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Addiction to psychostimulants, including cocaine and amphetamine, is associated with dysregulation of
dopamine and serotonin (5-HT) neurotransmitter systems. Neuroadaptations in these systems vary
depending on the stage of the drug taking-abstinence-relapse cycle. Consequently, the effects of po-
tential treatments that target these systems may vary depending on whether they are given during
abstinence or relapse. In this review, we discuss evidence that dopamine D3 receptors (D3Rs) and 5-HT1g
receptors (5-HT1gRs) are dysregulated in response to both chronic psychostimulant use and subsequent
abstinence. We then review findings from preclinical self-administration models which support tar-
geting D3Rs and 5-HTigRs as potential medications for psychostimulant dependence. Potential side ef-
fects of the treatments are discussed and attention is given to studies reporting positive treatment
outcomes that depend on: 1) whether testing occurs during self-administration versus abstinence, 2)
whether escalation of drug self-administration has occurred, 3) whether the treatments are given
repeatedly, and 4) whether social factors influence treatment outcomes. We conclude that D3/D2 ago-
nists may decrease psychostimulant intake; however, side effects of D3/D2R full agonists may limit their
therapeutic potential, whereas D3/D2R partial agonists have fewer undesirable side effects. D3-selective
antagonists may not reduce psychostimulant intake during relapse, but nonetheless, may decrease
motivation for seeking psychostimulants with relatively few side-effects. 5-HT1gR agonists provide a
striking example of treatment outcomes that are dependent on the stage of the addiction cycle. Spe-
cifically, these agonists initially increase cocaine’s reinforcing effects during maintenance of self-
administration, but after a period of abstinence they reduce psychostimulant seeking and the resump-
tion of self-administration. In conclusion, we suggest that factors contributing to dysregulation of
monoamine systems, including drug history, abstinence, and social context, should be considered when
evaluating potential treatments to better model treatment effects in humans.
This article is part of a Special Issue entitled ‘NIDA 40th Anniversary Issue’.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

resulting in compensatory changes that are likely at the heart of the
pathology underlying the development of dependence (Ahmed and

Several theories of addiction postulate that chronic intake of
drugs of abuse challenges homeostatic regulation of the neuro-
transmitter systems that are directly affected by the drugs,

Abbreviations: D3Rs, dopamine D3 receptors; 5-HT;gRs, 5-HT;p receptors; SA,
self-administration; PR, progressive ratio; FR, fixed ratio; VI, variable interval; NAc,
nucleus accumbens; NAcsh, nucleus accumbens shell; NAcc, nucleus accumbens
core; AsaRs, adenosine A,a receptors; EPM, elevated plus maze; OCD, obsessive—
compulsive disorder; VTA, ventral tegmental area; BLA, basolateral amygdala; CeA,
central amygdala; dSt, dorsal striatum.
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Koob, 1998; Antelman and Caggiula, 1996; Kalivas, 2009; Koob
et al., 2004, 1997; McEwen, 2000). Because these changes are
caused by drug-induced neurotransmission outside of the physio-
logical range associated with natural stimuli, we refer to the pro-
cess causing them as dysregulation. Neurons that are directly
affected by a drug may cause dysregulation of downstream neu-
rons, which then continues to cascade throughout interconnected
neurons within brain circuits.

Monoamine transporters are primary sites of action of psy-
chostimulants (Akimoto et al., 1990; Reith et al., 1997; Zetterstrom
et al., 1983). Dysregulation of circuitries involving monoamine
neurotransmitters occurs with repeated psychostimulant use and
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may manifest as 1) changes that oppose the drug’s effects resulting
in tolerance and withdrawal syndromes (Ahmed et al., 2002); 2)
changes that amplify the drug’s effects leading to sensitization
(Robinson and Berridge, 2000); and 3) gradual shifts in the relative
activity among parallel circuits (e.g., mesolimbic versus nigros-
triatal pathways) (Porrino et al., 2007). Escalation of drug intake is a
hallmark sign of the development of addiction and continues to
challenge homeostasis making the dysregulation progressively
more pronounced and possibly distinct from that occurring with
limited drug intake (e.g., Orio et al., 2010). Abstinence results in the
loss of drug-induced input to these circuits, again challenging ho-
meostasis and causing its own dysregulation. Abstinence-induced
dysregulation may become more pronounced with time causing
the emergence and strengthening of drug craving (Gawin and
Kleber, 1986; Tran-Nguyen et al., 1998), a phenomenon known as
the incubation effect (Grimm et al., 2001).

Dysregulation is dynamic with different changes occurring in
the brain at different stages of the drug abuse—abstinence—relapse
cycle. In this review, we discuss evidence of dysregulation involving
two different monoamine receptor subtypes: dopamine D3 re-
ceptors (D3Rs) and 5-HT;g receptors (5-HT1gRs). We then discuss
evidence from psychostimulant self-administration (SA) animal
models that supports the development of medications that target
these receptors. To aid with interpretation of this literature, we first
discuss how various measures of drug SA are differentially sensitive
to the incentive motivation and reinforcement processes that are
involved in addiction and how these measures may inform treat-
ment efficacy that is dependent on the stage of the abuse—absti-
nence—relapse cycle. We conclude that both D3Rs and 5-HT1gRs are
good targets for development of medications for psychostimulant
dependence and emphasize that research in this area will benefit
from considering the dynamic changes in monoamine neuro-
transmitter systems that have been identified from basic neuro-
science research.

1.1. Relevance of animal models to the chronic relapsing cycle of
dependence

Drug SA involves incentive motivation, the process by which
organisms are energized to seek drug, and reinforcement, the
process by which response-contingent delivery of drug increases
the probability of performing the response (Markou et al., 1993).
There are procedures that can increase sensitivity to detecting ef-
fects of a manipulation on incentive motivation, such as requiring
high workloads or testing under extinction conditions so that drug
reinforcement is not available. This review focuses on four ap-
proaches to testing potential therapeutics: 1) psychostimulant SA
under low demand schedules of reinforcement, 2) SA under pro-
gressive ratio (PR) schedules of reinforcement, 3) reinstatement of
extinguished drug-seeking behavior either by acute stress, drug-
associated cues, or drug priming injections, and 4) resumption of
drug SA after a period of abstinence. Extinction and reinstatement
of drug seeking reflects incentive motivational effects of the rein-
stating stimulus, and when response-contingent cues are used, also
reflects conditioned reinforcing effects of the cues. There are many
parallels between psychostimulant-seeking behavior measured in
this model and self-reports of craving (Fuchs et al., 1998; Markou
et al.,, 1993; Stewart, 1983), supporting the predictive validity of
the model as a screen for anti-craving effects of medications.
Resumption of psychostimulant SA after a period of abstinence is
less commonly used to screen potential treatment effects, but in
our view, offers a model with strong face validity for screening anti-
relapse effects. Screening treatment effects during maintenance of
SA is a common approach. The use of PR schedules to assess effects
of a treatment on maintenance of SA is more sensitive to motivation

than low ratio or interval schedules because the work demand
increases across successive reinforcers (Markou et al, 1993;
Salamone and Correa, 2012). With low ratio or interval schedules,
the psychostimulant dose—effect function is typically an inverted
U-shaped function whereas on PR schedules it is typically linear
within non-toxic dose ranges. Typically, treatment-induced shifts
of the psychostimulant SA dose—effect function to the left reflect
facilitation of a pharmacological action at a receptor involved in
drug reinforcement, shifts to the right reflect blockade of a phar-
macological action at a receptor involved in drug reinforcement,
upward shifts reflect enhancement of drug reinforcement, and
downward shifts reflect attenuation of drug reinforcement (Mello
and Negus, 1996). The latter outcome is optimal for a potential
treatment because drug intake is reduced regardless of the self-
administered dose.

2. Dysregulation of dopamine D3 receptors

One interesting characteristic of D3Rs that make them particu-
larly relevant in addiction is their localization. D3R expression is
primarily restricted to structures in the mesolimbic pathway,
including the nucleus accumbens shell (NAcgp,), islands of Calleja,
olfactory tubercle, and the ventral tegmental area (VTA) (reviewed
by Heidbreder et al., 2005; Sokoloff et al., 2006). Importantly, the
mesolimbic pathway is strongly implicated in drug addiction
(Kalivas and Volkow, 2005; Wise, 2004). D3Rs are expressed on
dopaminergic cell bodies where they may function as autor-
eceptors (Diaz et al., 2000). They are also expressed post-
synaptically in the NAcg, on medium spiny GABAergic neurons
(Ridray et al., 1998). Convergent evidence suggests that psychosti-
mulant use up-regulates D3Rs and that this effect is related to an
increase in motivation for drug. In humans, psychostimulant
overdose increases D3R binding in the ventral striatum (Boileau
et al,, 2012; Segal et al., 1997; Staley and Mash, 1996). In rodents,
an increase in D3R binding in the ventral striatum emerges during
the course of abstinence from a chronic cocaine regimen (Collins
et al, 2011; Conrad et al, 2010; Marcellino et al, 2007;
Neisewander et al.,, 2004) in parallel with the time-dependent
enhancement of cocaine-seeking behavior (Morgan et al., 2002a;
Neisewander et al., 2000; Tran-Nguyen et al., 1998). Furthermore,
chronic administration of the D3/D2R agonist 7-OH-DPAT during
abstinence from cocaine SA normalizes the elevated striatal D3R
levels and reduces cocaine-seeking behavior (Fuchs et al., 2002;
Neisewander et al., 2004). These findings suggest that there is a
positive relationship between D3R binding and motivation for
cocaine. Interestingly, the D3R up-regulation may depend on
learning. Rats that have learned to associate a distinct environment
with cocaine, as revealed by the expression of conditioned loco-
motor hyperactivity, have increased D3R levels in both the nucleus
accumbens core (NAc) and shell (NAcgy) in the ventral striatum (Le
Foll et al., 2002). Such an increase is absent in rats exposed to
cocaine in a familiar environment (home cage).

2.1. Limitations and complexities in evaluating potential D3R-
targeted treatments

One complication in classifying D3R compounds into agonist,
partial agonist or antagonist categories is that some compounds
show functional selectivity. Functional selectivity describes the
phenomenon that a ligand can have different intrinsic activities on
different second messenger signaling systems that are coupled to
the same receptor (Mailman, 2007; Urban et al, 2007). For
example, the D3/D2R compound BP 897 acts as a partial agonist at
the D3R in signaling pathways of mitogenesis (Pilla et al., 1999) but
acts as an antagonist in GTPyS-dependent pathways (Gyertyan
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Terguride Mixed D2R/D3R partial agonist

SDZ-208-911 Mixed D2R/D3R partial agonist

pKi: hD2gR, 9.1; hD2;R, 8.94; hD3R, 9.0

K;: rD2R (rat striatum), 0.11; hD3R, 0.17

Tadori et al., 2008)
Millan et al., 2002)
Tadori et al., 2008)
Kula et al., 1994)

0.79 (81—77%)

0.65 (26—16%)

Compound Mechanism of action Specificity (nM) D3R:D2R selectivity (% IA")
Agonists
Pramipexole D3R-preferring agonist Ki: hD2R, 790; hD3R, 4.1 192.7 (Sautel et al., 1995)
PD128907 D3R-preferring agonist K;: hD2R, 339; hD3R, 1.89 1794 (Audinot et al., 1998)
PF-592,379 D3R-selective agonist ICso: hD2R, >10,000; K;: hD3R, 215; >46.5 (Collins et al., 2012a)
hDA4R, 4165
Quinelorane D3R-preferring agonist Ki: hD2R, 265; hD3R, 6.1 43.44 (Millan et al., 1995)
7-OH-DPAT D3R-preferring agonist Ki: hD2R, 92; hD3R, 2.2 41.8 (Audinot et al., 1998)
WC44 D3R-preferring agonist Ki: hD2R, 56.5; hD3R, 2.4; hD4R, 804 235 (Kumar et al., 2009)
(antagonist in the 7-OH-
DPAT-induced yawning
test, unpublished).
Quinpirole D3R-preferring agonist K;: hD2R, 911; hD3R, 43 21.2 (Millan et al., 1995)
(—=)—-NPA Mixed D2R/D3R agonist Ki: hD2R, 2.9; hD3R, 0.36 8.1 (Sautel et al., 1995)
Sumanirole D2R-selective agonist Ki: hD2R, 9.0; hD3R, 1940; hD4R,>2190 0.0046 (McCall et al., 2005)
Antagonists
YQA14 D3R-selective antagonist Ki: hD2R, 353.3; hD3R (high affinity site), 167.3 (Song et al., 2012a)
0.68 x 10~%; hD3R (low affinity site), 2.11;
hD4R, >10°
PG-01037 D3R-selective antagonist Ki: hD2R, 93.3; hD3R, 0.7; hD4R, 375 1333 (Grundt et al., 2007)
SB-277011A D3R-selective antagonist pK;i: hD2R, 5.98; hD3R, 7.95 933 (Reavill et al., 2000)
NGB-2904 D3R-preferring antagonist Ki: hD2R, 112; hD3R, 2.0 56.0 (Grundt et al., 2007)
WC10 D3R-preferring antagonist K;i: hD2R, 33.4; hD3R, 0.8; hD4R, 896 41.8 (Kumar et al., 2009)
L-745,829 D3R/D4R-preferring antagonist Ki: tD2R, >1900; rD3R, 46.5; rD4R, 2.7 40.9 (Caine et al., 2002)
S$33138 D3R-preferring antagonist pKi: hD2(R, 7.1; hD2gR, 7.3; hD3R, 8.7; 25.1 (Millan et al., 2008)
hD4R, <5
Raclopride Mixed D2R/D3R antagonist Ki: hD2R, 1.1; hD3R, 1.4 0.79 (Millan et al., 1995)
Eticlopride Mixed D2R/D3R antagonist Ki: hD2R, 0.07; hD3R, 0.16 0.44 (Mackenzie et al., 1994)
Sulpiride Mixed D2R/D3R antagonist Ki: hD2R, 71.6; hD3R, 570 0.13 (Mackenzie et al., 1994)
L-741,626 D2R-preferring antagonist Ki: tD2R, 7.1; rD3R, 155; rD4R, 596 0.046 (Caine et al., 2002)
Partial agonists
RGH-237 D3R-selective partial agonist Ki: hD2R, >2900; hD3R, 1.6 1812.5 (52%) (Gyertyan et al., 2007)
WW-III-55 D3R-selective partial agonist Ki: hD2(R, >15,000; hD3R, 19.8 862 (68%) (Cheung et al., 2013)
0S-3-106 D3R-preferring partial agonist Ki: hD2(R, 26.0; hD3R, 0.23 113.0 (58%) (Cheung et al., 2013)
BP 897 D3R-preferring partial agonist Ki: hD2R, 61; hD3R, 0.92 66.3 (60%, but shows (Pilla et al., 1999)
functional selectivity) (Gyertyan et al., 2007)
CJB 090 D3R-preferring partial agonist Ki: hD2R, 24.8; hD3R, 0.4 62.0 (30%) (Grundt et al., 2007)
WC26 D3R-preferring partial Ki: hD2R, 30.7; hD3R, 0.6; hD4R, 674 51.2 (69%) (Kumar et al., 2009)
Aripiprazole Mixed D2R/D3R partial Ki: hD2R, 4.4; hD3R, 3.1; hD4R, >1000 1.42 (47—-52%) (Burstein et al., 2005)
(
(
(
(
(

Tadori et al., 2008)

2 In the case of partial agonists, the % intrinsic activity relative to agonist control (%IA) is also shown in parentheses next to the selectivity ratio.

et al., 2007). Several other D3R compounds also show functional
selectivity, including aripiprazole (Shapiro et al., 2003), the D3R-
selective phenylpiperazine PG 619 (Blaylock et al.,, 2011), and
some novel phenylpiperazines (Taylor et al., 2010). Further studies
are required to examine the role of functional selectivity in medi-
ating the effects of D3R compounds. It is possible that the thera-
peutic effect of a functional selective D3R compound is mediated by
one D3R-coupled second messenger signaling pathway, and the
side effect of the same D3R compound is mediated by another D3R-
coupled signaling pathway. If this is the case, then it would be
beneficial to develop D3R compounds with functional selectivity
that targets the therapeutic effect alone (Mailman, 2007).

Due to a current lack of D3R-selective agonists (Newman et al.,
2005), the behavioral effect of D3R activation has mainly been
examined using receptor agonists that only display moderate to
low selectivity for D3 over D2 receptors as summarized in Table 1.
In addition to binding affinity, evidence of functional activation of
D3 and D2Rs is suggested from effects of the compounds on
yawning (Collins et al., 2005). D3R agonists, including the selective
agonist pramipexole, produce an inverted U-shaped dose—effect
function for yawning (Collins et al., 2005; Khroyan et al., 1995). The
induction of yawning is blocked by D3R antagonists, whereas the
inhibition of yawning at high doses is attenuated by a D2R-

preferring antagonist (Collins et al., 2005; Newman et al., 2012).
This suggests that D3R agonists primarily activate D3Rs at low
doses resulting in yawning, and that D2Rs are also activated at
higher doses resulting in inhibition of D3R-induced yawning. There
is also evidence that most D3R agonists have less D3R:D2R selec-
tivity in vivo than in vitro (Collins et al., 2007). Such is the case for
both pramipexole and PD128907, which we refer to as D3/D2R
agonists despite their ~200-fold D3R selectivity in vitro.

2.2. D3/D2R agonist effects on maintenance of psychostimulant SA

D3/D2R agonists, which are also referred to as D3-preferring
agonists, produce opposite effects on cocaine SA depending on
dose. These biphasic effects may reflect actions at D3 versus D2Rs.
As detailed in Table 2, low doses of D3/D2R agonists reduce SA of
low doses of cocaine on the ascending limb of the dose—effect
function (Caine and Koob, 1995; Caine et al., 1999). This effect may
be due to a preferential action at D3 or D2R autoreceptors which
counters effects of cocaine by inhibiting dopamine release. In
contrast, higher doses of D3/D2R agonists shift the cocaine dose—
effect function to the left, increasing SA of low doses of cocaine
and decreasing SA of high doses of cocaine (Caine and Koob, 1995;
Caine et al., 1997, 1999; Gal and Gyertyan, 2003). Likewise, acute
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Table 2
Effects of D3/D2R agonists on psychostimulant abuse-related behaviors.
Model Treatment (D3:D2R Dose of treatment Effect (psychostimulant dose); species; schedule; Reference
selectivity) further comments
Cocaine: SA Pramipexole (193-fold) 1—5 pmol/kg, SC | descending limb (0.25 mg, IV); rats; FR5 (Caine et al., 1997)
maintenance PD128907 (179-fold) 0.6 mg/kg, SC 1 ascending limb (0.01 mg, IV); rats; FR5 (Caine et al., 1997;

Amphetamine: SA
maintenance

Cocaine seeking, early
abstinence (<48 h)

Cocaine seeking,
protracted
abstinence

Cocaine-primed
reinstatement
of cocaine seeking®

Resumption of
extinguished
cocaine SA*

Quinelorane (43-fold)

7-OH-DPAT (42-fold)

W(44 (24-fold,

in vivo partial
agonist/antagonist)
Quinpirole (22-fold)

(=)—NPA (8-fold)

Quinpirole

7-OH-DPAT

Quinpirole
PD128907 (179-fold)
7-OH-DPAT, chronic

7-OH-DPAT, acute

Quinpirole

Sumanirole
(0.005-fold)
PD128907

7-OH-DPAT

Quinpirole

(—)-NPA

7-OH-DPAT, chronic

0.3—1 mg/kg, SC

0.0032 mg/kg, IP
0.01—-0.03 mg/kg, IP
0.001-0.032 mg/kg, IP
0.001 mg/kg, IV

0.4 mg/kg, SC;

0.32—1 mg/kg, IP
0.001-0.004 mg/kg, IV;
0.1-1.6 mg/kg, SC;

1 mg/kg, IP

1—4 pg/side, intra-CeA
0.004 mg/kg, IV (co-infused
with cocaine reinforcers)
10 mg/kg, IP

0.003—0.1 mg/kg, IM
0.003—0.0056 mg/kg, 1V, acute

0.003—0.0056 mg/kg/day, IV,
after 5 daily treatments

0.1-1 mg/kg, SC

0.01-1 mg/kg, SC

1 mg/kg, SC

3—10 mg/kg, IP

0.05 mg/kg, SC

0.1-3 mg/kg, IP

0.01-0.1 mg/kg, IV

0.3 mg/kg, IV

1 mg/kg/day for 14 days, SC

0.1-0.3 mg/kg, IP

1, 3 mg/kg, IP

4 ug/side, intra-CeA
0.01—-0.05 mg/kg, SC
0.2—5 mg/kg, SC

0.1 mg/kg, IV
2—-3 mg/kg, IV

0.01-0.18 mg/kg, IM
0.01-0.1 mg/kg, IM

0.3 mg/kg, IP

1 mg/kg, SC (after > 36 days
of daily treatment)

4 ng/side, intra-CeA
0.01-0.05 mg/kg, SC

0.1 mg/kg, IV
0.0003—-0.01 mg/kg, IM

1 mg/kg/day for 20 days, SC

| descending limb (0.25—0.3 mg, IV); rats; FR5
| ascending limb (0.032 mg, IV); rats; FR5

1 ascending limb (0.01—0.03 mg, IV); rats; FR5
| descending limb (0.1—1 mg, IV); rats; FR5

| ascending limb (0.03 mg, IV); rats; FR5

1 ascending limb (0.01—0.03 mg, IV); rats; FR5

| descending limb (0.12—1 mg, IV); rats; FR5

| descending limb (0.75 mg/kg, IV); rats; VR5
@ (0.06—0.5 mg/kg, IV); rats; PR

| ascending/descending limb (0—0.375 mg/kg, IV);

1 descending limb (1.5 mg/kg, IV); rats; VI60s

@ peak dose (0.18—0.3 mg/kg, IV); monkeys;
2nd order schedule

| high dose (0.1 mg/kg, IV); monkeys;

choice vs. food

1 low dose (0.003—-0.03 mg/kg, IV); dominant
monkeys; choice vs. food

1 low dose (0.003 mg/kg, IV); | high dose
(0.03—0.1 mg/kg, IV); subordinate monkeys;
choice vs. food

@ (0.12 mg/kg, IV); rats; PR

| 1st h; rats; non-contingent cues

1 2nd h; rats; non-contingent cues

1 rats; no cues

| rats; non-contingent cues

1 rats; no cues

@ monkeys; response-contingent cues
1 monkeys; response-contingent cues
| rats; non-contingent cues; 17—23 h
post daily treatment

| rats; discriminative cues

1 rats; discriminative cues

| rats; response-contingent cues

| rats; non-contingent cues

1 rats; no cues

1 monkeys; no cues
1 monkeys; response-contingent cues

@ (prime: maximum effective dose, IV);
monkeys; cues on 2nd order schedule

@ (prime: maximum effective dose, IV);
monkeys; cues on 2nd order schedule

1 (prime: 0.5 mg/kg, IV); rats

1 0 but not 2 or 4 h post-7-OH-DPAT

(prime: 15 mg/kg, IP); rats

| (prime: 10 mg/kg, IP); rats

@ (prime: 20 mg/kg, IP); rats; 1 day abstinence
| (prime: 20 mg/kg, IP); rats; 10 days abstinence
@ (prime: 0.1 mg/kg, IV); monkeys

@ (prime: maximum effective dose, IV);
monkeys, cues on a 2nd order schedule

| descending limb (0.25 mg/kg, IV); rats;

VR5; 17—23 h post daily treatment

Gal and Gyertyan, 2003)
(Caine et al., 1999)
(Barrett et al., 2004;
Caine et al., 1999)
(Caine and Koob, 1995)
(Barrett et al., 2004;
Caine and Koob, 1995;
Gal and Gyertyan, 2003)

(Thiel et al., 2010)
(Caine and Koob, 1995)

(Cheung et al., 2012)

(Platt et al., 2003)

(Czoty and Nader, 2013)

(Izzo et al., 2001)
(Fuchs et al., 2002)

(Self et al., 1996)
(Marinelli et al., 2003)
(Self et al., 1996)

(Khroyan et al., 2000)
(Achat-Mendes et al., 2010)
(Fuchs et al., 2002)

(Cervo et al., 2003a)

(Thiel et al., 2010)
(Marinelli et al., 2003)

(De Vries et al., 2002;

De Vries et al., 1999)
(Blaylock et al., 2011)
(Achat-Mendes et al., 2010)
(Khroyan et al., 2000)
(Khroyan et al., 2000)

(Self et al., 1996)
(Fuchs et al., 2002)

(Thiel et al., 2010)
(Marinelli et al., 2003)

(Blaylock et al., 2011)
(Khroyan et al., 2000)

(Fuchs et al., 2002)

1: increased compared with control. |: decreased compared with control. @: no effect compared with control. SA: self-administration. FR: fixed ratio schedule of rein-
forcement. PR: progressive ratio schedule of reinforcement. VI: variable interval schedule of reinforcement. BLA: Basolateral amygdala. CeA: Central amygdala. NAc: Nucleus

accumbens. dSt: Dorsal striatum.
@ Tests carried out after protracted abstinence (>48 h).

treatment with the D3/D2R agonist (—)—NPA at doses that cause
little behavioral disruption reduces choice of a high dose of
cocaine relative to food (Czoty and Nader, 2013), an effect similar
to acute amphetamine treatment (Negus, 2003). Early studies

suggested that D3R activation may enhance the reinforcing value
of cocaine (Caine et al., 1997); however, Caine et al. (2002) later
found that the D2R-preferring antagonist L-741,626, but not the
D3/D4R antagonist L-745,829, reversed the quinelorane-induced
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reduction of intake of a high dose of cocaine. Also, D2R deletion in
mice increases SA of high doses of cocaine without affecting SA of
low doses of cocaine (Caine et al., 2002). Collectively, the findings
suggest that D2Rs mediate the decrease in intake of high dose
cocaine, whereas D2 and/or D3Rs mediate the decrease in intake
of low dose cocaine, perhaps via preferential action at
autoreceptors.

In contrast to the above studies, we found that WC44, a com-
pound with a 23-fold D3R:D2R selectivity that acts as a full agonist
at the D3R in the adenylyl cyclase bioassay (Chu et al., 2005; Kumar
et al., 2009), shifted the cocaine SA dose—effect function to the right
(Cheung et al., 2012). The most likely explanation for this discrep-
ancy is that WC44 may act as a D3R antagonist in vivo (Weber et al.,
2009). Consistent with this idea, WC44 attenuates yawning
induced by 7-OH-DPAT (unpublished observations), similar to the
effects of D3R antagonists (Collins et al., 2005).

Under schedules requiring relatively high effort, D3/D2R ago-
nists appear to be less effective in altering psychostimulant SA. Co-
infusion of 7-OH-DPAT with each cocaine reinforcer fails to signif-
icantly affect PR responding (Caine and Koob, 1995). Similarly,
quinpirole fails to affect amphetamine SA on a PR schedule (Izzo
et al., 2001), as well as responding for cocaine under a second or-
der schedule in monkeys (Platt et al., 2003).

2.3. D3/D2R agonist effects in relapse models

The effects of D3/D2R agonists on cocaine seeking (i.e., re-
sponses emitted in extinction) are biphasic with respect to dose
and time course at higher doses (Table 2). For instance, acute
treatment with low doses of D3/D2R agonists reduces cue-elicited
cocaine seeking, whereas a high dose initially inhibits, but later in
the session enhances, the behavior (Fuchs et al., 2002; Marinelli
et al,, 2003). Similar biphasic dose effects have been observed
with 7-OH-DPAT on reinstatement of extinguished cocaine seeking
by discriminative cues (Cervo et al., 2003b). High doses of D3/D2R
agonists are also effective as priming injections which reinstate
extinguished cocaine seeking (Blaylock et al., 2011; De Vries et al.,
2002; De Vries et al., 1999; Self et al., 1996), possibly via the NAcsp
(Schmidt and Pierce, 2006). The low dose effects of D3/D2R ago-
nists likely inhibit cocaine-seeking behavior due to preferential
action at D3 versus D2Rs, whereas higher doses may act upon both
D3 and D2Rs, with the action at D2Rs likely increasing cocaine-
seeking behavior (Cervo et al., 2003b; Fuchs et al.,, 2002). In sup-
port, the D2R-selective agonist sumanirole partially primes
cocaine seeking while the more D3R-selective agonist PD128907
has less consistent effects (Achat-Mendes et al., 2010; Khroyan
et al., 2000).

Time-dependent effects are also observed across days of
repeated D3/D2R agonist administration. For instance, repeated
treatments with a high dose of 7-OH-DPAT increase cocaine-
primed cocaine seeking when testing occurs immediately after
the treatment, have no effect when testing occurs 4 h after the
treatment, and reduce cocaine seeking when testing occurs 23 h
after the treatment (Fuchs et al., 2002). These findings suggest a
biphasic effect of the chronic 7-OH-DPAT treatments in rats where
initially the treatment produces a transient enhancement of
incentive motivation for cocaine followed by a protracted decrease
in incentive motivation for cocaine (Fuchs et al., 2002). Chronic
daily 7-OH-DPAT treatments also reduce resumption of cocaine SA
after a period of abstinence in rats tested 17—23 h after their daily
7-OH-DPAT treatments (Fuchs et al., 2002). Given that the test
occurred 17—23 h post-treatment, the decreases in cocaine-primed
seeking and cocaine SA are likely due to neuroadaptations that
occur in response to chronic 7-OH-DPAT during cocaine withdrawal
rather than an acute effect of the treatment. Low dose quinpirole

effects are also time-dependent with greater reductions in cocaine
seeking, cocaine-primed seeking, and dopamine neuron firing
observed after 10 days of withdrawal compared to 1 day of with-
drawal (Marinelli et al., 2003).

There may be species differences in the effects of D3/D2R ago-
nists on cocaine-primed cocaine seeking. In contrast to rats for
instance, D3/D2R agonists and the D2/D3R agonist (—)—NPA fail to
alter cocaine-primed reinstatement of cocaine seeking in monkeys
(Blaylock et al., 2011; Khroyan et al., 2000). Interestingly, the effect
of (—)—NPA may depend on treatment duration, cocaine dose and
social hierarchy, because five daily treatments of (—)—NPA during
abstinence from cocaine SA reduced preference for cocaine relative
to food in a subsequent choice test in subordinate, but not in
dominant, monkeys; however it increased choice of a low cocaine
dose in both groups of monkeys (Czoty and Nader, 2013).

2.4. D3R-selective and D3/D2R antagonist effects on maintenance
of cocaine SA

D3R antagonists may affect psychostimulant motivation rather
than reinforcement, whereas D2R antagonists, possibly in combi-
nation with D3R antagonists, may be needed to decrease psy-
chostimulant reinforcement. As summarized in Table 3, several
D3R-selective antagonists are relatively ineffective in modulating
SA of high doses of cocaine (Caine et al., 2002; Di Ciano et al.,
2003; Gal and Gyertyan, 2003; Gyertyan et al.,, 2007; Xi et al.,
2005, 2006) or methamphetamine (Higley et al., 2011a, 2011b;
Orio et al., 2010) under low effort, FR schedules. In contrast, the
D3/D2R antagonist eticlopride and the D3/D2R functional antag-
onist WC44 reduce intake of low cocaine doses (ascending limb)
and increase intake of high cocaine doses (descending limb) under
low effort schedules of reinforcement, consistent with a rightward
shift of the cocaine dose—effect function (Barrett et al., 2004;
Cheung et al., 2012). The increased SA of high doses of cocaine
may be mediated via D2R antagonism because D2R knockout mice
exhibit a similar effect that is not reversed by eticlopride (Caine
et al., 2002). Not all D3/D2R antagonists produce a rightward
shift of the cocaine SA function. For instance, the D3/D2R antag-
onist S33138 reduces SA at a high dose of cocaine (descending
limb) under a FR2 schedule (Peng et al., 2009). The reason for this
discrepancy is currently unclear.

In contrast to the lack of effect of D3R-selective antagonists on
psychostimulant intake under low-demand reinforcement sched-
ules, these antagonists decrease intake under higher demand
schedules. This pattern suggests that D3R-selective antagonists
affect motivation for cocaine. For example, under FR10, PR, or
second order schedules of reinforcement, D3R-selective antago-
nists reduce responding for cocaine and methamphetamine (Di
Ciano et al., 2003; Higley et al., 2011a, 2011b; Song et al., 2012a;
Xi et al., 2005, 2006). Furthermore, Nader et al. (1999) reported a
correlation between the reduction in the number of responses
emitted per cocaine reinforcer on an interval schedule (i.e., effort
measure) and selectivity for D3 versus D2R binding of antagonists.
We have also found that the D3/D2R functional antagonist WC44
increases the latency to respond for cocaine but not for sucrose,
which may reflect a selective decrease in motivation for cocaine
(Cheung et al., 2012). However, there may be species differences in
D3R antagonist effects because both NGB-2904 and PG-01037 are
ineffective in monkeys responding under high demand, second
order schedules (Achat-Mendes et al., 2010; Martelle et al., 2007).
In rats, dysregulation of D3Rs may underlie D3R antagonist
reduction of methamphetamine intake on a PR schedule since this
effect is only observed in rats given extended daily access and not in
those given limited access (Orio et al., 2010). The former exposure



306

Table 3

Effects of D2/D3R antagonists on psychostimulant abuse-related behaviors.
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Model

Treatment
(D3:D2R selectivity)

Dose of treatment

Effect (psychostimulant dose); species;
schedule; further comments

Reference

Cocaine: SA maintenance
on FR1 or FR2

Methamphetamine:
SA maintenance
on FR1 or FR2

Cocaine: SA maintenance
on other schedules

Methamphetamine:
SA maintenance
on other schedules
Cocaine seeking, early
abstinence (<48 h)

Cocaine seeking,
protracted abstinence

Methamphetamine
seeking*

Cocaine-primed
reinstatement of
cocaine seeking*

Methamphetamine-
primed reinstate-ment
of methamph-
etamine seeking*

Stress-primed
reinstatement of
cocaine seeking™*

YQA14 (167-fold)

SB-277011A (93-fold)

NGB-2904 (56-fold)
L-745,829 (41-fold)
$33138 (25-fold)
Eticlopride (0.44-fold)
PG-01037 (133-fold)
SB-277011A

YQA14

PG-01037

SB-277011A

NGB-2904
WC10 (42-fold)
Eticlopride
PG-01037
SB-277011A
SB-277011A

SB-277011A

NGB-2904
Raclopride (0.79-fold)
PG-01037

PG-01037
SB-277011A
NGB-2904

S$33138

Sulpiride (0.13-fold)

SB-277011A

SB-277011A

6.25—-25 mg/kg, IP

25 mg/kg, IP
25—-50 mg/kg, IP

5—20 mg/kg, IP or PO
0.3—30 mg/kg, IP
100 mg/kg, IP

12.5-25 mg/kg, IP

0.1-10 mg/kg, IP
0.1-10 mg/kg, IP
5.6 mg/kg, IP

2.5 mg/kg, PO
5 mg/kg, PO
0.1-0.18 mg/kg, IP

3—30 mg/kg, IP
8—32 mg/kg, SC

6—24 mg/kg, IP
1.04—12.5 mg/kg, IP
50 mg/kg, IP

30 mg/kg, IM

100 mg/kg, IM

24 mg/kg, IP

12—24 mg/kg, IP
50 mg/kg, IP
20—-30 mg/kg, IP

1-5 mg/kg, IP
1-5.6 mg/kg, IV
10 mg/kg, IP

0.1-0.32 mg/kg, IP

0.1 mg/kg, IP

10—30 mg/kg, IP

32 mg/kg, IP

12—24 mg/kg, IP
10—30 mg/kg, IP

4 ug/side, intra-BLA but
not dSt or NAc shell
5—20 mg/kg, IP or PO

10—-30 mg/kg, IP
5 mg/kg, IP
1 mg/kg, SC
10—30 mg/kg, IP

30 mg/kg, IM

6—12 mg/kg, IP

1-5 mg/kg, IP
0.625—2.5 mg/kg, PO
2 pg/side, intra-NAc
shell but not core
12—24 mg/kg, IP

12 mg/kg, IP
1.5 pg/side,
intra-NAc but not dSt

| ascending/peak dose (0.03—0.125 mg/kg, IV);
rats; FR2

| descending limb (0.25 mg/kg, IV); rats; FR2
| descending limb (1 mg/kg, IV); mice; FR1;

@ in D3R knockout mice

@ descending limb (0.25 mg, IV); rats; FR1

@ descending limb (0.75 mg/kg, IV); rats; FR1

| descending limb (1 mg/kg, IV); mice; FR1;

@ in D3R knockout mice

| ascending/peak dose (0.03—0.125 mg/kg, IV);
rats; FR2

| descending limb (0.25 mg/kg, IV); rats; FR2

@ descending limb (0.5 mg/kg, IV); rats; FR2

@ descending limb (1 mg/kg, IV); rats; FR1

@ ascending/descending limb

(0.032—3.2 mg/kg, IV); rats; FR1

1 descending limb (0.5 mg/kg, IV); rats; FR2

| descending limb (0.5 mg/kg, IV); rats; FR2

1 descending limb (1 mg/kg, IV); mice; FR1;

@ in D2R knockout mice

@ descending limb (0.05 mg/kg, IV); rats; FR2

@ descending limb (0.05 mg/kg, IV); rats; FR1;
long and short access

@ descending limb (0.05 mg/kg, IV); rats; FR2

1 (0.5 mg/kg, IV); rats; PR

| (1 mg/kg, IV); mice; PR; @ in D3R knockout mice
@ (0.03—0.3 mg/kg, IV); monkeys; 2nd order schedule
@ (0.1 mg/kg, IV); monkeys; 2nd order schedule

| peak/descending limb (0.125—0.25 mg/kg/inf, IV);
rats; FR10

1 (0.5 mg/kg, IV); rats; PR

| (1 mg/kg, IV); mice; PR; @ in D3R knockout mice
| descending limb (0.75 mg/kg, IV); rats;

2nd order schedule

1 (0.5 mg/kg, IV); rats; PR

@ (1 mg/kg, IV); monkeys; 2nd order schedule

| ascending/descending limb (0—0.375 mg/kg, IV);
rats; VI60s

| ascending limb (0.1-0.32 mg, IV); rats; FR5

1 descending limb (1 mg, IV); rats; FR5

| (0.05 mg/kg, IV); rats; PR

1 (0.05 mg/kg, IV); rats; PR; long but not short access
1 (0.05 mg/kg, IV); rats; PR

| before 1st reinforcer; rats; 2nd order schedule

| before 1st reinforcer; rats; 2nd order schedule

| rats; response—contingent cues

| rats; discriminative cues
| rats; response-contingent cues
| rats; discriminative cues
| rats; response-contingent cues

| (prime: 0.3—1 mg/kg, IV); monkeys;
cues on a 2nd order schedule

| (prime: 1 mg/kg, IV); rats

| (prime: 10 mg/kg, IP); rats

| (prime: 10 mg/kg, IP); rats

| (prime: 10 mg/kg, IP); rats

| (prime: 1 mg/kg, IP); rats

| rats; footshock stress-prime
| rats; footshock stress-prime

(Song et al., 2012a)

(Gal and Gyertyan, 2003;
Gyertyan and Saghy, 2007)
(Di Ciano et al., 2003;

Xi et al., 2005)

(Song et al., 2012a)

(Xi et al., 2006)
(Caine et al., 2002)

(Peng et al., 2009)
(Caine et al., 2002)

(Higley et al., 2011b)
(Orio et al., 2010)

(Higley et al., 2011a)
(Song et al., 2012a)

(Achat-Mendes et al., 2010)

(Xi et al., 2005)

(Song et al., 2012b)
(Di Ciano et al., 2003)

(Xi et al., 2006)
(Martelle et al., 2007)
(Cheung et al., 2012)

(Barrett et al., 2004)

(Higley et al., 2011b)
(Orio et al., 2010)
(Higley et al., 2011a)
(Di Ciano et al., 2003)
(Di Ciano, 2008)

(Gyertyan and Saghy, 2007;
Xi et al., 2005)

(Cervo et al., 2007b)
(Gilbert et al., 2005)

(Cervo et al., 2003a)
(Higley et al., 2011b)

(Achat-Mendes et al., 2010)
(Vorel et al., 2002)

(Xi et al., 2006)

(Peng et al., 2009)
(Anderson et al., 2006)

(Higley et al., 2011a)

(Xi et al., 2004)

Please refer to Table 2 for key for Table 3.
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regimen presumably produces a more severe challenge to
homeostasis.

The lack of D3R-selective antagonist effects on cocaine SA under
low effort schedules may be due to the use of high cocaine doses.
Testing with a full cocaine dose—effect function, Song et al. (2012a)
found that SB-277011A and the novel D3R-selective antagonist
YQA14 reduce SA of low and moderate doses of cocaine (ascending
and descending limb) under a low demand schedule. These effects
are absent in D3R knockout mice. However, D3R knockout mice still
acquire cocaine SA (Caine et al., 2012; Song et al., 2012a, 2012b) and
exhibit enhanced cocaine-conditioned place preference (Kong
et al., 2011), suggesting cocaine reward is not reduced.

Interestingly, cocaine SA alters adenosine Ayp receptors (A2aRs),
in addition to D3Rs, in the NAc (Marcellino et al., 2007) and there is
evidence that dopamine in the NAc modulates effort via an inter-
action with AjaRs (Salamone and Correa, 2009; Salamone et al.,
2009). These findings have suggested the possibility that D3R
antagonism lowers the motivation to engage in effortful responses
for cocaine via ApaR-D3R heteromers (Fuxe et al., 2010).

2.5. D3R-selective and D3/D2R antagonist effects in relapse models

There is substantial evidence that both D3/D2R and D3R-
selective antagonists are effective in reducing psychostimulant
seeking. For example, SB-277011A attenuates cocaine seeking un-
der second order schedules (Di Ciano et al., 2003; Gal and Gyertyan,
2006), in part via receptors in the basolateral amygdala (Di Ciano,
2008). D3R-selective and D3/D2R antagonists also attenuate cue
reinstatement of extinguished cocaine seeking behavior (Cervo
et al.,, 2003b, 2007a; Gilbert et al., 2005; Higley et al., 2011b), as
well as cocaine-primed reinstatement (Achat-Mendes et al., 2010;
Peng et al., 2009; Vorel et al., 2002; Xi et al., 2006). The latter is
mediated in part via D2/D3Rs in the NAc. (Anderson et al., 2006).
Similarly, methamphetamine-primed reinstatement of metham-
phetamine seeking is blocked by SB-277011A (Higley et al., 2011a).
In addition, SB-277011A given either systemically or by infusion
into the NAc, but not into the dorsal striatum (dStr), attenuates
footshock stress-induced reinstatement of cocaine seeking (Xi
et al., 2004). Collectively, these findings suggest that D3Rs play a
pivotal role in motivation to seek psychostimulants regardless of
the trigger for the motivation.

2.6. D3R-selective and D3/D2R partial agonist effects on
maintenance of cocaine SA

D3R partial agonists have some degree of intrinsic activity that is
less than that of the endogenous neurotransmitter dopamine. This
property allows for dual functional effects (Pulvirenti and Koob,
2002): 1) they can prevent the full effects of high synaptic levels
of dopamine, such as those observed during exposure to psychos-
timulants or to psychostimulant-associated cues (Schultz et al,,
1997; Volkow et al., 2006); 2) their partial intrinsic activity at
D3Rs when endogenous dopamine release is low, such as during
abstinence (Volkow et al., 1997), may allow for signaling levels that
restore some degree of tonic stimulation of the receptors. The latter
effect may help to relieve cocaine withdrawal symptoms including
craving.

The dual action of D3/D2R partial agonists is likely respon-
sible for the mixed effects that they have on psychostimulant SA
(Table 4). For example, the D3/D2R partial agonist terguride in-
creases SA of cocaine (Pulvirenti et al., 1998) and amphetamine
(Izzo et al., 2001) on the descending limb of the SA dose—effect
curve, similar to the effects of D3/D2R antagonists (Caine et al.,
2002). In contrast, the D3/D2R partial agonist aripiprazole ap-
pears to shift the cocaine dose—effect function downward in

mice, reducing responding over a wide range of cocaine doses
(Serensen et al., 2008); however, this effect is not observed in
rats (Feltenstein et al., 2007). Aripiprazole delivered via osmotic
minipumps (0.56 mg/kg/h for 2 h) is effective in decreasing
choice of cocaine over food in rats, an effect that dissipates after
5 days of continuous aripiprazole delivery and daily cocaine SA
(Thomsen et al., 2008). The D3/D2R compound BP 897, which has
functional selectivity and may act as a partial agonist (Pilla et al.,
1999) or a full antagonist (Gyertyan et al., 2007) at D3Rs, has no
effect on cocaine SA (Pilla et al., 1999) except at a relatively high
dose which increases cocaine infusions (Gal and Gyertyan,
2006).

The amount of exposure to psychostimulant SA prior to testing
is a factor that may contribute to treatment effects. Cocaine SA
regimens dynamically alter extracellular dopamine concentrations
during and after the sessions (Kiyatkin and Stein, 1994; Parsons
et al., 1995; Wise et al., 1995), which in turn affects whether D3R
partial agonists produce a dopamine-like or dopamine antagonist-
like effect. For instance, Orio et al. (2010) reported that the D3/D2R
partial agonist CJB 090 has no effect on methamphetamine SA in
rats that have intermittent access (1 h/session, 3 sessions/week),
but normalizes escalated methamphetamine SA in rats that have
extended access (6 h/session, 7 sessions/week). These findings
suggest that neuroadaptations in response to extended metham-
phetamine intake alter the effects of D3R partial agonist challenge.

D3/D2R partial agonists with some intrinsic activity at D2Rs may
be more effective in reducing cocaine SA than highly selective D3R
partial agonists (Joyce and Millan, 2005). Our recent findings with
0S-3-106, a D3/D2R partial agonist, and WW-III-55, a selective D3R
partial agonist, are consistent with this idea. We found that only
0S-3-106 reduced cocaine infusions on a low-demand variable-
interval 60 s (VI60s) schedule. 0OS-3-106 also selectively increased
the latency to the first response in the session only when the
reinforcer was cocaine and not when the reinforcer was sucrose
(Cheung et al., 2013). These results are similar to our findings with
WC26, a 51-fold selective D3R partial agonist (Cheung et al., 2012).
In contrast, the highly selective D3R partial agonist WW-III-55
failed to affect cocaine or sucrose reinforcement rates or response
latencies (Cheung et al., 2013). Similarly, Gyertyan et al. (2007)
reported that RGH-237 the most selective D3R partial agonist
currently available (>1800 D3R:D2R selectivity) also fails to affect
cocaine SA, suggesting that some co-occupancy of D2Rs may be
required.

Similar to D3R antagonists, D3R partial agonists more consis-
tently decrease psychostimulant SA under high-demand schedules
of reinforcement than under low demand schedules. For example,
terguride reduces breakpoints for both cocaine (Pulvirenti et al.,
1998) and amphetamine (Izzo et al., 2001) under PR schedules.
Moreover, CJB 090 reduces the breakpoint for methamphetamine,
and this effect is more potent in rats given extended access during
training relative to rats given intermittent access (Orio et al., 2010).
We have also found that WW-III-55 reduces breakpoint for cocaine
(Cheung et al., 2013). Furthermore, responding for cocaine under a
second order schedule is reduced by terguride and by CJB 090
(Martelle et al., 2007; Platt et al., 2003; although see Achat-Mendes
et al,, 2009).

2.7. D3R-selective and D3/D2R partial agonist effects in relapse
models

D3R-selective partial agonists reduce psychostimulant seeking,
similar to D3R antagonists. For example, BP 897, CJB 090 and RGH-
237 attenuate cocaine seeking after one-day of abstinence
(Gyertyan et al., 2007; Martelle et al., 2007; Pilla et al., 1999). The
D3/D2R partial agonists WC26 and 0S-3-106, but not the highly
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Table 4
Effects of D2/3R partial agonists on psychostimulant abuse-related behaviors.

Model

Treatment
(D3:D2R selectivity)

Dose of treatment

Effect (psychostimulant dose); species;
schedule; further comments

Reference

Cocaine: SA maintenance
on FR1 or FR2

Amphetamine:
SA maintenance
Methamphetamine:
SA maintenance
Cocaine: SA
maintenance
on other schedules

Amphetamine:
SA maintenance
on other schedules
Methamphetamine:
SA maintenance
on other schedules

Cocaine: SA,
Acute vs. Chronic
treatment

Cocaine seeking,
early abstinence
(<48 h)

Cocaine seeking,
protracted abstinence

Cocaine-primed
reinstatement
of cocaine seeking™

RGH-237 (1813-fold)
BP 897 (66-fold;
functional selective)
Aripiprazole (1.4-fold)
Terguride (0.79)
Terguride

CJB 090 (62-fold)
WW-III-55 (758-fold)

0S-3-106 (113-fold)
CJB 090

WC26 (51-fold)

Terguride

Terguride

CJB 090

Aripiprazole, acute

Aripiprazole, chronic

BP 897
CJB 090

RGH-237
BP 897

Aripiprazole

CJB 090

Aripiprazole

Terguride

SDZ-208-911 (0.65-fold)

10—30 mg/kg, PO
0.05—1 mg/kg, IP
1 mg/kg, IP

0.4 m/kg, PO

0.5—-2.5 mg/kg, IP
0.4 mg/kg, IP

0.1-0.4 mg/kg, IP
10 mg/kg, IV

3—-10 mg/kg, IP
5.6 mg/kg, IP
10 mg/kg, IP

3 mg/kg, IV

17.8 mg/kg, IM

10 mg/kg, IP
0.4 mg/kg, IP
0.1 mg/kg, IM

0.2—0.4 mg/kg, IP

5 mg/kg, IV
10 mg/kg, IV

0.56 mg/kg/h, SC via
osmosis pump for 2 h
0.056—0.1 mg/kg, 1V, acute

0.32—1 mg/kg/h, SC via
osmosis pump for 5 days,
with cocaine SA each day
0.01-0.1 mg/kg/day, IV,
for 5 days, with no
cocaine SA days 2—4

0.01-0.1 mg/kg/day, IV,
for 5 days, with cocaine
SA each day

0.5—1 mg/kg, IP

3 mg/kg, IV

10—-30 mg/kg, PO
1-3 mg/kg, IP

1 mg/kg, IP

1—-15 mg/kg, IP
0.25—1 mg/kg, IP,
3 daily treatments
1 mg/kg, IP, 7 daily
treatments

17.8 mg/kg, IM

0.25—15 mg/kg, IP
0.25—1 mg/kg, IP,
3 daily treatments
1 mg/kg, IP, 7 daily
treatments

0.1 mg/kg, IM

0.1 mg/kg, IM

@ descending limb (0.25 mg, IV); rats; FR1
@ descending limb (0.25 mg, IV); rats; FR1

1 descending limb (0.25 mg, IV); rats; FR1

| ascending/descending limb

(0.003—1 mg, IV); mice; FR1

@ descending limb (0.5 mg/kg, IV); rats; FR1
1 descending limb (0.125—0.5 mg, IV);

rats; FR1

1 (0.12 mg, IV); rats; FR1

| descending limb (0.05 mg, IV);

rats; FR1; long but not short access

@ descending limb (0.375 mg, IV); rats; VIGO0s
1 (0.375 mg/kg, IV); rats; PR

| descending limb (0.375 mg, IV); rats; VI60s
| ascending limb/peak dose

(0.1 mg/kg, IV); monkeys; 2nd order schedule
@ ascending limb/peak dose

(0.03—-0.3 mg/kg, IV); monkeys;

2nd order schedule

| descending limb (0.375 mg, IV); rats; VI60s
1 (0.25 mg/kg, IV); rats; PR

| peak dose (0.18—0.3 mg/kg, IV); monkeys;
2nd order schedule

1 (0.12 mg/kg, IV); rats; PR

1 (0.05 mg, IV); rats; PR; long but not short
access

| (0.05 mg, IV); rats; PR; both short and

long access

1 peak dose (0.18 mg/kg, IV); rats; choice

vs. food

1 low dose (0.03—0.01 mg/kg, IV); monkeys;
choice vs. food

@ ascending/descending limb (0.18 mg/kg, IV);
rats; choice vs. food

| high dose (0.03—0.1 mg/kg, IV);
dominant monkeys; choice vs. food

| low dose (0.003—0.01 mg/kg, IV);
subordinate monkeys; choice vs. food
@ low/high dose (0.003—0.1 mg/kg, IV);
dominant monkeys; choice vs. food

| before 1st reinforcer; rats; 2nd order schedule
| before 1st reinforcer; rats; 2nd order schedule

| rats; response—contingent cues
| rats; response-contingent cues

| rats; discriminative cues

| rats; response-contingent cues

| rats; response-contingent cues or no cues;
but only if acute treatment also given pre-test
@; rats; response-contingent cues or no cues;
no acute treatment given pre-test

@ (prime: 0.1-1 mg/kg, IV); monkeys; cues on a
2nd order schedule

| (prime: 10 mg/kg, IP); rats

| (prime: 10 mg/kg, IP); rats; but only if acute
treatment also given pre-test

@ (prime: 10 mg/kg, IP); rats; no acute treatment
given pre-test

@ (prime: maximum effective dose, IV);
monkeys; cues on a 2nd order schedule

| (prime: maximum effective dose, IV);
monkeys; cues on a 2nd order schedule

(Gyertyan et al., 2007)
(Pilla et al., 1999)

(Gal and Gyertyan, 2003)
(Serensen et al., 2008)

(Feltenstein et al., 2007)
(Pulvirenti et al., 1998)

(Izzo et al., 2001)
(Orio et al., 2010)
Cheung et al., 2013

Cheung et al., 2013
(Martelle et al., 2007)

(Achat-Mendes et al., 2009)
(Cheung et al., 2012)
(Pulvirenti et al., 1998)

(Platt et al., 2003)

(Izzo et al., 2001)

(Orio et al., 2010)

(Thomsen et al., 2008)
(Czoty and Nader, 2013)

(Thomsen et al., 2008)

(Czoty and Nader, 2013)

(Pilla et al., 1999)
(Martelle et al., 2007)

(Gyertyan et al., 2007)
(Gilbert et al., 2005;
Gyertyan et al., 2007)
(Cervo et al., 2003a)
(Feltenstein et al., 2007)
(Feltenstein et al., 2009)

(Achat-Mendes et al., 2009)

(Feltenstein et al., 2007)
(Feltenstein et al., 2009)

(Khroyan et al., 2000)

(Khroyan et al., 2000)

Please refer to Table 1 for keys for Table 4.
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selective D3R partial agonist WW-III-55, also increase the latency to
respond for cocaine (Cheung et al., 2012; 2013), consistent with
reduced motivation to seek cocaine. In agreement with these re-
sults, cue-primed reinstatement (Cervo et al., 2003b; Feltenstein
et al., 2007, 2009; Gilbert et al., 2005) and cocaine-primed rein-
statement of cocaine seeking is attenuated by SDZ-208-911
(Khroyan et al.,, 2000), although CJB 090 is ineffective (Achat-
Mendes et al., 2009).

Treatment administered during abstinence from SA provides
additional promising results regarding anti-relapse effects of D3R
partial agonists. Czoty and Nader (2013) reported that five daily
aripiprazole treatments during abstinence, but not during main-
tenance of cocaine SA, decreases preference for high doses of
cocaine in dominant monkeys, while preference for low doses of
cocaine was increased in subordinate monkeys. These findings
suggest that D3R partial agonists may reduce motivation to self-
administer cocaine in dominant monkeys, but only after a period
of abstinence.

The increased efficacy of D3R partial agonists with chronic
treatment during abstinence suggests that these drugs may
normalize abstinence-induced changes that underlie withdrawal
symptoms and the incubation effect. Withdrawal from psychosti-
mulants causes anhedonia, which is reflected in rats as a lower
breakpoint on a PR schedule of food reinforcement (Barr and
Phillips, 1999). Acute treatments with terguride or aripiprazole
reverse the effect of amphetamine withdrawal on reducing break-
point for food (Orsini et al., 2001; Schwabe and Koch, 2007). In
contrast, methamphetamine withdrawal induces a more severe
reduction in breakpoint for food that is not reversed by acute ter-
guride, but is reversed after 5 daily treatments with terguride
(Hoefer et al., 2006). This suggests that methamphetamine induces
a more severe withdrawal that results in greater dopaminergic
dysregulation, which requires more exposure to D3R partial ago-
nists to normalize the system. Furthermore, the effect of chronic
terguride persisted for 4 days after the cessation of treatment.
Therefore D3R partial agonists may be useful in countering dopa-
minergic dysfunction associated with psychostimulant withdrawal,
similar to that observed with 7-OH-DPAT (Fuchs et al., 2002;
Neisewander et al., 2004).

2.8. Potential side effects of D3R compounds

Currently available D3R agonists have potential side effects that
may limit their usefulness. For instance, D3/D2R agonists are self-
administered when substituted for cocaine (Caine et al., 1999,
2002; Freeman et al., 2012; Koffarnus et al., 2012). This may be a
D2R-mediated effect since D2R knock out mice do not self-
administer quinelorane when substituted for cocaine, unlike
wild-type controls (Caine et al., 2002). Furthermore, the more se-
lective D3R agonist PF-592,379 does not support SA when
substituted for cocaine (Collins et al., 2012a). However, the D2R-
selective agonist sumanirole does not support SA when
substituted for cocaine either (Koffarnus et al., 2012), suggesting
that activation of both D2 and D3Rs may be required. SA of D3/D2R
agonists when substituted for cocaine may be driven in part by the
reinforcing or incentive motivational effects of drug-conditioned
stimuli. For instance, intake of D3/D2R agonists is higher during
substitution tests when cocaine-conditioned stimuli (CS+) are
presented response-contingently compared to when the CS+ is
omitted (Collins et al., 2012b; Collins and Woods, 2009). This effect
is antagonized by a D3/D2R antagonist and to a lesser degree by a
D3R-selective antagonist. Importantly, D3/D2R agonists do not
sustain responding for a CS+ paired with food (Collins and Woods,
2009; Dias et al., 2004), suggesting selective enhancement of the
incentive salience and/or conditioned reinforcing effects of

cocaine-conditioned stimuli. Another potential side effect of D3/
D2R agonists is a general decrease in motivation or motor function.
D3/D2R agonists reduce locomotion (Chang et al., 2011; Fuchs et al.,
2002; Li et al., 2010) and responding for food (Caine and Koob,
1995; Czoty and Nader, 2013; Platt et al., 2003) at doses that
reduce responding for cocaine.

D3R partial agonists have a more suitable side-effect profile than
high efficacy agonists. Despite some intrinsic activity at D3Rs, D3R
partial agonists do not support SA when substituted for cocaine
(Pilla et al., 1999; Pulvirenti et al., 1998; Serensen et al., 2008) nor
do they prime the reinstatement of cocaine-seeking behavior
(Khroyan et al., 2000). However, these drugs have mixed effects on
locomotion, motivation, and alternative reinforcers. For instance,
aripiprazole (Feltenstein et al., 2007), WC26 (Cheung et al., 2012),
0S-3-106 and WW-III-55 (Cheung et al., 2013) reduce locomotion,
whereas terguride, CJB 090 and RGH-237 have no effect at doses
that reduce responding for psychostimulants (Achat-Mendes et al.,
2009; Gyertyan et al., 2007; Platt et al., 2003). Terguride, CJB 090,
WC26, 0S-3-106 and WW-III-55 reduce responding for food and
sucrose (Achat-Mendes et al., 2009; Cheung et al., 2012, 2013;
Martelle et al., 2007; Platt et al., 2003; Pulvirenti et al., 1998),
although terguride produces the opposite effect (i.e., increase
responding for food) during amphetamine withdrawal (Orsini et al.,
2001). Other D3R partial agonists, including BP 897, RGH-237, or
low doses of aripiprazole fail to alter responding for food or under
extinction of food or water reinforcement (den Boon et al., 2012;
Feltenstein et al., 2007; Gal and Gyertyan, 2006; Gyertyan et al.,
2007). The reduction in responding for natural rewards by some
D3R partial agonists may reflect reduced dopaminergic signaling
caused by activation of D3R autoreceptors.

D3R-selective antagonists have the fewest side effects of all of
the D3R drug classes. They do not substitute for cocaine in SA tests
(Xi et al., 2005, 2006). They have little effect on locomotion or
operant behavior associated with other reinforcers and the effects
that they do have on these measures are at high doses that are
dissociated from doses that selectively decrease motivation for
cocaine (Di Ciano et al., 2003; Gal and Gyertyan, 2006; Gilbert
et al,, 2005; Song et al., 2012a; Thanos et al., 2008; Vorel et al.,
2002; Xi et al., 2005, 2006). In contrast to these highly selective
D3R antagonists, the less selective functional antagonists WC10
and WC44 reduce both responding for sucrose and locomotor
activity at doses that reduce cocaine intake, although WC44 does
selectively increase response latency for cocaine but not sucrose
(Cheung et al,, 2012). Similarly, the D3/D2R antagonist S33138
impairs rotorod performance at a dose that reduces cocaine intake
(Peng et al., 2009). The relatively low distribution of D3Rs in the
dStr may account for the improved side effect profile of D3R-
selective antagonists compared to nonselective antagonists
(Millan et al., 2004).

Because any therapeutic medication is likely to be given
repeatedly, it is important to also consider potential side effects
that can arise from chronic treatment. There is evidence that
chronic treatment with the D3/D2R agonist pramipexole, which is
used to treat early Parkinson’s disease, can lead to pathological
behaviors such as gambling and hypersexuality (Ahlskog, 2011;
Dagher and Robbins, 2009; Fenu et al., 2009). These symptoms
may reflect pathological obsession and/or compulsion resulting
from a dysregulated reward system (Ahlskog, 2011). In contrast,
motoric side effects are more prominently associated with non-
selective D3/2R antagonists such as haloperidol. While acute
treatments can cause catalepsy (Wadenberg et al., 2000), chronic
treatments can lead to extrapyramidal symptoms such as tardive
dyskinesia (Dayalu and Chou, 2008; Kinon and Lieberman, 1996).
D2R blockade likely plays a role in these motoric side effects
(Ossowska, 2002). Clinical evidence suggests that chronic
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treatments with the non-selective D2/3R partial agonist aripipra-
zole can also cause extrapyramidal symptoms, although not as
frequently as non-selective D3/2R antagonists (De Fazio et al., 2010;
Miller et al., 2007; Pefia et al., 2010). Finally, it is unclear what side
effects are associated with chronic treatment with selective D3R
antagonists. However, because the acute side effects of selective
D3R antagonists appear relatively mild, the chronic side effects of
these selective D3R antagonists are likely more mild than other
types of dopaminergic compounds.

2.9. Conclusions and future considerations for D3R-targeted
medications development

Currently, findings with selective D3R antagonists suggest that
these drugs effectively reduce motivation for psychostimulants
while producing minimal side effects. Impact on motivation is
evident from reduced seeking behavior and drug intake on high
demand PR schedules of reinforcement. In humans, motivation for
psychostimulants is often measured as self-reports of craving. The
stimuli that elicit craving in humans (i.e., drug cues, stress, or drug
priming) (Childress et al., 1988a; Jaffe et al., 1989; Sinha et al., 1999)
also reinstate psychostimulant seeking (Shaham et al., 2003;
Stewart, 1983). These similarities suggest that the two measures
tap into similar processes and that the D3R antagonist reduction of
seeking predicts that the D3R antagonists will have anti-craving
effects in humans. Cocaine craving is thought to be a major factor
contributing to relapse in cocaine-dependent individuals, although
these phenomena are not completely related as craving can occur
without relapse and relapse can occur without craving (Childress
et al., 1988b; Tiffany and Carter, 1998; Washton, 1988; Weiss and
Griffin, 1995). Although research is needed to better understand
the relationship between craving and relapse, it seems likely that
some individuals would benefit from anti-craving medication used
as an adjunct to other therapies aimed at preventing relapse. A
potential limitation of D3R antagonists is that they are likely inef-
fective in reducing psychostimulant intake if a lapse occurs since
they fail to alter psychostimulant SA under low demand schedules
of reinforcement.

Although less selective D3/D2R antagonists and partial agonists
will likely produce some unwanted side effects, these drugs may be
more effective against relapse given that they reduce drug intake
under high and low demand schedules of reinforcement and in
some cases, regardless of dose of psychostimulant available. These
findings suggest that D3/D2R antagonists and partial agonists may
modulate the reinforcing effects of cocaine. The reinforcing effects
of psychostimulants are unlikely to be mediated solely by D3 or
D2Rs because cocaine SA is not abolished in D3R- (Caine et al,,
2012; Song et al., 2012b) or D2R-knockout mice (Caine et al,,
2002). The development of highly D2R-selective compounds may
help identify the precise role that D2 and D3Rs play in cocaine
reward (Luedtke et al.,, 2012). It is possible that reinforcing effects of
psychostimulants are most effectively reduced by the co-occupancy
of D2 and D3Rs. In vivo PET imaging using D2R- and D3R-selective
imaging agents may aid the development of compounds with
“threshold” D3R:D2R occupancy levels that can inhibit cocaine SA
while minimizing the potential side effects (Mach et al., 2011; Tu
et al., 2011).

Further research characterizing the link between regulatory
changes in D3Rs during abstinence and efficacy of D3R-selective
and D3/D2R drugs is needed. Given the dynamic changes in D3Rs
during abstinence, a multi-stage therapeutic strategy may be
needed that would utilize different compounds depending on
whether one is in early or protracted abstinence. For instance, early
during abstinence when relapse rate is high (Willett and Singer,
1993), moderately selective D3R:D2R partial agonists might be

useful in suppressing craving and attenuating the reinforcing ef-
fects of psychostimulants should relapse occur. Furthermore, D2/
D3R partial agonists may normalize elevated D3R levels in the
ventral striatum (Fuchs et al., 2002; Neisewander et al., 2004) as
well as reduce psychostimulant withdrawal symptoms (Hoefer
et al., 2006; Orsini et al., 2001; Schwabe and Koch, 2007). At a
later stage of recovery, a transition to a highly selective D3R partial
agonist or antagonist may be effective in attenuating seeking
behavior while minimizing both extrapyramidal side effects asso-
ciated with D2R antagonism (Millan et al.,, 2004) and “impulse
control disorder” such as pathological gambling associated with
D2/D3R activation (Ahlskog, 2011; Dagher and Robbins, 2009; Fenu
et al., 2009).

Another issue that requires attention in preclinical research is
social influences on drug effects (Bardo et al., 2013; Neisewander
et al., 2012). As mentioned above, D3R compounds such as the
agonist (—)—NPA and the antagonists NGB-2904 and PG-01037
reduce cocaine-related behavior in rats but not in monkeys
(Achat-Mendes et al., 2010; Blaylock et al., 2011; Khroyan et al,,
2000; Martelle et al., 2007), and although the reason for the
discrepancy is unclear, social context may play a role. For instance,
the efficacy of D3R compounds in reducing cocaine intake depends
on social hierarchy, cocaine dose and abstinence from cocaine use
(Czoty and Nader, 2013; Thomsen et al., 2008). Social hierarchy in
monkeys changes D2/D3R availability in the striatum, which may
play a role in these effects (Morgan et al., 2002b; Nader et al., 2012).
Also, as reviewed above, 5 daily treatments of aripiprazole during
abstinence, but not during daily cocaine SA, decrease preference for
high doses of cocaine in dominant monkeys. In contrast, this
treatment increases preference for low doses of cocaine in subor-
dinate monkeys. Because research in rats has been conducted using
isolate housing whereas monkeys have some degree of social
housing, this difference may contribute to discrepancies across
studies using these different species. The dependency on various
factors likely contributes to the mixed effects of aripiprazole in
other preclinical (Bergman, 2008) and clinical studies (Haney et al.,
2011; Lile et al.,, 2008; Meini et al., 2011; Stoops et al., 2007;
Tiihonen et al., 2007; Vorspan et al., 2008). These discrepancies
suggest that D3R-targeted medications alone may not be sufficient
to blunt cocaine’s reinforcing effect in all individuals, especially
those who resume frequent use. It may be necessary to target other
monoamine systems that are dysregulated in addition to dopa-
mine, such as 5-HT systems in which 5-HT;gRs appear to be dys-
regulated similar to D3Rs.

3. Dysregulation of 5-HTgRs

Cocaine inhibition of 5-HT transporters increases synaptic 5-HT
above normal, resulting in dysregulation, including changes in 5-
HT1gRs. Genetic studies implicate a link between 5-HTigRs and
substance abuse (Cao et al., 2013; Drago et al., 2010; Hasegawa
et al, 2002; Huang et al., 2003; Proudnikov et al., 2006; Sun
et al., 2002); but see (Cigler et al., 2001; Proudnikov et al., 2006),
suggesting that the dysregulation of 5-HT;gRs may be a critical part
of substance abuse pathology. 5-HT1gRs are terminal autoreceptors
on 5-HT neurons (Boschert et al., 1994; Doucet et al., 1995; Voigt
et al.,, 1991), as well as heteroreceptors on medium spiny GABAer-
gic neurons originating in striatum and projecting to the ventral
pallidum, VTA, and substantia nigra (Bruinvels et al., 1994; Ghavami
etal.,, 1999; Riad et al., 2000; Sari et al., 1997, 1999). These receptors
likely regulate both dopamine and 5-HT since both transmitters are
reduced in the striatum of 5-HT;gR knockout mice (Ase et al., 2000).
Repeated cocaine administration followed by brief abstinence (1-5
days) increases 5-HT1gR mRNA and 5-HTgR binding within regions
of the mesolimbic and nigrostriatal pathways (Hoplight et al., 2007;
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Przegalinski et al., 2003). In contrast, following 14 days of absti-
nence from cocaine SA, 5-HT{gR mRNA is reduced throughout the
striatum compared to controls without a history of abstinence
(Neumaier et al., 2009). Functional sensitivity to the 5-HTqpj1aR
agonist RU24969 also varies depending on abstinence, with
cocaine-experienced rats exhibiting hypolocomotion when tested
during maintenance of SA and hyperlocomotion when tested after
prolonged abstinence. Both effects are more robust in rats given a
12-h binge for the last SA session than those given 3-h access
(O'Dell et al., 2006). These effects are likely mediated via hetero-
receptors on VTA GABA neurons that tonically inhibit mesolimbic
dopamine neurons because the agonist also decreases VTA GABA
and enhances NAc dopamine responses to cocaine (O'Dell et al.,
2006; O’Dell and Parsons, 2004). Collectively, the findings suggest
that cocaine versus protracted abstinence may alter 5-HTqgR sys-
tems in opposite directions.

3.1. 5-HTygR agonist effects on maintenance of psychostimulant SA

In one of the first studies to implicate 5-HTgRs in psychosti-
mulant reinforcement, Parsons et al. (1996) showed that the non-
selective 5-HT14;18R partial agonist CGS-12066B shifts the dose—
effect function for SA of the dopamine transport inhibitor GBR-
12909 to the left under low demand schedules of reinforcement,
consistent with enhancing the reinforcing value of GBR-12909. As
summarized in Table 5, Parsons et al. (1998) subsequently showed
that the more selective 5-HT{gR agonists RU24969, CP94253 and
CP93129 produce a similar effect on cocaine SA, and that the effect
of CP94253 is reversed by the 5-HTip/ipR antagonist GR127935.
These findings have been replicated by two other laboratories
(Pentkowski et al., 2009; Przegalinski et al., 2007). Furthermore, we
found that viral enhancement of 5-HT;gR expression in terminals of
medial NAcg, neurons shifts the dose—effect function for cocaine SA
upward and to the left under a low demand reinforcement schedule
(Pentkowski et al., 2012a). Recently, Miszkiel et al. (2012) found
that CP94253 also shifts the descending limb of the amphetamine
SA dose—effect function to the left, and this effect is blocked by a 5-
HT1gR antagonist. Interestingly, administration of 5-HTigR antag-
onists alone has minimal if any effect on cocaine SA, suggesting that
tonic stimulation of these receptors by endogenous 5-HT does not
modulate the reinforcing effects of cocaine. Similar to the effects
observed under low demand schedules of reinforcement, 5-HT1gR
agonists dose-dependently increase cocaine intake and break-
points on PR schedules of reinforcement and these effects are
reversed by a 5-HT1p/1pR antagonist (Parsons et al., 1998). Elevated
5-HTgR expression in terminals of the medial NAcg, also increases
cocaine intake and breakpoints on a PR schedule (Pentkowski et al.,
2012a). Collectively, the findings provide strong support for 5-
HT{gR-mediated enhancement of the reinforcing effects of psy-
chostimulants during maintenance (Parsons et al, 1998;
Pentkowski et al., 2009; Przegalinski et al., 2007).

3.2. 5-HT;gR agonist effects in relapse models

Targeting 5-HTgRs for medications development for psychos-
timulant addiction initially seemed counter intuitive given the
above findings that 5-HT;gR agonists enhance the reinforcing value
of cocaine and amphetamine during maintenance of SA while an-
tagonists have no effect. However, in apparent contrast to these
effects, we found that RU24969 (Acosta et al., 2005) and CP94253
(Pentkowski et al., 2009) dose-dependently decrease cue- and
cocaine-primed reinstatement of extinguished cocaine-seeking
behavior. The RU24969-induced decreases in reinstatement of
cocaine seeking are reversed by the antagonist GR127935, sug-
gesting that they are 5-HT;gR-mediated. Since 5-HT;gR agonists

enhance cocaine reinforcement, we initially thought that the ef-
fects of the agonists on cocaine-primed reinstatement (10 mg/kg,
IP) resulted from a cocaine-like satiation effect (Acosta et al., 2005).
Subsequently, however, we found that CP94253 (10 mg/kg, SC)
reduces reinstatement by a lower cocaine priming dose (2.5 mg/kg,
IP), which we had predicted would enhance seeking similar to a
higher dose of cocaine (Pentkowski et al., 2009). These findings
suggest that 5-HT;gR agonists attenuate motivation for cocaine.
Consistent with this interpretation, CP94253 pretreatment or
substitution of CP94253 for cocaine during maintenance reduces
responding relative to saline pretreatment or saline substitution,
respectively (Parsons et al., 1998; Pentkowski et al., 2009). We
suggest the CP94253-induced decrease in responding during saline
substitution tests also reflects a decrease in motivation, similar to
the decrease in seeking during reinstatement tests. In contrast to
our findings, Przegalinski et al. (2008) found that a low dose of
CP94253 (2.5 mg/kg, IP) enhances reinstatement of cocaine seeking
by a low cocaine priming dose (2.5 mg/kg, IP). This discrepancy may
be due to differences in test doses of CP94253, training doses of
cocaine, and/or rat strains used in these studies. Importantly, both
laboratories found that higher doses of CP94253 suppress cocaine-
primed reinstatement of cocaine seeking. We also showed that
CP94253 fails to reinstate cocaine-seeking behavior when admin-
istered as a priming injection, suggesting that 5-HT;gR stimulation
alone does not elicit incentive motivation for cocaine (Pentkowski
et al., 2012b). Furthermore, we found that viral mediated 5-
HTqgR-gene transfer (i.e., increased 5-HT{gR expression) attenu-
ates cue and cocaine-primed reinstatement of cocaine seeking
(Pentkowski et al., 2012a) similar to the effects of the 5-HTgR ag-
onists. More recently we found that CP94253 attenuates cue and
cocaine-primed reinstatement of cocaine seeking in rats tested
after 5 days, but not after only 1 day, of forced abstinence
(Pentkowski et al., 2012b). Collectively, the findings suggest that 5-
HT;gR stimulation decreases motivation for cocaine and that this
effect becomes stronger during the course of abstinence.

We hypothesized that the seemingly paradoxical effect of 5-
HTigR agonists in enhancing cocaine reinforcement while
decreasing incentive motivation for cocaine may be due to an
abstinence-induced switch in the functional consequences of 5-
HTigR stimulation. To test this hypothesis we examined the ef-
fects of viral increases in 5-HT{gR expression on resumption of
cocaine SA after 21 days of forced abstinence. In striking contrast to
the increase in cocaine reinforcement observed during mainte-
nance, elevated 5-HTgR expression not only decreased cue- and
cocaine-primed reinstatement, but also cocaine infusions and
breakpoints on an exponential PR schedule of reinforcement (see
Fig. 1 adapted in part from Pentkowski et al., 2012a). We subse-
quently found that CP94253 pretreatment given prior to a test for
resumption of cocaine SA after 21 days of abstinence attenuates
cocaine intake and breakpoints on a PR schedule of reinforcement
(Fig. 1). These attenuating effects of CP94253 on PR responding are
independent of extinction as cocaine intake was reduced in rats
with or without prior extinction training. The attenuating effects of
CP94253 are independent of the SA reinforcement schedule since
reductions in cocaine intake are observed after 21 days of absti-
nence on a PR schedule, as well as on a FR5 schedule of rein-
forcement with either a low (0.075 mg/kg, IV) or high (0.75 mg/kg,
IV) cocaine dose available (Pentkowski et al., 2012b). The decrease
in cocaine SA at both the low cocaine dose, which is on the
ascending limb of the dose—effect function, and the high dose of
cocaine, which is on the descending limb of the dose—effect func-
tion, suggests that CP94253 flattens the cocaine dose—effect func-
tion when given during protracted abstinence. Collectively, these
findings suggest that 5-HTgR agonists may counter the dysregu-
lation of homeostatic control over motivation/reinforcement that
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Table 5
Effects of increased 5-HT;gR stimulation on psychostimulant abuse-related behaviors.
Model Treatment (selectivity) Dose of treatment Effect (psychostimulant dose); species; Reference
schedule; further comments
Cocaine: SA RU24968:5-HT1p/1aR 1 mg/kg, SC 1 ascending limb (0.03 mg, IV); rats; FR5 (Parsons et al., 1998)
maintenance agonist (7-fold; 1-3 mg/kg, SC | descending limb (0.125 mg, IV); rats; FR5
Macor et al., 1990) 0.3—3 mg/kg, SC 1 (0.125 mg, IV); rats; PR
CP94253: 5-HT1pj1p/1aR 1 mg/kg, SC 1 ascending limb (0.03 mg, IV); rats; FR5 (Parsons et al., 1998)
agonist (24-fold; 1-3 mg/kg, SC | descending limb (0.125 mg, IV); rats; FR5
Koe et al., 1992) 1-3 mg/kg, SC 1 (0.125 mg, IV); rats; PR”
5.6 mg/kg, SC | descending limb (0.1875—0.75 mg/kg, IV); rats; FR5 (Pentkowski et al., 2009)

Amphetamine: SA
maintenance

Cocaine: SA protracted
abstinence

Cocaine seeking, early
abstinence (<48 h)

Cocaine seeking,
protracted
abstinence

Cocaine-primed
reinstatement
of cocaine seeking®

CP93129: 5-HTgR
agonist: (146-fold;
Macor et al., 1990)
Viral mediated 5-HT;gR
gene transfer (elevated
5-HT;gR expression)
CP94253

CP94253

Viral mediated
5-HTgR gene transfer

CP94253
CP94253
RU24968
CP94253

Viral mediated
5-HT;gR gene transfer

CP94253

RU24968
Viral mediated
5-HT;gR gene transfer

5.6 mg/kg, SC
5-7.5 mg/kg, IP
10 pg, ICV
3—-10 pg, ICV

~200,000 infective
units infused into
the NAc shell
2.5-5 mg/kg, IP

5.6 mg/kg, SC

~200,000 infective
units infused into
the NAc shell

5.6 mg/kg, SC

3—-10 mg/kg, SC
1-3 mg/kg, SC
5.6—10 mg/kg, SC
5 mg/kg, IP
~200,000 infective
units infused into
the NAc shell
5.6—10 mg/kg, SC
10 mg/kg, SC

5 mg/kg, IP

2.5 mg/kg, IP

1-3 mg/kg, SC
~200,000 infective
units infused into
the NAc shell

| descending limb (0.75); rats; FR5”

| descending limb (0.125—0.5 mg, IV); rats; FR5"
1 ascending limb (0.03 mg, IV); rats; FR5

| descending limb (0.125 mg, IV); rats; FR5

1 ascending limb (0.032—0.1 mg/kg, IV),

@ descending limb (0.32—1 mg/kg, IV); rats; FR5

1 (0.75 mg/kg, IV); rats; PR

| descending limb (0.06—0.12 mg/kg, IV); rats; FR5"

| ascending/descending limbs
(0.075—0.75 mg/kg, IV); rats; FR5"
| (0.375 mg/kg, IV); rats; PR®

| (0.75 mg/kg); rats; PR

0 (1 day), | (5 days); rats;
response-contingent cues; FR1

O rats; no cues

| rats; response-contingent cues; FR1°

| rats; response-contingent cues; FR1

| rats; response-contingent cues; FR1

| rats; response-contingent cues; FR1;

with history of extinction or abstinence only

(prime: 10 mg/kg, IP); rats
(prime: 2.5 mg/kg, IP); rats
(prime: 10 mg/kg, IP); rats
(prime: 2.5 mg/kg, IP); rats
(prime: 10 mg/kg, IP); rats®
(prime: 10 mg/kg, IP); rats

(Pentkowski et al., 2012b)
(Przegalinski et al., 2007)
(Parsons et al., 1998)

(Pentkowski et al., 2012a)

(Miszkiel et al., 2012)

(Pentkowski et al., 2012b)

(Pentkowski et al., 2012a)

(Pentkowski et al., 2012b)

(Pentkowski et al., 2009)
(Acosta et al., 2005)
(Pentkowski et al., 2009)
(Przegalinski et al., 2008)
(Pentkowski et al., 2012a)

(Pentkowski et al., 2009)

(Przegalinski et al., 2008)

(Acosta et al., 2005)
(Pentkowski et al., 2012a)

1: increased compared with control. |: decreased compared with control. @: no effect compared with control. SA: self-administration. FR: fixed ratio schedule of rein-

forcement. PR: progressive ratio schedule of reinforcement. NAc: Nucleus accumbens.

2 tests carried out after protracted abstinence (>48 h).
b agonist effect blocked by a 5-HT;gR antagonist.

occurs with chronic psychostimulant exposure and abstinence.
These exciting findings suggest that 5-HTgR agonists may offer a
new treatment strategy for psychostimulant addiction that would
not only decrease the incentive motivational effects of
psychostimulant-conditioned cues, but also reduce cocaine intake
if a lapse occurs.

3.3. Potential side effects of 5-HT;gR agonists

Currently available 5-HT{gR agonists have several potential side
effects, including anxiety, stimulant effects, and general decreases
in motivation. At doses that affect cocaine SA, CP94253 increases
anxiety-like behavior in the elevated plus maze (EPM) in both drug
naive rats (Lin and Parsons, 2002) and in rats that have undergone
prolonged abstinence from a cocaine SA regimen (Pentkowski et al.,
2009). In contrast, others report anxiolytic-like effects in the EPM
and Vogel conflict-drinking test following administration of similar
doses of CP94253 (Tatarczynska et al, 2004). Furthermore,
CP94253 dose-dependently reduces the expression of conditioned
freezing (McDevitt et al., 2011), suggesting that 5-HTgR agonists
attenuate conditioned anxiety. Clinical research investigating the
effects of the triptan class of 5-HT{R agonists on anxiety has yielded

mixed result with some studies reporting no effects of acute
administration of sumatriptan, a 5-HTqa18/1pR agonist (Pian et al.,
1998), or zolmitriptan, a 5-HTig/ip/1fR agonist (Boshuisen and
den Boer, 2000) in patients with obsessive-compulsive disorder
(OCD). However, others have reported symptom exacerbation in
OCD patients using the same acute doses (Stern et al., 1998) and
following chronic administration (Koran et al., 2001), suggesting
that 5-HT1gR agonists may be counter indicated for patients with
OCD.

Several reports suggest that 5-HTgR agonists increase sponta-
neous locomotion in rats (Acosta et al, 2005; Bendotti and
Samanin, 1987; Chaouloff et al., 1999; Green et al., 1984; Koe
et al, 1992; O'Neill and Parameswaran, 1997; Oberlander et al.,
1987) and mice (Chaouloff et al., 1999; Cheetham and Heal, 1993;
Goodwin and Green, 1985). In contrast, others have found that
acute administration of CP94253 either in rats with a history of
sucrose SA (Pentkowski et al., 2009) or in drug naive rats (Halford
and Blundell, 1996; Przegalinski et al., 2007) fails to alter locomo-
tion at doses that alter psychostimulant SA. Furthermore, 5-HT{gR
gene transfer into the NAc shell also fails to alter spontaneous
locomotion (Neumaier et al., 2002; Pentkowski et al., 2012a). There
is some evidence that RU24969-induced hyperlocomotion involves
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Abstinence flips the influence of 5-HT;gRs on
cocaine intake under a PR schedule
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Fig. 1. Abstinence-dependent changes in 5-HT;gR effects on cocaine SA under a PR
schedule of reinforcement in male rats. Viral vectors containing GFP (Con) or 5-
HTgR + GFP (5-HT1-V) transcripts were infused into the NAc either during mainte-
nance (left) or after 21 days of protracted abstinence (right). Rats were tested for the
effects of the virus 4 days later on an exponential PR schedule of cocaine reinforcement
(0.75 mg/kg, IV). The 5-HT;gR agonist CP94253 (5.6 mg/kg) or saline (Con) was
administered on abstinence day 21 and the test for responding on the exponential PR
schedule of reinforcement began 15 min later. *Different from Con, p < 0.05. The ef-
fects of viral over-expression of 5-HT;gRs has been published previously (Pentkowski
et al,, 2012a,b).

5-HT1aRs (Kalkman, 1995; O'Neill and Parameswaran, 1997) sug-
gesting that the use of selective 5-HTgR agonists may circumvent
motor side effects.

5-HT;gR agonists may produce general satiation. Indeed, acute
administration of 5-HT1gR agonists decrease sucrose (10% solution)
intake (Lee and Simansky, 1997) and reinstatement of sucrose
seeking in free-feeding rats (Acosta et al., 2005), as well as food
intake in food-restricted and non-restricted rodents (Bendotti and
Samanin, 1987; Halford and Blundell, 1996; Koe et al., 1992; Lee
et al., 2002; Nonogaki et al., 2007). In contrast, CP94253 failed to
alter reinforcement rates for sucrose or sweetened milk at doses
that significantly altered cocaine-seeking behavior (Pentkowski
et al., 2009; Przegalinski et al., 2008). Furthermore, Koe et al.
(1992) found that CP94253 effects on food intake dissipated with
repeated administration. Taken together, these data suggest that
the potential for a general disruption in motivation by 5-HT{gR
agonists would be transient.

Given that 5-HT{gR agonists enhance the reinforcing effects of
cocaine, it is conceivable that these agonists may have some abuse
potential. However, SA was not maintained when either RU24969
or CP94253 were substituted for cocaine (Parsons et al., 1998), nor
does CP94253 produce conditioned place preference when given
alone (Cervo et al.,, 2002). These findings suggest that 5-HT{gR
agonists themselves likely have limited or no abuse potential.
However, the circumstances under which these agonists can
enhance cocaine’s reinforcing effects need to be examined more
thoroughly as discussed below.

There are case reports of the triptan class of 5-HTgR agonists
causing the 5-HT syndrome, a potentially serious side effect. In
2006 the Food and Drug Administration (FDA) issued a warning
regarding the combined use of triptans with selective serotonin
reuptake inhibitors (SSRIs) or selective norepinephrine reuptake
inhibitors (SNRIs; see www.fda.gov/cder/drug/InfoSheets/HCP/
triptansHCP.htm). The FDA warning applies specifically to trip-
tans, which are not selective for 5-HT;gRs. 5-HT syndrome is
characterized by hallucinations, loss of coordination, restlessness,
overactive reflexes, tachycardia, blood pressure fluctuations,
elevated body temperature, nausea, vomiting, and diarrhea, with

symptom severity ranging from mild to fatal (Evans and Sebastian,
2007). Since this warning, several reports have questioned the
validity of the FDA’s warning based on: 1) the mechanism of trip-
tans action (Gillman, 2010) (i.e., triptans target 5-HT{Rs while 5-
HT,4Rs are implicated in 5-HT syndrome), 2) the inclusion of only
29 subjects in the FDA report (Evans, 2007), and 3) the lack of
appropriate diagnostic criteria for subjects included in the report
(Evans, 2007). Despite the FDA warning, the combined use of
triptans with SSRIs or SNRIs is currently widespread (Sclar et al.,
2012) without any indication of serious side effects (Rolan, 2012).
Currently, there are no contraindications for the monotherapeutic
use of triptans or selective 5-HTgR agonists, however, patients also
taking SSRIs or SNRIs should be carefully monitored until thorough
toxicity studies have been conducted.

3.4. Conclusions and future considerations for 5-HT;gR-targeted
medications development

Preclinical research with 5-HT;gR agonists suggests that these
drugs may be effective anti-relapse medications in cocaine-
experienced individuals who have undergone a period of absti-
nence (i.e., detoxification). Based on the effects of the agonists on
cocaine seeking, we suggest that they may decrease craving elicited
by drug-associated cues or a lapse of drug use (Acosta et al., 2005;
Pentkowski et al., 2009; Przegalinski et al., 2008). More impor-
tantly, based on the effects of the agonists on SA after a period of
abstinence, we suggest that they may decrease cocaine intake if a
lapse occurs (Miszkiel et al., 2012; Parsons et al., 1998; Pentkowski
et al.,, 2009, 2012b; Przegalinski et al., 2007). There are important
questions that need to be addressed to test the above hypotheses.
An important question is whether or not the abstinence switch to
an inhibition of cocaine intake is limited to high demand schedules
of reinforcement similar to effects of selective D3R antagonists or
whether a decrease in intake is also observed under low demand
schedules of reinforcement. More importantly, the question of how
stable the inhibition of cocaine intake is once it occurs during
abstinence is critical to address. For example, it is important to rule
out the possibility that the effects of the 5-HT{gR agonists may
switch back to a facilitatory effect on cocaine intake after a longer
abstinence period, repeated agonist treatment, or repeated relapse
episodes.

Sole use of cocaine or amphetamine is infrequent compared to
poly-drug use among psychostimulant abusers. Poly-drug use
presents a major challenge in developing treatments for drug
dependence (Preti, 2007; Rowan-Szal et al., 2000). In particular,
cocaine- and amphetamine-dependent patients often exhibit co-
morbidity for alcohol and opiate abuse (Leri et al., 2003; Miller
et al., 1993; Prinzleve et al., 2004), as well as mood and anxiety
disorders (NIDA Research Report Series: Comorbidity). Interest-
ingly, polymorphisms of 5-HT1gRs have been linked to substance
abuse not only for cocaine, but also opiates and alcohol (Cao et al.,
2011; Huang et al., 2003; Lee et al., 2009; Proudnikov et al., 2006;
Sun et al, 2002). Neuroimaging studies in humans have also
revealed that alcohol dependence is associated with increased
levels of ventral striatal 5-HTgRs (Hu et al., 2010), effects similar to
those detected following cocaine administration in rats (Hoplight
et al., 2007; Neumaier et al., 2009). Furthermore, administration
of systemic 5-HT1gR agonists have been shown to decrease ethanol
(Tomkins and O’Neill, 2000; Wilson et al.,, 2000), amphetamine
(Miszkiel et al., 2012) and cocaine (Collins and Woods, 2009;
Parsons et al., 1998; Pentkowski et al., 2009, 2012b; Przegalinski
et al,, 2007) intake, particularly on the descending limb of the SA
dose—effect function, as well as cue- and cocaine-primed rein-
statement of extinguished drug-seeking behavior (Acosta et al.,
2005; Pentkowski et al., 2009; Przegalinski et al., 2008). In
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conclusion 5-HTgRs are involved in modulating drug intake across
a range of abused substances, including alcohol (see Sari, 2013 for a
detailed review), amphetamine and cocaine; however, further
research investigating the effects of 5-HTgRs on poly-drug intake
and the influence of these receptors on the incentive motivational
effects of stimuli that elicit craving for alcohol and opiates is
needed.

4. Summary and conclusions

This review of preclinical research strongly suggests that D3Rs
and 5-HT;gRs are dysregulated by cocaine SA and cocaine absti-
nence, implicating both receptors in the pathology underlying
psychostimulant abuse. Taking these dynamics into consideration,
we draw the important conclusion that potential treatments need
to be evaluated at various time points, including maintenance and
early and late abstinence. Many treatment-seeking individuals go
through detoxification, voluntary periods of abstinence or forced
abstinence (i.e., incarceration or treatment programs) prior to
starting treatment. Although abstinence is employed in most pre-
clinical studies examining treatment effects on psychostimulant
seeking (i.e., extinction/reinstatement), it is rarely employed in
studies examining SA because these studies focus mostly on the
maintenance phase of SA. Future preclinical studies should
examine resumption of SA after a period of abstinence given the
clinical relevance of this time point and the preclinical evidence, as
reviewed in this paper, that abstinence with (Fuchs et al., 2002;
Czoty and Nader, 2013) or without concomitant chronic treat-
ments (Pentkowski et al., 2012b) strongly influences treatment
outcomes. Furthermore, we suggest that treatment effects on
resumption of SA after a period of abstinence will be particularly
useful for examining efficacy of treatment for preventing relapse
and decreasing drug intake should relapse occur.

Elucidating the neural mechanisms of dysregulation within the
D3R and 5-HTgR systems is a crucial step in bridging basic un-
derstanding of the pathologies of drug addiction and the devel-
opment of effective medications. Specifically, treatments aimed at
reversing the dysregulation may provide useful tools in reducing
relapse. In support, we have found a relationship between effects of
7-OH-DPAT in attenuating the resumption of cocaine SA and its
effects in reversing abstinence-induced up-regulation of D3Rs
(Fuchsetal., 2002; Neisewander et al., 2004). The findings that both
5-HT{gR mRNA expression and the effectiveness of 5-HTgR ago-
nists are increased after a period of abstinence (Neumaier et al.,
2009; Pentkowski et al., 2012b) also suggests that targeting dys-
regulated systems may be beneficial. It is possible that treatment
strategies should vary depending on the stage of the drug taking-
abstinence—relapse cycle during which treatment is sought; un-
derstanding mechanisms of dysregulation may help to inform such
strategies.

Another important issue is the potential side effects of treat-
ments. Although D3R full agonists can reverse D3R dysregulation,
they also have abuse potential (Collins et al., 2012b) and may impair
“impulse control” (Ahlskog, 2011; Dagher and Robbins, 2009; Fenu
et al., 2009). We reviewed findings that suggest that D3R partial
agonists are promising candidates for capturing D3R agonists’
therapeutic effects with a more suitable side-effect profile. Pre-
clinical evidence for the ability of D3R partial agonists to reverse
dysregulation include their ability to attenuate anhedonia induced
by psychostimulant abstinence (Hoefer et al., 2006; Schwabe and
Koch, 2007) and to decrease cocaine choice after chronic treat-
ment during abstinence in monkeys (Czoty and Nader, 2013).
However, whether D3R partial agonists can mimic D3R full agonists
in reversing abstinence-induced up-regulation of D3R expression
remains to be established. Similarly, whether abstinence-induced

changes in 5-HTgR expression can be reversed by 5-HTigR ago-
nists has not yet been examined.

This review also raises other important questions. For example,
do treatment effects vary depending on the amount and severity of
drug exposure (Hoefer et al., 2006; O’Dell et al., 2006; Orio et al.,
2010; Orsini et al., 2001)? Do treatment effects depend on the
number of episodes of abstinence/resumption, and will the bene-
ficial effects of a treatment persist with repeated administration?
For instance, the beneficial effects of aripiprazole seem to dissipate
with repeated treatment (Thomsen et al., 2008), although it may be
due to an interaction with cocaine SA (Czoty and Nader, 2013),
whereas terguride becomes effective with repeated treatment
(Hoefer et al., 2006). The acute effectiveness of D3R and 5-HTgR
compounds may depend crucially on how dysregulated their
respective systems are when treatment begins, while their chronic
effectiveness may depend on neuroadaptations in response to the
treatments themselves. Further research is required to address
these questions.

As mentioned in this review, highly selective D3R antagonists in
general appear to have the fewest side effects amongst the D3R
compounds. However, they also seem to be less effective in
reducing psychostimulant-related behavior, suggesting that some
co-occupancy of D2Rs may have therapeutic benefits at the cost of
incurring some side effects. Basic research in developing highly
selective D2R and D3R compounds will allow researchers to better
isolate how each receptor subtype contributes separately to ther-
apeutic and side effects, and how treatment effectiveness is
increased by their interaction (Wang et al., 2010). This may inform
improvement over extant D3/D2R compounds by identifying the
binding ratios and relative intrinsic activities at D3 versus D2Rs
needed to optimize therapeutic benefit and reduce side effects.

In the absence of a single “silver bullet” pharmacological
treatment that comprehensively nullifies psychostimulant addic-
tion, evidence provided in this review suggests that the use of
different therapeutic compounds at different stages of the addic-
tion cycle may provide the greatest therapeutic efficacy. For
instance, one way to balance therapeutic efficacy against side ef-
fects may be to shift from chronic treatment with less selective
D3/D2R partial agonists during abstinence to D3R-selective an-
tagonists once an individual has achieved prolonged abstinence.
The former may attenuate anhedonia and reduce resumption
should it occur, whereas the latter may attenuate incentive
motivational effects of environmental stimuli with minimal side
effects. 5-HTpR agonists may also complement this treatment as
evidence suggests that they reduce both drug seeking and
resumption of SA after a period of abstinence. This approach, in
addition to limiting the severity of side effects, may allow for the
restoration of multiple neuropharmacological systems that have
become dysregulated during psychostimulant abuse, and may thus
lead to reduced relapse rate even when patients are no longer
under active treatments.
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