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Abstract

Background—In recent years, commercial bath salts products containing synthetic cathinone 

analogues have emerged as illicit drugs of abuse. These cathinones are structurally similar to the 

psychostimulants 3,4-methylenedioxymethamphetamine (MDMA) and methamphetamine 

(METH), and produce their effects via interactions with monoamine transporters, where smaller 

compounds (e.g., mephedrone) are amphetamine-like monoamine releasers, while the structurally 

larger compounds (e.g., naphyrone) are cocaine-like monoamine reuptake inhibitors. Individual 

cathinones also differ from one another with respect to selectivity among the three monoamine 

transporters.

Statement of purpose of study—This study was designed to assess the cocaine-like 

interoceptive effects of synthetic cathinone analogues functioning as passive monoamine reuptake 

inhibitors (naphyrone) or as releasers (mephedrone) in mice in order to compare effectiveness 

(degree of substitution) and potency with positive control psychostimulants cocaine, METH, and 

MDMA.

Procedures—In the present study, mice were trained to discriminate 10 mg/kg cocaine from 

saline, and substitutions with METH, MDMA, mephedrone, naphyrone, and morphine were 

performed.

Main findings—Mice reliably discriminated the cocaine training dose from saline, and METH, 

MDMA, mephedrone, and naphyrone all elicited full cocaine-like responding, while morphine did 

not. Potency differences were observed such that METH was most potent, while mephedrone, 

cocaine, MDMA, and naphyrone exhibited roughly equivalent potency.

Principal conclusions—These data confirm that interaction with DAT is an important 

component of cocaine-like discriminative stimulus effects, and suggest that synthetic cathinones 

likely elicit psychostimulant-like abuse-related effects.
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1. Introduction

Synthetic analogues of cathinone—a naturally-occurring psychostimulant derived from the 

khat plant—have emerged as psychostimulant drugs of abuse in bath salt preparations. 

Individual constituents in these preparations are structurally similar to psychostimulants 

methamphetamine (METH) and 3,4-methylenedioxymethamphetamine (MDMA). Recently, 

the United Nations reported roughly 25% of all new psychoactive substances are synthetic 

cathinones [1], and 13 of these cathinone analogues have been classified by the US Drug 

Enforcement Administration as Schedule I. 4-Methylmethcathinone (mephedrone) and 

naphthylpyrovalerone (naphyrone) are two common bath salts constituents which have been 

reclassified as Schedule I compounds [1,2,3]. The mechanisms by which these two 

compounds produce their effects differ from one another, such that mephedrone not only 

inhibits monoamine uptake through the monoamine transporters but also stimulates the 

release of monoamines at the transporters, while naphyrone inhibits monoaminergic 

reuptake at the transporters without stimulating monoamine release [4].

Drug discrimination is an in vivo assay utilized to characterize and screen centrally active 

compounds [5,6]. Previously, our lab trained mice to discriminate another common bath salt 
constituent, 3,4-methylenedioxypyrovalerone (MDPV), from saline and reported that METH 

and MDMA both produced MDPV-like responding; however neither the synthetic 

cannabinoid JWH-018 nor the μ opioid receptor agonist morphine elicited MDPV-

appropriate responding [7]. In a second group of mice trained to discriminate 10 mg/kg 

cocaine from saline, we demonstrated that MDPV dose-dependently produced cocaine-

appropriate responding [8], a finding consistent with studies conducted in rats [9] and 

nonhuman primates [10].

Cocaine is the prototypical abused psychostimulant that inhibits monoamine uptake without 

stimulating the release of monoamines. Since we have previously shown that METH and 

MDMA produced MDPV-like responding (but morphine did not), and that MDPV produced 

cocaine-like responding, we hypothesized that METH and MDMA (but not morphine) 

would produce dose-dependent increases in cocaine-appropriate responding in mice trained 

to discriminate cocaine from saline. More importantly, because compounds within the same 

drug class as the training drug tend to produce similar levels of drug-appropriate responding 

in drug discrimination, we also hypothesized the synthetic cathinones mephedrone and 

naphyrone would produce dose-dependent increases in cocaine-appropriate responding, and 

aimed to compare the relative potencies of each drug to produce cocaine-appropriate 

responding.

2. Materials and methods

2.1. Animals

All studies were carried out in accordance with the Guide for Care and Use of Laboratory 

Animals as adopted and promulgated by the National Institutes of Health. The Institutional 

Animal Care and Use Committee at the University of Arkansas for Medical Sciences 

approved all of the experimental protocols. Adult male NIH Swiss mice (Harlan 

Laboratories, Indianapolis, IN, USA) weighing 20–25 g on delivery were housed (15.24 × 
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25.40 × 12.70 cm3) in a temperature-controlled room in an Association for Assessment and 

Accreditation of Laboratory Animal Care-accredited animal facility. Room conditions were 

maintained at 22 ± 2 °C and 45–50% humidity, with lights set to a 12-hour light/dark cycle. 

Mice were drug naïve prior to training and were fed Lab Diet rodent chow (Laboratory 

Rodent Diet no. 5001, PMI Feeds, St Louis, MO, USA). Mice were food restricted 

throughout all studies to maintain weights at approximately 30 g. Appropriate supplemental 

feedings occurred after the completion of daily behavioral sessions.

2.2. Procedures

2.2.1. Drug discrimination

General methods: Mice (n = 5) were trained to discriminate 10 mg/kg cocaine from saline 

in standard operant chambers for mice that were individually enclosed in larger lightproof 

Malaguard sound-attenuating cubicles (MED Associates, St. Albans, VT, USA). All mice 

were previously used to assess the cocaine-like discriminative stimulus effects of the 

synthetic cathinone 3,4-methylenedioxypyrovalerone (MDPV) and its enantiomers in studies 

described in [8].

Substitution testing: All experimental procedures were previously described in [8]. Briefly, 

discriminative control was established with cocaine, and substitution tests were conducted 

twice per week in each animal so long as performance did not fall below the criterion level 

of 80% injection-appropriate responding in any one of the previous two training sessions. 

Test sessions were conducted under extinction conditions and terminated after completion of 

a fixed ratio (FR) 10 on either lever or after 5 min if the FR10 was not met. Saline 

substitution sessions were conducted to ensure discriminative performance was maintained 

and to obtain baseline response rates against which to compare the effects of all test 

compounds. Doses of each test compound were presented in random order, and after all 

doses of a compound were tested, another compound was tested. In this manner, cocaine, 

METH, MDMA, mephedrone, naphyrone, morphine, and saline were tested in all mice.

2.3. Data analysis

Graphical presentation of all data depict mean ±SEM. Response distribution data are 

expressed as percent cocaine-appropriate responding, which is the number of responses 

emitted on the cocaine-trained lever as a percentage of the total number of responses 

emitted. Response rate is the total number of responses divided by the time elapsed (in 

seconds) during the test session. Full generalization was said to occur if the group mean was 

significantly different (via one way ANOVA, followed by pairwise comparisons using the 

Holm-Sidak method) from saline and > 80% of the total responses were made on the 

cocaine-appropriate lever. Response rates were considered significantly different from 

control if the group mean was significantly different (via one way ANOVA, followed by 

pairwise comparisons using the Holm-Sidak method) from rates during the saline test 

session.

Potency data represent the mean ED50 ± 95% confidence intervals. ED50 values were 

considered statistically different in cases where the confidence intervals were 
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nonoverlapping. SigmaPlot 11 software (Systat Software, San Jose, CA, USA) was used to 

generate figures, interpolate ED50 values, and conduct statistical analyses.

2.4. Drugs

Morphine, cocaine, MDMA, and METH were obtained from the NIDA Drug Supply 

Program. Mephedrone and naphyrone were purchased from Cayman Chemical in Ann 

Arbor, MI, USA. All compounds were weighed as salts and dissolved in 0.9% physiological 

saline. Injections were administered intraperitoneally (IP) at a volume of 0.1 cc/10 g. Saline 

and all other experimental supplies were obtained from standard commercial sources.

3. Results

Mice reliably learned to discriminate 10 mg/kg cocaine (black circle, “TD”) from saline 

(white square, “SAL”) (Figure 1, left panel). During training sessions, mice predominantly 

responded on the saline lever when administered saline and responded almost exclusively on 

the cocaine lever when 10 mg/kg cocaine was administered. Substitution test sessions with 

cocaine (black circles, Figure 1, left panel) resulted in dose-dependent increases in cocaine-

lever responses, and the training dose (10 mg/kg) produced > 80% cocaine-appropriate 

responding and was significantly different from the discriminative responding elicited by 

saline (t = 12.156, P < .001). The interpolated ED50 for cocaine was 3.04 mg/kg (Table 1).

Administration of METH (black triangles), MDMA (white triangles), mephedrone (white 

diamonds), and naphyrone (black diamonds) all produced dose-dependent and full 

substitution for the cocaine training dose (Figure 1, left panel), and the highest dose tested of 

each drug elicited responding which was significantly different from the discriminative 

responding elicited by saline (P < .001, t = 12.752; t = 12.752; 11.615; t = 10.484; resp.). 

Morphine (Figure 1, left panel, gray squares) failed to produce responding different from 

that observed following saline injection, and was tested up to a dose (100 mg/kg) in which 

response rates were completely suppressed (data not shown). Response rates during all other 

test sessions were not different from saline. Relative potency to produce cocaine-appropriate 

responding was METH > mephedrone ≈ MDMA ≈ cocaine ≈ naphyrone and ED50 values 

for each drug are presented in Table 1.

4. Discussion

In the present studies, near exclusive responding on the cocaine lever occurred following 

injection of 1.0 mg/kg METH, 3.0 mg/kg mephedrone, and 10.0 mg/kg MDMA, naphyrone, 

and cocaine, while substitutions with morphine resulted primarily in responding on the 

saline lever up to a dose (100 mg/kg) where all mice failed to complete the FR10 within the 

five-minute window. The potency differences among the tested compounds in the present 

study follow each compound’s transporter selectivity, such that METH (which more 

selectively inhibits DAT over SERT and also stimulates the release of DA over 5-HT) was 

the most potent, while the other, relatively nonselective, test compounds had a similar 

potency to produce cocaine-like responding. This is consistent with the notion that the 

discriminative stimulus effects of psychostimulants are primarily mediated via interactions 

with DAT [11,12].
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The present data are also consistent with previous reports demonstrating that METH 

substitutes for cocaine in mice (e.g., [13]), that cocaine substitutes for each enantiomer of 

MDMA in mice [14], that METH, MDMA, and cocaine substitute for mephedrone in rats 

[15], and that mephedrone (3.2 mg/kg) and naphyrone (10 mg/kg) substitute for cocaine in 

rats [9]. Interestingly, 10 mg/kg naphyrone has previously been shown to suppress 

responding in 33% of rats [9], whereas rates were not systematically decreased by this dose 

in any mouse in the present study. Also, a recent study in nonhuman primates reported that 

mephedrone produced cocaine-appropriate responding in only 25% of animals [10]; 

however mephedrone produced cocaine-like responding in all mice in the present study. As 

such, the present study suggests species differences in the ability of synthetic cathinones to 

generalize for cocaine.

In summary, these studies indicate that the synthetic cathinone analogues mephedrone and 

naphyrone elicit subjective effects in the mouse which are similar to those of the classical 

psychostimulant cocaine. These abuse-related effects are likely related to the interactions of 

these compounds with DAT, with naphyrone acting as a passive DA reuptake inhibitor, and 

mephedrone acting as an amphetamine-like substrate/releaser [4]. These mechanisms likely 

also underlie the locomotor stimulant effects of these compounds in rodents [9]. As abuse of 

synthetic cathinones continues, it will be important to continue to investigate the behavioral 

and pharmacological similarities and differences between these novel psychoactive 

substances and more well-understood psychostimulants such as cocaine and the 

amphetamines.

Acknowledgments

This research was supported by the University of Arkansas for Medical Sciences Center for Translational 
Neuroscience [P30GM110702], the University of Arkansas for Medical Sciences Translational Research Institute 
[UL1TR000039] through the NIH National Center for Research Resources and National Center for Advancing 
Translational Sciences, and the NIH National Institute on Drug Abuse [T32DA022981 and R01DA039195]. The 
content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH.

References

1. UNODC. 2014 global synthetic drugs assessment: Amphetamine-type stimulants and new 
psychoactive substances. United Nations Office on Drugs and Crime; Vienna, Austria: 2014. United 
Nations publication Sales No. E.14.XI.6at http://www.unodc.org/documents/scientific/
2014GlobalSyntheticDrugsAssessmentweb.pdf [Accessed 5 April 2015]

2. O’Byrne PM, Kavanagh PV, McNamara SM, Stokes SM. Screening of stimulants including designer 
drugs in urine using a liquid chromatography tandem mass spectrometry system. J Anal Toxicol. 
2013; 37:64–73. [PubMed: 23316030] 

3. Seely KA, Patton AL, Moran CL, Womack ML, Prather PL, Fantegrossi WE, et al. Forensic 
investigation of k2, spice, and “bath salt” commercial preparations: a three-year study of new 
designer drug products containing synthetic cannabinoid, stimulant, and hallucinogenic compounds. 
Forensic Sci Int. 2013; 233:416–422. [PubMed: 24314548] 

4. Simmler LD, Buser TA, Donzelli M, Schramm Y, Dieu LH, Huwyler J, et al. Pharmacological 
characterization of designer cathinones in vitro. Br J Pharmacol. 2013; 168:458–470. [PubMed: 
22897747] 

5. Overton, DA. Discriminative control of behavior by drug states. In: Thompson, T., Pickens, R., 
editors. Stimulus Properties of Drugs. Springer; New York: 1971. p. 87-110.

Gannon and Fantegrossi Page 5

J Drug Alcohol Res. Author manuscript; available in PMC 2017 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.unodc.org/documents/scientific/2014GlobalSyntheticDrugsAssessmentweb.pdf
http://www.unodc.org/documents/scientific/2014GlobalSyntheticDrugsAssessmentweb.pdf


6. Schuster, CR., Balster, RL. The discriminative stimulus properties of drugs. In: Thompson, T., 
Dews, PB., editors. Advances in Behavioral Pharmacology. Vol. 1. Academic Press; New York: 
1977. p. 86-139.

7. Fantegrossi WE, Gannon BM, Zimmerman SM, Rice KC. In vivo effects of abused ‘bath salt’ 
constituent 3,4-methylenedioxypyrovalerone (MDPV) in mice: drug discrimination, 
thermoregulation, and locomotor activity. Neuropsychopharmacology. 2013; 38:563–573. [PubMed: 
23212455] 

8. Gannon BM, Williamson A, Suzuki M, Rice KC, Fantegrossi WE. Stereoselective effects of abused 
“bath salt” constituent 3,4-methylenedioxypyrovalerone in mice: Drug discrimination, locomotor 
activity, and thermoregulation. J Pharmacol Exp Ther. 2016; 356:615–623. [PubMed: 26769917] 

9. Gatch MB, Taylor CM, Forster MJ. Locomotor stimulant and discriminative stimulus effects of 
‘bath salt’ cathinones. Behav Pharmacol. 2013; 24:437–447. [PubMed: 23839026] 

10. Smith DA, Negus SS, Poklis JL, Blough BE, Banks ML. Cocaine-like discriminative stimulus 
effects of alpha-pyrrolidinovalerophenone, methcathinone and their 3,4-methylenedioxy or 4-
methyl analogs in rhesus monkeys. Addict Biol. 2016

11. Cook CD, Carroll IF, Beardsley PM. Cocaine-like discriminative stimulus effects of novel cocaine 
and 3-phenyltropane analogs in the rat. Psychopharmacology (Berl). 2001; 159:58–63. [PubMed: 
11797070] 

12. Loland CJ, Desai RI, Zou MF, Cao J, Grundt P, Gerstbrein K, et al. Relationship between 
conformational changes in the dopamine transporter and cocaine-like subjective effects of uptake 
inhibitors. Mol Pharmacol. 2008; 73:813–823. [PubMed: 17978168] 

13. Rodvelt KR, Lever SZ, Lever JR, Blount LR, Fan KH, Miller DK. SA 4503 attenuates cocaine-
induced hyperactivity and enhances methamphetamine substitution for a cocaine discriminative 
stimulus. Pharmacol Biochem Behav. 2011; 97:676–682. [PubMed: 21115033] 

14. Murnane KS, Murai N, Howell LL, Fantegrossi WE. Discriminative stimulus effects of 
psychostimulants and hallucinogens in S(+)-3,4-methylenedioxymethamphetamine (MDMA) and 
R(-)-MDMA trained mice. J Pharmacol Exp Ther. 2009; 331:717–723. [PubMed: 19684254] 

15. Varner KJ, Daigle K, Weed PF, Lewis PB, Mahne SE, Sankaranarayanan A, et al. Comparison of 
the behavioral and cardiovascular effects of mephedrone with other drugs of abuse in rats. 
Psychopharmacology (Berl). 2013; 225:675–685. [PubMed: 22972412] 

Gannon and Fantegrossi Page 6

J Drug Alcohol Res. Author manuscript; available in PMC 2017 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
(Left panel) Discriminative stimulus effects of cocaine, mephedrone, naphyrone, MDMA, 

METH, and morphine in mice trained to discriminate 10 mg/kg cocaine from saline. 

Abscissa: SAL represents test injection of saline and TD represents administration of the 

cocaine training dose. Numbers refer to doses of drugs during substitution sessions, 

expressed as milligram per kilogram on a log scale. Ordinate: percent of total responses 

emitted on the cocaine-appropriate lever. (Right panel) Response rates following 

administration of saline, cocaine, mephedrone, naphyrone, MDMA, METH, or morphine 

during substitution sessions. The abscissa is as described above. Ordinate: response rates, 

expressed as lever presses per second. Asterisks adjacent to points indicate generalization at 

this dose. Errors bars depict means ±SEM. The “n = 4” designation indicates only four mice 

were included in the data point (responding was suppressed in one mouse at 10 mg/kg 

MDMA).
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