K by 1.1-fold at 50 mm and by 2.2-fold at 200
mwm (table 2).

When the saturation binding assays were conducted at
37°C (conditions under which agonist-mediated recep-
tor internalization occurs) for 30 min, we found that
in non-pretreated cells, ethanol increased the K  of
[’H]DPDPE binding by 2.3-fold at 50 mm and by 19.6-fold
at 200 mwm (table 2) over control values. However, in
pretreated cells, ethanol increased the Ky by 2.1-fold at
50 mm and only by 3.1-fold at 200 mu in pretreated cells.
These results suggest that the magnitude of the effect of
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analysis of the data is shown (upper
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are the mean * SD of three independent
experiments.
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Table 2. Scatchard Analysis of Effect of Ethanol on [*HJDPDPE Binding

Kg (nm) Bimax (fmol/mg protein)

Group 4°C 37°C 4°C 37°C
Control 41 +0.30 57 0.7 373.7 = 9.63 2784 = 126
Nonpretreated celis

50 mm ethanol 59 + 0.66 13.2 + 0.92 430.8 * 20.44 2910 = 108

200 mm ethanol 12.2 + 0.821 111.4 = 8.65% 537.1 = 18.56t1 7424 = 652t
Pretreated cells

50 mm ethanol 4.6 = 0.37 12.0 = 0.87~ 203.0 = 5.79% 3143 = 119

200 mm ethanol 8.0 = 1.74¢ 17.5 + 1.10% 225.0 = 20.461 3160 % 113

Binding of [PH]DPDPE to N18TG2 cells plated in 24-well plates was determined as described in Materials and Methods. Incubations were carried out either for
30 min at 37°C or for 16 h at 4°C. Cells that were not subject to ethanol treatment are designated as control. Results are the mean + SD of duplicate
determinations from three independent experiments; values that represent significant differences from respective controls are indicated.

*P < 0.05.
T P < 0.01 {Dunnett test).

ethanol on the affinity of the receptor for the ligand is
affected by temperature. Comparison of the effects of
ethanol in non-pretreated and pretreated cells shows
that there are significant differences in K, at 200 mwm
ethanol concentration in binding assays conducted at
4°C/37°C (P < 0.01).

Effect of Ethanol on Agonist-stimulated [*>S]GTPyS

Binding

To examine if ethanol affected functional coupling of
receptor to G proteins, [*>S]GTPyS binding to mem-
branes prepared from N18TG2 cells transfected with
DOR were conducted. In control cells (not exposed to
ethanol), we found an increase in [>°S]GTPYS binding in
response to increasing concentrations of DPDPE (fig.
4A). The presence of ethanol caused a significant reduc-
tion in the agonist-stimulated increases in [*°S]GTPYS
binding to membranes. In contrast, when the mem-
branes were pretreated with ethanol, centrifuged to re-
move the alcohol, and the [>’S]GTPYS binding was con-
ducted in the absence of ethanol, no differences were seen
between control and ethanol pretreatment (fig. 4B).

Effect of Etbanol on Agonist-induced Receptor

Internalization

Our results show that exposure to the agonist caused
a rapid and robust increase in the internalization of DOR
in control cells (fig. 5). In the presence of ethanol,
agonist-mediated receptor internalization was signifi-
cantly reduced; only approximately 10-20% receptor
internalized in the initial 10 min (fig. 5A). Interestingly,
cells pretreated with ethanol for 30 min at 37°C did not
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show any difference in the kinetics of agonist-mediated
receptor internalization when compared with control
cells (fig. 5B).

Effect of Ethanol on PHJDPDPE Internalization

To examine the effect of ethanol on the time course of
ligand internalized as part of the receptor-ligand com-
plex, cells were incubated with [*H]DPDPE (2 nm) in the
absence and presence of ethanol. Figure 6A shows that
in control cells, there was an increase in ligand internal-
ization with time. This was similar to that observed for
DOR internalization (fig. 5A) but lesser in magnitude
because the concentration of ["TH]DPDPE used here is 2
nm. As in the case of receptor internalization, ethanol
decreased ligand internalization to a significant extent.
In cells pretreated with alcohol for 30 min, no differ-
ences were seen in the kinetics of [PH{DPDPE internal-
ization between control and pretreated celis (fig. 6B).

Discussion

Alcohols have been useful in providing an insight into
the probable mechanisms of action of anesthetics be-
cause they can produce an anesthetic state. Ethanol,
when administered at concentrations greater than 50
mu, induces general anesthesia.' Ethanol modulates the
opioid system by modifying the processing, release, and
receptor-binding characteristics of endogenous li-
gands,>” and changes in the endogenous opioid system
could contribute to ethanol intoxication and adaptive
responses.”’ In this study, we stably transfected N18TG2
cells with Flag-tagged DOR. We found that receptors
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Fig. 4. Effect of ethanol on agonist-stimulated [>*SIGTPyS bind-
ing in N18TG2 membranes. Membranes were prepared and
pretreated with buffer alone (4) or ethanol (B) for 30 min at
37°C. The increase in [3*S]GTPyS on agonist stimulation was
determined as described in Materials and Methods. Results are
the mean =+ SD of triplicate determinations from two indepen-
dent experiments; values that represent significant differences
from control values (in the absence of ethanol) are indicated.
*pP < 0.01 (Dunnett test).

expressed in N18TG2 cells exhibit a high affinity for
DPDPE (K, 4.1 awm) similar to the reported affinity for
DOR.'7?! Confocal fluorescence microscopy showed
that, in the absence of the agonist, receptors were
mainly located on the plasma membrane; acute expo-
sure to the agonist resulted in the displacement of the
receptors from the cell surface to the cytoplasm,
whereas during chronic exposure there is a significant
reduction of receptor fluorescence, suggesting that re-
ceptor degradation is taking place. This behavior is sim-
ilar to that of endogenous DOR in NG108-15 cells®! and
the receptors expressed in CHO celis.!”

Acute exposure of N18TG2 cells to ethanol inhibited
the binding of &-selective agonist, ["TH]DPDPE, in a dose-
dependent manner, but not the binding on the antago-
nist, [*H]diprenorphine. Ethanol decreased the affinity
of the receptor for [PHIDPDPE. These effects were more
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Fig. 5. Effect of ethanol on the internalization of 8 opioid recep-
tors. Cells were pretreated with buffer alone (4) or ethanol (B)
for 30 min at 37°C. The kinetics of internalization of the
epitope-tagged receptor on incubation with 100 nm DPDPE was
conducted by flow cytometry as described in Materials and
Methods. Results are the mean = SD of triplicate determinations
from three independent experiments; values that represent sig-
nificant differences from control values (in the absence of eth-
anol) are indicated. P < 0.01 (Dunnett test).

pronounced at 37°C than at 4°C. Hiller et al.,4 using rat
brain membranes, were the first to demonstrate that
ethanol selectively inhibited the binding of enkephalins
to the DOR in a dose-dependent manner. They showed
that the inhibition was reversible and that the potency
increased with the chain length of n-alcohols. Further-
more, the inhibition of enkephalin binding was found to
be caused by a decrease in the affinity of the receptor for
the ligand that was caused by an increase in the rate of
dissociation of the ligand-receptor complex. Increasing
the temperature of incubation exacerbated the inhibi-
tory effects of alcohols.'® Charness et al®® used the
mouse neuroblastoma x rat glioma hybrid cell line
NG108-15 to show that acute treatment with ethanol
caused an inhibition of ligand binding, whereas chronic
treatment caused an increase in binding due to an in-
crease in the maximum number of binding sites (B ).
We found that acute treatment of N18TG2 expressing
DOR with 200 mim ethanol causes a substantial change in
affinity and a significant increase in the B,,,, (table 2) at
37°C. This could be due to the fact that our studies were
conducted in attached cells, whereas most studies on the
acute effect of ethanol on DORs were conducted either
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Fig. 6. Effect of ethanol on [PHIDPDPE internalization in N18TG2
cells expressing & opioid receptors. Cells were pretreated with
buffer alone (4) or ethanol (B) for 30 min at 37°C. The kinetics
of internalization of [>’H]DPDPE was conducted as described in
Materials and Methods. Results are the mean * SD of triplicate
determinations from three independent experiments; values
that represent significant differences from control values (in
the absence of ethanol) are indicated. **P < 0.01 (Dunnett test).

in membrane preparations or in cells in suspension. The
reported change in B, observed with 200 mwm ethanol
may not reflect a real value because the binding curve
did not exhibit saturation even at the highest concentra-
tion of [PHIDPDPE (20 nm) used in the assay.

Several studies have implicated G proteins as one of
the sites of action of ethanol.?® In this study, we show
that acute treatment with ethanol reversibly inhibits ag-
onist stimulation of [*>S]GTPyS binding. In NG108-15
cells, chronic treatment with ethanol causes a significant
reduction in the level of G, and no significant changes
in Gy,. In N1E-15 cells, chronic treatment with ethanol
causes a dose-dependent increase in the levels of G,, and
a time-dependent decrease in the levels of Gg,. In con-
trast, in N18TG2 cells, there is no significant change in
the levels of G;, or G,,, suggesting that these cells are
more resistant to the chronic effects of ethanol.?* Thus,
it seems that ethanol has a shortterm effect on func-
tional coupling to opioid receptors as well as long-term
effects on the levels of G proteins. Studies have also
shown that acute exposure of cells to ethanol leads to an
inhibition of a nucleoside transporter, resulting in an
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increase in intracellular adenosine, activation of adeno-
sine A2 receptors, and an increase in intracellular cyclic
adenosine monophosphate levels that, in turn, affected
the basal levels of DOR.?>2¢ However, it is not known if
this process also occurs in closely related cell lines such
as N18TG2, N4TG1, N1E-115, and the C1300 neuroblas-
tomas.

The number of receptors present on the cell surface is
affected by its internalization and recycling. It has been
shown that the binding of a number of peptide ligands to
their endogenous G-protein-coupled receptors is fol-
lowed by the internalization of the receptor-ligand com-
plex both in neuronal cells as well as in host cells
containing recombinant receptor.®~'° It has been postu-
lated that this process is important for receptor desensi-
tization and/or resensitization.?” % Significant internal-
ization occurs within 10 min, and recycling of receptor
has been demonstrated after removal of agonist.**>! In
this study, we show that in control cells, exposure to the
agonist causes a rapid and robust internalization with a
half-time of 10 min. These kinetics of receptor internal-
ization are similar to that previously reported for DOR
expressed in CHO or HEK-293 cells.**** Ethanol de-
creases the rate of ligand internalization as well as that of
receptor internalization at 37°C. This could be due to a
direct effect of ethanol on membrane-associated phos-
pholipase D. This enzyme hydrolysis phosphatidylcho-
line to generate phosphatidic acid, which has been im-
plicated in vesicular trafficking.>**> However, in the
presence of n-alcohols, phospholipase D catalyzes a
transphosphatidylation reaction generating phosphatid-
ylalcohol at the expense of phosphatidic acid.>® The
decrease in phosphatidic acid levels caused by ethanol
could account for the decreased rates of receptor, and
ligand internalization till levels were restored by the
action of other enzymes capable of generating phospha-
tidic acid.

We found that in cells pretreated with ethanol for 30
min at 37°C, the rates of ligand and receptor internaliza-
tion are similar between control and ethanol-treated
cells. This suggests that N18TG2 cells adjust quickly to
the effects of ethanol either by limiting its entry into the
cell or by compensating for its effects within the plasma
membrane. Charness et al.'> have shown that ethanol
differentially modulates signal transduction proteins in
N18TG2, N4TG1, N1E-115, and NG108-15 neuronal cell
lines. These cell lines are derived from a common ances-
tor C1300 neuroblastoma but show different sensitivities
to chronic ethanol treatment. The effects of ethanol vary
in different brain regions and among different individu-
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als; therefore, the understanding of the differential ef-
fects of ethanol in these cell lines may provide useful
insights into the heritable component of alcoholism. In
addition, animal studies have shown that tolerance to
ethanol may occur after as little as 30 min of ethanol
administration.’” We are performing further analysis of
these related cell lines to identify the factors that endow
some but not all cells of neuronal origin with the capacity
to adapt to the effects of ethanol and other anesthetics.

In conclusion, this study shows that acute ethanol
treatment affects the binding, agonist-mediated func-
tional coupling to G proteins as well as receptor/ligand
internalization in N18TG2 cells expressing Flag epitope-
tagged DORs. In addition, 30-min pretreatment with
ethanol induces compensatory mechanisms in these
cells, which allow the receptor to function efficiently in
its presence.

The authors thank Bryen Jordan for help with initial characterization
of receptor endocytosis and members of Dr. Devi’s laboratory for
stimulating discussion.

References

1. Garfield JM, Bukusoglu C: Propofol and ethanol produce additive
hypnotic and anesthetic effects in the mouse. Anesth Analg 1996;
83:156-61

2. Charness ME, Querimit LA, Diamond I: Ethanol increases the
expression of functional delta-opioid receptors in neuroblastoma x
glioma NG108-15 hybrid cells. ] Biol Chem 1986; 261:3164-9

3. Gianoulakis C: The effect of ethanol on the biosynthesis and
regulation of opioid peptides. Experientia 1989; 45:428-35

4. Hiller JM, Angel LM, Simon EJ: Multiple opiate receptors: Alcohol
selectively inhibits binding to delta receptors. Science 1981; 214:
468-9

5. Pfeiffer A, Seizinger BR, Herz A: Chronic ethanol imbibition in-
terferes with delta but not with mu opiate receptors. Neuropharma-
cology 1981; 20:1229-32

6. Khatami S, Hoffman PL, Shibuya T, Salefsky B: Selective effects of
ethanol on opiate receptor subtypes in brain. Neuropharmacology
1987; 26:1503-7

7. Hynes MD, Lochner MA, Bemis KG, Hymson DL: Chronic ethanol
alters the receptor binding characteristics of the delta opioid receptor
ligand D-Ala’D-Leu® enkephalin in mouse brain. Life Sci 1983; 33:
2331-7

8. Beaudet A, Mazella J, Nouel D, Chabry ], Castel MN, Laduron P,
Kitabgi P, Faure MP: Internalization and intracellular mobilization of
neurotensin in neuronal cells. Biochem Pharmacol 1994; 47:43-52

9. Benya RV, Kusui T, Shikado F, Battey JF, Jensen RT: Desensitiza-
tion of neuromedin B receptors (NMB-R) on native and NMB-R-trans-
fected cells involves down-regulation and internalization. J Biol Chem
1994; 269:11721-8

10. Roettger BF, Rentsch RU, Pinon D, Holicky E, Hadae E, Larkin
JM, Miller 1j: Dual pathways of internalization of the cholecystokinin
receptor. J Cell Biol 1995; 128:1029-41

Anesthesiology, V 92, No 6, Jun 2000

11. Bohm SK, Grady EF, Bunnett NW: Regulatory mechanisms that
modulate signalling by G-protein-coupled receptors. Biochem J 1997;
322:1-18

12. Charness ME, Hu G, Edwards RH, Querimit LA: Ethanol in-
creases delta-opioid receptor gene expression in neuronal cell lines.
Mol Pharmacol 1993; 44:1119-27

13. Hiller JM, Angel LM, Simon EJ: Characterization of the selective
inhibition of the delta subclass of opioid binding sites by alcohols. Mol
Pharmacol 1984; 25:249-55

14. Cvejic S, Trapaidze N, Cyr C, Devi LA: Thr353 located within the
COOH-terminal tail of the delta opiate receptor is involved in receptor
down-regulation. J Biol Chem 1996; 271:4073-6

15. Tian WN, Duzic E, Lanier SM, Deth RC: Determinants of alpha,-
adrenergic receptor activation of G protein: Evidence for a precoupled
receptor/G protein state. Mol Pharmacol 1994; 45:524 -31

16. Emmerson PJ, Clark MJ, Mansour A, Akil H, Woods JH, Medzi-
hradsky F: Characterization of opioid agonist efficacy in a C6 glioma
cell line expressing the mu opioid receptor. ] Pharmacol Exp Ther
1996; 278:1121-7

17. Trapaidze N, Keith DE, Cvejic S, Evans CJ, Devi LA: Sequestra-
tion of the delta opioid receptor: Role of the C terminus in agonist-
mediated internalization. ] Biol Chem 1996; 271:29279-85

18. Schmid I, Schmid P, Giorgi JV: Conversion of logarithmic chan-
nel numbers into relative linear fluorescence intensity. Cytometry
1988; 9:533-8

19. Sorkin A, Kornilova E, Teslenko L, Sorokin A, Nikolsky N: Recy-
cling of epidermal growth factor-receptor complexes in A431 cells.
Biochim Biophys Acta 1989; 1011:88-96

20. Herz A: Endogenous opioid systems and alcohol addiction. Psy-
chopharmacology 1997; 129:99-111

21. Sharma SK, Klee WA, Nirenberg M: Dual regulation of adenylate
cyclase accounts for narcotic dependence and tolerance. Proc Natl
Acad Sci USA 1975; 72:3092-6

22. Charness ME, Gordon AS, Diamond I: Ethanol modulation of
opiate receptors in cultured neural cells. Science 1983; 222:1426-8

23. Hoffman PL, Tabakoff B: Ethanol and guanine nucleotide bind-
ing proteins: A selective interaction. FASEB J 1990; 4:2612-22

24. Charness ME, Querimit LA, Henteleff M: Ethanol differentially
regulates G proteins in neural cells. Biochem Biophys Res Commun
1988; 155:138-43

25. Nagy LE, Diamond I, Casso DJ, Franklin C, Gordon AS: Ethanol
increases extracellular adenosine by inhibiting adenosine uptake via
nucleoside transporter. ] Biol Chem 1990; 256:1946-51

26. Jenab S, Inturrisi CE: Activation of protein kinase A prevents
ethanolinduced up-regulation of delta opioid receptor mRNA in
NG108-15 cells. Brain Res Mol Brain Res 1997; 47:44-8

27. Hunyady L, Baukal AJ, Balla T, Catt KJ: Independence of type 1
angiotensin II receptor endocytosis from G-protein coupling and signal
transduction. J Biol Chem 1994; 269:24789 - 804

28. Barak LS, Menard L, Ferguson $8G, Colapietro A-M, Caron MG:
The conserved seven-transmenbrane sequence NP(X),; Y of the G-
protein-coupled receptor superfamily regulates multiple properties of
the beta2-adrenergic receptor. Biochemistry 1995; 34:15407-14

29. Pippig S, Andexinger 8, Lohse ME: Sequestration and recycling
of beta2-adrenergic receptors permit receptor resensitization. Mol
Pharmacol 1995; 47:666-76

30. Koenig JA, Edwardson JM: Routes of delivery of muscarinic
acetylcholine receptors to the plasma membrane in NG108-15 cells.
Br J Pharmacol 1994a; 111:1023-8

20z Iudy 60 uo 1sanb Aq Jpd-6£000-000900002-27S0000/SEFOE ¥/68. 1/9/26/4Pd-8l0IHE/ABOjOISBYISBUE/WOD JIELDIBA|IS ZESE//:d)Y WOl papeojumod



1798

GOMES ET AL

31. Koenig JA, Edwardson JM: Kinetic analysis of the trafficking of
muscarinic acetylcholine receptors between the plasma membrane
and intracellular compartments. J Biol Chem 1994b; 269:17174 - 82

32. Keith DE, Murray SR, Zaki PA, Chu PC, Lissin DV, Kang L, Evans
CJ, Von Zastrow M: Morphine activates opioid receptors without
causing their rapid internalization. ] Biol Chem 1996; 271:19021-4

33. Zhao J, Pei G, Huang YL, Zhong FM, Ma L: Carboxyl terminus of
delta opioid receptor is required for agonist-dependent receptor phos-
phorylation. Biochem Biophys Res Commun 1997; 238:71-6

Anesthesiology, V 92, No 6, Jun 2000

34. Siddhanta A, Shields D: Secretory vesicle budding from the
trans-Golgi network is mediated by phosphatidic acid levels. J Biol
Chem 1998; 273:17995-8

35. Bi K, Roth MG, Ktistakis NT: Phosphatidic acid formation by
phospholipase D is required for transport from the endoplasmic retic-
ulum to the Golgi complex. Curr Biol 1997; 7:301-7

36. Heller M: Phospholipase D. Adv Lipid Res 1978; 16:267-326

37. LeBlanc AE, Kalant H, Gibbins RJ: Acute tolerance to ethanol in
the rat. Psychopharmacologia 1975; 41:43-6

20z Iudy 60 uo 1sanb Aq Jpd-6£000-000900002-27S0000/SEFOE ¥/68. 1/9/26/4Pd-8l0IHE/ABOjOISBYISBUE/WOD JIELDIBA|IS ZESE//:d)Y WOl papeojumod





