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Abstract

Background: Synthetic cathinones display overlapping behavioral effects with psychostimulants (e.g., methamphetamine
[MA]) and/or entactogens (e.g., 3,4-methylenedioxymethaphetamine [MDMA])—presumably reflecting their dopaminergic
and/or serotonergic activity. The discriminative stimulus effects of MDMA thought to be mediated by such activity have been
well characterized in rodents but have not been fully examined in nonhuman primates.

Methods: The present studies were conducted to systematically evaluate the discriminative stimulus effects of 5 abused
synthetic cathinones (methylenedioxypyrovalerone [MDPV], a-pyrrolidinovalerophenone [a-PVP], methcathinone [MCAT],
mephedrone, and methylone) in adult male squirrel monkeys trained to distinguish intramuscular injections of MA (0.1 mg/
kg; n=4) or MDMA (0.6 mg/kg; n=4) from vehicle.

Results: Each training drug produced dose-dependent effects and, at the highest dose, full substitution. MDMA produced
predominantly vehicle-like responding in the MA-trained group, whereas the highest dose of MA (0.56 mg/kg) produced
partial substitution (approximately 90% appropriate lever responding in one-half of the subjects) in the MDMA-trained group.
MDPV, a-PVP, and MCAT produced full substitution in MA-trained subjects, but, at the same or higher doses, only substituted
for MDMA in one-half of the subjects, consistent with primarily dopaminergically mediated interoceptive effects. In contrast,
mephedrone and methylone fully substituted in MDMA-trained subjects but failed to fully substitute for the training drug in
MA-trained subjects, suggesting a primary role for serotonergic actions in their interoceptive effects.

Conclusions: These findings suggest that differences in the interoceptive effects of synthetic cathinones in nonhuman
primates reflect differing compositions of monoaminergic actions that also may mediate their subjective effects in humans.
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Introduction

The use of synthetic cathinones emerged as a societal concern cathinones are primarily found as adulterants in, or as re-
within the past 2 decades when they were introduced as cheap, placements for, methamphetamine (MA) and/or 3,4-methylen
“legal” alternatives to common illicit street drugs (Baumann edioxymethamphetamine (MDMA) (Seely et al., 2013; Palamar

et al,, 2014; Baumann and Volkow 2016). Currently, synthetic et al., 2016). Synthetic cathinones have been shown to disrupt
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Significance Statement

MA and MDMA share overlapping but distinct neuropharmacological actions that are thought to mediate their behavioral ef-
fects. Specifically, MDMA (nonselective/serotonin-preferring) has garnered recent interest in its prosocial effects in humans
and laboratory animals, whereas MA (dopamine-preferring) does not elicit prosocial behavior. Some currently abused syn-
thetic cathinones demonstrate neuropharmacological actions similar to those of MA or MDMA. In the present studies, first, we
have systematically compared and contrasted the overlap in discriminative stimulus effects of MDMA and MA in non-human
primates. Additionally, we have extended the current understanding of the pharmacology of selected synthetic cathinones
(methylenedioxypyrovalerone [MDPV], a-pyrrolidinovalerophenone [a-PVP], methcathinone [MCAT], mephedrone, methylone)
by characterizing their interoceptive effects in monkeys trained to discriminate either MA or MDMA from saline. Our findings
demonstrate differences in the interoceptive effects of synthetic cathinones in monkeys and suggest that the distinct pharma-
cological actions of these compounds may mediate their subjective effects in humans.

monoaminergic function by blocking the transport of dopamine
(DA) or serotonin (SHT) into presynaptic neurons or by acting
as substrate to promote the neuronal release of those neuro-
transmitters. These neurochemical actions previously have
been shown to also mediate the psychomotor stimulant and/
or mood-altering effects of MA and MDMA. The effects of MA
generally are considered to be predominantly dopaminergic, as
it can serve as a substrate for both the DA and 5HT transporters
(DAT and SERT) but is reported to be 30-fold more potent in re-
leasing DA than SHT (Eshleman et al., 2017; Kohut et al., 2017).
MDMA also serves as a substrate for both transporters but is
relatively nonselective (about sixfold more potent) in releasing
SHT compared with DA (Rothman and Baumann 2003). These
differences in the dopaminergic and serotonergic relative po-
tencies of MA and MDMA have been forwarded as a key factor in
their dissimilar effects on non-conditioned behavior (respect-
ively, psychostimulant vs “entactogen”; see Kamilar-Britt and
Bedi 2015 for a review) as well as in their different effects in
operant-based procedures. For example, previous studies have
shown that the discriminative-stimulus effects of MA in both
rodents and nonhuman primates are dopaminergically me-
diated (Tidey and Bergman 1998; Munzar and Goldberg 2000;
Czoty et al., 2004), whereas the discriminative-stimulus effects
of MDMA, studied primarily in rodents, are thought to be pre-
dominantly, though not exclusively, mediated by its serotonergic
actions (Goodwin et al., 2003). Of interest, partial or asymmetric
patterns of cross-substitution of MDMA with amphetamines or
cocaine in drug discrimination studies in rodents have been re-
ported repeatedly, suggesting the involvement of dopaminergic
as well as serotonergic actions in the interoceptive effects of
MDMA (Oberlender and Nichols 1988; Baker et al., 1995; Khorana
et al., 2004; Kueh and Baker 2007).

Synthetic cathinones, structural congeners of cathinone
(B-keto-amphetamine), also produce behavioral effects that
likely are governed by differences in their relative potencies
as indirect dopaminergic and serotonergic agonists. In this re-
gard, the cathinones methylenedioxypyrovalerone (MDPV) and
a-pyrrolidinovalerophenone (a-PVP) are monoamine transport
blockers that bind the DAT—but not the SERT—with high af-
finity, which is reflected in their selective potency as DA trans-
port blockers (Eshleman et al, 2013, 2017). Methcathinone
(MCAT), another high-affinity DAT ligand with little affinity for
the SERT, also releases DA with MA-like potency and 5HT with
lesser potency than either MA or MDMA (Eshleman et al., 2017).
Notwithstanding such differences in their mechanisms, MDPV,
a-PVP, and MCAT all have relatively DA-selective monoaminergic
actions and produce prominent MA-like psychostimulant ef-
fects (Kaminski and Griffiths, 1994; Eshleman et al., 2017; Collins
et al., 2019). In contrast, both mephedrone and methylone act

as nonselective substrates for DAT and SERT, with potency and
selectivity that closely resembles MDMA (Baumann et al., 2012;
Eshleman et al., 2013). Both mephedrone and methylone in-
crease extracellular release of DA and SHT within the synaptic
cleft, with greater increases found for SHT than DA (Baumann
et al,, 2012). In behavioral studies, mephedrone and methylone
have also been reported to produce increased sociability and so-
cial interactions in rodents, that is, entactogenic effects that re-
flect their MDMA-like actions (Baumann et al., 2012; Eshleman
etal,, 2013; Simmler et al., 2013). These findings support the view
that the type of behavioral effects of novel cathinones, that is,
MA-like or MDMA-like, may be forecast by the relative select-
ivity of their dopaminergic and/or serotonergic actions.

Differences in the monoaminergic actions of substituted
cathinones also may contribute to differing types of discrim-
inative stimulus effects. For example, whereas MCAT failed to
substitute for the training drug in MDMA-trained rodents (Gatch
et al., 2020), MDPV and MCAT were found to fully substitute in
MA-trained subjects (Gatch et al., 2013, 2015). MDPV also pro-
duced full substitution in rodents trained on an MDMA + am-
phetamine drug mixture but only partial substitution in rodents
trained on MDMA alone (Harvey and Baker 2016). In contrast,
mephedrone and methylone have been reported to substitute
in both MA-trained and MDMA-trained rodents (Gatch et al.,
2013; Dolan et al.,, 2018), suggesting the contribution of both
dopaminergic and serotonergic actions to their interocep-
tive effects. Of interest, notwithstanding the full substitution
of mephedrone in MA-trained rodents (Gatch et al., 2013), MA
was found to only partially substitute for the training drug in
mephedrone-trained subjects (Varner et al., 2013). In conjunc-
tion with the inability of MA to produce MDMA-like effects in
MDMA-trained subjects (discussed above), the asymmetry be-
tween MA and mephedrone further strengthens the view that
MA-like discriminative-stimulus effects are predominantly me-
diated by a single mechanism of action (indirect dopaminergic
agonism), whereas MDMA-like discriminative-stimulus effects
reflect a combination of indirect dopaminergic and serotonergic
agonist activity.

Although there has been considerable work describing the
discriminative-stimulus effects of cathinones in MA-trained or
MDMA-trained rodents, comparable studies have not yet been
conducted to determine whether a similar range of MA-like
and MDMA-like effects occur in a primate species. Smith et al.
(2017a, 2017b) report that several cathinones—including a-
PVP, MDPV, MCAT, and methylone, but not mephedrone—fully
substitute for cocaine (0.32 mg/kg) in male rhesus monkeys.
However, MDMA also fully substituted for cocaine in 3 of the
4 monkeys, suggesting that its discriminative-stimulus effects
did not differ greatly from those of cocaine (Smith et al., 2017a).
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The present experiments were conducted to further investi-
gate the discriminative-stimulus effects of selected synthetic
cathinones considered to be dopamine-preferring («-PVP, MDPV,
MCAT) or serotonin-preferring (methylone, mephedrone) by dir-
ectly comparing their discriminative stimulus effects in dif-
ferent groups of squirrel monkeys trained to discriminate either
MA or MDMA from saline. The results of these studies indicate
differences in the ability of different cathinones to fully sub-
stitute for MA or MDMA in monkeys, which, in turn, may align
with their dissimilar psychomotor stimulant or entactogenic ef-
fects in humans.

Methods

Subjects

Two groups of 4 adult male squirrel monkeys (Saimiri sciureus)
were housed in a temperature- and humidity-controlled viv-
arium with a 12-hour-light/-dark cycle (7 aM-7 Pm) in a facility
licensed by the US Department of Agriculture and in accordance
with guidelines established by the National Research Council.
All procedures involving the use of experimental subjects in the
present studies were approved by the Institutional Animal Care
and Use Committee at McLean Hospital. Throughout the present
studies, all subjects had unlimited access to water in their home
cage and were maintained at approximate free-feeding weights
by post-session feedings of a nutritionally balanced diet con-
sisting of high-protein primate chow (Purina Monkey Chow, St.
Louis, MO); fresh fruit and environmental enrichment were pro-
vided daily. All subjects had previously served in other studies
of behaviorally active drugs (e.g., cannabinoids, opioids, and
stimulants) but had not been exposed to substituted cathinones
prior to the present studies.

Apparatus

During experimental sessions, subjects were seated in a poly-
carbonate and aluminum chair (Med Associates Inc., St. Albans,
VT, #ENV-6014) in a ventilated and sound-attenuating chamber.
Two response levers were positioned 5.5 cm to the left and right
of the center of the front panel. Each lever-press produced an
audible relay click and was recorded as a response. LED stimulus
lights with red covers were mounted on the front panel of the
chair and 9 cm above each response lever. Before each session,
a shaved portion of each subject’s tail was coated with electrode
gel and placed under brass electrodes for the delivery of brief,
low-intensity current (200 ms; 3 mA). Experimental events and
data collection were controlled by Med Associates interfacing
equipment and operating software.

Behavioral Procedure

Experimental sessions were conducted daily (Monday-Friday).
Subjects were previously trained to respond under a fixed-ratio
(FR) 10 schedule of stimulus termination. Under this schedule,
completion of 10 consecutive responses on 1 of the 2 levers
turned off red stimulus lights, terminated an associated program
of current delivery, and initiated a 50-second short timeout (STO)
during which all lights were off and responding had no sched-
uled consequences. Following the STO, the red stimulus lights
were re-illuminated and the FR10 schedule of stimulus termin-
ation was again in effect. After subjects responded reliably on
either lever to terminate visual stimuli, they were trained to dis-
criminate intramuscular (i.m.) injections of either MA (0.1 mg/

kg; n=4) or MDMA (0.6 mg/kg; n=4) from saline vehicle. During
training, 1 lever was active after vehicle injection and the other
was active after drug injection (MA or MDMA). Assignment of
drug and saline levers was counterbalanced across subjects in
each group.

Methamphetamine Discrimination Training

All subjects initially were trained to respond during sessions
comprising single or multiple cycles; for reasons not related to
the present study, training sessions during these experiments
were conducted using a single-cycle procedure. Under this pro-
cedure, training sessions consisted of a single cycle, each com-
prised of a 10-minute long timeout period (LTO) during which
no consequences were programmed followed by presentations
of the FR10 schedule. Subjects in the MA group were injected
with either MA or saline prior to each training session’s onset.
Following the LTO, both red stimulus lights above the levers
were illuminated. Subjects could terminate the red stimulus
lights and initiate the 50-second STO by completing 10 consecu-
tive responses on the injection-appropriate lever; responses on
the other lever reset the FR requirement. Current delivery was
scheduled every 10 seconds until either the FR 10 was completed
on the injection-appropriate lever or 40 seconds elapsed, which-
ever came first. When the 50-second STO elapsed, the red lights
were re-illuminated, and the FR 10 schedule of stimulus termin-
ation was again in effect. Daily training sessions consisted of
20 presentations of the FR 10 schedule. A double-alternation
schedule of sessions, that is, drug-drug-vehicle-vehicle, was em-
ployed throughout training, with a third drug or vehicle session
programmed intermittently to avoid associations based on the
regularity of the double alternation schedule.

MDMA Discrimination Training

Subjects in the MDMA group were initially trained to discrim-
inate injections of MDMA from saline in sessions comprising
a single cycle, as described above for MA discrimination.
Subsequently, daily training sessions were expanded to incorp-
orate a variable number of cycles (n=1-4); each cycle comprised
a 10-minute timeout period followed by 10 presentations of the
FR10; STO 50-second schedule as described above. Either saline
or 0.6 mg/kg of MDMA was administered at the onset of each
10-minute LTO, and the number of cycles during the training
sessions varied randomly with the following qualifications: (1)
MDMA was administered only before the last cycle of the ses-
sion and (2) sessions with injections of only saline occurred
periodically (approximately 25% of all sessions) to avoid in-
variant associations between the injection of MDMA and the
last cycle of the session.

Drug Testing

Test sessions were similar to MDMA training sessions (up
to 4 cycles, each comprising the LTO followed by a response
period with 10 presentations of the schedule) but with the fol-
lowing provisos: (1) 10 consecutive responses on either lever
or the elapse of 40 seconds, whichever came first, terminated
the stimulus lights and initiated the STO; and (2) current was
not delivered during test sessions so as to preclude possible
stimulus-induced enhancement of responding. Test sessions
were conducted only when overall discrimination performance
was at least 90% accurate in the immediately preceding session
and 4 of the last 5 sessions. In both groups, cumulative dosing
procedures (Wenger 1980) were used to establish the effects of a
range of test doses in a single session. Under these procedures,
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graded i.m. doses of a drug were administered at the start of
successive LTO periods such that each injection increased the
total dose by one-quarter or one-half of log units. Doses of drugs
generally ranged from those with no effect to those that fully
substituted for the training drug or decreased response rates to
>50% below control values. However, doses were not increased
further when a plateau in discriminative-stimulus effects was
observed or when higher doses might be expected to fully elim-
inate operant behavior (specifically, in experiments with MCAT
or MA in MDMA-trained subjects).

Data Analysis

The 2 primary dependent measures in the present experi-
ments were the allocation of responding to the MA- or MDMA-
associated lever, expressed as percent drug-lever responding,
and overall response rate. ED,; values, defined as the cumu-
lative dose of each test compound that engendered 50% re-
sponding on the drug (MA or MDMA)-associated lever, were
determined using nonlinear regression in GraphPad Prism ver-
sion 8.03 (GraphPad Software Inc, San Diego, CA). Percent MA or
MDMA-lever response was calculated by dividing the number
of responses on the lever associated with the injection of MA
or MDMA by the total number of responses (excluding any re-
sponses during timeout periods). Response rate in each cycle
of the session was calculated by dividing the total number of
responses on both levers by the total cycle time (excluding all
timeout periods). Cumulative doses of drugs were considered to
substitute fully for the training drug when >90% of responses
occurred on the injection-appropriate lever and response rates
were >0.2 responses per second. Discrimination data were not
included for cumulative doses of a drug that reduced response
rate to <0.2 responses per second.

Drugs

Injections of drug solution or saline were administered
in the calf or thigh muscle in volumes of 0.2-0.5 mlL/kg.
d-Methamphetamine sulfate was obtained commercially
(Sigma-Aldrich); 3,4-methylenedioxymethamphetamine
hydrochloride was provided by the National Institute on Drug
Abuse Drug Supply program. Methylenedioxypyrovalerone
(MDPV), a-pyrrolidinovalerophenone (a-PVP), methcathinone
(MCAT), 4-methylmethcathinone (mephedrone), and
3,4-methylenedioxy-N-methcathinone (methylone) were all ra-
cemic mixtures, provided as the corresponding hydrochloride
salts, and were synthesized at the College of Pharmacy of the
University of Kentucky. All cumulative doses are expressed in
terms of the weight of the free base.

Results

Control MA and MDMA Discrimination

In MA-trained subjects, MA fully substituted at the training dose
of 0.1 mg/kg (ED,,=0.04), whereas MDMA did not substitute for
MA at any dose tested (Figure 1, top left panel). MA did not appre-
ciably alter response rates, whereas the highest dose of MDMA
(1.0 mg/kg) nearly eliminated responding in MA-trained subjects
(Figure 1, bottom left panel). In MDMA-trained subjects, MDMA
fully substituted at the training dose of 0.6 mg/kg, whereas, on
average, the highest dose of MA, 0.56 mg/kg, produced similar
levels of responding on the MDMA-appropriate and vehicle-
appropriate response levers (Figure 1, top right panel). Of note,

2 subjects demonstrated close to 90% MDMA-appropriate re-
sponding at 0.56 mg/kg, whereas the other 2 subjects showed
closer to 90% vehicle-appropriate responding. Neither MA nor
MDMA altered response rates in MDMA-trained subjects (Figure
1, bottom right panel). Doses above 0.56 mg/kg MA were not
tested because 1.0 mg/kg MA previously was found to produce
pronounced rate-decreasing effects in approximately one-half
of the subjects trained to discriminate 0.3 mg/kg MA from sa-
line under a similar schedule of stimulus termination (Tidey and
Bergman 1998).

Discriminative Stimulus Effects of Dopamine-
Preferring Synthetic Cathinones

MCAT, MDPV, and a-PVP produced differing substitution profiles
in MA- and MDMA-trained subjects. Averaged for the group of
MA-trained subjects, MCAT, MDPV, and a-PVP produced dose-
related increases in responding on the MA-appropriate lever,
with full substitution in all subjects following cumulative doses
of 0.32 mg/kg MCAT and MDPV and 0.1 mg/kg a-PVP (Figure 2, top
left panel). Averaged for the group of MDMA-trained subjects,
the highest cumulative doses of a-PVP (0.32 mg/kg), MDPV
(0.32 mg/kg), and MCAT (0.56 mg/kg) produced similar levels of
responding on the MDMA-appropriate and vehicle-appropriate
response levers (Figure 2, top right panel). Averaged results re-
flect data that varied among individuals. Two subjects demon-
strated closer to 90% MDMA-appropriate responding, whereas
the other 2 demonstrated closer to 90% vehicle-appropriate
responding for a-PVP (0.32 mg/kg) and MDPV (0.32 mg/kg). The
same subjects demonstrated the same pattern of behavior for
MCAT (0.32 and 0.56 mg/kg). Based on ED,, values for substitu-
tion by MA- and DA-preferring synthetic cathinones (Table 1),
the DA-preferring cathinones demonstrated equivalent poten-
cies in MA-trained animals (i.e., MA = a-PVP ~ MCAT =~ MDPV).
The cathinones were more potent than MA in MDMA-trained
animals, reflected in a relative rank-order of potency of a-PVP ~
MCAT = MDPV > MA.

Although the highest cumulative doses of MCAT (0.32 or
0.56 mg/kg) did not alter response rates in either MDMA-
trained or MA-trained subjects, respectively, the highest cumu-
lative dose of MDPV (0.32 mg/kg) decreased response rates to
an average of approximately 1 response per second or less in
both groups of subjects (Figure 2, bottom panels). The highest
cumulative dose of a-PVP (0.32 mg/kg), which was not studied
in MA-trained subjects, also decreased response rates to an
average of <1 response per second in MDMA-trained subjects
(Figure 2, bottom right panel).

Discriminative Stimulus Effects of Serotonin-
Preferring Synthetic Cathinones

Methylone and mephedrone exhibited substitution profiles
that differed in MA-trained and MDMA-trained subjects and
that were distinct from those produced by MCAT, MDPV, and
a-PVP. Thus, both methylone and mephedrone produced dose-
related increases in responding on the drug-appropriate lever
in MDMA-trained subjects, with full substitution following the
cumulative dose of 1.0 mg/kg of each cathinone (Figure 3, top
right panel). In contrast, neither methylone nor mephedrone
fully substituted for MA in MA-trained subjects. Averaged
for the group of MA-trained subjects, the cumulative dose of
1.0 mg/kg methylone produced approximately 70% responding
on the MA-appropriate lever; however, the higher cumulative
dose of 1.8 mg/kg led to <50% MA-appropriate responding,
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Figure 1. Average (+ SEM) percent drug lever responding (top panels) and response rates (bottom panels) as a function of saline (x-circle) or cumulative doses of MA
(squares) or MDMA (open circles) in methamphetamine-trained (left panel, black symbols) and MDMA-trained (right panel, white symbols) subjects.

which reflected widely varying effects among the 3 subjects in
which it was studied (100% responding on the MA-appropriate
lever in 1 subject and 15-20% MA-appropriate responding in
the other 2 subjects; Figure 3, top left panel). The highest
dose of methylone, 3.2 mg/kg, produced marked decreases in
or eliminated responding in the 2 subjects in which it was
studied (data not shown) and, consequently, further experi-
ments with methylone were discontinued. Cumulative doses
of mephedrone failed to produce appreciable responding
(averaging <20%) on the MA-appropriate lever (Figure 3, top
left panel). Based on ED,; values for substitution in the 2
groups of subjects (Table 1), the relative rank-order of potency
for SHT-preferring synthetic cathinones in MDMA-trained ani-
mals were MDMA > mephedrone ~ methylone. Although ED,,
values for MDMA or mephedrone could not be determined in
MA-trained animals, the ED,; value for methylone was com-
parable with the value obtained in MDMA-trained subjects
(0.71 vs 0.63 mg/kg).

The highest cumulative doses of methylone and mephedrone
in MDMA-trained subjects (1.0 mg/kg) did not appreciably
alter response rates. Similarly, 1.0 mg/kg methylone did not
alter response rates in MA-trained subjects (Figure 3, bottom
right panel). However, the cumulative dose of 1.0 mg/kg of
mephedrone decreased rates of responding to an average of
approximately 1 response per second or lower in MA-trained
subjects (Figure 3, bottom left panel).

Discussion

Results of the present experiments indicate that MA and MDMA
produce distinct and asymmetric discriminative-stimulus ef-
fects in nonhuman primates. That is, MA partly substituted in
MDMA-trained subjects, whereas MDMA failed to reproduce the
effects of MA in MA-trained subjects. The asymmetric cross-
substitution between the discriminative-stimulus effects of
MA and MDMA is consistent with the idea that their behavioral
effects are mediated through dissimilar neurochemical mech-
anisms, that is, those of MA predominantly reflect its indirect
dopamine-selective agonist actions, whereas those of MDMA
reflect its nonselective dopaminergic and serotonergic actions
(Kehr et al., 2011; Baumann et al., 2012, 2013; Cozzi et al., 2013;
Schindler et al., 2016; Suyama et al., 2016).

Despite strong evidence for dopaminergic mediation of the
discriminative-stimulus effects of MA, its ability to engender
a moderate level of MDMA-appropriate responding, albeit at
a relatively high dose (0.56 mg/kg), suggests the emergence of
some serotonergic activity and, concomitantly, “MDMA-like”
properties. This is consistent with previous findings that 2 mg/kg
MA fully substituted in rodents trained to discriminate 1.5 mg/
kg MDMA from saline (Gatch et al., 2020), although these doses
also produced rate-decreasing effects. Similarly, high doses of
MA in humans may promote a sense of well-being and pro-
social behavior—effects that are often associated with MDMA
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Table 1. Average (+SEM) Percent Drug Lever Responding and ED,, (95% Confidence Level) Values for MA, MDMA, MCAT, MDPV, a-PVP, Methylone,
and Mephedrone in MA-trained (top) and MDMA-trained (bottom) subjects

MA MDMA MCAT MDPV o - PVP Methylone = Mephedrone
MA- trained % Drug lever 100 = 0% 0+0% 98 +2% 100 = 0% 96 + 2% 76 = 9% 18 +18%
responding
ED,, mg/kg (95% CL) (o4 n.d. 0.08 ~0.10 0.05 0.71 n.d.
(0,002, 0.67) (0.06,0.09)  (very wide*) (0.03,0.07)  (0.39,1.32)
MDMA-trained % Drug lever 50 +29% 9 +1% 50 +29% 54 +24% 58 +24% 97 +2% 96 + 3%
responding
ED,, mg/kg (95% CL)  0.67 0.19 0.28 0.29 0.26 0.63 0.56
(0.11,4.16)  (0.10,0.39)  (0.11,0.71)  (0.20, 0.44) (0.14,0.47)  (0.42,0.95)  (0.30,1.02)

Abbreviations: MA, methamphetamine; MDMA, 3,4-methylenedioxymethamphetamine; MCAT, methcathinone; MDPV, methylenedioxypyrovalerone; a-PVP, alpha-

pyrrolidinovalerophenone.

ED,, represents the dose that engendered 50% responding on the MA or MDMA-associated lever.
*Note that GraphPad Prism denotes “very wide” confidence limits for data that do not unambiguously define the parameters. Many sets of parameters generate curves

that fit the data equally well.

(see Kamilar-Britt and Bedi 2015). Unlike MA in MDMA-trained
subjects, MDMA failed to produce any drug-appropriate effects in
MA-trained subjects in the present experiments. These findings
contrast with those in recent cocaine-discrimination studies in
which MDMA produced complete substitution for cocaine in 3
of 4 monkeys (Smith et al., 2017a). The reason for such differing

results with MA and cocaine are unclear but may reflect dif-
ferences in indirect mechanisms and selectivity of neurochem-
ical action (DA-preferring monoamine releaser vs nonselective
monoamine transport blocker, respectively). Alternatively, these
differences may be related to the training doses of MA and co-
caine in the 2 studies. In this regard, Smith et al. (2017a) report
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full substitution for the training dose of cocaine (0.32 mg/kg) by
0.3 mg/kg MA, which is threefold higher than the training dose
of MA (0.1 mg/kg) used in the present studies. Taken together,
MDMA substitution for a relatively high training dose of co-
caine and the MDMA-like effects of a high dose of MA (0.56 mg/
kg; discussed above) suggest that MDMA might more readily
produce MA-like effects in subjects trained with a higher dose
of MA. Thus, while the discriminative-stimulus effects of MA
and MDMA appear to be separable, they also can overlap to an
extent that may depend greatly on training dose. These findings
are generally consistent with previous reports. For example,
the 5HT2a receptor antagonists MDL-100,907 and pirenpirone
(Goodwin and Baker 2000; Goodwin et al., 2003) were found to
only partially block MDMA’s discriminative stimulus in rodents
trained to discriminate 1.5 mg/kg MDMA from saline, whereas
the D1 receptor antagonist SCH 23390, which also has high af-
finity for SHT2c receptors (Millan et al., 2001), was shown to
block MDMA'’s discriminative stimulus in rodents trained to dis-
criminate 1.0 mg/kg MDMA from saline (Bubar et al., 2004). Of
interest, however, Schenk and Highgate (2019), using a higher
MDMA training dose (3.0 mg/kg), have recently reported that
neither the DA antagonists SCH 23390 (D1) and eticlopride
(D2) nor the SHT antagonists ritanserin (S5HT2a), WAY-100635
(SHT1a), or GR129375 (SHT1b) alone were able to alter MDMA’s
discriminative stimulus. Further studies with receptor-selective

antagonists are needed to permit a closer evaluation of how
differences in the neurochemical actions of differing training
doses of MA and MDMA might contribute to separability or
overlap in their discriminative-stimulus effects.

The differing dopaminergic and serotonergic actions that
mediate the discriminative-stimulus effects of MA and MDMA
also may underlie other behaviorally dissimilar effects that
have led to their characterization as, respectively, psychomotor
stimulant and entactogenic drugs. Thus, in laboratory ani-
mals, MA increases motoric activity, heightens vigilance, and
serves as a strong reinforcing stimulus, whereas MDMA, via its
serotonergic actions, engenders prosocial effects and thereby
increases affiliative behavior (see review by Kamilar-Britt and
Bedi 2015). Such behavioral distinctions between psychomotor
stimulant and entactogenic drugs can be observed in laboratory
animals and are highlighted in reports showing that doses of
MDMA, but not MA (or, in previous studies, d-amphetamine),
produced dose-dependent increases in affiliative behavior
(i.e., huddling) and vocalizations in male squirrel monkeys
(Miczek et al., 1981, 1982; Pitts et al., 2017). It is noteworthy that,
excluding prosocial effects that may contribute to its wide-
spread recreational use in humans, MDMA, unlike MA, does
not engender consistent and/or high rates of intravenous self-
administration, a preclinical model often used to examine the
reinforcing effects of drugs in rodents or nonhuman primates
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(Fantegrossi et al., 2002; Schenk et al., 2007; Creehan et al., 2015;
de Moura et al., 2021, for a review, see Schenk 2009). These ob-
servations support the view that dopaminergic actions are
prominently involved in the reinforcing effects of psychoactive
drugs and, in conjunction with the present results, highlight
the value of procedures such as drug discrimination that can
be used to identify drugs in which such neurochemical actions
play a critical behavioral role.

Each of the synthetic cathinones fully substituted for
either MA or MDMA in a manner that reflected their predom-
inant neurochemical actions. Thus, the dopamine-preferring
cathinones MDPV, MCAT, and o-PVP fully substituted for MA,
whereas the serotonin-preferring cathinones methylone and
mephedrone fully substituted for MDMA. Most cathinones
also displayed some overlap in their discriminative-stimulus
properties, with MDPV, MCAT, and a-PVP producing predomin-
antly MDMA-appropriate responding in one-half of the MDMA-
trained animals and methylone, but not mephedrone, producing
predominantly MA-appropriate responding in one-half of the
MA-trained animals. Excepting the effects of methylone in
MA-trained subjects, the propensity of cathinones to engender
patterns of overlapping substitution in the 2 groups of monkeys
varied considerably among subjects. As with MA in MDMA-
trained subjects, such individual differences preclude general
conclusions regarding the extent to which MDMA-like actions
contribute to the discriminative-stimulus effects of dopamine-
preferring cathinones or the extent to which MA-like actions
contribute to the discriminative-stimulus effects of serotonin-
preferring cathinones. Nevertheless, the present results are
consistent with the idea that synthetic cathinones produce
discriminative stimulus effects in nonhuman primates that
are predominantly dopaminergic or serotonergic and, as in ro-
dents, also display some overlap that may reflect a combination
of dopaminergic and serotonergic neurochemical actions (e.g.,
Dal Cason 1997; Harvey and Baker 2016; Dolan et al., 2018; Gatch
et al., 2020).

While the magnitude of substitution by methylone for MA
in the present studies was similar to that reported in previous
studies in rodents (approximately 70-80%), the absence of
MA-like effects of mephedrone in monkeys contrasts with pre-
vious data showing that it fully substituted for MA in rodents
(Gatch et al., 2013; Dolan et al., 2018). Possibly the effects of
mephedrone, in particular, differ qualitatively in rodents and
nonhuman primates. However, it is more likely that differing
aspects of the particular studies contributed to the dissimilar
results. For example, as discussed above with regard to the role
of training dose in overlapping discriminative-stimulus effects
of MA and MDMA, a higher training dose of MA may have re-
sulted in more evidence of overlapping effects of mephedrone
and MA in the present studies. In this regard, however, it is note-
worthy that the dose of mephedrone that substituted for MDMA
in rodents also produced rate-decreasing effects, whereas in the
present studies, rate-decreasing effects of mephedrone were
evident in the absence of substantial MA-like discriminative-
stimulus effects. Finally, Smith et al. (2017a, 2017b) have pre-
viously reported that selected cathinones (a-PVP, MDPV,
methylone, MCAT but not mephedrone) produce consistent
drug-like discriminative-stimulus effects in monkeys trained to
discriminate cocaine (0.32 mg/kg) from vehicle. Similarly, Kohut
et al,, (2013) showed that 0.1 mg/kg MCAT substituted in rhesus
monkeys trained to discriminate 0.4 mg/kg cocaine from saline.
Such consistency in the results of drug discrimination studies

in cocaine-trained and MA-trained subjects might be expected
in view of the shared dopaminergic actions of cocaine and MA
(albeit via differing indirect mechanisms) and the many studies
suggesting symmetric overlap in their discriminative-stimulus
properties (Garza and Johanson 1983; Smith et al.,, 2017a).

The reinforcing effects of MA, MDMA, and synthetic
cathinones differ substantively in i.v. drug self-administration
studies, likely reflecting differences in their neurochemical ac-
tions and related pharmacological profiles. For example, each
of the synthetic cathinones studied here have been previously
shown to maintain i.v. self-administration behavior in rodents
(Hadlock et al., 2011; Aarde et al., 2013; Creehan et al., 2015;
Gannon et al., 2017; Dolan et al., 2018). Yet, in self-administration
studies that directly compared the reinforcing effects of
methylone (MDMA-like) and MDPV (MA-like) in rats, methylone
appeared to exhibit lesser reinforcing strength than MDPV
(Schindler et al., 2016; Gannon et al., 2019), whereas, in more
recent studies, methylone and MDPV demonstrated similar
reinforcing strengths in rhesus macaques (de Moura et al.,
2021). Similar comparisons in nonhuman primates have not
been made with mephedrone, the other MDMA-like cathinone
studied here. However, in comparative self-administration
studies in rats with methylone and MDMA, mephedrone was
found to maintain the highest intake among the 3 compounds
(Creehan et al., 2015). Furthermore, it is noteworthy that self-
administration of MDMA itself has been reported to be highly
variable in rodents, leading to the view that its reinforcing
strength also is below that of other, more selectively dopamin-
ergic drugs (Schenk et al., 2007; Creehan et al., 2015 for a review,
see Schenk 2009). Based on previous studies of the reinforcing
effects of drugs with differing proportions of dopaminergic and
serotonergic actions, it seems likely that the apparently lesser
reinforcing strength of methylone and MDMA, at least, may be
attributed to the influence of their more prominent serotonergic
actions (Wee et al., 2005). Along the same lines, the greater re-
inforcing strength of MA and MA-like cathinones likely can be
attributed to greater dopaminergic selectivity in their neuro-
chemical actions (Kaminski and Griffiths 1994; Kehr et al., 2011;
Baumann et al., 2012, 2013; Watterson et al., 2014; Gannon et al.,
2017; Collins et al., 2019).

In summary, the present findings suggest that MDMA and MA
share overlapping interoceptive effects in nonhuman primates
and that the propensity for synthetic cathinones to substitute
for a MDMA or MA discriminative stimulus is largely, but not
exclusively, predicated on their monoaminergic selectivity, that
is, dopaminergic vs serotonergic. Additionally, the present find-
ings support the view that the discriminative-stimulus effects of
synthetic cathinones and, more generally, psychomotor stimu-
lants can serve as a predictor of their reinforcing effects in la-
boratory animals and, in turn, their abuse potential in humans.
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