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Drugs acting at D3 dopamine receptors have been suggested as medications for cocaine dependence. These experiments examined the
effects of intravenously and orally administered buspirone, a D2-like receptor antagonist with high affinity for D3 and D4 receptors, on
the relative reinforcing strength of cocaine in group-housed male cynomolgus monkeys. Use of socially housed monkeys permitted the
assessment of whether social status, known to influence D2-like receptor availability, modulates the behavioral effects of buspirone.
Buspirone was administered acutely to monkeys self-administering cocaine under a food—drug choice procedure in which a cocaine
self-administration dose—effect curve was determined daily. When administered by either route, buspirone significantly decreased
cocaine choice in dominant-ranked monkeys. In subordinate monkeys, however, i.v. buspirone was ineffective on average, and oral
buspirone increased choice of lower cocaine doses. The effects of buspirone only differed according to route of administration in
subordinate monkeys. Moreover, it is noteworthy that the effects of buspirone were similar to those of the D3 receptor-selective
antagonist PGO1037 and qualitatively different than those of less selective drugs that act at D2-like or serotonin (5-HT) A receptors,
suggesting a D3 and possibly D4 receptor mechanism of action for buspirone. Taken together, the data support the utility of drugs
targeting D3/D4 receptors as potential treatments for cocaine addiction, particularly in combination with enriching environmental

manipulations.

INTRODUCTION

Cocaine addiction persists as a worldwide public health
problem for which there is no widely effective pharma-
cotherapy (Haile et al, 2012). A great deal of preclinical and
clinical evidence has implicated D2-like dopamine receptors
(composed of D,, D, and D, subtypes) in the abuse-related
behavioral effects of cocaine (see, eg, Woolverton et al,
1984; Callahan et al, 1991; Caine et al, 2000). Drugs that
nonselectively and indirectly stimulate D2-like receptors
such as d-amphetamine and methamphetamine can reduce
cocaine use (Grabowski et al, 2004; Mooney et al, 2009), but
themselves possess high abuse liability. Negative results
have been obtained using direct-acting D2-like receptor
agonists (cf, Amato et al, 2011). D2-like receptor antagonists
similarly have limited utility in treating stimulant abuse
because of a general lack of efficacy and the emergence of
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motor side effects that decrease compliance (see, eg, Gawin,
1986; Farde et al, 1992; Barnes and Edwards, 1993;
Ohuoha et al, 1997; Grabowski et al, 2000). In contrast,
drugs that selectively interact with receptors of the D;
subtype have generated a great deal of interest in recent
years as potential pharmacotherapies (Newman et al, 2005,
2012; Heidbreder, 2013; Paterson et al, 2014). Both post-
mortem studies and brain imaging experiments have
indicated that D; receptors are higher in cocaine users
than control subjects (Staley and Mash, 1996; Payer et al,
2014). Thus, it is hypothesized that D5 receptor antagonists
may block the reinforcing and subjective effects of cocaine
without producing extrapyramidal motor side effects.
Indeed, D; receptor antagonists have been shown to de-
crease the abuse-related effects of cocaine in a number of
laboratory animal models of cocaine addiction (reviewed in
Heidbreder and Newman, 2010).

In other studies, putative Dj; receptor antagonists that
decreased cocaine or methamphetamine self-administration
did so only at doses that also decreased responding
maintained by food (see, eg, Claytor et al, 2006; Martelle
et al, 2007; Thomsen et al, 2008; Higley et al, 2011).
However, it remains possible that the lack of selective effects
on cocaine self-administration in these studies is due to the
relatively high D, receptor affinity and/or lack of sufficient
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selectivity for D versus D, receptors of the pharmacological
tools that were used. It should also be noted that studies in
mice with genetically deleted D, or D5 receptors support the
prominence of D, receptors in mediating the reinforcing
effects of cocaine, and suggest that D; and D, receptors play
a more subtle role (Caine et al, 2002, 2012).

Buspirone (Buspar), used clinically as an anxiolytic, is a
serotonin (5-HT);, receptor partial agonist and antagonist
at D,, D;, and D, receptors (Kula et al, 1994; Tallman
et al, 1997; Wong et al, 2007; Bergman et al, 2013). Its
relatively high affinity at D; and D, receptors (98 and
29nM, respectively; Bergman et al, 2013) and modest
selectivity (5- and 16-fold, respectively; Bergman et al, 2013)
versus D, receptors has focused attention on its use as a
potential medication for cocaine abuse (Winhusen et al,
2012, 2014). Supporting its utility as a pharmacotherapy,
recent studies in nonhuman primates demonstrated that
acute intramuscular administration and chronic intrave-
nous (i.v.) infusion of buspirone decreased cocaine self-
administration under a fixed-ratio (FR) 30 (Bergman et al,
2013) and a second-order (specifically, FR2 (variable ratio
16:S)) schedule of reinforcement (Mello et al, 2013).
However, a recent clinical trial indicated that buspirone
was ineffective in maintaining abstinence in treatment-
seeking cocaine abusers (Winhusen et al, 2014). To examine
whether the predictive nature of preclinical models could be
enhanced, a recent study in monkeys showed that 5 days of
treatment with buspirone did not decrease cocaine self-
administration when studied under a food-cocaine choice
paradigm, consistent with the clinical trials findings (John
et al, 2014). In the present experiments, we extended these
results by characterizing the effects of buspirone on the
reinforcing strength of cocaine relative to food using a
choice procedure in socially housed male cynomolgus
monkeys and compared these effects with those of a high-
affinity (K;=0.7, 93.3, and 375.0 nM at human hD;, D,, and
D, receptors, respectively) and highly selective (133-fold
versus D, and 540-fold versus D, receptors) Ds receptor
antagonist PG01037 (Grundt et al, 2007).

The monkeys used in this study were housed in groups
of four monkeys per pen. We have demonstrated that
monkeys that occupy dominant vs. subordinate positions in
the social hierarchy differ in D2-like receptor availability
as measured with positron emission tomography and in
sensitivity to cocaine and other drugs that act at D2-like
receptors (Morgan et al, 2002; Czoty et al, 2010; Czoty and
Nader, 2013). However, because the radiotracers used in
those imaging experiments do not discriminate between D,
Ds, and D, receptors, little is known about the influence of
social rank on subtypes within the D2-like family. We hypo-
thesized that the ability of buspirone to decrease cocaine
choice may be enhanced when combined with environ-
mental enrichment, in this case being a dominant monkey
in a social group. Another noteworthy feature of the present
study is that the effects of buspirone were characterized
after both oral and i.v. administration. Although atypical in
laboratory animal studies, assessment of oral administra-
tion of putative pharmacotherapies is critical because it
represents the preferred route of medication administration
in humans. A comparison of oral versus parenteral admini-
stration of buspirone in particular is warranted in light of
recent in vivo brain imaging data suggesting that buspirone
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selectively blocks Dj versus D, receptors when given orally,
but blocks both receptors after intramuscular administra-
tion (Kim et al, 2014).

MATERIALS AND METHODS
Subjects

Sixteen adult male cynomolgus monkeys (Macaca fascicu-
laris) served as subjects. Each monkey was fitted with an
aluminum collar (Primate Products, Redwood City, CA) and
trained to sit calmly in a standard primate chair (Primate
Products). Monkeys were weighed weekly and fed enough
food daily (Purina LabDiet Chow, St Louis, MO) and fresh
fruit and vegetables to maintain healthy body weights
without becoming obese. Body weights did not change
significantly during these studies and were not different
between dominant and subordinate monkeys. Water was
available ad libitum in the home cage.

All monkeys lived in stable social groups of four monkeys
per pen, in stainless steel cages (0.71 x 1.73 x 1.83 m;
Allentown Caging Equipment, Allentown, NJ) with remo-
vable wire mesh partitions that separated monkeys into
quadrants (0.71 x 0.84 x 0.84 m). Monkeys were separated
daily for several hours during operant behavioral sessions
and feeding. Social status had previously been determined
for each monkey according to the outcomes of agonistic
encounters using procedures similar to those described
previously (see Kaplan et al, 1982; Czoty et al, 2009).
Briefly, two observers separately conducted several 15-min
observation sessions per pen. The monkey in each pen
aggressing toward all others and submitting to none was
ranked no. 1 (most dominant). The no. 2-ranked monkey
aggressed toward all but the no. 1-ranked monkey and
submitted to him. The no. 3-ranked monkey aggressed
towards only the no. 4-ranked monkey and submitted
toward the no. 1- and no. 2-ranked pen mates. The monkey
designated most subordinate (no. 4) displayed a low fre-
quency of aggressive behaviors and submitted to all other
monkeys in the pen. Seven of the subjects were dominant
(ie, ranked no. 1 or no. 2), eight were subordinate (ie,
ranked no. 3 or no. 4), and one monkey (C-7426) was
dominant during determination of effects of i.v. buspirone,
but had become subordinate before testing p.o. buspirone.
Animal housing and handling and all experimental proce-
dures were performed in accordance with the 2003 National
Research Council Guidelines for the Care and Use of
Mammals in Neuroscience and Behavioral Research and
were approved by the Animal Care and Use Committee of
Wake Forest University. Environmental enrichment was
provided as outlined in the Animal Care and Use Committee
of Wake Forest University Non-Human Primate Environ-
mental Enrichment Plan.

Catheter Implantation

Each monkey had been prepared with an indwelling venous
catheter and subcutaneous vascular access port (VAP;
Access Technologies, Skokie, IL) under sterile surgical
conditions. An antibiotic (30 mg/kg kefzol, i.m.; Cefazolin
sodium, Marsam Pharmaceuticals, Cherry Hill, NJ) was
administered 1h before surgery. Anesthesia was induced
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with ketamine (15mg/kg, im.) and maintained with
ketamine supplements. A catheter was inserted into a major
vein (femoral or internal or external jugular) to the level of
the vena cava. The distal end of the catheter was passed
subcutaneously to a point slightly off the midline of the
back, where an incision was made. The end of the catheter
was attached to a VAP that was placed in a subcutaneous
pocket formed by blunt dissection.

Apparatus and General Behavioral Procedures

Five days per week, monkeys were separated by partitioning
the living space into quadrants. Next, each monkey was
seated in a primate chair and placed into a ventilated,
sound-attenuating chamber (1.5 0.74 x0.76 m; Med
Associates, St Albans, VT). The back of the animal was
cleaned with chlorhexidine and the VAP was connected
to an infusion pump (Cole-Parmer Instrument, Niles, IL)
located outside the chamber via a 22-gauge Huber Point
Needle (Access Technologies) and tubing. The pump was
operated for ~3s to fill the port and catheter with the
concentration of cocaine available for the session. Two
photo-optic switches (Model 117-1007; Stewart Ergonomics,
Furlong, PA) were located on one side of the chamber with
a horizontal row of three stimulus lights positioned 14 cm
above each switch. The switches were positioned to be easily
within reach of the monkey seated in the primate chair.
A food receptacle, above which was a single white stimulus
light, was located between the switches and connected with
a Tygon tube to a pellet dispenser (Med Associates) located
on the top of the chamber for delivery of 1-g banana-
flavored food pellets (Bio-Serv, Frenchtown, NJ). At the
conclusion of each behavioral session, monkeys were
returned to their home cages. Partitions were left in place
for 60-90 min during which time monkeys were fed.

Food-Cocaine Choice

Monkeys had previously been trained to self-administer
cocaine under a concurrent FR schedule of food and cocaine
availability (Czoty and Nader, 2012). Completion of 30
consecutive responses on one switch (henceforth termed the
‘food switch’) always resulted in delivery of a single food
pellet; the yellow light above this switch was illuminated
during pellet availability. Completion of an FR 30 on the
other switch (henceforth termed the ‘drug switch’) resulted in
activation of the infusion pump and an injection of cocaine
(0.003-0.1 mg/kg per injection). Availability of different
cocaine doses, administered by varying the duration of pump
activation, was associated with illumination of a different set
of stimulus lights above the switch (see Czoty and Nader,
2012). If a response was emitted on the alternate switch before
an FR was completed, the response requirement on the first
switch was reset. Delivery of either reinforcer was accom-
panied by illumination of the red light above the correspond-
ing switch (for 5s after a pellet delivery or during an
injection) and a subsequent period during which all lights
remained off and responding had no scheduled consequences.
The total timeout (TO) duration was 30s.

Each daily session consisted of 5 components in which
monkeys chose between food pellets and ascending doses of
cocaine (ie, no injection and 0.003, 0.01, 0.03, and 0.1 mg/kg
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per injection cocaine in components 1-5, respectively).
Each component ended when 10 total reinforcers had been
earned or 20 min had elapsed, whichever came first; a 2-min
TO followed each component. Ratio requirements for food
and cocaine were adjusted for each monkey such that
allocation of responding to the drug switch increased over
the session as the available dose of cocaine increased. As
observed in a previous study (see Table 2 in Czoty and
Nader, 2012), there was not a significant difference
in final ratio values for dominants and subordinates as
determined by t-test. Responding was considered stable
when <20% of reinforcers were earned on the drug switch
when the alternative to food was no injection (component 1)
or 0.003mg/kg per injection cocaine (component 2) and
>80% of reinforcers were earned on the drug switch when
the alternative to food was 0.1 mg/kg per injection cocaine
(component 5). An additional criterion of stability was
observation of a dose-related increase in drug choice. A
complete dose-effect curve was determined in each monkey
each day, typically 5 days per week.

Once responding was stable, vehicle or a single dose of
buspirone was administered iv. (0.03-0.56 mg/kg, 3 min
before session) or orally (3.0-17.8mg/kg, 45min before
session; Dockens et al, 2011) to dominant (n = 6) or subordi-
nate (n=6 for iv. buspirone; n= 7 for p.o. buspirone)
monkeys. Most doses were examined at least twice, except for
ineffective low doses and in cases when the highest doses were
observed to disrupt behavior markedly in several monkeys.
Following completion of studies with buspirone, PG01037
(1.0-5.6 mg/kg, i.v.) was tested in a subset of monkeys in
whom buspirone was (n=4; 3 dominant and 1 subordinate)
and was not (n = 5; 2 dominant and 3 subordinate) effective in
reducing cocaine choice. Drugs were typically tested on
Tuesdays and Fridays; vehicle was administered on Thursdays.

Data Analysis

Dependent variables of interest were percent cocaine choice
(defined as the number of reinforcers earned on the drug-
paired switch divided by the total completed choices on
both switches, multiplied by 100) and the number of food
reinforcers and injections earned per component. Total
session cocaine intake was also determined. Monkeys
differed in sensitivity to buspirone and PG01037; thus, it
was not informative to average data according to dose.
However, the effects were qualitatively similar in all monkeys
such that two doses were clearly identified that had pro-
gressively greater effects on behavior. In all cases, at least
one low dose was tested and found to be without effect, and
a high dose was identified that produced disruption of
responding. For this purpose, a dose was deemed to have
‘disrupted’ responding when the total number of reinforcers
earned across the session decreased >50% from baseline.
The two tested doses below the disruptive dose were termed
‘dose 1’ (the lower dose) and ‘dose 2.’ Initially, buspirone
was administered in half-log increments. On occasions
where a lower dose was without any effects on cocaine
choice and a higher dose was deemed ‘disruptive,’ the
intervening quarter-log dose was tested. Doses that repre-
sented ‘dose 1’ and ‘dose 2’ in each monkey are shown in
Table 1. For PG01037, data for the ‘best dose’ are shown,
which was the highest dose tested that was not disruptive.



Data were analyzed using repeated-measures two-way
analyses of variance (ANOVA), with cocaine dose and
treatment drug dose (vehicle, dose 1, and dose 2) as factors,
followed by multiple comparisons tests conducted with
Prism 6 for Mac OS X software (Graphpad Software). Data
for cocaine intake were analyzed using a one-way ANOVA
across treatment drug conditions. In all cases, differences
were considered significant when p <0.05.

Drugs

The (—)-Cocaine HCl was supplied by the National
Institute on Drug Abuse (Bethesda, MD) and dissolved in
sterile 0.9% saline. Buspirone was obtained from Sigma-
Aldrich (St Louis, MO) and was dissolved in sterile water.
When administered orally, the appropriate volume of
buspirone solution was mixed in mashed banana that had
been placed in a small paper cup and given to the monkey.
The animal was observed to assure that he had eaten all of
the banana. PG01037 was synthesized as described in

Table | Buspirone Doses (mg/kg) That Constituted ‘Dose |" and
‘Dose 2’ by Each Route of Administration and the ‘Best Dose’ of
PGO1037 (mg/kg) in Each Subject

Intravenous Oral PG01037
Dose | Dose 2 Dose | Dose 2
Dominant: no. | ranked
C-7079 0.1 0.17 3.0° 6.0 3.0°
C-6628 0.1% 0.3* 6.0 10.0* 3.0°
C-7082 Not tested 30 6.0 Not tested
Dominant: no. 2 ranked
C-6629 0.1 0.3* 10.0 17.8% 5.6
C-6625 0.1 0.3 6.0 10.0 5.6
C-7426° 0.1 0.3° Not tested Not tested
C-7081 0.1 0.3° Not tested Not tested
C-7080 Not tested 3.0° 6.0° Not tested
Subordinate: no. 3 ranked
C-7083 0.1 03" 30 6.0% 3.0°
C-6527 0.1 0.17 30 6.0 5.6"
C-6216 0.1 0.3 Not tested Not tested
C-7425 0.1 0.3 30 6.0° 5.6
C-7061 Not tested 30 6.0 Not tested
Subordinate: no. 4 ranked
C-6526 0.03 0.1 Not tested Not tested
C-6955 0.1 03 30 6.0 30
C-7898 Not tested 30 6.0 Not tested
C-7426"  Not tested 60 10.0 30°

“Doses that ‘affected’ cocaine choice were operationally defined as an increase
in the EDsq of at least 0.25log units.

5C-7426 was dominant when buspirone was tested i.v., but had become
subordinate before it was tested p.o. and was subordinate during PGO1037
testing.
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Grundt et al (2007) at the National Institute on Drug
Abuse-Intramural Research Program and dissolved in a
vehicle of 40% f-cyclodextrin in sterile water.

RESULTS

Experiment 1: Effects of 1.V. Buspirone on Food-Cocaine
Choice in Dominant and Subordinate Monkeys

Under vehicle treatment conditions, the frequency of
cocaine choice increased in a dose-related manner, with
cocaine preference obtained at 0.03 and 0.1 mg/kg per
injection cocaine in dominant and subordinate monkeys
(Figure 1, open symbols). Under baseline conditions, there
were no differences in cocaine choice between dominant and
subordinate monkeys. In all the statistical analyses described
below except two, a main effect of cocaine dose was observed
(all p<0.01). Both dominant and subordinate monkeys typi-
cally completed all available trials, except when the highest
cocaine dose was studied (Figure 2, top panels). There was a
shift in allocation of responding from exclusively food when
no injection or a low cocaine dose (0.003 mg/kg per injection)
was available to exclusively cocaine when high doses (0.03-
0.1 mg/kg per injection) were available (Figure 2, middle and
lower panels). There were no differences between social
ranks under baseline conditions.

In dominant monkeys, i.v. buspirone significantly de-
creased choice of higher cocaine doses (Figure 1, left panel).
There was a significant main effect of buspirone dose (F, ;o=
4.20, p<0.05) and a significant interaction (Fg 4=7.13,
p<0.0001), with post hoc analyses indicating that choice of
the highest two doses of cocaine decreased significantly
compared with vehicle treatment (p <0.0001). There was also
a main effect of buspirone dose on total reinforcers (F,, o=
8.89, p<0.001; Figure 2, top left), and significant interactions
between buspirone dose and cocaine dose for total reinfor-
cers (Fg 40=17.09, p<0.0001), food pellets earned (Fg 40=
16.92, p<0.0001), and injections received (Fg 40=5.93,
p<0.0001). The higher buspirone dose significantly decreased
the number of food pellets earned early in the session
(Figure 2, center left panel), but significantly increased the
number of food pellets received during the last two com-
ponents of the session. During these components, monkeys
received fewer cocaine injections (Figure 2, bottom left
panel), with the effect reaching significance during avail-
ability of 0.03 mg/kg cocaine (p <0.0001).

In subordinate monkeys, although choice of higher doses
was decreased by i.v. buspirone in some animals, on average
this effect did not reach statistical significance (Figure 1,
right panel). However, because of decreases in behavior
early in the session, there were significant main effects of
buspirone on total reinforcers (F, ;0=7.59, p<0.01) and
food reinforcers (F, ;o=5.08, p<0.05) earned, but not
cocaine injections (Figure 2, right column).

Experiment 2: Effects of Oral Buspirone on
Food-Cocaine Choice in Dominant and Subordinate
Monkeys

Effects of orally administered buspirone in dominant monkeys
were similar to those of i.v. buspirone. As observed after i.v.
buspirone, a high buspirone dose given orally significantly
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Figure | Effects of intravenous vehicle or buspirone on cocaine choice in dominant (left, n=#6) and subordinate (right, n=6) monkeys. Ordinates,
percent of reinforcers earned on cocaine-associated switch. Abscissae, dose of cocaine (mg/kg) available as an alternative to a food pellet. Data represent
mean + SEM. *P<0.05 compared with data obtained after saline administration at the same cocaine dose.

Dominant Subordinate

Total Reinforcers
F-9
Total Reinforcers
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Cocaine (mg/kg per injection) Cocaine (mg/kg per injection)
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Cocaine (mglkg per injection) Cocaine (mg/kg per injection)

Figure 2 Effects of intravenous vehicle or buspirone on total reinforcers earned (top row), food pellets earned (middle row), and injections received
(bottom row) in dominant (left column, n=6) and subordinate (right column, n=6) monkeys. Ordinates, number of respective reinforcer type earmed.
Otherwise, as in Figure |.

decreased choice of higher cocaine doses (Figure 3, left). was significant (Fg 40=2.96, p<0.05). The effects of oral
Although there was no main effect of buspirone on choice,  buspirone on reinforcers earned (Figure 4, left column)
the interaction between buspirone dose and cocaine dose = were also qualitatively similar to those of i.v. buspirone.
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choice in dominant (left, n=6) and subordinate (right, n=7) monkeys.
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Figure 4 Effects of orally administered vehicle or buspirone on total reinforcers earmed (top row), food pellets earned (middle row), and injections
received (bottom row) in dominant (left, n=6) and subordinate (right, n=7) monkeys. Otherwise, as in Figure I.

A higher dose of buspirone significantly decreased the
number of food pellets earned early in the session but
increased pellets earned later in the session, at which time
fewer injections were received. A significant interaction was
found between buspirone dose and cocaine dose on food

pellets (Fg 40 =3.94, p <0.01). Qualitatively, the only differ-
ences between oral and iv. buspirone treatment in
dominant monkeys was that orally administered buspirone
produced less decreases in food pellets earned early in the
session, and that the lower dose (dose 1) was effective after
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oral administration, whereas it was without effect after i.v.
administration.

In subordinates, the effects of oral buspirone differed
from the effects of i.v. buspirone. A lower dose, given orally,
significantly decreased choice of 0.03 mg/kg per injection
cocaine and a higher dose increased choice of lower doses of
cocaine. In contrast to i.v. buspirone, a significant interaction
was observed between oral buspirone and cocaine (Fg 4=
p<0.05). There was a significant main effect of buspirone dose
on total reinforcers (F, ;,=10.23, p<0.01), and a significant
interaction on food pellets earned (Fg 44=5.08, p<0.0001).
Like i.v. buspirone, oral buspirone decreased food pellets
earned early in the session, but in contrast to i.v. buspirone,
oral buspirone nonsignificantly increased the number of injec-
tions earned early in the session and significantly decreased
injections of 0.03 mg/kg cocaine.

Effects of Buspirone on Cocaine Intake

Generally, the interaction between social rank and buspir-
one on cocaine choice was paralleled by their interaction
on cocaine intake (Figure 5). Both i.v. and oral buspirone
decreased cocaine intake in dominant monkeys, although
the effect reached significance only for i.v. administration
(F,,10=4.57, p<0.05); cocaine intake was unaffected by
buspirone in subordinate monkeys. The variability in these
data are, in part, a reflection of the noteworthy observation
that not all animals of a given social rank responded similarly
to buspirone treatment, as we have observed in prior studies
with socially housed monkeys (see, eg, Czoty and Nader, 2012,
2013). In this study, buspirone decreased cocaine choice in
4 of 6 dominant monkeys after i.v. administration and 4 of
6 dominant monkeys after oral administration; it was not
necessarily the same 4 monkeys that were affected (defined as
a shift in the EDsq of 0.25 log units). A much lower proportion
of subordinate monkeys were affected by buspirone when
given i.v. (1 of 6) or orally (2 of 7).

Experiment 3: Effects of I.V. PG01037 on Food-Cocaine
Choice in Dominant and Subordinate Monkeys

A subset of monkeys was also tested with the DA Dj receptor
antagonist PG01037. On average, iv. administration of
PG01037 decreased cocaine choice in monkeys in whom i.v.
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Figure 5 Effects of intravenous and oral buspirone on cocaine intake
during food—drug choice sessions in dominant and subordinate monkeys.
Ordinate, intake (mg/kg per session); abscissa, buspirone dose. V, vehicle; |,
dose |; 2, dose 2. *P<0.05 compared with respective vehicle treatment.
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buspirone had been effective, but did not significantly affect
cocaine choice in monkeys in whom buspirone was
ineffective (Figure 6). In the monkeys positively affected
by buspirone (Figure 6, left), the cocaine choice curve was
shifted to the right and down in three of four monkeys. A
significant interaction was observed between PG01037 and
cocaine dose (Fy, ;,=6.20, p<0.01) with post hoc analyses
indicating that choice of the highest two doses of cocaine
decreased significantly compared with vehicle treatment
(p<0.05). In monkeys in whom buspirone was ineffective in
altering cocaine choice (Figure 6, right), PG01037 did not,
on average, alter cocaine choice. In these five monkeys,
PG01037 either shifted the curve to the left (C-6625, C-7425,
and C-6955) or moderately rightward (C-6527 and C-7079),
resulting in a large amount of variability and, on average, no
significant effect for the group. The likelihood that PG01037
would decrease cocaine choice was not influenced by social
status.

The pattern of effects of PG01037 on the numbers of
reinforcers earned reflects this differential effect on cocaine
choice. In monkeys that were affected by buspirone
(Figure 7, left panels), there was a statistically significant
effect of PG01037 pretreatment on injections (F,, 1, =3.52,
Pp<0.05) and an effect on food reinforcers that approached
significance (F, ;,=3.16, p=0.054). Consistent with de-
creases in cocaine choice (Figure 6, left), PG01037 increased
food reinforcers and decreased injections delivered when
higher doses of cocaine were available. In contrast, effects
of PG01037 were more variable in monkeys in whom
buspirone was ineffective (Figure 7, right panels). Biphasic
effects were observed for both food pellets and injections
delivered, resulting in significant interactions (F, ;5=4.40
and F4 ;5 =26.19, respectively, both p <0.05.

DISCUSSION

The primary goal of these studies was to determine whether
the effects of buspirone on food-cocaine choice could be
influenced by the social environment. A second goal was to
examine whether the behavioral effects of buspirone were
influenced by route of drug administration. In dominant-
ranked monkeys, buspirone administered iv. or orally
shifted allocation of responding from higher doses of
cocaine to food. In contrast, i.v. buspirone did not affect
cocaine choice in subordinate monkeys up to doses that
decreased total trials per session, whereas biphasic effects
were observed following oral buspirone. In the context of a
recent clinical trial showing that buspirone was ineffective
in maintaining abstinence in treatment-seeking cocaine
abusers (Winhusen et al, 2014), the present findings suggest
that improvement in social context may enhance the clinical
utility of buspirone. A third goal was to determine whether
Dj; receptor-mediated mechanisms contributed to the effects
of buspirone by comparing its effect with that of a highly
selective D5 receptor antagonist, PG01037. Taken together
with previous studies of cocaine choice that examined
effects of drugs acting nonselectively at DA D2-like
receptors and others at 5-HT,, receptors, the data support
a Dj receptor mechanism for the effects of buspirone, with
possible involvement of D, receptors.
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Earlier research in individually housed monkeys exam- et al, 2013; Mello et al, 2013) and reported positive
ined effects of acute and chronic parenteral administration outcomes, which were not borne out in a recent clinical
of buspirone on cocaine self-administration under a simple  trial (Winhusen et al, 2014). It has been hypothesized that
FR and a second-order schedule of reinforcement (Bergman  choice paradigms are more predictive of clinical efficacy
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(Banks and Negus, 2012), and hence our recent findings in
individually housed monkeys showing negative effects of
buspirone supported this hypothesis (John et al, 2014). Data
from subordinate monkeys treated acutely with iv.
buspirone also reported no decreases in cocaine choice.
The major finding from this study was that monkeys living
in what has been hypothesized to be an enriched environ-
ment (Nader et al, 2012a) showed decreases in cocaine
choice following acute buspirone administration. As in
previous studies (Bergman et al, 2013; Mello et al, 2013),
buspirone exhibited behavioral effects that interfered with
responding early in the experimental session. Such effects
on schedule-controlled behavior are not uncommon for DA
receptor antagonists and likely reflect motor-disrupting
effects (which were more pronounced at higher doses)
rather than a decrease in the reinforcing effects of food
pellets. Once these effects dissipated later in the session, a
clear reduction of cocaine choice was revealed. This shift in
allocation of behavior away from obtaining drug and toward
obtaining another reinforcer supports further research into
the potential utility of buspirone and other D;/D, receptor
antagonists as medications for cocaine dependence.

As mentioned above, the food-cocaine choice studies in
individually housed rhesus monkeys and socially housed
subordinate monkeys support the negative findings ob-
served in a recent clinical study (Winhusen et al, 2014),
whereas socially housed dominant monkeys showed reduc-
tions in cocaine choice following buspirone administration.
There are some important methodological considerations to
be made when comparing preclinical results with those
of clinical studies. The goal of the Winhusen et al (2014)
study was relapse prevention, whereas this study examined
reductions in cocaine self-administration. In addition, the
treatment group in the study of Winhusen et al (2014) only
received one dose of buspirone (60 mg per day), whereas
dose was adjusted on an individual-subject basis in this
study. Perhaps most relevant was that the people receiving
buspirone were in an inpatient/residential area at the
beginning of the trial, but were outpatient for most of
the 15-week study. The present findings suggest that
enriched environments may be necessary to show efficacy
of buspirone.

Pharmacological Mechanism of Buspirone’s Effects

Characterizing the specific receptor mechanisms responsi-
ble for the encouraging effects of buspirone will aid the
development of buspirone and other drugs as medications.
Buspirone is perhaps best known as a 5-HT,, receptor
partial agonist, as this mechanism is likely responsible for
its well-known anxiolytic effects (Peroutka, 1985). In addi-
tion, although the binding profile of buspirone demon-
strates a modest selectivity for D; and D, receptors versus
D, receptors, the affinity at D, receptors is not negligible
(see, eg, Kula et al, 1994; Tallman et al, 1997). Comparison
of the present data with previous studies examining the
effects of D2-like receptor antagonists and a 5-HT, 5 partial
agonist provides support for a Ds;/Dy-based mechanism.
Unlike the effects of buspirone in the present studies,
D2-like receptor antagonists and low-efficacy agonists,
including aripiprazole, chlorpromazine, haloperidol, flu-
penthixol, and eticlopride, have been shown to increase
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choice of low doses of cocaine without decreasing choice of
higher doses (Woolverton and Balster, 1981; Negus, 2003;
Czoty and Nader, 2013). The effects of buspirone are also
unlike those of the 5-HT;, receptor partial agonist ( +)-8-
hydroxy-2-(di-N-propylamino)tetralin (8-OH-DPAT) that
also increased choice of low cocaine doses in cynomolgus
monkeys (Czoty et al, 2005b). Moreover, another 5-HT,,
receptor partial agonist, gepirone, was ineffective in decreasing
cocaine self-administration under an FR 10 schedule of
reinforcement (Gold and Balster, 1992). Finally, we found
that the Dj receptor subtype-selective antagonist PG01037
decreased cocaine choice in the same monkeys in whom
buspirone was effective, whereas PG01037 did not consis-
tently alter cocaine choice in monkeys that were unaffected
by buspirone. It is also noteworthy that the early-session
decreases in food reinforcers earned following buspirone
treatment were not observed after PG01037 treatment. This
difference could suggest that D, receptor stimulation is
responsible for the decreases in responding observed after
buspirone. Although the present experiments cannot
completely rule out a contribution of 5-HT;, stimulation
or D,/ D, antagonism, the similarity in effects of buspirone
and PG01037 and the dissimilar effects of buspirone versus
5-HT;, agonists and less selective D2-like receptor antago-
nists suggest that the effects of buspirone on cocaine choice
are mediated by D; receptors. One caveat inherent to food-
drug choice procedures is the possibility that a shift in
responding from drug to food reflects increased reinforcing
effects of food rather than decreased reinforcing effects of
the drug alternative. However, whereas 5-HT;, receptor
agonists can increase feeding (reviewed in Curzon, 1991),
clinical data have reported either a decrease or lack of effect
of buspirone on appetite (Enkelmann, 1991; Mohammadi
et al, 2012).

Influence of Social Rank on the Effects of Buspirone

The present experiments were performed in monkeys that
occupied both dominant and subordinate ranks in the
social hierarchy. We have previously demonstrated that
social rank can influence brain D2-like receptor availability;
dominance was associated with an increase in the availa-
bility of D2-like receptors (Morgan et al, 2002; Czoty et al,
2010; Nader et al, 2012b). Dominant-ranked male monkeys
were subsequently found to be less sensitive to the
reinforcing effects of cocaine (Morgan et al, 2002; Czoty
et al, 2005a), and to the effects of drugs acting directly at
D2-like receptors that varied in intrinsic efficacy (Czoty and
Nader, 2013). In this study, i.v. buspirone decreased cocaine
choice in dominant monkeys, but was ineffective in
subordinates. The results are reminiscent of the effects
of aripiprazole, an extremely low-efficacy D2-like receptor
agonist with ~ 18- and ~ 500- fold higher affinity for recep-
tors of the D, subtype versus D; or D, subtype, respectively
(Lawler et al, 1999). When administered chronically, i.v.
aripiprazole decreased cocaine choice in dominant monkeys
but not subordinates (Czoty and Nader, 2013). Taken
together, the results support the hypothesis that social
dominance produces an increase in D2-like receptor den-
sities (and/or a decrease in extracellular dopamine levels)
that decreases sensitivity to cocaine and increases the ability
of drugs acting at D2-like receptors to attenuate cocaine



choice. Little is known about the effects of environmental
variables on specific D2-like receptor subtypes; it may be
that the environmental variables associates with the social
hierarchy differentially affect D,, Ds;, and D, receptors.
Considering the well-documented ability of environmen-
tally derived stress and enrichment to modulate cocaine
self-administration (see, eg, Nader et al, 2012a; Bardo et al,
2013) the effects of environmental variables on D; and Dy
receptors warrant further study.

Influence of Route of Administration

One impetus for examining oral as well as i.v. buspirone was
to better reflect the route by which it is given clinically. A
second purpose was to examine a conclusion raised by a
recent brain imaging study in baboons that indicated that
buspirone blocked D, and Dj; receptors nonselectively when
administered parenterally, but was a selective D3 receptor
antagonist via the oral route (Kim et al, 2014). These
differential effects were hypothesized to result from the
generation of active metabolites after oral administration
(ie, 5- and 6-hydroxybuspirone) that possess higher
selectivity for the D5 versus D, subtype than the parent
compound. For example, Bergman et al (2013) demon-
strated that compared with buspirone these metabolites had
2- to 8-fold lower affinity at D; and D, receptors but > 10-
fold lower affinity at D, receptors. In the present studies,
buspirone was equally effective orally and i.v. in dominant
monkeys, although there were predictable differences in
potency via the different routes. These data do not support a
role for differential metabolism of p.o. versus i.v. buspirone
in the effects of buspirone. In subordinates, however, oral
buspirone displayed a poor profile of effects and iv.
buspirone was without effects. Although this result may
indicate that buspirone is metabolized differently in subor-
dinates compared with dominant monkeys, the similarity of
oral buspirone in the present study to those of nonselective
D2-like antagonists also does not support the hypothesis
that oral buspirone is metabolized into Dj-selective meta-
bolites. The difficulty in reconciling the present behavioral
results with the brain imaging data of Kim et al (2014) may
arise from the differences in doses used and times after drug
administration at which the behavioral or brain effects were
measured. Alternatively, differences in the pattern of effects
of i.v. and p.o. buspirone in dominant vs. subordinate
monkeys may occur because exposure to chronic environ-
mental stress vs. enrichment leads to differential regulation
of D2-like receptor subtypes as discussed above. Further
pharmacokinetic experiments and brain imaging studies
with selective radiotracers (eg, [''C]PHNO, Wilson et al,
2005; Payer et al, 2014) will help to illuminate the mech-
anisms underlying the observed differences in the beha-
vioral effects of buspirone and other D2-like drugs in
dominant and subordinate monkeys.

Limitations and Clinical Implications

As described above, the finding of primary importance in
this study was that buspirone decreased cocaine choice in
dominant monkeys and this was consistent with the effects
observed following administration of the D; receptor
antagonist PG01037. One limitation to the study was that
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buspirone and PG01037 were administered acutely, and
hence it is possible that tolerance could have developed to
the positive effects observed in dominant monkeys. A
particular advantage of the experimental design was that the
use of a choice procedure enabled us to demonstrate that
buspirone not only decreased cocaine intake, but also
shifted allocation of behavior away from cocaine and
toward an alternative reinforcer. This outcome more clearly
represents the end point of clinical treatment, making the
results of food-drug choice procedures highly relevant and
translational (cf, Banks and Negus, 2012), and supporting
further research into buspirone and similar drugs as
putative pharmacotherapies for cocaine addiction. Some
more subtle aspects of the results are worthy of further
comment. First, buspirone was clearly much more effective
in decreasing cocaine choice in dominant versus subordi-
nate monkeys. The fact that not all subjects were affected by
the treatment reflects the clinical reality; in this case, the
variability can be linked in part to social rank. Considering
our conceptualization of the nonhuman primate social
hierarchy as a continuum of chronic social stress in
subordinate monkeys to conditions of environmental
enrichment in dominants (see, eg, Nader and Czoty,
2005), these results suggest that buspirone may be most
effective in conjunction with positive changes to the
patient’s environment. Second, the transient decrease in
food-maintained responding early in the session, at the
same buspirone doses that decreased responding later in the
session, may manifest as sedation or other unpleasant
effects in humans that would need to be managed to ensure
compliance. Moreover, future studies should examine
chronic treatment with buspirone to verify that the effects
seen here in dominant monkeys would be sustained under
those conditions.
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