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ABSTRACT

o-Receptor (o0R) antagonists have been reported to block certain
effects of psychostimulant drugs. The present study examined the
effects of oR ligands in rats trained to self-administer cocaine
(0.032-1.0 mg/kg/inj i.v.) under fixed-ratio 5-response schedules
of reinforcement. Maximal rates of responding were maintained by
0.32 mg/kg/inj cocaine, or by the oR agonists, 1,3-di-(2-
tolyl)guanidine (DTG; 1.0 mg/kg/inj) or 2-(4-morpholinethyl) 1-phe-
nylcyclohexane-1-carboxylate hydrochloride (PRE-084; 0.32 mg/
kg/inj), when substituted for cocaine. Lower response rates were
maintained at higher and lower doses of the compounds. No dose
of the oR antagonists [N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-
2-(1-pyrrolidinyl)ethylamine (BD 1008), N-[2-(3,4-dichlorophenyl)-
ethyl]-N-methyl-2-(dimethylamino)ethylamine (BD 1047), N-[2-
(8,4-dichlorophenyl)ethyl]-4-methylpiperazine (BD 1063)] main-
tained responding appreciably above levels obtained when
responding had no consequences. Presession treatment with
oR agonists dose-dependently shifted the cocaine self-adminis-
tration dose-effect curve leftward. The dopamine-uptake inhibitor,
(—)-2B-carbomethoxy-3-(4-fluorophenyl)tropane (WIN 35,428),

dose-dependently shifted the DTG and PRE-084 self-
administration dose-effect curves leftward. Treatment with
the oR antagonists dose-dependently decreased response
rates maintained by DTG or PRE-084, but did not affect
cocaine self-administration. Response rates maintained by
maximally effective DTG or PRE-084 doses were decreased
by oR antagonists at lower doses than those that decreased
response rates maintained by food reinforcement. Although
oR antagonists block some cocaine-induced effects, the
lack of effect on cocaine self-administration suggests that
the primary reinforcing effects of cocaine do not involve
direct effects at oRs. However, the self-administration of oR
agonists in cocaine-trained subjects, facilitation of cocaine
self-administration by oR-agonist pretreatment, and the fa-
cilitation of oR-agonist self-administration by WIN 35,428,
together suggest enhanced abuse-related effects resulting
from concomitant dopaminergically mediated actions and
oR-mediated actions of the drugs.

Interactions between cocaine and o-receptor (¢R) ligands
have been well documented. For example, the R antago-
nists, BMY 14802 and rimcazole, antagonized the locomo-
tor-stimulant effects of cocaine at doses that were inactive
when given alone, suggesting a specific antagonist effect
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(Menkel et al., 1991). Several other ¢R antagonists have
been reported to block cocaine’s locomotor-stimulant effects
(Witkin et al., 1993; McCracken et al., 1999; Matsumoto et al.,
2001), as well as its acute toxic effects (Matsumoto et al., 2003).
Furthermore, an antisense oligodeoxynucleotide directed
against oRs attenuated the locomotor and toxic effects of co-
caine (Matsumoto et al., 2003), and oR agonists potentiated the
acute toxicity of cocaine (Matsumoto et al., 2001).
Interactions of oR ligands with effects of cocaine related to
reinforcement have been more complex. Several studies re-
ported dose-dependent antagonism of cocaine-induced place
conditioning in mice by the oR antagonists, BD 1047 and
NE-100 (Romieu et al., 2000, 2002). However, BD 1047 failed

ABBREVIATIONS: oR, o-receptor; o4R, o;-receptor; o,R, o,-receptor; inj, injection; BD 1008, N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(1-

pyrrolidinyl)ethylamine dihydrobromide;

BD 1047, N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(dimethylamino)ethylamine dihydrobromide;

BD 1063, 1-[2-(3,4-dichlorophenyl)ethyl]-4-methylpiperazine dihydrochloride; DTG, 1,3-di-(2-tolyl)guanidine; PRE-084, 2-(4-morpholinethyl)
1-phenylcyclohexane-1-carboxylate hydrochloride; SKF 10,047, N-allylnormetazocine hydrochloride; WIN 35,428, (-)-23-carbomethoxy-33-(4-
fluorophenyl)tropane tartrate; BMY 14802, «-(4-fluorophenyl)-4-(5-fluoro-2-pyrimidinyl)-1-piperazine-butanol; NE-100, N,N-dipropyl-2-[4-me-
thoxy-3-(2-phenylethoxy)phenyllethylamine; NPC 16377, 6-[6-(4-hydroxypiperidinyl)hexyloxy]-3-methylflavone hydrochloride; (+)-3-PPP, (+)-3-
(8-hydroxyphenyl-N-(1-propyl)piperidine; ANOVA, analysis of variance; EXT, extinction; FR, fixed ratio; LED, light-emitting diode.
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to substantially affect rates of cocaine (0.25 mg i.v.) self-
administration in rats (Martin-Fardon et al., 2007). In the
same study, responding was established with food or cocaine
reinforcement under one set of stimulus conditions, and ex-
tinguished under another. Subsequent restoration of the
original stimulus conditions under extinction increased rates
of responding (reinstatement). Doses of 20 or 30 mg/kg BD
1047 attenuated the reinstatement of responding previously
maintained by cocaine or food, respectively (Martin-Fardon
et al., 2007). The modest preferential effect of BD 1047 on
cocaine reinstatement might suggest a role for cRs in the
abuse-related effects of cocaine, but the direct effects of BD
1047 on cocaine self-administration do not.

Other studies suggest a role of ¢Rs in adaptations to re-
peated cocaine or methamphetamine. Such treatment pro-
duced a sensitization to locomotor-stimulant effects that was
blocked by coadministration of cR antagonists (Ujike et al.,
1992a; Witkin et al., 1993). Moreover, response-contingent
(self-administration) methamphetamine produced an up-reg-
ulation of oR protein in the midbrain and altered levels of cR
mRNA in the frontal cortex and hippocampus of rats, effects
not obtained in rats that received the drug noncontingently
(yoked controls), or those that received saline (Stefanski et
al., 2004). However, in another study, noncontingent cocaine
up-regulated oR expression, and the oR antagonist, BD 1063,
blocked that up-regulation (Liu and Matsumoto, 2008).

Consistent with the modulation of the behavioral effects of
cocaine by drugs acting at oRs are several reports of a regu-
lation of dopaminergic actions by oRs. For example, the do-
paminergic agonist, apomorphine, suppressed the firing of
both A9 and A10 dopamine neurons, an effect reversed by the
oR antagonist, BMY 14802 (Wachtel and White, 1988). Fur-
thermore, oR agonists increased stimulated dopamine re-
lease (Gonzalez-Alvear and Werling, 1994), an effect medi-
ated by protein kinase C (Nuwayhid and Werling, 2003).
These and similar findings suggest the modulation of dopa-
mine neurotransmission by the oR system (see Matsumoto et
al., 2003, for a review).

The affinity of cocaine for oRs in radioligand-binding stud-
ies is approximately 50-fold less than that for the dopamine
transporter (Cao et al., 2003), cocaine’s primary target. Shar-
key et al. (1988) suggested a mediation of cocaine’s high-dose
effects by oRs, which is consistent with the observed oR
involvement in the acute toxic effects of cocaine. However,
they also argue that a direct involvement of oRs in reinforc-
ing effects of cocaine is unlikely because the reinforcing po-
tencies of cocaine analogs do not correlate with their affini-
ties for the oR. Consistent with that view are findings that
oR agonists are ineffective in producing place conditioning
(Romieu et al., 2002) and do not substitute for cocaine in
subjects trained to discriminate cocaine from saline injec-
tions (Ukai et al., 1997). However, Maurice et al. (2002)
suggested a mediation of reinforcing effects of cocaine by oRs,
based on the antagonism of cocaine-induced place condition-
ing by oR antagonists.

In the course of studies on the role of the oR in the rein-
forcing effects of cocaine, we found oR agonists to produce a
leftward shift in the cocaine self-administration dose-effect
curve. Those findings led to the assessment of the reinforcing
effects of oR agonists, and a further comparison of the effects
of R agonists and antagonists in rats self-administering
cocaine or oR agonists. In the process we found reinforcing

effects of the oR agonists, 1,3-di-(2-tolyl)guanidine (DTG)
and PRE-084, and compared the pharmacology of cocaine
and oR agonist self-administration. The findings support an
important role of oRs in the reinforcing effects of drugs, and
previous suggestions for the development of drugs targeting
oRs as medications for cocaine dependence.

Materials and Methods

Subjects. Twenty-seven male Sprague-Dawley rats (weighing ap-
proximately 300 g at the start of the study), obtained from Charles
River Laboratories (Wilmington, MA), served as subjects after accli-
mation to the laboratory for at least one week. Subjects were used as
the patency of catheters allowed, and replaced thereafter. Food
(Scored Bacon Lover Treats; Bio-Serv, Frenchtown, NJ) and tap
water were available in their home cages. After acclimation, weights
of rats were maintained at approximately 320 g by adjusting their
daily food ration. The animal-housing room was temperature- and
humidity-controlled and maintained on a 12:12-h light/dark cycle
with lights on at 7:00 AM. Care of the subjects was in accordance
with the guidelines of the National Institutes of Health and the
National Institute on Drug Abuse Intramural Research Program
Animal Care and Use Program, which is fully accredited by AAALAC
International.

Apparatus. Experimental sessions were conducted with animals
placed in operant-conditioning chambers (modified ENV-203; MED
Associates, St. Albans, VT) that measured 25.5 X 32.05 X 25.0 cm,
and were enclosed within sound-attenuating cubicles equipped with
a fan for ventilation and white noise to mask extraneous sounds. On
the front wall of each chamber were two response levers, 5.0 cm from
the midline and 4.0 cm above the grid floor. A downward displace-
ment of a lever with a force approximating 20 g defined a response,
which always activated a relay mounted behind the front wall of the
chamber producing an audible “feedback” click. Three light-emitting
diodes (LEDs) were located in a row above each lever. A receptacle
for the delivery of food pellets was mounted on the midline of the
front wall between the two levers and 2.0 cm above the floor. A
syringe infusion pump (model 22; Harvard Apparatus, Holliston,
MA) placed above each chamber delivered injections of specified
volumes and durations from a 10-ml syringe. The syringe was con-
nected by Tygon tubing to a single-channel fluid swivel (375 Series
Single Channel Swivels; Instech Laboratories, Inc., Plymouth Meet-
ing, PA) that was mounted on a balance arm above the chamber.
Tygon tubing from the swivel to the subject’s catheter was protected
by a surrounding metal spring and completed the connection to the
subject.

Procedures. Subjects were placed in chambers daily for experi-
mental sessions, after which they were returned to their cages in the
animal-housing room. During sessions subjects were initially trained
with food reinforcement (45-mg food pellets; Bio-Serv) to press the
right lever under a fixed-ratio (FR) 5-response schedule of reinforce-
ment (each fifth response produced a food pellet). Food deliveries
were followed by a 20-s time-out period during which responses had
no scheduled consequences. During this training, sessions lasted for
20 min or until 30 food pellets were delivered.

After subjects were responding at a rate sufficiently high that they
obtained 30 food pellets within each of three consecutive sessions,
they were assigned to two groups. One group continued with food
reinforcement, whereas subjects in the other group were surgically
implanted in the right external jugular vein with a chronic indwell-
ing catheter that exited at the mid-scapular region of the animal’s
back. Catheter implantation was performed under anesthesia (ket-
amine 60.0 mg/kg i.p. and xylazine 12.0 mg/kg i.p.). Catheters were
infused daily with 0.1 ml of a sterile saline solution containing
heparin (30.0 IU/ml) and penicillin G potassium (250,000 IU/ml) to
minimize the likelihood of infection and the formation of clots or
fibroids. All animals were allowed to recover from surgery for ap-



proximately 7 days before cocaine self-administration studies were
initiated.

Cocaine self-administration sessions were conducted in 2-h daily
sessions until cocaine self-administration was trained and stable.
During these sessions, the LEDs above the right lever were illumi-
nated when cocaine injections were available. Completion of five
responses turned off the LEDs and activated the infusion pump,
delivering a dose of 1.0 mg/kg. A 20-s time-out period, during which
LEDs were off and responding had no scheduled consequences,
started with the injection. After the time out, the LEDs were illumi-
nated and responding again had scheduled consequences. Responses
on the left lever at all times, and on the right lever during time-out
periods, were recorded but (except as noted below) had no scheduled
consequences; these data are not presented. Once rates of responding
maintained by cocaine were relatively consistent from one session to
the next, the session was divided into five 20-min components, each
preceded by a 2-min time-out period. This arrangement allowed the
assessment of a range of cocaine doses in a single session. By adjust-
ing infusion volumes and durations, the cocaine dose per injection
was incremented in the five sequential components in an ascending
dose-order as follows: no injection (also referred to as extinction, or
EXT, because responses had no scheduled consequences), 0.03, 0.10,
0.32, and 1.0 mg/kg/inj. Infusion volumes and durations were, re-
spectively, 0, 5.6, 18.0, 56.0, and 180 pl and 0, 0.32, 1.0, 3.2, and
10.0 s, based on a body weight of 0.32 kg. A sample injection of
cocaine at the corresponding dose occurred independently of re-
sponding at the end of the time-out period that preceded each com-
ponent. Training continued until: 1) at least 5.0 mg/kg cocaine was
self-administered within a session with less than 20% variation in
the total number of cocaine injections compared with the previous
session; 2) the dose of cocaine that maintained maximal response
rates varied by no more than one-half log unit over two consecutive
test sessions; and 3) maximum response rates were at least 5-fold
higher than response rates maintained during EXT. The effects of
substitution of other drugs for cocaine or presession treatments on
cocaine self-administration were separated by a minimum of 72 h,
and were conducted only if performances met the training criteria.
All of the tests were conducted with a mixed order of drugs and
doses.

The schedule of food reinforcement was also modified as in the
present studies of cocaine self-administration. Under this modified
procedure, the experimental session was separated into five sequen-
tial 20-min components, each preceded by a 2-min time-out period.
The first of the five components was EXT (no food available), with an
FR 5 schedule of food delivery in effect in the subsequent four
components. Under these conditions, response rates maintained by
food were higher than those maintained by cocaine. Because differ-
ences in control response rates can influence the effects of drug
treatments, subjects were given their daily (~15 g) ration of food
(Harlan Rodent Chow; Harlan, Indianapolis, IN) 60 min before ses-
sions, which decreased their response rates. As a result, none of
control response rates maintained by injections of cocaine, DTG,
PRE-084, or food presentation were significantly different (p =
0.255, one-way ANOVA).

Once performances were stable across successive sessions, as ev-
idenced by a lack of significant trends in response rates, the effects
of substitutions for cocaine of the oR agonists DTG (0.1-3.2 mg/kg/inj
i.v.) or PRE-084 (0.032-1.0 mg/kg/inj i.v.) or the oR antagonists, BD
1008, BD 1047, and BD 1063 (0.1-3.2 mg/kg/inj i.v. each) were also
assessed with a minimum of 72 h between treatments. In addition,
the effects of presession intraperitoneal injections of the oR agonists
or antagonists on the response rates maintained by cocaine injection
or food presentation were assessed. Finally, the effects of presession
intraperitoneal injections of the oR antagonists or the dopamine
uptake inhibitor, WIN 35,428, on the response rates maintained by
DTG and PRE-084 injection were also assessed. The dose ranges
examined are shown in the figures.
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Drugs. The drugs used in the present study were as follows:
(—)-cocaine hydrochloride (Sigma-Aldrich, St. Louis, MO), DTG (Toc-
ris Bioscience, Ballwin, MO), PRE-084 (Tocris Bioscience), BD 1008
(Tocris Bioscience), BD 1047 (Tocris Bioscience), BD 1063 (Tocris
Bioscience), and WIN 35,428 (National Institute on Drug Abuse,
Drug Supply Program). All drug solutions, with the exception of DTG
(initially dissolved in 1 N HCI and neutralized with 1 N NaOH), were
prepared fresh daily in 0.9% NaCl, and administered intravenously
(self-administration). Self-administration of the test drugs was as-
sessed with intravenous delivery of injections, whereas all drug
pretreatments were administered intraperitoneally. DTG and PRE-
084 were administered at 30 min before sessions. BD 1008, BD 1063,
and WIN 35,428 were administered at 5 min before sessions. BD
1047 was administered at 15 min before sessions. Pretreatment
times and doses of drugs used in the present study were chosen
based on published reports (McCracken et al., 1999; Romieu et al.,
2002) or preliminary data obtained in this laboratory.

Data Analysis. Response rates were determined by dividing re-
sponses by elapsed time in each component, excluding time-outs
after injections or food presentations. Average values across six
subjects and S.E.M. are presented below. The significance of effects
on response rates was assessed by ANOVA. A Dunnett’s post hoc test
was used to compare self-administered doses of cocaine, DTG, or
PRE-084 with no injection. For studies of previous drug treatments
on self-administration of cocaine or a oR agonist, a post hoc Bonfer-
roni ¢t test was used for all pairwise comparisons. To determine
whether there was a difference in effects of cocaine compared with
saline self-administration, a two-way, repeated-measures ANOVA
was used (factors were component and substance injected: cocaine or
saline). A one-way, repeated-measures ANOVA was used to assess
the effects of successive components in the substitution for cocaine of
the test drugs. A two-way ANOVA was used to assess the effects of
presession treatments of the test drugs on cocaine self-administra-
tion, and for the comparison of effects of drug pretreatments on
responding maintained by drug injection or food reinforcement.

For the comparison of the effects of drug pretreatments, the max-
imal response rates maintained by drug injection were compared
with rates of responding maintained by food reinforcement (ex-
pressed as a percentage of control values). Effects on rates of re-
sponding maintained by food reinforcement during the fourth com-
ponent of the session, corresponding to the component in which
maximal response rates were maintained by drug injection, were
used for this comparison. Dose-effect functions for the oR ligands
were analyzed by use of ANOVA and linear regression techniques.
From this analysis, ED;, values and their 95% confidence limits were
derived from data by use of the linear portions of the dose-effect curves.
For all analyses, the criterion for significance was set at p < 0.05.

Results

Performances maintained by cocaine were similar to those
reported previously under FR schedules with various rein-
forcers; a brief pause was followed by a sequence of five
responses made in rapid succession producing the injection
(representative records of cumulative responding are shown
in Fig. 1, top left, inset labeled a). Responses were rarely
emitted on the inactive lever (vertical marks on the line
below cumulative curve), or during the 2-min time-out peri-
ods between components with incrementing dose (lower
event line displaced upward). During the EXT component, no
injections were delivered and response rates were low and
emitted in a pattern resembling the FR pattern. As dose of
cocaine increased, response rates increased and pauses de-
creased. The highest rate of responding was obtained in the
fourth component in which injections of 0.32 mg/kg/inj were
available. When saline injections were available in the sec-



518

Hiranita et al.

Cocaine

Cocaine with 32 mg/kg BD 1008 before

1.0
1 | M M I | 1 M M M M |
DTG with 10 mg/kg BD 1008 before
EXT 0.1 0.32 1.0 3.2
1 il I M I |

PRE-084

100 Reseponses

PRE-084 with 10.0 mg/kg BD 1008 before

DTG with 3.2 mg/kg BD 1047 before

30 Minutes

Fig. 1. Representative cumulative records of self-administration maintained by intravenous cocaine injection under the fixed-ratio five-response
schedule and those obtained when oR agonists or saline were substituted for cocaine. Ordinates, cumulative responses. Abscissae, time. Each
experimental session started with a 2-min time-out period during which all LEDs over the levers were off, and responses had no scheduled
consequences (lower event line up). After the time-out (lower event line down), lights above the levers were illuminated, although responses had no
scheduled consequences (extinction, EXT) for 20 min, followed by another 2-min time-out. When the LEDs were again illuminated, each fifth response
turned off the LEDs and activated the infusion pump (diagonal marks on the cumulative record). Vertical marks on the line below the cumulative curve
indicate responses on the left (inactive) lever. A 20-s time-out period during which lights were off and responding had no scheduled consequences
followed each injection, after which the LEDs were again illuminated, and each fifth response produced an injection. During each 20-min period of drug
availability, the injection volumes were adjusted to deliver doses (in mg/kg/inj as indicated on the figure) in an ascending order. The cumulative curve

reset to the baseline at the end of the 20-min component.

ond through fifth components (Fig. 1, bottom left), responses
were never emitted at rates greater than those maintained in
EXT (first component).

The average response rates maintained were a bell-shaped
function of cocaine dose, with a maximum of 0.39 + 0.11
responses/s at 0.32 mg/kg/inj, which was approximately 10-
fold, and significantly greater than the 0.04 responses/s oc-
curring in EXT (Fig. 2A, @). One-way repeated-measures
ANOVA indicated a significant effect of component (dose or
no injection) on response rate (F, ,, = 11.5; p < 0.001). Post
hoc comparisons indicated that the 0.32 mg/kg/inj main-
tained response rates greater than those obtained in EXT,
indicative of the reinforcing effects of cocaine.

In rats trained to self-administer cocaine, DTG main-
tained responding that resembled that maintained by co-

caine in all important aspects (Fig. 1, top middle left, inset
labeled b). The highest rate of responding was maintained
at a dose of 1.0 mg/kg/inj, with lower response rates at
higher and lower doses (Fig. 2A, []). The maximal response
rates maintained, and the shape of the DTG dose-effect
curve were comparable with those for cocaine; DTG was
approximately 3-fold less potent than cocaine (Fig. 2A).
Response rates (F, 5o = 8.78, p < 0.001) were significantly
affected by dose, and post hoc tests indicated that rates
maintained by 1.0 mg/kg/inj were significantly greater
than those in EXT.

Performances maintained by PRE-084 in rats trained to
self-administer cocaine were also similar to those main-
tained by cocaine (Fig. 1, middle bottom left, inset labeled
¢). PRE-084 maintained maximal response rates compara-
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Fig. 2. Substitution of oR ligands in rats trained to self-administer
cocaine. Ordinates, responses per second. Abscissae, injection dose in
mg/kg. Each point represents the mean = S.E.M. (n = 6). A, cocaine (@),
DTG ([J), and PRE-084 (A). B, cocaine (@), BD 1008 ([]), BD 1047 (4), and
BD 1063 (O).

ble with those maintained by cocaine, and had a potency
similar to that of cocaine (Fig. 2A, A). The highest rate of
responding was maintained by 0.32 mg/kg/inj, and lower
rates were maintained at higher and lower doses. Re-
sponse rates (F, 5, = 11.0, p < 0.001) were significantly
affected by dose, and post hoc tests indicated that rates
maintained by 0.32 mg/kg/inj were significantly greater
than those in EXT.

In contrast to results with the R agonists, none of the sub-
stituted doses of any of the antagonists maintained response
rates comparable with those maintained by cocaine (Fig. 2B).
Statistically significant effects of component were obtained with
BD 1008 (F 5 = 20.0, p < 0.001), BD 1047 (F 5, = 12.0, p <
0.001), and BD 1063 (F, 5, = 2.96, p = 0.045). Post hoc tests for
BD 1063 and BD 1047 indicated that none of the response rates
with the antagonists available were significantly greater than
those obtained during the EXT component. For BD 1008, the
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only injection dose at which rates were greater than those in
EXT was 1.0 mg/kg, and at this dose rates were less than 0.005
responses per second greater than those occurring during the
EXT component.

The oR antagonists generally had no significant effects on
the self-administration of cocaine (e.g., Fig. 1, top right, and
Fig. 3). Two-way ANOVA of the effects of BD 1008 on re-
sponse rates indicated a significant effect of cocaine dose
(Fy 115 = 12.5, p < 0.001), a nonsignificant effect of preses-
sion BD 1008 treatment (F; ;,5 = 0.160, p = 0.923), and their
interaction (F5 1,5 = 0.031, p = 1.0). Likewise, the two-way
ANOVAs of the effects of BD 1047 or BD 1063 on response
rates indicated a significant effect of cocaine dose (F, ;oo =
15.9 or 13.8, respectively; p values <0.001), but effects of
neither presession treatment (F5 ;o = 0.198 or 0.188, respec-
tively, p values = 0.89) nor the interaction of ¢R antagonist
dose and cocaine dose (Fy; 190 = 0.135 or 0.087; p values =
1.0).

In contrast to their effects on cocaine self-administration,
each of the oR antagonists dose-dependently decreased re-
sponse rates maintained by DTG when it was substituted for
cocaine (Fig. 4). The decreases were expressed as a flattening
of the bell-shaped DTG dose-effect curve. At the highest
doses of the antagonists, no dose of DTG maintained respond-
ing at levels above those maintained in EXT (Fig. 4; compare
V with @). Patterns of responding maintained by DTG after
pretreatment with 10 mg/kg BD 1008 resembled those ob-
tained when saline was substituted for cocaine in all impor-
tant aspects (Fig. 1; compare records in second row). An
ANOVA of the effects on response rates of BD 1008 during
DTG self-administration indicated a significant effect of DTG
dose (Fy o = 5.11, p = 0.005), presession BD 1008 treatment
(F360 = 13.4; p < 0.001), and the interaction of the two (5 =
7.73, p < 0.001). Post hoc tests indicated that the effects of

Fig. 3. Effects of presession treatments
with oR antagonists on cocaine self-
administration. Ordinates, responses
per second. Abscissae, injection dose in
mg/kg. Each point represents the
mean +* SE.M. (n = 6). BD 1008, BD
1047, and BD 1063 were administered
intraperitoneally at 5, 15, and 5 min
before sessions, respectively. A, effects
of BD 1008 (3.2, 10, and 32 mg/kg) on
cocaine self-administration. B, effects of
BD 1047 (3.2, 10, and 32 mg/kg) on co-
caine self-administration. C, effects of
BD 1063 (3.2, 10, and 32 mg/kg) on co-
caine self-administration.

BD 1063

0 mg/kg
3.2 mglkg
10 mglkg
32 mg/kg

a4pb0Oe

| E— —

.03 0.1 032 1.0

Fig. 4. Effects of presession treatments
with oR antagonists on self-administra-
tion of DTG in rats trained to self-
administer cocaine. Ordinates, re-
sponses per second. Abscissae, injection
dose in mg/kg. Each point represents
the mean + SE.M. (n = 6). BD 1008,
BD 1047, and BD 1063 were adminis-
tered intraperitoneally at 5, 15, and 5
min before sessions, respectively. A, ef-
fects of BD 1008 (1.0, 3.2, and 10 mg/kg)
on DTG self-administration. B, effects
of BD 1047 (1.0, 3.2, and 10 mg/kg) on
DTG self-administration. C, effects of
BD 1063 (1.0, 3.2, and 10 mg/kg) on
DTG self-administration.
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3.2 and 10 mg/kg BD 1008 significantly decreased response
rates maintained by the 1.0 mg/kg/inj dose of DTG.

The antagonists, BD 1047 and BD 1063, like BD 1008,
dose-dependently decreased response rates maintained by
DTG in rats trained to self-administer cocaine (Fig. 4, B
and C, respectively, and Fig. 1, bottom right). At the 3.2
mg/kg dose of each antagonist, the maximal effect of DTG
was significantly decreased, and at the highest doses of BD
1047 and BD 1063, rates of responding were not greater
than those obtained in EXT (Fig. 4; compare V with ® and
with levels maintained in EXT). An ANOVA of the effects
on response rates of each of these drugs indicated signifi-
cant effects of DTG dose (F, ¢4, = 6.19 and 9.01, respec-
tively; p values = 0.002), of antagonist treatment (F; o =
5.82 and 8.37, respectively; p values = 0.008), and the
interaction of the two (F;, ¢o = 3.27 and 6.36, respectively;
p values = 0.001). Post hoc tests indicated that doses of 3.2
and 10 mg/kg BD 1047 significantly decreased response
rates maintained by the 1.0 mg/kg/inj dose of DTG. The
same doses of BD 1063 significantly decreased response
rates maintained by the 1.0 mg/kg/inj dose of DTG.

The substitution of PRE-084 for cocaine was also blocked
by BD 1008, which produced a dose-related flattening of the
bell-shaped PRE-084 dose-effect curve (Fig. 5A). At the high-
est dose of BD 1008, no dose of PRE-084 maintained respond-
ing at levels above those maintained in EXT (Fig. 5; compare
V with @ above EXT). Patterns of responding maintained by
PRE-084 after pretreatment with 10 mg/kg BD 1008 resem-
bled those obtained when saline was substituted for cocaine
in all important aspects (Fig. 1; compare records in third
row). The ANOVA of effects of BD 1008 on response rates
indicated a significant effect of PRE-084 dose (F, 5, = 9.09,
p < 0.001), presession BD 1008 treatment (F; ¢, = 10.3; p <
0.001), and their interaction (F;, ¢, = 8.07; p < 0.001). Post
hoc tests indicated that the effects of 3.2 and 10 mg/kg BD
1008 significantly decreased response rates maintained by
the 0.32 mg/kg/inj dose of PRE-084.

Effects of pretreatments with BD 1047 or BD 1063 on
PRE-084 self-administration when it was substituted for co-
caine were only studied at the 10 mg/kg dose (Fig. 5B).
Pretreatment with either drug decreased rates of responding

A B

08, @ OmokaBD 1008 0.8

@ Saline
O 1.0 mg/kg BD 1008

©
c 0.7 1 A 3.2mg/kg BD 1008 0.7 4 O :gm:g :x;
§ 061 v tomgkgBD1008 064 4 10moke
0 05- 0.5 -
~
§ 04 0.4 -
@ 0.3 0.3 -
8 024 0.2
[7]
® 0.1 - 0.1 - .
X g0 0.0 -

T - | e — a— |

EXT 0.03 0.1 032 1.0 EXT 0.03 0.1 032 1.0

PRE-084 Dose (mg/kg/inj)

Fig. 5. Effects of presession treatments with oR antagonists on self-
administration of PRE-084 in rats trained to self-administer cocaine.
Ordinates, responses per second. Abscissae, injection dose in mg/kg. Each
point represents the mean + S.E.M. (n = 6). BD 1008, BD 1047, and BD
1063 were administered intraperitoneally at 5, 15, and 5 min before
sessions, respectively. A, effects of BD 1008 (1.0, 3.2, and 10 mg/kg) on
PRE-084 self-administration. B, effects of BD 1047 or BD 1063 (each at 10
mg/kg) on PRE-084 self-administration.

to levels maintained in EXT. The ANOVAs for effects of BD
1047 and BD 1063 on response rates indicated significant
effects of PRE-084 dose (Fy 5, = 11.0 and 11.5, respectively; p
values < 0.001), presession oR antagonist treatment (F; 5, =
13.4 and 12.6, respectively; p values = 0.016), and significant
interactions of the two (F, 5o = 11.0 and 10.5, respectively; p
values < 0.001). Post hoc tests indicated that the effects of 10
mg/kg BD 1047 and BD 1063 significantly decreased re-
sponse rates maintained by the 0.32 mg/kg/inj dose of PRE-
084. In addition, post hoc tests indicated that the effects of
10.0 mg/kg BD 1047 and BD 1063 significantly decreased
response rates maintained by the 0.1 mg/kg/inj dose of PRE-
084.

Presession treatments with DTG or PRE-084 produced an
apparent leftward shift in the cocaine self-administration
dose-effect curve, without affecting maximal response rate
(Fig. 6A and 6B). The lowest doses were inactive, and doses of
10 and 3.2 mg/kg DTG and PRE-084, respectively, produced
shifts that approximated 3-fold. The highest doses of DTG or
PRE-084 seemed to shift the cocaine dose-effect curve further
leftward, and to produce an increase in response rates during
EXT. The ANOVA results of DTG and PRE-084 pretreat-
ments indicated significant effects of cocaine dose (Fyg, =
6.05 and 5.77, respectively; p values = 0.003); however, the
effects of the presession treatments did not achieve statisti-
cal significance (Fg 4, = 0.433 and 2.18, respectively; p val-
ues = 0.133). There were, however, significant interactions of
cocaine dose and oR agonist pretreatment (F;, 4, = 4.00 and
6.15, respectively; p values < 0.001). Post hoc tests indicated
that 32 mg/kg DTG increased response rates at a cocaine
dose per injection of 0.03 mg/kg, and 10 mg/kg DTG increased
rates at 0.1 mg/kg. In addition, at 0.32 mg/kg/inj cocaine both
10 and 32 mg/kg DTG decreased response rates. Likewise,
post hoc tests indicated that 10 mg/kg PRE-084 increased
response rates at the lowest cocaine dose per injection, and
3.2 mg/kg PRE-084 increased rates at 0.1 mg/kg/inj cocaine.
Finally, at the injection dose of cocaine that maintained the
highest response rates, both 3.2 and 10 mg/kg PRE-084 de-
creased those rates.

Presession treatments with the dopamine uptake inhibi-
tor, WIN 35,428, in rats trained to self-administer cocaine
shifted the DTG and PRE-084 self-administration dose-effect
curves leftward, without affecting maximum response rates
(Fig. 7, A and B). The leftward shifts were dose-dependent,
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o %8 DTG 081  PRE-084
0.7 1 0.7 1

5 ® 0mgkg ® 0mgkg
g 061 O 32mgkg 061 O 1.0mgkg
0 0.5+ A 10mghkg 0.5 A 3.2mgkg
g 041 V 32mg/kg 04 4 V 10 mg/kg
g 0.3 1 0.3
8 o021 0.2
B 01 lz 0.1 Z!
X oo 00

s L e a— | 2K Lo e— a—

EXT 0.03 0.1 032 1.0 EXT 0.03 0.1 032 1.0

Cocaine Dose (mg/kg/inj)

Fig. 6. Effects of presession treatments with oR agonists on cocaine
self-administration. Ordinates, responses per second. Abscissae, injection
dose in mg/kg. Each point represents the mean = S.E.M. (n = 6). Both R
agonists were administered intraperitoneally at 30 min before sessions.
A, effects of DTG (3.2, 10, and 32 mg/kg) on cocaine self-administration.
B, effects of PRE-084 (1.0, 3.2, and 10 mg/kg) on cocaine self-administra-
tion.
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Fig. 7. Effects of presession treatments with WIN 35,428 on self-admin-
istration of ocR agonists in rats trained to self-administer cocaine. Ordi-
nates, responses per second. Abscissae, injection dose in mg/kg. Each point
represents the mean * SEM. (n = 6). WIN 35,428 was administered
intraperitoneally at 5 min before sessions. A, effects of WIN 35,428 (0.1, 0.32,
and 1.0 mg/kg) on DTG self-administration. B, effects of WIN 35,428 (0.1,
0.32, and 1.0 mg/kg) on PRE-084 self-administration.

with the lowest doses inactive; doses of 0.32 and 1.0 mg/kg
WIN 35,428 shifted the dose-effect curve approximately 3-
and 10-fold to the left, respectively (Fig. 7, A and B). In
addition, at the highest dose, WIN 35,428 treatment in-
creased response rates during EXT (Fig. 7, A and B, V). A
two-way ANOVA indicated a significant effect of DTG (F, g0 =
7.07,p <0.001) and PRE-084 dose (F, ¢, = 8.35, p < 0.001), and
presession treatment dose of WIN 35,428 (F; g, = 6.84 and 10.4,
respectively; p values = 0.004), and a significant interaction of
the two (Fy5 o = 7.04 and 7.70, respectively; p values < 0.001).

The effects of the oR antagonists on the highest rates of
responding maintained by cocaine, DTG, or PRE-084 injec-
tion were compared with rates of responding in the corre-
sponding component of food reinforcement sessions. BD 1008
decreased rates of responding maintained by DTG at doses
lower than those necessary to decrease response rates main-
tained by food reinforcement (Fig. 8A, compare [] with A).
Across this same range of doses, responding maintained by
cocaine was not affected (Fig. 8A, @). The self-administration
of PRE-084 was affected at doses similar to those that de-
creased rates of responding maintained by DTG (Fig. 8A, V).
ANOVA indicated a significant effect of dose (F3¢5 = 9.38;
p < 0.001) and reinforcer (F3 g5 = 11.6; p < 0.001). Table 1
shows EDg, values for these effects indicating that BD 1008
was over 4-fold more potent against responding maintained
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by DTG and PRE-084 than against food-maintained respond-
ing.

The ¢ antagonists, BD 1047 and BD 1063, also had selec-
tive effects on responding maintained by the ¢ agonist, DTG
(Fig. 8, B and C, respectively), with decreases in rates of
responding maintained by DTG ([J) at lower doses than those
that decreased rates maintained by food (A), and little if any
effect on response rates maintained by cocaine (@). The
ANOVAs for each of these treatments indicated a significant
effect of dose for both BD 1047 and BD 1063 (F5 45 = 6.17;p =
0.001 and F3 45 = 4.09; p = 0.011, respectively). Significant
effects of reinforcer were also obtained for both drugs (F, 45 =
7.18; p = 0.002 and F 45 = 6.99; p = 0.002, respectively). BD
1063 (Fig. 8C), like BD 1008, was more potent in decreasing
responding maintained by DTG injection than it was against
responding maintained by food reinforcement. In contrast,
BD 1047 was approximately equipotent in decreasing re-
sponding maintained by the two reinforcers (Fig. 8B and
Table 1).

Discussion

The first main finding of the present study was that the cR
agonists, DTG and PRE-084, dose-dependently shifted the
cocaine self-administration dose-effect curve to the left, indi-
cating that administration of these compounds potentiates
the reinforcing effects of cocaine. Second, the cR agonists
maintained self-administration when substituted for cocaine,
indicating reinforcing effects of these compounds. Further-
more, similar to the effects of the oR agonists on cocaine
self-administration, the DA uptake inhibitor, WIN 35,428,
potentiated the reinforcing effects of the oR agonists, indi-
cating reciprocity in the potentiation. However, the oR an-
tagonists, BD 1008, BD 1047, and BD 1063, were without
effect on cocaine-maintained self-administration behavior,
but dose-dependently antagonized behavior maintained by
the oR antagonists. These effects differ from previous results
for oR ligands by use of place conditioning (see below). The
self-administration of ¢R agonists in subjects trained with
cocaine and the facilitation of that effect by dopamine uptake
inhibition suggest unique interactions between the oR and
dopaminergic system that may have important implications
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Fig. 8. Effects of presession treatments with cR antagonists on responding maintained by cocaine, PRE-084, or DTG injection or food presentation.
Ordinates, response rates as percentage of control response rates (sessions before drug tests). Abscissae, mg/kg test compounds administered
intraperitoneally, log scale. BD 1008, BD 1047, and BD 1063 were administered intraperitoneally at 5, 15, and 5 min before sessions, respectively.
Responding was from the fourth 20-min component of the session (see Materials and Methods). Each point represents the mean + S.E.M. (n = 6). Rates
of responding maintained by food reinforcement averaged 0.58 * 0.11 responses/s, whereas those maintained by cocaine, DTG, and PRE-084 averaged
0.39 + 0.10,0.39 = 0.12, and 0.43 *+ 0.12 responses/s, respectively. None of these control response rates were significantly different (p = 0.255, one-way
ANOVA).
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TABLE 1

ED,, values (in milligrams per kilogram with 95% confidence limits) for cR antagonists and agonists in decreasing rates of responding

maintained by DTG, PRE-084, cocaine, or food presentation

Treatment DTG PRE-084 Cocaine Food Presentation
BD 1008 2.88 (2.46-3.36) 2.19 (1.35-3.13) NS 13.2 (7.02-35.6)
BD 1047 9.47 (5.96-14.6) NT ND 14.3 (7.46-46.2)
BD 1063 2.95 (2.46-3.52) NT NS 15.0 (5.23-3590)

NS, nonsignificant linear regression; ND, not determined; NT, not tested.

for the abuse-related effects of cocaine (Maurice et al., 2002;
Matsumoto et al., 2003).

Reinforcing effects of oR agonists in subjects trained to
self-administer cocaine are not without precedent. Slifer and
Balster (1983) showed self-administration in rhesus monkeys
of the benzomorphans, (+)-SKF 10047 and (+)-cyclazocine,
which have well documented affinities for cRs. However,
these benzomorphans also have affinities for phencyclidine
binding sites on N-methyl-p-aspartate receptors, which are
only 4- to 5-fold lower than their oR affinities (Su, 1993). The
present reinforcing effects of the oR agonists, PRE-084 and
DTG, in rats trained to self-administer cocaine can be more
confidently attributed to their actions at the oR. Both com-
pounds are selective for the oR over other binding sites, with
more than 200- (DTG) or 2000-fold (PRE-084) greater affinity
for oRs over N-methyl-D-aspartate receptors (Su, 1993). In
addition, the self-administration of oR agonists was blocked
by BD 1008, BD 1047, and BD 1063, which are selective cR
antagonists (de Costa et al., 1992).

Subtypes of oRs have been identified, and most studies
have concentrated on a role of the o;R in altering the effects
of cocaine (see reviews cited earlier). However, several stud-
ies have also suggested a role of the o,R in modulating the
dopamine system (Nuwayhid and Werling, 2006) and the
effects of cocaine (Matsumoto and Mack, 2001). Thus, it is
possible that either ¢R subtype is involved to some degree in
the present effects. PRE-084 is selective for the o, over oy,
receptor (Maurice et al., 1999), and although the antagonist,
BD 1008, is not selective, BD 1047 and BD 1063 are approx-
imately 50-fold selective for o;Rs over o,Rs (Matsumoto et
al., 1995; McCracken et al., 1999). Thus, the substitution of
the selective agonist, PRE-084, and the antagonism of both
agonists by each of the antagonists suggests that the self-
administration of cR agonists was mediated by o;Rs.

The antagonism of DTG and PRE-084 self-administration
by oR antagonists was expressed as a downward rather than
rightward shift in the agonist dose-effect curve. The absence
of a rightward shift does not necessarily imply a noncompet-
itive interaction. When distinct mechanisms contribute to
the ascending and descending limbs of a biphasic dose-effect
curve, a downward shift is consistent with a competitive
interaction in which only the low-dose effects are antago-
nized (Bergman et al., 2000; Collins et al., 2005).

A valid oR-mediated effect in behaving animals has been
elusive (Su, 1993). Previous studies have examined the in-
duction of a dystonic torticollis resulting from microinjection
of oR ligands into the red nucleus of the rubrocerebellar
system. Among oR ligands there was a correlation between
oR-binding affinities and ED, values for producing torticol-
lis (Matsumoto et al., 1990). However, haloperidol, which in
general is considered to have antagonist effects at cRs (Ha-
yashi and Su, 2004), produced torticollis, and the ¢R agonist
(+)-3-PPP was inactive, even though the latter compound

often shows peculiar effects (Walker et al., 1988). Further-
more, the antagonism of torticollis by oR antagonists can be
unreliable (Matsumoto et al., 1995, 1996). The present re-
sults indicate that substitution in subjects trained to self-
administer cocaine could serve as a pharmacologically spe-
cific in vivo oR-agonist effect, which may facilitate the
discovery of more selective behaviorally active R agonists
and antagonists. As such, the present results have implica-
tions for previously published findings. For example, the
minimally effective antagonist dose of BD 1047 against DTG
self-administration was 3.2 mg/kg. As mentioned above, Mar-
tin-Fardon et al. (2007) found an effect on reinstatement of
cocaine self-administration at 20 mg/kg BD 1047, which is
well above the in vivo ¢R antagonist dose identified in the
present study. Thus, the effects observed by Martin-Fardon
et al. (2007) are either relatively insensitive to ¢R antago-
nism or may not be R mediated. However, a recent report by
Sabino et al. (2009) showed decreases in ethanol self-admin-
istration produced by BD 1063 at doses similar to those
shown to have in vivo oR antagonist effects in the present
study.

Despite evidence for the involvement of the R in behav-
ioral effects of cocaine, the oR antagonists were inactive in
altering the self-administration of cocaine, findings that ex-
tend those reported previously (Martin-Fardon et al., 2007).
That lack of activity against cocaine self-administration con-
trasts with the dose-dependent blockade by ¢R antagonists of
cocaine-induced place conditioning in mice (Romieu et al.,
2000, 2002), another procedure used to assess (albeit indi-
rectly) reinforcing effects. Furthermore, the cR-agonist sub-
stitution for cocaine in the present study contrasts with pre-
vious findings that the R agonists, igmesine and PRE-084,
did not produce significant place conditioning (Romieu et al.,
2002). These seemingly disparate findings in procedures as-
sessing reinforcing effects highlight the important consider-
ation that different drug effects can be expressed depending
on the environmental circumstances (the details of the be-
havioral procedures). The behaviors expressed in self-admin-
istration, place-conditioning, and other procedures are a
function of incompletely overlapping sets of variables, and as
such, drugs can have quite different effects that depend on
the conditions of the study.

One possibly important condition of the present study is
the history of the subject. Whether R agonists have rein-
forcing effects in subjects not previously exposed to cocaine is
currently under study in our laboratory. Several studies have
indicated that a history of cocaine exposure changes param-
eters of the oR system. For example, Ujike and colleagues
(Ujike et al., 1992a,b) showed that daily injections of cocaine
or methamphetamine in rats produced an increase in the
stereotyped behavioral response to the oR agonist (+)-3-PPP
as well as sensitization to the stimulant drugs. That sensiti-
zation can be blocked by cotreatment with the oR antago-



nists, BMY 14802, rimcazole (Ujike et al., 1992a, 1996), or
the flavone-derivative oR antagonist, NPC 16377 (Witkin et
al., 1993). More recently, Liu et al. (2005) and Liu and Ma-
tsumoto (2008) reported that treatment with cocaine up-
regulated several immediate early genes, among them fra-2
and o;R genes, and protein levels. Those effects were pre-
vented by coadministration of BD 1063. Furthermore, the
changes in fra-2 and o,R expression corresponded with in-
creases in the behavioral sensitization resulting from re-
peated cocaine and were also blocked by BD 1063.

In the present study, a dopamine uptake inhibitor WIN
35,428 shifted the dose-effect curves for the ¢R agonists to
the left, suggesting that elevated dopamine facilitates these
oR agonist actions. In addition, the oR agonists similarly
shifted the cocaine self-administration dose-effect curve left-
ward. Mechanisms for these reciprocal effects are not cur-
rently clear. Su and Hayashi (2001) have pointed out that the
indirect agonist actions induced by dopamine uptake inhibi-
tors mediated by dopamine D1-like, possibly D5, receptors
(Undie et al., 2000; Sahu et al., 2009) will activate phospho-
lipase C, which increases intracellular inositol 1,4,5-triphos-
phate and, in turn, increases Ca®?" efflux from the endoplas-
mic reticulum. Agonist actions at o;Rs can produce a
dissociation of the oR-ankyrin complex (Hayashi and Su,
2001) from inositol 1,4,5-triphosphate receptors enhancing
binding of inositol 1,4,5-triphosphate to its receptor and fur-
ther increasing calcium signaling. Thus, through actions me-
diated by dopamine D1-like receptors, indirect dopaminergic
agonists and oR agonists may have synergistic effects on
intracellular calcium signaling. These synergistic effects may
contribute to the reciprocal facilitation of self-administration
of oR agonists and DA uptake inhibitors.

The wide distribution of oR throughout the CNS, and the
involvement of oRs in a variety of disease states have been
detailed (Maurice and Su, 2009). That distribution and wide-
spread involvement may portend a lack of specificity that
may ultimately limit the therapeutic utility of oR ligands for
a particular indication. However, although ocR antagonists
alone may not be effective in blocking the primary reinforcing
effects of cocaine, they are effective in modulating other
effects of cocaine, such as those involved in stimulus-drug
conditioning that is fundamental to place conditioning. The
present findings suggest further that, although oR antago-
nism alone will not appreciably blunt the direct reinforcing
effects of cocaine, a treatment strategy directed at dopamine
transport mechanisms along with intracellular calcium sig-
naling may constitute a combined dual targeting that has
greater efficacy than targeting either single mechanism
alone.
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