
“Ecstasy” to Addiction: Mechanisms and Reinforcing Effects of 
Three Synthetic Cathinone Analogs of MDMA

Sean B. Dolana, Zhenglan Chena, Renqi Huanga, and Michael B. Gatcha

aDepartment of Pharmacology and Neuroscience, University of North Texas Health Science 
Center, 3500 Camp Bowie Blvd, Fort Worth, TX, USA

Abstract

This study aimed to address the mechanisms and reinforcing effects of three synthetic cathinone 

analogs of MDMA commonly reported in “Ecstasy” formulations: methylone, butylone, and 

pentylone. Whole-cell patch clamp techniques were used to assess the mechanism of each 

compound at the dopamine and serotonin transporters. Separate groups of rats were trained to 

discriminate methamphetamine, DOM, or MDMA from vehicle. Substitution studies were 

performed in each group and antagonism studies with SCH23390 were performed against each 

compound that produced substitution. Self-administration of each compound was evaluated under 

a progressive ratio schedule of reinforcement. Each compound produced an inward current at the 

serotonin transporter, but little or no current at the dopamine transporter. Each of the test 

compounds substituted fully for the discriminative stimulus effects of methamphetamine, 

methylone and butylone substituted partially for DOM and fully for MDMA, whereas pentylone 

failed to substitute for DOM and substituted only partially for MDMA. SCH23390 fully and dose-

dependently attenuated methamphetamine-appropriate responding produced by each test 

compound, but was least potent against pentylone. MDMA-appropriate responding was minimally 

affected by SCH23390. Each test compound was robustly self-administered with pentylone 

producing the greatest self-administration at the doses tested. Given the prevalence of synthetic 

cathinones in “Ecstasy” formulations, these data indicate that adulterated “Ecstasy” formulations 

may drive more compulsive drug use than those containing only MDMA.
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1. Introduction1

In recent years, the club drug “Molly”, which is typically sold in powdered form and 

popularly considered and branded as pure MDMA, has surged in popularity and is 

considered a staple in modern-day dance, rave, and festival culture (Palamar, 2017). 
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However, much like the tablet-based “Ecstasy”, powdered “Molly” formulations are 

regularly adulterated with other psychoactive substances in addition to and in lieu of MDMA 

(UNODC, 2014; Ecstasydata.org, 2017; Palamar et al., 2016a; Saleemi et al., 2017). 

Synthetic cathinones are most commonly used as adulterants in these “Molly” formulations, 

which present with numerous adverse effects, including serotonin syndrome, psychiatric 

complications, and death (Palamar et al., 2016b; Elliott & Evans, 2014; German et al., 2014; 

Warrick et al., 2012). The current study aimed to determine the discriminative stimulus and 

reinforcing effects of three synthetic cathinone analogs of MDMA: methylone, butylone, and 

pentylone (fig. 1).

MDMA is known and preferred for its unique subjective effects including improved 

sociability, an overall sense of trust or empathy, and enhanced appreciation of music in 

addition to the increased energy associated with other stimulant-type drugs (Pentney, 2001). 

Although MDMA operates through a similar mechanism as methamphetamine, MDMA is 

more selective for the serotonin transporter (SERT) than the dopamine transporter (DAT), 

whereas methamphetamine is predominately dopaminergic (Simmler et al., 2013; 2014). 

This DAT- and SERT-mediated mechanism is also apparent in MDMA’s discriminative 

stimulus effects. Studies using two- and three-choice drug discrimination procedures have 

indicated a complex discriminative stimulus of MDMA mediated by both dopamine and 

serotonin (Goodwin & Baker, 2000; Goodwin et al., 2003; Schechter, 1986), and the relative 

contributions of dopamine and serotonin appear to be dose- and time-dependent (Harper et 

al., 2014; Webster et al., 2017; Schechter, 1988). The complex nature of MDMA’s 

discriminative stimulus may provide the unique subjective effects that have made MDMA, 

“Ecstasy”, and “Molly” so popular amongst club-goers.

The synthetic cathinones are a structurally-diverse class of compounds that exist along a 

mechanistic spectrum from amphetamine-like monoamine releasing agents to cocaine-like 

uptake inhibitors, all with varying selectivity profiles (Simmler et al., 2013; 2014; Eshleman 

et al., 2013; 2017). In vitro evaluations of the molecular mechanisms of methylone, 

butylone, and pentylone, three popular synthetic cathinone analogs of MDMA, have 

provided some discrepant results as to whether these compounds operate as serotonin 

reuptake inhibitors or transporter substrates (Simmler et al., 2013, 2014; Eshleman et al., 

2013; 2017). Of the three N-methyl cathinone derivatives of MDMA in the current study, 

methylone has been most thoroughly characterized. Previous reports have indicated 

substitution of methylone for the discriminative stimulus effects of cocaine and 

methamphetamine (Gatch et al., 2013) and MDMA, but not DOM (Dal Cason et al., 1997). 

Differing degrees of methylone self-administration have been reported throughout the 

literature (Watterson et al., 2012; Vandewater et al., 2015; Schindler et al., 2016). Butylone 

and pentylone both substitute for the discriminative stimulus effects of methamphetamine 

and cocaine (Gatch et al., 2013; 2015). Pentylone has been demonstrated to produce robust 

self-administration relative to methylone under a continuous schedule of reinforcement 

1Abbreviations: β-keto-N-methylbenzodioxolylbutanamine (Butylone); dopamine transporter (DAT); drug-appropriate responding 
(DAR); 2,5-dimethoxy-4-methylamphetamine (DOM); 3,4-methylenedioxy-N-methamphetamine (MDMA); 3,4-methylenedioxy-N-
methylcathinone (Methylone); β-Keto-N-methylbenzodioxolylpentanamine (Pentylone); 7-chloro-3-methyl-1-phenyl-1,2,4,5-
tetrahydro-3-benzazepin-8-ol (SCH23390); serotonin transporter (SERT); standard error of the mean (SEM)
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(Javadi-Paydar et al., 2017), but butylone has not been studied in a self-administration assay. 

These early data implicate dopamine in the discriminative stimulus effects of these 

cathinone analogs of MDMA, but provide limited, if any, information regarding serotonergic 

contributions. Furthermore, how the mechanisms translate into abuse liability is not fully 

understood.

The current study aims to clarify the in vitro mechanism of these compounds at DAT and 

SERT using electrophysiological techniques, evaluate the relative dopaminergic and 

serotonergic contributions to the discriminative stimulus effects of these compounds using 

rats trained to discriminate methamphetamine, DOM, or MDMA from vehicle, and to 

evaluate the reinforcing effects of these compounds using a self-administration assay under a 

progressive ratio schedule of reinforcement.

2. Materials and Methods

2.1 Cells and Transporters

Human embryonic kidney (HEK) 293 cells were used in electrophysiological experiments. 

Cells were transiently transfected using PolyJet™ transfection reagent (SignaGen, Rockville, 

MD) with 0.5 μg GFP-tagged human serotonin-transporter cDNA (hSERT, Cat# MG227448, 

Origene Technologies, Rockville, MD). We found that GFP-tagged human dopamine 

transporter cDNA (hDAT, Cat# RG219466, Origene) did not form functional expression as 

no dopamine-induced current could be recorded from GFP-staining cells. A tag-free form of 

hDAT cDNA (Cat# SC302961) was used for electrophysiological experiments. Expression 

was confirmed with fluorescent microscopy (Nikon Eclipse TS100 and Nikon Imaging 

Software, Nikon Instruments, Tokyo, Japan) for GFP-tagged hSERT or currents activated by 

DA for hDAT. Electrophysiological studies were performed 24–48 h following transfection.

2.2 Animals

Male Sprague-Dawley rats (Envigo, Indianapolis, IN) were housed individually and 

maintained on a 12:12 light/dark cycle (lights on at 7:00 AM). All experiments were 

conducted during the light cycle. Body weights were maintained at 320–350 g by limiting 

food to 15 g/day. Water was readily available. All housing and procedures were in 

accordance with Guidelines for the Care and Use of Laboratory Animals (National Research 

Council, 2011) and were approved by the University of North Texas Health Science Center 

Animal Care and Use Committee.

2.4 Drug Discrimination2.3 Electrophysiology

Whole-cell patch-clamp electrophysiology was used to assess neurotransmitter- (serotonin, 

5-HT or dopamine, DA) and drug-induced currents via hSERT or hDAT. All experiments 

were conducted at room temperature (22–25°C) with membrane potential clamped at −70 

mV. Patch pipettes of borosilicate glass (1B150F; World Precision Instruments, Inc., 

Sarasota, FL) were pulled (Flaming/Brown, P-87/PC; Sutter Instrument Company, Novato, 

CA) to a tip resistance of 4 to 6 MΩ. To record Na+-currents via hSERT, patch pipettes were 

filled with a solution consisting of 140 mM K-gluconate, 10 mM Na4-EGTA, 10 mM 

HEPES, 4 mM Na2-ATP, 4 mM MgCl, and 0.4 mM Na3-GTP, pH 7.3. To record Na+ and Cl
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− currents via hDAT, pipette solution contained (in mM) 140 CsCl, 10 EGTA, 10 HEPES, 4 

Mg-ATP; pH 7.2. The cover slips containing cells were placed in a small chamber (~ 1.5 ml) 

and superfused continuously (7–10 ml/min) with an external solution consisting of 130 mM 

NaCl, 10 mM HEPES, 1.5 mM CaCl2, 1.3 mM KCl, 0.5 mM MgCl2, and 34 mM glucose, 

pH 7.3. The cells were visualized using an upright, fixed stage microscope (Nikon 

Optiphot-2UD) with a 12 V-100 W halogen lamp equipped with standard Hoffman 

modulation contrast optics and video camera system (Sony model XC-75 CCD video 

camera module and a video capture system). Agonist-induced currents were obtained with a 

patch clamp amplifier (Axopatch 200B, Molecular Devices, Sunnyvale, CA) equipped with 

a CV203BU headstage. Currents were low-pass filtered at 5 kHz, monitored simultaneously 

on an oscilloscope and a chart recorder (Gould TA240; Gould Instrument Systems Inc., 

Cleveland, OH), sampled at 30 KHz using a Digidata 1440A and stored on a computer using 

an on-line data acquisition system (Clampex 10.6, Molecular Devices) for subsequent off-

line analysis.

All drugs were directly dissolved into extracellular solution on the day of the experiment. 

100 μM Na2S2O5 was added as an antioxidant to prevent DA from being oxidized. To 

qualitatively assess directionality of current, cocaine, MDMA, methylone, butylone or 

pentylone was applied for 5 sec at a concentration of 10 or 100 μM. 5-HT or DA, at a 

concentration of 10 or 100 μM was applied for 5 sec prior to and after drug application as a 

baseline control. Drugs were applied at 60 s intervals.

2.4.1 Apparatus—Standard behavior-testing chambers (Coulbourn Instruments, 

Allentown, PA) were connected to IBM-PC compatible computers via LVB interfaces (Med 

Associates, East Fairfield, VT). The computers were programmed in Med-PC for Windows, 

version IV (Med Associates, East Fairfield, VT) for chamber operation and data collection.

2.4.2 Discrimination Procedures—Drug discrimination procedures occurred as 

previously described (Gatch et al., 2016). Briefly, a pool of rats trained to discriminate either 

methamphetamine (1 mg/kg), MDMA (1.5 mg/kg) or DOM (0.5 mg/kg) from saline was 

tested (n=8–9 rats/drug). Rats received an injection of either saline or drug and were 

subsequently placed in the behavior-testing chambers, where food (45 mg food pellets; Bio-

Serv, Frenchtown, NJ) was available under an FR10 schedule of reinforcement on a 

designated injection-appropriate lever. The pretreatment time was 10 min for 

methamphetamine, 15 min for MDMA, and 30 min for DOM. Each training session lasted a 

maximum of 10 min, and the rats could earn up to 20 food pellets. The training sessions 

occurred on separate days in a double alternating fashion until the training phase was 

complete, and rats received at least 60 of these sessions before they were used in tests for 

substitution of the experimental compounds. Rats continued training until they had achieved 

nine of ten sessions at 85% injection-appropriate responding, after which substitution tests 

were introduced into the training schedule such that at least one saline and one drug session 

occurred between each test. The substitution tests occurred only if the rats had achieved 85% 

injection-appropriate responding on the two prior training sessions.

Test sessions lasted for a maximum of 20 min and both levers were active according to an 

FR10 schedule of reinforcement. Data were collected until 20 reinforcers were obtained, or 
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until 20 min elapsed. The dose effect of each compound was tested from no effect to full 

effect or until rate suppression (<20% of vehicle control) or adverse effects were observed. 

For substitution experiments, MDMA, methylone, butylone, pentylone, or their vehicle were 

administered intraperitoneally (1 mL/kg) 15 minutes before the session started. For 

antagonism studies, SCH23390 was administered subcutaneously 30 min before the session 

started. SCH23390 was administered in conjunction with the lowest substituting dose of the 

test compound that fully substituted for the training drug. A repeated-measures design was 

used, such that each rat was tested at all doses of a given drug.

2.5 Self-Administration

2.5.1 Apparatus—All testing procedures occurred in standard operant chambers modified 

for self-administration experiments (Med Associates, St Albans, VT) containing a single 

lever, a cue light, and a house light at the rear of the chamber. The operant chambers were 

connected to IBM-PC compatible computers via LVB interfaces (Med Associates, East 

Fairfield, VT). The computers were programmed in Med-PC for Windows, version IV (Med 

Associates, East Fairfield, VT) for the chamber operation and data collection.

2.5.2 Food Training Procedure—All rats were trained to respond for food reinforcers 

(45 mg food pellets; Bio-Serve, Frenchtown, NJ) under a FR5 schedule of reinforcement. 

Rats that completed at least 5 consecutive sessions in which 20 reinforcers were obtained 

then underwent surgery for intravenous self-administration testing.

2.5.3 Surgical Procedure—Rats received analgesia (Rimadyl 2 mg, p.o.; Bio-Serv, 

Frenchtown, NJ) 24 hrs before, immediately following, and 24 hrs after surgery. Rats were 

anesthetized with isofluorane (5%) and maintained under anesthesia throughout the surgery 

(2.5%). Polyurethane tubing (1.1 mm outer diameter, 0.6 mm inner diameter) was implanted 

in the right jugular vein, fixed in place with suture, passed subcutaneously, and affixed to an 

external guide cannula. Catheters were flushed daily before each session with 0.9% saline 

and locked after each session with heparinized (50 units/mL) saline containing timentin (310 

mg/mL; 0.1 mL/rat). Rats were allowed 7 days for recovery prior to beginning testing.

2.5.4 Progressive Ratio Self-Administration Testing—Following recovery, rats 

(n=6) were trained to self-administer methamphetamine (0.05 mg/kg/inf). Responding 

according to a FR10 schedule resulted in a drug-solution infusion (0.1 mL/1sec) and 

dimming of the cue light for 20 sec. Sessions lasted two hours and rats were tested 7 days 

per week. Response-stability criteria were three consecutive sessions with <20% change in 

infusions among sessions. At least ten training sessions were completed prior to beginning 

substitution testing. Once stability criteria were reached, rats self-administered 

methamphetamine (0.05 mg/kg/inf) under a progressive ratio schedule of reinforcement. 

Ratio requirement was determined according to the equation: Ratio=5e(infusion number*0.3)-5 

(Richardson and Roberts, 1996). The value of j=0.3 was chosen based on previous literature 

testing synthetic cathinones (Aarde et al., 2013) and preliminary data from our lab indicating 

this ratio array would produce a breakpoint in less than 4 hours. Sessions lasted until 60 min 

elapsed during which the rat failed to receive an infusion, which was considered the 

breakpoint. Stability criteria were defined as two consecutive sessions that varied by no 
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more than ±2 infusions. Once stability criteria with methamphetamine were reached, rats 

began substitution testing under the same experimental conditions. Drug and dose order 

were assigned randomly using a Latin square. Each dose was tested at least twice until 

responding was stable. All doses were completed, along with saline and methamphetamine 

(0.05 mg/kg/inf) controls, before the next drug was tested. A repeated-measures design was 

used, such that each rat was tested at all doses of a given drug.

2.6 Data Analysis

Raw currents were normalized to the initial 5-HT or DA current (assigned as 100%), and 

analyzed with Clampfit 10.7 and Origin 5.0 software. The normalized currents were 

compared among drugs with a Student’s t-test or one-way ANOVA followed by Holm-Sidak 

post hoc test. Linear correlational analysis was conducted to determine the relation between 

the molecular weight of the α-alkyl side chain and SERT or DAT activation.

Drug discrimination data are expressed as the mean percentage of drug-appropriate 

responses. Full substitution was defined as >80% drug-appropriate responding and full 

antagonism was defined as <20% drug-appropriate responding.

Response rates were expressed as a function of the total responses divided by the total 

session time. Response rate data were analyzed by one-way repeated measures analysis of 

variance. Individual doses were compared to the vehicle control value in substitution tests 

and the antagonist vehicle + test drug control value in antagonism tests using a priori 
contrasts.

Self-administration data are expressed as the mean total infusions obtained and the mean 

total responses emitted. Data include two replications for each rat. Data were analyzed using 

a repeated-measures analysis of variance assessing effects of dose and drug. If a main effect 

of dose was present, individual doses were compared to the vehicle control value using a 

priori contrasts. If a main effect of drug was present, a one-way analysis of variance was 

utilized to assess differences between drugs at each dose.

2.7 Drugs

(+)-methamphetamine HCl, (±)-3,4-methylenedioxymethamphetamine HCl (MDMA), 

(−)-2,5-dimethyoxy-4-methylamphetamine HCl (DOM), (±)-methylone HCl, (±)-butylone 

HCl, and (±)-pentylone HCl were provided by the National Institute on Drug Abuse Drug 

Supply Program and were dissolved in 0.9% saline. SCH23390 HCl was purchased from 

Cayman Chemical (Ann Arbor, MI) and dissolved in 0.9% saline. 5-HT, dopamine HCl and 

Na2S2O5 were purchased from Sigma-Aldrich (St. Louis, MO). All drugs were injected 

intraperitoneally at an injection volume of 1 mL/kg, except SCH23390, which was injected 

subcutaneously.

3. Results

3.1 Effect of synthetic cathinones MDMA analogs on hSERT and hDAT

In the HEK293 cells transiently transfected with GFP-SERT and clamped at a holding 

potential of −70 mV, 5-HT application (1 μM) induced an inward current. Co-application of 
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5-HT with cocaine (100 μM) reduced the 5-HT-induced currents to 8.6 ± 6.0% of control. 

The cocaine inhibitory effect was readily reversible after washout (n=5). Application of 

extracellular solution or 5-HT on GFP-negative cells did not evoke any response (data not 

shown). These data confirm functional hSERT expression in HEK cells.

The cathinones were tested at 10 and 100 μM, and applied to GFP-positive cells for 5 sec. 

As shown in Fig. 1A&B, MDMA and its three cathinone analogs were able to activate 

hSERT as substrates. In contrast to 5-HT effect which had a fast dissociation rate, inward 

currents induced by MDMA and its analogs slowly returned to the baseline after drug 

washout, suggesting relatively slow dissociation from the transporter (Fig. 2A&B). The 

ability to activate hSERT was significantly different among MDMA and its analogs at 10 

μM (F3,12=4.607, p<.01) 100 μM (F3,12=21.43, p<.001). As shown in Fig. 2C, hSERT was 

activated by cathinones in the following sequence: MDMA>methylone>butylone>pentylone. 

Furthermore, Fig. 2D shows that there was a negative linear correlation between hSERT 

activation and the α-alkyl side chain molecular weight (r=−0.98 for 10 μM and r=−0.99 for 

100 μM, n=4, p<0.05). Taken together, these data indicate that the action of synthetic 

cathinones on hSERT decreases with increase in the side-chain length.

Effect of cathinones on DAT was examined in HEK293 cells transiently expressing hDAT. 

with no GFP tag as GFP-tagged DAT was not functionally expressed. The functional 

expression of hDAT was confirmed by an inward current activated induced by 100 μM DA 

and lack of response to vehicle control (Fig. 3A). MDMA and its three analogs were able 

activate hDAT at 100 μM. The drugs had relatively fast dissociation rates from the 

transporter as the current returned to the baseline 10–20 sec after washout. However, their 

ability to induce inward currents in hDAT was less than that in hSERT, ranging from 16% to 

72% of DA-induced currents (n=13–15, Fig. 3B). Furthermore, the ability to activate hDAT 

was significantly hampered by introducing side-chain (p<0.001, three synthetic cathinones 

vs MDMA). Similar to their action on hSERT, cathinone-induced currents via hDAT are 

negatively correlated with the molecular weight of side chain (r=−0.97, n=4, p<0.05, Fig. 

3C). These data suggest that synthetic cathinones activate hDAT in a similar pattern but with 

less efficacy than they do at hSERT.

3.2 Drug discrimination

MDMA (ED50= 1.71 mg/kg, [95% CI= 0.71–4.15]), methylone (ED50= 2.99 mg/kg [95% 

CI= 0.66–13.53]), butylone (ED50= 5.53 mg/kg [95% CI= 0.69–44.45]), and pentylone 

(ED50= 3.07 mg/kg, [95% CI= 0.34–27.79]) each fully substituted for the discriminative 

stimulus effects of methamphetamine (Fig. 4, left panel). MDMA (F3,21= 17.841, p<.001) 

and butylone (F4,28= 6.176, p<.001) reduced response rate at the highest doses tested. 

SCH23390 dose-dependently and fully attenuated methamphetamine-appropriate responding 

(Fig. 5, left panel). SCH23390 was most potent at reducing methamphetamine-appropriate 

responding in MDMA- and methylone-treated rats, was slightly less potent in butylone-

treated rats, and high doses of SCH23390 were needed to reduce the methamphetamine-

appropriate responding or response rate of pentylone-treated rats. Response rate (Fig. 5, left 

panel) was decreased by 0.025 mg/kg SCH23390 in MDMA- (F5,35= 3.871, p<.01), 
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methylone- (F5,35= 9.455, p<.001), butylone- (F3,21= 10.647, p<.001), and pentylone-treated 

rats (F3,21= 32.285, p<.001).

MDMA, methylone, and butylone produced submaximal DOM-appropriate responding, 

whereas pentylone failed to produce any DOM-appropriate responding (Fig. 4, center panel). 

MDMA (F4,24= 16.15, p<.001), methylone (F4,32= 11.065, p<.001), butylone (F4,24= 7.25, 

p<.01), and pentylone (F3,24= 22.177, p<.001) reduced response rate in DOM-trained rats. 

Because each test compound failed to fully substitute for DOM, no antagonism studies were 

performed.

Methylone (ED50= 2.10 mg/kg, [95% CI= 0.33–13.35]) and butylone (ED50= 2.87 mg/kg, 

[95% CI= 0.4–20.54]) fully substituted for MDMA, whereas pentylone produced 

submaximal MDMA-appropriate responding (75%), which was just below the substitution 

threshold (Fig 4, right panel). Neither methylone nor butylone affected response rate, but 

testing of higher doses of pentylone was prevented by response-rate disruption at 25 mg/kg 

(F5,35= 45.775, p<.001). SCH23390 partially attenuated MDMA-appropriate responding by 

MDMA (43.3%) and methylone (67.6%), but had no effect against butylone or pentylone 

(Fig. 5, right panel). Like in the methamphetamine-trained rats, SCH23390 dose-

dependently attenuated response rate against MDMA (F4,28= 31.537, p<.001), methylone 

(F5,35= 21.788, p<.001), butylone (F3,21= 18.142, p<.001), and pentylone F4,28= 12.929, p<.

001). SCH23390 produced no substitution for either methamphetamine or MDMA (data not 

shown).

3.3 Self-administration

As shown in fig. 6, Each drug dose-dependently increased the total infusions self-

administered relative to vehicle with main effects of drug (F3,44= 6.171, p=. 001), dose 

(F4,176= 116.238, p<. 001), and a significant dose by drug interaction (F12,176= 5.113, p< .

001). A similar effect was demonstrated with cumulative responses emitted with main 

effects of drug (F3,44= 5.467, p= .003), dose (F4,176= 22.15, p< .001) and a significant dose 

by drug interaction (F12,176= 5.225, p<.001). Individual One-Way Analyses of Variance 

carried out against each compound determined that MDMA (F4,4= 18.703, p<.001), 

methylone (F4,44= 39.689, p<.001), butylone (F4,44= 20.75, p<.001), and pentylone (F4,44= 

42.452, p<.001) produced significant increases in self-administration and responding relative 

to vehicle at the 0.3 and 1 mg/kg/inf doses. Secondary analyses with a One-Way Analysis of 

Variance (fig. 6) indicated significant between group differences at 1 mg/kg/inf in terms of 

infusions obtained (F3,44= 8.995, p< .001) and responses emitted (F3,44= 5.328, p= .003). 

According to a Tukey’s honestly-significant-difference test, pentylone and methylone, but 

not butylone, were self-administered to a greater degree than MDMA at 1 mg/kg/inf. Higher 

doses were not tested due to adverse effects (exophthalmos, drooling, stereotypy).

4. Discussion

The electrophysiological approach utilized in the present study provides an alternative 

methodology for addressing the transporter mechanisms of these compounds. Each of the 

synthetic cathinones functioned as a transporter substrate, given the inward currents 

produced when applied to DAT and SERT similar to MDMA (DeFelice et al., 2014; Sitte et 
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al., 1998). Furthermore, these data provide evidence for a structure-activity relation in which 

the α-alkyl-side-chain length is inversely associated with transporter-gating efficacy. At both 

10 μM and 100 μM, which represent the mid- and upper-bounds of physiological brain 

concentrations, respectively, for each compound (Grecco et al., 2017), there is a significant 

decrease in activation with each additional hydrocarbon moiety, indicating that the side-

chain length is an important determinant of transporter-gating activity.

Each compound tested demonstrated a slow dissociation from SERT and a prolonged inward 

current persisting long after drug-application cessation. Similar effects have been 

demonstrated previously with methcathinone and mephedrone at the dopamine transporter 

(Cameron et al., 2013a; 2013b). These data suggest that MDMA and the synthetic 

cathinones produce persistent leak currents at the serotonin transporter in a manner 

comparable to the effects seen with amphetamine derivatives at the dopamine transporter 

(Rodriguez-Menchaca et al., 2012). As the compounds tested here demonstrated rapid 

dissociation from DAT with no persistent current, it is possible that the addition of the 

methylenedioxy moiety alters the pharmacodynamics of cathinone derivatives at DAT 

relative to the unsubstituted or minimally-substituted analogs. Although a precedent exists 

for the robust, persistent leak current seen with the synthetic cathinones, previous 

electrophysiological evaluations of MDMA at SERT (Hilber et al., 2005) indicated a fairly-

slow dissociation, but not the persistent leak current seen in the current data. Future 

evaluations of the electrophysiological effects of MDMA and the synthetic cathinones at 

SERT using longer recording times, different cell types, and intracellular drug application 

are necessary to confirm kinetic differences among these compounds and evaluate whether 

amphetamine analogs produce a comparable persistent leak current at SERT as at DAT.

Previous studies utilizing in vitro radiolabeled transmitter uptake and release assays to 

evaluate both substrate and uptake-inhibition properties of these compounds have yielded 

somewhat inconsistent results as to the exact mechanism by which these compounds 

increase synaptic monoamine concentrations. Methylone has been described as both a 

dopamine and serotonin reuptake inhibitor (Simmler et al., 2013) and a DAT and SERT 

substrate (Eshleman et al., 2013; Baumann et al., 2012), and pentylone has similarly been 

classified as a dopamine and serotonin reuptake inhibitor (Eshleman et al., 2017) and a 

hybrid compound producing dopamine uptake inhibition with weak SERT substrate activity 

(Simmler et al., 2014). The data from the current study indicate that methylone and 

pentylone both act as transporter substrates, and that pentylone is weaker-efficacy substrate 

at both transporters than methylone. Conversely, butylone consistently demonstrates hybrid 

dopamine uptake inhibition and SERT substrate activity in the previous literature (Simmler 

et al., 2013; Eshleman et al., 2013); however, the current data indicate butylone is a substrate 

at both transporters with very weak efficacy at DAT. Each cathinone compound was less 

efficacious at producing current relative to MDMA at either transporter, which my indicate 

that the transporter blocking effects of these compounds may be more important in 

determining their behavioral effects.

The drug discrimination data collected in this study complement and expand upon our in 
vitro data and indicate that methylone and butylone have a complex, MDMA-like, 

dopaminergically- and serotonergically-mediated discriminative stimulus, whereas 
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pentylone has a primarily dopaminergic discriminative stimulus. Each of the synthetic 

cathinones tested had comparable potencies, but were slightly less potent than the training 

doses of MDMA or methamphetamine (ED50 values between 2–5 fold higher than the 

training doses). The substitution of each test compound for methamphetamine replicates 

previous findings from our laboratory (Gatch et al., 2013; 2015) and provides evidence for a 

dopaminergic component to the discriminative stimulus of each drug. The discriminative 

stimulus effects of methylone have previously been assessed elsewhere (Dal Cason et al., 

1997), and our substitution data replicate those findings in amphetamine- and MDMA-

trained rats; however, we demonstrated modest, submaximal substitution in DOM-trained 

rats, where they found none, an effect potentially resulting from their higher (1 mg/kg) 

DOM training dose. Furthermore, the differential substitution patterns in DOM- and 

MDMA-trained rats indicate divergent mechanisms among the compounds in terms of their 

serotonergic efficacy.

The methamphetamine data potentially indicate a stronger dopaminergic phenotype of 

methylone and pentylone relative to MDMA and butylone, given that methylone and 

pentylone substituted at doses that produced no rate disruption, whereas MDMA and 

butylone significantly attenuated response rate, an effect potentially mediated by the 

relatively greater efficacy of serotonin versus dopamine release by MDMA (Bauman et al., 

2012). Although each compound substituted for methamphetamine with roughly similar 

potency, differences in dopaminergic efficacy among the compounds emerged after 

pretreatment with the D1-selective antagonist SCH23390, as higher SCH23390 doses were 

required to attenuate the methamphetamine-DAR of pentylone relative to other compounds. 

Given the D1-dependent nature of methamphetamine’s discriminative stimulus, the dose-

dependent attenuation of methamphetamine-DAR in SCH23390-pretreated rats was 

anticipated. Because of the similarities in antagonism curves among MDMA, methylone, 

and butylone, we hypothesized that the increased sensitivity of methylone and butylone to 

SCH23390 relative to pentylone was mediated by unmasking of these compounds’ 

serotonergic effects, which is supported by the differential DAT and SERT activation from 

our electrophysiology data. D1-receptor blockade in rats treated with methylone or butylone 

may have shifted the balance of serotonin and dopamine towards a predominately 

serotonergic mechanism, thereby reducing the methamphetamine-like stimulus of these 

compounds. Similarly, a more prominent dopaminergic and limited serotonergic stimulus of 

pentylone would likely be able to surmount D1 blockade up to the point of saturation 

without unmasking additional transmitter systems that may contribute to its mechanism and 

discriminative stimulus.

The submaximal substitution for DOM and full substitution for MDMA by methylone and 

butylone provide further evidence for a potential serotonergic mechanism of these 

compounds relative to a predominately dopaminergic pentylone and are in line with the 

inverse relation between side-chain length and SERT activation. Although the synthetic 

cathinones have been reported, in some instances, to produce hallucinogenic effects 

(Vazirian et al., 2015), it is likely that the lack of full substitution in DOM resulted from 

indirect serotonin agonism, given that DOM is selective for 5HT2 receptors. Binding and 

functional assays have implicated 5HT2A receptors in the mechanism of MDMA, but similar 

reports for the synthetic cathinone derivatives indicate minimal affinity for and efficacy at 
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any of the 5HT2 receptor subtypes relative to MDMA (Simmler et al., 2013; 2014; Eshleman 

et al., 2013). Thus, it seems likely that any DOM-like responding produced by methylone 

and butylone resulted from indirect 5HT2 receptor activation. Additionally, the MDMA (1.5 

mg/kg) training dose used in these studies is particularly sensitive to serotonergic effects of 

novel test compounds, but can detect dopaminergic stimuli as well, typically evidenced as 

submaximal MDMA-appropriate responding (Webster et al., 2017). Given that methylone 

and butylone fully substituted for MDMA with no decrements in response rate, whereas 

pentylone substituted only partially, we can conclude that methylone and butylone produce 

complex discriminative stimulus effects mediated by both dopamine and serotonin whereas 

pentylone is predominately dopaminergic. Furthermore, butylone’s roughly two-fold higher 

potency when substituting for MDMA than methamphetamine suggests a greater 

serotonergic component to its discriminative stimulus, as more drug was necessary to elicit 

dopaminergic, methamphetamine-appropriate responding. However, given that SCH23390 

failed to attenuate MDMA-appropriate responding by pentylone, it seems likely that D1-

blockade may produce an opposite effect to what was seen in the methamphetamine 

substitution by unmasking the serotonergic effects of pentylone, which is supported by the 

modest SERT activation in the electrophysiological studies.

The currently-available data regarding the reinforcing nature of synthetic cathinones as a 

class demonstrate substantial variability among these compounds, illustrating the necessity 

for determining whether the differences in discriminative stimulus effects among the 

synthetic cathinone analogs of MDMA translate into differences in abuse potential. The 

current study demonstrated that butylone can serve as a reinforcer in rats and provided 

additional evidence for the reinforcing properties of methylone and pentylone. The dose-

dependent increases in breakpoint under a progressive ratio schedule of reinforcement 

demonstrated by each compound further illustrate the reinforcing efficacy of these drugs by 

maintaining responding under conditions of progressively increasing effort requirements. At 

the highest dose tested, pentylone was administered to a greater degree than MDMA and 

butylone, and methylone was self-administered more than MDMA. These data indicate that, 

among the compounds tested, pentylone likely engenders the greatest potential for 

compulsive use, whereas the reinforcing effects and abuse liability of butylone are 

comparable to MDMA. The reinforcing effects of methylone lay between butylone and 

pentylone, but did not statistically differ from either cathinone, making strong conclusions 

about its relative reinforcing efficacy and abuse potential difficult to draw. Due to the onset 

of adverse effects with each compound tested (drooling, exophthalmos, stereotypy) at 1.0 

mg/kg/inf, higher doses were not tested, preventing the establishment of both ascending and 

descending limbs of the dose-response curve. A previous study of methylone self-

administration under comparable conditions (Gannon et al., 2017) demonstrated that peak 

responding occurs at 1.0 mg/kg/inf, with higher doses falling on the descending limb of the 

curve. Given the large differences in responding at 1.0 mg/kg/inf and the onset of adverse 

effects potentially representing overdose conditions, there appear to be true differences in 

reinforcing efficacy among drugs as opposed to simply differences in potency; however, the 

lack of a descending limb of the dose-response should be considered when interpreting the 

relative reinforcing effects among drugs.
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Previous methylone self-administration studies have produced somewhat inconsistent 

results, with some data indicating limited reinforcing efficacy (Schindler et al., 2016; 

Vandewater et al., 2015), and others demonstrating fairly-robust self-administration (Gannon 

et al., 2017; Watterson et al., 2013). The current data suggest that methylone is a strong 

reinforcer that readily engenders self-administration. Given that our methodology most 

closely approximates the study by Gannon et al. (2017) in terms of sex, strain, ratio 

requirement, and dose-range, which demonstrated comparably high self-administration, it is 

possible that the differences among studies stem from differences in methodology such as 

strain (Vandewater et al., 2015), ratio requirement, and dose-range (Schindler et al., 2016). 

Another, recent investigation into the relative reinforcing effects of methylone and pentylone 

indicated significantly greater self-administration of pentylone relative to methylone (Javadi-

Paydar et al., 2017). The previous study differed from ours in that the subjects were female 

Wistar rats, the monoamine uptake inhibitor pentedrone was used as the training drug, and 

self-administration occurred according to a continuous schedule of reinforcement. It is 

possible that sex and strain differences contributed to the differential efficacy patterns 

between studies, and the same lab has indicated that the reinforcing efficacy of the training 

drug used can influence the self-administration pattern in substitution studies (Vandewater et 

al., 2015). Furthermore, the schedule of reinforcement differed between studies, potentially 

contributing to the differences in both potency and relative efficacy. Further studies 

controlling for the sex, strain, and training-drug differences are warranted for an exploration 

into factors contributing to the reinforcing efficacy of these compounds.

Butylone’s relatively limited and methylone’s ambiguous reinforcing effects likely arise 

from their SERT substrate or serotonin-releasing properties and differential DAT substrate 

efficacy. Compounds selective for SERT over DAT are dramatically less reinforcing relative 

to their more dopaminergic counterparts in rhesus monkeys (Wee et al., 2005; Wee & 

Woolverton, 2006), and the reinforcement-limiting nature of serotonin release is also 

apparent in MDMA self-administration as rats lacking SERT acquire MDMA self-

administration more rapidly and exhibit a higher breakpoint under a progressive ratio 

schedule of reinforcement than wild-type rats (Oakly et al., 2014). Although methylone had 

the in vitro mechanism and discriminative stimulus effects most comparable to MDMA, 

methylone resulted in a substantially greater breakpoint relative to MDMA. Because 

methylone, like MDMA, is a fairly-robust DAT/SERT substrate, it is possible that the 

reduced efficacy of methylone at SERT contributed to its greater reinforcing efficacy relative 

to MDMA. Butylone had unique effects at both transporters by producing very little inward 

current at DAT and a robust current at SERT. Previous work has suggested that “hybrid” 

compounds that function as dopamine uptake inhibitors and SERT substrates have limited 

abuse liability as the impulse-independent serotonin release inhibits the reinforcing effects of 

the amplified, impulse-dependent synaptic dopamine (Blough et al., 2014). Although the 

current data indicate butylone acts as a DAT substrate, it is a very weak-efficacy DAT 

substrate, potentially making its DAT effects analogous to an uptake inhibitor by preventing 

dopamine uptake without substantial impulse-independent dopamine release, while still 

producing substantial effects at SERT. Pentylone, conversely, produces more dopaminergic 

discriminative stimulus effects and is a fairly weak DAT substrate and a modestly-

efficacious SERT substrate. Pentylone acts as a transporter blocker and is more selective for 
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DAT over SERT than the other cathinones tested in the present study; thus its potentially 

limited serotonergic relative to dopaminergic efficacy may underlie its robust self-

administration.

5. Conclusions

At this juncture, we can conclude that the drugs tested in the current study are likely to 

engender different use patterns, with methylone and butylone being used episodically like 

MDMA, whereas pentylone would more likely lead to compulsive use, like cocaine or other 

stimulant-type drugs. These data also provide insight into structure-activity relations of 

synthetic cathinones and implicate the alpha-carbon side chain in their relative dopaminergic 

and serotonergic efficacy. These results are particularly concerning giving the inadvertent 

use of these compounds in “Molly” formulations, given that “Molly” users typically believe 

they are consuming pure MDMA (Palamar et al., 2016b). Formulations containing butylone, 

and possibly methylone, are less likely to lead to uncontrolled use, although their potential 

toxicities are not to be dismissed; however, those containing pentylone may cause 

compulsive use of “Molly” or “Ecstasy,” either in the form of excessive re-dosing in acute 

settings, or more regular episodic use, potentially serving as an avenue for experimenting 

with more traditional and highly-addictive psychostimulants.
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• MDMA, methylone, butylone, and pentylone are serotonin transporter 

substrates

• Each drug produces methamphetamine-like discriminative stimulus effects

• Methylone and butylone produce largely serotonergic discriminative stimulus 

effects

• Pentylone produces predominately dopaminergic discriminative stimulus 

effects

• Pentylone is self-administered to greater degree than butylone or MDMA
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Fig. 1. Chemical Structures
Chemical structures of MDMA (A) and its synthetic cathinone analogs: methylone (B), 

butylone (C), and pentylone (D).
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Fig. 2. Substrate Activity at the Serotonin Transporter
Raw current tracings of 10 μM (A) or 100 μM (B) 5-HT, MDMA, methylone, butylone, and 

pentylone at the human serotonin transporter. Relative currents of each drug at 10 μM 

(black) and 100 μM (grey) are summarized in (C). Relative currents of 10 μM (squares) and 

100 μM (circles) are summarized as a function of side-chain molecular weight (MW) in (D). 

Error bars represent ±SEM.
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Fig. 3. Substrate Activity at the Dopamine Transporter
Raw current tracings of (A) vehicle, 100 μM DA, MDMA, methylone, butylone, and 

pentylone at the human dopamine transporter. Relative currents of each drug at 100 μM are 

summarized in (B). Relative currents of 100 μM are summarized as a function of side-chain 

molecular weight (MW) in (C). Error bars represent ±SEM.
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Fig. 4. Drug Discrimination Substitution Profiles
Drug-appropriate responding (top panel) and response rate (bottom panel) produced by 

MDMA (filled squares), methylone (open squares), butylone (filled triangles), and pentylone 

(open triangles) in methamphetamine- (meth; left graph), DOM- (middle graph), and 

MDMA-trained (right graph) rats. The x-axis indicates test compound dose (mg/kg). Vehicle 

(open circles) and training drug (filled circles) controls are plotted to the left of the x-axis 

break. Error bars represent ±SEM. * p<.05 relative to vehicle control.
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Fig. 5. Antagonism of Drug-Appropriate Responding
Drug-appropriate responding (top panel) and response rate (bottom panel) produced by 

MDMA (2.5 mg/kg; filled squares), methylone (5 mg/kg; open squares), butylone (10 

mg/kg; filled triangles), and pentylone (10 mg/kg; open triangles) in methamphetamine- 

(meth; left graph) and MDMA-trained (right graph) rats pretreated with the D1-selective 

antagonist SCH23390. The x-axis indicates pretreatment dose of SCH23390 (mg/kg). 

Vehicle + vehicle (open circles) and vehicle + test compound (filled circles) controls are 

plotted to the left of the x-axis break. Error bars represent ±SEM.* p<.05 relative to vehicle 

+ test compound control.
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Fig. 6. Self-Administration
Number of infusions obtained (left) and total responses emitted (right) by rats self-

administering MDMA (filled squares), methylone (open squares), butylone (filled triangles), 

or pentylone (open triangles). Vehicle (open circles) and methamphetamine (filled circles) 

controls are plotted to the left of the x-axis break. Error bars represent ±SEM. * p<.05 

relative to vehicle control. † p<.05 relative to MDMA at 1.0 mg/kg/inf.

Dolan et al. Page 22

Neuropharmacology. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction1
	2. Materials and Methods
	2.1 Cells and Transporters
	2.2 Animals
	2.4 Drug Discrimination2.3 Electrophysiology
	2.4.1 Apparatus
	2.4.2 Discrimination Procedures

	2.5 Self-Administration
	2.5.1 Apparatus
	2.5.2 Food Training Procedure
	2.5.3 Surgical Procedure
	2.5.4 Progressive Ratio Self-Administration Testing

	2.6 Data Analysis
	2.7 Drugs

	3. Results
	3.1 Effect of synthetic cathinones MDMA analogs on hSERT and hDAT
	3.2 Drug discrimination
	3.3 Self-administration

	4. Discussion
	5. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

