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Abstract

Rationale Animal research has demonstrated a role of dopa-
mine D1 and D3 receptors in cocaine reward and seeking.
Purpose and methods Here, we investigated the potential in-
teraction of these two dopamine receptors in cue-induced re-
instatement of cocaine seeking, cocaine conditioned place
preference (CPP), and cocaine self-administration in rats.
Results The co-administration of a D3 receptor antagonist,
NGB 2904 and a D1 partial agonist, SKF 77434, of doses
which when administered individually produced no signifi-
cant effects, prior to reinstatement or CPP tests significantly
reduced lever pressing and time spent in the cocaine-paired
environment, suggesting synergistic effects of the combined
compounds on cocaine seeking. When given to rats self-
administering cocaine under a progressive ratio schedule of
reinforcement doses of NGB 2904 which were ineffective
alone significantly enhanced the break point-reducing effects
of SKF 77434.

< R. Ranaldi
Robert.Ranaldi@qc.cuny.edu

Neuropsychology Doctoral Program, The Graduate Center of the
City University of New York, New York, NY 10016, USA

Department of Chemistry, Hunter College, City University of New
York, 695 Park Avenue, New York, NY 10065, USA

Program in Chemistry, The Graduate Center of the City University of
New York, New York, NY 10016, USA

Program in Biochemistry, The Graduate Center of the City
University of New York, New York, NY 10016, USA

Department of Psychology, Queens College, City University of New
York, 65-30 Kissena Blvd, Flushing, NY 11367, USA

Psychology Department, Queens College, 65-30 Kissena Blvd,
Flushing, NY 11367, USA

Conclusions Our results indicate that the combined treatment
with a D1 receptor partial agonist and D3 receptor antagonist
produces robust decreases in cocaine seeking and reward. This
suggests an interaction between dopamine D1 and D3 recep-
tors in cocaine-related behaviors.
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Introduction

A hallmark of cocaine addiction is that addicts experience
intense craving making them susceptible to relapse, even after
prolonged abstinence. Drug and drug cues can induce craving
and precipitate relapse (Ehrman et al. 1992; Jaffe et al. 1989)
by activating the mesolimbic dopamine (DA) system
(Childress et al. 1999). This system’s biggest dopaminergic
projections reach the nucleus accumbens (NAcc) (Fallon and
Moore 1978), a region populated by medium spiny neurons
with a dense expression of DA receptors (Weiner et al. 1991).
In the NAcc, D1-like receptors are localized to GABAergic
substance P-dynorphinergic medium spiny neurons (Le
Moine et al. 1991) and have the ability to activate the second
messenger enzyme, adenylyl cyclase, by coupling to G-
protein G,. D2-like receptors are localized to GABAergic
enkephalinergic neurons (Le Moine and Bloch 1991) and
can inhibit adenylyl cyclase by coupling to G-protein G;. In
the striatum, D3 receptors are more concentrated in the shell of
the NAcc and Islands of Calleja (Bouthenet et al. 1991; Diaz
et al. 1994), where they are primarily found on GABAergic
substance P-dynorphinergic neurons.

Interestingly, D1 receptors (D1Rs) and D3 receptors
(D3Rs) are often co-localized on the same medium spiny
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neurons (Le Moine and Bloch 1996; Surmeier et al. 1996).
These two receptors can interact at the physical level by
forming heteromers that bring the two receptors together
(Marcellino et al. 2008) and at the functional level by promot-
ing changes in their ability to bind ligands and modulate in-
tracellular signaling cascades. D3R stimulation potentiates the
affinity of D1R agonists to their receptors and D1R-mediated
cAMP when expressed on the same neuron (Fiorentini et al.
2008; Marcellino et al. 2008). D1R repeated stimulation can
up-regulate both D1Rs and D3Rs, suggesting an interaction
between the two receptors (Bordet et al. 1997; Levavi-Sivan
et al. 1998). Of particular interest here is whether this interac-
tion is evident in cocaine reward and cue-driven behavior.

A host of pharmacological studies has demonstrated the
involvement of D1Rs and D3Rs individually in cocaine-
related behaviors. DIR and D3R antagonists can reduce co-
caine reward (Awasaki et al. 1997; Galaj et al. 2014a;
McGregor and Roberts 1993; Xi et al. 2006) and reinstatement
of cocaine seeking (Alleweireldt et al. 2002; Anderson et al.
2003; Capriles et al. 2003; Cervo et al. 2007; Galaj et al.
2014a; Vorel et al. 2002; Xi et al. 2004). In addition, D1Rs
or D3Rs play a role in cocaine conditioned place preference
(CPP) (Cervo et al. 2005; Hachimine et al. 2014; Nazarian
et al. 2004; Sanchez et al. 2003).

Although a vast number of studies have demonstrated in-
dependent roles of D1Rs and D3Rs in cocaine-related behav-
iors, only a few have analyzed D1R-D3R interactions at a
behavioral level. Genetically modified mice lacking both
D1Rs and D3Rs showed a lack of cocaine CPP and enhanced
spontaneous locomotor activity (Karasinska et al. 2005). In
another study, the D3R agonist, PD 128907, potentiated D1-
receptor mediated locomotor activity, an effect that was
counteracted by D3R antagonism (Marcellino et al. 2008).
Thus, co-localization of D1Rs and D3Rs appears to be impor-
tant in regulating striatal behavioral functions.

Although animal research with D1R antagonists and full
agonists has been promising, clinical trials with these agents
have had limited success (Haney et al. 1999; Nann-Vernotica
etal. 2001). This has led to some attention paid to D1R partial
agonists as potential pharmacotherapeutic candidates. D1R
partial agonists function as D1R antagonists under conditions
of high dopamine levels such as in the presence of cocaine or
cocaine cues and they can reduce cocaine-related behaviors.
DIR partial agonists alter cocaine self-administration (Caine
et al. 1999; Katz and Witkin 1992; Mutschler and Bergman
2002; Platt et al. 2001; Spealman et al. 1997). Also, compared
to traditional DIR and D2R antagonists (Lublin et al. 1993;
Peacock et al. 1999) D1R partial agonists produce milder ex-
trapyramidal side effects (Platt et al. 2000) and, unlike DIR
full agonists that are readily self-administered (Self et al.
1996; Weed et al. 1993), DIR partial agonists exhibit lower
abuse potential [(Grech et al. 1996; Weed and Woolverton
1995) but see (Self and Stein 1992)]. Thus, because of the
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interest in D1R partial agonism, it would be interesting to
investigate whether the effects of D1R partial agonism is mod-
ulated by action at D3Rs.

Given the D1R and D3R co-localization and heteromers in
the NAcc and the independent involvements of these receptors
in cocaine-related behavior, we were interested in understand-
ing the D1R-D3R interaction in cocaine reward and seeking.
In the present study, we investigated whether the combination
of the DA DIR partial agonist, SKF 77434, and the D3R
antagonist, NGB 2904, would interact on cocaine self-
administration under a progressive ratio (PR) schedule of re-
inforcement, cue-induced reinstatement of cocaine seeking
and cocaine CPP. SKF 77434 is a DIR selective ligand with
nanomolar K; values of 10.5 and 1000 at DIR and D2R,
respectively, and no affinity at other dopamine receptors
(Neumeyer et al. 2003). NGB 2904 is a D3R selective com-
pound, with >100-fold selectivity versus other dopamine re-
ceptors: K; (nM) values of >10,000 (D1R), 217 (D2R), 1.4
(D3R), >5000 (D4R), and >10,000 (D5R) (Yuan et al. 1998).

Methods
Subjects

Animal housing and care conditions were consistent with
those specified by the Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal
Resources on Life Sciences, National Research Council,
2011). The protocols used in the present experiments were
approved by the Queens College Institutional Animal Care
and Use Committee.

Subjects consisted of facility-bred, male Long Evans rats;
breeders were obtained from Charles River Laboratories
(Kingston, NY, USA). All animals were housed individually
and maintained on a reversed 12:12 h light/dark cycle (lights
turned off at 1 PM). Rats weighed between 350 and 450 g and
had free access to food and water.

Surgery

Rats were surgically implanted with an indwelling L. V. cathe-
ter under sodium pentobarbital (65 mg/kg, IP) anesthesia, as
previously described (Galaj 2014a) and allowed to recover for
3 days before beginning self-administration training.
Apparatus

Self-administration chambers

Operant conditioning chambers were equipped with two re-

tractable levers, a white light above each lever and a drug line,
as previously described (Galaj et al. 2014a).
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Conditioned place preference chambers

Conditioned place preference (CPP) chambers consisted of
two compartments with distinct walls and floors, separated
by a removable partition, and equipped with photo-emitters
and detectors tracking the position of the rats. [For details see
(Galaj et al. 2014b)].

Drugs

Cocaine (a gift from NIDA) was dissolved in 0.9 % physio-
logical saline to achieve a dose of 0.75 mg/kg/injection for the
self-administration experiments and a dose of 10 mg/kg for
the CPP experiment. The selective D3R antagonist, NGB
2904 (Tocris, MO, USA), was dissolved in 10 % cyclodextrin
to achieve the doses of 0.25, 1, 2 and 4 mg/kg, and the selec-
tive DIR partial agonist, SKF 77434 (Tocris, MO, USA), was
dissolved in saline to achieve the doses of 0.5, 1, 2 and
4 mg/kg.

Procedures

Experiment 1: cue-induced reinstatement of cocaine seek-
ing Rats were trained to self-administer cocaine under a fixed
ratio 1 (FR1) schedule of reinforcement during daily 3-h ses-
sions. Responding on the active lever activated the injection
pump for 4.5 s and turned on the light above the active lever
for 20 s. During the 20-s interval, additional active lever
presses did not activate the pump. Responding on the inactive
lever was counted but had no consequences. Thirteen sessions
of stable self-administration were required before beginning
the extinction phase during which responding on either lever
produced no consequences; cocaine was not delivered, and
cocaine-related cues (light/pump activation) were not present-
ed. This phase continued until extinction criteria were met;
extinction criteria were defined as 9 or fewer lever presses
per hour and less than 21 total lever presses in a 3-h session
on the active or inactive lever for 3 consecutive sessions. Rats
were randomly allocated to experimental conditions and
treatments.

The cue-induced reinstatement test (120 min long) oc-
curred 1 day following the last extinction session. Rats were
injected with one of the doses of either SKF 77434 (15 min
prior to the test session); [vehicle (n=9),0.5(m=8),1 (n=8)
or 2 (n = 8) mg/kg], NGB 2904 (30 min prior to the test
session); [vehicle, 0.25, 1 or 2 mg/kg (n = 8 in each)] or a
combination of NGB 2904 and SKF 77434 [vehicle/vehicle
(n=9),0.25/0.5 (n = 8), 1/0.5 (n = 8) or 1/1 (n = 8) mg/kg].
Non-contingent cocaine cues (20-s light and 4.5-s syringe
pump) were presented twice, 2 min apart, at the beginning
of the reinstatement session. Active lever presses were rein-
forced with the cocaine cues (light/pump) but cocaine was not

delivered. Responding on the inactive lever produced no
consequences.

To test the possibility that effects of NGB 2904/SKF
77434 on cue-induced reinstatement were due to motor-
ic deficits, we evaluated the effects of NGB 2904/SKF
77434 (1/1 mg/kg) on lever pressing reinforced by food
pellets, a procedure that produces many times more le-
ver pressing than the reinstatement procedure. Seven
rats were trained to lever press for food under a PR
schedule of reinforcement, as described in Galaj et al.
2014a. After stable responding they were treated with
NGB 2904/SKF 77434 (1/1 mg/kg) and the number of
lever presses during 120 min, the same period of time
as in the reinstatement test, was recorded.

Experiment 2: cocaine conditioned place preference In
session 1—the pre-exposure session—rats were placed
in the CPP chamber with free access to both compart-
ments for 15 min and time spent in each compartment
was measured. Half of the rats were conditioned with
cocaine to their preferred compartment (the compartment
in which a rat spent most of its time during the pre-
exposure session) and the remaining half to the non-
preferred compartment. Prior to sessions 2, 4, 6 and 8,
rats were injected with cocaine (IP) and immediately
placed in one of the two compartments. Prior to sessions
3, 5,7 and 9, rats received saline injections (IP) and were
placed in the other compartment. Conditioning sessions
were 30 min long. The order of conditioning was
counterbalanced among rats. During session 10, rats were
tested for their CPP. Prior to the CPP test, rats were
injected with a dose of either SKF 77434 (15 min prior
to the test [vehicle, 0.5, 1 or 2 mg/kg (n = 8 in each)],
NGB 2904 (30 min prior to the test [vehicle, 0.25, 1 or
2 mg/kg (n = 8 in each)], or the combination NGB 2904/
SKF 77434 [vehicle/vehicle, 0.25/0.5 (n = 8), 1/1 (n = 8)
or 2/2 (n = 7) mg/kg]. Assignment to dose groups and
treatments was random. The dividing partition was re-
moved and rats were placed in the CPP chamber having
free access to both compartments for 15 min. Time spent
in each compartment was recorded.

Experiment 3: cocaine self-administration under a PR
schedule of reinforcement (cocaine reward) Rats were
trained to self-administer cocaine initially under a FR1 sched-
ule of reinforcement during daily 3-h sessions (as described in
experiment 1). After rats demonstrated a steady rate of self-
administration for three consecutive sessions, a PR schedule
of reinforcement was implemented during which successive
cocaine infusions required progressively more responses (i.e.,
1,2,4,6,9, 12, 15, 20, 25...) until a break point (BP) was
reached. The BP was operationally defined as the total number
of infusions earned prior to a 1-h period without an infusion.
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Once rats demonstrated a baseline BP (three consecutive BPs
that did not differ by more than two ratio steps and without
descending or ascending trends), they were tested with a dose
of either SKF 77434 [vehicle, 1, 2 or 4 mg/kg (n =9 in each)],
NGB 2904 [vehicle, 1, 2 or 4 mg/kg (n = 7 in each)] or a
combination of NGB 2904/SKF 77434 [vehicle/vehicle, 1/1,
2/2 or 4/4 mg/kg (n = 9)]. Each rat assigned to a compound
group was tested with all doses of the compound in random
order; each test occurring after baseline BP was re-established.

Data analysis For each compound/combination, the average
number of active and inactive lever presses during the first
120 min of the last three extinction sessions and the num-
ber of active and inactive lever presses during the 120-min
reinstatement test were compared using a separate three-
way analysis of variance (ANOVA) [phase (extinction/rein-
statement) and lever as repeated measures factors and dose
as a between-groups factor]. A significant three-way inter-
action was followed by dose x phase interaction compari-
sons at each level of lever and by tests of simple effects of
dose at each level of phase. Tests of simple effects of lever
at each level of phase were also used to determine rein-
statement effects on active lever responding. In the experi-
ment addressing potential motoric deficits, rats treated with
the 1/1 mg/kg dose of NGB 2904/SKF 77434 prior to lever
pressing for food were compared on lever presses with the
vehicle-treated group in the reinstatement experiment using
a between-groups ¢ test.

In experiment 2, three separate two-way ANOVAs
with dose as a between-groups factor and phase (pre-
exposure vs preference test) as a repeated measures fac-
tor were used to analyze the time spent in the cocaine
compartment during the pre-exposure and test sessions
for each dose group in each compound condition (SKF
77434, NGB 2904, and NGB 2904/SKF 77434). A sig-
nificant interaction was followed by tests of simple ef-
fects of phase at each level of dose.

In experiment 3, for each compound condition BPs
reached during the test session were compared to the base-
line BPs for all doses using a two-way ANOVA with dose
as a between-groups factor and phase as a repeated mea-
sures factor. Significant interactions were followed by tests
of simple effects of phase at each dose.

Results

Experiment 1: cue-induced reinstatement of cocaine
seeking

Total number of cocaine infusions during the self-administration

phase in rats grouped according to the eventual treatment and
doses they would receive ranged from 555.78 (£26.44) to 648.75
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(£44.23). A two-way ANOVA with eventual treatment and even-
tual treatment dose as between-groups factors revealed no signif-
icant interaction or treatment or dose main effects. During extinc-
tion, responding on the active lever was similar among all
dose/compound groups with slightly higher pressing on the ac-
tive than inactive levers in all dose/compound groups (Fig. 1a, b
and c, left panels). In all dose/compound groups, responding
increased in the reinstatement test compared to extinction ses-
sions and the increases on the active lever were greater than on
the inactive lever. Rats treated with 0.25, 1 or 2 mg/kg of NGB
2904 showed a slight, but not significant, reduction in responding
on the active lever as compared to NGB 2904 vehicle group
(Fig. 1a, right panel). Responding on the inactive lever during
the reinstatement test was similar in all NGB 2904 dose groups.
Statistical analysis with a three-way ANOVA revealed a signifi-
cant phase x lever interaction, regardless of the dose group
[F(1,28) = 39.72, p < .001]. Simple effects of lever at each level
of phase revealed a significant lever effect only during the rein-
statement test [F(1,28) = 88.7, p < .001].

Similarly, during the reinstatement test rats treated with
SKF 77434 showed a slight, but not significant, reduction in
active lever presses as compared to the vehicle group (Fig. 1b,
right panel). Responding on the inactive lever during the re-
instatement test was similar in all SKF 77434 dose groups. A
three-way ANOVA revealed a significant phase x lever inter-
action, regardless of the dose group [F(1,29) = 86.39,
p < .001]. Simple effects of lever at each phase revealed a
significant lever effect during the reinstatement test
[F(1,29) = 180.6, p < .001] but not extinction.

Rats treated with the combination of NGB 2904 and
SKF 77434 showed much greater, dose-related reduc-
tions in active lever pressing than those treated with
either compound alone (Fig. lc, right panel). A three-
way ANOVA revealed a significant phase x lever x
dose interaction [F(3,29) = 5.34, p < .01]. Phase x dose
interaction comparisons at each level of lever revealed a
significant phase x dose interaction for the active lever
[F(3,29) = 186.89, p < .001] but not for the inactive
lever. Tests of simple effect of dose on active lever at
each phase revealed a significant dose effect during the
reinstatement test [F(3,29) = 44.17, p < .001]. Dunnett’s
tests confirmed that the combinations of 1/0.5 and
1/1 mg/kg of NGB 2904/SKF 77434 were significantly
different from the NGB 2904/SKF 77434 vehicle group
in active lever pressing (ps < .05).

To address the possibility of motoric incapacitation due
to the combined treatment, we tested this treatment in rats
responding for food under a PR schedule of reinforcement.
Rats treated with the 1/1 mg/kg of NGB 2904/SKF 77434
emitted on average 184.57 (£ 44.73) lever presses, demon-
strating that they could make at least as many, and in fact
many times more, lever presses than the vehicle-treated
group (63.44 + 10.54) in the reinstatement experiment
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4 Fig. 1 Mean (= SEM) number of presses on the active and inactive
levers averaged across the last three extinction sessions (left panels; in
rats grouped by the compound (SKF 77434, NGB 2904 or a combination
of the two and the dose that they would eventually be treated with during
the cue-induced reinstatement test) and during the cue-induced
reinstatement test (right panels) for all dose and combination groups.
Animals treated with a NGB 2904, b SKF 77434 or ¢ combined NGB
2904/SKF 77434 prior to the start of the reinstatement test. Asterisk
represents active lever pressing significantly different from vehicle at
p < .05

during a similar 120-min period (data not shown). A
between-groups ¢ test showed a significant difference in
lever pressing between the groups [#(14) = —2.96, p < .01].

Experiment 2: cocaine conditioned place preference

During the pre-exposure session, all groups that would later be
treated with one of the doses of SKF 77434, NGB 2904 or the
combination of the two spent similar amounts of time in the
CPP compartment that would later be paired with cocaine.
Rats treated with NGB 2904 prior to the test session spent
more time in the cocaine-paired compartment during the test
session than they did during the pre-exposure session, regard-
less of the dose they were treated with (Fig. 2, left panel). A
similar pattern was observed in rats treated with SKF 77434
such that rats treated with one of the SKF 77434 doses prior to
the test session spent more time in the cocaine-paired com-
partment than they did during the pre-exposure session (Fig. 2,
middle panel). Two separate two-way ANOVAs revealed a sig-
nificant phase effect for NGB 2904 [F(1,28) = 85.03, p < .001]
and for SKF 77434 [F(1,28) = 63.58, p < .05], but no dose x
phase interactions for either.

For the combined treatments groups, rats treated with 0/0
or 0.25/0.5 mg/kg of NGB 2904/SKF 77434 spent more time
in the cocaine-paired compartment during the test than they
did during the pre-exposure sessions but rats treated with 1/1
or 2/2 mg/kg of NGB 2904/SKF 77434 spent as much time in
the cocaine side during the test as they did during pre-
exposure (Fig. 2, right panel). A two-way ANOVA revealed
a significant dose x phase interaction [F(3,29) =4.02, p < .05]
and tests of simple effects of phase at each level of dose re-
vealed phase effects only for the vehicle/vehicle and 0.25/
0.5 mg NGB 2904/SKF 77434 groups [F(1,29) = 18.92,
p <.01 and F(1,29) = 6.81, p < .05, respectively].

Experiment 3: cocaine self-administration under a PR
schedule (cocaine reward)

During baseline testing, all dose/compound groups reached

similar BPs. Rats treated with NGB 2904 showed no change
in the BP, regardless of the dose they were treated with (Fig. 3,
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left panel). Rats treated with vehicle or 1 mg/kg of SKF 77434
reached similar BPs during the test and baseline sessions
whereas rats treated with 2 or 4 mg/kg of SKF 77434
showed a reduction in BP compared to baseline (Fig. 3,
middle panel). Two separate two-way ANOVAs revealed
no significant dose x phase interaction or main effects for
NGB 2904 but a significant dose x phase interaction for
SKF 77434 [F(3,24) 5.30, p < .05]. Tests of simple effects
of phase at each SKF 77434 dose revealed a significant
phase effect for the 2 and 4 mg/kg doses [F(1,24) = 5.45
and F(1,24) = 32.04, respectively, ps < .05]. Similarly, rats
treated with NGB 2904/SKF 77434 vehicle reached similar
BPs during the test session as they did during the baseline
whereas rats treated with 1/1, 2/2 or 4/4 mg/kg of NGB
2904/SKF 77434 showed reductions in BPs on the test day.
A two-way ANOVA revealed a significant NGB 2904/SKF
77434 dose x phase interaction [F(3,24) = 3.32, p < .05].
Tests of simple effect of phase at each NGB 2904/SKF
77434 dose revealed a significant phase effect for 1/1, 2/2
and 4/4 mg/kg doses [F(1,24) = 21.67, F(1,24) = 7.97,
F(1,24) = 14.15, respectively, ps < .05].

Interestingly, rats treated with 1/1 mg/kg of NGB 2904/
SKF 77434 emitted on average 578.22 (x 177.65) lever
presses within the first 2 h of the PR test session, demonstrat-
ing that they could make at least as many, and in fact many
times more, lever presses than the vehicle-treated group
(63.44 £ 10.54) in the reinstatement experiment during a sim-
ilar 120-min period (data not shown).

Discussion

In the present study, we evaluated the effects of individual and
simultaneous D1R partial agonism and D3R antagonism on
cocaine self-administration and cue-driven behaviors. While
NGB 2904 or SKF 77434 alone produced no significant
changes in cue-induced reinstatement the simultaneous ad-
ministration of the compounds caused a dose-dependent re-
duction in active lever pressing. The combined agents did not
significantly affect responding on the inactive lever.
Furthermore, rats treated with the NGB 2904/SKF 77434
combination and responding for food or cocaine under a PR
schedule of reinforcement were able to emit at least as many,
and in fact emitted significantly more, lever presses than the
vehicle-treated group (and also much more than in the 1/1 mg/
kg NGB 2904/SKF 77434 combination group) in the rein-
statement experiment during a similar 120-min period. This
demonstrates that the animals under this treatment (NGB
2904/SKF 77434 combination) in the reinstatement experi-
ment were motorically capable of emitting many more re-
sponses than they did, and actually more than their corre-
sponding vehicle group. Thus, the effect of combined NGB
2904/SKF 77434 treatment on cue-induced reinstatement is
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best understood as a reduction in cocaine seeking. In experi-
ment 2, NGB 2904 or SKF 77434 administered individually
failed to significantly affect cocaine CPP. However, when the
ineffective doses of the compounds were administered simul-
taneously they abolished cocaine CPP. Again, these results
suggest that the combined DIR partial agonist and D3R an-
tagonist treatment reduced the incentive motivational effects
of cocaine cues.

Interestingly, in both the reinstatement and CPP experi-
ments, the combination of the two compounds appeared to
produce an interactive, synergistic effect. For instance, when
the compounds were administered alone the 1 mg/kg doses
failed to produce effects (for both reinstatement and CPP) and
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the next highest dose—the 2 mg/kg dose—also failed to pro-
duce effects. If the effect of combining these 1 mg/kg doses
was additive, one might expect to observe effects similar to the
next higher doses of each compound alone. Instead, the com-
bination of these doses (the 1/1 mg/kg combination) greatly
surpassed effects observed at the next higher dose levels and
produced highly significant effects. This finding suggests that
the effects of the combined agents are synergistic rather than
additive. This is a unique finding given that studies relevant to
cocaine-related behaviors have focused primarily on the roles
of D1Rs or D3Rs individually.

In the self-administration study, the co-administration of
NGB 2904 and SKF 77434 caused a significant reduction in

2 Veh 111 22 4/4

NGB 2904/SKF 77434

Dose (mg/kg)

Fig. 3 Mean (+ SEM) BPs reached during the baseline and test sessions
for all dose and combination dose groups. Prior to the start of the test
session animals were treated with NGB 2904 (lefi panel), SKF 77434

(middle panel) or NGB 2904/SKF 77434 (right panel). Asterisk
represents a significant reduction in BPs in the test session compared to
baseline (ps < .05)
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PR responding for cocaine, something that was also observed
with SKF 77434 treatment but not with NGB 2904 alone. All
of the combined doses reduced BPs whereas in the case of
SKF 77434 alone only the two highest doses produced signif-
icant effects. Interestingly, the lowest dose of SKF 77434
alone, which was ineffective, reduced BP by 25 % when it
was combined with the lowest, and ineffective, dose of NGB
2904. This is noteworthy because it suggests that a minimal
D3R antagonism can potentiate D1R partial agonism.

D3R antagonists have been shown to have limited effects
on cocaine self-administration (Gal and Gyertyan 2003;
Martelle et al. 2007; Xi et al. 2005) but efficiently reduce
cocaine seeking (Cervo et al. 2007; Galaj et al. 2014a;
Gilbert et al. 2005; Vorel et al. 2002). D3Rs are primarily
involved in behaviors driven by cues (Cervo et al. 2005;
Galaj et al. 2014a; Gilbert et al. 2005; Hachimine et al.
2014) whereas D1Rs play a role in cocaine reward and con-
ditioned reward (cues) (Alleweireldt et al. 2002; Awasaki et al.
1997; Galaj et al. 2014b; Nazarian et al. 2004). Here, we
report that simultaneous D1R partial agonism and D3R antag-
onism produces synergistic effects on reduction of cue-
induced reinstatement of cocaine seeking and CPP.

It is not clear whether the individual compounds of
the combined treatment begin their effects through sep-
arate mechanisms producing cascades of events that
converge at a later point or whether they initiate their
effects through a common starting point. Perhaps, such
robust effects are related to the DIR-D3R heteromers
that promote changes in the ability of ligands to bind
to the specific receptors and modulate intracellular sig-
naling cascades (Fiorentini et al. 2008; Marcellino et al.
2008). D3R stimulation also results in the potentiation
of DIR-mediated locomotor activity, an effect that was
counteracted by a D3R antagonist (Marcellino et al.
2008). Deletion of D3Rs increases sensitivity to the ad-
ministration of DIR and D2R agonists in mice (Xu
et al. 1997) whereas deletion of both DIRs and D3Rs
impairs CPP with low doses of cocaine and alters loco-
motor activity (Karasinska et al. 2005). It is not clear
how these and other D1R- and D3R-mediated cascades,
some of which appear complimentary and some opposi-
tional, might interact, if at all, to produce the effects
observed here. But clearly, it is now necessary to delin-
eate the neurophysiological and neurochemical mecha-
nisms whereby the two receptors do interact to produce
the synergistic and potentiating effects on cocaine seek-
ing and reward observed in the present study.

Although it is likely that cumulative receptor interac-
tions contribute to the overall effects of the drug com-
bination, pharmacokinetic interactions of the drugs may
also play a role and cannot be ruled out at this time.
For example, the in vivo metabolism of one drug may
be impaired or modified in the presence of the other,
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leading to a greater or more prolonged effect of the
drug. Further studies will be needed to clarify the extent
to which such possible drug-drug interactions between
NGB 2904 and SKF 77434 influence the observed
effects.

In conclusion, in the present study, we demonstrated
that the simultaneous administration of a DIR partial
agonist and D3R antagonist reduces cue-induced rein-
statement, cocaine CPP, and PR responding to a signif-
icantly greater degree than the individual agents alone.
Our results support the notion of complex functional
interactions between D1Rs and D3Rs which begs fur-
ther investigation. Finally, these results may be useful in
the development of novel treatments for cocaine
addiction.
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