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Abstract

Synthetic cathinones are beta-ketone amphetamine analogs that have emerged as a heterogeneous
class of abused compounds that function as either monoamine transporter substrates or inhibitors.
Preclinical drug discrimination procedures are useful for interrogating structure-activity
relationships (SAR) of abuse-related drug effects; however, in vivo SAR comparisons between
synthetic cathinones with different mechanisms of action are lacking. The aim of the present study
was to determine whether the cocaine-like discriminative stimulus effects of the monoamine
transporter inhibitor alpha-pyrrolidinovalerophenone (alpha-PVP) and the monoamine transporter
substrate methcathinone were differentially sensitive to 3,4-methylenedioxy and 4-methyl
substitutions. Male rhesus monkeys (n=4) were trained to discriminate intramuscular cocaine (0.32
mg/kg) from saline in a two-key food-reinforced discrimination procedure. Potency and
timecourse of cocaine-like discriminative stimulus effects were determined for (x)-alpha-PVP, (£)-
methcathinone, and their 3,4-methylenedioxy or 4-methyl analogs. Alpha-PVP and methcathinone
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produced dose- and time-dependent cocaine-like effects. A 3,4-methylenedioxy addition to either
alpha-PVP (MDPV) or methcathinone (MDMC; methylone) did not alter the potency or efficacy
to produce cocaine-like effects, but did prolong the time course. A 4-methyl addition to alpha-PVP
(4MPVP; pyrovalerone) did not alter the potency or efficacy to produce cocaine-like effects, but
did prolong the time course. In contrast, addition of a 4-methyl moiety to methcathinone (4MMC;
mephedrone) significantly attenuated efficacy to produce cocaine-like effects. Overall, these
results suggest different structural requirements for cocaine-like discriminative stimulus effects of
monoamine transporter inhibitor and substrate synthetic cathinone analogs. Given that 4AMMC is
more hydrophobic than MDMC, these results suggest hydrophobicity may be an important
determinant for limiting monoamine transporter substrate abuse-related behavioral effects.

Introduction

Synthetic Cathinones have emerged worldwide as a heterogeneous class of abused
compounds (Davies et al., 2010). The compounds are termed synthetic cathinones because
they are synthetic derivatives of the naturally occurring beta-ketone amphetamine analog
cathinone. Furthermore, the pharmacological properties of synthetic cathinone analogs that
have been identified in packages labeled as “bath salts” can be broadly classified as either
monoamine transporter inhibitors or substrates (Baumann et al., 2012; Cozzi et al., 2013;
Schneir et al., 2014). Two synthetic cathinones that appear particularly problematic are 3,4-
methylenedioxypyrovalerone (MDPV) and 3,4-methylenedioxymethcathinone (MDMC;
“methylone”). Both MDPV and MDMC were classified as schedule | controlled substances
by the United States Drug Enforcement Administration (DEA) in 2011 (DEA, 2011).
However, despite this schedule | status, both MDPV and MDMC continue to be two of the
most frequently reported synthetic cathinones by the National Forensic Laboratory
Information System and MDMC use has increased 12-fold since DEA scheduling (DEA,
2014). Furthermore, the persistent MDPV and MDMC use contrasts with a trend for
declining use of another synthetic cathinone, 4-methylmethcathinone (4AMMC,;
“mephedrone”), which was classified schedule | by the DEA at the same time as MDPV and
MDMC; reports of mephedrone prevalence have decreased 200-fold since DEA scheduling
(DEA, 2014). Moreover, these DEA data are supported by data from other countries noting
an overall decline in 4AMMC abuse compared to MDMC since controlled substance
scheduling (Caudevilla-Galligo et al., 2013; Thai et al., 2016; Wood et al., 2013). Overall,
these epidemiological results suggest that chemical structure modifications impact abuse
potential.

Chemical structure modifications alter the pharmacodynamics of both monoamine
transporter inhibitors and substrates that may influence expression of abuse potential. For
example, alpha-pyrrolidinovalerophenone (alpha-PVP) and methcathinone function as
monoamine transport inhibitors and substrates, respectively, and their chemical structures
and corresponding analogs of interest for this study are shown in Figure 1. A 3,4-
methylenedioxy addition to alpha-PVP (to create MDPV) had little effect on in vitro
selectivity to inhibit the dopamine (DAT) versus serotonin (SERT) transporter (Marusich et
al., 2014); however, addition of this same moiety to methcathinone (to produce MDMC)
resulted in a 100-fold decrease in the in vitro selectivity to function as a substrate at DAT
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versus SERT (Baumann et al., 2012; Cozzi et al., 2013; Simmler et al., 2013). Similarly, a 4-
methyl addition to alpha-PVP (to create 4AMPVP; “pyrovalerone”) did not alter selectivity of
DAT versus SERT inhibition (Meltzer et al., 2006; Simmler et al., 2013), but addition of the
same moiety to methcathinone (to create 4AMMC) again produced a 100-fold decrease in
selectivity to function as a DAT versus SERT substrate (Baumann et al., 2012; Simmler et
al., 2013). These differences in DAT versus SERT selectivity have been hypothesized to be
an important determinant of monoamine transport inhibitor and substrate abuse-related
effects (Negus and Miller, 2014; Simmler et al., 2013; Wee et al., 2005). However, direct
chemical structure modification comparisons between monoamine transport inhibitors and
substrates are lacking. Furthermore, the degree to which these chemical structure
modifications alter the pharmacokinetics, i.e. time course of drug action, of monoamine
transport inhibitor and substrate abuse-related effects have not been as well characterized.

Preclinical drug discrimination procedures have been utilized for over 40 years to improve
our understanding of the pharmacological mechanisms of central nervous system active
compounds (Overton, 1971; Schuster and Balster, 1977). The present study aim was to
directly compare effects of alpha-PVP, methcathinone, and their 3,4-methylenedioxy and 4-
methyl analogs in rhesus monkeys trained to discriminate intramuscular cocaine from saline
in a two-key food-reinforced discrimination procedure. Cocaine was chosen as the training
drug because it is a prototype monoaminergic abused drug, and its discriminative stimulus
effects have been extensively characterized in rhesus monkeys (Garza and Johanson, 1983;
Kleven et al., 1990). Moreover, cocaine has also been used as the training stimulus in rodent
drug discrimination studies examining some of the synthetic cathinones examined in the
present study (Gatch et al., 2015a; Gatch et al., 2013), thus allowing for a translational
comparison between rodents and nonhuman primates. We hypothesized the cocaine-like
effects of alpha-PVP would be more resistant than effects of methcathinone to addition of a
3,4-methylenedioxy or 4-methyl moiety. Moreover, we also hypothesized that addition of the
3,4-methylenedioxy moiety to alpha-PVP and methcathinone would prolong the duration of
cocaine-like effects of both compounds..

Drug discrimination studies were conducted in 4 adult male rhesus monkeys (Macaca
mulatta) of Indian and Chinese origin and weighing between 9-13 kg. All monkeys had an
experimental history of primarily monoaminergic compound exposure and were maintained
on a diet of biscuits (Lab Diet High Protein Monkey Biscuits, PMI Feeds, Inc., St. Louis,
MO) and fresh fruit provided after the behavioral session. Water was continuously available
in the home chamber, which also served as the experimental chamber. Additionally,
monkeys could earn 1-gm banana-flavored pellets (5TUR grain-based precision primate
tablets, Test Diets, Richmond, IN) during daily experimental sessions (described below). A
12 h light-dark cycle was in effect (lights on from 6AM to 6PM), and temperature and
humidity levels were monitored daily. Monkeys had visual, auditory, and olfactory contact
with other monkeys throughout the experiments. Environmental enrichment consisting of
various food puzzles, TV, or radio was provided daily after behavioral session conclusion.
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Facilities were licensed by the United States Department of Agriculture and accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care. Experiments
and animal maintenance were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals (Council, 2011) and reported according to the ARRIVE guidelines
(Kilkenny et al., 2010). The Institutional Animal Care and Use Committee approved the
research and environmental enrichment protocols.

Cocaine Discrimination Procedure

Experimental sessions were conducted in each monkey’s home chamber as described
previously (Banks et al., 2013). On the front wall of each chamber was a custom operant
response panel with three horizontally arranged square response keys, and only the left and
right keys were used in the present studies. Attached to each panel was a pellet dispenser
(Med Associates, ENV-203-1000, St. Albans, VT). Equipment operation and data collection
were accomplished with a Windows-based computer and MED-PC software (Med
Associates).

Monkeys were trained to discriminate 0.32 mg/kg cocaine intramuscularly (IM) from saline
in a two-key, food-reinforced drug discrimination procedure as previously described (Banks
et al., 2013). Discrimination training was conducted 5 days per week during daily sessions
composed of multiple components. Each component consisted of a 5-minute response
period, during which the right and left response keys were transilluminated red and green,
respectively, and monkeys could earn up to 10 food pellets by responding under a fixed-ratio
(FR) 30 schedule of food presentation. Training sessions were composed of three
components presented at 2-h intervals, and either saline or (0.32 mg/kg cocaine) was
administered IM approximately 15 min prior to the start of each component. Thus, on
training days, monkeys would receive a sequence of saline (S) and cocaine (C) injections in
the order SSS, SSC, SCS, CSS, SCC, CSC, CCS, or CCC. These training sequences were
randomly presented to engender daily experience with randomized sequences of saline- and
cocaine-appropriate components. The 2h duration of inter-component intervals was selected
to exceed the time course of discriminative stimulus effects produced by the training dose of
cocaine in rhesus monkeys (Lamas et al., 1995) and to thereby minimize effects of cocaine
administered in earlier trials on performance during later trials on the same day. Following
administration of saline, only responding on the green key (the saline-appropriate key)
produced food, whereas following administration of 0.32 mg/kg cocaine, only responding on
the red key (the cocaine-appropriate key) produced food. Responses on the inappropriate key
before completing the response requirement on the appropriate key reset the FR
requirement. The criterion for accurate discrimination was =85% injection-appropriate
responding before delivery of the first reinforcer, 290% injection-appropriate responding for
the entire component, and response rates =0.1 responses/s (sufficient to earn at least one
pellet) for all components during 7 of 8 consecutive sessions.

Test sessions were identical to training sessions except that (a) response requirement
completion (FR30) on either key produced food, (b) monkeys received only one vehicle or
test drug dose injection at the start of the session, and (c) 5-min response components began
10, 30, 56, 100, 180, 300, and 560 min after the injection to assess the time course of drug
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effects. As in training sessions, switching response keys reset the response requirement. The
drugs and dose ranges tested were: (z)-alpha-PVP (0.032-0.32 mg/kg), (£)-MDPV (0.01-
0.32 mg/kg), (£)-4MPVP (0.01-0.32 mg/kg), (x)-methcathinone (0.032-0.32 mg/kg), (z)-
MDMC (0.1-3.2 mg/kg), and (£)-4MMC (0.32-3.2 mg/kg). Test sessions were generally
conducted on Tuesdays and Fridays with training sessions conducted on Mondays,
Wednesdays, and Thursdays. Test sessions were conducted only if performance during the
previous two training sessions met the criteria for accurate discrimination (described above).
All test drug doses were evaluated once in each monkey, and all test drug doses were
evaluated in a given monkey before testing the next drug. Vehicle (saline) test sessions were
conducted before and after evaluation of each test drug. The order of drug doses and drugs
was counterbalanced across monkeys.

Data Analysis

Drugs

Results

The primary dependent measures were (1) percent cocaine-appropriate responding {defined
as (number of responses on the cocaine-associated key divided by the total number of
responses on both the cocaine-and saline-associated keys)*100}, and (2) response rates
during each component. These dependent measures were then plotted as a function of time
after drug or saline administration. Percent cocaine-appropriate responding and response
rates were analyzed using linear mixed effect analysis with drug dose and time as the main
fixed effects and subjects as the random effect (JMP Pro 11.1.1, SAS, Cary, NC). A
significant drugxtime interaction was followed by the Dunnett’s post-hoc test for
comparison to vehicle (saline) conditions within a given time point.

In addition, data analysis was supplemented with two other analytic approaches to provide
summary measures of drug effects. First, drugs that produced = 90% cocaine-appropriate
responding were considered to produce full substitution. Second, an EDsgq value for each
drug in each monkey was calculated and defined as the test drug dose that produced 50%
cocaine-appropriate responding at the 30 min time point. Log EDsq values were calculated
by log-linear interpolation from individual subject dose-effect functions when only two data
points were used (one above and below the 50% level) or by linear regression when three or
more data points were used. Log EDsgq values where then averaged to yield mean values and
95% confidence limits, and these log values were converted to linear values for presentation.

(-)-Cocaine HCI, (x)-MDPV HCI, (x)-4MPVP HCI, (x)-methcathinone HCI, (xz)-MDMC
HCI, and (z)-4MMC HCI were provided by the National Institute on Drug Abuse Drug
Supply Program (Bethesda, MD). Bruce Blough (RTI) synthesized (+)-alpha-PVP HCI. All
drugs were dissolved in sterile saline and stock solutions were used for approximately 7-14
days. Results regarding 4MMC stock solution stability are reported in supplemental
materials. Drug doses were calculated and expressed using the salt forms listed above.

On all training days preceding test days, mean + SEM percentages of injection-appropriate
responding were 99.9 + 0.1 and 99.8 + 0.2%, and rates of responding were 3.0 £ 0.1 and 2.7
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+ 0.2 responses/s for cocaine and saline components, respectively. For reference, the
cocaine-training dose (0.32 mg/kg) produced a time course of discriminative stimulus effects
no longer than 30 min (Banks et al., 2013). Saline administration produced < 10% cocaine-
appropriate responding at all time points (Figures 2-3) and had no significant effect on rates
of responding in all time course test sessions (Supplemental Figures 1-2). Alpha-PVP,
MDPV, 4MPVP, methcathinone, and MDMC all produced dose-dependent and full
substitution, =90% cocaine-appropriate responding, at the 30 min time point in all four
monkeys (Table 1; Supplemental Figure 3). In contrast, 4MMC produced full substitution in
1 out of 4 monkeys and supplemental Figure 4 shows the 4AMMC substitution profile of
individual monkeys. Table 1 also shows the EDsgq values to produce cocaine-like
discriminative stimulus effects. Alpha-PVP, MDPV, and 4MPVP were equally potent.
Methcathinone and MDMC were also equally potent.

Figure 2 shows the time courses of saline and individual (A) alpha-PVP, (B), MDVP, and (C)
4AMPVP doses. All three compounds produced dose- and time-dependent cocaine-like
stimulus effects (alpha-PVP dose x time: F4 192 = 3.5, p<0.0001; MDPV dose x time:
F24.99 = 6.3, p<0.0001; 4MPVP dose x time: Fp4 g9 = 6.3, p<0.0001). Although the potency
to produce cocaine-like effects was similar between alpha-PVP, MDPV, and 4MPVP, both
MDPV and 4MPVP produced significantly longer cocaine-like effects compared to alpha-
PVP. Supplemental Figure 1 shows drug effects on rates of operant responding. Alpha-PVP
and 4MPVP had no effect on rates of responding, whereas 0.032 mg/kg MDPV significantly
increased rates of responding at one time point (MDPV dose x time: Fp4 102 = 2.1,
p=0.0069).

Figure 3 shows the time courses of saline and individual (A) methcathinone, (B) MDMC,
and (C) 4AMMC doses. Methcathinone and MDMC produced dose- and time-dependent
cocaine-like effects (methcathinone dose x time: F1g g1 = 4.5, p<0.0001; MDMC dose x
time: Fp4 96 = 4.0, p<0.0001). In contrast, 4MMC did not produce a significant cocaine-like
stimulus effect. Supplemental Figure 2 shows drug effects on rates of operant responding.
Methcathinone had no effect on rates of responding whereas both MDMC (MDMC dose x
time: Fp4 102 = 2.2, p=0.0028) and 4AMMC (4MMC dose x time: F1g g1 = 3.5, p<0.0001)
decreased rates of operant responding.

Discussion

The aim of the present study was to determine within the same monkeys how similar
chemical structure modifications to the monoamine transporter inhibitor alpha-PVP and the
monoamine transporter substrate methcathinone impacted abuse-related discriminative
stimulus effects in a cocaine discrimination procedure. There were three main findings. First,
consistent with the known abuse liability of alpha-PVP and methcathinone, both compounds
produced dose- and time-dependent cocaine-like stimulus effects. Second, a 3,4-
methylenedioxy addition did not alter the potency or efficacy of alpha-PVP or
methcathinone to produce cocaine-like effects, although this addition did prolong the time
course of MDPV and increase the expression of rate-decreasing effects for both compounds.
Lastly, a 4-methyl addition attenuated the cocaine-like effects and increased the expression
of rate-decreasing effects of methcathinone. In contrast, a 4-methyl addition prolonged the
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time course of alpha-PVP without altering the potency or efficacy to produce cocaine-like
effects. Overall, these results demonstrate different structural requirements for the cocaine-
like discriminative stimulus effects of synthetic cathinone analogs that function as
monoamine transporter inhibitors or substrates and highlight the importance of determining
the behavioral pharmacology of centrally active compounds in multiple species.
Additionally, the hydrophobicity of structural additions may be an important determinant for
monoamine transporter substrate abuse-related behavioral effects.

Effects of alpha-PVP and methcathinone

The complete substitution of alpha-PVP and methcathinone for cocaine in the present study
is consistent with previous results in rats trained to discriminate cocaine (Gatch et al., 2015a;
Gatch et al., 2015b). Moreover, although this is the first report of alpha-PVP effects in
nonhuman primates, methcathinone was also reported previously to substitute completely
for cocaine in rhesus monkeys (Kohut et al., 2013). These studies differed in cocaine
training doses and routes of administration (10 mg/kg IP in rats; 0.32-0.4 mg/kg IM in
rhesus monkeys) as well as in species of experimental subjects; however, these differences in
training doses did not result in equivalent potency differences for alpha-PVP and
methcathinone substitution. Specifically, comparison of ED50 values indicates that alpha-
PVP was approximately 100-fold more potent in monkeys than in rats, whereas
methcathinone potency was similar in the two monkeys studies and only approximately 3-
fold more potent than in rats. The larger species difference in potency of alpha-PVP than
methcathinone suggests the potential for larger species differences in pharmacokinetics of
alpha-PVP. The present study extended on these earlier studies by evaluating the time
courses of alpha-PVP and methcathinone. At equivalent doses, both alpha-PVP and
methcathinone produced similar time courses compared to cocaine (Banks et al., 2013). In
summary, the consistency of the present results, albeit with potential species differences in
regards to potency, with the existing literature provide an empirical foundation for the
determining the impact of two different chemical structure modifications on the abuse-
related subjective effects of these two cathinone analogs possessing different mechanisms of
action.

Effects of a 3,4-methylenedioxy substituent

Consistent with previous results in rats trained to discriminate cocaine (Gatch et al., 2015a;
Gatch et al., 2013), both MDPV and MDMC produced dose-dependent and full substitution
for the training drug. Compared to rats (Gatch et al., 2013), MDPV was approximately 20-
fold and MDMC was approximately 8-fold more potent in monkeys to produce cocaine-like
stimulus effects. Another noted difference between the present results and previous rat
results was that alpha-PVP and MDPV were equally potent to produce cocaine-like effects
in monkeys, whereas MDPV was 5-fold more potent than alpha-PVP to produced cocaine-
like effects in the rat (Gatch et al., 2015a; Gatch et al., 2013). Furthermore, methcathinone
was 2-fold more potent than MDMC in monkeys compared to a 3-fold potency difference in
rats (Gatch et al., 2015b; Gatch et al., 2013). These potency differences again provide
evidence for species differences in the pharmacokinetics of synthetic cathinone analogs. The
present results also extend on previous findings in rats by characterizing the time courses of
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the cocaine-like discriminative stimulus effects of MDPV and MDMC in comparison to their
unsubstituted parent compounds (alpha-PVP and methcathinone, respectively). In general,
MDPV produced longer lasting discriminative stimulus effects compared to alpha-PVP,
whereas the time courses of MDMC and methcathinone discriminative stimulus effects were
similar. Overall, the present results suggest that a 3,4-methylenedioxy addition does not
attenuate the abuse-related cocaine-like discriminative stimulus effects of either alpha-PVP
or methcathinone.

Effects of a 4-methyl substituent

Addition of the 4-methyl substituent to alpha-PVP did not alter the efficacy, potency, or time
course to produce cocaine-like stimulus effects. To the best of our knowledge, this is the first
preclinical study to report on the abuse-related behavioral effects of AMPVP. There is a
single published French report of 4MPVP (pyrovalerone) abuse (Deniker et al., 1975).
Previous 4MPVP studies have mainly focused on in vitro pharmacology (Meltzer et al.,
2006) or metabolism (Michaelis et al., 1970). Given the similar efficacy and potency of
alpha-PVP, MDPV, and 4MPVP to produce cocaine-like discriminative stimulus effects, the
present in vivo behavioral results are consistent with previous in vitro neurochemical studies
demonstrating that similar DAT potency and DAT versus SERT selectivity (Meltzer et al.,
2006; Rickli et al., 2015). Moreover, our behavioral results are inconsistent with the DEA
schedule V controlled substance classification of 4MPVP as a compound that has low abuse
potential relative to compounds scheduled I-1V.

In contrast to results with 4MPVP, addition of a 4-methyl group to methcathinone produced
a decrease in both efficacy and potency to produce cocaine-like discriminative stimulus
effects to the extent that a group mean EDsgq value could not be determined. The failure of
4MMC to substitute fully for cocaine here contrasts with a previous report that AMMC
substituted completely for cocaine in rats and was equipotent to MDMC based on EDg
values (Gatch et al., 2013). However, cocaine produced only partial substitution in rats
trained to discriminate AMMC (Varner et al., 2013), whereas cocaine completely substituted
in rats trained to discriminate methcathinone (Young and Glennon, 1998). Thus, the
asymmetrical generalization between 4MMC and cocaine and the symmetrical
generalization between methcathinone and cocaine in rat discrimination studies is consistent
with the present nonhuman primate results. Overall, these results suggest that discriminative
stimulus effects of cocaine overlap less with those of 4AMMC than with those of the other
synthetic cathinone analogs evaluated here.

Recent human studies also provide support for non-overlapping subjective effects between
4MMC and cocaine. For example, only 28.9% of 4AMMC users reported that subjective
effects of AMMC and cocaine were “very similar” or “nearly the same,” whereas 36%
reported that 4AMMC and cocaine effects were only “somewhat similar” or “not similar at
all” (Kapitany-Fovény et al., 2013). Furthermore, of AMMC users who also previously used
3,4-methylenedioxymethamphetamine (MDMA) and cocaine, twice as many users
responded that AMMC effects were more comparable to MDMA than cocaine (Carhart-
Harris et al., 2011). Lastly, approximately 56% of dual 4MMC and cocaine users reported
that AMMC was less addictive than cocaine (Winstock et al., 2011). In summary, the present
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nonhuman primate results are consistent with these human studies to suggest modest and
incomplete overlap in subjective effects of 4MMC and cocaine in humans.

Implications for predicting novel monoamine transport inhibitor and

substrate abuse

Insofar as cocaine-like discriminative stimulus effects are indicative of abuse potential, the
present results support two main implications for predicting the abuse of future synthetic
cathinone analogs that function as either monoamine transport inhibitors or substrates. First,
the abuse-related subjective effects of synthetic cathinone analogs that function as
monoamine transporter inhibitors and possess an A-pyrrolidine substituent were resistant to
the phenyl ring modifications studied here. The present behavioral results in nonhuman
primates and previous results in rats (Aarde et al., 2015; Bonano et al., 2014; Gatch et al.,
2015a) are consistent with the broader literature demonstrating that synthetic cathinone
analogs containing an A-pyrrolidine are potent and selective DAT inhibitors in vitro
(Kolanos et al., 2015; Meltzer et al., 2006).

Second, the present results suggest that a 4-methyl substitution may attenuate the abuse-
related effects of a monoamine transporter substrate more than a 3,4-methylenedioxy
substitution. These results extend previous intracranial self-stimulation (ICSS) results in rats
demonstrating that 4AMMC produced weaker abuse-related facilitation than MDMC (Bonano
et al., 2014). However, inconsistent with the present monkey discrimination and previous rat
ICSS results are drug self-administration data suggesting that AMMC has higher reinforcing
efficacy than MDMC in rats (Creehan et al., 2015; Vandewater et al., 2015) and other
behavioral data suggesting 4AMMC produced similar effects to methamphetamine (Gatch et
al., 2013; Wright et al., 2012) and cocaine (Winstock et al., 2011). These apparent
discrepancies warrant further study; however, the broader scientific literature suggests that a
4-methyl addition more consistently attenuates the abuse-related effects of monoamine
transporter substrates compared to a 3,4-methylenedioxy addition. For example, a 4-methy!|
addition to amphetamine (4-methylamphetamine, aka PAL-313) attenuated both abuse-
related neurochemical and behavioral endpoints in both nonhuman primates (Kimmel et al.,
2009; Wee et al., 2005) and rats (Bauer et al., 2013; Baumann et al., 2011). In contrast, a
3,4-methylenedioxy addition to either amphetamine or cathinone has produced equivocal
results with some studies demonstrating no effect (Griffiths et al., 1976; Kamien et al., 1986;
Markert and Roberts, 1991) and other studies demonstrating an attenuated abuse-related
effect (Dal Cason et al., 1997). Moreover, the broader human literature suggests that AMMC
use has declined more than MDMC use since controlled substance classification (DEA,
2014; Caudevilla-Galligo et al., 2013; Lai et al., 2013; Thai et al., 2016). Overall, the present
results suggest differential abuse-related impact of 4-methyl and 3,4-methylenedioxy
additions to monoamine transporter substrates.

One potential explanation for the differential abuse-related behavioral results between
MDMC and 4AMMC may be related to the hydrophobicity of monoamine transporter
substrate. For monoamine transport inhibitors such as alpha-PVP (Pubchem CID:
11148955), MDPV (Pubchem CID: 20111961), and 4MPVP (Pubchem CID: 14373),
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lipophilicity has been reported to improve potency to inhibit DAT in vitro (Kolanos et al.,
2015). Lipophilicity also improves blood-brain barrier penetration and could thus contribute
to the potency of these three compounds to produce abuse-related behavioral and
neurochemical effects. However, hydrophobicity may also alter drug-monoamine transporter
interactions that may have implications for expression of abuse-related behavioral effects
(Kolanos et al., 2015). For example, the rank order of the monoamine transporter substrates
examined from most hydrophobic to least hydrophobic based on Log P values was 4AMMC
(Pubchem CID: 45266826) > MDMC (Pubchem CID: 45789647) > methcathinone
(Pubchem CID: 1576). Moreover, hydrophobicity has been recently reported to be an
important determinant of potency to release 5HT, but not DA, in vitro (Sakloth et al., 2015).
Consistent with this hypothesis, 4AMMC was approximately 2-fold more potent to release
5HT than MDMC (Baumann et al., 2012). Thus, the degree to which hydrophobicity
enhances or attenuates the abuse-related effects of novel synthetic cathinone analogs may
depend upon its function at the different monoamine transporters.
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Figurel.

Chemical structure of alpha-pyrrolidinovalerophenone (alpha-PVP), methcathinone, and
their 3,4-methylenedioxy or 4-methyl analogs examined.
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Figure2.
Time course of the discriminative stimulus effects of (x)-alpha-PVP (A; 0.01 — 0.32 mg/kg,

IM), (£)-3,4-methylendioxypyrovalerone (MDPV) (B; 0.01 — 0.32 mg/kg, IM), and (£)-4-
methylpyrrolidinovalerophenone (4MPVP) (C; 0.01 — 0.32 mg/kg, IM) in male rhesus
monkeys (n=4). Abscissae: time in min after injection. Ordinates: percent cocaine-
appropriate responding. Symbols above “S” and “C” represent the group averages for all
saline- and cocaine-training sessions preceding test sessions, respectively. Filled symbols
indicate statistical significance compared to saline at a given time point (o < 0.05). Number
in parentheses indicate the number of subjects contributing to that data point if fewer than
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the total number (4) of subjects tested (i.e. indicative of a time point where one or more
monkeys failed to complete at least one ratio requirement).
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Figure 3.
Time course of the discriminative stimulus effects of (x)-methcathinone (A; 0.032 — 0.32

mg/kg, IM), (x)-3,4-methylenedioxymethcathinone (MDMC) (B; 0.1 — 3.2 mg/kg, IM), and
(£)-4-methylmethcathione (AMMC) (C; 0.32 — 201 mg/kg, IM) in male rhesus monkeys
(n=4). Ordinates: percent cocaine-appropriate responding. Symbols above “S” and “C”
represent the group averages for all saline- and cocaine-training sessions preceding test
sessions, respectively. Filled symbols indicate statistical significance compared to saline at a
given time point (p < 0.05). Number in parentheses indicate the number of subjects
contributing to that data point if fewer than the total number (4) of subjects tested (i.e.
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indicative of a time point where one or more monkeys failed to complete at least one ratio
requirement).
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Table 1

Mean (95% confidence limits) EDsq values for alpha-PVP, methcathinone, and their analogs in rhesus

monkeys trained to discriminate 0.32 mg/kg intramuscular cocaine from saline. The fraction of monkeys in
which an EDs5g value could be determined is also shown under “# Full Substitution.” Values were determined

from dose-effect curves shown in Figures 2 and 3 at the 30 min time point.

Compound # Full Substitution | EDsp (95% CL) in mg/kg
(%)-Alpha-Pyrrolidinovalerophenone 4/4 0.04 (0.03-0.07)
(%)-3,4-Methylenedioxypyrovalerone (MDPV) 4/4 0.04 (0.02 - 0.08)
(%)-4-Methylpyrrolidinovalerophenone (4MPVP) 4/4 0.02 (0.01 - 0.05)
()-Methcathinone 4/4 0.15 (0.11-0.20)
(%)-3,4-Methylendioxymethcathinone (MDMC) 4/4 0.31(0.11-0.89)
(%)-4-Methylmethcathinone (4MMC) 1/4 0.57
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