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Abstract

Recent studies have shown that the novel dopamine (DA) D3 receptor antagonists SB-277011A
and NGB 2904 inhibit cocaine- and/or stress-induced reinstatement of drug-seeking behavior. The
present study sought to determine if SB-277011A, NGB 2904, or BP-897 (a mixed D3 agonist/
antagonist) similarly inhibit cocaine-associated cue-induced reinstatement of drug-seeking
behavior. Long-Evans rats were allowed to self-administer cocaine. Each cocaine infusion was
paired with discrete conditioned cue-light and tone. Subsequently, drug-seeking (i.e., lever-
pressing) behavior was extinguished in the absence of cocaine and cocaine-associated cues. Rats
were then tested for cue-induced reinstatement of drug-seeking. We found that cocaine-associated
cues evoked robust reinstatement of lever-pressing. Acute intraperitoneal (i.p.) administration of
SB-277011A (6, 12, or 24 mg/kg) produced a dose-dependent inhibition of cue-induced
reinstatement of drug-seeking behavior by 35, 65, and 85%, respectively, compared to vehicle-
treated animals. Acute i.p. administration of NGB 2904 (0.1, 1.0, or 5.0 mg/kg) produced a 45, 30,
and 70% inhibition of cue-induced reinstatement, respectively, compared to vehicle-treated
animals. Acute i.p. administration of either 0.1 or 1 mg/kg of BP 897 did not produce a significant
effect on cue-induced reinstatement, whereas a dose of 3 mg/kg produced a 70% inhibition of cue-
induced reinstatement. These findings, combined with previous data, suggest that DA D3 receptor
antagonism may underlie the inhibitory effects of SB-277011A and NGB 2904 on cocaine cue-
induced reinstatement, while the effects of BP 897 may involve D3 and non-Ds3 receptor
mechanisms.
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INTRODUCTION

Drug craving is an important factor leading to drug-seeking and relapse. In human addicts,
re-exposure to the environmental stimuli (cues) previously paired with drug taking provokes
drug craving (“cue-induced craving”) and relapse to drug taking after prolonged abstinence
(Rohsenow et al., 1990; Ehrman et al., 1992; Childress et al., 1993; O’Brien, 1997). In
experimental animals, re-exposure to cocaine-associated stimuli also provokes drug-seeking
behavior (Fuchs et al., 1998; Alleweireldt et al., 2001; Shalev et al., 2002; Di Ciano and
Everitt, 2002, 2003).

Mesolimbic dopamine (DA) transmission from the midbrain ventral tegmental area (VTA)
to the fore-brain nucleus accumbens (NAc) and the basolateral amygdala (BLA) appears to
be critically involved in drug cue-induced craving and relapse (See, 2002; Everitt and Wolf,
2002; Di Ciano and Everitt, 2004a,b). Several lines of evidence support this hypothesis.
Neuroimaging studies in humans have shown that cocaine cue-induced craving is associated
with activation of DA-rich forebrain regions such as the BLA and NAc (Grant et al., 1996;
Breiter et al., 1997; Childress et al., 1999; Garavan et al., 2000). Also, cocaine-associated
stimuli reinstate extinguished drug-seeking behavior and activate the BLA and the
dorsomedial prefrontal cortex (PFC) in rats after prolonged (4 months) cocaine abstinence
(Ciccocioppo et al., 2001; Weiss et al., 2000). In contrast, selective lesion or functional
deactivation of the BLA, the core of the NAc, or the dorsomedial PFC blocks cocaine cue-
induced reinstatement of drug-seeking behavior (Whitelaw et al., 1996; Meil and See, 1997;
See, 2002; Fuchs et al., 2004, 2005; Di Ciano and Everitt, 2004a,b). Further, presentation of
non-contingent cocaine-conditioned cues significantly increases extracellular DA in the
BLA and the NAc core (Fontana et al, 1993; Di Ciano et al., 1998; Ito et al., 2000; Weiss et
al., 2000, 2001; Phillips et al., 2003), although such a DA response becomes undetectable
during maintenance of drug-seeking induced by response-contingent presentation of
conditioned cues (Neisewander et al., 1996; Ito et al., 2000; Di Ciano et al., 2001a).
Consistent with this notion, intracranial infusion of non-selective DA receptor antagonists
into the BLA or the core of the NAc prevents cocaine cue-induced reinstatement of drug-
seeking (See et al., 2001; Di Ciano et al., 2001b; Yun et al., 2004). Together, these findings
suggest that enhanced DA transmission in the BLA and/or the core of the NAc may be
critically involved in at least the initial stages of drug-seeking triggered by drug-paired
environmental stimuli.

Accumulating evidence suggests that DA D3 receptors may play a central role in DA
transmission related to brain reward and relapse to drug-seeking behavior: (1) DA D3
receptors are highly expressed in brain reward-related regions, such as the VTA, NAc, and
amygdala (Bouthenet et al., 1991; Lévesque et al., 1992; Murray et al., 1994; Levant, 1997;
Diaz et al., 2000); (2) DA Ds receptors have the highest binding affinity to endogenous DA
(Sokoloff et al., 1990, 1992), suggesting an important role of D3 receptors in DA
transmission; (3) DA D3 receptors are up-regulated in the NAcc of cocaine overdose victims
(Staley and Mash, 1996; Mash, 1997; Segal et al., 1997), and also in rodents after cocaine
self-administration (Neisewander et al., 2004) or behavioral sensitization to cocaine-
associated cues (Le Foll et al., 2002); (4) selective D3 receptor blockade by SB-277011A or
NGB 2904, two novel highly-potent and highly-selective D3 receptor antagonists (Reavill et
al., 2000; Yuan et al., 1998; Newman et al., 2003), attenuates cocaine’s rewarding effects as
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assessed by electrical brain-stimulation reward, conditioned place preference, and drug self-
administration (Vorel et al., 2002; Xi et al., 2003); and (5) selective D3 receptor blockade
attenuates cocaine- or stress-triggered reinstatement of drug-seeking behavior (Vorel et al.,
2002; Xi et al., 2004). In addition, the selective D3 antagonist SB-277011A inhibits cocaine
cue-induced drug-seeking under a second-order schedule for cocaine self-administration (Di
Ciano et al., 2003). Also, BP 897, a mixed D3 agonist-antagonist whose D3 antagonist
properties may predominate (Wood et al., 2000; Wick and Garcia-Ladona, 2001), inhibits
cocaine cue-induced drug-seeking under second-order reinforcement (Pilla et al., 1999) and
inhibits drug-seeking caused by presentation of cocaine-predictive stimuli (Cervo et al.,
2003).

However, to date, there have been no published reports describing the effect of D3 receptor
antagonists on reinstatement of drug-seeking following re-exposure to cues previously
paired with cocaine self-administration. Therefore, in the present study, we examined and
compared the effects of SB-277011A, NGB 2904 and BP 897 on cocaine cue-induced
reinstatement (relapse) of extinguished drug-seeking behavior in rats.

MATERIALS AND METHODS

Animals

Surgery

Apparatus

Male Long-Evans rats (Charles River, Raleigh, NC) were used, weighing 250-300 g at the
beginning of the experiments. They were housed in a fully accredited animal facility and
were maintained on a reversed 12-h light/dark cycle (lights on at 7:00 P.M., lights off at 7:00
A.M.) with food and water available in the home cage. The experimental procedures
followed the Guide for the Care and Use of Laboratory Animals (National Academy of
Sciences, 1996) and were approved by the Animal Care and Use Committee of the National
Institute on Drug Abuse.

Animals were prepared for experimentation by surgical catheterization of the right external
jugular vein. The venous catheters were consutructed of micro-renathane (Braintree
Scientific Inc., Braintree, MA). Surgical catheterization was carried out under intra-
peritoneal (i.p.) sodium pentobarbital anaesthesia (65 mg/kg), using aseptic surgical
technique. Supplemental anaesthesia (20 mg/kg pentobarbital, i.p.) was given if needed
during surgery. The jugular vein was exposed by blunt dissection and the catheter was
inserted into the vein and sutured into place. The distal portion of the catheter was then
passed subcutaneously to the top of the skull, where it exited into a connector (a modified
24-gauge cannula; Plastics One, Roanoke, VA) mounted to the skull with jeweler’s screws
and dental acrylic. After the connector was securely skull-mounted, the incision was closed
with sutures. An obturator and cannula cap were placed over the opening of the skull-
mounted connector during post-surgical recovery and at all other times when the rats were
not in a self-administration session. During experimental sessions, the catheter was
connected to the injection pump via tubing encased in a protective metal spring, from the
head-mounted connector to the top of the experimental chamber. To prevent clogging,
catheters were flushed daily with a gentamicin-heparin-saline solution (30 IU/ml heparin;
ICN Biochemicals, Cleveland, OH).

The experiments were conducted in operant response test chambers (32 x 25 x 33 cm), each
equipped with a house light, ventilator fan, drug infusion pump (3.33-rpm motor, 10-ml
syringe), and liquid swivel with a counterbalanced arm. Each test chamber had two levers
located 6.5 cm above the floor, one “active” and one “inactive.” Depression of the active
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lever activated the infusion pump; depression of the inactive lever was counted but had no
consequence. A cue light and a speaker were located 12 cm above the active lever. At the
start of each 3-h test session, the house-light was turned on. When the animal made a lever-
pressing response that resulted in a drug infusion, the cue-light was illuminated and a cue-
sound (tone, ~20 dB above background) was turned on for the duration of the infusion (i.e.,
cocaine-associated environmental cues). All equipment was obtained from Med-Associates
(Georgia, VT). Scheduling of experimental events and data collection were accomplished
using Med-Associates software.

Self-administration procedure

Figure 1A shows the experimental protocol, indicating the different phases of the present
experiment. After recovery from surgery, all rats were placed into the test chambers and
allowed to lever-press on a fixed-ratio (FR1) schedule of reinforcement for intravenous (i.v.)
cocaine (1.0 mg/kg/infusion) delivered in 0.08 ml over 4.6 sec. Each session lasted for 3 h.
This schedule (FR1) was used for 3-5 days until regular self-administration behavior was
established. Rats were then changed to an FR2 schedule for a lower dose of cocaine (0.5 mg/
kg) until the following criteria for stable cocaine-maintained responding were met: a
minimum of 20 presses on the active lever per test session and stability criterion of less than
10% variability in inter-response interval, less than 10% variability in number of infusions
taken, and less than 10% variability in number of presses on the active lever for at least 3
consecutive days. The maximum number of cocaine infusions was limited to 50 per session,
to avoid accidental overdose. Responses on the active lever made during actual infusions
were recorded, but did not lead to additional infusions. The dose of cocaine was chosen on
the basis of previous studies conducted in our laboratory indicating that rats trained with 0.5
mg/kg/infusion display rapid and reliable acquisition of self-administration behavior (Xi et
al., 2004). Total self-administration training lasted for 10-14 days. At the end of each daily
3-h session, animals were returned to the colony room.

Extinction procedure

After meeting the above self-administration criteria, the animals were placed in the same
operant chambers for self-administration under extinction conditions, during which cocaine
was replaced by saline and the previous cocaine-associated cue-light and cue-tone were
turned off. Responses on the previously active lever resulted in activation of the pump, but
had no other programmed consequences; responses on the inactive lever were also recorded,
but had no programmed consequences. Once daily 3-h extinction sessions were conducted
until an extinction criterion of <10 responses on the active lever per session over 3
consecutive days was met.

Cue-induced reinstatement of drug-seeking behavior

Reinstatement testing began 24 h after rats met the above extinction criterion. During the
testing, 1-2 non-contingent presentations of the cocaine-associated light and tone were
given at the onset of the test session because toward the end of extinction training, most rats
did not approach the lever. Subsequent lever presses then led to response-contingent
deliveries of the same conditioned light-tone cues. On the test day, the animals were divided
into 3 groups for testing the 3 different D3 compounds, respectively. Each animal randomly
received either one systemic dose of a test D3 drug (below) or the vehicle [25% (2-
hydroxypropyl)-p-cyclodextrin] (see Fig. 1A). SB-277011A (6.0, 12.0, 24.0 mg/kg) was
administered systemically (i.p.) 60 min prior to testing for reinstatement, while NGB 2904
(0.1, 1.0, 5.0 mg/kg) or BP 897 (0.1, 1.0, 3.0 mg/kg) was administered systemically (i.p.) 30
min prior to testing for reinstatement. The doses of the drugs and the pretreatment times
were chosen based upon the previously published pharmacokinetic and pharmacodynamic
properties of the three D3 compounds (Yuan et al., 1998; Pilla et al., 1999; Austin et al.,
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2001; Beardsley et al., 2001; Robarge et al., 2001; Aujla et al., 2002; Di Ciano et al., 2003;
Duarte et al., 2003; Garcia-Ladona and Cox, 2003; Heidbreder et al., 2005), our own
previous studies (Vorel et al., 2002; Ashby et al., 2003; Campos et al., 2003, 2004; Gilbert et
al., 2003; Lacroix et al., 2003; Xi et al., 2003, 2004), and pilot studies carried out in
preliminary phases of the present investigation.

Cocaine HCI (Sigma Chemical Co., Saint Louis, MO) was dissolved in physiological saline.
SB-277011A (trans-N-[4-[2-(6-cyano-1,2,3,4-tetrahydroisoquinolin-2-
yl)ethyl]cyclohexyl]-4-quinolinecarboxamide) was provided by GlaxoSmithKline
Pharmaceuticals (Verona, Italy, and Harlow, Essex, UK). NGB 2904 (N-(4-[4-{2,3-
dichlorophenyl}-1-piperazinyl]butyl)-3-fluorenylcarboxamide) was synthesized as reported
(Yuan et al., 1998) in the Medicinal Chemistry Section, Intramural Research Program,
National Institute on Drug Abuse (Baltimore, MD). BP 897 (1-(4-(2-
naphthoylamino)butyl)-4-(2-methoxyphenyl)-1A-piperazine) was purchased from Sigma
Chemical Co. (Saint Louis, MO). All three compounds (SB-277011A, NGB 2904, BP 897)
were dissolved in 25% 2-hydroxypropyl-p-cyclodextrin vehicle solution (Sigma/RBI, Saint
Louis, MO).

Data analyses

RESULTS

All data are presented as means (£S.E.M.), and standard multivariate statistical procedures
(Kirk, 1982) were used for all data analyses. One-way analysis of variance (ANOVA) was
used to analyze the effects of each D3 compound on cocaine cue-triggered reinstatement of
drug-seeking behavior. Individual group comparisons were carried out using Dunnett’s
statistical method (Kirk, 1982). Student’s #test was used to determine the statistical
significance of cue-triggered reinstatement under vehicle conditions (i.e., in the absence of
any of the tested D3 compounds).

Cocaine self-administration across different experimental groups

Figure 1 shows the general experiment protocol indicating the different phases of the
experiment (Fig. 1A) and typical drug-seeking behavior from a representative single subject
during each phase (Fig. 1B). Regular and stable drug-seeking behavior (i.e., active lever
presses) was observed during the last session of cocaine self-administration under FR2
conditions until the maximal 50 cocaine infusions were achieved (marked by an arrow on
event record I, Fig. 1B). Rats in all three groups exhibited stable responding on the active
lever during the last 5-7 self-administration days with a within-subject variability of <10%
in daily cocaine infusions. There was no difference in the mean numbers of cocaine
infusions or the mean numbers of active lever presses between different groups of rats
during the last three cocaine self-administration sessions, and one-way ANOVA revealed no
significant difference between different groups in the numbers of active lever presses on the
last session of cocaine self-administration (Fig. 2A, left panel: F3 45 = 1.32, P=0.28; Fig.
3A, left panel: F3 49 = 0.92, P=0.44; Fig. 4A, left panel: F3 49 = 1.23, P=0.41).
Responding on the inactive lever was minimal in all groups of rats. There was no significant
difference in responding on the inactive lever between different groups during self-
administration (Figs. 2B—4B, left panels).
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Effect of extinction on drug seeking behavior in the absence of cocaine and cocaine-
associated cues

In the absence of cocaine and cocaine-associated cues, the number of drug-seeking
responses gradually decreased and met the extinction criterion (<10 lever presses per 3 h,
see Fig. 1B, event record I1) after 10— 14 daily sessions. Figures 2—4 (middle panels) show
the mean numbers of responses for each group of rats on the last session of extinction. There
was no difference in the number of extinction responses between the different groups on the
last session of extinction immediately prior to reinstatement test (Fig. 2A: F3 45 = 1.11, P=
0.36; Fig. 3A: F3 49 = 0.54, P=0.66; Fig. 4A: F3 49 = 1.52, P=0.22). Similarly, there was
no difference in responding on the inactive lever between self-administration and extinction
responding or between different groups during self-administration or extinction (Figs. 2B—
4B, middle panels).

Cocaine cues reinstate extinguished drug-seeking behavior

Figure 1B event record |11 illustrates representative cocaine-associated cue-induced
responding on the active lever during reinstatement testing. The first non-contingent
presentations of the cocaine-associated cues (light-tone) evoked immediate responding on
the active lever, which led to response-contingent presentations of the cocaine conditioned
cue-light and tone. Presentation of such cocaine-conditioned cues produced robust
reinstatement of drug-seeking behavior in the vehicle control group (Student’s #test, P<
0.001, when compared with the last preceding extinction session, Figs. 2A-4A). In contrast,
presentation of cocaine-associated cues did not produce significant responding on the
inactive lever (Figs. 2B-4B).

Effects of SB-277011A on cue-induced reinstatement of drug-seeking behavior

Figure 2 shows the effects of SB-277011A on cocaine cue-induced reinstatement of drug-
seeking behavior. Pretreatment with SB-277011A (6, 12, 24 mg/kg i.p.) dose-dependently
inhibited (by 35, 65, 85%, respectively) cocaine cue-induced reinstatement of drug-seeking
behavior (F3 45=7.44, P< 0.01, one-way ANOVA, Fig. 2A, right panel). Individual planned
group comparisons using Dunnett’s test revealed a statistically significant decrease in
cocaine cue-induced responding after 12 mg/kg (D" = 3.10, £< 0.05) and 24 mg/kg (D" =
4.34, P<0.05), but not 6 mg/kg (D’ = 1.38, P> 0.05) SB-277011A administration.

Effects of NGB 2904 on cue-induced reinstatement of drug-seeking behavior

Figure 3 shows data demonstrating cocaine cue-induced reinstatement of drug-seeking in the
presence of vehicle or different doses of NGB 2904. NGB 2904, at 0.1, 1, 5 mg/kg i.p.,
significantly attenuated (by 45, 30, 70%, respectively) cocaine cue-induced reinstatement of
drug-seeking in a dose-dependent manner (F3 49 = 4.28, = 0.009, one-way ANOVA, Fig.
3A, right panel). Individual group comparisons using Dunnett’s test revealed statistically
significant reduction in cocaine cue-induced reinstatement of drug-seeking after 5 mg/kg
NGB 2904 administration (D’ = 3.43, < 0.05), but not after 0.1 mg/kg (D’ = 2.01, P>
0.05) or 1 mg/kg (D" = 1.27, P> 0.05) NGB 2904 administration.

Effects of BP 897 on cue-induced reinstatement of drug-seeking behavior

Figure 4 shows data demonstrating that BP-897 significantly inhibited cocaine-seeking
triggered by cocaine-associated stimuli at 3 mg/kg (~70% inhibition), but not at 0.1 or 1 mg/
kg i.p.. Multivariate statistical analysis revealed a significant overall reduction in cocaine
cue-induced responding by BP 897 (F3 49 = 4.10, < 0.05, one-way ANOVA, Fig. 3A, right
panel). Individual group comparisons using Dunnett’s test revealed statistically significant
reduction of cue-induced reinstatement after 3 mg/kg BP 897 (D = 2.74, P< 0.05), but not
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after 0.1 mg/kg (D" = 0.45, P> 0.05) or 1 mg/kg (D" = 1.14, P> 0.05) BP 897
administration.

Effects of SB-277011A, NGB 2904, or BP 897 on non-contingent behavioral responding

In contrast to the reduction in active lever responding produced by SB-277011A, NGB
2904, and BP 897 during reinstatement testing, none of these three compounds had any
significant effect whatever on inactive lever responding during reinstatement testing.

DISCUSSION

The present experiments demonstrate that re-introduction of cocaine-associated cues (light-
tone) reliably reinstates cocaine-seeking behavior in rats after 10-14 days of extinction from
previous cocaine self-administration. This finding is consistent with past cue-induced
reinstatement studies in rats (Grimm et al., 2001; See et al., 2001). The present experiments
also demonstrate that pretreatment with the potent and selective D3 receptor antagonists
SB-277011A and NGB 2904 or the mixed D3 agonist/antagonist BP 897 inhibit cocaine cue-
induced reinstatement of drug-seeking behavior. These behavioral effects cannot be
attributed to drug-induced disruption of behavior since responses on the inactive levers were
not affected. In addition, it has previously been reported that all three of these compounds,
within the dose ranges tested in the present experiments have no significant effect on either
locomotor activity or food- or sucrose-taking behavior (Reavill et al., 2000; Cook et al.,
2004; Xi et al., 2003; Grundt et al., 2004). Thus, the present data support the hypothesis that
D3 receptors play an important role in mediating cocaine cue-induced reinstatement of drug-
seeking behavior.

Selective blockade of DA D3 receptors by SB-277011A

As mentioned above in the Introduction, non-selective Dq-like or Do-like receptor
antagonists inhibit cocaine cue-induced reinstatement of drug-seeking behavior (Weiss et
al., 2000; Ciccocioppo et al., 2001; Cervo et al., 2003). Those findings raise the issue of
whether the presently-observed inhibitory effects of D3-selective compounds in this relapse
model might be attributable to D1 or D, receptor-selective antagonism rather than D3
receptor-selective antagonism. However, an accumulating body of evidence does not
support this assumption: (1) SB-277011A is a highly-potent and highly-selective D3
receptor antagonist with an 80- to 100-fold selectivity for D3 over other DA receptors; high
affinity for the human (pKi 7.95) and rat (pKi 7.97) cloned DA D3 receptor; and a 100-fold
selectivity over 66 other receptors, enzymes, ion channels, and transporters in the central
nervous system (Reavill et al., 2000; Stemp et al., 2000); (2) the effects of SB-277011A in
various animal models relating to addiction are significantly different from those produced
by D,-preferring antagonists (Heidbreder et al., 2005); for example, Doantagonists elevate
electrical brain-stimulation reward thresholds (Stein and Ray, 1960; Stein, 1962; Panagis
and Spyraki, 1996), suggesting an aversion-like effect, while SB-277011A does not alter
brain stimulation reward thresholds (Vorel et al., 2002; Campos et al., 2004); similarly, Do-
preferring antagonists produce aversion in the conditioned place preference/aversion
paradigm (Shippenberg and Herz, 1988), while SB-277011A produces neither reward nor
aversion (Vorel et al., 2002; Ashby et al., 2003; Gyertyan and Gal, 2003); (3) SB-277011A
does not significantly alter locomotor activity at doses approaching 100 mg/kg (much higher
than the doses of SB-277011A used in the present study), whereas locomotor inhibition is a
classic property of D, antagonists (Reavill et al., 2000); and (4) at doses many-fold those
used in the present experiments, SB-277011A does not block quinpirole-induced decreases
in DA in the dorsal striatum where a high density of D, receptors are located, and does not
significantly alter prolactin levels (Reavill et al., 2000), whereas alteration of prolactin levels
is a classic property of D, antagonists. Also, SB-277011A significantly increases
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acetylcholine levels in the rat frontal cortex, but D, antagonists fail to do so (Lacroix et al.,
2003).

Since the acquisition of cue-triggered reinstatement presumably involves storage and
encoding of cue-reward associations, and the expression of cue-triggered reinstatement
presumably involves retrieval of memories of such cue-reward association, is it possible that
SB-277011A-induced inhibition of cue-triggered reinstatement is mediated by interference
with general aspects of memory encoding and retrieval? This seems unlikely, as
SB-277011A does not appear to alter memory, as measured using a delayed non-matched
position test (D. Jones and J.J. Hagan, personal communication). Furthermore, acute
administration of SB-277011A significantly increases acetylcholine levels in the anterior
cingulate cortex (Lacroix et al., 2003) and reverses scopolamine-induced memory deficits as
assessed by the three choice point water labyrinth test (Laszy et al., 2003). Both of these
effects would be expected to improve rather than to interfere with memory.

Selective blockade of DA D3 receptors by NGB 2904

Similar to SB-277011A, NGB 2904 is another highly-potent and highly-selective DA D3
receptor antagonist (Yuan et al., 1998). This compound has structural similarity to the mixed
D3 agonist/antagonist BP 897, and demonstrates high binding affinity for cloned primate D3
receptors in CHO cells (Ki 1.4 nM) (Yuan et al., 1998; Robarge et al., 2001). NGB 2904 has
155-fold selectivity for primate D3 over D, receptors and >800-fold selectivity for rat D3
versus D, receptors in Sf9 cells (Yuan et al., 1998; Newman et al., 2003). In addition, NGB
2904 has >5,000-fold selectivity for D3 over Dy, D4, and Ds receptors and 200- to 600-fold
selectivity over other receptors (such as a; and 5HT,) (Yuan et al., 1998). Consistent with
its properties as a selective high-potency DA D3 antagonist and thus with its
pharmacological similarity to SB-277011A, NGB 2904 in the present study also inhibited
cocaine cue-induced reinstatement of drug-seeking behavior.

However, it must be noted that NGB 2904, at the highest dose tested in the present
experiments, only inhibited cocaine cue-induced reinstatement by approximately 70% as
compared to the 85% inhibition produced by the highest dose of SB-277011A tested. It is
unclear if increasing the NGB 2904 dose would produce greater inhibition of cue-induced
reinstatement. However, we have observed in previous experiments with NGB 2904 (Xi et
al., 2003; Campos et al., 2004) that its D3 antagonist-like effects in various preclinical
animal models related to addiction appear to wane at high doses, i.e., that a dose window
seems to exist for NGB 2904’s putative anti-addiction effects. The present data clearly
suggest that NGB 2904 strongly resembles SB-277011A in its ability to attenuate cocaine
cue-triggered reinstatement of cocaine-seeking behavior and, thus, like SB-277011A, may
have clinical utility for the treatment of addictive diseases.

BP 897's actions may be mediated by D3 and/or other receptors

In contrast to SB-277011A and NGB 2904, BP 897 has been classified as a mixed D3
agonist/antagonist (Pilla et al., 1999; Wood et al., 2000; Wicke and Garcia-Ladona, 2001). It
has lower (60-70-fold) selectivity for human D3 versus human D, receptors than
SB-277011A and NGB 2904, and similar (60—70-fold) selectivity over other receptors such
as a1-, ap-adrenergic receptors, and 5-HT 4 receptors (Pilla et al., 1999; Garcia-Ladona and
Cox, 2003).

Most relevant for the present purposes, BP 897 also displays properties of a D, receptor
antagonist. For example, BP 897 (1-3 mg/kg) significantly increases brain stimulation
reward thresholds (Campos et al., 2004), suggesting an aversive-like effect. In the
conditioned place preference/aversion paradigm, BP 897 produces conditioned place
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aversion in rats (Duarte et al., 2003; Gyertyan and Gal, 2003). In addition, recent studies
have indicated that BP 897-induced inhibition of L-DOPA-induced dyskinesias in MPTP-
treated rats is likely to be mediated by BP 897-induced DA D5, receptor blockade (Visanji et
al., 2004). Additional evidence for BP 897’s DA D, receptor-blocking properties may be
found in a recent extensive review by Heidbreder et al. (2005). Also, in an in vitro G-protein
binding assay, BP-897 appears to serve as a partial 5-HTqa receptor agonist (Besong-Agbo
et al., 2004). A recent study has shown that systemic administration of BP 897 and NGB
2904 in wild type mice produced a significant left-ward shift in the drug discrimination
response curve to cocaine (O’Callaghan et al., 2005). However, in D3 knockout mice, NGB
2904 does not alter the drug discrimination response to cocaine whereas BP 897 produced a
1.5-fold leftward shift, suggesting that BP 897 has action at other receptors (O’Callaghan et
al., 2005). Taken together, these data suggest that the inhibitory effect of 3 mg/kg of BP 897
on cue-induced reinstatement of drug-seeking behavior observed in the present study could
be mediated by blocking D3 receptors, D, receptors, and/or by acting on other receptors.

Selective DA D3 receptor antagonists as potential anti-addiction medications

We and others have previously demonstrated that SB-277011A attenuates: (1) cocaine- and
nicotine-enhanced electrical brain-stimulation reward (Vorel et al., 2002; Campos et al.,
2003); (2) acquisition and expression of cocaine- or heroin-induced conditioned place
preference (Vorel et al., 2002; Ashby et al., 2003); (3) cocaine-seeking behavior under
second-order reinforcement conditions (Di Ciano et al., 2003); (4) cocaine self-
administration under progressive ratio and variable-cost/variable-payoff fixed ratio
reinforcement (Gilbert et al., 2003); (5) cocaine-, nicotine-, or stress-triggered relapse to
cocaine-seeking behavior as assessed by the reinstatement model (Vorel et al., 2002;
Andreoli et al., 2003b; Xi et al., 2004); (6) oral ethanol intake (Andreoli et al., 2003a; Rivera
et al., 2003); and (7) relapse to ethanol-seeking behavior in animals extinguished from
ethanol-taking behavior (Marcon et al., 2003). Consistent with those findings, the present
study has shown that SB-277011A, within the same dose range as those previous
experiments, inhibits cocaine cue-induced reinstatement of drug-seeking in a dose-
dependent manner.

In addition, we have recently reported (Xi et al., 2003) that NGB 2904, within a dose range
of 0.1-5 mg/kg, significantly inhibits: (1) the enhancement of brain stimulation reward
produced by 2, but not 10 mg/kg i.p. of cocaine; (2) cocaine self-administration under a
progressive ratio, but not under a fixed ratio reinforcement schedule; and (3) cocaine- but
not sucrose-triggered reinstatement of drug-/food-seeking behaviors. It is noteworthy that
NGB 2904 by itselfwithin the dose range of 0.1-5 mg/kg has no effect on brain stimulation
reward (Campos et al., 2004) or spontaneous locomotor activity (Grundt et al., 2004). It also
does not replace cocaine to maintain self-administration behavior in rats (Xi et al., 2003).
These data suggest that NGB 2904 produces similar pharmacological effects as
SB-277011A in animal models of drug reward and relapse. Of importance is the fact that
NGB 2904 itself has no rewarding or aversive property, which is significantly different from
D,-preferring antagonists.

Similar to SB-277011A and NGB 2904, BP 897, at the dose range of 0.05-1.0 mg/kg, also
dose-dependently inhibits: (1) cocaine-seeking behavior under a second-order schedule of
reinforcement (Pilla et al., 1999); (2) cocaine-conditioned place preference (Duarte et al.,
2003); (3) cocaine-induced hyperactivity (Aujla et al., 2002); (4) cocaine- or amphetamine-
induced drug discrimination (Beardsley et al., 2001); and (5) cocaine-associated stimuli-
induced reinstatement of drug-seeking (Cervo et al., 2003). However, in the present cue-
induced relapse model, we did not see any inhibitory effect by 0.1-1 mg/kg i.p. BP 897,
while a higher dose (3 mg/kg i.p.) of BP 897 produced a significant inhibitory effect on cue-
induced reinstatement of drug-seeking behavior. It might, therefore, be argued that BP 897,
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at the highest dose presently tested (3 mg/kg i.p.), produced its inhibitory effect on cue-
induced relapse to cocaine-seeking behavior by a similar mechanism to that of SB-277011A
and NGB 2904. While nothing in the present experiments precludes that possibility, we
believe that a careful overview of a//of BP 897’s pharmacological and behavioral properties
(see Heidbreder et al., 2005 for a comprehensive review) suggests instead that BP 897’s
pharmacological profile, especially within the dose range found effective in the present
experiments, is more congruent with that of a DA D, antagonist than that of a
pharmacologically selective D3 antagonist. Thus, as noted above, BP 897 /ncreases brain
stimulation reward thresholds (Campos et al., 2004) and produces conditioned place
aversion (Duarte et al., 2003). Also, similar to administration of the DA D, antagonist
haloperidol (0.2 or 0.5 mg/kg), BP 897 (1 mg/kg i.p.) increases cocaine self-administration
under FR1 reinforcement (Gal and Gyertyan, 2003). In addition, BP 897 shows properties of
a DA D, antagonist in several in vitro and ex vivo biochemical and physiological assay
systems (see Heidbreder et al., 2005 for review). Finally, BP 897 has significant affinity for
a number of other neurotransmitter receptors (for review, see Garcia-Ladona and Cox,
2003). Thus, BP 897 may have acted as a DA D3 antagonist in the present experiments, but
it would appear imprudent to exclude the possibility that its actions may also have resulted
from DA D, antagonism or from interaction with other receptors.

In conclusion, the present study demonstrates that selective blockade of DA D3 receptors by
SB-277011A and NGB 2904 inhibits cocaine cue-induced reinstatement of drug-seeking
behavior. The partial agonist BP 897 also produced a similar inhibitory effect on cue-
induced relapse but only at the highest dose tested in the present experiments (3 mg/kg i.p.).
Based upon the established pharmacological profiles of SB-277011A and NGB 2904, we
conclude that their anti-relapse effects are related to their selective DA D3 antagonist
properties. While BP 897’s anti-relapse effects may similarly have resulted from DA D3
receptor antagonism, they may also have resulted from interaction with a number of other
CNS receptors with which BP 897 has been shown to interact. As we noted above, both the
BLA and the core of the NAc appear to be critically involved in cue-induced reinstatement
of drug-seeking behavior, while the highest density of D3 receptors is located in the shell of
the NAc. Thus, additional studies using the technique of intracranial microinjection are
required to determine the precise loci of the D3 antagonism in the rat brain that contributes
to attenuation of cue-triggered relapse to drug-seeking behavior. Overall, the present study
suggests that DA D3 receptors play an important role in cue-induced craving and relapse,
and that D3 receptor antagonists such as SB-277011A, NGB 2904, or other novel
compounds merit further investigation as anti-relapse pharmacotherapies.
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A: Experimental protocol
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Fig. 1.

A: The diagrammatic sequence of experimental phases. Each animal received two
reinstatement tests after extinction, once with vehicle and once with one dose of a test drug
in a counterbalanced manner. B: Typical representative event records of drug-seeking
behavior during each phase. Each vertical line represents one lever press. Regular and stable
drug-seeking behavior was maintained during cocaine self-administration training until the
maximal 50 infusions were achieved (marked by an arrow at the 103 min time point on
event record I). Such drug-seeking behavior is shown extinguished (<10 active lever
presses) on the last session of extinction (event record Il). Re-introduction of cocaine-
associated cues (light and tone) triggered robust reinstatement of extinguished drug-seeking
behavior in the presence of vehicle (1 ml 25% p-cyclodextrin) (event record I11).
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Fig. 2.

Effects of the D3 receptor antagonist SB-277011A on cocaine-associated cue-induced
reinstatement of drug-seeking behavior. Pretreatment with SB-277011A dose-dependently
inhibited cocaine cue-induced reinstatement of drug-seeking behavior (A (right): F3 45 =
7.44, P<0.01). Between-group comparisons with the Dunnett statistic revealed a
statistically significant reduction in cocaine cue-induced drug-seeking after 12 and 24 mg/kg
SB-277011A, but not 6 mg/kg SB-277011A administration, when compared with the vehicle
pretreatment group (see Results for statistical analysis results in detail). In contrast,
SB-277011A had no significant effect on inactive lever presses (B: right). Last Self-Adm.:
last session of cocaine self-administration; Last Extinction: last session of extinction.
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Fig. 3.

Effects of the D3 receptor antagonist NGB 2904 on cocaine cue-induced reinstatement of
drug-seeking behavior. Pre-treatment with NGB 2904 significantly inhibited cocaine cue-
induced reinstatement of drug-seeking behavior (A (right): F3 49 = 4.28, P=0.009).
Between-group comparisons with the Dunnett statistic revealed a statistically significant
reduction in cocaine cue-induced drug-seeking after 5.0 mg/kg, but not 0.1 or 1.0 mg/kg
NGB 2904, when compared with the vehicle pretreatment group. In contrast, NGB 2904 had
no significant effect on inactive lever presses during reinstatement testing (B: right).
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Fig. 4.

Effects of the mixed D3 agonist/antagonist BP 897 on cocaine cue-induced reinstatement of
drug-seeking behavior. Pre-treatment with BP 897 significantly inhibited cocaine cue-
induced reinstatement of drug-seeking behavior (A (right): F3 49 = 4.10, < 0.05). Between-
group comparisons with the Dunnett statistic revealed a statistically significant reduction in
cocaine cue-induced drug-seeking after 3.0 mg/kg, but not 0.1 or 1.0 mg/kg BP 897
administration, when compared with the vehicle pretreatment group. In contrast, BP 897 had
no significant effect on inactive lever presses during reinstatement testing (B: right).
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