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Abstract
The dopamine D3 receptor has received attention over the last two decades as a target for
medications development for substance abuse disorders. Results have remained mixed. Despite
emergence of more D3-selective ligands, possible attribution of observed effects to D2 receptors
remains a concern. Knockout mice may help shed light on mechanisms. Here we evaluated the
effect of constitutive D3 receptor inactivation (“knockout”) on the reinforcing effects of cocaine.

We tested D3 wild-type (WT), heterozygous ( ), and knockout ( ), mice in acquisition and
maintenance of intravenous self-administration across a broad range of cocaine doses, using a
fixed ratio (FR) 1 and a progressive ratio (PR) schedule of reinforcement, along with parallel

food-reinforced studies. Generally,  mice showed cocaine self-administration comparable to
WT controls across assays. Moderate and nonsignificant trends toward lesser reinforcing effects of
a low cocaine dose (0.32 mg/kg) were apparent in acquisition and PR studies, consistent with the
idea that the D3 receptor may play a subtle role in the reinforcing effects of low cocaine doses
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under low FR conditions. However, those effects with cocaine self-administration were more
subtle than the lower responding of D3 knockout mice observed with food-maintained behavior. In
addition, the D3 antagonist PG01037 failed to affect cocaine self-administration under an FR 1
schedule in WT mice. The present data do not support a necessary role for the D3 receptor in the
direct reinforcing effects of cocaine.
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Ligands acting at dopamine D2-like (D2, D3, D4) receptors modulate cocaine self-
administration behavior, whether studied in nonhuman primates, rats, or mice. D2-like
antagonists produce rightward shifts in the cocaine dose-effect function, consistent with
surmountable antagonism (Bergman, Kamien, & Spealman, 1990; Caine & Koob, 1994;
Caine et al., 2002). Conversely D2-like agonists can maintain self-administration behavior in
animals trained to self-administer cocaine, and produce leftward shifts of the cocaine dose-
effect function (Barrett, Miller, Dohrmann, & Caine, 2004; Caine, Negus, Mello, &
Bergman, 1999; Caine et al., 2002; Collins & Woods, 2007; Nader & Mach, 1996; Wise,
Murray, & Bozarth, 1990; Woolverton, Goldberg, & Ginos, 1984). However, it remains
unclear which receptor subtypes mediate those effects. We previously reported that mice

with a genetic mutation of the D2 receptor (knockout;  mice) self-administered cocaine
as much as wild type (WT) mice, indeed with higher intake at high unit doses, suggesting D2
receptors are not necessary for cocaine’s reinforcing effects in mice, but rather are involved
in factors limiting cocaine intake (Caine et al., 2002). While the D3 receptor is expressed at
low levels in the brain relative to the D1 or D2 subtypes, its enriched localization in the
nucleus accumbens suggested a possible involvement in reward (Caine & Koob, 1993; Hall
et al., 1996; for review, see Heidbreder & Newman, 2010; Lévesque et al., 1992; Pilla et al.,
1999; Sokoloff, Giros, Martres, Bouthenet, & Schwartz, 1990). Further supporting a
potential role in reward, there is evidence D3 receptor stimulation may modulate striatal
dopaminergic activity especially in ventral striatum (Gobert et al., 1995; Kreiss et al., 1995;
Parsons et al., 1996; Pugsley et al., 1995; Zapata, Witkin & Shippenberg, 2001). Despite
much research dedicated to elucidating the role of D3 receptors in the abuse-related effects
of cocaine, and the potential of D3 antagonists as addiction medications, results remain
perplexing and no clear consensus has been reached.

Putative D3-selective antagonists have repeatedly been reported to block the acquisition and/
or expression of cocaine-, nicotine- or heroin-conditioned place preferences (CPPs; Ashby,
Paul, Gardner, Heidbreder, & Hagan, 2003; Cervo, Burbassi, Colovic, & Caccia, 2005; Le
Foll, Sokoloff, Stark, & Goldberg, 2005; Micheli et al., 2007; Vorel et al., 2002). However
in self-administration paradigms, D3 antagonists appeared largely ineffective at decreasing
cocaine intake, doing so only under schedules of high response requirement (e.g., second
order, FR 10, progressive ratio [PR]) and often at doses that decreased food-maintained
behavior as well (Di Ciano, Underwood, Hagan, & Everitt, 2003; Gál & Gyertyan, 2003;
Higley et al., 2011; Martelle et al., 2007; Thanos et al., 2008; Xi et al., 2005, 2006). Further,
in nonhuman primates, D3 antagonism failed to reduce cocaine self-administration under a
second order schedule of reinforcement (Achat-Mendes, Platt, Newman, & Spealman, 2009;
Achat-Mendes et al., 2010). As putative D3 antagonists have been shown to inhibit the
reinstatement of responding on a manipulandum previously reinforced with cocaine under
extinction conditions, it has been proposed that they modulated the “motivation to self-
administer” cocaine (Achat-Mendes et al., 2010; Vorel et al., 2002; Xi et al., 2004). Other
studies using the reinstatement paradigm in nonhuman primates or rats were consistent with
an involvement of D2 receptors rather than, or in addition to, D3 receptors (Achat-Mendes et
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al., 2010; Khroyan, Barrett-Larimore, Rowlett, & Spealman, 2000; Schmidt, Anderson, &
Pierce, 2006). To the extent that reinstatement paradigms may be sensitive to interoceptive
cues produced by cocaine or test compounds, it is worth noting that D3 preferential agonists
partially or fully substituted for the cocaine discriminative stimulus in many studies and
species, and conversely putative D3-selective antagonists or partial agonists sometimes
attenuated cocaine discrimination (Achat-Mendes et al., 2009; Acri et al., 1995; Beardsley,
Sokoloff, Balster, & Schwartz, 2001; Lamas, Negus, Nader, & Mello, 1996; Martelle et al.,
2007). Nevertheless, the relative role of D2 versus D3 receptors in those effects also remains
controversial (Achat-Mendez et al., 2010; Baker, Hood, & Heidema, 1999; Baker, Svensson
Garner, & Goodwin, 1998; Christian, Goodwin, & Baker, 2001). The controversy is further
complicated by the lack of highly selective D2 ligands, as well as the possibility that some of
the effects of D3-selective or preferential ligands may have been mediated by D2 receptors
when higher doses were used in vivo. The use of genetically engineered mice lacking the D3

receptor (knockout,  mice) has provided a complementary approach to investigate D3
receptor involvement in cocaine’s abuse-related effects as well as the in vivo selectivity of
putative D3 selective drugs.

Results from studies in  mice on the effects of cocaine (or other abused substances)
have been somewhat contradictory. Investigations have indicated either increased,

decreased, or unchanged psychomotor activating effects of cocaine or amphetamine in 
mice relative to WT mice (Carta, Gerfen, & Steiner, 2000; Karasinska, George, Cheng, &
O’Dowd, 2005; McNamara et al., 2006; Xu et al., 1997). To further complicate matters,
where a genotype effect was observed, ambulatory activity and stereotyped behaviors
appeared to be affected in opposite directions by the mutation (Carta, Gerfen, & Steiner,

2000; Mc-Namara et al., 2006). There are three separate lines of  mice (Accili et al.,
1996; Jung et al., 1999; Xu et al., 1997), but the discrepancies between studies show no
obvious relation to the use of a specific line or another. At the neurochemical level (e.g., c-

fos induction),  mice have shown exaggerated or prolonged responses to cocaine
administration (Chen & Xu, 2010; Jiao et al., 2007; Zhang et al., 2004; Zhou et al., 2007).
Other endpoints that may be more directly related to cocaine’s abuse showed no effect of the
D3 null mutation. Indeed, cocaine increased extracellular dopamine levels in the ventral

striatum to a comparable degree in  and WT mice (Zapata, Witkin, & Shippenberg,

2001). Cocaine CPP was also comparable between  and WT mice (Chen&Xu, 2010;
Karasinska, George, Cheng, & O’Dowd, 2005). A few investigations found amphetamine or

cocaine to be more potent in  mice relative to WT mice (Kong, Kuang, Li, & Xu, 2011;

Xu et al., 1997). Thus CPP findings in  mice are in apparent contrast to the D3
antagonist data from rats, and it should be noted that profound species differences in the
effects of D2/D3 agonists have been reported between mice and rats (Halberda, Middaugh,
Gard, & Jackson, 1997; Li et al., 2010; Ralph & Caine, 2005; Thomsen, Ralph, & Caine,

2011). Similarly, some data suggested  mice showed altered abuse-related effects of
ethanol, but subsequent studies failed to corroborate those findings (Boyce-Rustay &
Risinger, 2003; McQuade, Xu, Woods, Seeley, & Benoit, 2003; Narita, Soma, Tamaki, &

Suzuki, 2002). Finally,  mice were recently reported to self-administer cocaine at the
same level as WT mice under an FR 1 schedule of reinforcement, although only one cocaine
dose was tested (Song et al., 2012).

The goal of the present study was to investigate the role of the dopamine D3 receptor
subtype in the reinforcing effects of cocaine using knockout mice that lack the D3 receptor
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but express D2 and D4 receptors. Acquisition of cocaine self-administration as well as food-

maintained behavior was compared in experimentally naïve , , and WT mice.
Dose–effect functions for cocaine self-administration were then determined under an FR 1
and a PR schedule of reinforcement to compare the potency and efficacy of cocaine as a
reinforcer in mutant and WT mice. Finally, we tested whether the D3 antagonist PG01037
[N-(4-(4-(2,3-dichlorophenyl)piperazin-1-yl)-trans-but-2-enyl)-4-pyridine-2-ylbenzamide)]
(Grundt et al., 2005 could modulate cocaine self-administration behavior in WT mice.

Methods
Animals and Housing

Male and female WT, , and  mice were generated and backcrossed to a C57BL/6J
background as described previously (Xu et al., 1997). The mice were genotyped by Southern
blotting of tail DNA (Xu et al., 1997). Animals were transferred to McLean Hospital at 10–
18 weeks of age and were acclimated to the housing facilities at least 7 days before
experiments were initiated. During this time they were also handled, and were anesthetized
briefly once for subcutaneous implantation of an identification microchip. Animals were
group housed up to five per cage at ~22 °C and ~55% humidity, under a 12-hr light/dark
cycle. Water was accessible ad libitum and mouse chow (rodent diet 5015, PMI Feeds, Inc.,
St. Louis, MO) was provided once daily after training/testing sessions, approximately 4 g/
mouse/day. This feeding regimen was adopted so that a small amount of food remained the
following day in nearly all cages, and was replaced with 4 g per mouse of fresh chow, and
thus did not represent food deprivation while curtailing the few mice that tended toward
hyperphagia and obesity. For enrichment, rodent “treats,” nesting material and hiding/
nesting devices were provided. Running wheels were available, although before catheter
implantation only in the self-administration groups, to avoid potential injuries caused by the
protruding catheter base. All testing was conducted during the light phase of the circadian
cycle. All procedures were carried out in accordance with National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee.

Operant Conditioning Apparatus
Operant conditioning chambers as well as training and evaluation of food-maintained
behavior under an FR 1 schedule have been described in detail (Caine, Negus & Mello,
1999; Thomsen et al., 2005). Briefly, each operant conditioning chamber contained two
nose-poke holes equipped with a photocell and a yellow cue light, 10 mm above the grid
floor. Centered between the nose-poke holes was a plate into which liquid food could be
delivered. A liquid swivel mounted on a balance arm was used for intravenous (IV) drug
delivery in the freely moving animals. Responding in the right hole resulted in delivery of a
reinforcer and illumination of the cue light for a 20-s timeout (TO) period during which no
reinforcer could be earned (timeout responses were recorded but had no scheduled
consequences). Responses in the left hole were counted but had no scheduled consequences.
The house light was illuminated after delivery of a single noncontingent reinforcer (with the
exception of acquisition sessions for cocaine self-administration, in which noncontingent
reinforcers were never delivered) and stayed on until the session ended.

Catheter Implantation Surgery and Maintenance
An indwelling catheter was implanted into the right or left external jugular vein under
oxygen/isoflurane or oxygen/sevoflurane vapor anesthesia. The surgical procedure has been
described in great detail elsewhere (Thomsen & Caine, 2005). Briefly, a catheter was
inserted 1.2 cm into the jugular vein and anchored to the vein with sutures. The catheter ran
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subcutaneously to the base located above the midscapular region. The mice were allowed 7
days recovery, during which 0.02 ml of 0.9% saline containing heparin (30 USP units/ml)
and antibiotic (Ticarcillin disodium or cefazoline, 67 mg/ml) was infused daily through the
catheter to forestall clotting and infection. Outside self-administration sessions, the free end
of the cannula guide was kept closed at all times. Catheter patency was confirmed after
completion of an experimental phase by the infusion of 0.02–0.03 ml of 15 mg/ml ketamine
plus 0.75 mg/ml midazolam in saline. Loss of muscle tone and clear signs of anesthesia
within 3 s of infusion indicated catheter patency.

Overview of Experiments
Mice were assigned to different experimental groups as follows. In Experiment 1, mice were
allowed to acquire nose poking maintained by IV cocaine (one of four doses), followed by
extinction and reacquisition of self-administration. The mice were also tested under a PR
schedule of cocaine reinforcement. In Experiment 2, mice were allowed to acquire nose
poking maintained by liquid food, and concentration-effect functions were evaluated under
an FR 1 then a PR schedule of reinforcement. In Experiment 3, mice were trained with
liquid food as under Experiment 2 (acquisition, extinction, and reacquisition phases only—
data were comparable to those of Experiment 2 and are not shown), then underwent catheter
implantation surgery and self-administered IV cocaine under an FR 1 schedule of
reinforcement. Figure 1 shows a diagram of the groups and sequence of training/testing
phases.

Experiment 1: Acquisition of Cocaine Self-Administration Behavior in
Experimentally Naïve Mice

Following jugular catheter implantation and recovery (see above), experimentally naïve
mice were introduced to the operant chamber with 0.0032, 0.032, 0.32, or 1.0 mg/kg/
infusion intravenous cocaine available under an FR 1 (TO) 20-s schedule of reinforcement,
for daily 3-hr sessions, 5 days per week. Because no mice acquired self-administration at the
two lower doses, data from those two groups were pooled for presentation and analysis. The
sessions were started immediately before introducing the animal into the chamber to ensure
that the first nose-pokes were reinforced. Mice were allowed to self-administer cocaine for
at least seven and up to 10 sessions (if criteria were not met within seven sessions). Mice
were considered to have acquired cocaine self-administration when they met the following
criteria: 1) at least two consecutive sessions of ≥15 reinforcers earned per session
(“acquisition level”) and ≥75% responses in the active hole; 2) extinction of responding
when saline was substituted for cocaine (i.e., <50% of the acquisition level); 3) mice were
required to show nose-poking levels comparable to acquisition levels when cocaine was
again made available after extinction. Extinction and reacquisition phases are now routinely
included in our acquisition criteria because we have observed that false positives can occur
(e.g., in strains with high baseline activity) when only the initial phase of self-administration
is considered (Thomsen, Hall, Uhl & Caine, 2009; Thomsen & Caine, 2011).To prevent
overdose, the total drug intake was limited to 30 mg/kg/session (reacquisition). Catheter
patency was verified at the end of the acquisition phase and again after the extinction and
reacquisition phases; animals in which catheter patency could not be demonstrated were
excluded from the data set (11 mice). Cocaine acquisition data were collected from the
following numbers of mice (group sizes): at 0.0032/0.032 mg/kg/infusion, nine WT mice

(seven females, two males), 13  mice (six females, seven males), and eight  mice

(females). At 0.32 mg/kg/infusion, 20 WT mice (five females, 15 males), 11  mice (four
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females, seven males), and 12  mice (one female, 11 males). At 1.0 mg/kg/infusion, 10

WT mice (five females, five males), six  mice (males), and five  mice (males).

After completion of the acquisition experiment, mice with patent catheters were allowed to
self-administer 1.0 mg/kg/infusion cocaine until intake was stable (at least 15 reinforcers
earned per session and <20% variations over two consecutive sessions) under the FR 1
schedule, then behavior was trained and evaluated under the PR schedule as described
below.

Experiment 2: Acquisition and Evaluation of Food-Maintained Behavior
Under the FR 1 and PR Schedules

To obviate potential effects of food neophobia, experimentally naïve mice were first
acclimated to the liquid food (5 ml of Ensure protein drink) in the operant conditioning
chamber, as follows. The mice were food-deprived exclusively before the first presentation
of the Ensure by removing food from the home cage, previously available ad libitum, 18–21
hours before the session (water remained available). Mice were then placed in the operant
chamber with a cup of Ensure in daily 2-hr sessions. When a minimum of 1.5 ml were
consumed per session (typically within one or two sessions), the acquisition phase began,
and mice were placed in the operant conditioning chamber for one 2-hr session daily, 5 days
per week. During the acquisition phase, liquid food (25 µl per reinforcer) was presented
according to an FR 1 (TO) 20-s schedule of reinforcement. The mice were allowed at least
seven sessions to acquire responding, and as long as needed until criteria were met (criteria:
two consecutive sessions with a minimum of 30 reinforcers earned per session and at least
75% responses on the active manipulandum). After acquisition criteria were met, water was
substituted for at least three sessions and until responding was extinguished to <50% of food
responding. A series of six sessions alternating 100% food and water were then presented, to
facilitate rapid extinction when responding was not reinforced. Finally, a range of liquid
food dilutions (water, 3, 10, 32, and 100%) was then presented consecutively for one session
each within subjects according to a Latin square design, followed by a second determination
in the same sequence. The two determinations were averaged in each mouse, and the
average was used for analysis and graphic representation. Then 100% Ensure was made
available under an FR 1 then FR 3 session before introduction of the PR schedule (see
below), and food concentration-effect functions were again determined. Food acquisition

data were collected from 16 WT mice (14 females, two males), 10  mice (six females,

four males), and 11  mice (six females, five males).

Experiment 3: Cocaine Self-Administration Behavior Under the FR 1
Schedule

Mice were trained with liquid food as described under Experiment 2 (using a separate cohort
of mice) and underwent jugular catheter implantation and recovery (see above). Intravenous
cocaine was then made available as the reinforcer (1.0 mg/kg/infusion) under an FR 1 TO
20-s schedule of reinforcement, until baseline criteria were met (two consecutive sessions
with ≥15 reinforcers earned per session, <20% variation in number of reinforcers earned
between the two sessions, and ≥75% responses in the active hole). Thereafter saline was
substituted for cocaine until extinction to criteria (<80% of baseline self-administration
level), then baseline behavior was reestablished with 1.0 mg/kg/infusion, followed by dose-
effect functions determined within subjects (saline, 0.032, 0.1, 0.32, 1.0, and 3.2 mg/kg/
infusion, tested consecutively for one session each in a pseudorandom order
counterbalanced across genotypes). To prevent overdose, the total drug intake was limited to
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30 mg/kg/session. Sessions were as described for food, except that session length was 3 hr.
For these and all other experiments, catheter patency was verified periodically and data from
animals in which catheter patency could not be demonstrated after a dose-effect
determination were excluded from the data set.

A subset of these WT mice were then used to test PG01037 pretreatments to cocaine self-
administration. Following the dose-effect function determination, self-administration was
allowed to stabilize using 0.32 mg/kg/infusion cocaine under the FR 1 schedule of
reinforcement in WT mice. Then PG01037 (10–56 mg/kg, Latin square design) was tested
as a pretreatment to this cocaine dose, administered intraperiteneally, 10 min before the self-
administration session.

Progressive Ratio Schedule of Reinforcement
Cocaine self-administration behavior and food-maintained behavior was also evaluated
under a PR schedule of reinforcement. Mice from Experiment 1 were used to collect cocaine
dose-effect functions under the PR schedule of reinforcement, along with some mice which
were previously trained to press levers for liquid food reinforcement before being switched

over to nose-poke holes (contributions were balanced across  and WT, while  mice
were all from Experiment 1). The food-trained mice had been tested with one or more D3-
preferring ligands under an FR 10 schedule of food reinforcement prior to being implanted
with a catheter. All mice were allowed to nose-poke under an FR 1 schedule of
reinforcement reinforced by 1.0 mg/kg/infusion cocaine until stable intake level (i.e., less
than 20% variation and at least 15 reinforcers earned per session), before proceeding to the
PR schedule (typically 2–3 days). An FR 3 schedule was used as a transition from the FR 1
schedule prior to introduction of the PR schedule, until the reinforcers earned were
comparable to the FR 1 level (typically less than five sessions).

For the PR schedule, the ratio for successive reinforcers was incremented in steps according
to the logit equation: ratio = 19 × [1 + log(step/(7−0.3 × step))], resulting in ratios of 3, 9,
13, 16, 18, 20, 22, 24, 25, 27, 28, 29, 31, 32, 34, 35, 37, 39, 41, 44, 47, 52, 64, and so forth
(see Thomsen et al., 2005). The breaking point was defined as the number of reinforcers
earned (last completed ratio) after a 60-min limited hold (i.e., period with no reinforcer
earned). If a breaking point had not been reached within 6 hr, the session was terminated to
prevent health hazard (e.g., hypothermia, dehydration; less than 5% of the “breaking points”
were recorded due to session expiration without a full 1-hr limited hold). After a stable
baseline had been achieved (two consecutive sessions with breaking points >10 reinforcers
and with less than 20% variation), saline or water was substituted until responding
extinguished to breaking points <10 reinforcers and ≤50% of the baseline. Cocaine dose-
effect curves (saline, 0.03, 0.32, and 1.0 mg/kg/infusion cocaine) and liquid food
concentration-effect curves (water, 3, 10, 32, 100% food in water) were determined within-
subjects according to a Latin square design, with each dose tested for two or three
consecutive sessions (i.e., if the breaking points reached in the two first determinations
varied by more than 20%, a third determination was made). For each dose/concentration,
breaking points were averaged over test days, and the average was used for data presentation
and analysis. Doses/concentrations were tested consecutively (not separated by baseline
days).

Drugs
Cocaine hydrochloride was supplied by the National Institute on Drug Abuse (NIH,
Bethesda, MD), PG01037 was synthesized in the Medicinal Chemistry Section (NIDA-IRP,
Baltimore, MD), using methods described in Grundt et al., (2005). Cocaine was dissolved in
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0.9% saline and PG01037 in sterile water. Drug doses refer to the weights of the respective
salts.

Data Analysis
The number of mice that met acquisition (food or cocaine) criteria within seven sessions was

compared for each dose between  and WT mice, and between  and WT mice,
respectively, using Fisher’s exact test. The amount of behavior during the acquisition phase
(food or cocaine) was compared using mixed-model analysis of variance (ANOVA) with
genotype and sex as between-subjects variables, and session and nose-poke hole (reinforced/
nonreinforced) as within-subjects (repeated measures) variables. For cocaine, there was an
additional between-subjects factor of dose. In mice that met acquisition criteria, reinforcers
earned at criteria for acquisition, extinction, and reacquisition were likewise compared, with
condition (training phase) as the within-subjects (repeated measures) variable. Significant
effects were followed by Tukey’s test. For food concentration-effect functions and drug
dose-effect functions, comparisons were made using a mixed-model ANOVA with genotype
and sex as between-subjects variables and food concentration or drug dose as within-
subjects (repeated measures) variables. The dependent variable was the number of
reinforcers earned per session (i.e., the breaking point for the PR schedules). Significant
effects were followed where appropriate by Dunnett’s multiple comparisons test versus
vehicle, or the Bonferroni posttest between genotypes. Significance level was set at p < .05.
There were no significant effects or consistent trends for sex differences, therefore all data
are reported as sexes combined and statistical analyses involving the sex factor are omitted
for brevity.

Results
Acquisition of Operant Behaviors (Experiments 1 and 2)

Acquisition of cocaine self-administration was evaluated in separate groups of
experimentally naïve mice, having access to one of four doses of cocaine, 0.0032, 0.032,
0.32, or 1.0 mg/kg/infusion, under an FR 1 schedule of reinforcement. Because no mice
acquired self-administration at the two lower doses, data from those two groups were pooled
for presentation. For comparison, an additional group of mice were allowed to acquire nose
poking for liquid food (undiluted Ensure, Experiment 2) under the same schedule of
reinforcement. The number of mice meeting acquisition criteria within 7–10 sessions was

compared at each dose using a Fisher’s exact test for  versus WT and for  versus
WT, respectively (Figure 2). No comparison was significant for acquisition of cocaine self-

administration, but for food, significantly fewer  mice met criteria within seven sessions

relative to WT (p < .05).  mice did not differ significantly from WT mice for any
comparison. Mice also showed no genotype effect in their ability to meet criteria for
extinction and reacquisition of self-administration, as all mice that acquired initially met
criteria for those phases as well. Males and females acquired in comparable proportions: at
0.32 mg/kg/infusion cocaine, 18% versus 20%, at 1.0 mg/kg/infusion cocaine, 81% versus
60%, for food, 85% versus 82% (all nonsignificant).

Figure 3 shows the reinforcers earned and inactive responses as a function of acquisition
sessions for cocaine and food. For cocaine, ANOVA revealed no significant effect of
genotype, or any significant interaction of genotype and other factors (see Figure 3).
Responses were related to cocaine dose [F(2, 85) = 7.07, p < .01] and session [F(4, 340) =
2.97, p < .05]. Some interactions were significant, supporting the interpretation of dose-
dependent acquisition of self-administration over the sessions: hole by session [F(4, 430) =
3.94, p < .01], and dose by hole by session [F(8, 340) = 3.09, p < .01]. Similarly for food,
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there was no significant effect of genotype or any significant interaction of genotype and
other factors (see Figure 3). Responding was related to nose-poke side [F(1, 21) = 78.9, p < .
0001], session [F(6, 162) = 6.40, p < .0001], with a side by session interaction [F(6, 162) =
8.72, p < .0001].

In mice that met acquisition criteria, the D3 genotypes did not differ significantly from each
other in the numbers of reinforcers earned at criteria for acquisition, extinction, or
reacquisition, for all reinforcers (cocaine 0.32 or 1.0 mg/kg, food; see Table 1). For all
reinforcers, the number of reinforcers earned was significantly affected by training phase
(i.e., reinforcer availability; p < .0001). Specifically, mice earned significantly more
reinforcers in the reinforced phases (acquisition and reacquisition) than in the vehicle
extinction phase (Dunnett’s test after ANOVA, see Table 1 for details). Reacquisition levels
were comparable to acquisition levels in all groups.

Dose-Effect Functions Under FR 1 and PR Schedules of Reinforcement (Experiment 3)
Cocaine self-administration dose-effect functions as well as food-maintained behavior were
evaluated under the FR 1 and the PR schedules of reinforcement (Figure 4). Under the FR 1
schedule, reinforcers were related to cocaine dose [F(5, 105) = 7.49, p < .0001], with no
significant effect of genotype or interaction. Further analysis revealed that 0.1 mg/kg/

infusion cocaine maintained significant self-administration in both the  mice and the
WT mice (p < .05 vs. saline, Dunnett’s), although no dose reached significance post hoc in

the  mice. In contrast for food, numbers of reinforcers earned were related to both D3
genotype [F(2, 27) = 3.74, p < .05] and food concentration [F(4, 2108) = 85.7, p < .0001],
with no significant interaction. Genotype effects were examined using the Bonferroni

posttest, but no comparison reached significance, despite apparent lower levels in the 
mice when water and low food concentrations were available. Post hoc examination
revealed that 10–100% food concentrations maintained higher responding than water in the

 mice, while only 32–100% reached significance in the  and WT mice (all p < .01,

Dunnett’s). Note that this difference reflects low levels of reinforcers earned in the 
mice when water was available, relative to WT mice, rather than high levels of responding
for the 10% food concentration (see Figure 4 upper right panel).

Under the PR schedule of reinforcement, cocaine maintained dose-dependent responding
[F(3, 36) = 29.9, p < .0001], with no significant effect of genotype or interaction. The
highest dose, 1 mg/kg/infusion, maintained higher breaking points than saline in all three

genotypes (p < .01, Dunnett’s), as did 0.32 mg/kg/infusion in the  mice only (p < .05).
In some cases, mice failed to reach a breaking point within the 6-hr session. This occurred at
the highest dose (baseline and/or dose-effect determination) in all three strains (in about half

the mice), and at the 0.32 mg/kg/infusion dose in three  mice only. Thus the apparent

difference between WT and  mice at that intermediate dose was not associated with
differences in reaching the cut-off. Similarly, the number of food reinforcers was related to
concentration under the PR schedule [F(4, 84) = 56.2, p < .0001], with no significant effect
of genotype or interaction. Food concentration of 32% and 100% maintained higher
breaking points than water in all genotypes (p < .01, Dunnett’s). All food PR data were true
breaking points, that is, no mice reached the maximum 6-hr session duration.

Effects of the D3 Antagonist PG01037 on Cocaine Self-Administration
We tested the D3 antagonist PG01037 as a pretreatment to cocaine self-administration (0.32
mg/kg/infusion) under the FR 1 schedule of reinforcement in WT mice (Figure 5). PG01037
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failed to affect cocaine self-administration behavior when administered at doses up to 32
mg/kg (no significant effect of dose). Modest decreases were observed in some mice tested
at 100 mg/kg (data not shown). However testing at this dose was discontinued because the
administration of 56 mg/kg PG01037 produced side effects such as markedly reduced body
temperature (i.e., readily noticeable by handling), in two of six mice, with lethality in one of
the mice treated with 56.0 mg/kg, and another of the mice treated with 100 mg/kg. Note that
no adverse effects of PG01037 were observed in a food assay at up to 100 mg/kg, so this
likely represent an interaction with cocaine.

Discussion

 mice did not differ significantly from WT controls in cocaine self-administration
behaviors using a range of experimental conditions including acquisition, FR 1 and PR
schedules of reinforcement. Small and nonsignificant decreases in self-administration
relative to WT mice were apparent at a moderate dose of cocaine (0.32 mg/kg/infusion)
under acquisition conditions and under the PR schedule, consistent with the idea that the D3
receptor may play a subtle role in the reinforcing effects of low cocaine doses under low
fixed-ratio schedules. However, it should be noted that comparable or greater decreases
were observed in food-maintained behavior. We tested both male and female mice, with no
significant effect of sex, consistent with previous cocaine self-administration studies in mice
from our laboratory (e.g., Thomsen, Han, Gu & Caine, 2009).Taken together, under a range
of experimental conditions, we found no clear indication that the reinforcing effects of

cocaine specifically were diminished in the  mice relative to WT.

The present findings are consistent with earlier reports of unaltered cocaine-conditioned

CPP and cocaine-induced increases in extracellular striatal dopamine in  mice,
suggesting that the D3 receptor does not play a predominant role in mediating abuse-related
effects of cocaine in mice (Chen & Xu, 2010; Karasinska, George, Cheng, & O’Dowd,
2005; Zapata, Witkin, & Shippenberg, 2001). Studies using D3-preferring antagonists have
suggested D3 manipulations are ineffective under self-administration conditions where the
response requirement is low (FR 1), but can modulate cocaine self-administration under high
FR, or PR schedules of reinforcement (Xi et al., 2005, 2006). These observations may
extend to stimulant drugs more generally, as the D3 antagonist PG01037 was reported to
decrease methamphetamine self-administration under a PR schedule of reinforcement in rats
having extended access to self-administered methamphetamine, but did not affect behavior
under an FR 1 schedule of reinforcement (Orio, Wee, Newman, Pulvirenti, & Koob, 2010).
Similarly in knockout studies, we and others have found that PR schedules, as well as
acquisition conditions in experimentally naïve mice, can uncover phenotypes not apparent
under more permissive conditions (Rocha, Ator, Emmett-Oglesby, & Hen, 1997; Rocha et
al., 1998; Thomsen et al., 2005; Ward & Walker, 2009). Here, we assessed both acquisition
of cocaine self-administration over a range of doses and dose-effect functions under a PR

schedule. While a trend for fewer  relative to WT mice meeting acquisition criteria was
apparent at the low and intermediate cocaine doses, this did not meet statistical significance
and, importantly, was paralleled by a similar (and statistically significant) decrease in

acquisition of food-maintained behavior in the  mice. Similarly, under the PR schedule,
an intermediate cocaine dose maintained significantly higher breaking points than saline in

the WT mice, but not  mice, however, the overall effect of the D3 genotype was not
significant. Because relative small group sizes completed the PR dose-effect studies, it is
possible that this apparent genotype effect would have reached significance if more mice

had been included. However, a trend for lower breaking points in the  mice was also
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apparent for food. Taken together, under a range of experimental conditions, cocaine self-
administration was comparable across the three genotypes or only modestly decreased in the

 mice. The  mice did however show some evidence of either mildly impaired
operant performance, or decreased responsiveness to reinforcers more generally, including
food.

In the present investigation, the D3 antagonist PG01037 did not decrease cocaine self-
administration in WT mice under an FR 1 schedule of reinforcement, using a dose range and
route of administration previously shown to be behaviorally active in mice (Collins et al.,
2009). This finding is consistent with previous results in rats and squirrel monkeys using an
FR 1, PR, or second order schedule of reinforcement in many studies (Achat-Mendes et al.,
2010; Gál & Gyertyan, 2003; Orio et al., 2010), but not all (Xi et al., 2006). Other putative
D3 receptor antagonists have been reported to decrease cocaine self-administration only
under conditions of high response requirements and not under an FR 1 schedule of
reinforcement, in rats and monkeys (Martelle et al., 2007; Xi et al., 2005). Beyond the
straightforward interpretation that relatively moderate effects (of drugs or other
manipulations) can be more easily detected under conditions of high response requirement,
there is evidence that D3 receptors are involved in the conditioned reinforcing effects of
cocaine, rather than its direct reinforcing effects (Collins & Woods, 2009). This
interpretation is consistent with both second order schedules of reinforcement and cue-
induced reinstatement of a behavior previously reinforced with cocaine being particularly
sensitive to modulation by D3 antagonists (Cervo, Cocco, Petrella, & Heidbreder, 2007; Di
Ciano, Underwood, Hagan, & Everitt, 2003). The failure of PG01037 to affect cocaine self-
administration under a second order schedule in monkeys may reflect methodological or
species differences, or may suggest confounding off target effects of PG01037 (Kumar et
al., 2009). Another possibility is that the earlier findings were attributable to D2 rather than
D3 receptor blockade by the D3 preferential antagonists. However, all of those possible
explanations remain speculative without further empirical evidence.

In summary, our data add to the evidence failing to support a major role for D3 receptors in
mediating the direct reinforcing effects of cocaine. However, it remains to be established
how the D3 receptor contributes to reinstatement of operant behavior in laboratory animals
or of relapse to drug use in humans, such as responses to cocaine-associated cues. In
addition, the smaller density and restricted localization of D3 relative to D1 and D2 receptors
may have allowed for especially robust developmental compensations to the constitutive D3
receptor knockout. In that regard, the observations in the present study of trends in the D3
receptor knockout mice toward decreased acquisition of self-administration under an FR 1
schedule and lower responding under a PR schedule are intriguing. All in all, the D3 receptor
may not be necessary for cocaine’s reinforcing effects, but rather may be a target for subtle
manipulations of brain systems related to reward generally and drug abuse in particular.
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Figure 1.
Diagram of experimental groups (1, 2, 3) and the sequence of training/testing phases in each
experiment. In Experiment 1, note that mice which were assigned the highest cocaine dose
(1.0 mg/kg/infusion) proceeded directly from reacquisition to the PR training. Mice assigned
to lower doses were first required to meet baseline, extinction, and rebaseline criteria at the
1.0 mg/kg/infusion dose (to provide a similar starting point for all mice). Regardless of dose,
mice which failed to acquire cocaine self-administration were similarly required to meet
criteria at the 1.0 mg/kg/infusion dose before proceeding to the PR training. Some attrition
due to catheter failure or health complications occurred throughout experimental phases.
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Figure 2.

Proportion of ,  and WT mice meeting acquisition criteria within 7 sessions for
each cocaine dose and for food. Because no mice met criteria at 0.0032 and 0.032 mg/kg/
infusion cocaine, these groups were pooled into one low-dose group. Abscissa: reinforcer;
ordinate: % mice acquired. Numbers above columns indicate the number of mice meeting
criteria/group size (see Methods for females/male distribution). † p < 0.05 vs. WT, Fisher’s
exact test.
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Figure 3.
Reinforcers earned and inactive responses as a function of session under acquisition of
cocaine self-administration and food-maintained behavior in experimentally naïve WT mice

(top panels),  mice (center panels) and  mice (lower panels). There was no
significant effect of genotype for either reinforcer group. Abscissae: session number;
ordinates: number of reinforcers earned and number of inactive responses per session.
Diamonds represent reinforcers earned, small squares represent responses in the inactive
manipulandum. Data are group means ± standard error of the mean (SEM). Group sizes as
indicated in Figure 1.
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Figure 4.
Cocaine dose-response functions (left panels) and food concentration-response functions

(right panels) in ,  and WT mice under the FR 1 (top) and the PR (bottom) schedule
of reinforcement. Abscissae: cocaine dose [mg/kg/infusion] or food concentration [% in
water]; ordinates: reinforcers earned per session (i.e., breaking point for the PR schedule).
Data are group means ± SEM. Group sizes: cocaine FR 1: WT, N = 7 (three females + four

males), , N = 9 (two females + seven males), , N = 11 (four females + seven

males); food FR 1: WT, N = 12 (two females + 10 males),  and , N = 9 (both five
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females + four males); cocaine PR: WT, N = 4 (two females + two males), , N = 7 (two

females + five males) and , N = 4 (all males); food PR: WT, N = 8 (all females), ,

N = 8 (three females + five males), and , N = 8, (four females + four males). * p < 0.05

vs. vehicle in WT mice, † p < 0.05 vs. vehicle in  mice, # p < 0.05 vs. vehicle in 
mice (Dunnett’s multiple comparisons test).
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Figure 5.
Effect of PG01037 on self-administration of 0.32 mg/kg/infusion cocaine under the FR 1
schedule of reinforcement in WT mice. Abscissa: dose PG01037 [mg/kg]; ordinate: cocaine
reinforcers earned per session. Data are group means ± SEM. N = 6 (two females, four
males).
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Table 1

Reinforcers Earned at Criteria for Acquisition, Extinction, and Reacquisition

Reinforcer/phase WT D3
+/− D3

−/−

Cocaine 0.32 mg/kg/infusion (N = 6) (N = 1) (N = 1)

  Acquisition 56.5 ± 9.8* 58.0n/a 47.8n/a

  Extinction 13.0 ± 2.6 24 22

  Reacquisition 58.4 ± 16.2* 50n/a 54n/a

Cocaine 1.0 mg/kg/infusion (N = 8) (N = 4) (N = 4)

  Acquisition 23.9 ± 1.2*** 23.7 ± 1.8*** 23.1 ± 1.4**

  Extinction 8.3 ± 2.5 6.3 ± 0.9 7.3 ± 2.7

  Reacquisition 22.8 ± 1.8*** 25.7 ± 2.1*** 24.8 ± 3.0**

Liquid food (N = 14) (N = 10) (N = 11)

  Acquisition 69.9 ± 2.9*** 70.5 ± 5.0*** 61.3 ± 3.9***

  Extinction 20.0 ± 1.9 21.4 ± 2.6 21.5 ± 2.8

  Reacquisition 65.4 ± 4.7*** 63.2 ± 7.3*** 68.3 ± 4.6***

Note. In mice that met acquisition criteria, there was no significant effect of D3 genotype on the number of reinforcers earned at criteria for

acquisition, extinction, or reacquisition.

*
p < .05.

**
p < .01.

***
p < .001 vs. extinction (Tukey's test).

n/a
Statistical analysis not applicable.
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