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Abstract

Converging lines of evidence indicate that elevations in synaptic dopamine levels play a pivotal
role in the reinforcing effects of cocaine, which are associated with its abuse liability. This
evidence has led to the exploration of dopamine receptor blockers as pharmacotherapy for cocaine
addiction. While neither D1 nor D, receptor antagonists have proven effective, medications acting
at two other potential targets, D3 and D4 receptors, have yet to be explored for this indication in
the clinic. Buspirone, a 5-HT 14 partial agonist approved for the treatment of anxiety, has been
reported to also bind with high affinity to D3 and D4 receptors. In view of this biochemical profile,
the present research was conducted to examine both the functional effects of buspirone on these
receptors and, in non-human primates, its ability to modify the reinforcing effects of i.v. cocaine in
a behaviourally selective manner. Radioligand binding studies confirmed that buspirone binds with
high affinity to recombinant human D3 and D4 receptors (~98 and ~29 nM respectively). Live cell
functional assays also revealed that buspirone, and its metabolites, function as antagonists at both
D3 and D4 receptors. In behavioural studies, doses of buspirone that had inconsistent effects on
food-maintained responding (0.1 or 0.3 mg/kg i.m.) produced a marked downward shift in the
dose—effect function for cocaine-maintained behaviour, reflecting substantial decreases in self-
administration of one or more unit doses of i.v. cocaine in each subject. These results support the
further evaluation of buspirone as a candidate medication for the management of cocaine
addiction.
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Introduction

Cocaine abuse and addiction remain a major public health concern. Estimates from the
National Survey on Drug Use and Health indicate that, in 2009, 4.8 million Americans
abused cocaine. There are no approved medications to treat cocaine addiction and multiple
therapeutic approaches have failed in double-blind, placebo-controlled trials (Anderson et al.
2009; Elkashef et al. 2006; Kahn et a/. 2009; Montoya & Vocci, 2009). Given the prominent
role of dopamine in the reinforcing effects of cocaine, both D1-like and D,-like dopamine
receptor antagonists that might block such effects have been explored as anti-cocaine
medications. Although D1-like antagonists attenuate the behavioural effects of cocaine in
laboratory animals (e.g. Bergman et a/. 1990), subsequent studies have reported that the D
antagonist ecopipam (SCH-39166) fails to decrease the subjective effects of cocaine in man
(Haney et al. 2001; Nann-Vernotica et al. 2001). Dopamine D,-preferring antagonists are
similarly effective in laboratory animals, but have also failed to reduce the subjective effects
of cocaine in the clinic. However, these findings must be interpreted cautiously because the
extrapyramidal side-effects of D, receptor blockade may have precluded a full evaluation of
cocaine-antagonist dosing regimens (Brauer & de Wit, 1996; Gunne et al. 1972; Sherer et al.
1989; Wachtel et al. 2002).

Several lines of evidence suggest that the addictive effects of cocaine may preferentially
involve activity mediated through the D3 and D4 subtypes of the D,- like-family of
receptors. For example, D3-preferring antagonists have provided positive results in rodent
and non-human primate models of cocaine self-administration and relapse (reviewed in
Heidbreder & Newman, 2010). Additionally, D, receptor blockade, using the probe
compound PNU 101387G, has been shown to attenuate amphetamine-induced increases in
accumbal dopamine (Feldpausch et al. 1998). The D4 receptor exists in multiple forms and a
‘long’ polymorphism in exon 3 has previously been linked to novelty seeking in humans,
which may increase vulnerability to substance abuse (reviewed in Le Foll et a/. 2009). While
observations such as these suggest that D3 or D4 receptors might be suitable targets for the
development of medications (e.g. Heidbreder & Newman, 2010; Kotler ef a/. 1997; Le Foll
et al. 2000), neither D3 nor D4 antagonists have been available for clinical evaluation in
substance use disorders.

Buspirone (Buspar®) was initially developed as an antipsychotic agent (Temple et a/. 1982)
based on its antagonist actions at dopamine receptors (Riblet ef a/. 1982). However,
buspirone exhibited a low (ICgg ~260 nM) affinity for D,-like dopamine receptors in the
striatum that are now recognized as predominantly the D, subtype and its pharmacological
profile differed from “classical * neuroleptics (Riblet er a/. 1982). While clear antipsychotic
effects have never been demonstrated in schizophrenic patients (Brody et al. 1990; Goff et
al. 1991, Sirota et al. 2001; Sumiyoshi et al. 2007; Temple et al. 1982), buspirone early on
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was found to reduce anxiety without producing side-effects commonly observed with
benzodiazepines and other y-aminobutyric acid (GABA)ergic anxiolytics (Goldberg &
Finnerty, 1979; Rickels ef al. 1982; Tompkins et al. 1980). Based on this therapeutic
advantage, buspirone was approved to treat generalized anxiety disorder>25 yr ago. Its anti-
anxiety effects are thought to reflect serotonergic actions and buspirone is commonly
characterized as a potent and selective 5-HT1p receptor partial agonist (Wong et al. 2007).
Buspirone has also been evaluated for clinical indications other than anxiety, including
depression and drug addiction. For example, it has been evaluated for the management of
drug addiction, including alcoholism, nicotine dependence and cocaine withdrawal and
dependence (Bruno, 1989; Malec et al. 1996; Moeller et al. 2001; Schneider et al. 1996).
Although encouraging effects sometimes were obtained, especially for alleviating
withdrawal-related anxiety, definitive results in such trials were precluded by their small
sample size.

Notwithstanding its early characterization as a D, antagonist (Riblet ef a/. 1982),
independent studies published in the 1990s (Kula et a/. 1994; Tallman et al. 1997) reported
that buspirone binds with high affinity to the D3 and D4 subtypes of dopamine receptor (4;
values of 3.5 and 78 nM, respectively). The efficacy of buspirone at D3 and D4 receptors was
not evaluated in those studies, but the reported affinities are within the range of values
reported for buspirone at recombinant human 5-HT1 5 receptors (4—78 nM; NIMH, undated),
suggesting that clinically relevant doses of buspirone may also occupy these dopamine
receptor subtypes. These reports provided the impetus for the present studies to evaluate the
relative potencies and efficacies of buspirone at D3 and Dy4 receptors as well as its ability to
modify the reinforcing effects of i.v. cocaine in non-human primates in a behaviourally
selective manner. The present studies confirm the high affinity of buspirone at human D3 and
Dy receptors (k;~98 and 29 nM, respectively) and establish its antagonist properties at both
types of receptors in functional assays. Consistent with this neurochemical profile, moderate
doses of buspirone (0.1 and 0.3 mg/kg i.m.), which did not consistently alter food-
maintained performance, markedly attenuated the reinforcing effects of a wide range of unit
doses of i.v. cocaine, resulting in a marked downward shift in the function relating unit dose
and self-administration behaviour. These results provide a basis for the further evaluation of
buspirone as a candidate medication for the management of cocaine addiction.

Method

Radioligand binding assays

Cell lines stably expressing the D, and D4 receptors were created using the HEK-GIRK-M4
cells as a host cell line. Cells were routinely cultured in 1:1 Dulbecco’s modified essential
medium: Ham’s F-12 supplemented with 10% foetal bovine serum, 10 mM Hepes,
1xGlutamax, 1xnon-essential amino acids, 1xantibiotic/antimitotic and 200 tg/ml
hygromycin B. The D3 receptor-expressing CHO cell line that was used for the S-arrestin
interaction assays (see below) was also used for radioligand binding assays. Membrane
binding assays were performed as described previously (Namkung et a/. 2009). Briefly,
membranes were prepared from HEK-GIRK-D,, CHO-arrestin-D3z or HEK-GIRK-Dy4 cells
and added to tubes containing various concentrations of buspirone or metabolite compounds
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and radioligand in a final volume of 1 ml. For the competition binding assays,
[3H]methylspiperone was used at the following concentrations: Dy, 0.5 nM; D3, 0.3 nM; Dy,
1 nM; in order to use radioligand concentrations approximating the Ky of methylspiperone
for these receptors. &; values were derived from the 1Csq values using the Cheng—Prusoff
equation (Cheng & Prusoff, 1973).

B-Arrestin functional assay

The g-arrestin interaction assays were performed as previously described (Banala et al.
2011) with minor modifications. Briefly, CHO-K1 cells expressing the D,, D3 or Dy
dopamine receptors (DiscoveRx Inc., USA) were seeded into 384-well clear bottom plates
using CP2 media (DiscoveRx Inc.) 24 h prior to the assay. Cells were then treated with
multiple concentrations of the indicated drug and incubated for 60 min at 37 °C. DiscoveRx
PathHunter reagent was then added to the cells followed by 60 min incubation at room
temperature. Luminescence was measured on a Hamamatsu FDSS g~cell plate reader
(Hamamatsu, Japan). Exposure times ranged from 1 to 5 s. Data were analysed using
GraphPad Prism software.

Self-administration studies

Subjects—Adult male rhesus monkeys (Macaca mulatta) weighing 6-10 kg served as
subjects and were maintained at 95% free-feeding weights with a diet of chow (Purina
Jumbo Monkey Chow no. 503; Purina Mills LLC, USA), fresh fruit daily and vitamins.
Water was freely available at all times. Animal maintenance and research were conducted in
accordance with guidelines provided by the Guide for Care and Use of Laboratory Animals
(Institute for Laboratory Animal Research, 1996), as adopted and promulgated by the
National Institutes of Health, and protocols were approved by the Institutional Animal Care
and Use Committee at McLean Hospital. Subjects lived in well-ventilated, stainless steel
chambers (60x100%76 cm), each equipped with an operant panel containing visual stimuli
and response keys, an externally mounted 1-g food pellet dispenser and two syringe pumps
for delivery of saline or cocaine injections (for additional details, see Negus & Mello, 2003).
Each subject was surgically prepared with a double-lumen i.v. catheter that was protected by
a custom-fitted nylon vest (Lomir Biomedical Inc., USA) and tether system described
previously (Negus & Mello, 2003). Subjects were previously trained under the self-
administration schedule contingencies described below and had participated in studies of
acute treatment with drugs from several pharmacological classes. Programming equipment
and software (MED Associates, USA) for operation of experimental stations and data
collection were located in another room.

Procedures—Daily 2-h experimental sessions consisted of three response components
separated by 5-min time-out (TO) periods. During the first and last components (food 1 and
food 2 components), the centre response key was illuminated with red lights and 1 g banana-
flavoured food pellets were available under a 30-response fixed ratio (FR 30); TO 10 s
schedule for 5 min. During the second component (self-administration component), the
centre response key was illuminated with green lights and i.v. injections of cocaine or saline
were available for 100 min under an FR 30; TO 60 s schedule. This component was
immediately preceded by illumination of a yellow light for 10 s together with the non-
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contingent delivery of a single ‘priming’ injection of saline or the dose of cocaine that was
subsequently available. During the TO following each reinforcer delivery (food or i.v.
injection), the centre response key was illuminated with yellow lights. During
intercomponent TO periods, all lights were turned off and responding had no scheduled
consequences.

The present studies began with the determination of self-administration dose—effect curves
over a dose range of 0.003-0.1 mg/kg i.v. cocaine. Saline and unit doses of i.v. cocaine were
available under a double alternation schedule and the order of availability varied irregularly
among subjects. Next, the effects of pretreatment with buspirone (i.m., 15 min pre-session)
were studied in test sessions that were routinely conducted on the second day of the double
alternation schedule and following a session during which control rates and patterns of self-
administration behaviour were observed. Initially, dose-ranging experiments were conducted
to determine the effects of buspirone on self-administration of 0.032 mg/kg per injection i.v.
cocaine. This unit dose of i.v. cocaine was selected for dose-ranging experiments because it
reliably produced stable levels of self-administration behaviour throughout the four
components of the experimental session. The goal of these experiments was to identify
pretreatment doses of buspirone that decreased i.v. cocaine self-administration by =50% for
further study; consequently, low or ineffective doses of buspirone (<0.03 mg/kg) were not
evaluated in 97D105 or 96D155. Subsequently, the acute effects of a single dose of
buspirone (0.1 mg/kg in one subject and 0.32 mg/kg in three subjects) were evaluated when
either i.v. saline or a range of unit doses of i.v. cocaine were available for self-
administration.

Data analysis—The principal dependent variables were the number of reinforcers (food
pellets or injections) delivered during each component of the test session. These data are
presented in Figs. 4 and 5 as averaged results for the group of monkeys (mean+S.E.M) and
in Tables 2 and 3 for individual subjects. Response rate data (response key presses per
second) also were collected in individual subjects (data not shown). Statistical significance
of the effects of buspirone on food-maintained behaviour and i.v. self-administration
behaviour during saline availability was determined using paired #tests. A one-way analysis
of variance (ANOVA) was used to analyse the effects of several doses of buspirone during
dose-ranging experiments and a two-way repeated-measures ANOVA followed by
Bonferroni’s ftests was used to analyse data from dose—effect determinations (GraphPad
Prism 5.02). The criterion for significance was p<0.05 for all analyses.

Materials

HEK-GIRK-M4 cells were the kind gift of Lily Jan. [BH]methylspiperone was purchased
from PerkinElmer Life Sciences (USA). Arrestin assay plating media and reagents were
purchased from DiscoveRx. Assay plates (black 384-well tissue culture treated) were
purchased from Greiner (USA). Cell culture reagents were purchased from Invitrogen
(USA). Dopamine was purchased from Sigma (USA). Cocaine HCI and buspirone HCI, 1-
PP, 5-hydroxybuspirone and 6-hydroxybuspirone were provided by the National Institute on
Drug Abuse. For in vivo studies, cocaine was dissolved in sterile saline and delivered i.v.,
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whereas buspirone was dissolved in sterile water for i.m. administration. Doses are
expressed as the salt forms.

Results

Effects of buspirone and its metabolites at dopamine receptor subtypes

Radioligand binding studies—As buspirone has been reported to bind with moderate-
high affinity to D,-like dopamine receptors (Kula ef a/. 1994), we initially evaluated its
ability to compete for receptor binding in cells heterologously expressing recombinant
human dopamine receptor subtypes. Figure 1 shows competition curves illustrating the
ability of buspirone to compete for [3H]methyspiperone binding to human D5, D3 or Dy
receptors. Notably, buspirone exhibits the highest affinity for the D4 receptor followed by the
D3 then the D, receptor. Average &; values for buspirone are shown in Table 1. Buspirone
exhibits a & of 29 nM for the D, receptor whereas it exhibits about ~3.5-fold and ~20-fold
lower affinity for the D3 and D5 receptors, respectively. Thus, the affinity of buspirone for
the D3 and D4 receptors is within the range of that reported for the 5-HT 5 serotonin
receptor (Wong et al. 2007).

Since buspirone is extensively metabolized in humans (Dockens et a/. 2006, 2007; Gammans
et al. 1986), we also examined the affinities of three major metabolites for all three D,-like
receptors (Table 1). Notably, the 1-PP metabolite does not bind to any of the receptors
tested. However, the 5-OH and 6-OH metabolites exhibit varying affinities for D,-like
dopamine receptors. Compared to buspirone, the 6-OH and 5-OH metabolites exhibit,
respectively, ~4-fold and ~2-fold lower affinities for the D, receptor and ~2.5-fold and ~8-
fold lower affinities for the D3 receptor. The affinities of both the 5-OH and 6-OH
metabolites for the D, receptor decreased by ~10-fold.

Live cell functional assays—We next evaluated the functional activity of buspirone on
D,-like receptors. In order to do this, we used an assay that measures the ability of agonists
to induce receptor coupling to the scaffolding protein S-arrestin. S-arrestinxG protein-
coupled receptors interaction is a normal consequence of agonist activation and is involved
in both receptor internalization and activation of intracellular signalling pathways (Shenoy &
Lefkowitz, 2011). This assay is particularly useful to assess D3 receptor activity, for which
few functional assays are available. Specifically, this assay involves the expression of a
receptor construct that is fused to an A~terminal fragment of S-galactosidase and a S-arrestin
construct that is fused to a C-terminal fragment of S-galactosidase. Upon receptor activation,
the receptor and S-arrestin interact, which results in complementation of the p-galactosidase
enzyme and can be measured by the addition of a luminescent substrate (Zhao et a/. 2008).
Figure 2a shows that, using this assay, buspirone is able to completely antagonize dopamine-
induced B-arrestin association with the D, receptor. The average 1Csq for this effect is 0.67
uM (Table 2). Notably, when tested alone, buspirone did not exhibit any agonist activity at
the D5, receptor (data not shown).

Figures 25, ¢ show that buspirone also fully antagonizes dopamine activation of both the D3
and Dy receptors with average 1Csq values of 0.44 and 0.35 1M, respectively (Table 2). It
should be noted that the functional I1Csq values appear to be lower than those observed in the

Int J Neuropsychopharmacol. Author manuscript; available in PMC 2016 November 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bergman et al. Page 7

binding assays. This is because the functional assays were performed using a saturating
concentration of dopamine that competes with buspirone for binding to the receptors
whereas the radioligand binding assays are performed with a sub-saturating concentration of
radioligand. Nonetheless, from a functional standpoint, buspirone exhibits the identical rank
order of potency for the receptors, D4>D3>D,, as observed with the radioligand binding
assays. As with the D, receptor, buspirone has no activity as an agonist at the D3 and D4
receptors (data not shown).

Evaluation of the functional activities of the buspirone metabolites demonstrates that both
the 5-OH and 6-OH metabolites are also full antagonists at the Dy, D3 and Dy4 receptors (Fig.
3 and Table 2). In contrast, none of the metabolites demonstrated any agonist activities at the
receptors tested (data not shown). All the metabolites exhibited decreased potencies when
compared to buspirone, in agreement with binding data shown in Table 1. In general, the
metabolites, like buspirone, exhibit the highest potencies for the D3 and D4 receptors.

We also used a S-arrestin interaction assay to evaluate the functional efficacy of buspirone at
the D, receptor and found that it functioned as a weak antagonist (IC5p>10 £M), indicating
that it has low affinity for the D1-like family of dopamine receptors. Taken together, these
data indicate that buspirone is a functional antagonist at the D,-like family of dopamine
receptors, specifically with high affinities/potencies for the D3 and D4 receptor subtypes.

Cocaine self-administration studies

Baseline cocaine self-administration—Cocaine self-administration generally was
dose-related and described by an inverted U-shaped function that is characteristic for
cocaine-maintained behaviour under FR schedules. Saline extinction was characterized in all
monkeys by a rapid decline within the experimental session to low levels of responding.
Peak levels of cocaine self-administration (~52 injections per session) were maintained by
the i.v. dose of 0.01 mg/kg per injection, whereas the highest i.v. dose of cocaine (0.1 mg/kg
per injection) produced a >50% decrease from peak levels of self-administration.

Initial dose-ranging experiments with buspirone—Pretreatment with buspirone
generally produced dose-related and significant (/3 12=4.83; p=0.02) decreases in the intake
of 0.03 mg/kg per injection i.v. cocaine (Fig. 4, Table 3). Averaged for the group of
monkeys, the lowest dose of buspirone (0.032 mg/kg) did not greatly (<20%) alter response
rates, the intermediate pretreatment dose (0.1 mg/kg) decreased responding to approximately
65% of control values and the highest dose of buspirone (0.32 mg/kg) completely eliminated
cocaine-maintained responding. As shown in Table 3, the effects of 0.03 and 0.1 mg/kg
buspirone differed among subjects. One or both doses of buspirone produced moderate
(<60%) increases in cocaine-maintained behaviour in two monkeys (RIB9 and 97D113),
nearly or completely eliminated i.v. cocaine self-administration in one monkey (96D155)
and did not greatly alter i.v. self-administration in the fourth monkey (97D105). Experiments
were not conducted to determine whether yet lower doses of buspirone might increase
cocaine-maintained responding in 96D155 or 97D105 (see Method). In contrast to the
differing effects of low and intermediate doses of buspirone, the effects of the highest dose
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of buspirone (0.32 mg/kg) were highly consistent among monkeys, eliminating i.v. cocaine
self-administration behaviour in all four subjects.

Averaged data also reveal that buspirone produced statistically significant decreases in food-
maintained responding prior to (food 1) the i.v. cocaine self-administration component of the
session (/3 12=6.34, p=0.008). Effects of buspirone on low levels of food-maintained
responding following the i.v. cocaine self-administration component (food 2) were not
significant. These effects of buspirone on food-maintained responding were generally
consistent among subjects (Table 3). Thus, pretreatment with the lower two doses of
buspirone (0.032 and 0.1 mg/kg) did not markedly decrease (<25%) food-maintained
responding in the food 1 or food 2 session components in any subject. In contrast, the
highest dose of buspirone (0.32 mg/kg) either markedly decreased (~50%) or eliminated
food-maintained behaviour during the food 1 session component in three of four subjects.
This dose of buspirone was without effect on responding during the food 1 component in the
fourth subject or during the food 2 component in any subject.

Effects of buspirone on the cocaine dose effect function—Further studies were
conducted to determine how pretreatment with the lowest dose of buspirone that eliminated
cocaine-maintained responding in dose-ranging experiments (0.32 or, in monkey 96D155,
0.1 mg/kg) modified intake of i.v. saline or self-administration of a range of doses of i.v.
cocaine (Fig. 5, Table 4). Averaged for the group, buspirone produced non-significant and
minimal (15%) alterations in responding during i.v. saline availability, but a highly
significant change in the dose—effect function for i.v. cocaine self-administration (/7 1,=104,
p<0.0001). Thus, buspirone dramatically reduced behaviour maintained by all unit doses of
i.v. cocaine, reflected by a flattening of the dose—effect curve for i.v. cocaine self-
administration (Fig. 5). Data for individual subjects (Table 4) show that buspirone eliminated
responding during i.v. saline availability in two monkeys and increased responding in the
remaining two monkeys (11 vs. eight injections in 97D113 and 19 vs. nine injections in
96D155, respectively). Notwithstanding such inter-subject variability, pretreatment with 0.32
mg/kg buspirone nearly eliminated i.v. self-administration behaviour during the availability
of all doses of i.v. cocaine (0.003-0.1 mg/kg per injection) in three monkeys whereas
pretreatment with the lower dose of 0.1 mg/kg buspirone eliminated i.v. self-administration
of two doses of i.v. cocaine (0.003 and 0.03 mg/kg per injection) in the fourth monkey.

Buspirone had effects on food-maintained behaviour during sessions of i.v. saline
availability that did not differ meaningfully from its effects during dose-ranging
experiments. On average, responding was decreased to~35% of control values during the
food 1 component of the session but recovered to ~85% of control values during the food 2
component of the session (see symbols above food 1 and food 2 in Fig. 5). The effects of
buspirone on food-maintained responding did not achieve significance during the food 1
component (£p=0.052), likely due to variability in results among individual subjects, and
were clearly non-significant during the food 2 component of the session. As with dose-
ranging data, averaged results reflect varying effects of buspirone among subjects (Table 4).
For example, responding during the food 1 component of the session was eliminated in two
monkeys, 97D113 and 96D155, but decreased by <50% in the remaining two monkeys
(RIB9 and 97D105). In contrast, food-maintained responding during the food 2 component
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of the session was either unaffected (two monkeys) or decreased only by 25-35% from
control values (two monkeys).

Discussion

The present results demonstrate that buspirone acts as an antagonist at the Dy, D3 and D4
subtypes of dopamine receptor and, in i.v. cocaine self-administration studies in nonhuman
primates, can potently reduce cocaine intake. Although dose extrapolation between species
is problematic, especially when comparing different routes of administration, behaviourally
effective doses of buspirone (0.1-0.32 mg/kg i.m.) in the present studies are well within the
range of oral doses routinely used to treat generalized anxiety disorder (20-60 mg). This
consideration suggests that the present findings in non-human primates should have direct
relevance for buspirone’s potential utility in the treatment of cocaine abuse and addiction.

Acute treatment with buspirone either greatly decreased or eliminated self-administration
maintained by two or more i.v. doses of cocaine in each subject. It is noteworthy that the
effects of buspirone on food-maintained behaviour in the present studies might suggest non-
selective effects on schedule-controlled behaviour. However, disruptions in food-maintained
responding were not as consistent among subjects as reductions in the reinforcing effects of
i.v. cocaine, even though both effects were measured during the same experimental sessions.
This is especially evident when comparing the effects of buspirone in the fourth quartile of
the self-administration component of dose-ranging studies with its effects 5-10 min later in
the food 2 component of the session. Thus, doses of buspirone that were studied further
(0.32 mg/kg and, in 96D155, 0.1 mg/kg) eliminated self-administration of 0.032 mg/kg per
injection cocaine in the fourth quartile but had limited, if any, effect on food 2 responding in
three of four monkeys. Although such differences can be difficult to interpret, these findings
are in line with previous findings that comparable doses of buspirone modified i.v. cocaine
self-administration without greatly altering food consumption (Gold & Balster, 1992). They
also are consistent with other, more recent findings that buspirone can surmountably
antagonize the discriminative-stimulus effects of cocaine in non-human primates at doses
that do not greatly influence operant behaviour maintained under a schedule of stimulus-
termination rather than food presentation (Bergman, unpublished results).

The doses of buspirone that decreased i.v. cocaine self-administration in the present studies
were previously found to increase cocaine intake by rhesus monkeys studied under a
comparable FR schedule (Gold & Balster, 1992). Increases in cocaine self-administration
behaviour were also noted in two subjects following low and intermediate doses of
buspirone in the present dose-ranging experiments. As suggested previously, increased i.v.
cocaine self-administration in the present and previous studies suggest that buspirone may
attenuate the reinforcing or, alternatively, behaviourally disruptive effects of cocaine (Gold
& Balster, 1992). An additional consideration in the present experiments is that i.v. self-
administration behaviour was strongly influenced by pre-session priming injections that
signalled availability of either a reinforcing dose or, for saline or low doses of cocaine,
injections that were not reinforcing. As a result of this cueing, subjects typically exhibited
rapid within-session extinction (i.e. without overall increases in responding) when saline or
low unit doses of cocaine were available for i.v. self-administration. Thus, in the present
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experiments, the highest doses of buspirone may have decreased the cueing effects of
priming injections of cocaine to the extent that they were no longer identified as reinforcing,
leading to rapid within-session extinction. This view is consistent with previous findings that
buspirone can decrease the discriminative-stimulus, or cueing, effects of dopaminergic
agonists including cocaine (Bergman, unpublished results; Callahan & Cunningham, 1997;
Kamien & Woolverton, 1990).

Buspirone is considered to be a potent and selective 5-HTqa receptor partial agonist (Wong
et al. 2007). In view of the pivotal role ascribed to 5-HTq 4 receptors in many aspects of
stimulant abuse (reviewed in Miller et a/. 2007), it may be hypothesized that 5-HTq 4 partial
agonist actions of buspirone contributed to the reductions in cocaine self-administration
described herein. However, early behavioural studies of buspirone in monkeys do not
support this idea. For example, the 5-HT 5 agonist, gepirone, which does not possess
dopamine-related activity, does not produce buspirone- like changes in i.v. self-
administration behaviour (Gold & Balster, 1992). Also, buspirone can surmountably
antagonize the discriminative stimulus effects of direct and indirect dopamine agonists
including, respectively, apomorphine and D-amphetamine, consistent with antagonist
properties of buspirone at the Do-like family of dopamine receptors (Kamien & Woolverton,
1990; Nader & Woolverton, 1994). Thus, although dopaminex5-HTj 4 interactions cannot be
excluded, it is unlikely that the effects of buspirone on i.v. cocaine self-administration
behaviour are directly related to its actions at 5-HT1a receptors.

The relatively low affinity of buspirone (>450 nM) and its metabolites (>4 M) at the D,
subtype of dopamine Do-like receptors suggests that the doses of buspirone used in this
study do not meaningfully engage D, receptors. However, two early reports also indicated
that buspirone binds with high affinity at D3 and D4 receptors, comparable to its affinity at
5-HT 14 receptors (Kula et al. 1994; Tallman et al. 1997). The present results documenting
the high affinity of buspirone at D3 and D4 receptors are consistent with those reports. The
affinities for buspirone at D3 and Dy4 receptors (98 and 29 nM) reported herein are within the
range of values reported for buspirone at 5-HT1 5 receptors. However, these affinities also
are somewhat lower and higher (3.5 and 78 nM, respectively) than values in earlier reports
(Kula et al. 1994; Tallman et al. 1997). Such differences most likely result from the use of
different radioligands across studies. Consistent with this hypothesis, Tallman et a/. (1997)
reported significant differences in & values for a variety of compounds, including buspirone,
at recombinant Dy receptors, depending on whether [BH]NGD 94-1 or [3H]YM-09151-2 was
used as radioligand. In the Kula study, [3H]YM-09151-2 was used as a radioligand whereas
the present studies employed [2H]methylspiperone at both D3 and D, receptors. The &;
values of buspirone at Do-like receptors determined by radioligand binding may not reflect
the true affinity of buspirone for this family of receptors /n vivo. However, as the A values
were estimated under the same conditions, the relative affinities of buspirone (~17 and ~5-
fold higher at D4 and D3 compared to D, receptors) are likely to reflect relative differences
in vivo. In contrast, the potencies of buspirone obtained in functional assays are even less
likely to reflect the /n vivo situation because saturating concentrations of dopamine are used
to optimize sensitivity. Nonetheless, buspirone exhibited the identical rank order of potency
in the functional assay, D4>D3>D,, as observed in radioligand binding assays, strengthening
the idea that this rank order accurately reflects the /n vivo situation.
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Buspirone is rapidly metabolized in humans (Gammans et a/. 1986) and its pharmacological
effects mediated by 5-HT1 5 receptors have been attributed, at least in part, to the metabolite
6-hydroxybuspirone (Wong et al. 2007). The concentrations of this metabolite are much
higher than the parent compound after oral administration in humans, with maximal plasma
concentrations after clinically relevant doses in excess of 100 nM (compared to ~6.5 nM for
buspirone; Dockens et al. 2006, 2007) and a total plasma exposure ~40-fold higher than for
buspirone. The affinity of this metabolite is similar to the parent compound at D4 receptors
and ~8-fold lower than the parent at D3 receptors (Table 1). Thus, the high concentrations of
6-hydroxybuspirone formed /n vivo suggest that pharmacologically relevant doses of
buspirone yield levels of this metabolite that likely occupy D4 receptors and, perhaps to a
lesser extent, D3 receptors. In contrast, the lower potency of 5-hydroxybuspirone (with
plasma levels similar to the parent compound after oral dosing; Gammans et a/. 1986) may
well be out of the concentration range that meaningfully occupies D3 and D4 receptors at
pharmacologically relevant doses. The other major metabolite of buspirone, 1-PP is inactive
at dopamine receptors and likely did not play a role in the effects of buspirone in these
studies. The present results are consistent with the view that the ability of buspirone to
reduce cocaine self-administration behaviour in non-human primates may reflect the
engagement of multiple neurochemical targets (D3, D4, 5-HT1 A receptors) by both buspirone
and selected metabolites.

The demonstration that buspirone and its 5-and 6-hydroxy metabolites bind to both D3 and
D4 receptors (Table 1) and are antagonists at these receptors (Figs. 2 and 3) suggests
mechanisms that may alternatively, or in conjunction, contribute to the reductions in cocaine
self-administration in the present experiments. Thus, selective D3 antagonists such as
SB-277011A are effective in decreasing discriminativestimulus and — under selected
schedule conditions — reinforcing effects of cocaine that likely contribute to its self-
administration and D3 antagonists are considered ‘high value targets’ in the search for
medications to treat cocaine abuse (Heidbreder & Newman, 2010; Xi ef a/. 2005). While
there has been less evidence for a role of D4 receptors in reinforcing effects of cocaine and,
more generally, substance use disorders (Le Foll ef a/. 2009), polymorphisms in the D4
receptor have been linked to novelty seeking (Laucht et al. 2007; Lusher et al. 2001), a
personality trait associated with an increased risk of substance abuse. Recent data provide
additional support for the involvement of D4 mechanisms in addiction-related processes. For
example, the D4 antagonist L-745,870 has been reported to attenuate reinstatement of
nicotine-seeking behaviour in rats by either nicotine or nicotine-associated cues (Yan et al.
2012). Also, the D4 antagonist NGD 94-1 (Tallman et a/. 1997) can markedly reduce the
reinforcing effects of cocaine in monkeys at doses that do not substantively affect
responding for food (J. Bergman, unpublished observations). Thus, based on the high
affinity of buspirone and its 6-hydroxy metabolite at D, receptors (Table 1), such D4
antagonist actions may make a prominent contribution to the reductions in i.v. cocaine self-
administration observed in the present studies.

In summary, the present studies indicate that buspirone can produce marked and consistent
reductions in i.v. cocaine self-administration behaviour without similar consistent effects on
food-maintained behaviour and that such effects may involve actions of buspirone and
metabolites at D3 and/or D, subtypes of Do-like receptors. Buspirone has been clinically
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available for>25 yr and appears relatively free of toxicity or major side-effects (Jann, 1988).
It produces neither the marked sedation associated with other anti-anxiety agents such as
benzodiazepines or neuroleptic-like catalepsy (Jann et a/. 1990). Notwithstanding the ability
of buspirone to serve as a dopamine antagonist and its favourable safety profile, there has
been only one trial so far examining its effects in a cocaine-abusing population (Moeller et
al. 2001). While no significant effects were reported, both the small sample size (7<20) and
lack of a compliance measure (Czobor & Skolnick, 2011) could well contribute to a type |1
error. Based upon the ability of buspirone to potently suppress i.v. cocaine self-
administration in non-human primates, this compound should be further evaluated for the
management of cocaine addiction.
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Inhibition of [3H]methylspiperone binding to human recombinant D,, D3 or D4 dopamine

receptors by buspirone. Membranes from HEK293 cells were prepared and used for
radioligand binding assays as described in Method. Specific binding is expressed as a

percentage of the maximum observed in each experiment. Results are the average of three
independent experiments, each done in triplicate. The average &;values for buspirone and its

metabolites are shown in Table 1.
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Fig. 2.

Bl?spirone antagonizes dopamine (DA)-induced receptor-g-arrestin interactions at human
recombinant D,, D3 or D4 DA receptors. CHO-K1 cells stably expressing (&) Do, (6) D3, or
(¢) D4 receptors were incubated with the indicated concentrations of either DA or buspirone
plus an ECgq concentration of DA for 60 min. Following treatment with assay reagent
(DiscoveRx Inc.), luminescence was measured as described in Method. Data are normalized
to the maximum response in each experiment and are plotted as mean+S.E.M. of three
independent experiments, each performed in triplicate. The average I1Csq values for
buspirone are shown in Table 2. The average ECsg values (mean+S.E.M.) for DA are: (a)
150430 nM; (b) 1.84£0.17 nM; (c) 40057 nM.
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Fig. 3.
The active metabolites of buspirone antagonize dopamine (DA)-induced receptor-g-arrestin
interactions at human recombinant Dy, D3 or D4 DA receptors. Details are shown in Fig. 2.
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Mean effects of buspirone (0.03-0.32 mg/kg) on behaviour maintained by 0.032 mg/kg per
injection cocaine. Abscissa: Pretreatment dose of buspirone. Ordinate: Number of total
cocaine injections that were self-administered in the 100-min drug component or number of
food pellets that were delivered during food 1 and food 2. The results shown above ‘Sal’
represent the effects of saline pretreatment and serve as baseline values for comparison with
the effects of buspirone. The effects of 0.1 and 0.32 mg/kg buspirone shown here were
determined in all monkeys; the effects of 0.032 mg/kg buspirone were determined in three
monkeys. Data for individual subjects are shown in Table 2.
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Mgean effects of buspirone on behaviour maintained by different doses of i.v. cocaine or food
reinforcement. Abscissa: Dose of cocaine that was available for i.v. self-administration
(mg/kg per injection; log scale) or the availability of food reinforcement during the first and
last components of the session (food 1 and food 2). Ordinate: Number of cocaine injections
that were self-administered in the 100-min drug component during which that dose was
available or number of food pellets that were delivered during the 5-min food components
(food 1 and food 2). Open symbols represent data for i.v. cocaine self-administration during
control sessions averaged for the group of four monkeys. Filled symbols represent average
data for i.v. cocaine self-administration and food-maintained behaviour following pre-
session i.m. administration of buspirone (0.32 mg/kg or, for monkey 96D155, 0.1 mg/kg) for
the group of four subjects. Data for individual subjects are shown in Table 3.
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Table 1

Affinities of buspirone and its metabolites for the D,-like receptors as determined using radioligand binding

assays
D, D3 D,
kitSEM (M) k +SEM.(nM) k;+S.E.M. (nM)
Buspirone 484 + 114 98 + 16 29.2+113
5-OH Buspirone 4010 + 792 261 + 46 107 +44.8
6-OH Buspirone 5390 + 425 795 + 84 404 £175
1-PP >10 1M >10 1M >10 M

Competition binding assays were performed as described in Fig. 1.
Data are expressed as mean+S.E.M.

N=6 for all buspirone values whereas A=3 for all metabolite values.
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Table 2

Potencies for inhibiting Dy, D3 and D4 receptor function by buspirone and its metabolites

D, D3 D,

IC5o2S.EM. (n)  IC5oS.E.M. (n)  1C5o£S.E.M. (n)
Buspirone 0.67+0.12 (7) 0.44+0.18 (7) 0.3520.06 (6)
5-OH Buspirone  2.6+1.3 (4) 0.93+0.46 (4) 1.4+0.82 (3)
6-OH Buspirone  3.1+1.8 (4) 4.9+2.8 (3) 0.85:0.49 (3)
1-PP >10 >10 >10

Functional assays were performed as described in Figs. 2 and 3.

Values are shown as M.
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