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Neurobiology of Disease

6-Opioid Receptor Function in the Dorsal Striatum Plays a
Role in High Levels of Ethanol Consumption in Rats
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Binge-like patterns of excessive drinking during young adulthood increase the propensity for alcohol use disorders (AUDs) later in adult
life; however, the mechanisms that drive this are not completely understood. Previous studies showed that the 5-opioid peptide receptor
(DOP-R) is dynamically regulated by exposure to ethanol and that the DOP-R plays a role in ethanol-mediated behaviors. The aim of this
study was to determine the role of the DOP-R in high ethanol consumption from young adulthood through to late adulthood by measuring
DOP-R-mediated [ >>S]GTPS binding in brain membranes and DOP-R-mediated analgesia using a rat model of high ethanol consump-
tion in Long Evans rats. We show that DOP-R activity in the dorsal striatum and DOP-R-mediated analgesia changes during development,
being highest during early adulthood and reduced in late adulthood. Intermittent access to ethanol but not continuous ethanol or water
from young adulthood leads to an increase in DOP-R activity in the dorsal striatum and DOP-R-mediated analgesia into late adulthood.
Multiple microinfusions of naltrindole into the dorsal striatum or multiple systemic administration of naltrindole reduces ethanol
consumption, and following termination of treatment, DOP-R activity in the dorsal striatum is attenuated. These findings suggest that
DOP-R activity in the dorsal striatum plays a role in high levels of ethanol consumption and suggest that targeting the DOP-R is an

alternative strategy for the treatment of AUDs.

Introduction

Despite advances in the development of medications for alcohol
use disorders (AUDs), there is still a need for new effective treat-
ments. Naltrexone, the U.S. Food and Drug Administration-
approved opioid treatment for AUDs, is primarily a u-opioid
peptide receptor (MOP-R) antagonist with modest activity at k-
(KOP-R) and 6-opioid peptide receptors (DOP-R). Naltrexone
reduces ethanol consumption in animals (Altshuler et al., 1980;
Stromberg et al., 1998) and in humans (Volpicelli et al., 1992;
O’Malley etal., 2002; Anton et al., 2006); however, not all patients
respond to or tolerate naltrexone treatment due to adverse effects
(Hollister et al., 1981; Crowley et al., 1985; Mitchell et al., 1987;
Volpicelli et al., 1992). Genetic variations in MOP-Rs may also
contribute to naltrexone’s reduced efficacy (Oslin et al., 2006).
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Binge-like excessive drinking during adolescence and young
adulthood increases the risk of developing alcohol dependence
later in adulthood (Clapper and Lipsitt, 1992; Bonomo et al.,
2004; Wells et al., 2004). Therefore, an important step in the
development of new treatments for AUDs is to identify receptors
and/or neural pathways that are altered by ethanol consumption
during development. A large body of evidence suggests the
MOP-R plays a role in ethanol-mediated behaviors (Reid and
Hunter, 1984; Gardell et al., 1996; Stromberg et al., 1998; Lé et al.,
1999; Roberts et al., 2000; Hall et al., 2001; Becker et al., 2002;
Ciccocioppo et al., 2002). Similarly, the DOP-R is dynamically
regulated by ethanol exposure (Charness et al., 1993; Winkler et
al., 1998; Méndez et al., 2004), is implicated in ethanol reward
(Froehlich et al., 1991; Borg and Taylor, 1997; Froehlich et al.,
1998; Matsuzawa et al., 1999a,b; Shippenberg et al., 2008), and
plays a role in ethanol self-administration. DOP-R antagonists
have been shown to have mixed effects on ethanol consumption
and seeking in rats; some studies have shown they reduce ethanol
consumption and seeking (Krishnan-Sarin et al., 1995a,b; Franck
et al., 1998; June et al., 1999; Hyytid and Kiianmaa, 2001; Cicco-
cioppo et al., 2002; Nielsen et al., 2012), while other studies have
not shown this effect (Stromberg et al., 1998; Ingman et al., 2003;
Margolis et al., 2008). Activation of the enkephalinergic system is
proposed to be important for the maintenance of high ethanol
intake (Froehlich et al., 1991); however, the precise role of
DOP-Rs in ethanol consumption is unclear. It has been shown
that DOP-R agonists can both increase and decrease ethanol in-
take (Margolis et al., 2008; Barson et al., 2009, 2010; van Rijn and
Whistler, 2009; van Rijn et al., 2010). The differences can be
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explained by the length of ethanol exposure, route of drug ad-
ministration, and variation in animal drinking models and
rodent strains. To understand how DOP-R activity changes
through development and with ethanol exposure, we used a rat
model of high ethanol consumption (Simms et al., 2008) to mea-
sure DOP-R activity by measuring DOP-R-mediated analgesia
and [*>S]GTPvS binding in brain regions in rats consuming eth-
anol from young to late adulthood.

Materials and Methods

Drugs and chemicals

Ethanol (95% v/v) was purchased from Gold Shield. [ **S]-GTP+S (250 uCi;
9.25 MBq) was supplied from PerkinElmer. Naltrindole hydrochloride,
(3-hydroxyphenyl)-1,2,3,4,4a,5,12,12aa-octahydroquinolino[2,3,3-
glisoquinoline dihydrobromide (TAN67), (+)-4-[(aR)-a-((2S,5R)-
4-allyl-2,5-dimethyl- 1-piperazinyl)-3-methoxybenzyl ]-N,N-diethylbenzamide
(SNC80), [p-Ala?, N-MePhe *, Gly>-ol]-enkephalin (DAMGO), GTP+S, GDP,
HEPES, pr-dithiothreitol, tricine, dimethyl sulfoxide (DMSO), magnesium
chloride (MgCl,), EDTA, and saponin were purchased from Sigma-Aldrich.
PBS was purchased from Fisher Scientific. Complete Mini Protease Inhibitor
Cocktail tablets were purchased from Roche. Wheat germ agglutinin scintilla-
tion proximity assay (SPA) beads were purchased from GE Healthcare. Isoflu-
rane was purchased from Baxter Healthcare. Guide cannulae, dummies, and
injectors were purchased from Plastics One.

Animals and housing

Male Long-Evans rats [postnatal day 49 (P49); 175-200 g] were purchased
from Harlan and housed individually in a temperature controlled environ-
ment (22 * 2°C) with a 12 h reverse light/dark cycle. Rats were given at least
1 week to acclimatize with food and water available ad libitum. Ethanol-
exposed and water-control rats were randomly assigned from one cohort of
animals. All procedures were preapproved by the Gallo Center Institutional
Animal Care and Use Committee and were in accordance with NIH guide-
lines for the humane care and use of laboratory animals.

Two-bottle choice drinking procedures

Intermittent access to 20% ethanol. The intermittent-access 20% ethanol
two-bottle choice drinking procedure was used, which does not require
sucrose fading (Simms et al., 2008). In brief, ethanol-naive rats (n = 12)
were given access to bottles of ethanol (20% v/v) and water for 24-h-long
sessions on alternate days (three 24-h-long sessions each week) with
water available only on days between ethanol exposures. All fluids were
presented in 100 ml graduated glass cylinders with stainless-steel drink-
ing spouts inserted through two grommets in front of the cage. The
placement of the ethanol bottle was alternated before the start of each
drinking session to control for side preferences. Bottles were weighed 30
min and 24 h after the fluids were presented, and measurements were
taken to the nearest gram. The weight of each rat was measured daily to
calculate the grams per kilogram ethanol intake.

Continuous access to 20% ethanol. A separate group of ethanol-naive
young adult rats (P56; n = 10) was given continuous access to one bottle
containing a 20% (v/v) ethanol solution and one bottle of water. No
initiation procedures were used before the first ethanol drinking session.
The placement of the ethanol bottle was alternated daily to control for
side preferences.

DOP-R ligands

Naltrindole is as a potent and highly selective nonpeptide DOP-R antag-
onist (Portoghese et al., 1988) that crosses the blood—brain barrier (We-
ber etal., 1991). Initial studies performed in smooth muscle preparations
showed that naltrindole potently inhibited the DOP-R agonists, DADLE
([D-Ala2, D-Leu5]-Enkephalin) and DPDPE ([D-Pen?%]-Enkephalin),
by over 100-fold compared to inhibition of the MOP-R agonists DAMGO
and morphine, and the KOP-R agonist U50488 H (trans-(*)-3,4-
dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benzeneacetamide)
(Portoghese et al., 1988). Furthermore, naltrindole (20 mg/kg, s.c.) se-
lectively antagonized analgesia in mice elicited by the DOP-R agonist,
DSLET (D-Ser2-Leu5-Enkephalin-Thr6), but not analgesia elicited by
morphine or U50488H (Portoghese et al., 1988). Naltrindole has since
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been used extensively both in vitro and in vivo due to its high selectivity
for the DOP-R (Krishnan-Sarin et al., 1995a; Saitoh et al., 2004, 2005;
Perrine et al., 2006; Hallett and Brotchie, 2007).

SNCB80 and TAN67 were used since these small molecule compounds
are reported to be very selective for the DOP-R (Bilsky et al., 1995; Kamei
etal,, 1995; Calderon et al., 1997; Tseng et al., 1997) compared to DOP-R
peptide agonists, such as DPDPE, which are less selective for the DOP-R
with activity at the MOP-R in the micromolar range (Scherrer et al.,
2004). SNC80 has been shown to preferentially compete against sites
labeled by [’H]naltrindole rather than against those labeled by
[PH]DAMGO or the KOP-R agonist [ "H]U69593 in mouse whole-brain
assays (Bilsky et al., 1995). Our previous studies showed that SNC80-
mediated [ **S]GTPyS stimulation was potently inhibited by naltrindole
(ICs0, 31 = 3.9 nmol/L), but not by naltrexone (ICy,, >10 pwmol/L), in
striatal membranes of long-term high-ethanol-consuming rats (Nielsen
et al., 2008), indicating that both naltrindole and SNC80 act on a com-
mon receptor. TAN67 elicits DOP-R-mediated analgesia in mice such
that TAN67-mediated analgesia is attenuated by pretreatment with the
DOP-R antagonist 7-benzylidenenaltrexone, but not by the MOP-R an-
tagonist B-funaltrexamine or the KOP-R antagonist nor-binaltorphimine
(Kamei et al., 1995; Tseng et al., 1997).

DOP-R-mediated coupling using [*°S]GTPyS binding

Rat brains were collected from separate groups of rats for binding exper-
iments: naive rats (P56, P84 and P154), ethanol-consuming rats given
access to intermittent 20% ethanol from P56 (P84, P154), ethanol-
consuming rats given access to continuous 20% ethanol from P56
(P154), and ethanol consuming rats administered naltrindole (3 mg/kg,
i.p.) or vehicle daily for 28 days from P56 (P112). Following decapitation,
rat brains were removed, and the following brain regions were dissected:
dorsal striatum, nucleus accumbens, brainstem, cerebral cortex, hip-
pocampus, cerebellum, spinal cord, amygdala, ventral tegmental area,
and the remaining ( pooled) midbrain. Following removal, brain regions
were quickly frozen using liquid nitrogen and stored at —80°C until used.
Rat brain regions were quickly thawed and suspended in a homogeniza-
tion buffer (50 mm Tris-HCI, 1 mm EDTA, 3 mm MgCl,, pH 7.4; 1 gbrain
tissue/20 ml buffer). The tissues from each brain region were individually
homogenized on ice (900 rpm; 15 strokes), centrifuged (1000 X g, 10
min, 4°C followed by 20000 X g, 15 min, 4°C), and resuspended in assay
buffer (100 mm HEPES * NaOH, 5 mm MgCl,, 100 mMm NaCl, 10 pg/ml
saponin, and one mammalian protease inhibitor tablet per 25 ml, pH 7.5)
before being snap-frozen in liquid nitrogen and stored at —80°C until
required. Binding assays (n = 3, each in triplicate) were performed in
96-well plates on ice with each reaction containing [ **S]GTPS (50 pm),
cell membrane (10 ug of protein), GDP (30 uMm), and SPA beads (0.5 mg)
with assay buffer (as above) and the opioid ligands. Single drug dose—
response curves (0.1 nM to 100 um) of [ **S]GTPyS-stimulated binding
were performed with the DOP-R agonists TAN67 and SNC80 and the
MOP-R agonist DAMGO in each rat brain region. SNC80 was initially
dissolved in DMSO to produce a 10 mm stock concentration that was
then diluted with assay buffer for the [ *>S]GTPyS assay. Assay plates
were shaken for 45 min at 25°C and centrifuged (1500 rpm, 5 min,
25°C) before [>°S]GTPyS-stimulated binding was assessed using
NXT TopCounter. [ **S]GTPyS-stimulated binding is expressed as a
percentage increase over basal [ *>S]GTPyS binding.

Antinociceptive testing

The tail-flick latency test (D’Amour and Smith, 1941) was used to quan-
tify DOP-R-mediated antinociception in rats using TAN67 (60 mg/kg,
i.p.) (Kamei et al., 1995; Suzuki et al., 1995). Before drug (or vehicle)
administration, baseline antinociceptive testing was performed, with the
thermal stimulus applied to the lower third of the ventral surface of the
rat’s tail at 5 min intervals until three latency values of were within =1 s
(mean latency, 2.4 s; range, 2.0-3.0 s). To determine the time of the
maximal antinociceptive effect, testing was performed immediately be-
fore each drug treatment and then 5, 15, 30, 45, 60, and 90 min and 2, 3,
4, 5, and 6 h after drug treatment, or until baseline levels of antinocice-
ption were achieved. A maximum of 9 s was used to minimize tissue
damage to the rat’s tails. The tail-flick latency values were converted to a
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percentage of the maximum possible effect (%MPE) (Brady and Holtz-
man, 1982): %MPE = (postdruglatency — predrug latency)/(maximum
latency [9 s] — predrug latency) X 100%.

DOP-R-mediated antinociception with high ethanol consumption.
Groups of adult rats (P56; n = 6) were tested for TAN67-mediated [60
mg/kg, i.p., or vehicle (distilled water), 1 ml/kg, i.p.] tail-flick antinoci-
ception at 30 min after dosing (i.e., time of predetermined maximal
antinociceptive effect), before access to either intermittent 20% ethanol
or water only. TAN67-mediated (60 mg/kg or vehicle, i.p.) antinocicep-
tion was reassessed in the same groups of rats consuming 20% intermit-
tent ethanol or water at ages P84 and P154. Antinociceptive testing was
performed at the end of the 2-d-long period of access to water only to limit
any direct effects of ethanol on pain perception. Separate groups of naive
young adult rats (P56; n = 4) were also administered either naltrindole (3
mg/kg, i.p.), naltrexone (1 mg/kg, i.p.), or vehicle 15 min before TAN67-
mediated antinociception (60 mg/kg, i.p.) was assessed. All drug solutions
were freshly prepared immediately before each injection.

Intrastriatal administrations of DOP-R ligands. Groups of rats (n = 14)
given access to intermittent 20% ethanol from age P56 and maintained at
a stable level of ethanol consumption for 4 weeks were anesthetized
continuously with isoflurane. Bilateral guide cannulae (C235G, 26
gauge) were stereotaxically implanted into the dorsal striatum (1.0 mm
anterior; 3.2 mm mediolateral, 3.7 mm ventral to bregma) (Wang et al.,
2007). Cannulae were held in place by dental cement and anchored with
four surrounding skull-implanted screws. Following recovery, rats were
further given intermittent access to ethanol (20% v/v) and water for 2
weeks to produce maintained stable levels of ethanol consumption. Rats
were then given bilateral intrastriatal injections of naltrindole (0.5, 1, or
2 pg) or vehicle (PBS). Compounds or vehicle were given once a week in
a Latin square design over 4 weeks such that rats received each compound
in a counterbalanced manner. Following the round of naltrindole ad-
ministrations, rats were then similarly administered bilateral intrastriatal
injections of SNC80 (0.05, 0.5, or 5 ng) or vehicle (PBS) as one injection
each week over the next 4 weeks. Compounds (or vehicle) were injected
via internal cannulae extending 0.5 mm beyond the tip of the guide
cannulae in the dorsal striatum 15 min before access to ethanol (20%)
and water. The volume infused with a Hamilton 10 ul syringe (1701) was
1 ul per side at a rate of 0.5 ul/min, with the injectors kept in position in
the cannulae for an additional 2 min (Wang et al., 2007). All drug solu-
tions were freshly prepared immediately before each injection. Naltrin-
dole and SNC80 were initially dissolved in distilled water and DMSO,
respectively, in 10 mM solutions that were then diluted with PBS to
achieve final solutions for injection in the doses, as above. Vehicle solu-
tions for injection in naltrindole- and SNC80-treated rats were similarly
prepared using distilled water or DMSO, respectively, diluted with PBS.
Ethanol and water consumption were measured after 30 min and 24 h of
ethanol access. Injection times and doses of naltrindole (0.5, 1, and 2 ug) and
SNC80 (0.05, 0.5, and 5 ng) were based on previous studies (Ross and Smith,
1997; Olive and Maidment, 1998; Hyytid and Kiianmaa, 2001; Wang et al.,
2007). SNC80 was used in this experiment because TAN67 was discontinued
from the original source, and TAN67 also produced convulsant effects in the
previous antinociceptive studies. At the end of the experiments, rat brains
were collected, and 75-pum-thick brain slices were cut, mounted, and stained
to verify coordinates of the implanted cannulae. Only data from subjects
with cannulae located in the region of interest were included in the analysis.
Data from subjects with cannulae located outside of the region of interest
were analyzed separately as diffusion controls (n = 6).

Multiple intrastriatal administrations of naltrindole. A separate group
of naive rats were anesthetized continuously with isoflurane. Bilateral
guide cannulae (C235G, 26 gauge) were stereotaxically implanted into
the dorsal striatum (1.0 mm anterior, 3.2 mm mediolateral, and 3.7 mm
ventral to bregma) (Wang et al., 2007). Cannulae were held in place by
dental cement and anchored with four surrounding skull-implanted
screws. Following recovery, rats were given bilateral intrastriatal injec-
tions of naltrindole (2 pg; n = 8), vehicle (PBS; n = 7), or a sham
injection (1 = 7) 15 min before the first exposure to 20% ethanol and
water, and then 15 min before access to 20% ethanol and water on the
following ethanol days for seven ethanol exposures using the intermit-
tent access to 20% ethanol procedure. After seven exposures to intermit-
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tent 20% ethanol, the administrations of naltrindole or vehicle were
terminated, and the rats were maintained on the intermittent access
schedule for an additional five exposures. After this time, the group of
rats that received vehicle (PBS) and sham injections previously were then
given intrastriatal injections of naltrindole (2 ug; # = 7) and vehicle
(PBS; n = 5), respectively, 15 min before access to ethanol (20% v/v) and
water on the ethanol days for three ethanol exposures using the intermit-
tent access to 20% ethanol procedure. After three exposures to intermit-
tent 20% ethanol, the administrations of naltrindole or vehicle were
terminated, and the rats were maintained on the intermittent access
schedule to measure posttreatment baseline drinking levels.

Multiple administrations of systemic naltrindole. Naltrindole (3 mg/kg,
i.p., n = 7, or vehicle, distilled water, 1 ml/kg, i.p., » = 7) was adminis-
tered once a day to groups of adult rats (P56), 30 min before the start of
the drinking session on the first ethanol exposure day using the
intermittent-access 20% ethanol two-bottle drinking procedure. The
daily injections continued for 28 consecutive days (12 ethanol expo-
sures). All drug solutions were freshly prepared immediately before each
injection. Bottles were weighed 24 h following the start of the drinking
session, and measurements were taken to the nearest gram. After 4 weeks
of intermittent 20% ethanol access, the daily administration of either
naltrindole or vehicle was terminated, and the rats were maintained on
the intermittent-access schedule for an additional 28 d before rat brain
membranes were collected. Injection times and doses of naltrindole (3
mg/kg) were based on previous studies (Saitoh et al., 2005; Nielsen et al.,
2008). This dose of naltrindole (3 mg/kg) produces selective DOP-R-
mediated anxiogenic activity in rats (Saitoh et al., 2005).

Effect of naltrindole on blood ethanol concentrations

Groups of adult naive rats (range, 337-381 g) were administered naltrin-
dole (3 mg/kg, i.p.; n = 9) or vehicle only (distilled water; 1ml/kg, i.p.;
n = 8) 30 min before an injection of ethanol (1.5 g/kg, i.p.). Whole blood
was collected from the lateral tail vein at 0.5, 1, 2 and 4 h after ethanol
dosing. Blood samples were centrifuged for 13 min at 8000 rpm, and sera
were separated and stored at —80°C until the assay was performed. Sera
samples (10 ul) were precipitated in 3.5% perchloric acid (50 ul final
volume). Ethanol was quantified by the alcohol dehydrogenase assay
(Ling et al., 2003). Triplicate samples (7 ul) of supernatant from each
sample were incubated with 0.5 M Tris-HCl buffer, pH 8.8, containing 5.5
pg/ml of alcohol dehydrogenase and 1.5 mm B-nicotinamide adenine
dinucleotide (400 ul total volume) and incubated for 40 min at room
temperature. Levels of the reduced B-NADH product were quantified by
spectrophotometric absorbance at 340 nm, and the corresponding etha-
nol concentration was determined by a standard calibration curve.

Statistics

Statistical analyses were performed using GraphPad Prism. Data from ex
vivo GTPvS binding assays were analyzed by nonlinear regression using a
sigmoidal curve with variable slope to determine EC,, values. Data from
ex vivo functional binding assays and tail-flick analgesia studies were
analyzed using one-way ANOVA with Newman—Keuls post hoc analysis
and Student’s t test where appropriate, with an overall significance crite-
rion of p < 0.05. Heavy drinking rat behavioral data were analyzed using
a repeated-measures one-way ANOVA with Newman—Keuls post hoc
analysis and Student’s t test where appropriate, with an overall signifi-
cance criterion of p < 0.05. Multiple dosing studies were analyzed by a
two-factor ANOVA (treatment by time) with Bonferroni’s post hoc test
and Student’s t test where appropriate, with an overall significance crite-
rion of p < 0.05. Blood ethanol concentrations (BECs) were analyzed by
atwo-factor ANOVA (treatment by time) with Bonferroni’s post hoc test.

Results

High ethanol intake using intermittent access to 20% ethanol
Young adult rats (P56) given intermittent access to 20% (v/v)
ethanol displayed a rapid onset and escalation of ethanol intake.
Ethanol consumption increased within 2 weeks of intermittent
access to 20% ethanol and was maintained until late adulthood
(P154; Fig. 1A). Our previous studies (Simms et al., 2008) re-
ported that Long Evans rats given intermittent access to 20%
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Figure 1.  Intermittent ethanol consumption prevents the developmental decrease in DOP-
R-mediated [*°S]GTPS binding in the striatum. A, Rats given intermittent access to 20%
ethanol from young adulthood (P56) consume high amounts of ethanol for long periods (n =
8). The values are expressed as the mean == SEM of ethanol consumed (g/kg/24 h). B, DOP-R-
mediated [ 3*S]GTP-yS binding by TAN67 in the striatum is high in young adult rats (gray bar)
and reduced in adult and aged adult rats (white bars) consuming water only. High DOP-R-
mediated [ **S]GTP~yS binding by TAN67 in the striatum in young adult rats (gray bar) is main-
tained in adult and aged adult rats consuming high amounts of ethanol since P56 (black bars).
The values are expressed as the mean = SEM percentage of basal [**S]GTPS binding by
TANG7 (10 wm; n = 3, each in triplicate). €, DOP-R-mediated [ >S]GTP+S binding by SNC80in
the striatum is high in young adult rats (gray bar) and adult rats (P84; white bar) and reduced in
aged adult rats (P154; white bar) consuming water only. High DOP-R-mediated [**S]GTP+yS
binding by SNC80 in the striatum in young adult rats (gray bar) is maintained in adult and aged
adult rats consuming high amounts of ethanol since P56 (black bars). The values are expressed
as the mean = SEM percentage of basal [ **S]GTPyS binding by SNC80 (10 wm; n = 3, eachiin
triplicate). D, MOP-R-mediated [ **S]GTP+S binding by DAMGO in the striatum is high in aged
adult rats (P154; white bar) consuming water only compared to young adult rats (gray bar).
MOP-R-mediated [ **S]GTP+yS binding by DAMGO in the striatum of high-ethanol-consuming
adultand aged adult rats (black bar) is not different from MOP-R-mediated [3SS]GTPyS binding
by DAMGO in the striatum of young adult rats (gray bar) or aged-matched rats consuming water
only (white bars). The values are expressed as the mean = SEM percentage increase over basal
[3°S]GTPS binding by DAMGO (10 um; n = 3, each in triplicate). Tp < 0.05; ™p < 0.01;
fth < 0.001 [compared to young adult (P56) rats]; **p << 0.01; ***p < 0.001 (comparison
between aged-matched rats consuming either ethanol and water or water only); one-way
ANOVA with repeated measures, with the Newman—Keuls post hoc analysis or Student's £ test).

ethanol produce BECs in the range of 10 to 100 mg/dl over 30 min
of access, with 30% of rats with levels above 93 mg/dL

Developmental decrease in DOP-R-mediated [ *>*S]GTPvS
binding in the dorsal striatum

DOP-R-mediated [*’S]GTP+S stimulation by TAN67 in dorsal
striatal membranes prepared from young adult rats was higher in
potency (Table 1) and efficacy (F, 30y = 19.42, p < 0.0001; Fig.
1 B) compared to that in adult rats and aged adult rats. Similarly,
DOP-R-mediated [*>°S]GTP+S stimulation by the DOP-R ago-
nist SNC80 in dorsal striatal membranes prepared from young
adult rats was higher in potency compared to that in adult and
aged rats (Table 1). DOP-R-mediated [*’S]GTP%S stimula-
tion by the DOP-R agonist SNC80 was also higher in efficacy
in dorsal striatal membranes prepared from young adult rats
compared to those from aged rats (P154; F, ,5) = 9.88, p <
0.001; Fig. 1C). In contrast, MOP-R-mediated [*’S]GTPvS
stimulation by DAMGO in dorsal striatal membranes pre-
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Table 1. Opioid receptor-mediated [*S]GTP-yS binding by TAN67, SNC80, and
DAMGO in the dorsal striatum of rats given intermittent access to 20% ethanol or
water only from young adulthood into late adulthood

Mean (== SEM) ECy, values for [*S]GTP+yS stimulation

Postnatal
Treatment age (days) TAN67 SNC80 DAMGO
Naive P56 0.05+0002 013004  0.66 = 0.03
Water only from P56 P84 21 £02%* 032 £0.03** 0.62 = 0.03
P154 >10 >10 0.30 = 0.02%**
20% Ethanol from P84 0.05 £ 0.003™ 014 £ 0.05™ 27 & 0.1t
P56 P154 0.05+0.004  0.14 = 0.03 13 £ 0.2%* 1M

Data were analyzed using one-way ANOVA with Newman—Keuls post hoc analysis and Student’s ¢ test (n = 3 per
group, each in triplicate).

**p < 0.01; ***p < 0.001 (compared to naive P56 rats).
p < 0.01; "p < 0.001 (compared to aged-matched rats consuming water only).

pared from young adult rats and adult rats was lower in po-
tency (Table 1) and efficacy (F(,,,, = 4.54, p < 0.05; Fig. 1 D)
compared to aged adult rats.

Intermittent ethanol consumption prevents the
developmental decrease in DOP-R-mediated [ *>S]GTPyS
binding in the dorsal striatum

DOP-R-mediated [**>S]GTPvS stimulation by TAN67 in dorsal
striatal membranes prepared from ethanol-naive young adult
rats was not different in potency or efficacy compared to adult
and aged adult rats consuming high amounts of ethanol since
young adulthood (Fig. 1B; Table 1). DOP-R-mediated
[**S]GTPS stimulation by TAN67 in dorsal striatal membranes
prepared from adult (P84) and aged adult (P154) rats consuming
20% intermittent ethanol from young adulthood was higher in
potency and efficacy compared to DOP-R-mediated [ >>S]GTP~S
stimulation by TAN67 in dorsal striatal membranes prepared
from adult and aged rats consuming water only from young
adulthood (Fig. 1 B; Table 1). DOP-R-mediated [**S]GTPyS stim-
ulation by SNC80 was not different in potency in dorsal striatal
membranes prepared from ethanol-naive young adult rats com-
pared to adult and aged rats consuming high amounts of ethanol
since young adulthood (Table 1). DOP-R-mediated [*°S]GTP+S
stimulation by SNC80 in dorsal striatal membranes prepared from
adult (P84) and aged adult rats (P154) consuming 20% intermittent
ethanol from young adulthood was higher in potency compared to
that in adult and aged adult rats consuming water only from young
adulthood (Table 1). DOP-R-mediated [ **S]GTP+S stimulation by
SNCB80 in dorsal striatal membranes prepared from aged adult rats
(P154) consuming 20% intermittent ethanol from young adulthood
was higher in efficacy compared to that in aged adult rats consuming
water only from young adulthood (Fig. 1C). In contrast, MOP-R-
mediated [**S]GTP9S stimulation by DAMGO in dorsal striatal
membranes prepared from ethanol-naive young adult rats was
higher in potency, albeit not efficacy, compared to adult rats, and
higher in potency and efficacy compared to aged adult rats consum-
ing 20% intermittent ethanol since young adulthood (Fig. 1 D; Table
1). MOP-R-mediated [ *>S]GTP%S stimulation by DAMGO in dor-
sal striatal membranes prepared from adult (P84) and aged adult
(P154) rats consuming 20% intermittent ethanol from young adult-
hood (P56) was lower in potency, albeit not efficacy, compared to
adult and aged adult rats consuming water only (Table 1; Fig. 1 D).

Developmental decrease in DOP-R-mediated analgesia

The DOP-R agonist TAN67 (60 mg/kg, i.p.) produced analgesia
in naive young adult rats (P56), with a peak analgesic effect
observed at 30 min after dosing (Fig. 2 A) and a duration of action
of =3 h. In contrast, TAN67-mediated (60 mg/kg, i.p.) analgesia
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was reduced in adult rats (P84; p < 0.001)
and aged (P154; p < 0.001) rats (F, 5y =
18.54, p < 0.001; Fig. 2A). Vehicle-
treated rats did not produce any signif-
icant levels of analgesia (P56, 1.1 * 1.0%
MPE; P84, —1.9 = 2.4% MPE; P154,
—1.7 £ 1.5% MPE). TAN67-mediated
(60 mg/kg, i.p.) analgesia in ethanol-naive
young adult rats was attenuated by pre-
treatment with the DOP-R antagonist
naltrindole (3 mg/kg, i.p.; p < 0.001), but
not by naltrexone (1 mg/kg, i.p.; p > 0.05;
Fig. 2C). Our previous studies have shown
that naltrexone (1 mg/kg, i.p.) signifi-
cantly attenuates morphine-mediated (5
mg/kg, i.p.) analgesia in ethanol-naive
young adult rats (Nielsen et al., 2008).

Intermittent ethanol consumption
prevents the developmental decrease in
DOP-R-mediated analgesia
TAN67-mediated (60 mg/kg, i.p.) analge-
sia was not reduced in adult rats (P84) and
aged (P154) rats given intermittent access
to 20% ethanol from age P56 (p > 0.05;
Fig. 2A). TAN67-mediated (60 mg/kg,
i.p.) analgesia in adult (P84; p < 0.01) and
aged (P154; p < 0.05) rats that were given
intermittent access to 20% ethanol from
age P56 was greater than TANG67-
mediated (60 mg/kg, i.p.) analgesia in the
aged-matched rats consuming water only
(Fig.2A). TAN67-mediated (60 mg/kg, i.p.)
analgesia in aged rats (P154) that were given
intermittent access to 20% ethanol from age
P56 was reduced compared to TANG67-
mediated (60 mg/kg, i.p.) analgesia in young
adult rats (P56; p < 0.05), but not different
from TAN67-mediated (60 mg/kg, i.p.) an-
algesia in adult rats (P84; p > 0.05) given
intermittent access to 20% ethanol (Fig.
2A). TAN67-mediated (60 mg/kg, i.p.) an-
algesia in the group of young adult rats
(P56) before access to 20% intermittent eth-
anol was not different (p > 0.05) from

TANG67-mediated (60 mg/kg, i.p.) analgesia in the group of young adult
rats (P56) before access to water only. Vehicle-treated rats in the ethanol
group did not produce any significant levels of analgesia (P56, 1.2 =
1.1% MPE; P84, —1.9 * 2.2% MPE; P154, 2.8 = 0.2% MPE). There
were no age-related differences in baseline levels of analgesia and
no differences in baseline levels of analgesia or hyperalgesic re-
sponses between age-matched groups of rats given intermittent
20% ethanol or water only (p > 0.05; Fig. 2B).

Continuous ethanol consumption does not maintain DOP-R-
mediated [ *°S]GTPYS binding in the dorsal striatum

Nielsen et al. @ 8-Opioid Receptors and High Ethanol Intake
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Figure 2.  Intermittent ethanol consumption prevents the developmental decrease in DOP-R-mediated analgesia. A, DOP-R-
mediated tail-flick analgesia by TAN67 (60 mg/kg, i.p.) is high in young adult rats (P56) and is reduced in adult and aged adult rats
consuming water only (white bars). DOP-R-mediated analgesia by TAN67 (60 mg/kg, i.p.) is maintained in adult and aged adult
rats consuming high amounts of ethanol since P56 (black bars). Data are expressed as the mean = SEM %MPE at 30 min after
dosing (n = 6 per group). B, Baseline levels of tail-flick analgesia are not changed with age and are not different between rats
consuming either 20% intermittent ethanol (black bars) or water only (white bars). Data are expressed as the mean = SEM
tail-flick latency (seconds). C, TAN67-mediated (60 mg/kg, i.p.) DOP-R analgesia in young adult rats (P56) is reduced by pretreat-
ment with naltrindole (3 mg/kg, i.p.), but not by pretreatment with naltrexone (1 mg/kg, i.p.). T"p < 0.001 [compared to young
adult rats (P56)]; *p << 0.05; **p << 0.01 (comparison between aged-matched rats consuming intermittent 20% ethanol or water
only); ***p << 0.001 (compared to vehicle-treated rats); one-way ANOVA with repeated measures, with the Newman—Keuls post
hoc analysis or Student’s ¢ test.
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Figure 3.  Continuous ethanol consumption does not maintain DOP-R-mediated [ **S]GTP+S binding in the striatum. 4, Rats
given intermittent access to 20% ethanol from young adulthood (P56) consume large amounts of ethanol for long periods. Rats
given continuous access to 20% ethanol from young adulthood (P56) do not consume large amounts of ethanol. The values are
expressed as the mean * SEM of ethanol consumed (grams per kilogram per 24 h). B, €, DOP-R-mediated [ **S)GTP+S binding by
TAN67 (B) and SNC80 (C) in the dorsal striatum is higher in P154 rats given intermittent access to 20% ethanol since P56 (black
bars) compared to P154 rats given access continuous 20% ethanol since P56 (white bars). The values are expressed as the mean =
SEM percentage increase over basal [ >*S)GTP+S binding by TAN67 and SNC80 (10 wum; n = 3, eachiintriplicate). *p << 0.05; **p <
0.01 (comparison between intermittent and continuous 20% ethanol groups; Student’s ¢ test).

The cumulative amounts of ethanol consumed in rats given
either intermittent (three 24-h-long ethanol exposures per week)
or continuous (seven 24-h-long exposures per week) access to
20% ethanol from P56 to P154 are 55.4 = 5.9 g (mean * SEM)
and 127.8 =* 3.6 g, respectively. DOP-R-mediated [ **S]GTP~S-
stimulated binding in dorsal striatal membranes of adult rats at
age P154 given long-term continuous access to 20% ethanol since
P56 (TANG67, ECy, 1.2 *+ 0.4 uM; SNC80, ECy, 811 + 71 M) was
significantly lower compared to that of age-matched controls
with intermittent access to 20% ethanol (TAN67, ECs,, 57 = 3.5
nM; p < 0.05; SNC80, ECsy, 139 + 31 nu; p < 0.001; Fig. 3B, C).

Continuous access to 20% ethanol produced a delayed escalation

of ethanol consumption that was not maintained out for long
periods compared to rats given access to intermittent 20% etha-
nol (Fig. 3A). Young adult rats (P56) increased their ethanol
consumption within 2 weeks of continuous access to 20% etha-
nol, although this level of ethanol consumption was not main-

tained for long periods.

Intermittent ethanol consumption prevents the
developmental decrease in DOP-R-mediated [ **S]GTPyS
binding specifically in the dorsal striatum

Opioid receptor-mediated [*>S]GTP+S stimulation was mea-
sured in various brain regions of adult rats (P154) that were
consuming either 20% intermittent ethanol or water only since
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Table 2. Opioid receptor-mediated [**S]GTP-yS binding by TAN67, SNC80, and DAMGO in brain regions of P154 rats consuming either intermittent 20% ethanol or water

only for long periods from age P56

Mean (== SEM) ECy, values (gum) for opioid-mediated [*°S]GTPS stimulation

TAN67 SNC80 DAMGO
Brain region 20% ethanol Water only 20% ethanol Water only 20% ethanol Water only
Dorsal striatum 0.03 = 0.01 >10 18+26 >10 0.84 £ 0.02*** 0.37 £0.02
Nucleus accumbens >10 >10 >10 >10 0.32 = 0.02 0.32 £0.03
Spinal cord 3.8 +0.4* 5004 >10 >10 0.56 = 0.04*** 0.30 £ 0.02
Cerebral cortex 3706 35+08 13+07 23+08 3.0 £ 0.4 0.50 £ 0.08
Brainstem 55+03 59*02 >10 >10 0.07 = 0.004*** 0.05 == 0.002
Midbrain® >10 >10 >10 >10 14+05 18+ 04
Ventral tegmental area >10 >10 >10 >10 0.28 = 0.03 0.28 = 0.02
Amygdala >10 >10 >10 >10 >10 1403
Cerebellum >10 >10 >10 >10 0.32 £0.08 0.18 £ 0.09
Hippocampus >10 >10 >10 >10 >10 >10

Data were analyzed using Student’s t test (n = 3 per group, each in triplicate).
*p < 0.05; ***p < 0.001, compared water consuming rats.
“Remaining midbrain tissue after removal of VTA and amygdala.
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Figure 4. Inhibition of DOP-Rs in the dorsal striatum selectively reduces high ethanol consumption. 4, (, Intrastriatal admin-

istration of naltrindole selectively reduces ethanol intake in high-ethanol-consuming rats using the intermittent-access voluntary
20% ethanol two-bottle choice drinking procedure after 30 min (A) but not 24 h (C) of access. B, D, Intrastriatal administration of
SNC80 increases ethanol intake in ethanol consuming rats using the intermittent-access voluntary 20% ethanol two-bottle choice
drinking procedure after 30 min (B) but not 24 h (D) of access. The values are expressed as the mean == SEM ethanol consumed
(grams per kilogram per 30 min and 24 h). E, Schematic representations of the injection cannulae placements in coronal sections
of the dorsal striatum of rats included in the data analysis (circles; n = 14) and cannulae placements in coronal sections of a
separate brain region adjacent to the dorsal striatum, the external capsule, of rats not included in data analyses (squares; n = 6)
[adapted from Paxinos and Watson (1997)]. Brain slices are 75 pum thick. Numbers indicate the distance anterior to the bregma in
millimeters. **p << 0.01; ***p << 0.001 (compared to vehicle; one-way ANOVA with repeated measures; with the Newman—Keuls
post hoc analysis). n = 14.

P56. DOP-R-mediated [ **S]GTP+yS stimulation by TAN67 and

cortex and the brainstem of high-ethanol-
consuming rats was not different from
that of water-consuming rats (Table 2). Fur-
thermore, DOP-R-mediated [*S]GTPyS
stimulation was absent in the VTA,
amygdala, hippocampus, cerebellum, and
midbrain of both high-ethanol- and water-
only consuming rats (Table 2). In contrast,
MOP-R-mediated [ **S]GTPS stimulation
by DAMGO was reduced in the dorsal
striatum, cerebral cortex, brainstem,
spinal cord, and the amygdala, but not
in the nucleus accumbens, ventral teg-
mental area, and midbrain of high-
ethanol-consuming rats compared to
water-consuming rats (Table 2).

Inhibition of DOP-Rs in the dorsal
striatum selectively reduces high
ethanol consumption

The effects of naltrindole given via micro-
infusions directly into the dorsal striatum
were examined in ethanol-consuming rats
using the intermittent-access voluntary
20% ethanol two-bottle choice drinking
procedure. In rats that were maintained
on a stable level of ethanol consumption
for at least 6 weeks (18 drinking sessions),
intrastriatal naltrindole reduced ethanol
consumption (Fig. 4A, cannula place-
ments; Fig. 4E). There was an overall main
effect on ethanol consumption after 30
min of ethanol access (F; s5) = 6.54; p <
0.01). Post hoc analysis revealed that in in-

SNC80 was high in the dorsal striatum of ethanol-consuming rats
compared to water-consuming rats (Table 2). In contrast, DOP-R-
mediated [*°S]GTP9S stimulation by TAN67 and SNC80 was ab-
sent in ventral striatal structures, such as the nucleus accumbens, of
both ethanol-consuming and water-only-consuming rats (Table
2). DOP-R-mediated [ **S]GTP%S stimulation by TAN67 in the rat
spinal cord was moderate, albeit higher in ethanol-consuming rats
compared to water-consuming rats (Table 2). In comparison, mod-
erate DOP-R-mediated [ **S]GTPvS stimulation in the rat cerebral

trastriatal naltrindole reduced ethanol consumption at doses of 1
ug (p <0.01) and 2 pg (p < 0.05), compared to vehicle (PBS).
Following 24 h of ethanol access, intrastriatal naltrindole did not
produce any effects on ethanol consumption (p > 0.05; Fig. 4C).
Further post hoc analysis revealed no effect of any doses of nal-
trindole on ethanol consumption after 24 h. There was no overall
effect on water consumption by naltrindole treatment after 30
min (p > 0.05) or 24 h (p > 0.05) of access compared to vehicle-
treated rats and no overall effect on preference for ethanol by
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Table 3. Water consumption and preference for ethanol in ethanol-consuming rats
given intermittent access to 20% ethanol and water for 30 min and 24 h following
intrastriatal administration of naltrindole and SNC80

Preference for ethanol
Water consumption (mean = SEM, %
(mean == SEM, in ml) preference)
Drug treatment Dose 30 min 24h 30 min 24h
Naltrindole (wg) ~ Vehide 2.8 =06 27219 355*+82 235*40
0.5 2606 239+26 324*75 345%52
1 2605 249=*22 265*+73 28648
2 2405 253*+25 237*68 292*57
SNC80 (ng) Vehice 3707 241=x25 347 =54  320*64
0.05 45*+07 265*+24 319*+58 29363
0.5 4606 271+23  253*=51  266£52
5 5508 294*+19% 473*+42 329*+35

Data were analyzed using one-way ANOVA with Newman—Keuls post hoc analysis (n = 14 per group).
*p < 0.05 (compared to vehicle-treated rats).

naltrindole treatment after 30 min (p > 0.05) or 24 h (p > 0.05;
Table 3). There was no overall effect on rat body weight with
naltrindole treatment (p > 0.05). In rats with cannulae im-
planted in a separate brain region adjacent to the dorsal striatum,
the external capsule (Fig. 4 E, cannula placements), the microin-
jection of naltrindole did not produce any effects on consump-
tion of 20% ethanol after 30 min (p > 0.05) or 24 h (p > 0.05) of
access compared to vehicle-treated rats (data not shown).

Activation of the DOP-Rs in the dorsal striatum increases
ethanol consumption

The effects of SNC80 given via infusions directly into the dorsal
striatum were also examined in ethanol-consuming rats using the
intermittent-access voluntary 20% ethanol two-bottle choice
drinking procedure. In the same group of rats that were main-
tained on a stable level of ethanol consumption for at least 6
weeks (>18 drinking sessions), SNC80 increased ethanol con-
sumption (Fig. 4 B). There was an overall main effect on ethanol
consumption after 30 min of ethanol access (F; 55y = 17.64; p <
0.00001). Post hoc analysis revealed that intrastriatal SNC80 (5
ng) increased ethanol consumption compared to vehicle (PBS;
p < 0.001). Following 24 h of ethanol access, intrastriatal SNC80
did not produced any effects on ethanol consumption (p > 0.05;
Fig. 4 D), with post hoc analysis revealing no effect of any doses of
SNCB80 on ethanol consumption. The levels of ethanol consump-
tion in vehicle-treated rats in the SNC80 treatment group (Fig.
4 A, C) were not different (p > 0.05) from the levels of ethanol
consumption in vehicle-treated rats in the naltrindole treatment
group after either 30 min or 24 h of access to ethanol (Fig. 4 B, D).
There was no overall effect on water consumption by SNC80 after
30 min of access compared with vehicle-treated rats (p > 0.05),
although there was an overall effect on water consumption by
SNC80 after 24 h of access (F3 55, = 3.11, p < 0.05; Table 3). Post
hoc analysis revealed that intrastriatal SNC80 (5 ng) increased
water consumption after 24 h of access to 20% ethanol (p < 0.05;
Table 3). There was no overall effect, albeit a strong trend, on
preference for ethanol by SNC80 after 30 min of access (F; s5) =
2.61; p = 0.065), and no overall effect after 24 h of access (p >
0.05; Table 3). There was no overall effect on rat body weight with
SNC80 treatment (p > 0.05).

Microinfusions of naltrindole into the dorsal striatum
prevents the escalation of high ethanol consumption

Using the intermittent access to 20% ethanol procedure, we ex-
amined the effect of microinfusion of naltrindole into the dorsal

Nielsen et al. @ 8-Opioid Receptors and High Ethanol Intake

striatum on ethanol intake. Naltrindole (2 ug) was infused into
the dorsal striatum before the first ethanol exposure and then
before ethanol access for the next six ethanol exposures. In rats
administered naltrindole before the first ethanol exposure, the
initial drinking levels in rats following the first ethanol exposure
were not significantly different from vehicle-treated rats (p >
0.05; Fig. 5A, B). Naltrindole significantly reduced ethanol intake
at ethanol exposures 5 and 7 compared to vehicle-treated rats
(Fig. 5A, B, cannulae placements; Fig. 5E). After 30 min of access,
there was an overall effect on ethanol consumption by naltrindole
with treatment (F, oy = 11.05; p < 0.01), time (F(, o,) = 2.74;
p < 0.05), and interaction of treatment by time (F, o,, = 4.19;
p < 0.001). Post hoc analyses showed reduced ethanol intake at
ethanol exposures 5 (p < 0.01) and 7 (p < 0.05; Fig. 5A). After 30
min of access, there was an overall effect on preference for ethanol
(Fi01) = 9.57; p < 0.01) but no effect on water consumption
(p > 0.05). After 24 h of access, there was an overall effect on
ethanol consumption by naltrindole with treatment (F(, o,, =
10.05; p < 0.05), and post hoc analyses showed reduced ethanol
intake at ethanol exposure 7 (p < 0.05; Fig. 5B). After 24 h of
access, there was an overall effect of preference for ethanol (F(, o,) =
6.20; p < 0.05) but no effect on water consumption (p > 0.05).
When the naltrindole treatment was terminated, the reduced lev-
els of ethanol consumption following 30 min and 24 h of access
were not maintained compared to post-vehicle treatment base-
line drinking levels (Fig. 5A, B). There were no overall effects on
ethanol consumption for the next five ethanol exposures between
the vehicle-treated and naltrindole-treated groups following ces-
sation of the microinfusions after 30 min (p > 0.05) or 24 h (p >
0.05) of access to ethanol. Similarly, there were no overall effects
during the postinfusion period for five ethanol exposures on
preference for ethanol after 30 min (p > 0.05) or 24 h (p > 0.05)
of access, and also no overall effects on water consumption after
30 min (p > 0.05) or 24 h (p > 0.05) of access. There was no
overall effect between treatment groups on rat body weight (p >
0.05). Following cessation of naltrindole administration (expo-
sure 8), ethanol intake after 30 min of access was higher com-
pared to ethanol intake levels after the last ethanol exposure
during naltrindole treatment (exposure 7; p << 0.05) and was not
different from ethanol intake levels of rats after the first ethanol
exposure following cessation of vehicle treatment (exposure 8;
p > 0.05). Following cessation of vehicle administration (expo-
sure 8), ethanol intake after 30 min of access was not different
compared to ethanol intake levels after the last ethanol exposure
during vehicle treatment (exposure 7; p > 0.05). Following ces-
sation of naltrindole administration (exposure 8), ethanol intake
after 24 h of access was not different compared to ethanol intake
levels after the last ethanol exposure during naltrindole treatment
(exposure 7; p > 0.05), and not different from ethanol intake
levels of post-vehicle-treated rats (exposure 8; p > 0.05). Follow-
ing cessation of vehicle administration (exposure 8), ethanol in-
take after 24 h of access was not different compared to ethanol
intake levels after the last ethanol exposure during vehicle treat-
ment (exposure 7; p > 0.05).

Repeated microinfusions of naltrindole into the dorsal
striatum of high drinking rats reduces ethanol consumption
Microinfusions of naltrindole (2 ug) into the dorsal striatum
before ethanol exposure on days 1, 3, and 5 reduced ethanol
intake compared to vehicle-treated rats (Fig. 5C, cannula place-
ments; Fig. 5E). After 30 min of access, there was an overall effect
of naltrindole on ethanol consumption by naltrindole on each of
the three ethanol exposure (F(, 55, = 19.38; p < 0.0001). Post hoc
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Figure 5.  Repeated microinfusions of naltrindole into the dorsal striatum prevents the escalation of high ethanol consumption. Rats were microinfused with naltrindole (2 .g; n = 8; closed
squares) or vehicle (n = 7; closed circles) into the dorsal striatum, 15 min before the drinking session on the ethanol days for seven ethanol exposures using the intermittent access to 20% ethanol
procedure starting on the day of the first ethanol exposure. A, B, Naltrindole significantly reduced ethanol consumption after 30 min (drinking sessions 5 and 7; A) and 24 h (drinking session 7; B)
of ethanol access. The administration of either naltrindole or vehicle was terminated after seven ethanol exposures. Following cessation of microinfusions, ethanol consumption in the naltrindole-
treated group (open squares) was not different from that of the vehicle-treated group (open circles) for the next five ethanol exposures after 30 min (4) or 24 h (B) of ethanol access. C, D, Rats
maintained on high levels of ethanol intake were microinfused with naltrindole (2 ug; n = 7; gray bars) or vehicle (n = 5; white bars) into the dorsal striatum 15 min before the drinking session
on the ethanol days for three ethanol exposures using the intermittent access to 20% ethanol procedure. Repeated intrastriatal administration of naltrindole (gray bars) selectively reduces ethanol
intake compared to vehicle-treated rats (white bars) over three ethanol exposures in high-ethanol-consuming rats using the intermittent-access voluntary 20% ethanol two-bottle choice drinking
procedure after 30 min (C) but not 24 h (D) of access. The administration of either naltrindole or vehicle was terminated after three ethanol exposures. Following cessation of microinfusions, ethanol
consumption in the naltrindole-treated group (black bars) was not different from that in the vehicle-treated group (striped bars) after 30 min (C) or 24 h (D) of ethanol access. The values are
expressed as the mean == SEM ethanol consumed (grams per kilogram per 30 min and 24 h). *p << 0.05; **p << 0.01 (comparisons between treatment groups; two-way ANOVA with Bonferroni’s
post hoc test). E, Schematic representations of the injection cannulae placements in coronal sections of the dorsal striatum of rats included in the data analysis (circles) [adapted from Paxinos and
Watson (1997)]. Brain slices are 75 wm thick. Numbers indicate the distance anterior to the bregma in millimeters.

analyses showed reduced ethanol intake at ethanol exposures 1-3  trindole treatment (exposure 3; p > 0.05) and also not different
(p < 0.05; Fig. 5C). After 30 min of access, there was no overall ~ from post-vehicle treatment baseline drinking levels (p > 0.05;
effect on preference for ethanol (p > 0.05) or on water consump-  Fig. 5C,D).

tion (p > 0.05). After 24 h of access, there was no overall effect on

ethanol consumption by naltrindole with treatment (p > 0.05),  Long-term systemic treatment with naltrindole reduces escalation
preference for ethanol (p > 0.05), or water intake (p > 0.05) (Fig.  of ethanol consumption and induces a long-lasting reduction in
5D). There was no overall effect between treatment groupsonrat  ethanol consumption when the drug is no longer present

body weight (p > 0.05). Baseline drinking levels of the groups of ~ Administration of naltrindole (3 mg/kg, i.p.) for 28 d signifi-
rats before the microinfusions of either naltrindole or vehicle  cantly reduced the escalation and maintenance of ethanol intake
were not different (p > 0.05; Fig. 5C, D). When the naltrindole =~ compared to vehicle in high-ethanol-consuming rats using the
treatment was terminated, the levels of ethanol consumption af-  intermittent-access 20% ethanol two-bottle choice drinking pro-
ter 30 min and 24 h of access were not different compared to  cedure. Initial drinking levels in rats administered naltrindole
ethanol intake levels after the last ethanol exposure during nal-  following the first ethanol exposure were not significantly differ-



4548 - ). Neurosci., March 28,2012 - 32(13):4540 — 4552

First Daily Last Daily Membranes
Injection Injection Collected
8- —@— Vehicle Group " ey

—— Naltrindole Group

Ethanol Intake (g/kg/24 h)

0 T T T T T T T 1
2 3 4 5 6 7 8
Weeks of Intermittent Access to 20% Ethanol

Figure 6.

% Increase Over Basal [**S]GTPyS

Nielsen et al. @ 8-Opioid Receptors and High Ethanol Intake

C

407 407
©v
&
= = o
s 5%
030_ :5‘: 230— T
~ ©T o 1
s | L 38
=207 5 5207 *
>
2 9% 7
2 2%
&107 95107
v
*kk ] R
X
0 T I 0 T
[ Vehicle group [ Vehicle group

I Naltrindole group I Naltrindole group

Long-term systemic treatment with naltrindole reduces escalation of ethanol intake and induces a long-lasting reduction in ethanol intake and DOP-R-mediated [ **S]GTP+S binding

when the drug is no longer present. 4, Rats were administered either naltrindole (3 mg/kg, i.p.; n = 7; closed squares) or vehicle (n = 7; closed circles) on each of 28 consecutive days, 30 min before
the drinking session. Naltrindole significantly reduced ethanol consumption after 24 h of ethanol access at each drinking session after the exposure to 20% ethanol. The administration of either
naltrindole or vehicle was terminated after 28 d (12 ethanol exposures). Ethanol consumption in the naltrindole-treated (open squares) but not the vehicle-treated group (open circles) remained
lower for an additional 28 d. The values are expressed as the mean == SEM ethanol consumed (grams per kilogram per 24 h). *p << 0.05; **p << 0.01; *** p << 0.001 (two-way ANOVA with Student's
ttest, comparisons between treatment groups). B, €, Membrane samples collected from rats at 28 d after the last daily administration of naltrindole or vehicle were analyzed for DOP-R [ **S]GTP+S
stimulation in the dorsal striatum. DOP-R-mediated dorsal striatal [ **S]GTP+yS binding using TAN67 (B) and SNC80 (€) in naltrindole-pretreated rats was reduced compared to high DOP-R
[3°S]GTP+S stimulation in vehicle-pretreated rats. The values are expressed as the mean = SEM percentage increase over basal [ *S]GTPyS binding by TAN67 and SNC80 (10 um; n = 3, eachiin

triplicate). *p << 0.05; **p << 0.01 (Student’s t test, comparisons between treatment groups).

ent from those of vehicle-treated rats (p > 0.05; Fig. 6A). Nal-
trindole reduced the escalation of ethanol intake and over time
continued to significantly reduce ethanol intake for up to 4 weeks
compared to the vehicle-treated group. There was an overall ef-
fect on ethanol consumption with treatment (F; ,54) = 213.7;
p < 0.001), time (F,3 555y = 8.78; p < 0.001), and treatment by
time interaction (F,3,g¢) = 1.92; p < 0.01). Post hoc analyses
showed reduced ethanol intake at ethanol exposures 3—-7 (p <
0.05) and ethanol exposures 9—12 (p < 0.01; Fig. 6 A). When the
naltrindole treatment was terminated after 28 d (12 ethanol ex-
posures), the reduced drinking levels were maintained compared
to post-vehicle treatment baseline drinking levels (exposures 13,
16,20-22, and 24, p < 0.01; exposures 14, 15,17, 18,and 23, p <
0.001; Fig. 6A). There was an overall effect on preference for
ethanol with treatment (F(, 535y = 148.6; p < 0.0001), time
(F(23,288) = 21.90; p < 0.0001), and treatment by time interaction
(Fa3,288) = 2.74; p < 0.0001). On the ethanol exposure days,
water consumption was higher in the naltrindole group with
treatment (F(; 545y = 127.2; p < 0.0001) and time (F(,; 545) =
8.14; p < 0.0001), but not for the treatment by time interaction
(p > 0.05). However, there was no effect with treatment on total
fluid consumption (i.e., ethanol and water; p > 0.05) and no
effect on water intake on alternate water-only days (p > 0.05).
There was also no overall effect of treatment on rat body weight
(p > 0.05). Following cessation of naltrindole administration
(exposure 13), ethanol intake was not different following subse-
quent ethanol exposures, compared to the last ethanol exposure
during naltrindole treatment (exposure 12; p > 0.05; Fig. 6A).
Cessation of naltrindole treatment did not result in a rapid esca-
lation of ethanol consumption, compared to the profiles of initial
escalations in drinking observed in untreated or vehicle-treated
rats. Naltrindole treatment reduced drinking for up to 28 d after
the treatment period was terminated. Therefore, naltrindole
treatment did not cause any significant rebound increase in
drinking after the treatment period was terminated.

Table 4. Lack of effect of naltrindole on rat blood ethanol concentrations

Blood ethanol concentration (mean = SEM, mg/dl)

Time after ethanol injection (h) Vehicle (n = 8) Naltrindole (3 mg/kg; n = 9)
0.5 214 *+ 28.2 164 =79
1 160 = 123 151 £ 14.6
2 158 = 10.7 144 = 141
4 540 +59 586 = 11.6

Rats were administered naltrindole (3 mg/kg, i.p.) or vehicle (distilled water, 1 ml/kg, i.p.) 30 min before ethanol
(1.5 g/kg, i.p.). Blood was collected from the lateral tail vein over a 4 h period after the ethanol dosing period and
ethanol was quantified using the alcohol dehydrogenase assay.

DOP-R-stimulated [ >**S]GTPvS binding in the dorsal
striatum is reduced in rats pretreated with naltrindole

In rat brain membranes collected 28 d after the last multiple
administration of naltrindole or vehicle treatment, DOP-R
[*>S]GTP%S stimulation by TANG67 in the dorsal striatum was
higher in vehicle-pretreated rats in efficacy (p < 0.001) and po-
tency (ECsg, 36 = 4.3 nM) compared to naltrindole-pretreated
rats (ECso, >10 uM; Fig. 6B). Similarly, DOP-R [**’S]GTPvS
stimulation by SNC80 in the dorsal striatum was higher in
vehicle-pretreated rats in efficacy (p < 0.05) and potency (ECs,,
23 *= 3.2 nM) compared to naltrindole-pretreated rats (ECs,
857 =+ 61 nu; p < 0.001; Fig. 6C).

Naltrindole does not affect blood ethanol concentrations
BEC:s in response to the challenge dose of ethanol (1.5 g/kg, i.p.)
did not differ between rats pretreated with naltrindole (3 mg/kg,
i.p.) or vehicle only (distilled water, 1 ml/kg, i.p.) at each time
point (p > 0.05; Table 4).

Discussion

We show that the DOP-R in the dorsal striatum plays a role in
ethanol consumption. Our findings demonstrate that DOP-R ac-
tivity in the dorsal striatum and DOP-R-mediated analgesia are
highest in young adult rats and decrease with age. Intermittent,
high ethanol consumption prevents the developmental decrease
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in DOP-R function, an effect that is maintained into late adult-
hood. Furthermore, we show that intermittent high ethanol con-
sumption, but not continuous ethanol or water consumption,
from young adulthood results in an increase in DOP-R activity in
the dorsal striatum. Previous studies showed that long-term
ethanol-consuming rats have increased striatal DOP-R binding
(Lucchi et al., 1984, 1985), although other studies show no
changes (Turchan et al., 1999; Saland et al., 2004). This suggests
that long-term intermittent high ethanol consumption leads to
changes in DOP-R activity. In contrast, we show that MOP-R
activity in the dorsal striatum is increased with age but is reduced
in the dorsal striatum and other brain regions with long-term
high ethanol consumption, as reported previously (Lucchi et al.,
1984, 1985; Saland et al., 2005).

Developmental decrease in DOP-R activity

Our previous studies showed that DOP-R agonist (SNCB80)-
mediated [**S]GTPYS stimulation was potently inhibited by nal-
trindole (ICs, 31 % 3.9 nmol/L), but not by naltrexone (IC5, > 10
umol/L), in striatal membranes of long-term high-ethanol-
consuming rats (Nielsen et al., 2008), indicating that both naltrin-
dole and SNC80 are activating the DOP-R. DOP-R activity in the
dorsal striatum and DOP-R-mediated analgesia is highest in young
adulthood and decreases with age. The developmental decrease in
TANG67-mediated analgesia is comparable to age-related reductions
in spinally administered DPDPE-mediated analgesia (Crisp et al.,
1994a,b; Rahman and Dickenson, 1999). Although binding studies
revealed no age-related changes in receptor density or affinity in the
spinal cord (Hoskins et al., 1998; Rahman et al., 1998), our studies
show a developmental decrease in DOP-R activity in the dorsal stria-
tum using the [ *>S]GTPvS assay, suggesting that G-protein coupling
may be developmentally decreased. Studies in adult rats show rela-
tively low DOP-R-mediated [ **S]GTPvS binding in the spinal cord
(Cichewicz et al., 2004; Narita et al., 2007), caudate nucleus, and
nucleus accumbens (Saland et al., 2004), consistent with our find-
ings of low DOP-R coupling in the dorsal striatum of aged rats.

Maintained DOP-R-mediated analgesia with high
ethanol consumption
We also show that high and intermittent ethanol consumption
from young adulthood maintains DOP-R-mediated thermal an-
algesia into late adulthood. This increase in DOP-R-mediated
analgesia does not appear to be due to relief of any hyperalgesia in
ethanol-consuming rats (Gatch and Lal, 1999). Although the
DOP-R reportedly mediates mechanical over thermal analgesia
in mice (Scherrer et al., 2009), our studies in rats show that long-
term, high ethanol consumption maintains functional DOP-Rs
to alleviate thermal nociception. However, DOP-R agonists
reportedly have higher analgesic activity in states of disrupted
physiological conditions (Kamei et al., 1994, 1997). Stressors,
morphine, and ethanol administration change the distribution of
DOP-R from the cytoplasmic compartment to the plasma mem-
brane and increase DOP-R activity (Commons, 2003; Méndez et
al., 2004, 2008; Hack et al., 2005; Méndez and Morales-Mulia,
2006). As it is difficult to directly demonstrate the redistribution
of DOP-R using immunohistochemistry due to nonspecific ac-
tivity of DOP-R antibodies (Scherrer et al., 2009), we measured
the ex vivo activity of the DOP-R using [ *>S]GTPvS binding that
directly measures coupling to G-proteins in membranes pre-
pared from rat brains.

There have been studies demonstrating that there are links
between ethanol consumption and analgesia. Ethanol stimulates
the activity of the endogenous opioids, B-endorphins and en-
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kephalins, which target opioid receptors to increase basal dopa-
mine release in the mesolimbic pathway (Herz, 1997). Central
administrations of these endogenous opioids also produce
opioid-receptor-mediated thermal analgesia (Takemori and Por-
toghese, 1993; Tseng et al., 1995; Chen et al., 2007b). DOP-R-
mediated analgesia in high-ethanol-consuming rats may be due
to the modest increase in DOP-R activity in the spinal cord of
ethanol-consuming rats, but may also be related to DOP-R activ-
ity in the dorsal striatum, as nigrostriatal structures are shown to
play a role in nociception. Striatal dopamine is reportedly critical
for mechanisms of opioid-mediated antinociception (Sawynok
and Reid, 1987). Injection of 6-hydroxydopamine into the cau-
date—putamen inhibits morphine-mediated thermal analgesia
(Nakamura et al., 1973), and administrations of morphine into
the rat globus pallidus produce thermal analgesia.

Role of the DOP-R in the dorsal striatum with ethanol
consumption
Rat brain ethanol concentrations and ethanol retention times are
greater in the rat striatum following systemic ethanol administra-
tion (Chen et al., 2007a), which may contribute to higher DOP-R
activity in the striatum. As the dorsal striatum is implicated to
contain major components of homeostatic pathways controlling
ethanol consumption (Wang et al., 2007; Logrip et al., 2008), our
studies suggest that DOP-R inhibition could modulate ethanol
reward pathways in the dorsal striatum. Furthermore, naltrin-
dole does not affect the clearance of ethanol, suggesting a central,
rather than a peripheral or metabolic, effect of DOP-R inhibition
on ethanol intake. The changes in ethanol consumption after
short but not long access periods by intrastriatal administration
of naltrindole and SNC80 in high-ethanol-consuming rats sug-
gest that these effects are temporary. The reductions in ethanol
consumption by repeated intrastriatal naltrindole infusions in
ethanol-consuming rats are not maintained following cessation
of treatment. In comparison, multiple systemic administrations
of naltrindole starting from the day of the first ethanol exposure
reduce ethanol consumption for 28 d, and following cessation of
treatment, there is no escalation in ethanol consumption for an-
other 28 d, suggesting long-lasting reductions on ethanol con-
sumption by systemic naltrindole. Furthermore, rats systemically
pretreated with naltrindole had attenuated DOP-R-mediated
coupling in the dorsal striatum measured at 28 d after the last
daily injection. Together, these results suggest that inhibiting
DOP-Rs during the initiation of ethanol consumption in young
adulthood, when DOP-R activity is high, produces longer-lasting
reductions in ethanol consumption and DOP-R activity in the
dorsal striatum. However, the long-lasting reductions in ethanol
consumption following cessation of multiple systemic, but not
intrastriatal, administrations of naltrindole suggest that addi-
tional brain regions may be involved in these long-lasting effects
of chronic systemic naltrindole, which remains to be investigated.
The DOP-R has been reported to play roles in anxiety and
emotional states (Filliol et al., 2000; Saitoh et al., 2004, 2005;
Perrine et al., 2006). Naltrindole (3-5 mg/kg, s.c.) produces anx-
iogenic activity in rats (Saitoh et al., 2004, 2005; Perrine et al.,
2006). Furthermore, pretreatment with SNC80 antagonized the
anxiogenic effects of naltrindole (Saitoh et al., 2005), and con-
versely, naltrindole blocked the anxiolytic effects of SNC80 (Sai-
toh et al., 2004; Perrine et al., 2006) in rats. We cannot rule out
that changes in DOP-R activity by ethanol consumption may lead
to changes in anxiogenic activity in rats that may then contribute
to high ethanol consumption, which remains to be investigated.
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Disparities in results of studies on the role of DOP-Rs in eth-
anol consumption and seeking may be attributed to brain-
region-specific differences in DOP-R activity. Our data show that
both systemic and intrastriatal administration of naltrindole re-
duce ethanol intake comparable to reduced ethanol consumption
and seeking resulting from DOP-R antagonists given systemically
(Krishnan-Sarin et al., 1995a) or into the nucleus accumbens
(Hyytid and Kiianmaa, 2001). Similarly, our data show that in-
trastriatal administration of SNC80 increases ethanol intake,
comparable to increased ethanol intake following DOP-R ago-
nists or enkephalinase inhibitors given systemically (Froehlich et
al., 1991; van Rijn et al., 2010) or into the nucleus accumbens
(Barson et al., 2009). Previous studies have shown that these dis-
parities relate to subtypes of the DOP-R (DOP-R1 and DOP-R2)
that have differential roles on ethanol consumption and seeking
(van Rijn and Whistler, 2009). As TANG67 is more selective for
DOP-R1 (Kamei et al.,, 1995; Tseng et al., 1997) than SNC80
(Baker and Meert, 2002; Pacheco et al., 2005; Rawls et al., 2005;
Saitoh et al., 2005), The reduced TAN67-mediated, but not
SNC80-mediated, DOP-R activity at P84 in ethanol-naive rats
may reflect reduced DOP-R1 over DOP-R2 activity at this age.

As the intermittent ethanol consumption procedure involves
day-on/day-offaccess to ethanol compared to the continuous-access
ethanol procedure, we hypothesize that intermittent access to etha-
nol leads to an increase in DOP-R activity in the dorsal striatum.
Compared to rats given continuous access to ethanol, rats given
intermittent access to ethanol consumed greater daily amounts of
ethanol on ethanol exposure days but consumed lower cumulative
amounts of ethanol. This suggests that the pattern of drinking using
the intermittent ethanol consumption procedure, rather than total
amount of ethanol consumed, is important for the increase in
DOP-R activity in the dorsal striatum.

We have shown that high intermittent ethanol intake in young
adulthood increases DOP-R activity into late adulthood and that
DOP-R activity in the dorsal striatum plays a role in high ethanol
consumption. Together, this suggests that the modulating activ-
ity at the DOP-R may be useful to treat young adult drinkers to
prevent AUDs later in adult life.
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