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Abstract
A major problem in treating alcohol use disorders (AUDs) is the high rate of relapse due to stress
and re-exposure to cues or an environment previously associated with alcohol use. Stressors can
induce relapse to alcohol seeking in humans or reinstatement in rodents. Delta opioid peptide
receptors (DOP-Rs) play a role in cue-induced reinstatement of ethanol-seeking, however their
role in stress-induced reinstatement of ethanol-seeking is not known. The objective of this study
was to determine the role of DOP-Rs in yohimbine-stress induced reinstatement of ethanol
seeking. Male, Long-Evans rats were trained to self-administer 10% ethanol in daily 30 minute
operant self administration sessions using a FR3 schedule of reinforcement, followed by extinction
training. Once extinction criteria were met, we examined the effects of the DOP-R antagonist,
SoRI-9409 (0-5 mg/kg, IP) on yohimbine (2 mg/kg, IP) stress-induced reinstatement.
Additionally, DOP-R-stimulated [35S]GTPγS binding was measured in brain membranes and
plasma levels of corticosterone (CORT) were determined. Pretreatment with SoRI-9409 decreased
yohimbine stress-induced reinstatement of ethanol seeking but did not affect yohimbine-induced
increases in plasma CORT levels. Additionally, yohimbine increased DOP-R-
stimulated 35[S]GTPγS binding in brain membranes of ethanol-trained rats, an effect which was
inhibited by SoRI-9409. This suggests that the DOP-R plays an important role in yohimbine
stress-induced reinstatement of ethanol-seeking behavior and DOP-R antagonists may be
promising candidates for further development as a treatment for AUDs.
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Introduction
A major problem in treating Alcohol Use Disorders (AUDs) is the high rate of relapse,
usually triggered by stressful events. An effective pharmacological treatment for AUDs
would ideally prevent relapse of alcohol seeking. Naltrexone is a nonselective opioid
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antagonist that inhibits mu, delta, and kappa opioid receptors (MOP-R, DOP-R and KOP-R,
respectively). Naltrexone reduces alcohol- and cue-induced reinstatement, but not foot-
shock stress-induced reinstatement of ethanol-seeking in rodents (Ciccocioppo et al., 2002;
Le et al., 1999; Liu and Weiss, 2002). This is supported by clinical studies that show
naltrexone can reduce relapse in a subset of alcohol-dependent humans (O'Malley et al.,
1996; Volpicelli et al., 1992). It has been shown that DOP-Rs rather than MOP-Rs are
important for cue-induced reinstatement of ethanol seeking, as the DOP-R antagonist,
naltrindole, reduces cue-induced reinstatement of ethanol seeking behavior in rodents more
effectively than the MOP-R selective antagonists, naloxonazine or CTOP (Ciccocioppo et
al., 2002; Marinelli et al., 2009). The DOP-R has been shown to play a role in the
reinforcing effects of ethanol (Froehlich et al., 1991; Herz, 1997), as activation of DOP-Rs
in the nucleus accumbens and ventral tegmental area leads to increased basal dopamine
release (Borg and Taylor, 1997; Devine et al., 1993; Herz, 1997; Vetulani, 2001). However,
the role of the DOP-R in stress-induced reinstatement of ethanol-seeking is currently not
known.

Stress induces relapse to drug seeking in humans and induces reinstatement of drug seeking
in rodents (Liu and Weiss, 2003; Shaham et al., 2000; Zironi et al., 2006). Although foot-
shock has been the most commonly used method of stress-induced reinstatement of alcohol-
seeking in rodents, the pharmacological stressor yohimbine has more recently been shown to
be a viable alternative (Gass and Olive, 2007; Le et al., 2005; Marinelli et al., 2007).
Blockade of α2-adrenoceptors by yohimbine causes a release of noradrenaline which
stimulates the sympathetic nervous system (Bremner et al., 1996). Yohimbine activates c-fos
and CRF mRNA in the same brain regions as that elicited after footshock-induced stress
(Funk et al., 2006) and increases plasma levels of the stress hormone, corticosterone
(CORT) (Marinelli et al., 2007). The brain regions activated by both foot-shock and
yohimbine also express DOP-Rs and include the nucleus accumbens shell, basolateral and
central amygdalar nuclei, and the bed nucleus of the stria terminalis (Borg and Taylor, 1997;
Devine et al., 1993; Funk et al., 2006; Herz, 1997; Kang-Park et al., 2007). However, the
role of the DOP-R in the stress response has been contradictory. Plasma CORT levels in
mice with a triple knockout of MOP-R, DOP-R and KOP-R are not different compared to
wild-type littermates following the forced swim test (Contet et al., 2006) suggesting opioid
receptors are not involved in the hormonal stress response. However, previous studies have
shown that rats housed in a stressful environment were more sensitive to the sedative effects
of the DOP-R agonist, SNC80, compared to stimulant effects reported by SNC80 in rats that
were not stressed (Pohorecky et al., 1999). DOP-R knockout mice have increased anxiety
(Filliol et al., 2000), comparable to anxiogenic effects in rats administered the DOP-R
antagonists, naltrindole or naltriben (Perrine et al., 2006; Saitoh et al., 2005). Conversely,
anxiolytic activity is increased in rats administered the DOP-R agonist, SNC80 (Perrine et
al., 2006; Saitoh et al., 2004). Plasma CORT levels were increased in rats administered
naltrindole when exposed to the elevated plus maze and plasma CORT levels were not
increased in rats co-administered naltrindole and SNC80 (Saitoh et al., 2005). In contrast,
plasma CORT levels were increased in rats acutely administered the DOP-R agonists
DPDPE and DADLE into the intracerebral ventricles (Gonzalvez et al., 1991; Iyengar et al.,
1987).

The aim of our study was to determine the role of the DOP-R in yohimbine stress-induced
reinstatement of ethanol seeking. We examined the effects of SoRI-9409, a potent DOP-R
antagonist (Nielsen et al., 2008; Wells et al., 2001, Xu et al., 2001), on yohimbine stress-
induced reinstatement. In comparison to naltrexone, SoRI-9409 has approximately 20-fold
higher binding affinity at the DOP-R (Ki = 2.2 ± .2 nmol/L), approximately 20-fold reduced
binding affinity for the MOP-R (Ki = 51 ± 8 nmol/L), with similar affinity at the KOP-R
(Ananthan et al., 1999). Although previous behavioral studies initially reported SoRI-9409
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to have partial agonist activity at the MOP-R (Wells et al., 2001), further in vitro studies
have demonstrated SoRI-9409 has no agonist activity at MOP-R (or at DOP-R or KOP-R)
but instead has weak antagonist activity at the MOP-R and KOP-R compared to potent
antagonist activity at the DOP-R (Wells et al., 2001; Xu et al., 2001). We have previously
shown that SoRI-9409 potently inhibits DOP-R-mediated [35S]GTPγS binding in brain
membranes of high-ethanol consuming rats and that administration of SoRI-9409 to rats in a
relatively low dose (5 mg/kg I.P.), a dose of which would selectively target the DOP-R,
produces selective and long-lasting reductions in ethanol consumption (Nielsen et al., 2008).
To investigate the contributions of the both the central nervous system and the peripheral
stress pathway involved in modulation of the DOP-R on yohimbine stress-induced
reinstatement we measured opioid receptor stimulated [35S]GTPγS binding in brain
membranes and plasma levels of corticosterone (CORT) in ethanol-trained rats.

Materials and Methods
Subjects

Male, Long-Evans rats weighing 150-180g upon arrival (Harlan Indianapolis, IN), were
individually housed in ventilated Plexiglas cages with a single bottle grommet at the front
end of the cage. Rats were housed in a climate controlled room on a 12 hour light-dark cycle
(lights on at 0700 hours). Operant training occurred Monday through Friday. Food and water
were available ad libitum, except for short periods during initial training, as outlined below.
All procedures were pre-approved by the Gallo Center Institutional Animal Care and Use
Committee and were in accordance with NIH guidelines for the Humane Care and Use of
Laboratory Animals.

Operant Self-Administration
Self-administration testing was conducted in standard operant conditioning chambers
(Coulbourn Instruments, Allentown, PA). Details regarding the apparatus have been
extensively described elsewhere (Richards et al., 2008; Steensland et al., 2007). Prior to
beginning the operant self-administration training, rats were exposed to 10% ethanol as the
only liquid source in their home cages for four days before a sucrose fading technique was
initiated as previously described (Steensland et al., 2007). Following the fourth day of
forced ethanol exposure, rats were placed in the operant chambers for a 14 hour overnight
session on an FR1 schedule of reinforcement (0.1 ml reward after a single lever press). The
start of the training session was signaled by the illumination of the house light and extension
of the active lever. During this phase only the active lever was available for the rat to press,
to facilitate learning. Rats were trained to respond for 10% sucrose in overnight sessions
(1-3 nights) and continued on 10% sucrose until they reached the FR3 stage of training.
Initial daily training consisted of 45 minute FR1 sessions and one-hour daily water access,
with water access immediately following the training sessions. Once responding was
established (2-4 days) rats were given free access to water in the home cage and continued
on a 45 minute FR1 schedule for an additional three to four days. Subsequently, training
sessions were reduced to 30 minutes and the work ratio was increased to an FR3 schedule of
reinforcement (3 active lever presses required for 0.1 ml reward). A second, inactive lever
was also introduced at this time. Upon pressing the inactive lever, no reinforcer, visual
(light), or auditory stimuli were presented and the event was merely recorded as a measure
of nonspecific behavioral activity. Following three sessions of FR3 training with 10%
sucrose as the reinforcer, a modified sucrose fading technique was initiated (Samson, 1986).
Ten percent ethanol was added to the 10% sucrose solution and over the next 12 sessions the
sucrose concentration was gradually decreased (10%, 5%, 3%, 1.5% respectively) until rats
responded on an FR3 schedule for 10% ethanol alone. Rats continued on the FR3 protocol
for a minimum of 20 sessions until a stable level of pressing was established, defined as
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more than 50 active lever presses with less than 20% variation for 3 consecutive sessions.
Any animals not reaching 50 presses per session were excluded from further study.

Extinction Training
Once rats were responding for 10% ethanol, they continued on FR3 30 minute-long sessions
for a minimum of 4 weeks (>20 sessions) before extinction training was performed. In order
to extinguish self-administration, rats continued with daily operant sessions under FR3
conditions, however, active lever pressing did not result in reward delivery (10% ethanol)
despite light and tone cues still being presented. Extinction training continued until the rats
responded with less than 10 active lever presses per session or less than 10% of their
baseline pressing on the active lever for two consecutive sessions, which took approximately
5 weeks (22 sessions).

Effect of SoRI-9409 on Yohimbine-Induced Reinstatement of 10% Ethanol Seeking
For the reinstatement study, ethanol seeking behavior was extinguished in a group of rats
(n=54) trained to self-administer 10% ethanol under FR3 conditions. The rats were assigned
to one of four groups matched for their previous operant self-administration responding. We
used the between subjects factor of SoRI-9409 dose (0, 1, 2.5, 5 mg/kg I.P.) and the within
subjects factor of yohimbine dose (0, 2 mg/kg I.P.) to assess the effect of SoRI-9409 on
yohimbine-induced reinstatement. Animals received two injections per test day. On test
days, the rats were first injected with either SoRI-9409 or its vehicle and 30 minutes later
with either yohimbine or vehicle. Rats were tested with vehicle and yohimbine
consecutively over 2 test sessions, 7 days apart. Thirty minutes following the yohimbine or
yohimbine-vehicle injection the animals were placed into the operant self-administration
chambers for the 30 minute-long reinstatement test session. Reinstatement sessions were run
under the same conditions as the extinction sessions; successful FR3 responses at the
previously active lever resulted in light and tone cue presentation with no reward delivery.
Regular 30 minute extinction sessions were run on the between-test days. Yohimbine dose
was determined in accordance with previous studies (Ghitza et al., 2006; Le et al., 2005;
Richards et al., 2009; Richards et al., 2008; Shepard et al., 2004).

Membrane Preparation
A separate group of rats (n=12) was trained to self-administer 10% ethanol and subsequently
lever responding was extinguished. The animals were then divided into four groups (n=3 per
group) matched for prior operant responding and given either SoRI-9409 (5 mg/kg I.P.) or
vehicle, 30 min prior to a challenge with yohimbine (2 mg/kg I.P.) or vehicle (the groups
were SoRI-9409-vehicle/yohimbine-vehicle, SoRI-9409/yohimbine-vehicle, SoRI-9409-
vehicle/yohimbine, SoRI-9409/yohimbine). A separate group of naive (non-ethanol trained)
rats (n=16) was also divided into four same treatment groups (n=4 per group). Thirty
minutes following the yohimbine or yohimbine vehicle injection the animals were
euthanized by rapid decapitation. Following decapitation, rat brains were removed and
quickly frozen using liquid nitrogen and stored at -80°C until used. Rat brains were quickly
thawed for dissection and the cerebral cortex, striatum and midbrain regions were removed.
Rat brain regions were suspended in a homogenization buffer (50 mmol/L Tris-HCl, 1
mmol/L EDTA, 3 mmol/L MgCl2 pH 7.4; 1g brain tissue/20 mL buffer). The tissue from
each brain region was individually homogenized on ice (900 rpm; 15 strokes), centrifuged
(1000 × g, 10 min, 4°C followed by 20 000 × g, 15 min, 4°C), resuspended in HME assay
buffer (pH 7.5; 100 mmol/L HEPES.NaOH, 10 mmol/L NaCl, 5 mmol/L MgCl2, 10 μg/mL
saponin and one mammalian protease inhibitor tablet), before snap-frozen in liquid nitrogen
and stored at -80°C until required.
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[35S]GTPγS Binding Assay
Binding assays (n=3 for each group each in triplicate) were performed in 96-well plates on
ice with each reaction containing [35S]GTPγS (50 pmol/L), cell membrane (10 μg protein),
GDP (30 μmol/L), and SPA beads (0.5 mg) with assay buffer (as above) and the opioid
ligands. Single drug dose-response curves (0.1-100 μmol/L) of [35S]GTPγS stimulated
binding were performed with the DOP-R1 agonist, TAN67 (Kamei et al., 1995; Tseng et al.,
1997), the DOP-R2 agonist, Deltorphin II (Mattia et al., 1991; Zaki et al., 1996), the MOP-R
agonist, DAMGO and the KOP-R agonist, (-)U50488. Inhibition of TAN67-(10 μmol/L)-
stimulated [35S]GTPγS binding was also performed in the presence of varying
concentrations of SoRI-9409, naltrindole or BNTX (0.1 nmol/L - 100 μmol/L). Assay plates
were shaken for 45 min at 25°C, and centrifuged (1500 rpm, 5 min, 25°C) before
[35S]GTPγS stimulated binding was assessed using the NXT TOPCOUNTER™.
[35S]GTPγS-stimulated binding is expressed as a percentage increase in basal [35S]GTPγS
binding.

Corticosterone Measurements
Trunk blood was collected from rats (n=3) at the same time that rat brains were collected for
each of the four groups described above. The blood was collected 30 minutes after the
second injection (yohimbine or yohimbine-vehicle) and stored on ice in tubes containing
EDTA (10% of total volume). The samples were centrifuged at 4°C for 12 minutes at 6000
rcf then frozen at -80°C until analysis. Triplicate serum corticosterone concentrations were
determined for each sample by a commercially available ELISA kit according to the
manufacturer's instructions (Assay Designs Inc., Ann Arbor, MI).

Drugs and Chemicals
Ethanol (190 proof) was purchased from Gold Shield Chemical Co (Hayward, CA). [35S]-
Guanosine 5′-(γ-thio)triphosphate ([35S]-GTPγS) (250μCi; 9.25MBq) was supplied from
Perkin-Elmer® (Boston, USA). SB 205607 dihydrobromide (TAN67) was purchased from
Tocris (Ellisville, Missouri). [D-Ala2]-Deltorphin II, DAMGO [D-Ala2, N-Me-Phe4, Gly5-
ol]-Enkephalin acetate salt, (−)-trans-(1S,2S)-U-50488 hydrochloride hydrate, naltrindole
hydrochloride, 7-benzylidenenaltrexone maleate salt hydrate (BNTX), guanosine 5′-[γ-
thio]triphosphate tetralithium salt (GTPγS) and guanosine 5′-diphosphate sodium salt
(GDP), 2-hydroxy-ethylpiperazine-N-2-ethane sulphonic acid (HEPES), DL-dithiothreitol,
tricine, dimethyl sulfoxide (DMSO), magnesium chloride (MgCl2)
ethylenediaminetetraacetic acid (EDTA) and saponin were purchased from Sigma-Aldrich®
(St. Louis, USA). Complete mini protease inhibitor cocktail tablets were purchased from
Roche (Indianapolis, USA) and Wheatgerm Agglutinin SPA Beads were purchased from
Amersham (Little Chalfont, England) Biosciences. SoRI-9409 (5′-(4-Chlorophenyl)-17-
(cyclopropylmethyl)-6,7-didehydro-3,14-dihydroxy-4,5-alpha-epoxypyrido[2′,3′:6,7]
morphinan) was synthesized at the Southern Research Institute (Birmingham, USA).
SoRI-9409 was dissolved in 2% dimethyl sulfoxide (DMSO) in distilled water with a drop
glacial acetic acid added to keep the drug in solution (pH 5.3) and delivered in a volume of 1
ml/kg. Yohimbine was dissolved in distilled water and administered at a dose of 2 mg/kg
(I.P.) in a volume of 0.5 ml/kg, I.P. The 10% ethanol (v/v) solution was prepared using 95%
ethyl alcohol (Gold Shield Chemical Co., Hayward, CA DSP-CA-151) and filtered tap
water. In the sucrose fade experiments, 10%, 5%, 3% and 1.5% sucrose respectively were
dissolved in 10% ethanol (w/v).

Statistics
The data from the reinstatement studies were analyzed by two way ANOVA using the
between subjects factor of SoRI-9409 dose and within subjects factors of yohimbine dose.
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Active and inactive lever data were analyzed separately as there was no effect of either
SoRI-9409 or yohimbine on inactive lever pressing and therefore no need for determination
of any drug × lever interactions. All behavioral statistical analyses were performed using
SigmaStat software and in all cases post-hoc analysis was determined using the Student
Newman-Keuls test where statistical significance was P < 0.05. Data analysis for binding
assays was performed using GraphPad Prism® (GraphPad, San Diego, CA). Data from in
vitro functional binding assays were analyzed by non-linear regression using a sigmoidal
curve with variable slope to determine EC50 and IC50 values with EC50 values compared
using the Student's t test. Corticosterone was analyzed by two way analysis of variance
(ANOVA).

Results
SoRI-9409 attenuates yohimbine-mediated stress-induced reinstatement of ethanol-
seeking in rats

Rats were trained to respond for 10% ethanol and were maintained at a stable level (0.83 ±
0.04 g/kg ethanol intake, 173.1 ± 10.6 active lever presses, 1.8 ± 0.2 inactive lever presses,
mean ± SEM for last ten sessions during maintenance) before extinction training was
performed over five weeks (13.2 ± 1.2 active lever presses, 1.4 ± 0.4 inactive lever presses,
mean + SEM for final three extinction sessions before testing). Yohimbine administration, in
ethanol-extinguished rats previously trained to respond for 10% ethanol, induced significant
reinstatement of ethanol-seeking. In rats administered SoRI-9409-vehicle prior to yohimbine
(2 mg/kg, I.P.) active lever responding (48.0 ± 7.0 presses) was increased in comparison to
SoRI-9409-vehicle/yohimbine-vehicle treated rats (10.9 ± 1.8 presses P < 0.001; Fig. 1).
There was an overall effect of yohimbine in rats given SoRI-9409-vehicle or SoRI-9409
prior to yohimbine (F[1,100] = 39.43, P < 0.001). SoRI-9409 (5 mg/kg, I.P.) reduced
yohimbine-induced reinstatement of ethanol-seeking (11.9 ± 4.4 active lever presses, P <
0.01) and there was an overall effect of SoRI-9409 on yohimbine-induced responding
(F[3,100] = 4.64, P < 0.01; Fig. 1). SoRI-9409 treatment did not affect responding in rats
which did not receive yohimbine (yohimbine-vehicle only) (F[3, 50] = 2.22, P > 0.05).
Inactive lever responding was unaffected by rats given SoRI-9409-vehicle and yohimbine
compared to SoRI-9409-vehicle/yohimbine-vehicle (P > 0.05) or by SoRI-9409 in both
yohimbine-treated (F= [3, 50] = 2.15, P > 0.05) or yohimbine-vehicle-treated rats (F[3,50] =
1.78, P > 0.05; Table 1). No freezing or immobility behavior was observed in any of the
treatment groups, consistent with our previous studies showing that SoRI-9409 does not
produce anxiogenic or anxiolytic effects using the elevated plus maze test in rats (Nielsen et
al., 2008).

TAN67-mediated [35S]GTPγS binding is increased in the midbrain of yohimbine-treated
rats trained to respond for 10% ethanol

DOP-R-mediated [35S]GTPγS stimulation by the DOP-R1 agonist, TAN67, was high in
midbrain membranes prepared from ethanol-trained rats administered SoRI-9409-vehicle
prior to yohimbine (2 mg/kg I.P.; EC50 =140 ± 40 nmol/L) compared to reduced DOP-R1-
mediated [35S]GTPγS stimulation in the midbrain membranes of SoRI-9409/yohimbine-
treated rats and no DOP-R1-mediated [35S]GTPγS stimulation in midbrain membranes of
SoRI-9409-vehicle/yohimbine-vehicle or SoRI-9409/yohimbine-vehicle-treated rats (Fig.
2A; Table 2). DOP-R-mediated [35S]GTPγS stimulation by the DOP-R1 agonist, TAN67,
was absent (EC50 > 100 μM) in midbrain membranes prepared from naive (non-ethanol
trained) rats of all treatment groups. DOP-R1 mediated [35S]GTPγS stimulation by TAN67
was low in membranes prepared from the cerebral cortex and absent in membranes prepared
from the striatum in all treatment groups (Table 3). DOP-R2-mediated [35S]GTPγS
stimulation by Deltorphin II was higher in midbrain membranes prepared from rats
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administered SoRI-9409-vehicle prior to yohimbine (2 mg/kg I.P.) compared to no DOP-R2-
mediated [35S]GTPγS stimulation in midbrain membranes prepared from rats administered
either SoRI-9409-vehicle or SoRI-9409 prior to yohimbine-vehicle but was not different to
DOP-R2-mediated stimulation in midbrain membranes of SoRI-9409 prior to yohimbine (P
> 0.05; Table 2). MOP-R- and KOP-R-mediated [35S]GTPγS stimulation with DAMGO and
(-)U50488, respectively, was low in midbrain membranes of ethanol-trained rats and was
not different between any of the treatment groups (Table 2).

SoRI-9409 inhibits TAN67-mediated [35S]GTPγS binding in the midbrain of yohimbine-
treated rats trained to respond for 10% ethanol

TAN67-stimulated (10 μmol/L) [35S]GTPγS-binding was potently inhibited by SoRI-9409
(IC50 = 22 ± 3.5 nmol/L; Fig. 2B), BNTX (IC50 = 37 ± 4.8 nmol/L) and naltrindole (IC50 =
46 ± 3.8 nmol/L) in midbrain membranes prepared from ethanol-trained rats given
SoRI-9409-vehicle prior to yohimbine (2 mg/kg I.P.).

SoRI-9409 does not alter yohimbine-induced increases in plasma corticosterone levels in
ethanol-experienced rats

Plasma corticosterone (CORT) levels were increased in ethanol-trained rats given either
SoRI-9409 (5 mg/kg I.P.) or SoRI-9409-vehicle prior to yohimbine (2 mg/kg I.P.) compared
to rats given SoRI-9409-vehicle prior to yohimbine-vehicle (P < 0.01; Fig. 3). Plasma
CORT levels of SoRI-9409/yohimbine treated rats were not different to plasma CORT
levels of SoRI-9409-vehicle/yohimbine treated rats (P > 0.05). Similarly, plasma CORT
levels of SoRI-9409/yohimbine-vehicle treated rats were not different to plasma CORT
levels of SoRI-9409-vehicle/yohimbine-vehicle treated rats (P > 0.05). Statistical analysis of
plasma CORT, using two way ANOVA, revealed a significant overall effect of yohimbine
(F[1,24] = 5.25, P < 0.05), but no overall effect of SoRI-9409 treatment.

Discussion
We show that yohimbine induces reinstatement of ethanol seeking and increases DOP-R
activity in brain membranes and pretreatment with the DOP-R antagonist, SoRI-9409,
reduces yohimbine stress-induced reinstatement of ethanol-seeking without affecting
yohimbine-induced increases in plasma corticosterone (CORT) levels.

The DOP-R is located both at the plasma membrane and within the cytoplasmic
compartment, often associated with dense-core vesicles in primary afferent neurons (Cahill
et al., 2001; Commons, 2003; Scherrer et al., 2009). This contrasts with the MOP-R which is
primarily expressed at the plasma membrane. It is well established that stressors, pain,
psychostimulant and morphine administration change the distribution of DOP-R from the
cytoplasmic compartment to the plasma membrane and increase the activity of the DOP-R
(Ambrose-Lanci et al., 2008; Cahill et al., 2003; Cahill et al., 2001; Commons, 2003;
Gendron et al., 2006). Our data suggests that yohimbine induces a translocation of the DOP-
R to the surface and this may account for the increase in DOP-R activity measured in the
brain membranes. It has been very difficult to directly demonstrate the redistribution of
DOP-R using immunohistochemistry, as the DOP-R antibodies are not specific (Scherrer et
al., 2009). Therefore we have measured the activity of the DOP-R using [35S]GTPγS
binding that directly measures coupling to G proteins in membranes prepared from the
brains of behaving animals. The most plausible explanation for the yohimbine-induced
increase in DOP-R signaling is a redistribution of the DOP-R from the cytoplasmic
compartment to the plasma membrane. However, we cannot rule out the possibility that
DOP-R may more efficiently couple to G proteins following yohimbine administration.
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It has been shown before that the endogenous ligands for DOP-Rs, the enkephalins, regulate
stress responses (Gibson et al., 1979; Hashimoto et al., 1987; Pechnick, 1993; Szekely,
1990). Enkephalins are expressed in interneurons in the hypothalamic paraventricular
nucleus (PVN) of the hypothalamus, a region of the limbic system involved in regulation of
the hormonal stress responses and a primary controller of glucocorticoid release in the HPA
axis (Bilkei-Gorzo et al., 2008; Drolet et al., 2001; Herman et al., 2002; Williams and
Dockray, 1983). Acute stress including restraint, morphine withdrawal, formalin-induced
pain, immobilization, hypertonic saline injection and colchicine injection increase
enkephalin gene expression within the PVN neurons (Ceccatelli and Orazzo, 1993; Dumont
et al., 2000; Lightman and Young, 1987, 1989; Palkovits, 2000; Young and Lightman,
1992). Furthermore, enkephalins are co-localized with corticotrophin releasing factor (CRF)
and enkephalins increase the release of corticotrophin releasing factor (CRF) (Buckingham,
1982; Buckingham and Cooper, 1984). Yohimbine up-regulates CRF expression in the
basolateral and central amygdalar nuclei (Funk et al., 2006) and the CRF antagonist,
antalarmin, reduces yohimbine-induced reinstatement of ethanol-seeking (Marinelli et al.,
2007). As DOP-Rs are reported to regulate ethanol actions in the PVN and the central and
basolateral amygdala (Barson et al.,; Bie et al., 2009; Hyytia and Kiianmaa, 2001; Kang-
Park et al., 2007), this suggests that DOP-Rs within the CNS may modulate yohimbine
stress-induced reinstatement. Whether DOP-Rs alter CRF release in the amygdala remains
to be investigated.

Although DOP-R agonists can reduce anxiety and DOP-R antagonists can increase both
anxiety and CORT levels (Perrine et al., 2006; Saitoh et al., 2004; Saitoh et al., 2005),
SoRI-9409 does not produce anxiogenic or anxiolytic effects using the elevated plus maze
test in rats (Nielsen et al., 2008) and does not change plasma CORT levels or lever
responding when administered alone. Furthermore, when SoRI-9409 was administered prior
to yohimbine, there were no changes in CORT levels compared to rats given vehicle with
yohimbine and there were also no competing behaviors observed in any rats such as freezing
or immobility. It therefore seems unlikely that treatment with SoRI-9409 prevents any
physiological compensatory response aimed at controlling anxiety exacerbation and thus
potentiating the anxiogenic effects of yohimbine. These results therefore indicate that
SoRI-9409 does not produce any effects on anxiety which could account for the reduction in
yohimbine-mediated responding for ethanol.

In our experiments, TAN67- and Deltorphin II-mediated DOP-R activity were increased in
membranes of yohimbine-treated ethanol-extinguished rats compared to vehicle-treated rats.
The increase in DOP-R-mediated [35S]GTPγS stimulation with yohimbine-treatment in
ethanol-trained, but not in naive (non ethanol-trained) rats suggests that a history of ethanol
self-administration plays an important role in the regulation of DOP-R signaling. In contrast
to DOR activity, there were no changes in DAMGO-mediated MOP-R or (-)U50488-
mediated KOP-R activity in ethanol-trained rats. This indicates the DOP-R plays a greater
role than MOP-R or KOP-R in yohimbine stress-induced reinstatement of ethanol-seeking
supporting previous work showing DOP-Rs rather than MOP-Rs are important for cue-
induced reinstatement of ethanol-seeking (Ciccocioppo et al., 2002; Marinelli et al., 2009).
These findings may also suggest that the non-selective opioid antagonist, naltrexone,
reduces cue-induced reinstatement via the DOP-R rather than the MOP-R. However, the
lack of reductions in foot-shock stress-induced reinstatement of ethanol-seeking by
naltrexone (Le et al., 1999; Liu and Weiss, 2002) may be attributed to doses of naltrexone
(0.2-2 mg/kg) which would predominantly block MOP-Rs over DOP-Rs. The effects of
naltrexone on yohimbine stress-induced reinstatement of ethanol-seeking would be worthy
of investigation.
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It is not known whether different subtypes of DOP-R are involved in the stress response.
One DOP-R gene has been cloned (Evans et al., 1992; Kieffer et al., 1992), however two
subtypes of DOP-R have been pharmacologically identified in vivo: the DOP-R1 and DOP-
R2 (Mattia et al., 1991; Zaki et al., 1996). Unlike in vitro studies using cell lines either
transfected with or endogenously expressing the DOP-R (Parkhill and Bidlack, 2002; Toll et
al., 1997), studies in brain membranes have reported the existence of two distinct subtypes
of DOP-R (Buzas et al., 1994; Negri et al., 1991). The higher activity of TAN67-mediated
DOP-R1 activity (> 700-fold) than deltorphin II-mediated DOP-R2 activity (≥4-fold) in
yohimbine-treated rats compared to vehicle-treated rats (Table 2) indicates that DOP-R1
plays a greater role than DOP-R2 in stress-induced reinstatement. Pretreatment with
SoRI-9409 in yohimbine-treated rats reduced TAN67-mediated DOP-R1 activity by 37-fold
but did not change DOP-R2, MOP-R or KOP-R activity. Although TAN67-mediated DOP-
R1 activity in yohimbine-treated rats was not completely reversed by SoRI-9409 (5 mg/kg)
to low levels under basal conditions, a higher dose of SoRI-9409 would be predicted to
completely reduce DOP-R activity. The potent inhibition of TAN67-stimulated DOP-R1
activity in yohimbine-treated rat membranes by both SoRI-9409 and BNTX, a DOP-R1
antagonist (Sofuoglu et al., 1993), suggests that SoRI-9409 reduces yohimbine induced
ethanol-seeking via the DOP-R1. Taken together with our previous studies showing that
SoRI-9409 effectively reduces ethanol consumption in rats and potently reduces TAN67-
mediated DOP-R1 activity in brain membranes of high-ethanol consuming rats (Nielsen et
al., 2008), DOP-R1 inhibition appears to play a role in both reducing voluntary ethanol
intake and reinstatement of ethanol-seeking in rats. However, the reduction in DOP-R1 but
not DOP-R2 activity by SoRI-9409 may not to be due to higher selectivity of SoRI-9409 for
DOP-R1 over DOP-R2 since previous studies have shown that SoRI-9409 inhibits both
deltorphin II-mediated DOP-R2 analgesia and DPDPE-mediated DOP-R1 analgesia in mice
(Wells et al., 2001). It therefore appears that the subtypes of the DOP-R have different roles
in different behaviors and species. This is demonstrated further in studies reporting opposing
effects of DOP-R1 and DOP-R2 on voluntary ethanol intake such that inhibition of DOP-
R2, but not DOP-R1, reduces ethanol intake in mice (van Rijn and Whistler, 2009).
However, the potent increase in DOP-R1 over DOP-R2 activity with yohimbine treatment
and the potent reduction of DOP-R1 but not DOP-R2 activity by SoRI-9409 suggest that
inhibition of DOP-R1, but not DOP-R2, is important for reductions in yohimbine stress-
induced reinstatement of ethanol-seeking in rats. Further studies to determine whether
yohimbine-mediated increases in ethanol self-administration (Le et al., 2005) and
reinstatement of ethanol-seeking are altered by DOP-R subtype-selective ligands would be
worthy of further investigation. Whether the reductions in cue-induced reinstatement of
ethanol-seeking by the dual DOP-R1 and DOP-R2 antagonist, naltrindole (Ciccocioppo et
al., 2002; Marinelli et al., 2009), are mediated primarily by one or both of the DOP-R
subtypes is unknown.

These results show yohimbine increases DOP-R activity in the brain and that inhibiting the
DOP-R reduces yohimbine-stress induced reinstatement of ethanol-seeking. We hypothesize
that yohimbine induces a stress-like response that leads to activation of DOP-Rs. This
suggests that the DOP-R may be a promising target for the treatment and prevention of
relapse to alcohol seeking. As the DOP-R antagonist, SoRI-9409, has now been shown to
effectively reduce stress-induced reinstatement of ethanol-seeking and voluntary ethanol
consumption (Nielsen et al., 2008), this compound appears to be a promising candidate for
further development for the treatment of alcohol use disorders.
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Figure 1. SoRI-9409 decreases yohimbine stress-induced reinstatement of ethanol-seeking
SoRI-9409 (5 mg/kg, I.P.) reduces yohimbine-induced (2 mg/kg, I.P.) reinstatement of
operant responding in the absence of ethanol in animals trained to self-administer 10%
ethanol and subsequently extinguished. Rats were pretreated with SoRI-9409 (1, 2.5, 5 mg/
kg, I.P.) or its vehicle 30 min before yohimbine (2 mg/kg, I.P.) or its vehicle. Yohimbine (or
vehicle) was administered 30 min before the start of the reinstatement session. Data are
presented as mean ± SEM active lever presses (30 min) (n=13-15 per group). Statistical
analysis was performed by one-way ANOVA with Newman-Keuls post hoc testing. ** P <
0.01, compared to rats given SoRI-9409-vehicle and yohimbine, tt P < 0.001, t P < 0.01,
compared to rats given SoRI-9409 and yohimbine-vehicle.
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Figure 2. Increased delta opioid receptor (DOP-R)-stimulated [35S]GTPγS binding in the
midbrain of yohimbine-treated rats is inhibited by SoRI-9409
(A) DOP-R-mediated [35S]GTPγS stimulation by the DOP-R agonist, TAN67, is higher in
midbrain membranes prepared from rats administered SoRI-9409-vehicle prior to yohimbine
compared to midbrain membranes prepared from rats given SoRI-9409-vehicle prior to
yohimbine-vehicle. (B) SoRI-9409 inhibits TAN67-stimulated [35S]GTPγS DOP-R binding
in midbrain membranes prepared from rats administered SoRI-9409-vehicle prior to
yohimbine. Rats were pretreated with SoRI-9409 (5 mg/kg, I.P.) or its vehicle 30 min before
yohimbine (2 mg/kg I.P.) or its vehicle. Yohimbine (or vehicle) was administered 30 min
before rat brains were collected (n=3 per group, each in triplicate). The values are expressed
as mean ± SEM percentage increase in basal [35S]GTPγS binding.
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Figure 3. SoRI-9409 has no effect on yohimbine-induced increases in corticosterone levels in
ethanol-seeking animals
Plasma corticosterone (CORT) levels were increased in rats given either SoRI-9409 or
SoRI-9409-vehicle prior to yohimbine (grey striped and white striped bars) compared to rats
given SoRI-9409-vehicle prior to yohimbine-vehicle (white bar). Plasma CORT levels of
SoRI-9409/yohimbine-vehicle treated rats (grey bar) were not different to SoRI-9409-
vehicle/yohimbine-vehicle treated rats (white bar). Plasma CORT levels of SoRI-9409/
yohimbine treated rats (grey striped bar) were not different to plasma CORT levels of
SoRI-9409-vehicle/yohimbine treated rats (white striped bar). Rats were pretreated with
SoRI-9409 (5 mg/kg I.P.) or its vehicle 30 min before yohimbine (2 mg/kg I.P.) or its
vehicle. Yohimbine (or vehicle) was administered 30 min before trunk blood was collected.
Data is presented as mean ± SEM (n=3 per group, each in triplicate). Statistical analysis was
preformed by two-way ANOVA with Newman-Keuls post hoc testing. ** P < 0.01,
compared to vehicle-vehicle group. n.s., not significant (P > 0.05).
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Table 1

Inactive lever presses in groups of ethanol-trained rats given SoRI-9409 prior to yohimbine (or vehicle).

Inactive lever presses

SoRI-9409 (mg/kg) Yohimbine group Vehicle group

Vehicle 2.1 ± 0.7 1.1 ± 0.5

1 1.7 ± 0.5 0.8 ± 0.4

2.5 1.0 ± 0.4 0.3 ± 0.3

5 0.6 ± 0.4 0.2 ± 0.1
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Table 2

Opioid-mediated [35S]GTPγS-binding stimulation in rat midbrain membranes of ethanol-trained rats
administered SoRI-9409 (5 mg/kg I.P.) or vehicle prior to yohimbine (2 mg/kg I.P.) or vehicle.

Treatment Group Mean (± SEM) EC50 (μmol/L) for Midbrain Opioid Stimulation

TAN67 Deltorphin II DAMGO (−)U50488

SoRI-9409-vehicle/Yohimbine-vehicle > 100 > 100 4.1 ± 0.2 1.4 ± 0.3

SoRI-9409-vehicle/Yohimbine 0.14 ± 0.04*** 27 ± 2.9 3.7 ± 0.2 1.1 ± 0.4

SoRI-9409/Yohimbine-vehicle > 100 > 100 4.0 ± 0.1 1.6 ± 0.5

SoRI-9409/Yohimbine 5.2 ± 0.3 22 ± 4.0 4.0 ± 0.3 1.7 ± 0.4

***
P < 0.001, compared to SoRI-9409/yohimbine group
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Table 3

TAN67-mediated [35S]GTPγS-binding stimulation in rat cerebral cortex and striatal membranes of ethanol-
trained rats administered SoRI-9409 (5 mg/kg I.P.) or vehicle prior to yohimbine (2 mg/kg I.P.) or vehicle.

Treatment Group Mean (± SEM) EC50 (μmol/L) for TAN67 Stimulation

Cerebral Cortex Striatum

SoRI-9409-vehicle/Yohimbine-vehicle 6.4 ± 0.9 > 100

SoRI-9409-vehicle/Yohimbine 21 ± 3.9 > 100

SoRI-9409/Yohimbine-vehicle 9.4 ± 0.6 > 100

SoRI-9409/Yohimbine 12 ± 8.3 > 100

Addict Biol. Author manuscript; available in PMC 2014 January 29.


