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Highlights

e Dopamine D1 and D3 receptors play an important role in cocaine reward
e Stepholidine blocks the expression of cocaine conditioned place preference
e Stepholidine fails to block the development of cocaine conditioned place

preference

Abstract
The purpose of this study was to investigate the effects of (-)-stepholidine (SPD), a compound

with dopamine D1 partial agonist and D2/D3 antagonist properties, on the development and
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expression of cocaine conditioned place preference (CPP). Subjects (N = 65; male Long Evans
rats) were tested using a CPP procedure consisting of 3 phases: (1) a 15-min pre-exposure session
where animals could explore each compartment freely, (2) eight 30-min conditioning sessions
where animals were restricted to one side or the other with cocaine (10 mg/kg) or saline,
respectively, on alternating days and (3) a 15-minute preference test session where animals could
explore each compartment freely. To test the effects of SPD on expression of cocaine CPP, rats
were administered vehicle (distilled water with 20% DMSO), 10, 15 or 20 mg/kg SPD
(intraperitoneally) 30 min prior to the test session. We found that 20 mg/kg of SPD significantly
blocked the expression of cocaine CPP. To test the effects of SPD on the development of CPP, 0
(vehicle), 10, 15 or 20 mg/kg SPD was administered 30 minutes prior to each cocaine conditioning
session and vehicle before each saline conditioning session; no treatment was given prior to the
test session. A preference test showed that each SPD group maintained a CPP similar to the vehicle
group. These data indicate that SPD can block the expression of a cocaine CPP but has no effect
on its development, suggesting that it inhibits the effects of cocaine cues on cocaine incentive
motivated behavior. These results suggest that SPD may be a potential treatment for cue-driven

aspects of cocaine use disorder.
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1. Introduction

Cocaine use disorder is a significant health and economic problem with overdose deaths

tripling between 2012 and 2018 [1] and with still no FDA approved medication for its treatment



[2]. Cocaine addiction is typically characterized as a cyclical pattern of binge use, abstinence, and
relapse. When in abstinence, many users can be exposed to triggering cocaine-related stimuli (e.qg.,
paraphernalia cues) that may evoke strong feelings of craving ultimately leading to relapse [3],
[4]. Therefore, preventing cue-induced relapse in recovering users is a major hurdle in treatment.
To this end, the identification of a pharmacological agent that can reduce cue driven cocaine
behaviors, such as relapse, remains a major goal in pharmacotherapeutic development.

Cocaine produces its rewarding effects by increasing dopamine (DA) neurotransmission in
terminal regions of the mesocorticolimbic DA system [5], [6]. Studies have shown that cocaine-
related stimuli acquire the capacity to cause DA release in the same regions [7], [8]. In addition,
repeated cocaine use and the presentation of associated cues have the propensity to increase
dopaminergic transmission, which is thought to underlie the addictive effects of the drug [9-12].
Cocaine cues have also been shown to acquire incentive salience [13], exert control over behavior
[14] and elicit cue-induced craving [15] in humans and drug-seeking in animals [11], [16]. Thus,
strategies that can reduce the capacity of cocaine cues to increase DA neurotransmission and/or
elicit cocaine-related behavior would be useful as treatments for cocaine use disorder.

One strategy to reduce cocaine-related behaviors has focused on the use of
pharmacological agents that can reduce DA neurotransmission at DA receptors, specifically the
D1 and D3 subtypes. There is evidence that administration of DA D1 and D3 agonists can augment
the rewarding effects of cocaine in intravenous self-administration paradigms [17], [18]. On the
other hand, DA D1 partial agonists can block the preference for the cocaine-paired side in a
conditioned place preference (CPP) paradigm in mice [19] and can reduce cocaine self-
administration in rhesus monkeys [20]. DA D1 receptor antagonists have been shown to block the

expression and development of cocaine conditioned place preference (CPP) [21-24] and reduce



reinstatement of cocaine seeking in previously extinguished rats [25]. Furthermore, D1 knockout
mice failed to self-administer cocaine [17]. DA D3 receptor antagonists have similarly been shown
to block the expression of cocaine CPP [26-28], reduce reinstatement of cocaine-seeking [29-32],
and facilitate the extinction of cocaine CPP [33]. Such studies suggest that compounds targeting
D1 or D3 receptors can be beneficial in the treatment of cocaine use. Indeed such compounds have
been studied in clinical trials and produced mixed results. Clinical studies using D1 antagonists
demonstrated sedation and hypertension as possible adverse effects [34], [35]. Such studies with
D3 antagonists revealed they can cause renal salt retention as well as hypertension [36], [37].
Despite the drawbacks, DA D1 partial agonists and D3 antagonists produce less extrapyramidal
motor symptoms than is typically observed with DA D2 receptor antagonists, making them more
favorable as candidates in the pharmacological treatment of cocaine addiction. Ensuing research
has focused on identifying D1 and D3 receptor targeting compounds that can produce the anti-
cocaine benefits without the adverse side effects.

(-)-Stepholidine (SPD) is a naturally occurring compound in the Stephania intermedia herb
that belongs to a class of tetrahydroprotoberberine (THPB) alkaloids [38]. Although some assays
show conflicting results on the pharmacological profile of SPD by indicating it isa DA D1 receptor
agonist [39], D1 partial agonist [40] or D1 antagonist [41], most studies have consistently reported
SPD as a D1 partial agonist and D2/D3 antagonist [38], [42]. SPD has been found to reduce
reinstatement of 3,4 methylenedioxypyrovalerone (MDPV) with minimal locomotor effects [39],
block the acquisition, maintenance, and reacquisition of morphine conditioned place preference
(CPP) [43] and attenuate heroin self-administration as well as cue- and heroin-induced
reinstatement [44], [45]. We have tested the effects of SPD on cocaine-related behaviors and found

that SPD significantly reduces cue-induced reinstatement and intravenous self-administration [46].



Interestingly, clinical studies using SPD show that schizophrenic patients had significantly
improved symptoms without any extrapyramidal symptoms [47], [48]. Although the effects of
SPD on the expression and acquisition of morphine CPP has been studied [43], its effects on
cocaine CPP have not. The present study aimed to investigate the effects of SPD on the

development and the expression of cocaine CPP in rats.

2. Methods and Materials
2.1 Subjects

Subjects were male Long-Evans rats weighing between 350 to 400 g from our in-house
colony, bred from males and females obtained from Charles River (Kingston, NY). Animals were
individually housed in cages with free access to food and water at room temperature (21°C). The
housing environment was maintained using a 12h light:12h dark cycle and all experiments were
conducted during the animals’ active period (dark cycle). Protocols used in these experiments
were in accordance with the National Institutes of Health Guide for Care and Use of Laboratory
Animals and approved by the Queens College Institutional Animal Care and Use Committee

(IACUC).

2.2 Drugs
Cocaine was dissolved in 0.9% saline to achieve a dose of 10 mg/kg. SPD synthesized as

described previously [49], was dissolved in 20% dimethyl sulfoxide (DMSQO) to achieve doses of



0, 10, 15 and 20 mg/kg for both experiments. All solutions were administered intraperitoneally
(ip) in a volume of 1.0 ml/kg.
2.3 Apparatus

All experiments were conducted in six 2-compartment place preference (CPP) chambers
(Med Associates, Inc.) with each compartment measuring 43 x 43 x 30 cm (L x W x H). Each
chamber was equipped with a removable partition and 16 infrared photo-emitters on each of two
adjacent walls and 16 photosensors on each of the two walls facing the photo-emitter walls. Each
compartment had a distinct wall pattern and flooring; one compartment had a solid white wall and
stainless steel rod floor and the other compartment with a striped white and black wall with a
stainless steel grid floor.
2.4 Procedure

All experiments consisted of three stages: pre-exposure, conditioning and a preference test.
During the pre-exposure stage (Session 1), animals were placed in the open doorway and allowed
to freely explore the chamber for 15 minutes without a partition and the time spent in each
compartment was recorded. The conditioning phase consisted of eight, 30-min sessions during
which the doorway between compartments was closed. On four alternating sessions, animals were
injected with cocaine and placed in one of the chambers and on the other four alternating sessions
they were injected with saline and placed in the other compartment. We used an unbiased CPP
procedure where half of the animals were conditioned to their preferred side and the other half to
the non-preferred side. Furthermore, for half of the animal’s cocaine conditioning occurred on
sessions 2, 4, 6 and 8 and for the other half on sessions 3, 5, 7 and 9. After conditioning was the
preference test (Session 10), during which the rats were placed in the open doorway and allowed

to explore both chambers freely for 15 minutes.



2.3.1 Experiment 1: CPP expression

All rats underwent the CPP procedure described above. On Session 10 the CPP test was
conducted. All animals were administered ip doses of 0 mg (vehicle), 10, 15 or 20 mg/kg of SPD
and returned to their home cages for 30 minutes. After this 30-min period, rats were placed in the
CPP apparatus with the partition absent and allowed to freely explore both compartments.
2.3.2 Experiment 2: CPP acquisition

All rats were exposed to the protocol described above. Prior to each cocaine conditioning
session, animals were administered one of the doses of SPD (0, 10, 15 or 20 mg/kg) and returned
to their home cages for 30 minutes. On alternating sessions where animals were injected with
saline, 20% DMSO was administered 30 minutes prior. On Session 10, the preference test was
conducted in which animals were not administered any injections and were allowed to freely
explore both compartments for 15 minutes.
2.4 Data Analysis

For both experiments, the data consisted of the number of seconds spent in each
compartment during the pre-exposure and preference test sessions. These data for CPP of both
experiments were analyzed separately using a two-way analysis of variance (ANOVA) with dose
as a between-groups factor and phase (pre-exposure vs test) as a repeated measures factor.
Significant interactions were followed by tests of simple effects and post hoc tests. For the
expression experiment the number of seconds spent engaged in locomotor activity during the test
session was measured. These data were analyzed using a one-way ANOVA with dose as a

between-groups factor.

3. Results



3.1 CPP Expression

During the pre-exposure session, rats in all groups spent similar amounts of time in both
saline and cocaine-paired compartments (data not shown). The vehicle, 10 mg and 15 mg SPD
dose groups spent more time in the cocaine-paired compartment during the preference test than
during the pre-exposure session. On the other hand, the 20 mg SPD group did not spend more time
in the cocaine-paired side during the preference compared to the pre-exposure sessions and, in
fact, appeared to spend somewhat less time in the cocaine compartment during the test (see Figure
1). A 2-way ANOVA with phase as a repeated measures factor and dose as a between-groups
factor revealed a significant phase by dose interaction [F... = 5.995, p < 0.005]. Tests of simple
effect of phase (pre-exposure versus preference test) at each level of dose revealed significant
phase effects in the vehicle [F... = 8.336, p < .05], 10 mg [F.. = 5.345, p <.05] and 15 mg [F.» =

15.673, p <.05] dose groups but not in the 20 mg dose group of SPD.

Figure 2 shows the amount of time all groups spent engaged in locomotor activity. All
three groups that received SPD spent less time in locomotion than did the group treated with
vehicle. A one-way ANOVA on these data revealed a significant dose effect [Fs26 = 20.241, p <
.05]. Tukey’s post hoc tests showed that all the SPD groups showed significantly less locomotor

activity than the vehicle group.

3.2 CPP Acquisition

During the pre-exposure session, rats in all groups spent similar amounts of time in both

saline and cocaine-paired compartments (data not shown). All groups spent more time in the



cocaine-paired compartment during the preference test than they did during the pre-exposure test
(see Figure 3). A 2-way ANOVA with phase as a repeated measures factor and dose as a between-
groups factor revealed a significant phase effect [F... = 9.974, p < .005] but no phase by dose

interaction.

4. Discussion

The present study evaluated the effects of SPD, a D1 receptor partial agonist and D2/D3
receptor antagonist, on the development and expression of cocaine CPP in rats. Our findings
indicate the highest dose of SPD — 20 mg/kg — blocked the expression of cocaine CPP. We also
found that SPD had no effect on the development of cocaine CPP as rats in all groups in that
experiment still displayed a preference for the cocaine-paired compartment. The observed
reduction in the time spent in the cocaine-paired compartment in the expression experiment
suggests that SPD can block the rewarding properties that are accrued by cocaine-associated
stimuli.

To further evaluate the effect of SPD on the expression of cocaine CPP we analyzed the
amount of time spent engaged in locomotor activity during the preference test for rats in the CPP
expression experiment. Although all groups that received SPD, regardless of dose, spent
significantly less time in locomotion than the vehicle group only the group that received the highest
dose of SPD also showed a loss of cocaine side preference. Thus, it appears that there is not a
direct relation between time spent in locomotor activity and expression of a place preference.
These findings argue against the possibility that the loss of cocaine CPP in the 20 mg group was
due to reduction in time spent engaged in locomotor activity.

Our data are consistent with other studies that investigated the effects of SPD on cocaine

related behavior. We have previously shown that SPD significantly reduces cue-induced



reinstatement of cocaine seeking and cocaine self-administration [46]. SPD has been shown to
produce similar effects with other drug classes. SPD reduced heroin self-administration and
reinstatement of heroin seeking [44], inhibited heroin-induced reinstatement [45], reduced the
development, maintenance and re-acquisition of morphine CPP [43] and reduced
methylenedioxypyrovalerone (MDPV)-induced reinstatement of MDPV seeking in rats [39].

We have been interested in testing the effects of simultaneous DA D1 receptor partial
agonism and D3 receptor antagonism on drug-related behavior. Prior to our investigations with
SPD, we studied the effects of simultaneous administration of the DA D1 receptor partial agonist,
SKF 77434, and DA D3 receptor antagonist, NGB 2904, in cocaine reward and seeking. We
observed that these compounds administered individually at moderate doses have no significant
effect on cocaine-related behavior, however when these same doses are administered
simultaneously, they produce a synergistic interaction that significantly block the expression of
cocaine CPP and reduces cocaine cue-induced reinstatement [16]. These data, along with our
current SPD data, provide strong evidence that a polypharmacological approach targeting D1 and
D3 receptors may be a useful treatment strategy for cocaine use disorder [50].

Although the current and previous findings suggest that SPD, or similar compounds or
polypharmacological approaches, may be useful treatment strategies for cocaine use disorder, there
are potential limitations. Our findings showed that SPD reduced the amount of time spent engaged
in locomotor activity. Although time spent in locomotion is not a direct measure of amount of
locomotor activity it is conceivable that there is a relation between the variables. Thus, our
findings could indirectly suggest that SPD produces sedative effects. This might present some
limitations on the utility of SPD as a treatment. Further work will be necessary to directly assess

the possibility of sedative effects of SPD. On the other hand, it is notable that SPD has been shown



to produce anti-depressant effects [51], indicating a pharmacological profile that would be
expected to enhance its potential utility in treating cocaine use disorder.

Other studies that used agents that target DA receptors individually, but not in combination,
have shown effects on drug-related behaviors. DA D1 partial agonist SK 38393 and D1 antagonist
SCH-23390 [17] blocked the preference for cocaine CPP [19-21] whereas D1 partial agonist SKF
77434 reduced cocaine self-administration in monkeys [18]. DA D3 receptor antagonists SR 21502
and BP 897 [24], [25] have been shown to block the expression of cocaine CPP. In intravenous
self-administration studies, D3 antagonists S33138 [52] and NGB 2904 [53] significantly inhibited
cocaine-induced reinstatement and S33138 also cocaine self-administration [52]. Therefore,
neurotransmission at DA D1 and D3 receptors appears to play a role in the behavioral effects of
cocaine-related cues including drug seeking. Analogs of SPD have been shown to have comparable
results to SPD in reducing drug seeking behavior. Levo-tetrahydropalmatine (I-THP), an analog
of SPD with D1/D2 antagonist properties [54], was shown to have comparable results in reducing
drug seeking behavior as well. Studies show that I-THP reduces cocaine self-administration and
cocaine-, stress- and cue-induced reinstatement [55-57].

In summary, we found that SPD, a D1 partial agonist and D2/D3 antagonist, significantly
blocks the expression of cocaine CPP but has no effect on its development. Cocaine cues have the
ability to increase DA neurotransmission, even in the absence of cocaine, thus making DA
receptors attractive targets in developing treatment strategies for cocaine, and other drugs (i.e.,
opiate) use disorder. We previously proposed that the simultaneous targeting of DA D1 receptors
with partial agonism and D3 receptors with antagonism may reduce the effects of drug-cues on
seeking types of behaviors [16], [50] (similar to drug craving in humans). Our findings, that SPD

reduces expression of cocaine CPP, supports this view. This suggests that SPD and other similar



compounds or polypharmacological approaches with similar profiles may hold potential in the

treatment of relapse for cocaine or other drug use disorder.
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Figure Captions

Figure 1. Mean (z SEM) time spent in the cocaine-paired compartment of the CPP apparatus
following pre-exposure and preference test sessions. Rats were administered one of the following
doses: vehicle (N =9), 10 (N = 8), 15 (N = 8) or 20 mg/kg (N = 7). * represents a significant

difference between the time spent during the preference test compared to pre-exposure.



Time in cocaine compartment (s)

700 1

600 -

500 -

400

300 -

200 -

100

Emmm Pre-exposure
— Preference test

* s
T i

Vehicle 10 15 20
(-)-Stepholidine dose (mg/kg)




Figure 2. Mean (z SEM) time spent in locomotor behavior during the preference test session for
all groups depicted in Figure 1. * represents a significant difference compared to vehicle. The

line above the vehicle, 10 and 15 mg groups indicates that these groups demonstrated a significant

CPP.
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Figure 3. The effects of SPD on the acquisition of a cocaine CPP. The bars represent mean and +
SEM of time spent on the cocaine-paired compartment. Rats were administered one of the
following doses prior to cocaine conditioning: vehicle (N =8), 10 (N = 8), 15 (N = 9) or 20 mg/kg
(N =8). * represents a significant main effect of phase in the one-way ANOVA with no phase by

dose interaction.
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