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Abstract

The abuse of synthetic cathinones (“bath salts”) with psychomotor stimulant and/or entactogenic 

properties emerged as a public health concern when they were introduced as “legal” alternatives to 

drugs of abuse such as cocaine or MDMA. In this study, experiments were conducted in 

nonhuman primates to examine how differences in transporter selectivity might impact the 

reinforcing effects of synthetic cathinones. Rhesus monkeys (N=5) were trained to respond for 

intravenous injections under a fixed-ratio (FR) 30, timeout 60-sec schedule of reinforcement. The 

reinforcing effects of selected cathinones (e.g., MDPV, αPVP, MCAT, and methylone) with a 

range of pharmacological effects at dopamine and serotonin transporters were compared to 

cocaine and MDMA using dose-response analysis under a simple FR schedule and behavioral 

economic procedures that generated demand curves for two doses of each drug. Results show that 

one or more doses of all drugs were readily self-administered in each subject and, excepting 

MDMA (21 injections/session), peak levels of self-administration were similar across drugs 

(between 30–40 injections/session). Demand elasticity for the peak and the peak + ½-log dose of 

each drug did not significantly differ, and when data for the two doses were averaged for each 

drug, the following rank-order of reinforcing strength emerged: cocaine > MCAT = MDPV = 

methylone > αPVP = MDMA. These results indicate that the reinforcing strength of synthetic 

cathinones are not related to their selectivity in binding dopamine or serotonin transporter sites .
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1. Introduction

The use of synthetic cathinones, commonly referred to as “bath salts”, emerged as a public 

health concern over the past decade (German et al. 2014). Bath salt preparations, which 

primarily contain mixtures of several cathinones with pharmacological activity via several 

monoaminergic systems (Caudevilla-Gálligo et al. 2013; Davies et al. 2010; Miotto et al, 

2013; Schneir et al. 2014; Spiller et al. 2011; Zuba and Byrska 2013), are often used as 

adulterants in or as substitutes for methamphetamine (MA) or 3,4-methylenedioxy-

methamphetamine (MDMA; Seely et al. 2013). Recent epidemiological data indicate that 

annual rates of bath salt use by high school students increased between 2015–2018 

(Johnston et al. 2019), illustrating their continuing popularity.

Synthetic cathinones are structural congeners of β-keto-amphetamine and, like other 

amphetamines, their abuse-related effects are thought to be mediated primarily by their 

ability to either block the reuptake or increase the release of neuronal dopamine (DA) and/or 

serotonin (5-HT). As with other amphetamine-type drugs, the reinforcing strength of 

cathinones appears to be related to their monoaminergic selectivity (Wee et al. 2005; Wee 

and Woolverton, 2006; Woolverton, 1992; Negus et al. 2007; Gannon et al, 2018a). For 

example, under both behavioral economic and progressive ratio (PR) procedures, the 

dopamine-preferring uptake inhibitor methylenedioxyprovalerone (MDPV) has been shown 

to be more reinforcing than methylone, a relatively nonselective DA/5-HT releaser (Gannon 

et al. 2018b; Gannon et al. 2019; Baumann et al. 2012; Eshleman et al. 2017; Gannon et al. 

2017a). In general, cathinones that have dopaminergic actions but, like methylone, retain 

significant 5-HT activity (i.e., <10-fold selectivity for DA/5-HT) have been shown to 

maintain stable self-administration behavior in rats (Aarde et al. 2013; Creehan et al. 2015; 

Harvey et al. 2017; Dolan et al. 2018; Gannon et al. 2018b).

Previous studies also have suggested that the DA-preferring cathinones MDPV and α-

pyrrolidinopentiophenone (αPVP) may be more reinforcing than psychomotor stimulants 

like cocaine and methamphetamine. For example, MDPV and αPVP have been shown to 

maintain higher breakpoints than cocaine under a progressive ratio schedule of drug-

maintained reinforcement in rats (Gannon et al. 2017a,b, 2018a; see also Aarde et al. 2015). 

Using the behavioral economic demand analysis, αPVP was shown to be more reinforcing 

than methamphetamine in rats (Huskinson et al. 2017). Recently, Collins et al (2019) 

extended such comparisons to studies in rhesus monkeys, finding that breakpoints for 

MDPV and αPVP in nonhuman primates were higher than those for cocaine and 

methamphetamine.

Although previous studies have clearly demonstrated that synthetic cathinones with a range 

of DA-mediated and 5-HT-mediated actions can serve as reinforcers in laboratory animals, 

their reinforcing strength typically has been compared to that of drugs of abuse with 

predominantly dopaminergic mechanisms of action. There is little information about how 

the reinforcing effects of cathinones with predominantly serotonergic (e.g., methylone; 

Nagai et al. 2007; Baumann et al. 2012) or dopaminergic properties (e.g., αPVP and MDPV; 

Rothman and Baumann 2003; Marusich et al. 2014; Eshleman et al. 2017) compare with 
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those of a self-administered drug with predominantly serotonergic activity, e.g., MDMA 

(Nagai et al. 2007; Baumann et al. 2012; though see Dolan et al, 2018). This is surprising in 

view of the popularity of substituting some synthetic cathinones for MDMA, either alone or 

as a cathinone/MDMA mixture (Davies et al. 2010; Seeley et al. 2013). A comparison of the 

reinforcing effects of cathinones with MDMA, which displays greater serotonergic activity 

than methamphetamine or cocaine, may lead to a better understanding of the differential 

contribution of serotonergic and/or dopaminergic activity to the abuse potential of novel 

synthetic cathinones.

The present study was conducted to investigate the relationship between serotonergic 

activity and the abuse potential of synthetic cathinones by comparing the reinforcing 

strength of drugs varying in monoaminergic selectivity to that of cocaine and MDMA in 

nonhuman primates. The synthetic cathinones evaluated in these experiments vary in 

transporter selectivity, and based on in vitro studies, can be considered DAT-selective 

(MDPV, αPVP) inhibitors, NET/DAT-preferring (MCAT) releasers, SERT-preferring 

(MDMA) releasers, or nonselective inhibitors (cocaine) or mixed inhibitor/releasers 

(methylone; Rothman and Baumann 2003; Nagai et al. 2007; Baumann et al. 2012; Simmler 

et al. 2013; Marusich et al. 2014; Elshelman et al. 2017; Kohut et al. 2017).

2. Methods

2.1. Animals.

Adult rhesus monkeys (Macaca mulatta; n=4 males and 1 female) were used in the present 

studies. All monkeys previously served in IV self-administration studies of cocaine, 

nicotine, or methamphetamine alone and after pretreatment with a range of candidate 

medications (e.g., adrenergics, serotonergics, nicotinics). Each subject resided in a stainless-

steel chamber with side and front visual access to the colony room. A 12-hr light-dark cycle 

was in effect in the colony room (excepting the 2-hr session during which lights outside the 

home chambers were extinguished). Each subject had continuous access to water and 

received High Protein Monkey Diet (Purina Mills International, Brentwod, MO) 

supplemented with fresh fruit and vegetables in addition to the 1-g banana-flavored pellets 

that were earned during experimental sessions. Enrichment was provided through access to 

mirrors and toys in the home-cage, music during non-experimental sessions, and interactions 

with technical staff throughout the day. Animal care and research were conducted according 

to the guidelines provided by the Institute of Laboratory Animal Resources and the National 

Institutes of Health Office of Laboratory Animal Welfare. The facility is licensed by the U.S. 

Department of Agriculture, and all experimental protocols were approved by the 

Institutional Animal Care and Use Committee at McLean Hospital.

2.2. Apparatus.

Experimental sessions were conducted in the subject’s home chamber. A food cup attached 

to the outside of the cage provided access to response-contingent food pellets that were 

delivered during experimental sessions from a pellet dispenser positioned above the chamber 

(Gerbrands Model G5210, Arlington, MA). Two syringe pumps (Model 981219, Harvard 

Apparatus, Inc., South Natick, MA) also were positioned above the chamber, each connected 
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to one lumen of tubing that connected through a tether system to a double-lumen catheter 

implanted in the subject’s jugular or femoral vein. A custom-designed operant response 

panel containing three square translucent response keys arranged horizontally was attached 

to the front of the chamber and faced inward. Each key could be illuminated with stimulus 

lights of differing color (SuperBright LEDs; Fairchild Seminconductor, San Jose, CA). All 

experimental events were controlled and data were recorded by Med Associates software on 

a desktop PC (Georgia, VT).

2.3. Self-Administration Procedure.

Each subject was surgically prepared with an indwelling jugular or femoral double-lumen 

catheter using previously detailed procedures (Kohut et al. 2013). Initially, i.v. cocaine self-

administration and food-maintained responding were established in each subject under a 

fixed ratio (FR) 30; timeout (TO) 60-s schedule of reinforcement. Daily 2-hr sessions 

comprised of three components of schedule-controlled responding separated by inter-

component 5-min TO periods during which all lights were off and responding had no 

scheduled consequences. Under these conditions, red lights illuminating the center response 

key during the first and third components signaled the availability of 1-g banana-flavored 

pellets under the FR30;TO 10-s schedule (5-min in length); green lights illuminating the 

center response key during the second (self-administration) component signaled the 

availability of intravenous injections of test drugs (100-min in length). The self-

administration component began with a 10-s illumination of a yellow stimulus light 

accompanied by a non-contingently delivered priming injection of what was available for i.v. 

self-administration thereafter, i.e., saline or a unit dose of cocaine. Illumination of the yellow 

stimulus light for 10-s also accompanied all deliveries of reinforcement (food or i.v. cocaine) 

during each session component. When responding under the multiple-component conditions 

was stable, dose-response functions were obtained for cocaine, MDPV, αPVP, MCAT, 

MDMA, and methylone by introducing a test unit dose of drug for at least 3 days and until 

stability criteria was met , i.e., the number of injections did not vary by ±15% over the final 

2 of 3 sessions at any given dose. Once stability criteria were met, various doses of each test 

drug were studied in a mixed order. The order of drug/dose testing was randomized among 

individual subjects; however, all doses of one drug were studied before moving to the next 

drug. At least 4 unit doses of each drug were studied to obtain data for both the ascending 

and descending limbs of the bitonic dose-response functions.

2.4. Demand Curves.

Following dose-response determinations, further experiments with each self-administered 

drug were conducted by establishing demand curves for the unit dose at the peak of the 

dose-response function and the first unit dose (1/2 log unit higher) on the descending limb of 

the function. The peak doses and the peak + 1/2 log doses were selected for further study 

because they maintained robust responding in all subjects. Daily sessions were 120-min and 

comprised 3 components—an 80-min component of IV self-administration that was 

preceded and followed by 20-min components of food-maintained responding under the 

FR30;TO 60-s schedule of reinforcement. For each unit dose, demand curves were generated 

by increasing the response requirement for i.v. drug injection during the self-administration 

components of consecutive sessions (FR 10, 30, 56, 100, 300, 560, etc.) until an FR 
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requirement that resulted in 0 injections during the session was reached. Demand curves 

were acquired in 4-monkeys for each drug; both doses of each drug were obtained in the 

same four subjects.

2.5. Drugs.

Cocaine and MCAT hydrochloride was supplied by the National Institute on Drug Abuse 

(NIDA) Drug Supply Program (Bethesda, MD). MDPV, MDMA, αPVP, and methylone 

were synthesized by the Prisinzano laboratory at the University of Kentucky. All drugs were 

dissolved in sterile saline (0.9% NaCl), and all doses are expressed as the base weight of the 

drug.

2.6. Data Analysis.

All statistical analyses were conducted using GraphPad Prism version 5.0 for Windows (San 

Diego, CA). Self-administration data are expressed as the mean (± S.E.M) number of 

injections per session. A one-way ANOVA with Dunnett’s multiple comparison test was 

used to determine whether self-administration data for doses of each drug differed 

significantly from values obtained with saline. A two-tailed Student’s paired t-test was used 

to compare intake of the peak and the peak + ½ log doses during dose-effect determinations 

(injections/session) and under the FR30 schedule during demand testing. Significance was 

set at p<0.05 in all cases.

Demand curves for each unit dose of a drug were based on the group means for consumption 

at each FR, and were fit to the following exponential model of demand described by Hursh 

and Silberberg, 2008:

log Q = log Q0 + k e−αP − 1

In this model, Q represents consumption; Q0 denotes consumption as the price (P) 

approaches 0; and k is a fixed parameter that denotes the range of the exponential model 

(experimentally derived as 3.5 for the current data sets). The free parameter α quantifies the 

elasticity of demand as a measure of the rate of change in elasticity across the function. The 

α values for each monkey’s demand functions for the peak and the peak + ½-log dose of 

each drug were compared using a paired two-tailed Student’s t-test and, in the absence of 

significant differences, the curves were averaged for each drug. α values for the averaged 

curves were used to generate rank-order of reinforcing strength across drugs, using a 

repeated-measures one-way ANOVA with a Tukey’s multiple comparisons test to evaluate 

statistical significance. Straight lines were fitted to the linear portion of the ascending limb 

of the self-administration dose-response functions to compare self-administration potency 

between test drugs. This was accomplished with linear regression calculated by interpolating 

the unit dose that engendered 50% (ED50) drug injections earned per session. The calculated 

ED50 values for each test drug were then related to their selectivity for DAT/SERT 

(Eshleman et al. 2017) using a Pearson correlation.
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3. Results

3.1. Self-Administration.

Averaged results for each drug describes an inverted U-shaped function that is commonly 

observed for self-administered drugs under FR schedules of reinforcement. Thus, the 

maximal number of injections/session of cocaine (40±5.1), MDPV (32±5.4), αPVP 

(39±8.1), MCAT (41±7.0), MDMA (21±5.2), and methylone (34±7.4) were significantly 

above levels recorded during sessions of saline availability (mean: 6.4±1.3 injections/

session; Figure 1). Post-hoc analyses reveal that the number of unit doses that were self-

administered significantly above saline levels varied among drugs. Thus, a tenfold range of 

doses of cocaine (0.01, 0.032, 0.1 mg/kg), MDPV (0.001, 0.0032, 0.01 mg/kg), αPVP 

(0.001, 0.0032, 0.01 mg/kg), and MCAT (0.0032, 0.01, and 0.032 mg/kg) maintained i.v. 

self-administration behavior whereas only a threefold range of doses of MDMA (0.032 and 

0.1 mg/kg) and one dose of methylone (0.1 mg/kg) were self-administered at levels 

significantly above values obtained for saline (Figure 1). There was no concordance (r4=

−0.28, p=0.59) between the rank of potency of drugs in the present self-administration 

studies with the rank order of DAT binding selectivity (Eshleman et al., 2017). Results of the 

drug effects described in this section are summarized in Table 1.

3.2. Behavioral Economics.

Demand curves in Fig 2 show that consumption of all drugs decreased as response 

requirement increased. Excepting the peak + ½-log dose of MDPV, the number of injections 

of each drug earned under the FR30 schedule in demand studies did not significantly differ 

for either dose from the number of injections earned under the same schedule during earlier 

dose-effect determinations (p>0.05). Self-administration of the peak + ½-log dose of MDPV 

was significantly decreased under the FR30 schedule in demand studies than during previous 

dose-effect determinations (28 ± 5.4 vs. 16 ± 0.82 inj/session, respectively; t6=2.98, 

p=0.025). The exponential model of demand provided a good fit of the data generated for all 

doses of test drugs (R2 values: 0.82–0.99; Figure 2). For each drug, demand elasticity of the 

two doses studied did not significantly vary (p>0.05). The observed rank order of reinforcing 

effectiveness (based on non-overlapping 95% confidence intervals of the averaged demand 

curve) was: cocaine>methcathinone=MDPV=methylone>MDMA=αPVP (Figure 3; see also 

Table 2). Q0 values varied from 23 (MDMA and methylone) to 80 (MCAT), whereas α 
values varied from 0.000013 (cocaine) to 0.000043 (MDMA). Results described in this 

section are summarized in Table 2.

4. Discussion

The present studies were conducted to evaluate the reinforcing effects of four commonly 

used synthetic cathinones by comparing them to those of well-characterized monoaminergic 

drugs acting predominantly via dopaminergic (cocaine) and serotonergic (MDMA) 

mechanisms of action. Results from dose-effect determinations under the FR30 schedule of 

IV self-administration indicate that peak unit doses of cocaine and the four cathinones 

maintained levels of IV self-administration that were comparable (approximately 30–40 

injections per session) and that were considerably greater than those maintained by MDMA 

de Moura et al. Page 6

Pharmacol Biochem Behav. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(approximately 20 injections per session). These findings are consistent with previous 

reports showing relatively low rates of MDMA self-administration (Dolan et al., 2018), and 

higher rates of self-administration of the other five compounds in both rats (Gannon et al. 

2017b; Huskinson et al. 2017; Dolan et al. 2018) and nonhuman primates (Collins et al. 

2019).

Differences in peak levels of self-administration between MDMA and other drugs in the 

present studies likely were not due to differing time courses of drug action, as MDMA, 

MDPV, and αPVP are thought to have similar durations of action (de la Torre et al., 2000; 

Anizan et al., 2016; Aarde et al. 2015). Rather, it is likely that the lesser intake of MDMA 

than of the other drugs reflects differences in neurochemical mechanisms of action. Namely, 

the ability of monoaminergic drugs to inhibit DAT has been closely related to their capacity 

to maintain drug-taking behavior (Ritz et al. 1987, 1988; Ritz and Kuhar 1989), whereas 

their ability to increase synaptic levels of serotonin has been proposed to dampen such DA-

mediated reinforcing effects (Woods and Tessel, 1974; Glowa et al. 1997; Wee et al. 2005; 

Rothman and Bauman, 2006; Negus et al. 2007). For example, the addition of the serotonin 

releaser fenfluramine has been shown to significantly attenuate self-administration of 

amphetamine in rhesus monkeys (Wee and Woolverton, 2006). Additionally, slower 

acquisition as well as lower and more variable levels of IV self-administration of MDMA 

(compared to cocaine) have been attributed to its ability to selectively stimulate the release 

of serotonin from presynaptic neurons and/or block its reuptake (Fantegrossi et al. 2002; 

Schenk et al. 2003, 2007; Baumann et al, 2012; Bradbury et al. 2014). Thus, the present 

findings add to a considerable literature suggesting that the serotonergic actions of MDMA 

constrain its reinforcing effects, leading to lower levels of self-administration than those 

observed for monoaminergic drugs with less prominent serotonin-releasing activity.

The cathinones studied here display a relatively wide range of selectivity for increasing 

neuronal DA vs. 5-HT-ranging from 5.6 (methylone) to >100 (MDPV, aPVP, MCAT; 

Eshleman et al. 2017 ; Table 1). Despite this range of DAT:SERT selectivity, each of the 

cathinones engendered approximately the same peak number of injections as cocaine under 

the FR30 schedule conditions employed here. These findings may appear to challenge the 

presumed relationship between DAT:SERT selectivity and the expression of reinforcing 

effects (i.e., cocaine vs. MDMA); however, several other considerations may govern this 

relationship. First, a threshold of serotonin-selectivity, e.g., DA:5-HT selectivity ≥1 as 

reported for MDMA (Rothman and Bauman, 2003), may be required for serotonin to 

measurably dampen DA-mediated reinforcing effects. Some support for this idea comes 

from previous studies investigating the reinforcing efficacy of a series of amphetamine 

analogs in rhesus monkeys. In those studies, Wee et al. (2005) found that the analog 

PAL-314, which is a monoamine releaser with DA:5-HT release selectivity of 0.15, was self-

administered at lower levels than the dopaminergic monoamine releaser d-amphetamine and 

that PAL-313, with DA:5-HT selectivity of 0.83, was not self-administered at all. A second 

key factor in the present results may be differences in the nature of MDMA’s and 

methylone’s interaction with the SERT. In this regard, in vitro studies have shown that 

MDMA has greater potency as a serotonin releaser than as an uptake inhibitor (Rothman and 

Baumann, 2003) whereas methylone is equipotent in both capacities (Baumann et al. 2012; 

López-Arnau et al. 2012). Thus, the balance between uptake inhibition and release may 
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dictate whether a serotonergic compound can effectively modulate dopaminergic reinforcing 

effects.

A third consideration in the relationship between IV self-administration of monoaminergic 

drugs and pharmacological mechanisms may be that, as previously suggested, the 

reinforcing effects of DA transport blockers like cocaine are related more closely to DAT 

affinity than to DA:5-HT selectivity (Lile et al. 2003; see also Ritz et al, 1987; Bergman et 

al, 1989). For example, although cocaine, MDMA, and methylone are considered to be 

relatively nonselective for DAT and SERT, cocaine can bind the DAT with >50-fold higher 

affinity than MDMA (0.49 vs. 32.4 μM) but only with approximately 10-fold higher affinity 

than methylone (0.49 vs 5.02 μM; Eshleman et al. 2013; 2017). Taken together, methylone’s 

activity as an uptake inhibitor at the SERT coupled with its higher affinity for the DAT may 

explain why methylone was self-administered more avidly than MDMA, albeit across a 

narrow dose range.

Demand analysis provided a second means of evaluating the reinforcing effects—and, in 

particular, reinforcing strength—of the monoaminergic drugs studied here. In agreement 

with previous findings—and, more generally, behavioral economic theory—between-dose 

differences in reinforcing strength were not evident for any drug in the present studies 

(Hursh et al, 1988; Bickel et al, 1990; Wade-Galuska et al 2007; Gannon et al, 2018a; 

however, note Moreton et al, 1977; Marquis et al, 1989; Kohut and Bergman, 2016). Yet, 

differences in reinforcing effectiveness among drugs were clearly evident, which differs 

from the results of other types of comparative analyses. For example, in contrast to 

conclusions drawn from PR studies in rhesus monkeys (Collins et al, 2019), the rank-order 

of demand elasticity here (cocaine > methcathinone = MDPV = methylone > MDMA = 

αPVP) is not predicted by either binding affinity or DA/5-HT selectivity. While the 

pharmacodynamic basis for such differences in demand elasticity and, presumably, 

reinforcing strength is unclear, it may be helpful to note that contemporary views of 

reinforcement suggest that such processes are most likely circuit-driven rather than the 

consequence of activating singular receptor mechanisms (Volkow et al., 2004). From this 

perspective, differences in the reinforcing strength of the drugs studied here may more 

accurately reflect differential activation of various brain networks rather than the activation 

of discrete dopaminergic or serotonergic mechanisms. Consistent with this point of view, 

recent neuroimaging studies have demonstrated divergent patterns of disrupted brain activity 

(both qualitative and quantitative) following two weeks of treatment with either 

methamphetamine (MA) (DA:5-HT=0.02; Eshleman et al, 2017) or the relatively 

nonselective monamine releaser and synthetic cathinone, mephedrone (DA:5-HT=0.64; 

Gregg et al. 2015) in rodents (see den Hollander et al, 2015). Specifically, MA treatment 

resulted in widespread decrease in activity in both cortical and subcortical regions whereas 

mephedrone increased activity, primarily in subcortical regions relative to vehicle-treated 

subjects (den Hollander et al, 2015). This line of thinking provides an attractive means for 

understanding the differences in reinforcing strength evident in the present studies. However, 

it must remain speculative in the absence of data identifying differential activation patterns 

of neuronal circuitry by drugs of abuse that can be more closely related to their differing 

profiles of pharmacodynamic activity.
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Demand analyses showed that the reinforcing strength of αPVP, as reflected by elasticity, 

was comparable to that of MDMA and below that of cocaine. These findings were 

unexpected because the peak session intake of αPVP was similar to that of cocaine and 

higher than that of MDMA. Also, αPVP has been reported to engender higher breakpoints 

than cocaine in studies employing progressive ratio procedures to examine its reinforcing 

strength in rodents and rhesus monkeys (Gannon et al. 2018b; Collins et al. 2019). Based 

upon the reported concordance between progressive-ratio and demand analyses of 

reinforcing strength (Foster et al. 1997; Johnson and Bickel, 2006), the present findings, e.g., 

greater demand elasticity in the reinforcing effects of αPVP than cocaine, was surprising 

and led to a closer inspection of individual data. This analysis revealed that the number of 

αPVP injections/session in one monkey was substantially below the group average (14 v 39 

injections/session) but that the variability of αPVP consumption in the demand studies was 

relatively low, i.e., the relative elasticity of αPVP was generally consistent among all test 

subjects. Further, removal of this subject’s data from the demand analyses did not 

appreciably alter the α value (i.e, 4.6e-5 vs 3.6e-5; see Table 2). The elasticity of the peak 

unit dose of αPVP here (reflected in its α value) agrees with that reported previously 

(Huskinson et al. 2017), providing additional assurance of its reproducibility. Reasons for 

discordance between data from progressive-ratio and demand analyses of reinforcing 

strength—particularly in studies in the same species (rhesus monkeys here and in Collins et 

al, 2019)--are unclear but may include differences in the drug history of subjects in the 

different studies. In this regard, the reinforcing strength of self-administered drugs, reflected 

in demand elasticity, has been shown to vary with drug history (Wade-Galuska et al. 2011; 

Kohut and Bergman, 2016). Perhaps, differences in the particular drug history of subjects in 

the present experiments and the previous work by Collins et al. (2019) contributed to the 

difference in the expression of the reinforcing effects of αPVP in the two studies.

In summary, the results of this study indicate that the illicit use of synthetic cathinones is 

most likely attributable to their dopaminergically-mediated actions. Moreover, the present 

data suggest that 5-HT activity has negligible influence on the reinforcing strength of 

synthetic cathinones with equal or greater affinity for DA than 5-HT. Thus, the nonselective 

drugs methylone and cocaine were readily self-administered in nonhuman primates, and in 

fact, demand analysis found that a relatively nonselective drug, methylone, was more 

reinforcing than a highly DA-selective one, αPVP. The overall findings also emphasize the 

value of utilizing drugs with a wide range of DA/5-HT selectivity in evaluating the 

contribution of DA and 5-HT mechanisms to the reinforcing effects of monoaminergic 

drugs.
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Highlights

• Synthetic cathinones maintain self-administration behavior in nonhuman 

primates

• Reinforcing strength of synthetic cathinones does not appear to be related to 

selectivity for dopamine vs. serotonin

• Illicit use of synthetic cathinones is most likely attributable to their 

dopaminergically-mediated actions.
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Figure 1. 
Dose-response functions for self-administration of cocaine, MDPV, αPVP, MCAT, MDMA, 

and methylone. Ordinate: injections per session. Abscissa: dose (mg/kg). Filled circles 

represent points in which self-administration of drug were significantly greater than saline as 

determined by a Dunnett’s Multiple Comparisons test (cocaine: F4,28=13, p<0.0001; MDPV: 

F4,44=8.5, p<0.0001; αPVP: F5,40=6.1, p=0.003; MCAT: F6,51=7.2, p<0.0001; MDMA: 

F4,44=5.5, p=0.0012; methylone: F5,38=5.2, p=0.001) . Error bars represent S.E.M.
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Figure 2. 
Demand curves for the peak and peak + ½-log dose of cocaine, MDPV, αPVP, MCAT, 

MDMA, and methylone. Ordinate: consumption (injections per session). Abscissa: price 

(FR). Error bars represent S.E.M.
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Figure 3. 
Demand curves for the average of the peak and peak + ½-log dose of cocaine, MDPV, 

αPVP, MCAT, MDMA, and methylone. Ordinate: consumption (injections per session). 

Abscissa: price (FR value). Error bars represent S.E.M.
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Table 1:

Summary of Results of Fixed Ratio Self-Administration of Drugs Studied

Drug Peak Dose (mg/kg) Avg.Max # of Injections/Session ED50 Value
b
 (mg/kg [95% CI]) DAT/SERT Selectivity

Cocaine 0.01 40.3 0.0044 (0.0022–0.0089) 1.25

αPVP 0.0032 38.8 0.0016 (0.0002–0.013) 2893

MCAT 0.0032 41.2 0.0023 (0.00045–0.012) 136

MDPV 0.0032 31.9 0.00062 (0.00031–0.0012) 110

Methylone 0.1 34.4 0.013 (0.001–0.19) 5.6

MDMA 0.032 21.1 0.055 (0.016–0.18) 0.88

a
DAT selectivity values from Eshleman et al. 2017 calculated as 1/hDAT IC50:1/hSERT IC50

b
ED50 values with 95% Confidence Intervals of the ascending limb of the self-administration curves
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Table 2:

Comparison of behavioral economic indices of demand intensity (Q0) and elasticity (α) for cocaine, MDPV, 

αPVP, MCAT, MDMA, and methylone. T-test comparing the peak and peak + 1/2 log demand curves.

Drug α Q0 r2 T Test

Cocaine:

 Peak 1.2 × 10−5 68 0.98

 + ½-log 1.7 × 10−5 25 0.97 T3=1.0, p=0.38

 Grouped 1.3 × 10−5 40 0.97

MDPV:

 Peak 3.0 × 10−5 52 0.98

 + ½-log 1.7 × 10−5 18 0.93 T3=2.4, p=0.093

 Grouped 1.8 × 10−5 25 0.94

αPVP:

 Peak 3.6 × 10−5 57 0.99

 + ½-log 6.1 × 10−5 47 0.96 T3=1.5, p=0.11

 Grouped 4.2 × 10−5 52 0.98

MCAT

 Peak 1.9 × 10−5 75 0.91

 + ½-log 2.5 × 10−5 21 0.82 T3=1.4, p=0.12

 Grouped 1.7 × 10−5 80 0.89

MDMA

 Peak 4.7 × 10−5 20 0.86

 + ½-log 4.9 × 10−5 16 0.93 T3=0.10, p=0.46

 Grouped 4.3 × 10−5 23 1.0

Methylone

 Peak 3.5 × 10−5 57 0.99

 + ½-log 1.9 × 10−5 18 0.83 T3=0.76, p=0.50

 Grouped 1.8 × 10−5 23 0.88
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