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Abstract

Psychostimulant reinforcement is mediated by stimulation of both dopamine (DA) D1-like and 

D2-like receptors, suggesting that pharmacotherapy agents with a dual DA receptor mechanism 

may be useful for managing psychostimulant abuse. (−)-Stepholidine (L-SPD) is a Chinese herbal 

extract that functions as a D1-like receptor agonist and D2-like receptor antagonist. L-SPD has 

been shown to attenuate the reinforcing effects of heroin; however, its effects on the synthetic 

cathinone 3,4-methylenedioxypyrovalerone (MDPV) have not been examined. The current study 

determined the effects of L-SPD on reinstatement of MDPV-seeking behavior in the drug 

intravenous self-administration (IVSA) and conditioned place preference (CPP) paradigms. To 

determine whether the effects of L-SPD were specific to psychostimulant reinforcement, we also 

examined its effects on sucrose-seeking behavior. Using a locomotor activity assay, we tested the 

locomotor effects of L-SPD, as well as its effects on MDPV-induced hyperactivity. The results of a 

battery of in vitro binding and functional assays confirmed that L-SPD functioned as a D1-like 

receptor agonist and D2-like receptor antagonist. In behavioral experiments, L-SPD dose-

dependently attenuated cue plus MDPV-primed reinstatement of MDPV-seeking behavior in the 
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IVSA model. The highest dose of L-SPD also attenuated MDPV-primed reinstatement of MDPV 

CPP, as well as cue-induced reinstatement of sucrose-seeking. L-SPD had no significant locomotor 

effects, and did not modulate the robust hyperactivity induced by MDPV. The current findings 

show for the first time a robust reinstatement effect with MDPV, which can be reduced by L-SPD. 

These results establish a role for DA receptors in drug-seeking behavior for MDPV.
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Introduction

3,4-Methylenedioxypyrovalerone (MDPV) is a popular constituent of the synthetic 

cathinone class of novel psychoactive substances that emerged on the illicit drug scene in the 

late 2000’s 1. Despite being controlled in Schedule I of the U.S. Controlled Substances Act 

in 2011, MDPV is still available on the “dark web”, and has remained attractive to drug 

users due to its acute euphoric effects and ability to increase energy and sexual arousal 2. 

However, there have been reports of tachycardia, hypertension and paranoia following 

repeated use, which in some cases were fatal 3 4.

Rodent studies indicate that the psychomotor and rewarding effects of MDPV mirror that of 

other amphetamine-derived psychostimulants (e.g. cocaine and methamphetamine) 5. Most 

notably, MDPV produces a robust conditioned place preference (CPP) 6–8, and maintains 

high rates of drug intravenous self-administration (IVSA) behavior 9–13. Similar to cocaine, 

the high abuse liability of MDPV stems from its pharmacological action as a potent 

dopamine (DAT) and norepinephrine (NET) transport inhibitor that increases extracellular 

dopamine (DA) and norepinephrine (NE) levels in brain reward regions 14 15.

A large body of research demonstrates a central role for the DA system in the rewarding and 

reinforcing properties of psychostimulants 16. Two opposing classes of DA receptors 

primarily mediate these effects: low-affinity D1-like (D1 and D5) receptors, and high-

affinity D2-like (D2, D3 and D4) receptors 17. Pharmacological manipulation of D1- or D2-

like receptors can, in some cases, differentially affect cocaine-induced reinforcement. For 

example, both D1-like and D2-like receptor agonists decrease cocaine self-administration on 

the descending limb of the dose-response curve for cocaine 18. However, D1-like and D2-

like agonists produce opposite effects on cocaine-primed reinstatement of cocaine-seeking 

behavior; namely, D1-like agonists inhibit whereas D2-like receptor agonists enhance 

reinstatement, respectively 19. In addition, selective D1/D5, D2 and D3 receptor antagonists 

inhibit the propensity for relapse to cocaine-seeking behavior 20–22. Taken together, these 

results suggest that pharmacotherapy agents that differentially modulate multiple DA 

receptor subtypes may be useful for managing the reinforcing effects of psychostimulants.

(−)-Stepholidine (L-SPD; Chemical name: (S)-3,9-Dimethoxy-6,8,13,13a-tetrahydro-5H-

isoquinolino[3,2-a]isoquinoline-2,10-diol) is a tetrahydroberberine alkaloid extracted from 

the Chinese herb Stephania intermedia that was originally used in traditional medicine to 
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treat a myriad of ailments 23. The pharmacological mechanism of L-SPD is generally 

considered to be that of a D1-like receptor agonist and D2-like receptor antagonist 23–27. A 

number of preclinical studies in rodents suggest that L-SPD may attenuate drug-induced 

reinforcement. Most notably, L-SPD reduced morphine-induced place preference 28, 

inhibited heroin self-administration 29, and blocked cue-induced 29 as well as drug-primed 30 

reinstatement of heroin-seeking behavior.

In the current study, we first conducted an in vitro binding and functional screen to evaluate 

the activity of L-SPD at the D1-like and D2-like receptors. In contrast to cocaine, no study 

to date has examined the propensity for relapse to MDPV-seeking behavior that is a hallmark 

of psychostimulant addiction. Therefore, we determined if animals repeatedly exposed to 

MDPV reinstate their drug-seeking behavior in response to MDPV-associated cues and/or an 

MDPV prime following a period of extinction. We employed two established behavioral 

assays of drug-induced reinforcement, the IVSA and CPP models. We examined whether L-

SPD modulates reinstatement of MDPV-seeking behavior, given its dual DA receptor action 

and inhibitory effects on heroin-induced reinforcement. To determine whether the effects of 

L-SPD were specific to psychostimulant-induced reinforcement, we assessed whether L-

SPD inhibits cue-induced reinstatement of sucrose-seeking. Lastly, we conducted a 

locomotor activity assay to determine if L-SPD affects MDPV-induced hyperactivity, and 

whether L-SPD itself has any motoric effects.

Results and Discussion

The current study was conducted to determine whether the Chinese herbal extract L-SPD, 

which displays a unique pharmacological profile as a D1-like receptor agonist and D2-like 

receptor antagonist, can attenuate reinstatement of MDPV-seeking behavior that is a core 

feature of psychostimulant addiction.

We first confirmed the receptor pharmacology of L-SPD using a series of in vitro binding 

and functional screens. Results from binding assays showed that L-SPD binds to D1, D2, D3 

and D5 receptors with Ki values ranging from 5–20 nM. The affinity of L-SPD at the D4R 

was very low with a Ki value higher than 1 μM (Table 1). Therefore, L-SPD in vivo likely 

binds to the D1R, D2R, D3R, and D5R, but not the D4R.

For functional assays, D1 and D5 receptors were coupled to Gs proteins and stimulation of 

adenylyl cyclase was used as the functional end point. For these experiments, DA was used 

as the reference full agonist. As shown in Table 2 and Fig. 1, L-SPD functioned as a full 

agonist at the D1R, and as a low-efficacy partial agonist at the D5R (t(4) = 14.97, p < 0.001). 

For the D5R, it should be noted that L-SPD still activated the receptor, as evidenced by the 

fold change in stimulated cAMP level compared with the basal level (Table 2).

[35S]GTPγS binding was used as a functional measure of D2 and D3 receptor activation. 

Due to the low affinity of L-SPD for the D4R, we did not perform D4R-mediated 

[35S]GTPγS binding. L-SPD at 10 μM had no effect on [35S]GTPγS binding in membranes 

of cells expressing D2 or D3 receptors (Fig. 2a), indicating that it is not an agonist at these 

two receptor subtypes. We next examined the potency of L-SPD as an antagonist at the D2 
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and D3 receptors. For antagonist effects of L-SPD on DA-induced increase of [35S]GTPγS 

binding, membranes were pretreated with 1 μM of L-SPD followed by 10−9 M to 10−4 M of 

DA 10 min later. Data were analyzed and EC50 and Emax values were determined. At the 

D2R, L-SPD at 1 μM shifted the dose-response curve of DA to the right and increased the 

EC50 value of DA by 21-fold (t(7) = 7.002, p < 0.001 (Log[EC50]) and t(7) = 2.53, p < 0.05 

(EC50)). In addition, L-SPD significantly reduced the Emax value of DA (Table 3 and Fig. 

2b) (t(7) = 7.24, p < 0.001). At the D3R, L-SPD at 1 μM shifted the dose-response curve of 

DA to the right and increased the EC50 value of DA by 50-fold (t(6) = 4.22, p < 0.01 

(Log[EC50]) and t(6) = 2.68, p < 0.05 (EC50)), without changing the Emax value of DA 

(Table 3 and Fig. 2b).

In accordance with previous reports 23, 24, 31, L-SPD produced antagonist effects at the D2 

and D3 receptors. In contrast, L-SPD was a full agonist at the D1R and a low-efficacy partial 

agonist at the D5R. Our findings are in line with the widely accepted view that L-SPD has a 

dual action as a partial or full agonist at D1-like receptors and an antagonist at D2-like 

receptors 23–27. It should be noted that L-SPD has been reported to have antagonist effects 

on D1-like receptors (both D1R and D5R) 23, 31. These discrepancies may be due to the 

ability of L-SPD, as a partial agonist at D1-like receptors 23, to display a large range of 

intrinsic activities at the same receptor depending on the conditions (e.g., receptor level/

reserve) and model (different transfected cells) used 32. Interestingly, L-SPD may function 

as a more potent D1R agonist in a DA-depleted state (e.g., after unilateral 6-

hydroxydopamine (6-OHDA) lesions in rats), in which the D1R reserve/expression level is 

significantly elevated 27.

In the first behavioral experiment (Experiment 1), we determined whether rats repeatedly 

exposed to MDPV would reinstate their drug-seeking behavior in response to MDPV 

associated cues or a priming injection of MDPV in the IVSA paradigm. Results indicated 

that responses on both the active (main effect of IVSA phase: F(3,39) = 25.26, p < 0.001; see 

Fig. 3a) and inactive (main effect of IVSA phase: F(3,39) = 8.53, p < 0.001; see Fig. 3b) 

levers differed significantly between the self-administration phase, extinction training and 

the reinstatement tests (see also Fig. S1). Post-hoc tests indicated that extinction training 

significantly decreased active lever presses (p < 0.001), but significantly increased inactive 

lever presses (p < 0.01), when compared to the acquisition phase. There was a significant 

increase in active lever responses during both the cue-induced (p < 0.001), and MDPV-

primed reinstatement tests (p < 0.05), relative to the extinction phase. However, inactive 

lever presses during the reinstatement tests did not differ significantly from extinction 

training (both p > 0.05). Therefore, similar to cocaine 33, we demonstrate for the first time 

that rats reinstate their drug-seeking behavior following a period of extinction when exposed 

to MDPV-associated cues or a priming injection of MDPV. However, they show noticeably 

less robust reinstatement in response to an MDPV prime.

In Experiment 2, we examined the propensity for reinstatement of MDPV-seeking behavior 

using both MDPV-associated stimuli and a priming injection of MDPV in the IVSA model. 

We also determined whether L-SPD could modulate cue plus MDPV-primed reinstatement 

given its dual DA receptor action. Firstly, to confirm that extinction training effectively 

reduced MDPV self-administration behavior, we used a paired-samples t-test to compare 
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performance between the acquisition and extinction phases. Results showed that extinction 

training significantly reduced active lever presses relative to the acquisition phase (ACQ vs. 

EXT: t(11) = 4.37, p < 0.01; see Fig. 4a). During the reinstatement tests, there was an overall 

effect of L-SPD treatment on responses on the active lever (main effect of L-SPD dose: 

F(3,30) = 4.04, p < 0.05; see Fig. 4a), but not the inactive lever (main effect of L-SPD dose: 

F(3,30) = 1.30, p > 0.05; see Fig. 4b). Post-hoc tests showed that only the highest dose of L-

SPD (i.e. 10 mg/kg) significantly reduced active lever presses relative to vehicle (p < 0.01). 

Although the 1 and 3 mg/kg doses of L-SPD showed trends of a decrease, they did not reach 

statistical significance. The inhibitory effects of L-SPD were not due to a nonspecific 

suppression of operant behavior, since there were no differences in inactive lever responses 

during reinstatement testing. Our results are the first to demonstrate that rats with a history 

of MDPV exposure will robustly reinstate their drug-seeking behavior in response to 

MDPV-associated cues and an MDPV prime, and that systemic injection of L-SPD dose-

dependently attenuates reinstatement of MDPV-seeking behavior.

To determine whether the inhibitory effects of L-SPD (10 mg/kg) were specific to 

psychostimulant-induced reinforcement, we examined its effects on cue-induced 

reinstatement of sucrose-seeking in Experiment 3 (see Fig. 5). Regardless of L-SPD 

treatment, active (main effect of experimental phase: F(1,13) = 15.6, p < 0.01; see Fig. 5a) 

but not inactive lever presses (main effect of experimental phase: F(1,13) = 0.44, p > 0.05; 

see Fig. 5b) were significantly higher during cue-induced reinstatement relative to 

extinction. Overall, L-SPD treatment decreased active (main effect of L-SPD treatment: 

F(1,13) = 16.71, p < 0.01) but not inactive lever presses (main effect of L-SPD treatment: 

F(1,13) = 1.17, p > 0.05), although this differed significantly between the extinction and 

reinstatement phases (interaction effect on active lever presses: F(1,13) = 14.85, p < 0.01). 

Post-hoc tests indicated that only vehicle-treated rats showed a significant increase in active 

lever presses during reinstatement compared to extinction training (p < 0.001). During the 

cue-induced reinstatement test, rats given L-SPD had significantly fewer active lever presses 

relative to vehicle-treated rats (p < 0.001). The current results indicate that the inhibitory 

effects of L-SPD extend to natural rewards, and are not specific to psychostimulant-induced 

reinforcement.

In Experiment 4, we employed the CPP paradigm to determine the effects of L-SPD (10 

mg/kg) on drug prime-induced reinstatement of MDPV place preference (see Fig. 6). Time 

in the MDPV-paired compartment differed depending on the particular experimental phase 

(PRE, POST, EXT or RST) of the CPP paradigm regardless of L-SPD treatment (main effect 

of experimental phase: F(3,66) = 15.39, p < 0.001). L-SPD treatment had a significant 

overall effect on time in the MDPV-paired side (main effect of L-SPD treatment: F(1,22) = 

8.81, p < 0.01), however, this showed a very strong tendency to differ depending on the 

experimental phase (interaction effect: F(3,66) = 2.73, p = 0.051). Post-hoc tests indicated 

that both vehicle and L-SPD rats acquired a CPP (PRE vs. POST: both p < 0.01), which was 

abolished as a result of extinction training (PRE vs. EXT: both p > 0.05). In response to an 

MDPV prime, rats administered L-SPD showed significantly reduced reinstatement of the 

previously extinguished CPP compared to vehicle-treated animals (p < 0.001). These results 

show for the first time that L-SPD attenuates reinstatement of MDPV-seeking behavior in 
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the CPP paradigm, which is another well-established behavioral measure of drug-induced 

reinforcement.

From the current results, we cannot determine whether the inhibitory effects of L-SPD on 

MDPV-seeking behavior were due to a combined D1-like receptor agonist and D2-like 

receptor antagonist action, or whether either mechanism alone was sufficient to attenuate 

MDPV reinforcement. The D1-like receptor agonist potency of L-SPD is enhanced under 

conditions where endogenous DA levels are depleted (e.g., unilateral 6-OHDA-lesioned rats) 
27, as may be the case during MDPV withdrawal. Selective D1-like agonists have been 

shown to produce a downward shift in the dose-response function for cocaine self-

administration 18, 34, as well as inhibit cue-induced and cocaine-primed reinstatement of 

cocaine-seeking behavior 35. On the other hand, pharmacological stimulation of D1-like 

receptors can, in some cases, be intrinsically rewarding. Systemic delivery of D1-like 

agonists have been shown to independently maintain self-administration behavior 36 and 

reinstate drug-seeking behavior 35. Therefore, it is possible that L-SPD by itself may 

produce rewarding or reinforcing effects. However, Wang and colleagues 28 showed that L-

SPD alone failed to produce a place preference or place aversion in the CPP paradigm. 

Levo-tetrahydropalmatine (L-THP), a closely related analog of L-SPD, also exhibited no 

significant rewarding properties itself when tested in the brain stimulation reward paradigm 
37.

In addition to the D1-like receptors, the D2-like receptors, in particular the D3R, may 

underlie the effects of L-SPD given that the D3R is involved in cocaine-induced reward and 

reinforcement 38. A number of previous studies have shown that selective D3R antagonists 

or partial agonists attenuate cocaine self-administration, inhibit cocaine-induced CPP, and 

reduce relapse to cocaine-seeking behavior 38. Interestingly, a recent study found that the 

D3R antagonist NGB2904 reduced cocaine-seeking behavior in the IVSA and CPP 

paradigms only when co-administered with the D1R partial agonist SKF77434 39, 

suggesting that D1 and D3 receptors might interact to regulate the motivational properties of 

cocaine, and perhaps also MDPV. It would be interesting in the future to use D1-like or D2-

like receptor knockout mice to tease apart the relative contribution of these receptors in L-

SPD’s effects on MDPV reinstatement.

In addition to its D1-like receptor agonist and D2-like receptor antagonist actions, L-SPD 

may also function as a partial agonist at serotonin 5-HT1A receptors (5-HT1aR’s) 40. A 

large body of research identifies an important role for 5-HT1aR’s in the rewarding and 

reinforcing effects of psychostimulants 41. This is supported by evidence that 

pharmacological stimulation of 5-HT1AR’s regulates a number of psychostimulant-induced 

behaviors including hyperlocomotion, drug-seeking and self-administration 41. Previously, 

stimulation of 5-HT1aR’s has been shown to reduce cocaine self-administration possibly by 

increasing the reinforcing strength of cocaine 42–44, while the 5-HT1AR antagonist 

WAY-100635 inhibited cocaine-primed reinstatement of cocaine-seeking behavior 45. 

Therefore, we cannot rule out the possibility that partial agonism of 5-HT1AR’s may have 

mediated some of the observed effects of L-SPD on MDPV-seeking behavior in the current 

study.
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To examine the effects of L-SPD (10 mg/kg) on the robust hyperactivity induced by MDPV 

(2 mg/kg), and to determine whether L-SPD by itself had intrinsic locomotor effects, we 

employed a locomotor activity test in Experiment 5. Data on acute ambulatory activity (see 

Fig. 7a) and stereotypy (see Fig. 7b) were recorded as counts and summed over 90 min. The 

behavior of one rat in the vehicle + saline group was greater than 2 SD’s from the mean, and 

therefore, was excluded from the analysis. Pretreatment with L-SPD itself had no significant 

effects on ambulatory activity (main effect of L-SPD pretreatment: F(1,27) = 0.33, p > 0.05) 

or stereotypy (main effect of L-SPD pretreatment: F(1,27) = 0.22, p > 0.05). MDPV acutely 

increased both behaviors (main effect of MDPV treatment on ambulatory activity: F(1,27) = 

53.67, p < 0.001; stereotypy: F(1,27) = 52.06, p < 0.001) regardless of L-SPD pretreatment 

(interaction effect on ambulatory activity: F(1,27) = 0.60, p > 0.05; stereotypy: F(1,27) = 

1.20, p > 0.05).

Consistent with previous studies 28, 29, the behaviorally effective dose of L-SPD (i.e. 10 

mg/kg) had no locomotor effects when tested alone. However, somewhat surprisingly, L-

SPD failed to modulate the robust increase in ambulatory activity and stereotypy induced by 

MDPV. Previous reports suggest that the locomotor-activating effects of MDPV are DA-

mediated since both a D1/D5 (SCH23390) and D2 receptor (haloperidol) antagonist 

attenuate the hyperactivity induced by MDPV 15, 46. However, in both these studies, MDPV 

was administered at 1 mg/kg in comparison to the 2 mg/kg dose employed in the current 

study. In addition, the DA antagonists were either selective for the D1/D5 receptors or the 

D2 receptor, in contrast to the dual DA receptor mechanism of L-SPD. It is also interesting 

that L-SPD has been shown to dose-dependently inhibit amphetamine-induced hyperactivity 
25. In this study, the authors administered d-amphetamine at 1.5 mg/kg, which would equate 

to a much lower dose of MDPV based on the increased DAT potency of MDPV 14. 

Therefore, methodological differences may explain the lack of an effect of L-SPD on 

MDPV-induced hyperactivity in the current study.

In conclusion, we are the first to show that rats with a history of MDPV exposure will 

reinstate their drug-seeking behavior in response to MDPV-associated cues, and to a lesser 

extent an MDPV prime, following a period of extinction. We also demonstrate for the first 

time that pretreatment with the dual D1-like receptor agonist and D2-like receptor antagonist 

L-SPD inhibits the motivation to reinstate MDPV-seeking behavior. The results of the 

current study highlight an important role for DA receptors in drug-seeking behavior for the 

synthetic cathinone MDPV.

Methods

Cell Culture, Binding and Functional Assays

Materials—[3H]Methylspiperone (85.5 Ci/mmol), [3H]SCH23390 (73.1 Ci/mmol), 

[3H]cAMP (25 Ci/mmol) and [35S]GTPγS (1250 Ci/mmol) were purchased from 

PerkinElmer (Boston, MA). Tetracycline, hygromycin, blasticidin, DA, (+)-butaclamol, 

fluphenazine, phenylmethylsulfonyl fluoride (PMSF), GDP, GTPγS, cAMP, 

isobutylmethylxanthine and ascorbic acid were obtained from Sigma-Aldrich (St. Louis, 

MO). G418 was obtained from Gemini Bio-Products (West Sacramento, CA), while cell 

culture reagents were obtained from Invitrogen (Carlsbad, CA). (−)-L-SPD was generously 
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provided by Dr. David Y.W. Lee from the Bio-Organic and Natural Products Laboratory at 

McLean Hospital (Harvard Medical School, Belmont, MA).

Cell culture—For cell culture experiments, human embryonic kidney 293 cells (HEK293 

cells) stably transfected with the human D1, D4 or D5 receptor (HEK-D1R, HEK-D4R and 

HEK-D5R cells), and Chinese hamster ovary cells (CHO cells) stably expressing the human 

D2 or D3 receptor (CHO-D2R and CHO-D3R cells), were used 47. Cells were grown in 100-

mm culture dishes in Minimum Essential Medium supplemented with 10% fetal bovine 

serum, 100 units/mL penicillin and 100 μg/mL streptomycin in a 5% CO2 incubator at 37°C. 

Specifically, HEK-D1R cells, which have the CMV promoter controlled by a Tet-on 

mechanism, were grown in the presence of 50 μg/mL hygromycin and 1 μg/mL blasticidin to 

maintain TetR and receptor selection, respectively. HEK-D1R cells were induced to express 

D1R with 1 μg/mL tetracycline for 12 to 24 h before binding or functional assays. To 

maintain stable receptor expression, CHO-D2R, CHO-D3R or HEK-D4R cells were grown 

in the presence of 0.2 mg/mL G418, and HEK-D5R in the presence of 1 μg/mL blasticidin.

Receptor binding—DA receptor binding was performed according to published 

procedures 48. Briefly, for D1 and D5 receptors, [3H]SCH23390 (~2 nM) was used as the 

radiolabeled ligand and fluphenazine (10 μM) was used to define nonspecific binding. For 

D2, D3 and D4 receptors, [3H]methylspiperone (~1 nM) was used as the radiolabeled ligand 

and (+)-butaclamol (4 μM) was used to define nonspecific binding. Binding was carried out 

in 50 mM Tris-HCl buffer containing 120 mM NaCl, 5 mM KCl, 2 mM CaCh and 1 mM 

MgCh at room temperature for 1 h in a volume of 250 μL with 10–200 μg membrane protein 

depending on receptor expression level. Incubations were terminated by filtration through 

Whatman GF/B filters and radioactivity on filters was measured. Competitive inhibition of 

[3H]SCH23390 binding to the D1 and D5 receptors or [3H]methylspiperone binding to the 

D2, D3 and D4 receptors by L-SPD, was performed with various concentrations (10–11 M to 

10–5 M) of L-SPD. Binding data were analyzed with GraphPad Prism 6.0 (GraphPad 

Software, La Jolla, CA) and Ki values determined.

cAMP assay—The cAMP assay was performed as described previously 49. Briefly, 

HEK293 cells stably expressing the D1 or D5 receptors were harvested, re-suspended and 

counted. Cells (0.6–1 × 106) were added to assay tubes containing isobutylmethylxanthine 

(final concentration 2.5 mM) in the Opti-MEM reduced serum medium as well as 10−11 M 

to 10−5 M of L-SPD or DA, and incubated at 37°C for 10 min. The reaction was terminated 

by boiling for 5 min. [3H]cAMP (~3 pmol/~ 30,000 dpm in 0.02 M citrate phosphate buffer, 

pH 5.0) was added to all tubes. cAMP binding protein was added at an amount that gave 

10,000 to 20,000 dpm [3H]cAMP binding in the absence of cold cAMP. The mixture was 

incubated for 2 h at 4°C. Bound and free [3H]cAMP were separated by adsorption of free 

[3H]cAMP by charcoal suspension. The amounts of cAMP were calculated based on the 

standard curve and converted to pmol/106 cells/10 min.

[35S]GTPyS binding assay—[35S]GTPγS binding was used as a functional measure of 

D2 and D3 receptor activation. Determination of [35S]GTPγS binding to G proteins was 

carried out using a modification of our published procedure 50. Briefly, membranes of CHO 
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cells stably expressing the D2 or D3 receptors were prepared. Membranes (10 μg protein) 

were incubated in reaction buffer containing [35S]GTPγS (80–100 pM) and 10 μM GDP 

with or without 10 μM DA or L-SPD for 60 min at 30°C. Nonspecific binding was 

determined in the presence of 10 μM GTPγS. Bound and free [35S]GTPγS was separated by 

filtration.

Drugs and Drug Preparation

For all experiments, (−)-L-SPD was dissolved in 0.1 mmol/L H2SO4, then diluted and pH 

neutralized with 0.1 mmol/L NaOH (pH 5.0). Water was used as the vehicle control. (±)-

MDPV was synthesized according to previously published methods 51, 52 by colleagues at 

Fox Chase Chemical Diversity Center (Doylestown, PA, USA) and dissolved in 

physiological saline (0.9%). For behavioral tests, L-SPD and MDPV were administered by 

intraperitoneal (i.p.) injection at a volume of 1 mL/kg. Equivalent injections of vehicle or 

saline were used for the control conditions. For self-administration sessions, MDPV was 

dissolved in filtered physiological saline (0.9%) and given by intravenous (i.v.) infusion.

Animals

Male Sprague-Dawley rats (250–275 g) obtained from Harlan Laboratories (Indianapolis, 

IN) were used. Rats were pair-housed in a humidity- and temperature-controlled vivarium on 

a 12 h light/dark cycle (lights on at 07:00h), except for MDPV and sucrose self-

administration experiments where rats were single-housed in a separate vivarium maintained 

on a reverse light cycle (lights off at 07:00h). Rats were provided with food and water ad 
libitum, except during behavioral testing. Experimental procedures were carried out in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals and Temple 

University’s Guidelines for the Care of Animals.

MDPV Intravenous Self-Administration (IVSA) Procedure

Surgical procedures were performed as previously described 10. Briefly, rats were 

administered an analgesic (meloxicam, 5 mg/mL, s.c.) before being anaesthetized (2% 

isoflurane in oxygen, 2 L/min) and implanted with an i.v. catheter into the right jugular vein. 

A backmount mesh secured to a 22-gauge stainless steel vascular port (PlasticsOne, 

Roanoke, VA, USA) was mounted on the mid-scapular region of the rats’ dorsal surface. 

Rats were given injectable analgesia (meloxicam 2.0 mg/kg, s.c.) post-operatively for 2 

days, and allowed 7 days to recover before starting self-administration training.

Self-administration sessions were conducted during the dark cycle in standard 

selfadministration chambers (Med Associates, St. Albans, VT, USA) equipped with two 

retractable levers designated as active (right lever) or inactive (left lever). Rats were trained 

to self-administer 0.056 mg/kg/infusion of MDPV 9,10 in daily 2 h sessions for 14 days on a 

fixed-ratio 1 (FR1) schedule of reinforcement with a 20-sec inter-trial interval. Responses on 

the active lever produced a 50 μL infusion of MDPV delivered over 3-sec via an infusion 

pump connected to a tether system attached to the catheter port of each rat. Drug infusions 

were paired with the presentation of a tone (~4.5 kHz, 78 dB tone), illumination of a cue 
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light (50 mm above the active lever) and deactivation of the house-light. Responses on the 

inactive lever were recorded during the sessions but had no scheduled consequences. Before 

each session, catheters were flushed with 0.1 mL of 100 IU/mL heparinized saline. After 

each session, catheters were flushed with 0.2 mL of antibiotic (enrofloxacin, 2 mg/mL) in 

heparinized saline. At the conclusion of the acquisition phase, rats were considered to have 

acquired reliable self-administration behavior based on the criterion of ≥ 10 infusions per 

session for 10 consecutive sessions 53.

Extinction training commenced immediately after the acquisition period. Rats were placed 

into the self-administration chambers for 2 h during which responses on the active and 

inactive levers were recorded, but had no scheduled consequences. Extinction training lasted 

13–14 days, or until rats met the criterion of ≤ 20 active lever presses 53.

Following extinction, rats underwent a series of cue and/or MDPV-primed reinstatement 

tests (2 h duration). For the cue-induced reinstatement tests, depression of the active lever 

triggered the infusion pump and the same tone and light stimulus complex used during self-

administration training. The MDPV-primed reinstatement tests were run under extinction 

conditions where active and inactive lever responses had no scheduled consequences. 

However, an experimenter injection of MDPV (0.5 mg/kg; i.p.) was given immediately 

before rats were placed into the chambers. The cue plus MDPV-primed reinstatement tests 

employed both the MDPV-associated stimuli and a priming injection of MDPV. No 

infusions of MDPV were delivered during all reinstatement tests. Each reinstatement test 

was separated by at least 2 extinction sessions, or until rats regained the extinction criterion.

Sucrose Self-Administration Procedure

Sucrose self-administration sessions were performed during the dark cycle in the same 

chambers used for MDPV IVSA. Rats were trained to self-administer sucrose pellets in 

daily 2 h sessions for 10 days on a FR1 reinforcement schedule with a 20-sec inter-trial 

interval. Responses on the active lever resulted in delivery of a single 45-mg sucrose pellet 

(Bio-Serv, Flemington, NJ, USA) paired with the same tone and light stimulus complex used 

during MDPV IVSA. Responses on the inactive lever were recorded but had no scheduled 

consequences.

Extinction training commenced immediately after the self-administration sessions and 

followed the same procedure used for MDPV IVSA. Extinction training was conducted over 

9 days, or until rats met the criterion of ≤ 20 active lever responses.

Following extinction, a cue-induced reinstatement test (2 h duration) was conducted where 

responses on the active lever triggered the same tone and light stimulus complex used during 

self-administration sessions.

Conditioned Place Preference (CPP) Procedure

A 30-min preference test was conducted prior to conditioning to determine baseline 

preference. During this test, rats were allowed to freely explore both sides of the two-

compartment CPP apparatus (each compartment, 45 cm × 20 cm × 20 cm) in a drug-free 
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state. Each compartment was environmentally distinguishable based on the walls (black or 

white with vertical black stripes) and floor (textured or smooth). The time spent in each 

compartment was recorded and manually scored after the test by a naïve experimenter. The 

compartment in which rats spentless time was considered their ‘less-preferred 

compartment’, and designated as the MDPV-paired side.

Following the initial preference test, a 4-day ‘biased’ conditioning phase commenced in 

which two 30-min sessions were run each day during the light cycle. In the first conditioning 

session, rats were administered MDPV (2 mg/kg) and immediately placed in their initially 

less-preferred compartment. In the second session conducted 4 h later, rats were given a 

saline injection (1 mL/kg) and placed in their initially preferred compartment. To determine 

whether MDPV had produced a significant place preference, a ‘post-conditioning’ 

preference test was conducted the day after the last conditioning session that followed the 

same procedure used in the initial preference test. A significantly greater amount of time 

spent in the MDPV-paired compartment during the post-conditioning test relative to the 

initial preference test indicated the acquisition of CPP.

Following the post-conditioning test, rats underwent an extinction phase that followed the 

same procedure employed during conditioning, with the exception that saline was paired 

with both compartments. On the day after the last extinction session, a ‘post-extinction’ 

preference test was performed that was identical to the initial preference test. CPP was 

considered to be extinguished if there was no significant difference between the time spent 

in the MDPV-paired compartment during the post-extinction test relative to the initial 

preference test.

An MDPV-primed reinstatement test was conducted the day after the post-extinction test. 

Rats were given MDPV (0.5 mg/kg; i.p.) immediately prior to being placed into the CPP 

apparatus, and then allowed to explore both compartments for 30 min.

Locomotor Activity Test

A locomotor activity test was performed during the light cycle according to previously 

published procedures 6. Briefly, rats were placed into activity chambers that consisted of 

transparent plastic boxes (45 cm × 20 cm × 20 cm) mounted inside metal frames equipped 

with 16 infrared light emitters and detectors. Two forms of locomotor activity were 

automatically measured using computer software (Digiscan DMicro System; Accuscan Inc., 

Columbus, OH): 1) ambulatory activity produced by horizontal movements, and 2) 

stereotypy resulting from recurring or focused movements.

Experimental Procedures

Experiment 1: Cue or MDPV-primed reinstatement of MDPV-seeking behavior in the IVSA 
model

To determine whether rats exposed to MDPV would reinstate their drug-seeking behavior in 

response to only MDPV-associated cues, or only a priming injection of MDPV, rats (n = 14) 
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were tested in a cue-induced reinstatement test followed by an MDPV-primed reinstatement 

test in Experiment 1.

Experiment 2: The effects of L-SPD on reinstatement of MDPV-seeking behavior in the 
IVSA model

In Experiment 2, we examined the propensity for reinstatement of MDPV-seeking behavior 

using both MDPV-associated cues and an MDPV prime. We also determined the dose-

related effects of L-SPD on cue plus MDPV-primed reinstatement of MDPV-seeking 

behavior. Rats (n = 11) were administered vehicle, and three doses of L-SPD (1, 3 and 10 

mg/kg) 30, in a randomized counterbalanced order 30 min prior to the reinstatement tests. 

We decided to test the effects of L-SPD against cue plus MDPV-primed reinstatement as this 

produces greater drug-seeking behavior than either stimulus alone, which provided us with 

the optimal conditions to observe behavioral effects with L-SPD.

Experiment 3: The effects of L-SPD on reinstatement of sucrose-seeking

In Experiment 3, we examined the effects of L-SPD on cue-induced reinstatement of 

sucrose-seeking to assess whether its inhibitory effects were specific to psychostimulant-

induced reinforcement. Rats were matched on active lever responses across the last 3 days of 

self-administration training, and then allocated to receive either vehicle (1 mL/kg) or the 

highest dose of L-SPD (i.e. 10 mg/kg) (n = 7–8 per group). Drug treatment was administered 

30 min prior to the reinstatement test.

Experiment 4: The effects of L-SPD on reinstatement of MDPV-induced CPP

To determine the effects of L-SPD in the CPP paradigm, the effective dose from Experiment 

2 (i.e. 10 mg/kg) was tested against MDPV-primed reinstatement of MDPV place 

preference. Following the post-extinction test, treatment groups (n = 12 per group) were 

allocated to receive either vehicle (1 mL/kg) or L-SPD matched on their initial preference 

test times. Vehicle or L-SPD was administered 30 min prior to the start of the reinstatement 

test.

Experiment 5: The effects of L-SPD on MDPV-induced hyperactivity

In Experiment 5, we conducted a locomotor activity test to examine the effects of L-SPD on 

MDPV-induced hyperactivity, and whether L-SPD itself had any locomotor effects. Rats (n 
= 8 per group) were randomly allocated to 4 treatment conditions: 1) vehicle + saline, 2) L-

SPD + saline, 3) vehicle + MDPV and 4) L-SPD + MDPV. Basal locomotor activity was 

recorded for 30 min prior to vehicle or L-SPD administration. Thirty minutes later, saline or 

MDPV was given and locomotor activity measured for 90 min. MDPV was administered at 

2 mg/kg to match the dose used in Experiment 4. L-SPD was given at the highest dose of 10 

mg/kg.

Data Analysis

A one-way repeated measures ANOVA was used to analyze the data from Experiment 1 

(cue-induced and MDPV-primed reinstatement tests) and Experiment 2 (dose-related effects 

of L-SPD on cue plus MDPV-primed reinstatement). The effects of L-SPD treatment on 
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reinstatement of sucrose-seeking (Experiment 3) or MDPV place preference (Experiment 4) 

were determined using a two-way mixed model ANOVA with the between-subject factor of 

‘L-SPD treatment’ and the within-subject factor of ‘experimental phase’. The effects of L-

SPD on MDPV-induced hyperactivity (Experiment 5) were analyzed with the two-way 

between-subjects ANOVA procedure. Where appropriate, the overall ANOVA’s were 

followed by Bonferroni post-hoc tests to enable specific comparisons between treatment 

groups. GraphPad Prism 6.0 was used for all statistical analyses with significance considered 

at p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CHO Chinese hamster ovary

CPP conditioned place preference

DA dopamine

DAT dopamine transporter; fixed-ratio 1 (FR1)

HEK human embryonic kidney

i.p. intraperitoneal

i.v. intravenous

IVSA intravenous self-adminsitration

L-SPD (−)-Stepholidine

L-THP Levo-tetrahydropalmatine

MDMA 3,4-methylenedioxymethamphetamine

MDPV 3,4-methylenedioxypyrovalerone

NE norepinephrine

NET norepinephrine transporter

NIDA National Institute on Drug Abuse

PMSF phenylmethylsulfonyl fluoride

s.c. subcutaneous
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5-HT 5-hydroxytryptamine (serotonin)

6-OHDA 6-hydroxydopamine
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Figure 1. L-SPD acts as a full and partial agonist at the D1 and D5 receptor, respectively, in 
comparison to dopamine (DA).
DA and L-SPD stimulated cAMP formation in HEK cells expressing D1 or D5 receptors in a 

dose-dependent manner. cAMP levels were examined as previously described, and data were 

normalized to DA at 10−5 M. Potencies and efficacies were determined by curve fitting and 

are shown in Table 2. Data represent mean ± S.E.M. (n = 3–4).
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Figure 2. L-SPD acts as an antagonist at the D2 and D3 receptor.
Dopamine (DA), but not L-SPD, stimulated [35S]GTPγS binding in CHO cells expressing 

D2 or D3 receptors at doses of 10 μM (a). L-SPD at 1 μM shifted the dose-response curve of 

DA to the right and increased the EC50 value of DA by 21-fold at the D2R, and 50-fold at 

the D3R (b). Potencies and efficacies were determined by curve fitting and are shown in 

Table 3. Data represent mean ± S.E.M. (n = 4–5). ***p < 0.001 relative to Basal using one-

way ANOVA with Bonferroni post-hoc tests.
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Figure 3. MDPV-associated cues or an MDPV prime significantly reinstate MDPV-seeking 
behavior in the IVSA model
Data for acquisition (ACQ) and extinction (EXT) training was based on average 

performance across the last 3 days of each phase. EXT significantly decreased active lever 

presses (a) (p < 0.001), but significantly increased inactive lever presses (b) (p < 0.01), when 

compared to ACQ. There was a significant increase in active lever responses during both the 

cue-induced (CUE) (p < 0.001), and MDPV-primed reinstatement tests (MDPV) (p < 0.05), 

relative to EXT. Data are shown as mean + S.E.M. (n = 14). +++p < 0.001, ++p < 0.01 

relative to ACQ; ***p < 0.001, *p < 0.05 relative to EXT.
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Figure 4. L-SPD dose-dependently attenuates cue plus MDPV-primed reinstatement of MDPV-
seeking behavior in the IVSA model.
Data for acquisition (ACQ) and extinction (EXT) training was based on average 

performance across the last 3 days of each phase. EXT significantly reduced active lever 

responses in comparison to ACQ (p < 0.01) (a). L-SPD at 10 mg/kg (p < 0.01), but not 1 or 

3 mg/kg (both p > 0.05), significantly reduced active lever presses during reinstatement 

testing (a). However, L-SPD did not significantly affect responses on the inactive lever (b). 

Data are shown as mean + S.E.M. (n = 11). ++p < 0.01 relative to ACQ; **p < 0.01 relative 

to vehicle (VEH).
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Figure 5. L-SPD inhibits cue-induced reinstatement of sucrose-seeking.
Data for extinction (EXT) training was based on average performance across the last 3 

sessions. Vehicle-treated rats showed a significant increase in active lever presses during 

cue-induced reinstatement (RST) relative to EXT (p < 0.001; within-group comparison) (a). 

L-SPD (10 mg/kg) significantly reduced active lever presses during RST when compared to 

vehicle (p < 0.001; between-group comparison) (a). There were no significant differences 

within or between treatment groups in terms of inactive lever presses across EXT and RST 

(b). Data are shown as mean + S.E.M. (n = 7–8 per group). +++p < 0.001 relative to EXT 

(within-group comparison); ***p < 0.001 relative to vehicle (VEH) (between-group 

comparison).
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Figure 6. L-SPD inhibits MDPV-primed reinstatement of MDPV CPP.
Note that L-SPD (10 mg/kg) was only administered 30 min prior to the reinstatement test. 

Rats in both treatment groups successfully acquired a CPP (PRE vs. POST; both p < 0.01) 

with MDPV (2 mg/kg), which was abolished following extinction training (PRE vs. EXT; 

both p > 0.05). Rats given L-SPD (10 mg/kg) spent significantly less time in the MDPV-

paired side during the reinstatement test relative to vehicle-treated rats (p < 0.001). Data are 

presented as mean + S.E.M. (n = 12 per group). ++p < 0.01 relative to pre-conditioning 

(within-group comparison); ***p < 0.001 relative to vehicle (between-group comparison). 

VEH, vehicle; PRE, preconditioning; POST, post-conditioning; EXT, extinction; RST, 

reinstatement.
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Figure 7. MDPV-induced hyperactivity is not significantly affected by L-SPD.
Data were measured as counts and summed over 90 min. L-SPD pretreatment (10 mg/kg) by 

itself had no effects on either ambulatory activity (a) or stereotypy (b) (both p > 0.05). 

MDPV (2 mg/kg) treatment significantly increased ambulation (a) and stereotypy (b) (both 

p < 0.001), neither of which were affected by pretreatment with L-SPD (10 mg/kg) (both p > 

0.05). Data are shown as mean + S.E.M. (n = 7–8 per group). VEH, vehicle; SAL, saline.
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Table 1.

Ki values (nM) of L-SPD to the human D1, D4 and D5 receptors stably expressed in HEK293 cells and human 

D2 and D3 receptors stably expressed in CHO cells. Competitive inhibition by L-SPD of ~1nM 

[3H]SCH23390 binding to D1 and D5 receptors and of ~1nM [3H]methylspiperone binding to D2, D3 and D4 

receptors was conducted, and its Ki values were determined. Each value represents mean ± S.E.M. of three 

experiments.

D1-like receptors D2-like receptors

D1R D5R D2R D3R D4R

L-SPD 5.6 ± 0.7 18.4 ± 2.5 15.0 ± 1.4 7.8 ± 0.6 >1000
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Table 2.

Potencies (EC50) and efficacies (Emax) of dopamine (DA) and L-SPD in stimulating D1 or D5 receptors to 

enhance cAMP formation in HEK cells expressing the human D1 or D5 receptor. Each value represents mean 

± S.E.M. (n = 3–4).

D1R D5R

Log[EC50(M)] EC50 (μM) Emax (% of 10−5 M DA 
response) [fold of basal]

Log[EC50(M)] EC50 (μM) Emax (% of 10−5 M DA 
response) [fold of basal]

DA −7.01 ± 0.20 0.098 ± 0.046 108.1 ± 9.7 [17.4] −6.69 ± 0.12 0.20 ± 0.06 108.4 ± 5.3 [25.5]

L-SPD −7.68 ± 0.12 0.021 ± 0.006 108.8 ± 4.0 [17.5] −7.20 ± 0.28 0.063 ± 0.043 23.6 ± 2.0*** [6.5]

***
p < 0.001 compared to DA using t-tests.
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Table 3.

Effects of the presence of 1 μM of L-SPD on potency (EC50) and efficacy (Emax) of dopamine (DA) in 

stimulating D2 or D3 receptors to enhance [35S]GTPγS binding in CHO cells expressing the human D2 or D3 

receptor. Basal [35S]GTPγS binding values were ~2000–3000 dpm. Each value represents mean ± S.E.M. (n = 

3–5).

D2R D3R

Log[EC50(M)] EC50 (μM) [Fold of 
DA]

E
max(% of basal) Log[EC50(M)] EC50 (μM) [Fold of 

DA]
E

max(% of basal)

DA −6.08 ± 0.08 0.83 ± 0.14 [1] 168.1 ± 1.6 −7.30 ± 0.24 0.042 ± 0.019 [1] 142.5 ± 2.9

DA + L-
SPD 1 μM −4.75 ± 0.19*** 17.6 ± 7.9* [21] 140.6 ± 3.8*** −5.68 ± 0.30** 2.08 ± 1.04* [50] 139.9 ± 9.3

***
p < 0.001

**
p < 0.01

*
p < 0.05, relative to DA by t-tests.
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