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Abstract

Background: The development of novel synthetic psychoactive substances continues to
accelerate. There are little or no data on the pharmacological mechanisms, behavioral effects, or
abuse liability of many of the newer compounds, despite increasing reports of severe adverse
effects in recreational users.

Methods: The current study investigated the discriminative stimulus and locomotor stimulant
effects of a group of synthetic cathinone analogs: N-ethylpentylone, dimethylone, dibutylone,
clephedrone, 3’,4’-tetramethylene-a-pyrrolidinovalerophenone (TH-PVP). Locomotor activity
was assessed in an open-field assay using Swiss-Webster mice. Discriminative stimulus effects
were assessed in Sprague-Dawley rats trained to discriminate either cocaine, methamphetamine or
MDMA from vehicle.

Results: N-ethylpentylone, dimethylone, dibutylone and clephedrone increased locomotor
activity. Maximal effects were similar among the test compounds. Relative potencies were:
methamphetamine>N-ethylpentylone>clephedrone> dimethylone>MDMA> cocaine>dibutylone.
TH-PVP dose-dependently depressed locomotor activity. N-ethylpentylone, dimethylone,
dibutylone and clephedrone substituted fully for the discriminative stimulus effects of
methamphetamine. N-ethylpentylone, dibutylone and clephedrone fully substituted for cocaine,
whereas dimethylone produced a maximum of 67% drug-appropriate responding. Dimethylone,
dibutylone and clephedrone fully substituted for MDMA, whereas N-ethylpentylone produced
only 50% drug-appropriate responding. TH-PVP produced a maximum of 38%
methamphetamine-appropriate responding, 50% cocaine-appropriate responding, and less than 1%
MDMA-appropriate responding.
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Conclusions: These data provide initial evidence that the novel psychoactive substances N-
ethylpentylone, dimethylone, dibutylone, and clephedrone demonstrate potential for abuse as
psychostimulants and/or club drugs, given their ability to stimulate locomotor activity and their
substitution for the discriminative stimulus effects of methamphetamine, cocaine and/or MDMA.
TH-PVP has minimal activity in the assays tested and may have little or no abuse liability.
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1. Introduction

Novel, synthetic analogs of abused drugs continue to be developed, making control of these
compounds increasingly difficult. Novel compounds had been released at an accelerating
rate from 2003 until a peak in 2014-2015. Since then the number of hew compounds flagged
by the EU Early Warning system has been decreasing, yet more than 50 new compounds
were identified in 2017 (EMCDDA, 2018), indicating that synthetic analogs are still a threat
to public health. Of the synthetic analogs, cathinones comprise one of the most commonly
used types of recreational compounds (EMCDDA, 2018; UNODC, 2017). Unfortunately, the
more recent generations of the synthetic “designer drugs” have been associated with severe
adverse effects.

Clinical case studies and poison control center reports indicate cathinone compounds can
acutely produce extremely high blood pressure, confusion, psychatic-like and/or aggressive
behaviors (John et al., 2014; Penders et al., 2012) as well as more life-threatening effects
such as convulsions, myocardial infarction, arrhythmias, and cardiac arrest, metabolic
acidosis and prolonged rhabdomyolysis even after few doses (Forrrester 2012; Spiller et al.,
2011; Paillet-Loilier 2014; Sivagnanam, 2013). These are very similar to self-reported
adverse effects found on user forums, such as anxiety, hallucinations, nervousness, paranoia,
angina, myocardial infarction, tachycardia, and difficulty urinating (Assi et al., 2017).

Five compounds have been identified by the US Drug Enforcement Agency as being of
special concern, N-ethylpentylone (also known as, B-keto-ethylbenzodioxolylpentanamine,
Bkethyl-K, Bk-EBDP, ephylone, N-ethylnorpentylone), dimethylone HCI (bk-MDDMA),
dibutylone HCI (B-keto-dimethylbenzodioxolylbutanamine, Bk-DMBDB), clephedrone HCI
(4-chloromethcathinone, 4-CMC), and TH-PVP HCI (3’,4’-tetramethylene-a.-
pyrrolidinovalerophenone). To date, only N-ethylpentylone has been temporarily designated
as a Schedule | compound in the US (DEA, 2018).

N-Ethylpentylone produces agitation, hallucinations, tachycardia, coma and death (Costa et
al., 2018). In one case, N-ethylpentylone caused death following extremely high body
temperature, hepatic and renal complications, respiratory failure and cardiac arrest, despite
medical intervention (Thirakul et al., 2017). A public service group in New Zealand that
tracks drug information and offers onsite chemical testing published a warning about severe
adverse effects following N-ethylpentylone use, including that 13 people were hospitalized
following its use (https://knowyourstuff.nz, 2018). Dibutylone, clephedrone and TH-PVP
have been identified in seizures of illicit drugs (Grifell et al., 2017; Russell and Brogun
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2011), and samples from postmortem examinations and testing for driving under
intoxication (Krotulski et al., 2018a, 2018b; Tomczak et al., 2018; Wille et al., 2018).

Limited mechanistic data for dimethylone, dibutylone, and N-ethylpentylone exist; however,
data for their mono- and methyl-substituted counterparts are abundant. Dimethylone acted as
an uptake inhibitor at both the dopamine transporter (DAT) and serotonin transporter (SERT)
in one study (Solis, 2017), but only at DAT in another (Eshleman et al., 2018), and did not
produce monoamine release (Eshleman et al., 2018). Dibutylone was 32-fold selective at the
DAT over the norepinephrine transporter (NET) for blocking uptake, produced no uptake
effects at the SERT, and did not produce monoamine release (Eshleman et al., 2018). In
contrast, methylone is widely considered to be a nonselective transporter substrate for DAT
and SERT (Dolan et al., 2018; Eshleman et al., 2013; Simmler et al., 2013), whereas
butylone has been described as either a “hybrid” compound inhibiting dopamine uptake and
promoting serotonin release (Eshleman et al., 2013; Simmler et al., 2013; Saha et al., 2018)
or a substrate for both transporters with weaker effects at DAT (Dolan et al., 2018).

N-ethylpentylone was 8 to 10-fold selective for DAT uptake over SERT uptake and did not
produce monoamine release (Costa et al. 2018; Eshleman et al. 2018). Pentylone,
conversely, has been described as an uptake inhibitor 5 to 8-fold selective for DAT over
SERT (Costa et al. 2018; Eshleman et al. 2018), a nonselective uptake inhibitor (Eshleman et
al., 2017), a “hybrid” compound (Simmler et al., 2014; Saha et al., 2018), or a weak DAT/
SERT substrate (Dolan et al., 2018). Previous analyses of structure-activity relations among
synthetic cathinones have demonstrated that tertiary amine substitution (as in dimethylone
and dibutylone) or substitution with larger alkyl groups (as in ethylone or N-ethylpentylone)
confers transporter-blocking properties to compounds (Kolanos et al., 2013; Solis, 2017;
Glennon and Dukat, 2017), so the unstudied compounds currently under investigation
potentially have more-prominent transporter-blockade effects relative to their mono- and
methyl-substituted counterparts.

Clephedrone (4-Chloromethcathinone; 4-CMC) is a monoamine transporter substrate
(releaser) similar potency for SERT and DAT (Blough et al., 2018; Eshleman et al., 2013;
2017), although one study reported that clephedrone was 3-fold more potent at releasing
dopamine than serotonin, with equal efficacy (Bonano et al., 2015). However, when looking
at time course, it is interesting to note that whereas clephedrone produced a large increase in
DA levels, the onset was slow (Suyama et al., 2016). In contrast, in the same study,
clephedrone produced even larger increases in serotonin levels with a fast onset. TH-PVP
was a low potency uptake inhibitor with selectivity SERT>DAT=NET and did not produce
monoamine release (Eshleman et al., 2018).

Assessment of abuse liability testing involves chemical structure, pharmacological
mechanism and behavioral effects. Compounds with chemical structures similar to those of
abused compounds are much more likely to be abused. Similarly, compounds that bind to, or
activate, pharmacological receptors that mediate the effects of abused drugs are much more
likely to be abused, although not all compounds with similar mechanisms are abused.
Finally, compounds that produce subjective effects similar to abused drugs and produce
reward/reinforcement are highly likely to themselves be abused by human users.
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In terms of chemical structure, the test compounds in the present study are all substituted
cathinones (Fig 1). Cathinone compounds, as previously mentioned, are increasingly being
used by recreational users as substitutes for psychostimulants like cocaine and
methamphetamine and/or as substitutes for methylenedioxymethamphetamine (MDMA) in
ecstasy. In terms of pharmacological mechanism, only N-ethylpentylone and clephedrone
have been tested to date. Both compounds have mechanisms similar to those of
psychostimulants, acting at monoamine transporters (Bonano et al., 2015; Costa et al.,
2018). In terms of behavioral testing, locomotor activity testing is used to establish the dose
range and time course for compounds with little or no prior information on their behavioral
effects. Potency at stimulating locomotor activity correlates well with potency in the drug
discrimination assay (e.g., Katz et al., 2001; Gatch et al., 2017), and provide useful
predictors of the duration of action of subjective and reinforcing effects in animal models
and human users. Subjects are not habituated to the chambers before testing, which allows
for observation of decreases in baseline locomotor activity. Drug discrimination is a robust
animal model of the subjective effects of psychoactive compounds and is an excellent
predictor of abuse liability (Balster, 1991; Carter and Griffiths, 2009; Horton et al., 2013). In
the present study, the effects of N-ethylpentylone, dimethylone, dibutylone, clephedrone,
and TH-PVP in the locomotor activity assay was tested, followed by assessing their ability
to substitute for the discriminative stimulus effects of methamphetamine, cocaine, and
MDMA.

2. Methods
2.1. Subjects

2.2.

Male Swiss—Webster mice were obtained from Envigo (Indianapolis, IN) at approximately 8
weeks of age and tested at approximately 10 weeks of age. Mice were group housed (4 per
cage) on a 12:12-h light/dark cycle and were allowed free access to food and water. Male
Sprague-Dawley rats were obtained from Envigo. All rats were housed individually and
were maintained on a 12:12 light/dark cycle (lights on at 7:00 AM). Body weights were
maintained at 320-350 g by limiting food to 15 g/day which included the food received
during operant sessions. Water was readily available. All housing and procedures were in
accordance with Guidelines for the Care and Use of Laboratory Animals (National Research
Council, 2011) and were approved by the University of North Texas Health Science Center
Animal Care and Use Committee.

Locomotor Activity

The study was conducted using 40 Digiscan (model RXYZCM, Omnitech Electronics,
Columbus, OH) locomotor activity testing chambers (40.5 X 40.5 X 30.5 cm) housed within
sound-attenuating chambers in sets of two. A panel of infrared beams (16 beams) and
corresponding photodetectors were located in the horizontal direction along the sides of each
activity chamber. A 7.5-W incandescent light above each chamber provided dim
illumination and fans provided an 80-dB ambient noise level within the chamber.

Separate groups of 8 mice were injected with either vehicle (0.9% saline), or a dose of
methamphetamine (0.25, 0.5, 1, 2, 4 mg/kg), cocaine (5, 10, 20, 40 mg/kg), MDMA (2.5, 5,
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10, 25, 50 mg/kg), N-ethylpentylone (0.25, 0.5, 1, 2.5, 5, 10, 25 mg/kg), dimethylone (2.5, 5,
10, 25,50 mg/kg), dibutylone (5, 10, 25, 50 mg/kg), clephedrone (1, 2.5, 5, 10 mg/kg), TH-
PVP (10, 25, 50, 100 mg/kg) immediately prior to locomotor activity testing. Separate
vehicle controls were tested for each test compound. In all studies, horizontal activity
(interruption of photocell beams) was measured for 8 hours within 10-min periods, in order
to establish a time-course of locomotor effects, beginning at 0800 h (1 h after lights on).
Studies typically began with 1 mg/kg, after which higher and/or lower doses were tested
from no effect, defined as not statistically different from vehicle, to full effect, defined as
less than 50% of vehicle control for depressants. Stimulants typically produce an inverted-U
shaped dose-effect curve for the locomotor stimulant effects. Increasing doses are tested
until a peak has been reached and at least one dose on the descending limb of the dose-effect
curve has been tested.

2.3. Discrimination Procedures

Standard behavior-testing chambers (Coulbourn Instruments, Allentown, PA, Model E10-
10) were connected to IBM-PC compatible computers via LVB interfaces (Med Associates,
East Fairfield, VT). Response levers were positioned to the left and right of the food hopper.
A house light was centered over the hopper close to the ceiling and was illuminated only
when the levers were active. The computers were programmed in Med-PC for Windows,
version IV (Med Associates) for the operation of the chambers and collection of data.

Using a two-lever choice methodology, a pool of rats was trained to discriminate either
methamphetamine (1 mg/kg), cocaine (10 mg/kg), or MDMA (1.5 mg/kg) from saline. Rats
received an injection of either saline or drug and were subsequently placed in the behavior-
testing chambers, where food (45 mg food pellets; Bio-Serve, Frenchtown, NJ) was
available as a reinforcer for every ten responses on a designated injection-appropriate lever.
The pretreatment time was 10 min for cocaine and methamphetamine and 15 min for
MDMA. Each training session lasted a maximum of 10 min, and the rats could earn up to a
maximum of 20 food pellets. The rats received approximately 60 of these sessions before
they were used in tests for substitution of the experimental compounds. Rats were used in
testing once they had achieved 9 of 10 sessions at 85% injection-appropriate responding for
both the first reinforcer and total session. The training sessions occurred on separate days in
a double alternating fashion (drug-drug-saline-saline-drug; etc.) until the training phase was
complete, after which substitution tests were introduced into the training schedule such that
at least one saline and one drug session occurred between each test (drug-saline-test-saline-
drug-test-drug; etc.). The substitution tests occurred only if the rats had achieved 85%
injection-appropriate responding on the two prior training sessions.

N-Ethylpentylone, dimethylone, dibutylone, clephedrone, and TH-PVP were tested for
substitution in methamphetamine-, cocaine-, and MDMA-trained rats. Test sessions lasted
for a maximum of 20 min. In contrast with training sessions, both levers were active, such
that 10 consecutive responses on either lever led to reinforcement. Data were collected until
all 20 reinforcers were obtained, or for a maximum of 20 min. Each compound was tested in
groups of six rats. A repeated-measures design was used, such that each rat was tested at all
doses of a given drug, including vehicle and training-drug controls. The dose effect of each
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compound was tested from no effect to full effect or rate suppression (<20% of vehicle
control) or adverse effects. Starting doses and pretreatment times were inferred from the
locomotor activity testing. For dose-effect experiments, intraperitoneal (i.p.) injections (1
ml/kg) of vehicle or test compound were administered with a pretreatment of 15 min for
each compound, except clephedrone, which had a pretreatment time of 60 min in
methamphetamine-trained rats and 120 min in cocaine- and MDMA-trained rats. Rats that
failed to complete the first fixed ratio were excluded from the analysis of drug-appropriate
responding, but were used for analysis of response rate.

(+)-Methamphetamine hydrochloride, (-)-cocaine hydrochloride, (+)-3,4-
methylenedioxymethamphetamine hydrochloride (MDMA), N-ethylpentylone HCI (1-(1,3-
Benzodioxole-5-yl)-2-(ethylamino)-1-pentanone), dimethylone HCI (1-(1,3-Benzodioxol-5-
yl)-2-(dimethylamino)propan-1-one), dibutylone HCI (1-(1,3-Benzodioxol-5-yl)-2-
(dimethylamino)butan-1-one), clephedrone HCI (1-(4-Chlorophenyl)-2-
(methylamino)propan-1-one), and TH-PVP HCI (2-(methylamino)-1-(2-methylphenyl)-1-
propanone (1b)) were all supplied by the National Institute on Drug Abuse Drug Supply
Program. Optically active cathinones were provided as racemates. All compounds except
TH-PVP were dissolved in 0.9% saline and administered i.p. in a volume of 1 ml/kg in rats
and 10 ml/kg in mice. For the locomotor activity study, TH-PVP was dissolved in deionized
water. At the concentrations necessary for the drug discrimination studies, TH-PVP was not
soluble in saline, deionized water, or dilute acid. For the methamphetamine drug-
discrimination study, TH-PVP was suspended in 2% methylcellulose. For the cocaine and
MDMA discrimination studies, TH-PVP was suspended in ethanol/Cremophor EL/0.9%
saline (1:1:18).

2.5. Data Analysis

Locomotor activity data were expressed as the mean number of photocell counts in the
horizontal plane (ambulation counts) during each 10-min period of testing. A 30-min period,
beginning when maximal stimulation of locomotor activity first appeared at the lowest
effective dose, was used for analysis of dose-response data. A two-way repeated measures
analysis of variance was conducted on horizontal activity counts/10 min interval. A one-way
analysis of variance was conducted on horizontal activity counts for the 30-min period of
maximal effect (defined as the earliest time period in which a peak effect was observed), and
planned comparisons were conducted for each dose against saline control using single
degree-of-freedom F tests. A oneway ANOVA was conducted on peak ambulation adjusted
for control (peak effects = locomotor activity drug - locomotor activity vehicle) for the five
test compounds. The cut-off for statistical significance was set at p<0.05.

Drug discrimination data are expressed as the mean percentage of drug-appropriate
responses occurring in each test period. Graphs for percent drug-appropriate responding and
response rate were plotted as a function of dose of test compound (log scale). Percent drug-
appropriate responding was shown only if at least 3 rats completed the first fixed ratio. Full
substitution was defined as =80% drug-appropriate responding and not statistically different
from the training drug. Rates of responding were expressed as a function of the number of
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responses made divided by the total session time (sec). Response rate data were analyzed by
one-way repeated measures analysis of variance. Effects of individual doses were compared
to the vehicle control value using a priori contrasts.

The potencies (ED5q and 95%-confidence intervals) of the test compounds in both assays
were calculated by fitting straight lines to the linear portion of the dose-response data for
each compound by means of OriginGraph (OriginLab Corporation, Northampton, MA). A
one-way ANOVA was conducted on the EDsg( values.

3. Results

3.1. Locomotor Activity

Figures 2 and 3 show the time course data for the test compounds in comparison to
methamphetamine and cocaine (Fig 2) or MDMA (Fig 3). Comparison of the peak effects
showed an overall effect [F(7,184)=41.62, p<0.001]. Rank order of potency was
methamphetamine>N-ethylpentylone>clephedrone> dimethylone>MDMA>cocaine>
dibutylone>>TH-PVP. Methamphetamine (EDsg = 0.50+0.05 mg/kg) produced dose- and
time-dependent locomotor stimulation [Dose F(5,42)=25.7, p<.001; Time F(47,1974)=87.9,
p<.001, and Dose x Time interaction F(235,1974)=9.9, p<.001]. Peak effect (7296+586
counts) was observed following 2 mg/kg. The peak effect was significantly different from
cocaine, MDMA and all of the test compounds (p<0.05). The effects lasted three to four
hours up to a dose of 2 mg/kg. A higher dose (4 mg/kg) resulted in a sharp drop-off of motor
activity, followed by a delayed peak.

Cocaine also shows a dose- and time-dependent increase in activity [Dose F(4,35)=3.1, p<.
001; Time F(47,1645)=77.0, p<.001; and Dose x Time interaction F(188,1645)=3.1, p<.
001]. Peak effect (62641463 counts) was observed following 20 mg/kg. The peak effect was
significantly different from methamphetamine and TH-PVP (p<0.05). In contrast to
methamphetamine, the effects lasted two to three hours. Increasing the dose to 40 mg/kg
resulted in a lower level of locomotor activity without the delayed peak seen following
methamphetamine.

Finally, MDMA produces significant changes in locomotor activity [Dose F(6,49)=7.58, p<.
001, Time F(47,2303)=49.82, p<.001, and Dose x Time interaction F(282,2303)=4.26, p<.
001]. Depressant effects were seen at low doses within the first 30 min, followed by dose-
dependent increases in peak locomotor stimulation and duration up to a dose of 25 mg/kg
(5820+921 counts). A higher dose resulted in the loss of rapid locomotor stimulation and a
delayed peak.

N-Ethylpentylone (EDs5q = 0.73£0.06 mg/kg) produced dose and time-dependent increases
in locomotor activity from 0.25 to 10 mg/kg [Dose F(7,56)=4.4, p=.001; Time
F(47,2632)=134.2, p<.001; Dose x Time interaction F(329,2632)=4.1, p<.001]. Figure 2
shows the 1 to 25 mg/kg dose range. A higher dose, 25 mg/kg, resulted in decreased
locomotor activity during the first 30 min, followed by a delayed peak 2-3 h after
administration. N-Ethylpentylone had a rapid onset (withinthe first 10 min), and its effects
lasted 3—4 h depending on dose. Peak effects ranged from 5400-5700 counts at doses from
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2.5 to 10 mg/kg, and a drop in locomotor activity to baseline level was seen following 25
mg/kg. Peak effects were significantly different from methamphetamine and TH-PVP
(p<0.05).

Dimethylone (EDsgg = 4.9 mg/kg) produced dose and time-dependent increases in locomotor
activity from 2.5 to 25 mg/kg [Dose F(5,42)=5.02, p=.001; Time F(47,1974)=81.16, p<.001;
Dose x Time Interaction F(235,1974)=2.44, p<.001]. Peak effect (5352+154 counts) was
observed following 25 mg/kg. The peak effect was significantly different from
methamphetamine and TH-PVP (p<0.05). Effects were seen within 10 min and lasted 1-2 h.
The 50 mg/kg produced less locomotor stimulation at the time of overall peak effect, but the
stimulation lasted 3—4 h.

Dibutylone (EDsg = 11.18 mg/kg) produced dose and time-dependent increases in locomotor
activity from 5 to 25 mg/kg. Analysis of variance did not indicate a significant effect of
Dose [F(4,35)=1.92, p=.129], but indicated a significant effect of Time [F(47,1645)=66.56,
p<.001] and a significant Dose x Time interaction [F(188,1645)=3.58, p<.001]. Effects were
seen within 10 min and lasted 2—-3 h. The 50 mg/kg produced less locomotor stimulation at
the time of overall peak effect. Peak effect (5620+546 counts) was observed following 25
mg/kg. Peak effects were significantly different from methamphetamine and TH-PVP
(p<0.05).

Clephedrone (EDsg = 1.37 mg/kg) produced dose and time-dependent increases in
locomotor activity from 1 to 10 mg/kg. Analysis of variance did not indicate a significant
effect of Dose [F(4,35)=2.2, p=.09], but did indicate a significant effect of Time
[F(47,1645)=28.9, p<.001] and the Dose x Time Interaction [F(188,1645)=1.43, p<.001].
Effects were delayed, peaking from 30 — 60 min after administration. Duration was also
dose-dependent, increasing to 6 h at 10 mg/kg. Peak effect (4201+366) was observed
following 5 mg/kg and was significantly different from methamphetamine and TH-PVP
(p<0.05).

TH-PVP (EDsg = 76.00 mg/kg) produced dose and time-dependent decreases in locomotor
activity from 10 to 100 mg/kg [Dose F(4,35)=7.04, p<.001; Time F(47,1645)=17.3, p<.001;
and Dose x Time interaction F(188,1645)=2.1, p<.001]. Effects were observed within 20
min and lasted 30 min, but were extended at 100 mg/kg, lasting 2.5 to 3 h. Maximal
depressant effects were 1034+252.0 counts following 100 mg/kg.

3.2. Drug Discrimination

N-ethylpentylone (EDgp=1.7£0.1 mg/kg), dimethylone (n=9) (ED5p=12.1+0.1 mg/Kg),
dibutylone (ED5g=11.4+0.1 mg/kg) and clephedrone (EDgq=3.9+0.1 mg/kg) all fully
substituted for the discriminative stimulus effects of methamphetamine at doses that did not
alter response rate (Fig. 4). Rank order of potency was N-
ethylpentylone>clephedrone>dibutylone= dimethylone. Response rate was decreased
following 5 and 10 mg/kg clephedrone [F(4,20)=34.41, p<.001]. TH-PVP produced a peak
of 38% methamphetamine-appropriate responding following 100 mg/kg. Response rate was
not affected.
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N-ethylpentylone (EDgy=2.0£0.1 mg/kg), dibutylone (ED5¢=3.6+0.01 mg/kg) and
clephedrone (EDgy=4.3+0.1 mg/kg) all fully substituted for the discriminative stimulus
effects of cocaine. Rank order of potency was N-ethylpentylone>clephedrone= dibutylone.
Response rate was increased following 2.5 and 5 mg/kg N-ethylpentylone [F(5,25)=2.96, p=.
031]. Dimethylone produced a peak of 67% cocaine-appropriate responding following 25
and 50 mg/kg. Response rate was decreased following 50 mg/kg dimethylone such that 3 of
6 rats failed to complete the first fixed-ratio [F(5,25)=6.29, p=.001]. TH-PVP produced a
peak of 50% cocaine-appropriate responding following 100 mg/kg. Response rate was
decreased following 100 mg/kg TH-PVP such that 2 of 6 rats failed to complete the first
fixed-ratio [F(5,25)=3.358, p=.019].

Dimethylone (ED5¢=10.8+0.1 mg/kg), dibutylone (ED5y=9.2+0.1 mg/kg) and clephedrone
(ED50=0.37+0.10 mg/kg) all fully substituted for the discriminative stimulus effects of
MDMA. Rank order of potency was clephedrone>>dibutylone=dimethylone. N-
Ethylpentylone produced a peak of 50% MDMA-appropriate responding at 5 and 10 mg/kg.
Response rate was decreased following 10 and 25 mg/kg N-ethylpentylone, such that 2 of 6
rats failed to complete the first fixed ratio following 10 mg/kg and 4 of 6 rats following 25
mg/kg [F(6,30)=4.22, p=.003]. TH-PVP produced a peak of 16% MDMA-appropriate
responding at 50 mg/kg. Response rate was decreased following 100 mg/kg TH-PVP, such
that 4 of 5 rats failed to complete the first fixed ratio [F(4,16)=8.697, p=.001].

4. Discussion

The present study evaluated the behavioral effects of N-ethylpentylone, dimethylone,
dibutylone, clephedrone, TH-PVP. Locomotor activity was tested to determine the onset and
duration of action of each compound. Drug discrimination testing determined whether the
test compounds produce discriminative stimulus effects similar to those of
methamphetamine, cocaine, and/or MDMA.

N-Ethylpentylone, dimethylone, dibutylone, clephedrone all increased locomator activity at
some dose range, whereas TH-PVP decreased locomotor activity. N-Ethylpentylone
produced locomotor stimulant effects similar to those of methamphetamine, with large,
dose-dependent increases in locomotor activity with rapid onset. Similar to
methamphetamine, further increasing the dose led to a decreased stimulant effect
immediately followed by drop to baseline levels for 60 min, followed by delayed stimulant
effects. N-Ethylpentylone was less potent and shorter acting than methamphetamine. In
contrast, dimethylone and dibutylone produced locomotor stimulant effects more similar to
those of cocaine, which produces a shorter time course without the rebound in the time
course of the top dose as seen following methamphetamine. The locomotor stimulant effects
of clephedrone were somewhat more like those of MDMA, with a slow onset and long-
acting effects. Clephedrone, however, did not produce the initial depressant effects produced
by low-dose MDMA.

Overall, these findings are similar to those previously reported for cathinones and
structurally related compounds with psychostimulant effects; these compounds produce
dose-dependent stimulation of motor activity to a peak level, whereas higher doses produce
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decreases in locomotor activity (Gatch et al., 2013; 2015a;b; 2017; Naylor et al., 2015).
Given that N-ethylpentylone, dimethylone and dibutylone are selective for dopamine
transporters, their ability to increase locomotor activity is not surprising. Clephedrone is a
non-selective DAT/SERT releaser (Blough et al., 2018; Eshleman et al., 2013; 2017), which
may account for its more MDMA-like effects. Taken together, these findings suggest that N-
ethylpentylone, dimethylone, dibutylone, clephedrone will have psychostimulant-like effects
in human users, although clephedrone may be more of a MDMA-like club drug than a
methamphetamine-like psychostimulant.

In contrast, TH-PVP dose-dependently decreased locomotor activity. Other compounds with
psychostimulant-like effects also decrease locomotor activity, although most of them
(MDMA, flephedrone, MDAI, and DMAA) produce rebound stimulant effects later in the
time course (Dolan and Gatch, 2015; Gatch et al., 2013; 2016). 4-Fluoroamphetamine (4-
FA) did produce depressant effects with little or no rebound stimulant effects (Dolan et al.,
2017) similar to those produced by TH-PVP in the present study. None of these compounds
are selectively dopaminergic, as MDMA and MDA produce both serotonergically and
dopaminergically mediated effects and DMAA produces its effects primarily through
adrenergic receptors (Monte et al., 1993; Iversen et al., 2013). Not surprisingly, TH-PVP
was reported to be a low potency uptake inhibitor with selectivity SERT>DAT=NET and did
not produce monoamine release (Eshleman et al., 2018). As a side-note, it is interesting that
flephedrone (4-fluoromethcathinone) produced initial depressant effects (Gatch et al., 2013)
whereas, in the present study, clephedrone (4-chloromethcathinone) did not. Given the
depressant effects of both 4-FA and flephedrone, it is possible that the fluorine substitution
at the 4 position contributes to the depressant effects.

In the present study, those compounds that produced locomotor stimulant effects (N-
ethylpentylone, dimethylone, dibutylone, clephedrone) fully substituted for the
discriminative stimulus effects of methamphetamine. These results are not surprising as the
potency of locomotor stimulant effects are highly predictive of potency of substitution for
the discriminative stimulus effects of psychostimulants (e.g., Katz et al., 2001; Gatch et al.,
2017), and as most of the substituted cathinones previously tested have also substituted for
methamphetamine (Dolan et al., 2018; Gatch et al., 2013; 2015a;b; 2017; Naylor et al.,
2015). The time courses of the locomotor effects were also predictive. Most of the
compounds produced locomotor stimulant effects within 10-20 min and fully substituted at
15 min after administration. The locomotor stimulant effects of clephedrone had a slow
onset, and substitution in methamphetamine-trained rats was seen 60 min following
administration.

Most of the compounds also fully substituted for cocaine and MDMA; however,
dimethylone failed to fully substitute for cocaine, and N-ethylpentylone failed to fully
substitute for MDMA. Pentylone, which is strongly dopaminergic, also failed to substitute
for MDMA (Dolan et al., 2018), so it is not surprising that N-ethylpentylone, which is also
more potent at DAT than at SERT failed to fully substitute for MDMA in the present study.
In contrast, clephedrone was 10-fold more potent at producing MDMA-like discriminative
stimulus effects than it was at producing cocaine- or methamphetamine-like discriminative
stimulus effects. This finding is in line with clephedrone producing locomotor stimulant
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effects much more like MDMA than like cocaine or methamphetamine. Currently, the
findings from functional assays provide some support that clephedrone acts like MDMA,
since clephedrone showed fairly similar potency for SERT and DAT (Blough et al., 2018;
Bonano et al., 2015; Eshleman et al., 2013), and produces large increases in both dopamine
and serotonin levels, although to a larger degree and faster onset for serotonin (Suyama et
al., 2016).

The failure of dimethylone to fully substitute for cocaine is difficult to explain as there are
few reports on the receptor pharmacology of dimethylone that do not completely agree, with
dimethylone acting as an uptake inhibitor at both DAT and SERT in one study (Solis, 2017),
but only at DAT in another (Eshleman et al., 2018). However, alpha-PVT, 4-MePPP and 3,4-
MPBP were previously reported to produce sub-maximal levels of cocaine-lever responding
(Gatch et al., 2017). Mephedrone (4-methylmethcathinone) also failed to fully substitute for
cocaine in rhesus monkeys (Smith et al. 2016), despite fully substituting for cocaine in rats
(Gatch et al. 2013), and cocaine did not fully substitute in rats trained to discriminate 3
mg/kg mephedrone (Berquist et al., 2017; Varner et al. 2013); although cocaine did fully
substitute when the training dose of mephedrone was 1 mg/kg. Likely, there are subtle
differences in the receptor pharmacology of these compounds which have not yet been fully
elucidated that contribute to differences in discriminative stimulus effects in
methamphetamine- and cocaine-trained subjects.

TH-PVP, which was a locomotor depressant in the present study, did not fully substitute for
any of the training drugs, methamphetamine, cocaine or MDMA.. Other compounds,
MDMA, MDA, 4-FMC, 4-FA and dimethylamylamine produce at least some locomotor
depressant effects, but still produced full substitution for cocaine, methamphetamine, and/or
MDMA. TH-PVP is a low potency uptake inhibitor with selectivity SERT>DAT=NET
(Eshleman et al., 2018). It is possible that TH-PVP is pharmacologically active at other
receptors and may have other psychoactive effects—hallucinogens, GABAergic depressants
and cannabinoids all depress locomotor activity. Testing the pharmacological activity of TH-
PVP in binding and functional assays will be necessary to determine whether it has activity
at receptors that contribute to abuse liability. It is likely that TH-PVP is of very low efficacy
and has minimal abuse liability.

Testing of the reward/reinforcing effects of these compounds in self-administration and
place conditioning assays is necessary to confirm that these compounds will maintain drug-
seeking and/or compulsive use. Prior studies have indicated that the cathinone compounds
have a range of effects on drug-taking in the self-administration assay. Compounds that are
more dopaminergic engender higher levels of drug-taking, while serotonergic compounds
show lower levels of drug-taking and are less likely to produce compulsive drug taking
(Dolan et al., 2018; Negus and Banks, 2017). Of the compounds tested in the present study,
clephedrone did show reward-like effects in studies of ICSS (Bonano et al., 2015). Based on
the findings of the present study, N-ethylpentylone, dimethylone, dibutylone are likely to be
self-administered; TH-PVP is not.

In summary, N-ethylpentylone, dimethylone, dibutylone, clephedrone all increased
locomotor activity and fully substituted for methamphetamine, cocaine, and/or MDMA.
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These findings suggest that these compounds may have substantial abuse liability. N-
Ethylpentylone may be more strongly methamphetamine-like, whereas clephedrone may be
more MDMA-like, but further testing will be necessary to establish the patterns of their use.
In contrast, TH-PVP decreased locomotor activity and failed to fully substitute for
methamphetamine, cocaine, or MDMA.. This may indicate that TH-PVP has a minimal risk
of abuse liability. Alternatively, TH-PVP may be active at other receptors and have
psychoactive effects similar to hallucinogens, sedatives or other compounds that reduce
locomotor activity. Again, further testing of the molecular and behavioral effects of TH-PVP
will be necessary to assess these possibilities.

Role of Funding Source

Funding for this study was provided by NIDA contract NO1DA-13-8908. NIDA ATDP authorized the study design
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Highlights
. N-ethylpentylone, dimethylone, dibutylone, clephedrone, TH-PVP are street
drugs.
. TH-PVP was a locomotor depressant with little psychostimulant-like effects.
. The remaining drugs produced methamphetamine-like discriminative stimulus
effects.

. Clephedrone was primarily MDMA-like.

. All of the compounds but TH-PVP have substantial potential for abuse.
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Chemical structures of the synthetic cathinones tested in the present study.
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Figure 2.
Locomotor activity of N-ethylpentylone, dimethylone, and dibutylone compared to that of

methamphetamine and cocaine. Average horizontal activity counts/10 min as a function of
time (10 min bins) and dose. Data are from independent groups of 8 mice per dose.
Asterisks indicate doses significantly different from vehicle during the time of peak effect
(p<0.05).
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horizontal activity counts/10 min as a function of time (10 min bins) and dose. Data are from
independent groups of 8 mice per dose. Asterisks indicate doses significantly different from
vehicle during the time of peak effect (p<0.05).
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Substitution for the discriminative stimulus effects of methamphetamine (Meth, left panels),
cocaine (center panels), and MDMA (right panels): Top panels show percentage of total
responses made on the drug-appropriate lever. Bottom panels show rate of responding in
responses per second (r/s). n=6 unless otherwise shown, except dimethylone in

methamphetamine-trained rats n=9. Vehicle and training drug controls are pooled
averages (n=30). Ctrl indicates vehicle and training drug control values. * indicates

response rate different from vehicle control (p < 0.05).
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