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Opioid receptors modulate neurochemical and behavioral responses to drugs of abuse in nonclinical models.
Samidorphan (SAM) is a new molecular entity that binds with high affinity to human mu- (), kappa- (x), and
delta- (8) opioid receptors and functions as a p-opioid receptor antagonist with partial agonist activity at k- and
§-opioid receptors. Based on its in vitro profile, we hypothesized that SAM would block key neurobiological
effects of drugs of abuse. Therefore, we assessed the effects of SAM on ethanol-, oxycodone-, cocaine-, and
amphetamine-induced increases in extracellular dopamine (DA¢y) in the nucleus accumbens shell (NAc-sh), and
ethanol and cocaine self-administration behavior in rats. In microdialysis studies, administration of SAM alone
did not result in measurable changes in NAc-sh DAy when given across a large range of doses. However, SAM
markedly decreased average and maximal increases in NAc-sh DA¢y produced by each of the drugs of abuse
tested. In behavioral studies, SAM attenuated fixed-ratio ethanol self-administration and progressive ratio
cocaine self-administration. These results highlight the potential of SAM to counteract the neurobiological and
behavioral effects of several drugs of abuse with differing mechanisms of action.

1. Introduction

The mesolimbic dopamine (DA) pathway, which projects from the
ventral tegmental area (VTA) to the nucleus accumbens (NAc), is
involved in the motivational and rewarding effects of drugs of abuse
(Koob, 1992; Koob and Volkow, 2010). Many drugs abused by humans
increase extracellular concentrations of DA (DAeyt) in the shell and core
subregions of the NAc in animals (Di Chiara and Imperato, 1988; Di
Chiara et al., 1987; McKittrick and Abercrombie, 2007; Volkow and
Morales, 2015; Willuhn et al., 2010; Wise and Rompre, 1989). A critical
role for increased mesolimbic DA in the rewarding and reinforcing ef-
fects of multiple drugs of abuse has also been suggested. Accordingly,
lesions of the VTA and NAc that deplete DA (Lyness et al., 1979; Roberts

and Koob, 1982; Roberts et al., 1980), as well as systemic and local
administration of DA receptor antagonists (Anderson et al., 2003; Bari
and Pierce, 2005; Caine and Koob, 1994; Rassnick et al., 1992), decrease
drug self-administration and drug-induced conditioned place prefer-
ence. Conversely, optical activation of VTA dopaminergic neurons fa-
cilitates such behaviors (Adamantidis et al., 2011; Tsai et al., 2009;
Witten et al., 2011).

Opioid receptors and their endogenous ligands are present
throughout the mesolimbic system (Mansour et al., 1987; Mansour et al.,
1988; Svingos and Colago, 2002), providing a mechanism whereby
exogenous opiates can influence these neurochemical circuits and
modulate neurobiological effects of drugs of abuse. Selective and
nonselective opioid modulators attenuate increased NAc-sh DAgy
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produced by several drugs including ethanol (Gonzales and Weiss, 1998;
Heyser et al., 1999), morphine (Di Chiara and Imperato, 1988), and
amphetamine (Hooks et al., 1992; Schad et al., 1995). Similarly, opioid
modulators attenuate ethanol (Gonzales and Weiss, 1998), morphine
(Glick et al., 1995), and cocaine self-administration (Corrigall et al.,
1999; Glick et al., 1995; Ward et al., 2003), and amphetamine rein-
statement (Haggkvist et al., 2009) in rodents. These nonclinical studies,
among others, support a critical role for opioid receptor modulation in
the neurochemical and behavioral effects of drugs of abuse (Le Merrer
et al., 2009). Furthermore, these studies provided the rationale for the
use of naltrexone and naloxone in the treatment of alcohol and opioid
addiction and the reversal of opioid overdose, respectively (SAMSHA,
2009; Volpicelli et al., 1992).

Samidorphan (3-carboxamido-4-hydroxynaltrexone; SAM), a new
molecular entity that binds with high affinity to p-, k-, and 8-opioid
receptors, acts as a p-opioid receptor antagonist with partial agonist
activity at x- and §-opioid receptors (Bidlack et al., 2018; Wentland
etal., 2009). Notably, when compared with NTX, SAM binds with higher
affinity to p-, k, and §-opioid receptors and functions as a more potent
p-opioid receptor antagonist (Bidlack et al., 2018; Raynor et al., 1994).
Given its activity at p-, k-, and §-opioid receptors, we hypothesized that
SAM would block key neurobiological effects of drugs of abuse. There-
fore, the present studies were designed to determine if SAM would
inhibit the neurochemical and behavioral effects of commonly abused
drugs in nonclinical rat models. The primary aim of these studies was to
determine whether administration of SAM would attenuate increased
NAc-sh DA¢; produced by ethanol, oxycodone, cocaine, and amphet-
amine (four drugs of abuse with differing mechanisms of action) in
microdialysis studies. Following neurochemical assessment, the second
aim of these studies was to determine whether administration of SAM
would block ethanol and cocaine self-administration.

2. Materials and methods
2.1. Animals

Opioid-naive male Wistar rats (250-350 g) were used in all experi-
ments. Male rats alone were used due to the well characterized differ-
ences in metabolism of morphinans between the sexes in rodents (Baker
and Ratka, 2002; South et al., 2009; Doyle and Murphy, 2018). For
microdialysis experiments and ethanol self-administration, rats were
obtained from Charles River Laboratory (Raleigh, NC) and studies were
conducted at Alkermes, Inc. (Waltham, MA). For cocaine self-
administration experiments, rats were obtained from Harlan (Liver-
more, CA) and studies were conducted at Behavioral Pharma, Inc. (La
Jolla, CA). Rats were pair-housed except after microdialysis surgery.
Rats were acclimated to the animal colony and handled gently for at
least 3-4 days before experimentation. Rats were maintained on a 12-h/
12-h light-dark cycle (0600:1800 h light) with a room temperature of 22
+ 3°Cand a relative humidity level of 45% + 10%. Food and water were
available ad libitum unless otherwise noted. Animals used for these
studies were housed, managed, and cared for in accordance with the
Guide for the Care and Use of Laboratory Animals (National Research
Council, 2011), and experiments were approved by the Alkermes or
Behavioral Pharma Institutional Animal Care and Use Committees.

2.2. Drugs

For microdialysis studies, Ethanol (40% solution in sterile water; 2.5
g/kg; Pharmco-Aaper, Shelbyville, KY) was prepared fresh and admin-
istered orally (PO) via gavage. Oxycodone hydrochloride (3 mg/kg;
Spectrum, New Brunswick, NJ), cocaine hydrochloride (5 mg/kg; Mal-
linckrodt, Hazelwood, MO) and d-amphetamine hemisulfate salt (0.5
mg/kg; Sigma-Aldrich, St. Louis, MO) were prepared fresh in sterile
0.9% saline for injection and administered via intraperitoneal (IP) or
subcutaneous (SC) injection. Drug doses for ethanol, cocaine and
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amphetamine were chosen based on literature reports and preliminary
data from our laboratory. To our knowledge, few studies have measured
NAc-sh DAy in response to oxycodone administration in rats. As such, a
preliminary dose response (0.03-10 mg/kg) studies were performed to
determine the minimal dose of oxycodone that would produce the
maximal increase in NAc-sh DAey. For self-administration studies,
ethanol was prepared as described below, and cocaine hydrochloride
(Sigma-Aldrich) was administered as a 0.5 mg/kg infusion in sterile
saline. SAM was synthesized by Cambridge Major Laboratories (Ger-
mantown, WI). SAM (1 mg/kg, calculated as free base) was dissolved in
sterile saline and administered subcutaneously (SC) 30 min before drug
challenge or test session in all studies. The dose of SAM used in the
current studies brackets clinically relevant plasma concentrations of
SAM (Turncliff et al., 2015) and was chosen based on previous studies
where SAM (0.3-3 mg/kg) dose-dependently attenuated NAc-sh DAgy
increases produced by buprenorphine, a p-partial agonist (Deaver et al.,
2013). Importantly in these dose ranges, SAM produces no measurable
effect on locomotor activity in the open field (data not shown). In
addition, SAM did not alter immobility in the forced swim test (Smith
et al., 2019) further demonstrating that SAM does not affect general
activity or locomotor behavior at these doses.

2.3. Effects of SAM on drug-induced increases in NAc-sh DAyt

Rats were anesthetized with a ketamine:xylazine solution (80 mg/
kg:6 mg/kg, IP), and guide cannula (CMA 12, CMA Microdialysis,
Stockholm, Sweden) were stereotaxically implanted above the NAc shell
(NAc-sh; final microdialysis probe coordinates relative to the bregma:
A/P + 1.70; M/L &+ 0.8; D/V —6.0 from dura) (Paxinos and Watson,
1997). Guide cannulas were secured with three 1/8” jewelers’ screws
(Small Parts, Seattle, WA) and cranioplastic cement (GC Fuji Plus
Capsule; Henry Schein, Melville, NJ). After 3-4 days of recovery,
concentric microdialysis probes (CMA 12, CMA Microdialysis) with a 2-
mm active membrane were inserted through the guide cannula and rats
were individually tethered to a CMA 120 microdialysis system (CMA
Microdialysis). Rats were continuously perfused overnight with sterile
artificial cerebrospinal fluid (CMA CNS Perfusion Solution, CMA
Microdialysis) via a syringe pump at 0.2 pl/min. The following morning,
the flow rate of artificial cerebrospinal fluid was increased to 2.0 pl/min
and equilibrated for at least 2 h before experimentation. To measure the
effects of SAM on basal concentrations of NAc-sh DAy, perfusates were
collected continuously over 30-min intervals using a refrigerated auto-
fraction collector (CMA 470, CMA Microdialysis). Six baseline fractions
(—2.5 to 0 h) were collected, followed by administration of SAM, and an
additional six fractions (0.5-3 h) were collected. In subsequent experi-
ments measuring the effects of SAM on drug-induced increases NAc-sh
DAcxt, perfusates were collected continuously over 15-min intervals to
capture drug-induced increases in NAc-sh DA¢y;. Four baseline fractions
(—1.25 to —0.5 h) were collected followed by administration of SAM (1
mg/kg) or vehicle. Two subsequent fractions (—0.25 to 0 h) were
collected and rats were then administered test drugs. The neurochemical
response to each drug of abuse was then measured for 12 fractions
(0.25-3 h). To avoid neurotransmitter degradation, fractions were
collected in 5 or 10 pl of 0.75 M formic acid. Microdialysis fractions were
analyzed via high-performance liquid chromatography with electro-
chemical detection using an ALEXYS monoamine analyzer (Antec Ley-
den, Leiden, the Netherlands) using an automated sample handler. An
aliquot of each fraction (10 pl) was injected onto a 1-pym reverse-phase
C18 column (ALF-105, Antec Leyden) for monoamine separation. DA
was eluted using a mobile phase (pH 6.4) consisting of 50 mM phos-
phoric acid, 8 mM KCL, 0.1 mM EDTA, 10% methanol, and 500 mg/1
octane sulfonic acid. DA was detected using a Decade II amperometric
detector (Antec Leyden) with a glassy carbon electrode maintained at
approximately 0.3 V relative to a Ag/AgCl reference electrode. This
method provided a limit of quantification of approximately 0.1 pg/10 pl.
Data were recorded and DA concentrations quantitated using Clarity 3.0
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software (Data Apex, Prague, Czech Republic) and are reported as on-
column DA in pg of DA per 10 pl injected.

To verify probe placement, rats were euthanized with an IP injection
of 50% Euthasol (Virbac, AH Inc., Fort Worth, TX) shortly after micro-
dialysis and perfused with Chicago Sky Blue dye (Sigma-Aldrich). Brains
were dissected rapidly and frozen on dry ice and stored at —80 °C.
Coronal sections (approximately 20 pm) were then sliced on a cryostat at
the level of the nucleus accumbens and photographed for archival pur-
poses. Only data from rats with verified probe placements were included
in the analysis. A total of 3 rats were excluded due to incorrect probe
placement and 1 rat was removed due to sampling error during the
microdialysis procedure.

2.4. Effects of SAM on drug self-administration

2.4.1. Ethanol self-administration

Rats were trained to orally self-administer ethanol using a modified
operant procedure (Rassnick et al., 1992). Each operant chamber
(Coulbourn Instruments, Whitehall, PA) consisted of a single lever with
a white cue light, a tone generator (2.9 KHz Sonalert) and a liquid dipper
with an 0.1-cc cup. The operant chamber was located in an isolation
cubicle with a ventilation fan and internal background white noise. Rats
were hand-shaped over a period of 1-3 days to press the lever once
under a fixed-ratio (FR1) schedule of reinforcement for a 0.1% saccha-
rine solution following overnight water deprivation. Once lever pressing
behavior was established, water was again made freely available in their
home cage. A saccharine-fading procedure was then utilized to initiate
ethanol drinking. Rats were started on 5% ethanol in 0.1% saccharine,
and the ethanol concentration gradually increased to 10% and the
saccharine concentration was then decreased to 0.04% over the next
20-40 sessions. Briefly, the start of the session was signaled by the
activation of the house light. A cue light above the lever was turned on
and the rat was required to press the lever two times (FR2) to receive 3-s
access to the ethanol cocktail from a liquid dipper. The presented rein-
forcer was signaled by an 0.5-s tone and a light located in the dipper
receptacle. There was a 5-s inter-trial interval. Programming of the
session and data recording was made using Graphic State 3 software
(Coulbourn) running on a Windows XP compatible computer. Each daily
session (5 days per week) lasted 30 min. Rats that consistently consumed
a minimum of 0.6 g/kg/h of ethanol (at least 60 bar presses in 30 min
with a 10% ethanol in 0.04% saccharine cocktail) over a 4-week period
were used in these studies. Approximately 60% of the rats that began
training were able to meet this criterion. For these experiments, rats
were placed into test chambers 30 min after SAM or vehicle adminis-
tration and bar pressing for ethanol was measured for 30 min.

2.4.2. Intravenous catheter insertion and maintenance for cocaine self-
administration studies

Rats were anesthetized with an isoflurane-oxygen mixture (1%-3%
isoflurane) and silastic jugular catheters were inserted into the external
jugular and passed subcutaneously to a polyethylene assembly mounted
on the rat’s back. The catheter assembly consisted of a 13-cm length of
silastic tubing (inside diameter 0.31 mm; outside diameter 0.64 mm)
attached to a guide cannula that is bent at a right angle. The cannula was
embedded into a dental cement base and anchored with a 2 x 2-cm cm
square of durable mesh. The catheter was passed subcutaneously from
the rat’s back to the jugular vein, where it was inserted and secured with
anon-absorbable silk suture. Upon successful completion of surgery, rats
were given 3-5 days to recover before self-administration sessions
started. During the recovery period, rats remained on ad libitum food
access, and catheter lines were flushed daily with 30 units/ml of hepa-
rinized saline containing 100 mg/ml of Timentin to prevent blood
coagulation and infection in the catheters. During self-administration
sessions, catheters were flushed with saline before each test session to
ensure catheter patency, and again flushed after the test session with 30
units/ml of heparinized saline, containing 100 mg/ml of Timentin.
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2.4.3. Cocaine self-administration

Food training and cocaine self-administration were performed in 12
standard operant chambers (Coulbourn). Each chamber was housed in a
sound-attenuating box. Operant chambers were equipped with two le-
vers mounted 2 cm above the floor, and a cue light mounted 2 cm above
the lever on the back wall to the right of the food hopper. The right lever
was the active lever and the left lever was the inactive lever. For food
training, a food hopper was located 2 cm to the left of the active lever, in
the middle of the back wall. Intravenous infusions were delivered in a
volume of 0.1 ml over 4 s via an infusion pump (Razel Scientific, VT).

Lever pressing was established by the method outlined by Hyytia
et al. (1996). Initially, rats were restricted to 15 g of chow daily (to
reduce body weight to approximately 85% of their free-feeding weight).
After the second day of food restriction, rats were trained to respond for
food under a FR1 schedule of reinforcement (1 food pellet for each lever
press) with a 1-s time out (TO) after delivery of each reinforcement.
Training sessions lasted for 30 min daily, and the TO was gradually
increased to 20 s. Once rats obtained steady baseline responding at a
FR1-TO-20 s schedule of reinforcement, they were returned to ad libi-
tum food prior to intravenous jugular catheter implant surgery.

2.4.4. Fixed ratio schedule of reinforcement

Rats were trained to self-administer cocaine (0.5 mg/kg infusion)
intravenously in 2-h baseline sessions, 5-7 days per week, under a
FR1-TO-20 s schedule of reinforcement until stable responding was
achieved (<20% variability across three consecutive sessions). Subse-
quently, vehicle injections were administered to habituate rats to the
injections so there was no “injection effect” on cocaine response before
drug testing. SAM was administered to rats (1 mg/kg, SC) 30 min before
a 2-h test session. Subsequently, a final vehicle injection was given to
rats to verify a lack of injection effects.

2.4.5. Progressive-ratio schedule of reinforcement

Rats were tested on a progressive-ratio (PR) schedule of reinforce-
ment during a 6-h session, with each reward resulting in a progressive
increase in the number of lever presses required for the subsequent
reward. The progression of lever presses was 1, 2, 4, 6, 9, 12, 15, 20, 25,
32, 40, 50, 62, 77, 95 etc., derived from the formula (5 x €0.2n) - 5
rounded to the nearest integer, where n is the position in the sequence of
ratios, where initially the first lever press delivered a cocaine reinforcer.
Breakpoint was defined as the last ratio completed with no responses for
30 min. SAM was administered to rats (1 mg/kg, SC) 30 min before
testing.

2.5. Statistical analysis

To assess the effects of SAM on basal and drug-induced increases in
NAc-sh DA¢y;, the raw DA (pg/10 pl) values for each rat were converted
to A) percentage change from baseline (defined as the average of the
baseline samples) and B) the absolute change in DA concentration above
baseline (in pg/10-ul sample). All statistics were performed using
GraphPad Prism 6 (GraphPad Software, La Jolla, CA) or Sigma Plot 12.5
(Systat Software, San Jose, CA). Means are reported +SEM. A two-way
analysis of variance (ANOVA) with repeated measures was used to
analyze average basal DAy values pre and post SAM administration in
the microdialysis experiments. To assess the effects of SAM on NAc-sh
DA, mean neurotransmitter values before (t = —2.5 to 0 h) and after
(t = 0.5-3.0 h) SAM were calculated and compared using a two-way
ANOVA with repeated measures. In addition, the mean maximal con-
centration (Cpax) of DA above baseline after drug administration was
calculated and analyzed using a one-way ANOVA. To assess the effects of
SAM on drug-induced increases in NAc-sh DAy, percentage change DA
data (over the 4.5-h experiment) were analyzed using a two-way
repeated measures ANOVA with Geisser-Greenhouse sphericity correc-
tion. In addition, the Cp,x of DA above baseline after drug administra-
tion was calculated and analyzed using a t-test. Self-administration data
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were collected online simultaneously from multiple operant chambers.
The results of the operant procedures, reported as mean cumulative bar
presses during test sessions, were analyzed using a t-test for ethanol and
cocaine. For ethanol self-administration, because of the established
literature that ethanol drinking behavior in rats is reduced with opioid
antagonist treatment (Gonzales and Weiss, 1998), we used a one-tailed t-
test. Because ratios, or the number of operant responses required for
reinforcement, violate the assumption of homogeneity of variance
(Richardson and Roberts, 1996) breakpoint data during cocaine self-
administration were analyzed with a non-parametric Mann-Whitney U
test using StatView (SAS Institute, Inc., Cary, NC).

3. Results
3.1. Experiment 1: effects of SAM on basal concentration of NAc-sh DAyt

Average baseline DA¢y concentration across treatment groups was
1.67 pg (£0.17) per 10-pl sample and did not differ between groups
(F2,14) = 0.08, p = 0.93). SAM (0.1, 1, and 10 mg/kg, SC) treatment
produced no measurable effect on basal concentration of NAc-sh DAeyt,
(treatment x time interaction (F228) = 0.48, p = 0.63), treatment
(F(2,28) = 0.48, p = 0.63), and time (F(; 28) = 5.68, p < 0.05)), (Fig. 1). In
addition, treatment with SAM did not affect C,,x concentrations of DAyt
at any dose tested, (F(2,14) = 0.44, p = 0.65).

3.2. Experiment 2: effects of SAM on ethanol-induced increases in NAc-sh
DAext

Before vehicle or SAM administration, the average baseline DAgyt
concentration across treatment groups was 1.77 pg (+0.31) per 10-pl
sample and did not differ between groups (F(1,12) = 0.003, p = 0.96).
SAM (1 mg/kg) administered 30 min before ethanol did not affect
baseline DAy concentrations (F(;12) = 0.005, p = 0.95). Ethanol
administration (2.5 g/kg, PO) produced an approximate 40% increase in
NAc-sh DA¢ above baseline concentrations (Fig. 2). Treatment with
SAM attenuated ethanol-induced increases in NAc-sh DAy (treatment
x time interaction: F(17,198) = 2.62, p < 0.001; effect of treatment: F(1 12)
=14.99, p < 0.05; effect of time: F(2 2 25y = 1.94, p < 0.05). In addition,

3007-e- SAM (0.1mg/kg) N
-0 SAM (1mglkg) 52,
< 2504 SAM (10mglkg) s
(=) 2
2 5
S 200
(7]
(3]
K]
2 1501
[
(3]
S
) q &
o 100 :
TSAM
50 . - - - i :
2 -1 0 1 2 3
Time (h)

Fig. 1. Effects of SAM on basal extracellular concentrations of DA in the NAc-sh
of male Wistar rats. Data are depicted as the percentage change from vehicle +
standard error or the mean (SEM) and average Cp.x concentration above
baseline. Subcutaneous administration of SAM (0.1, 1, and 10 mg/kg) produced
no measurable effects of extracellular concentrations of DA (p = 0.63, drug x
time interaction; p = 0.63 drug; p > 0.05, time) or average C,ax concentration
of DA above baseline (p = 0.65) at any dose tested. n = 5 (SAM 0.1 mg/kg) and
n =6 (SAM 1 mg/kg and 10 mg/kg).
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Fig. 2. Effects of SAM on ethanol-induced increases in extracellular concen-
trations of DA in the NAc-sh of male Wistar rats. Data are depicted as the
percentage change from vehicle = SEM and average Cp,x concentration above
baseline. Extracellular concentrations in the NAc-sh increased approximately
40% above baseline following ethanol (2.5 g/kg; PO). Subcutaneous adminis-
tration of SAM (1 mg/kg) 30 min before ethanol significantly attenuated
ethanol-induced increases in DA (p < 0.001, drug x time interaction; p < 0.05,
drug; p < 0.05, time) and maximal (Cpay) concentrations in DA (*p < 0.01)
above baseline in the NAc-sh. n = 7 per group. ETOH denotes ethanol.

treatment with SAM attenuated ethanol-induced increases in Cpay con-
centrations of DAyt SAM (t(12) = 3.12, p < 0.01).

3.3. Experiment 3: effects of SAM on oxycodone-induced increases in
NAc-sh DAyt

Before vehicle or SAM administration, the average baseline DAy
concentration across treatment groups was 2.03 pg (4+0.35) per 10-pl
sample. Average baseline DA¢y; did not differ between groups (tyg) =
0.97, p = 0.36). Oxycodone administration (3 mg/kg) produced an
approximate 240% increase in NAc-sh DA above baseline concentra-
tions (Fig. 3). SAM (1 mg/kg) treatment attenuated oxycodone-induced
increases in NAc-sh DAy (treatment x time interaction: F(;7,153) = 9.14,
p < 0.001; effect of treatment: F(; 9y = 11.32, p < 0.01; effect of time:
Fa.5,13.52) = 11.17, p < 0.001). In addition, treatment with SAM atten-
uated oxycodone-induced increases in Cpax concentrations of DAeyt by
SAM (t(g) = 2.22, p < 0.05).

3.4. Experiment 4: effects of SAM on cocaine-induced increases in NAc-sh
DAyt

Before vehicle or SAM administration, the average baseline DAgxt
concentration across treatment groups was 1.51 pg (£0.17) per 10-pl
sample and did not differ between groups (F(1,9) = 0.71, p = 0.42). SAM
(1 mg/kg) administered 30 min before cocaine did not affect baseline
DAcx: concentrations (F(1,9) = 0.48, p = 0.51). Cocaine administration (5
mg/kg, IP) produced an approximate 400% increase in NAc-sh DAgxt
above baseline concentrations (Fig. 4). Treatment with SAM attenuated
cocaine-induced increases in NAc-sh DA¢y: (treatment x time interac-
tion: F(17,150) = 16.42, p < 0.001; effect of treatment: F 9y = 17.62, p <
0.01; time: F(364,32.1) = 35.50, p < 0.001). In addition, treatment with
SAM attenuated cocaine-induced increases in Cy,x concentrations of
DAext (t(o) = 3.24, p = 0.01).

3.5. Experiment 5: effects of SAM on amphetamine-induced increases in
NAc-sh DAyt

Before vehicle or SAM administration, the average baseline DAgyt
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Fig. 3. Effects of SAM on oxycodone-induced increases in extracellular con-
centrations of DA in the NAc-sh of male Wistar rats. Data are depicted as the
percentage change from vehicle + SEM and average Cp.x concentration above
baseline. Extracellular concentrations in the NAc-sh increased approximately
240% above baseline following oxycodone (3 mg/kg; SC). SAM (1 mg/kg) 30
min before oxycodone significantly attenuated oxycodone-induced increases in
DA (p < 0.001, drug x time interaction; p < 0.01, drug; p < 0.001, time) and
maximal (Cpay) concentrations in DA (*p < 0.05) above baseline in the NAc-sh.
n = 6 (Vehicle + OXY) and n = 5 (SAM + OXY). OXY denotes oxycodone.
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Fig. 4. Effects of SAM on cocaine-induced increases in extracellular concen-
trations of DA in the NAc-sh of male Wistar rats. Data are depicted as the
percentage change from vehicle + SEM and average Cp,,x concentration above
baseline. Extracellular concentrations in the NAc-sh increased approximately
400% above baseline following cocaine (5 mg/kg; IP). Subcutaneous adminis-
tration of SAM (1 mg/kg) 30 min before cocaine significantly attenuated
cocaine-induced increases in DA (p < 0.001, drug x time interaction; p < 0.01,
drug; p < 0.001, time) and maximal (Cp,ax) concentrations in DA (*p < 0.05)
above baseline in the NAc-sh. n = 6 (vehicle + COC) and n = 5 (SAM + COC)
per group. COC denotes cocaine.

concentration across treatment groups was 0.97 pg (+0.09) per 10-pl
sample and did not differ between groups (F(1,10) = 2.08, p = 0.18). SAM
(1 mg/kg) administration before amphetamine did not affect baseline
DAcx: concentrations (F(;,10) = 0.230, p = 0.64). Amphetamine admin-
istration (0.5 mg/kg, IP) produced an approximate 360% increase in
NAc-sh DA above baseline concentrations (Fig. 5). Treatment with
SAM on amphetamine-induced increases in DAy were time-dependent
and less pronounced when compared with other drug treatments
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Fig. 5. Effects of SAM on amphetamine-induced increases in extracellular
concentrations of DA in the NAc-sh of male Wistar rats. Data are depicted as the
percentage change from vehicle = SEM and average Cp,x concentration above
baseline. Extracellular concentrations in the NAc-sh increased approximately
360% above baseline following amphetamine (0.5 mg/kg; IP). Subcutaneous
administration of SAM (1 mg/kg) 30 min before amphetamine significantly
attenuated amphetamine-induced increases in DA (p < 0.001, drug x time
interaction; p = 0.13, drug; p < 0.01, time) and maximal (Cpax) concentrations
in DA (*p < 0.05) above baseline in the NAc-sh. n = 6 per group. AMPH denotes
amphetamine.

(treatment X time interaction: F(j7,158) = 4.20, p < 0.001; time:
Fa1.79,16.70) = 32.69, p < 0.001; and no significant effect of treatment:
Fa,10) = 2.50, p = 0.14). However, amphetamine-induced increases in
Cmax concentrations of DAy were significantly attenuated by SAM (t10)
= 2.43, p < 0.05).

3.6. Experiment 6: effects of SAM on ethanol self-administration

Ethanol (10% ethanol in 0.04% saccharine cocktail) maintained
reinforced operant responding in vehicle-treated rats (average 100 lever
presses during test session — average 50 reinforcers due to the FR2
schedule). SAM, given 30 min before behavioral testing, attenuated the
number of rewards (average 20 rewards during test session) when
administered under an FR2 schedule of reinforcement (t¢7y = 2.25, p <
0.05, one-tailed; Fig. 6).
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Fig. 6. Effect of SAM on FR2 ethanol self-administration. Rats were trained to
orally administer ethanol (10% ethanol in a 0.04% saccharin solution) and
tested in a FR2 schedule of reinforcement. Bars represent average (+SEM)
number of reinforced rewards per session. SAM administered 30 min before the
test session significantly decreased the number of FR-induced reinforced re-
wards when compared with vehicle (*p < 0.05). n = 4 (vehicle) and n = 5 (SAM
1 mg/kg).
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3.7. Experiment 7: effects of SAM on cocaine self-administration

During FR1-TO-20 s self-administration sessions, cocaine (0.5 mg/
kg infusion) maintained reinforced operant responding in vehicle-
treated rats. There was a 13% reduction in the number of cocaine re-
wards during FR responding after SAM treatment, however, this was not
statistically significant under this schedule of reinforcement (tg7) =
1.43, p = ns; Fig. 6). Under a PR schedule of reinforcement, vehicle-
treated rats reached a breakpoint of 62 with an average of 12.4 in-
fusions of cocaine. In contrast, SAM attenuated cocaine self-
administration; rats reached a breakpoint of 18 with an average of 6.8
infusions (U = 4.5, p < 0.005; Fig. 7).

4. Discussion

The current studies characterized the effects of SAM on drug-induced
increases in NAc-sh DAy and drug-seeking behavior. As expected,
ethanol, oxycodone, cocaine, and amphetamine increased concentra-
tions of DA¢y above basal levels in the NAc-sh. SAM decreased the
neurochemical effects of each drug of abuse, though the magnitude of
attenuation differed among the drugs. To relate the observed neuro-
chemical effects to drug-seeking behavior, SAM was administered to rats
trained to self-administer ethanol and cocaine. SAM significantly
decreased self-administration of ethanol, but not cocaine, in FR sched-
ules of reinforcement. Cocaine-seeking behavior was, however,
decreased by SAM during a PR schedule of reinforcement. Collectively,
these studies indicate that SAM limits the neurochemical and behavioral
effects of multiple drugs of abuse.

Opioid receptors and their endogenous ligands are present
throughout the mesolimbic DA system (Mansour et al., 1987; Mansour
et al., 1988; Svingos and Colago, 2002), providing a mechanism for
opioid modulation of these neurocircuits. When compared with other
opioid antagonists such as naloxone, naltrexone, and nalmefene, SAM is
a more potent p-antagonist with favorable pharmacokinetic properties
(Bidlack et al., 2018; Peng et al., 2007; Raynor et al., 1994; Turncliff
et al., 2015; Wentland et al., 2009). Importantly, systemic administra-
tion of SAM across a wide range of doses did not result in measurable
changes in NAc-sh DA relative to baseline values. This indicates that
the in vitro partial agonist activity of SAM at k- and 5-opioid receptors do
not correlate with changes in mesolimbic activity associated with opioid
receptor agonism in vivo (Di Chiara and Imperato, 1988; Spanagel et al.,
1990; Spanagel et al., 1992).

In previous studies, SAM dose-dependently attenuated NAc-sh DAyt
increases produced by buprenorphine, a p-partial agonist (Deaver et al.,
2013), an effect attributed to its p-opioid antagonist activity. Likewise,
the ability of SAM to attenuate the elevations in NAc-sh DAy produced
by ethanol, oxycodone, cocaine, and amphetamine is likely driven by its
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p-antagonist activity. This is consistent with reports that selective
p-antagonists block elevations of DAy in the NAc induced by ethanol
(Tanda and Di Chiara, 1998; Valenta et al., 2013), morphine (Di Chiara
and Imperato, 1988; Valenta et al., 2013), and amphetamine (Schad
et al., 1996). In addition, commonly used opioid antagonists such as
naltrexone and naloxone also attenuate increases in NAc DA¢y: induced
by morphine (Di Chiara et al., 1987), ethanol (Gonzales and Weiss,
1998), and amphetamine (Hooks et al., 1992; Schad et al., 1995) in rats.
To our knowledge, this is the first report that a compound with
p-antagonist activity can block oxycodone-induced increases in NAc
DAext. Furthermore, we are unaware of any studies that report test
compound attenuation of cocaine-induced increases in NAc-sh DAy via
a p-antagonist mechanism of action. For example, Schad et al. (1995)
reported no effect (+) of naloxone on cocaine-induced increases in NAc
DAexi- Thus, SAM appears to be unique compared with other known
opioid modulators in its ability to attenuate increases in NAc-sh DAyt
produced by all four drugs of abuse.

One common neurobiological effect of drugs of abuse including
ethanol, morphine, cocaine, and amphetamine administration is an in-
crease of the endogenous opioid agonists f-endorphin, enkephalin, and
dynorphin within the mesolimbic DA system (Jarjour et al., 2009;
Marinelli et al., 2006; Olive et al., 1995; Roth-Deri et al., 2003; You
etal., 1996). As - and §-opioid receptor agonists increase NAc DAy (Di
Chiara and Imperato, 1988; Spanagel et al., 1990), and k-opioid receptor
activation decreases NAc DAgy; (Di Chiara and Imperato, 1988; Mai-
sonneuve et al., 1994; Spanagel et al., 1992), changes in opioid tone may
contribute to observed changes in NAc DA concentrations. Conse-
quently, the neurochemical effects of SAM may be due to modulation of
drug of abuse-induced changes in opioid activity within the mesolimbic
system. For example, SAM would be expected to counteract the phar-
macologic effects of increased p-endorphin or enkephalin via its
p-antagonist effects. Additionally, SAM would be expected to counteract
§-opioid-related effects of increased enkephalin concentrations via its
low intrinsic activity at 5-opioid receptors. Thus, the ability of SAM to
counteract changes in p- or §-opioid tone produced by drugs of abuse
could, in part, result in the observed attenuation of drug stimulated
increases in NAc DA.

In the presence of increased k-opioid tone (e.g., increased dynor-
phin), SAM would also be expected to function as a k-opioid antagonist.
k-opioid antagonists amplify ethanol-induced (Zapata and Shippenberg,
2006) and heroin-induced (Xi et al., 1998) increases, or have no effect
on cocaine-induced increases, in NAc-sh DAeys (Maisonneuve et al.,
1994). In contrast, selective k-opioid receptor agonists attenuate NAc-sh
DAex: produced by amphetamine (Gray et al., 1999) and cocaine (Mai-
sonneuve et al., 1994), but the ability of k-opioid receptor agonists to
decrease basal concentrations of DAgy; in the NAc limits the interpre-
tation of these data (Carlezon et al., 2006; Di Chiara and Imperato, 1988;
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Fig. 7. Effect of SAM on the FR and PR cocaine self-administration. Rats were trained to lever-press for cocaine (0.5 mg/kg infusion; intravenous) and tested on a FR
and PR schedule of reinforcement. Bars represent average (=SEM) number of cocaine infusions per session. A) SAM (1 mg/kg, SC) administered 30 min before the test
session produced a modest but nonsignificant decrease in the number of rewards during FR1 self-administration (p = 0.17); n = 10/group. B) SAM significantly
attenuated the number of cocaine rewards (*p < 0.01) compared with vehicle control and C) breakpoints for cocaine during PR self-administration (*p < 0.01); n =

9/group.
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Maisonneuve et al., 1994; Spanagel et al., 1992). Because SAM itself did
not decrease basal NAc-sh DA¢y; in a similar manner to a k-opioid re-
ceptor agonist, it is unlikely that any k-opioid receptor activity plays a
significant role in the ability of SAM to attenuate acute drug-induced
increases in DAgy;.

An interesting finding in the current set of studies is that SAM
attenuated the neurochemical effects of ethanol and oxycodone to a
greater extent than cocaine and amphetamine at doses utilized in these
studies. Ethanol and p-opioid receptor agonists such as morphine in-
crease NAc-sh DAgy; through enhanced activity of VTA dopaminergic
projection neurons (Gessa et al., 1985; Matthews and German, 1984;
Nowycky et al., 1978). This is likely the case for oxycodone however
recent studies have shown that other mechanisms may be involved in
the rapid increases in NAc-sh DAy following intravenous administra-
tion of oxycodone and morphine (Vander Weele et al., 2014). Cocaine
and amphetamine reportedly increase VTA firing (Shi et al., 2000;
Steffensen et al., 2008), but also increase DA¢y by inhibiting reuptake
through DA transporters (DAT) on nerve terminals (Heikkila et al., 1975;
Ritz et al., 1990; Seiden et al., 1993). Thus, drug-induced increases in
DAcxt produced by cocaine and amphetamine are likely the summation
of multiple events including 1) increased DA cell firing in the VTA and 2)
decreased DA uptake in the NAc. The greater attenuation of ethanol and
oxycodone-induced NAc-sh DAy suggests that SAM is most effective
when attenuating DAey: produced by drug-induced VTA cell firing rather
than terminal effects within the NAc. Moreover, SAM (at a concentration
of 10 pM, CEREP Bioprint Panel; data not shown) did not exhibit
appreciable binding to human DAT expressed in CHO cells, and as a
result, does not attenuate NAc-sh DA¢ by competing with cocaine and
amphetamine at transporters. While the discussion above provides
interesting hypotheses, it is plausible that the effects are limited by dose
selection in the current study. Therefore, future extensive dose response
experiments would be required to fully interpret these observations.

Notably, when comparing cocaine and amphetamine, SAM was more
effective in attenuating cocaine-induced increases in DA¢y. In addition
to blocking DAT, amphetamine promotes presynaptic release of cyto-
plasmic DA and reversal of DAT transporters (Arnold et al., 1977; Sulzer
et al., 1993). Therefore, amphetamine, unlike cocaine, does not require
cell firing to increase DA¢y: (Benwell et al., 1993). These differences in
synaptic mechanisms may explain why SAM was less effective in
attenuating amphetamine-induced DA¢y. Importantly, the ability of
SAM to attenuate the neurochemical effects of both drugs is in contrast
to reports that naloxone attenuates increases in NAc-sh DA¢y induced by
amphetamine, but not those induced by cocaine (Schad et al., 1995).
While the reason for these differences remains unclear, these data
distinguish the unique pharmacodynamic effects of SAM compared with
other opioid antagonists such as naloxone and naltrexone.

Given the neurochemical effects above, we chose to investigate the
effects of SAM on ethanol and cocaine drug-seeking behavior. A critical
role for NAc DA in the initiation and maintenance of ethanol and cocaine
reinforcement is well established. For example, NAc DAy concentra-
tions are increased during self-administration of ethanol (Weiss et al.,
1993) and cocaine in rats (Hemby et al., 1997; Pettit and Justice Jr.,
1989; Wise et al., 1995). Furthermore, dopamine depletion and dopa-
mine antagonists injected into the NAc block cocaine self-administration
(Bari and Pierce, 2005; Roberts et al., 1980), but there is notably both a
dopamine-dependent and a dopamine-independent action of opioid
peptides in the NAc through which both opioid drugs and ethanol act
(Nestler, 2005). The dose of SAM that decreased ethanol-induced NAc-
sh DAcx: also attenuated bar-pressing for ethanol drug reward during FR
test sessions. These results are consistent with studies in which naloxone
and naltrexone block ethanol self-administration (Froehlich et al., 1990;
Gonzales and Weiss, 1998; Samson and Doyle, 1985; Stromberg et al.,
2001; Weiss et al., 1990). Notably, the behavioral effects of SAM are
likely driven by activity at multiple opioid receptors. For example, se-
lective p- (Honkanen et al., 1996; Stromberg et al., 1998) and §-opioid
receptor antagonists (Hyytia and Kiianmaa, 2001; Krishnan-Sarin et al.,
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1995) block ethanol-seeking behavior, while k-opioid receptor antago-
nists generally have no effect on oral ethanol self-administration in non-
dependent rats (however, see (Mitchell et al., 2005)).

In contrast, SAM produced a nonsignificant decrease in FR cocaine
self-administration. Historically, the effects of opioid antagonists on FR
cocaine self-administration have been equivocal. While several reports
indicate that naltrexone and naloxone attenuate cocaine self-
administration in FR paradigms (Corrigall et al., 1999; Ramsey et al.,
1999), others report no effect (Ettenberg et al., 1982) or an increase in
cocaine-responding after naltrexone pretreatment (Carroll et al., 1986).
Similarly, selective p- and 8-opioid receptor antagonists either decrease
(Corrigall et al., 1999; Reid et al., 1995) or have no effect (De Vries et al.,
1995; Ward et al., 2003) on FR cocaine-responding. In the current
neurochemical studies, cocaine produced an increase of ~150% in DAyt
above baseline in the presence of SAM. If these effects translated to the
behavioral studies, such elevation of DAy may have sustained operant
responding during the minimally demanding FR1 schedule. Conse-
quently, a higher dose of SAM that might have further blocked NAc-sh
DAy increases may have attenuated cocaine FR self-administration. It
remains possible however that a higher dose of SAM may not fully block
DAyt because SAM would not directly affect cocaine-induced DA release
produced by DAT activity. Given studies suggesting that more
demanding schedules of reinforcement are sensitive to NAc-sh DA con-
centrations (Correa et al., 2002; Salamone et al., 2001), rats were sub-
sequently tested in a PR schedule of reinforcement. Consistent with
reports that p-, -, and k-opioid receptor antagonism attenuates cocaine-
responding in a PR schedule of reinforcement (Ward et al., 2003; Ward
and Roberts, 2007; Wee et al., 2009), SAM significantly reduced the
number of rewards for cocaine-responding during PR test sessions.
Furthermore, SAM decreased the breakpoint during PR cocaine admin-
istration, a paradigm designed to assess the maximal effort expended for
reward and overall drug-reinforcing efficacy (Stafford et al., 1998).
These results suggest that SAM may decrease some of the reinforcing
efficacy and motivational drive for cocaine. Together, these data support
an important role for the opioid system in the behavioral effects of
cocaine, which may be dependent on distinct modulation of the different
opioid receptors and/or schedule of reinforcement.

In summary, SAM 1) does not produce measurable changes in
baseline NAc-sh DA¢y;, and 2) attenuates the increases in dopamine and
the reinforcing effects of multiple drugs of abuse in nonclinical models.
Although outside the scope of this work, it is acknowledged that
extensive dose response studies for each drug of abuse and SAM would
be required to rule out any dose-dependency of these effects. This lim-
itation would need to be addressed in future studies. Nevertheless, the
molecular properties of SAM result in its ability to attenuate, to differing
degrees, the neurobiological effects of ethanol, oxycodone, cocaine, and
amphetamine. Importantly, the nonclinical studies described here are
consistent with clinical observations in which SAM attenuated changes
in pupillary response and visual analogue scale (VAS) drug-liking pro-
duced by the p-opioid agonists remifentanil and buprenorphine (Ehrich
et al., 2015; Shram et al., 2015).

Funding and disclosure
All studies were funded by Alkermes, Inc.

References

Adamantidis, A.R., Tsai, H.C., Boutrel, B., Zhang, F., Stuber, G.D., Budygin, E.A.,
Tourino, C., Bonci, A., Deisseroth, K., de Lecea, L., 2011. Optogenetic interrogation
of dopaminergic modulation of the multiple phases of reward-seeking behavior.

J. Neurosci. 31, 10829-10835.

Anderson, S.M., Bari, A.A., Pierce, R.C., 2003. Administration of the D1-like dopamine
receptor antagonist SCH-23390 into the medial nucleus accumbens shell attenuates
cocaine priming-induced reinstatement of drug-seeking behavior in rats.
Psychopharmacology 168, 132-138.


http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0005
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0005
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0005
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0005
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0010
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0010
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0010
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0010

J.I. Cunningham et al.

Arnold, E.B., Molinoff, P.B., Rutledge, C.O., 1977. The release of endogenous
norepinephrine and dopamine from cerebral cortex by amphetamine. J. Pharmacol.
Exp. Ther. 202, 544-557.

Baker, L., Ratka, A., 2002. Sex-specific differences in levels of morphine, morphine-3-
glucuronide, and morphine antinociception in rats. Pain 95, 65-74.

Bari, A.A., Pierce, R.C., 2005. D1-like and D2 dopamine receptor antagonists
administered into the shell subregion of the rat nucleus accumbens decrease cocaine,
but not food, reinforcement. Neuroscience 135, 959-968.

Benwell, M.E., Balfour, D.J., Lucchi, H.M., 1993. Influence of tetrodotoxin and calcium
on changes in extracellular dopamine levels evoked by systemic nicotine.
Psychopharmacology 112, 467-474.

Bidlack, J.M., Knapp, B.L., Deaver, D.R., Plotnikava, M., Arnelle, D., Wonsey, A.M.,
Toh, M.F., Pin, S.S., Namchuk, M.N., 2018 Nov. In vitro pharmacological
characterization of buprenorphine, samidorphan, and combinations being developed
as an adjunctive treatment for major depressive disorder. J. Pharmacol. Exp. Ther.
367 (2), 267-281.

Caine, S.B., Koob, G.F., 1994. Effects of dopamine D-1 and D-2 antagonists on cocaine
self-administration under different schedules of reinforcement in the rat.

J. Pharmacol. Exp. Ther. 270, 209-218.

Carlezon, W.A., Beguin, C., DiNieri, J.A., Baumann, M.H., Richards, M.R.,

Todtenkopf, M.S., Rothman, R.B., Ma, Z., Lee, D.Y., Cohen, B.M., 2006. Depressive-
like effects of the kappa-opioid receptor agonist salvinorin A on behavior and
neurochemistry in rats. J. Pharmacol. Exp. Ther. 316, 440-447.

Carroll, M.E., Lac, S.T., Walker, M.J., Kragh, R., Newman, T., 1986. Effects of naltrexone
on intravenous cocaine self-administration in rats during food satiation and
deprivation. J. Pharmacol. Exp. Ther. 238, 1-7.

Correa, M., Carlson, B.B., Wisniecki, A., Salamone, J.D., 2002. Nucleus accumbens
dopamine and work requirements on interval schedules. Behav. Brain Res. 137,
179-187.

Corrigall, W.A., Coen, K.M., Adamson, K.L., Chow, B.L., 1999. The mu opioid agonist
DAMGO alters the intravenous self-administration of cocaine in rats: mechanisms in
the ventral tegmental area. Psychopharmacology 141, 428-435.

Council, N.R., 2011. National Research Council. Guide for the Care and Use of
Laboratory Animals, 8th ed. National Academy Press, Washington, DC. (2011).

De Vries, T.J., Babovic-Vuksanovic, D., Elmer, G., Shippenberg, T.S., 1995. Lack of
involvement of delta-opioid receptors in mediating the rewarding effects of cocaine.
Psychopharmacology 120, 442-448.

Deaver, D.R., Cunningham, J.I., Dean, R.L., Todtenkopf, M.S., Eyerman, D.J., 2013.
Effects of Buprenorphine and ALKS 33, Alone and in Combination, on Monoamine
Release within the Nucleus Accumbens Shell and Medial Prefrontal Cortex of Male
Wistar Rats (Poster presented at: 52nd Annular Meeting of the American College of
Neuropsychopharmacology; 2013 Dec 8-12; Hollywood, FL).

Di Chiara, G., Imperato, A., 1988. Opposite effects of mu and kappa opiate agonists on
dopamine release in the nucleus accumbens and in the dorsal caudate of freely
moving rats. J. Pharmacol. Exp. Ther. 244, 1067-1080.

Di Chiara, G., Imperato, A., Mulas, A., 1987. Preferential stimulation of dopamine release
in the mesolimbic system: a common feature of drugs of abuse. In: Sandler, M.,
Feuerstein, R., Seatton, B. (Eds.), Neurotransmitter Interactions in the Basal Ganglia.
Raven Press, New York, NY, pp. 171-182.

Doyle, H.H., Murphy, A.Z., 2018. Sex-dependent influences of morphine and its
metabolites on pain sensitivity in the rat. Physiol. Behav. 187, 32-41.

Ehrich, E., Turncliff, R., Du, Y., Leigh-Pemberton, R., Fernandez, E., Jones, R., Fava, M.,
2015. Evaluation of opioid modulation in major depressive disorder.
Neuropsychopharmacology 40, 1448-1455.

Ettenberg, A., Pettit, H.O., Bloom, F.E., Koob, G.F., 1982. Heroin and cocaine intravenous
self-administration in rats: mediation by separate neural systems.
Psychopharmacology 78, 204-209.

Froehlich, J.C., Harts, J., Lumeng, L., Li, T.K., 1990. Naloxone attenuates voluntary
ethanol intake in rats selectively bred for high ethanol preference. Pharmacol.
Biochem. Behav. 35, 385-390.

Gessa, G.L., Muntoni, F., Collu, M., Vargiu, L., Mereu, G., 1985. Low doses of ethanol
activate dopaminergic neurons in the ventral tegmental area. Brain Res. 348,
201-203.

Glick, S.D., Maisonneuve, I.M., Raucci, J., Archer, S., 1995. Kappa opioid inhibition of
morphine and cocaine self-administration in rats. Brain Res. 681, 147-152.

Gonzales, R.A., Weiss, F., 1998. Suppression of ethanol-reinforced behavior by
naltrexone is associated with attenuation of the ethanol-induced increase in
dialysate dopamine levels in the nucleus accumbens. J. Neurosci. 18, 10663-10671.

Gray, A.M., Rawls, S.M., Shippenberg, T.S., McGinty, J.F., 1999. The kappa-opioid
agonist, U-69593, decreases acute amphetamine-evoked behaviors and calcium-
dependent dialysate levels of dopamine and glutamate in the ventral striatum.

J. Neurochem. 73, 1066-1074.

Haggkvist, J., Lindholm, S., Franck, J., 2009. The opioid receptor antagonist naltrexone
attenuates reinstatement of amphetamine drug-seeking in the rat. Behav. Brain Res.
197, 219-224.

Heikkila, R.E., Orlansky, H., Mytilineou, C., Cohen, G., 1975. Amphetamine: evaluation
of d- and l-isomers as releasing agents and uptake inhibitors for 3H-dopamine and
3H-norepinephrine in slices of rat neostriatum and cerebral cortex. J. Pharmacol.
Exp. Ther. 194, 47-56.

Hemby, S.E., Co, C., Koves, T.R., Smith, J.E., Dworkin, S.I., 1997. Differences in
extracellular dopamine concentrations in the nucleus accumbens during response-
dependent and response-independent cocaine administration in the rat.
Psychopharmacology 133, 7-16.

Heyser, C.J., Roberts, A.J., Schulteis, G., Koob, G.F., 1999. Central administration of an
opiate antagonist decreases oral ethanol self-administration in rats. Alcohol. Clin.
Exp. Res. 23, 1468-1476.

Pharmacology, Biochemistry and Behavior 204 (2021) 173157

Honkanen, A., Vilamo, L., Wegelius, K., Sarviharju, M., Hyytia, P., Korpi, E.R., 1996.
Alcohol drinking is reduced by a mu 1- but not by a delta-opioid receptor antagonist
in alcohol-preferring rats. Eur. J. Pharmacol. 304, 7-13.

Hooks, M.S., Jones, D.N., Justice Jr., J.B., Holtzman, S.G., 1992. Naloxone reduces
amphetamine-induced stimulation of locomotor activity and in vivo dopamine
release in the striatum and nucleus accumbens. Pharmacol. Biochem. Behav. 42,
765-770.

Hyytia, P., Kilanmaa, K., 2001. Suppression of ethanol responding by centrally
administered CTOP and naltrindole in AA and Wistar rats. Alcohol. Clin. Exp. Res.
25, 25-33.

Hyytia, P., Schulteis, G., Koob, G.F., 1996. Intravenous heroin and ethanol self-
administration by alcohol-preferring AA and alcohol-avoiding ANA rats.
Psychopharmacology 125, 248-254.

Jarjour, S., Bai, L., Gianoulakis, C., 2009. Effect of acute ethanol administration on the
release of opioid peptides from the midbrain including the ventral tegmental area.
Alcohol. Clin. Exp. Res. 33, 1033-1043.

Koob, G.F., 1992. Drugs of abuse: anatomy, pharmacology and function of reward
pathways. Trends Pharmacol. Sci. 13, 177-184.

Koob, G.F., Volkow, N.D., 2010. Neurocircuitry of addiction. Neuropsychopharmacology
35, 217-238.

Krishnan-Sarin, S., Jing, S.L., Kurtz, D.L., Zweifel, M., Portoghese, P.S., Li, T.K.,
Froehlich, J.C., 1995. The delta opioid receptor antagonist naltrindole attenuates
both alcohol and saccharin intake in rats selectively bred for alcohol preference.
Psychopharmacology 120, 177-185.

Le Merrer, J., Becker, J.A., Befort, K., Kieffer, B.L., 2009. Reward processing by the
opioid system in the brain. Physiol. Rev. 89, 1379-1412.

Lyness, W.H., Friedle, N.M., Moore, K.E., 1979. Destruction of dopaminergic nerve
terminals in nucleus accumbens: effect on d-amphetamine self-administration.
Pharmacol. Biochem. Behav. 11, 553-556.

Maisonneuve, .M., Archer, S., Glick, S.D., 1994. U50,488, a kappa opioid receptor
agonist, attenuates cocaine-induced increases in extracellular dopamine in the
nucleus accumbens of rats. Neurosci. Lett. 181, 57-60.

Mansour, A., Khachaturian, H., Lewis, M.E., Akil, H., Watson, S.J., 1987.
Autoradiographic differentiation of mu, delta, and kappa opioid receptors in the rat
forebrain and midbrain. J. Neurosci. 7, 2445-2464.

Mansour, A., Khachaturian, H., Lewis, M.E., Akil, H., Watson, S.J., 1988. Anatomy of
CNS opioid receptors. Trends Neurosci. 11, 308-314.

Marinelli, P.W., Lam, M., Bai, L., Quirion, R., Gianoulakis, C., 2006. A microdialysis
profile of dynorphin A(1-8) release in the rat nucleus accumbens following alcohol
administration. Alcohol. Clin. Exp. Res. 30, 982-990.

Matthews, R.T., German, D.C., 1984. Electrophysiological evidence for excitation of rat
ventral tegmental area dopamine neurons by morphine. Neuroscience 11, 617-625.

McKittrick, C.R., Abercrombie, E.D., 2007. Catecholamine mapping within nucleus
accumbens: differences in basal and amphetamine-stimulated efflux of
norepinephrine and dopamine in shell and core. J. Neurochem. 100, 1247-1256.

Mitchell, J.M., Liang, M.T., Fields, H.L., 2005. A single injection of the kappa opioid
antagonist norbinaltorphimine increases ethanol consumption in rats.
Psychopharmacology 182, 384-392.

Nestler, E.J., 2005. Is there a common molecular pathway for addiction? Nat. Neurosci.
8, 1445-1449.

Nowycky, M.C., Walters, J.R., Roth, R.H., 1978. Dopaminergic neurons: effect of acute
and chronic morphine administration on single cell activity and transmitter
metabolism. J. Neural Transm. 42, 99-116.

Olive, M.F., Bertolucci, M., Evans, C.J., Maidment, N.T., 1995. Microdialysis reveals a
morphine-induced increase in pallidal opioid peptide release. Neuroreport 6,
1093-1096.

Paxinos, G., Watson, C., 1997. The Rat Brain in Stereotaxic Coordinates. Academic Press,
San Diego, CA.

Peng, X., Knapp, B.L, Bidlack, J.M., Neumeyer, J.L., 2007. Pharmacological properties of
bivalent ligands containing butorphan linked to nalbuphine, naltrexone, and
naloxone at mu, delta, and kappa opioid receptors. J. Med. Chem. 50, 2254-2258.

Pettit, H.O., Justice Jr., J.B., 1989. Dopamine in the nucleus accumbens during cocaine
self-administration as studied by in vivo microdialysis. Pharmacol. Biochem. Behav.
34, 899-904.

Ramsey, N.F., Gerrits, M.A., Van Ree, J.M., 1999. Naltrexone affects cocaine self-
administration in naive rats through the ventral tegmental area rather than
dopaminergic target regions. Eur. Neuropsychopharmacol. 9, 93-99.

Rassnick, S., Pulvirenti, L., Koob, G.F., 1992. Oral ethanol self-administration in rats is
reduced by the administration of dopamine and glutamate receptor antagonists into
the nucleus accumbens. Psychopharmacology 109, 92-98.

Raynor, K., Kong, H., Hines, J., Kong, G., Benovic, J., Yasuda, K., Bell, G.I., Reisine, T.,
1994. Molecular mechanisms of agonist-induced desensitization of the cloned mouse
kappa opioid receptor. J. Pharmacol. Exp. Ther. 270, 1381-1386.

Reid, L.D., Glick, S.D., Menkens, K.A., French, E.D., Bilsky, E.J., Porreca, F., 1995.
Cocaine self-administration and naltrindole, a delta-selective opioid antagonist.
Neuroreport 6, 1409-1412.

Richardson, N.R., Roberts, D.C., 1996. Progressive ratio schedules in drug self-
administration studies in rats: a method to evaluate reinforcing efficacy. J. Neurosci.
Methods 66, 1-11.

Ritz, M.C., Cone, E.J., Kuhar, M.J., 1990. Cocaine inhibition of ligand binding at
dopamine, norepinephrine and serotonin transporters: a structure-activity study. Life
Sci. 46, 635-645.

Roberts, D.C., Koob, G.F., 1982. Disruption of cocaine self-administration following 6-
hydroxydopamine lesions of the ventral tegmental area in rats. Pharmacol. Biochem.
Behav. 17, 901-904.


http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0015
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0015
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0015
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0020
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0020
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0025
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0025
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0025
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0030
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0030
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0030
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0035
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0035
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0035
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0035
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0035
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0040
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0040
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0040
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0045
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0045
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0045
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0045
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0050
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0050
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0050
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0055
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0055
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0055
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0060
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0060
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0060
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0065
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0065
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0070
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0070
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0070
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0075
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0075
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0075
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0075
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0075
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0080
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0080
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0080
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0085
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0085
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0085
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0085
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0090
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0090
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0095
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0095
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0095
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0100
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0100
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0100
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0105
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0105
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0105
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0110
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0110
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0110
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0115
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0115
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0120
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0120
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0120
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0125
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0125
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0125
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0125
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0130
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0130
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0130
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0135
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0135
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0135
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0135
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0140
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0140
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0140
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0140
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0145
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0145
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0145
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0150
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0150
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0150
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0155
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0155
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0155
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0155
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0160
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0160
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0160
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0165
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0165
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0165
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0170
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0170
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0170
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0175
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0175
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0180
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0180
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0185
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0185
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0185
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0185
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0190
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0190
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0195
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0195
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0195
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0200
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0200
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0200
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0205
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0205
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0205
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0210
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0210
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0215
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0215
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0215
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0220
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0220
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0225
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0225
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0225
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0230
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0230
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0230
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0235
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0235
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0240
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0240
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0240
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0245
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0245
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0245
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0250
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0250
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0255
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0255
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0255
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0260
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0260
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0260
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0265
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0265
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0265
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0270
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0270
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0270
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0275
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0275
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0275
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0280
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0280
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0280
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0285
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0285
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0285
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0290
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0290
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0290
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0295
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0295
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0295

J.I. Cunningham et al.

Roberts, D.C., Koob, G.F., Klonoff, P., Fibiger, H.C., 1980. Extinction and recovery of
cocaine self-administration following 6-hydroxydopamine lesions of the nucleus
accumbens. Pharmacol. Biochem. Behav. 12, 781-787.

Roth-Deri, 1., Zangen, A., Aleli, M., Goelman, R.G., Pelled, G., Nakash, R., Gispan-
Herman, I, Green, T., Shaham, Y., Yadid, G., 2003. Effect of experimenter-delivered
and self-administered cocaine on extracellular beta-endorphin levels in the nucleus
accumbens. J. Neurochem. 84, 930-938.

Salamone, J.D., Wisniecki, A., Carlson, B.B., Correa, M., 2001. Nucleus accumbens
dopamine depletions make animals highly sensitive to high fixed ratio requirements
but do not impair primary food reinforcement. Neuroscience 105, 863-870.

SAMSHA, 2009. SAMSHA. Center for Substance Abuse Treatment. Incorporating Alcohol
Pharmacotherapies Into Medical Practice. Rockville (MD): Substance Abuse and
Mental Health Services Administration (US); 2009. (Treatment Improvement
Protocol (TIP) Series, No. 49.) Chapter 4—Oral Naltrexone. Available from: https
://www.ncbi.nlm.nih.gov/books/NBK64042/.

Samson, H.H., Doyle, T.F., 1985. Oral ethanol self-administration in the rat: effect of
naloxone. Pharmacol. Biochem. Behav. 22, 91-99.

Schad, C.A., Justice Jr., J.B., Holtzman, S.G., 1995. Naloxone reduces the neurochemical
and behavioral effects of amphetamine but not those of cocaine. Eur. J. Pharmacol.
275, 9-16.

Schad, C.A., Justice Jr., J.B., Holtzman, S.G., 1996. Differential effects of delta- and mu-
opioid receptor antagonists on the amphetamine-induced increase in extracellular
dopamine in striatum and nucleus accumbens. J. Neurochem. 67, 2292-2299.

Seiden, L.S., Sabol, K.E., Ricaurte, G.A., 1993. Amphetamine: effects on catecholamine
systems and behavior. Annu. Rev. Pharmacol. Toxicol. 33, 639-677.

Shi, W.X., Pun, C.L., Zhang, X.X., Jones, M.D., Bunney, B.S., 2000. Dual effects of D-
amphetamine on dopamine neurons mediated by dopamine and nondopamine
receptors. J. Neurosci. 20, 3504-3511.

Shram, M.J., Silverman, B., Ehrich, E., Sellers, E.M., Turncliff, R., 2015. Use of
remifentanil in a novel clinical paradigm to characterize onset and duration of opioid
blockade by samidorphan, a potent p-receptor antagonist. J. Clin. Psychopharmacol.
35, 242-249.

Smith, K.L., Cunningham, J.I., Eyerman, D.J., Dean 3rd, R.L., Deaver, D.R., Sanchez, C.,
2019 Mar 1. Opioid system modulators buprenorphine and samidorphan alter
behavior and extracellular neurotransmitter concentrations in the Wistar Kyoto rat.
Neuropharmacology 146, 316-326.

South, S.M., Edwards, S.R., Smith, M.T., 2009. Antinociception versus serum
concentration relationships following acute administration of intravenous morphine
in male and female Sprague-Dawley rats: differences between the tail flick and hot
plate nociceptive tests. Clin. Exp. Pharmacol. Physiol. 36, 20-28.

Spanagel, R., Herz, A., Shippenberg, T.S., 1990. The effects of opioid peptides on
dopamine release in the nucleus accumbens: an in vivo microdialysis study.

J. Neurochem. 55, 1734-1740.

Spanagel, R., Herz, A., Shippenberg, T.S., 1992. Opposing tonically active endogenous
opioid systems modulate the mesolimbic dopaminergic pathway. Proc. Natl. Acad.
Sci. U. S. A. 89, 2046-2050.

Stafford, D., LeSage, M.G., Glowa, J.R., 1998. Progressive-ratio schedules of drug
delivery in the analysis of drug self-administration: a review. Psychopharmacology
139, 169-184.

Steffensen, S.C., Taylor, S.R., Horton, M.L., Barber, E.N., Lyle, L.T., Stobbs, S.H.,
Allison, D.W., 2008. Cocaine disinhibits dopamine neurons in the ventral tegmental
area via use-dependent blockade of GABA neuron voltage-sensitive sodium channels.
Eur. J. Neurosci. 28, 2028-2040.

Stromberg, M.F., Casale, M., Volpicelli, L., Volpicelli, J.R., O’Brien, C.P., 1998.

A comparison of the effects of the opioid antagonists naltrexone, naltrindole, and
beta-funaltrexamine on ethanol consumption in the rat. Alcohol 15, 281-289.

Stromberg, M.F., Mackler, S.A., Volpicelli, J.R., O’Brien, C.P., 2001. Effect of
acamprosate and naltrexone, alone or in combination, on ethanol consumption.
Alcohol 23, 109-116.

Sulzer, D., Maidment, N.T., Rayport, S., 1993. Amphetamine and other weak bases act to
promote reverse transport of dopamine in ventral midbrain neurons. J. Neurochem.
60, 527-535.

Svingos, A.L., Colago, E.E., 2002. Kappa-opioid and NMDA glutamate receptors are
differentially targeted within rat medial prefrontal cortex. Brain Res. 946, 262-271.

Pharmacology, Biochemistry and Behavior 204 (2021) 173157

Tanda, G., Di Chiara, G., 1998. A dopamine-mul opioid link in the rat ventral tegmentum
shared by palatable food (Fonzies) and non-psychostimulant drugs of abuse. Eur. J.
Neurosci. 10, 1179-1187.

Tsai, H.C., Zhang, F., Adamantidis, A., Stuber, G.D., Bonci, A., de Lecea, L.,
Deisseroth, K., 2009. Phasic firing in dopaminergic neurons is sufficient for
behavioral conditioning. Science 324, 1080-1084.

Turncliff, R., DiPetrillo, L., Silverman, B., Ehrich, E., 2015. Single- and multiple-dose
pharmacokinetics of samidorphan, a novel opioid antagonist, in healthy volunteers.
Clin. Ther. 37, 338-348.

Valenta, J.P., Job, M.O., Mangieri, R.A., Schier, C.J., Howard, E.C., Gonzales, R.A., 2013.
p-Opioid receptors in the stimulation of mesolimbic dopamine activity by ethanol
and morphine in Long-Evans rats: a delayed effect of ethanol. Psychopharmacology
228, 389-400.

Vander Weele, C.M., Porter-Stransky, K.A., Mabrouk, O.S., Lovic, V., Singer, B.F.,
Kennedy, R.T., Aragona, B.J., 2014. Rapid dopamine transmission within the nucleus
accumbens: dramatic difference between morphine and oxycodone delivery. Eur. J.
Neurosci. 40, 3041-3054.

Volkow, N.D., Morales, M., 2015. The brain on drugs: from reward to addiction. Cell 162,
712-725.

Volpicelli, J.R., Alterman, A.L., Hayashida, M., O’Brien, C.P., 1992. Naltrexone in the
treatment of alcohol dependence. Arch. Gen. Psychiatry 49, 876-880.

Ward, S.J., Roberts, D.C., 2007. Microinjection of the delta-opioid receptor selective
antagonist naltrindole 5'-isothiocyanate site specifically affects cocaine self-
administration in rats responding under a progressive ratio schedule of
reinforcement. Behav. Brain Res. 182, 140-144.

Ward, S.J., Martin, T.J., Roberts, D.C., 2003. Beta-funaltrexamine affects cocaine self-
administration in rats responding on a progressive ratio schedule of reinforcement.
Pharmacol. Biochem. Behav. 75, 301-307.

Wee, S., Orio, L., Ghirmali, S., Cashman, J.R., Koob, G.F., 2009. Inhibition of kappa opioid
receptors attenuated increased cocaine intake in rats with extended access to
cocaine. Psychopharmacology 205, 565-575.

Weiss, F., Mitchiner, M., Bloom, F.E., Koob, G.F., 1990. Free-choice responding for
ethanol versus water in alcohol preferring (P) and unselected Wistar rats is
differentially modified by naloxone, bromocriptine, and methysergide.
Psychopharmacology 101, 178-186.

Weiss, F., Lorang, M.T., Bloom, F.E., Koob, G.F., 1993. Oral alcohol self-administration
stimulates dopamine release in the rat nucleus accumbens: genetic and motivational
determinants. J. Pharmacol. Exp. Ther. 267, 250-258.

Wentland, M.P., Lou, R., Lu, Q., By, Y., Denhardt, C., Jin, J., Ganorkar, R., VanAlstine, M.
A., Guo, C., Cohen, D.J., Bidlack, J.M., 2009. Syntheses of novel high affinity ligands
for opioid receptors. Bioorg. Med. Chem. Lett. 19, 2289-2294.

Willuhn, 1., Wanat, M.J., Clark, J.J., Phillips, P.E., 2010. Dopamine signaling in the
nucleus accumbens of animals self-administering drugs of abuse. Curr. Top. Behav.
Neurosci. 3, 29-71.

Wise, R.A., Rompre, P.P., 1989. Brain dopamine and reward. Annu. Rev. Psychol. 40,
191-225.

Wise, R.A., Newton, P., Leeb, K., Burnette, B., Pocock, D., Justice Jr., J.B., 1995.
Fluctuations in nucleus accumbens dopamine concentration during intravenous
cocaine self-administration in rats. Psychopharmacology 120, 10-20.

Witten, L.B., Steinberg, E.E., Lee, S.Y., Davidson, T.J., Zalocusky, K.A., Brodsky, M.,
Yizhar, O., Cho, S.L., Gong, S., Ramakrishnan, C., Stuber, G.D., Tye, K.M., Janak, P.
H., Deisseroth, K., 2011. Recombinase-driver rat lines: tools, techniques, and
optogenetic application to dopamine-mediated reinforcement. Neuron 72, 721-733.

Xi, Z.X., Fuller, S.A., Stein, E.A., 1998. Dopamine release in the nucleus accumbens
during heroin self-administration is modulated by kappa opioid receptors: an in vivo
fast-cyclic voltammetry study. J. Pharmacol. Exp. Ther. 284, 151-161.

You, Z.B., Herrera-Marschitz, M., Nylander, 1., Goiny, M., Kehr, J., Ungerstedt, U.,
Terenius, L., 1996. Effect of morphine on dynorphin B and GABA release in the basal
ganglia of rats. Brain Res. 710, 241-248.

Zapata, A., Shippenberg, T.S., 2006. Endogenous kappa opioid receptor systems
modulate the responsiveness of mesoaccumbal dopamine neurons to ethanol.
Alcohol. Clin. Exp. Res. 30, 592-597.


http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0300
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0300
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0300
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0305
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0305
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0305
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0305
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0310
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0310
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0310
https://www.ncbi.nlm.nih.gov/books/NBK64042/
https://www.ncbi.nlm.nih.gov/books/NBK64042/
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0320
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0320
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0325
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0325
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0325
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0330
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0330
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0330
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0335
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0335
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0340
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0340
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0340
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0345
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0345
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0345
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0345
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0350
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0350
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0350
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0350
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0355
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0355
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0355
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0355
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0360
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0360
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0360
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0365
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0365
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0365
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0370
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0370
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0370
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0375
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0375
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0375
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0375
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0380
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0380
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0380
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0385
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0385
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0385
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0390
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0390
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0390
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0395
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0395
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0400
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0400
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0400
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0405
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0405
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0405
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0410
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0410
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0410
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0415
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0415
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0415
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0415
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0420
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0420
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0420
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0420
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0425
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0425
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0430
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0430
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0435
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0435
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0435
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0435
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0440
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0440
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0440
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0445
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0445
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0445
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0450
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0450
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0450
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0450
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0455
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0455
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0455
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0460
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0460
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0460
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0465
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0465
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0465
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0470
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0470
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0475
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0475
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0475
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0480
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0480
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0480
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0480
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0485
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0485
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0485
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0490
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0490
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0490
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0495
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0495
http://refhub.elsevier.com/S0091-3057(21)00056-3/rf0495

	Samidorphan, an opioid receptor antagonist, attenuates drug-induced increases in extracellular dopamine concentrations and  ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Drugs
	2.3 Effects of SAM on drug-induced increases in NAc-sh DAext
	2.4 Effects of SAM on drug self-administration
	2.4.1 Ethanol self-administration
	2.4.2 Intravenous catheter insertion and maintenance for cocaine self-administration studies
	2.4.3 Cocaine self-administration
	2.4.4 Fixed ratio schedule of reinforcement
	2.4.5 Progressive-ratio schedule of reinforcement

	2.5 Statistical analysis

	3 Results
	3.1 Experiment 1: effects of SAM on basal concentration of NAc-sh DAext
	3.2 Experiment 2: effects of SAM on ethanol-induced increases in NAc-sh DAext
	3.3 Experiment 3: effects of SAM on oxycodone-induced increases in NAc-sh DAext
	3.4 Experiment 4: effects of SAM on cocaine-induced increases in NAc-sh DAext
	3.5 Experiment 5: effects of SAM on amphetamine-induced increases in NAc-sh DAext
	3.6 Experiment 6: effects of SAM on ethanol self-administration
	3.7 Experiment 7: effects of SAM on cocaine self-administration

	4 Discussion
	Funding and disclosure
	References


