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ABSTRACT
Synthetic cathinones, often sold as “bath salts,” are a popular class
of recreational drugs used as quasi-legal alternatives to cocaine,
methamphetamine, and methylenedioxymethamphetamine. The
increased prevalence and health consequences of synthetic
cathinone use has prompted regulatory agencies to control
a number of these compounds; however, a broad class of analogous
compounds known as the second-generation cathinones has
been brought to themarket to take the place of the banned synthetic
cathinone derivatives. The current study aims to characterize the
behavioral pharmacology of three pyrrolidinylated second-
generation cathinones: 4-methyl-a-pyrrolidinopropiophenone
(4ʹ-MePPP), a-pyrrolidinopropiobutiophenone (a-PBP), and
a-pyrrolidinopentiophenone (a-PVP). Locomotor activity was
tested in mice over an 8-hour period. The discriminative
stimulus effects of these compounds were tested in rats

trained to discriminate either cocaine or methamphetamine. The
rewarding effects of these drugs were assessed in mice using
conditioned place preference. Both a-PBP and a-PVP produced
long-lasting increases in locomotor activity across a wide range
of doses, whereas 4ʹ-MePPP produced locomotor stimulation
only at 30 mg/kg. Both a-PBP and a-PVP fully substituted
for the discriminative stimulus effects of both cocaine and
methamphetamine, whereas 4ʹ-MePPP substituted fully for
the discriminative stimulus effects of methamphetamine only.
Both a-PBP and a-PVP produced conditioned place preference
in an inverted U-shaped dose effect, whereas 4ʹ-MePPP did
not produce conditioned place preference. These findings
suggest that a-PBP and a-PVP are likely to be recreationally
used and have potential for addiction and abuse, but 4ʹ-MePPP
may not.

Introduction
Synthetic cathinones, which have become increasingly

popular in the global drug market as quasi-legal alternatives
to controlled stimulants, now comprise 25% of all novel
psychoactive substances reported globally (UNODC, 2014).
Cathinone derivatives are often sold online and in smoke
shops in heterogeneous mixtures of compounds known as
“bath salts” and have been found in many ecstasy formula-
tions in lieu of MDMA (6methylenedioxymethamphetamine)
(German et al., 2014; UNODC, 2014). These derivatives, of
which there are dozens, are synthetic analogs of cathinone,
a naturally occurring compound found in the khat plant,
which is used for its stimulant properties in East African and
Middle Eastern regions (De Felice et al., 2014).
The synthetic cathinones have largely been classified as

psychomotor stimulants. Users have reported bath salts
producing similar subjective effects as known stimulant drugs
of abuse, and the clinical presentation is also similar to
cocaine and amphetamine-like drugs (Prosser and Nelson,
2012). Our laboratory has previously demonstrated that

a number of synthetic cathinones produce locomotor stimula-
tion in mice and cocaine- and methamphetamine-like
discriminative stimulus effects in rats (Gatch et al., 2013,
2015). The pharmacodynamic profile of synthetic cathinones
is also similar to other psychomotor stimulants, with
some derivatives producing amphetamine-like monoamine-
releasing properties, and others producing cocaine-like
blockade of monoamine uptake (Eshleman et al., 2013; Simmler
et al., 2013).
Among themyriad synthetic congeners of cathinone, there are

numerous structural analogs of pyrovalerone, such as 3,4-
methylenedioxypyrovalerone (MDPV). Although MDPV has
been the compound most frequently incorporated into bath salt
mixtures, the pyrovalerone analogs b-naphyrone, a-pyrrolidino-
pentiophenone (a-PVP), 4-methyl-a-pyrrolidinopropiophenone
(4ʹ-MePPP), and 3,4-methylenedioxy-a-pyrrolidinobutiophenone
(MDPBP) also have been found in various bath salts (Leffler
et al., 2014). Despite MDPV being permanently classified as
a schedule I compound in 2012, use of synthetic cathinones has
continued, prompting emergency scheduling of 10more synthetic
cathinones in 2014, including pyrovalerone analogs 4ʹ-MePPP,
a-PVP, b-naphyrone, and a-pyrrolidinopropiobutiophenone
(a-PBP) (DEA, 2014).
The molecular and behavioral aspects of MDPV have been

characterized (Aarde et al., 2013; Cameron et al., 2013), but
the other pyrovalerone analogs have not received the same
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attention and little is known about their mechanism and
abuse liability. Naphyrone has been demonstrated to act as
a monoamine uptake inhibitor (Eshleman et al., 2013;
Simmler et al., 2013) that produces stimulation of locomotor
activity and discriminative stimulus effects similar to cocaine
and methamphetamine (Gatch et al., 2013). Similarly a-PVP,
a-PBP, and a-pyrrolidinopropiophenone act as monoamine
uptake inhibitors and produce locomotor effects similar to
other known psychomotor stimulants (Marusich et al., 2014).
A study using in vivo microdialysis demonstrated that a-PVP
increased striatal dopamine levels to a lesser degree than
methamphetamine (Kaizaki et al., 2014). 4ʹ-MePPP blocked
the uptake of both dopamine and serotonin but was 40-fold
selective for the dopamine transporter over the serotonin
transporter and caused sharp increases in extracellular
dopamine but not serotonin, which correlated with increases
in locomotor activity (Saha et al., 2015).
Although data regarding the mechanism of these novel

synthetic cathinones are accumulating, there remains a pau-
city of information regarding their abuse liability. We
investigated the abuse liability profile of three pyrovalerone
analogs that were recently emergency scheduled by the Drug
Enforcement Administration: 4ʹ-MePPP, a-PBP, and a-PVP.
Locomotor activity (test for psychostimulant effects), drug
discrimination (test for discriminative stimulus effects), and
conditioned place preference (test for reward-like effects)
assays are commonly used for predicting the abuse potential
of drugs (Carter and Griffiths, 2009; Horton et al., 2013).

Materials and Methods
Subjects. Male Swiss Webster mice were obtained from Harlan

(Indianapolis, IN) at 8 weeks of age and were tested at approximately
10 weeks of age. The mice were group housed in cages on a 12-hour
light/dark cycle and were allowed free access to food and water. Male
Sprague–Dawley rats were obtained from Harlan. All rats were
housed individually and were maintained on a 12-hour 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 freely available.
Temperatures in the animal facility and testing rooms were
maintained at 22 to 24°C. 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. Studies of locomotor activity were con-
ducted using a Digiscan apparatus (model RXYZCM-16; Omnitech
Electronics, Columbus, OH) and clear acrylic locomotor activity
testing chambers (40.5 � 40.5 � 30.5 cm) housed in sets of two within
sound-attenuating chambers. 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 in-
candescent light above each chamber provided dim illumination. Fans
provided an 80-dB ambient noise level within the chamber.

Separate groups of eightmice were injected (i.p.) with either vehicle
(0.9% saline) or a test compound immediately before locomotor
activity testing: 4ʹ-MePPP (1, 3, 10, 30, 100 mg/kg), a-PBP (1, 2.5, 5,
10, 25 mg/kg), or a-PVP (1, 2.5, 5, 10, 25 mg/kg). In all studies,
horizontal activity (interruption in photocell beams) wasmeasured for
8 hours within 10-minute periods, beginning at 8:00 AM (1 hour after
lights on).

Discrimination Training. Standard behavior-testing chambers
(Coulbourn Instruments, Allentown, PA) were connected to IBM-
PC–compatible computers via interfaces (MED Associates, St. Albans,

VT). The computers were programmed in MED-PC IV (MED
Associates) for the operation of the chambers and collection of data.
Rats were trained to discriminate cocaine (10 mg/kg i.p.) or
methamphetamine (1 mg/kg i.p.) from vehicle (saline) using a two-
lever choice methodology. Food (45-mg food pellets; Bio-Serv, French-
town, NJ) was available as a reinforcer under a fixed-ratio 10 schedule
when responding occurred on the injection-appropriate lever. There
was no consequence for responses on the incorrect lever. The rats
received approximately 60 training sessions before they were used in
substitution experiments.

Animals were selected for use in experiments when they had met
the criteria of emitting 85% of responses on the injection-correct lever
for both the first fixed ratio and for the remainder of the session
during their last 10 training sessions. Training sessions occurred in
a double alternating fashion (D-D-S-S-D, etc.), and tests were
conducted between pairs of identical training sessions (i.e., between
either two vehicle or two drug training sessions).

Before each session, the rats received an injection of either vehicle
or drug. Ten minutes later, the rats were placed in an operant
chamber. Each training session lasted a maximum of 10 minutes, and
the rats could earn up to 20 food pellets. In contrast with training
sessions, both levers were active during the discrimination test
sessions such that 10 consecutive responses on either lever led to
reinforcement. Data were collected until the first reinforcer was
obtained or for a maximum of 20 minutes. Rats were tested only if
they had achieved 85% drug-lever responding for both first fixed ratio
and total session on the two prior training sessions. At least 3 days
elapsed between test sessions.

4ʹ-MePPP, a-PBP, and a-PVP were tested in six rats trained to
discriminate cocaine and six rats trained to discriminate metham-
phetamine. A repeated-measures design was used such that each
rat was tested at all doses. During substitution experiments,
intraperitoneal injections of saline (1 ml/kg), 4ʹ-MePPP (1, 2.5, 5, 10,
25, 50 mg/kg), a-PBP (1, 2.5, 3.2, 5, 10 mg/kg), or a-PVP (0.1, 0.25, 0.5,
1, 2.5, 5, 10 mg/kg) were administered 15 minutes before the start of
the test session.

Conditioned Place Preference. The place preference apparatus
consisted of 16 acrylic test chambers (12� 6� 12-inch, length�width
� height, respectively) (Model 71-CFCPP; Omnitech Electronics) with
interchangeable grid (bar) and hole (perforated) floors (full, 12 �
6-inch, and split, 6 � 6-inch). The position of the mouse within the
apparatus was recorded using a photocell-based system (Model
71-CPPX; Omnitech Electronics). The acrylic chambers were housed
separately in sound-attenuating chambers (Model 71-ECC; Omnitech
Electronics). Ambient noise within the chambers was 64 dB, and
testing took place under dim illumination (31.8 6 1.5 lux).

Place conditioning, using biased assignment, consisted of three
phases: a pretest for initial floor bias, four place conditioning sessions,
and a final preference test. The pretest was conducted on day 1,
during which initial floor bias was examined by injecting mice
intraperitoneally with 0.9% saline (10 ml/kg) then allowing them free
access to both floor types for 30 minutes. The amount of time spent on
either floor was measured and the floor on which less time was spent
was designated the drug-paired floor. Positioning of the floors
alternated between chambers.

On days 2 and 3, place conditioning occurred, wherein mice received
one vehicle and one drug conditioning session on both days. In the
mornings, mice were injectedwith saline and immediately placed in the
chamber with the non–drug-paired floor for 30 minutes, then returned
to their home cage. After 4 hours, mice were injected with a-PBP (1, 3,
10, 30 mg/kg), a-PVP (0.1, 0.3, 1, 3, 10, 30 mg/kg), 4ʹ-MePPP (3, 10, 30,
100 mg/kg) or saline and immediately placed in the chambers with the
drug-paired floors for 30 minutes. The final preference test, occurring
on day 4, was identical to the pretest. All subjects were administered
0.9% saline, and the time spent on the drug-paired floor was measured.
Sixteen mice were tested at each dose.

Data Analysis. Locomotor activity data were expressed as the
mean number of photocell counts in the horizontal plane (ambulation
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counts) during each 10-minute period of testing. A 30-minute period,
beginning when maximal stimulation of locomotor activity first
appeared, as a function of dose, was used for analysis of
dose–response data. A two-way repeated-measures analysis of
variance (dose � 5-minute time bin) was performed on horizontal
activity counts/10-minute interval. A two-way analysis of variance
(dose � drug) was conducted on the area under the curve (sum of the
effects for each 5-minute bin for the time course data in Fig. 1). A one-
way analysis of variance was performed on horizontal activity counts
for the 30-minute period of maximal effect, and planned comparisons
were made between each dose and the vehicle (0.9% saline) control.
A one-way analysis of variance was conducted on the peak effects for
the three compounds.

Drug discrimination data are expressed as the mean percentage of
drug-appropriate responses occurring in each test period. Rates of
responding were expressed as a function of the number of responses
made divided by the total session time. Graphs for the percentage of
drug-appropriate responding and response rate were plotted as
a function of the dose of the test compound (log scale). Percentage of
drug-appropriate responding was shown only if at least three rats
completed the first fixed ratio. Full substitution was defined as$80%
drug-appropriate responding. Data on response rate data were
analyzed by one-way repeated-measures analysis of variance. Effects
of individual doses were compared with those of the vehicle control
value using a priori contrasts. P , 0.05 was considered statistically
significant.

Conditioned place preference data were expressed as the mean
time in seconds spent on the drug-paired floor over 30 minutes. These
data were analyzed using a two-way analysis of variance to compare
the difference in time spent on the drug-paired floor before and after
conditioning with each test compound, with pretest/preference test
time as a within-groups factor and dose as a between-groups factor.
Effects of individual doses on the time spent on the drug-paired floor
were determined using a one-way repeated-measures analysis of
variance. P , 0.05 was considered statistically significant.

Drugs. The National Institute on Drug Abuse Supply Program
provided the (2)-cocaine hydrochloride, (1)-methamphetamine hy-
drochloride, a-PBP, a-PVP, and 4ʹ-MePPP. All drugs were dissolved
in 0.9% saline.

Results
Locomotor Activity. Figure 1 illustrates the average

horizontal activity counts/10 minutes as a function of time
(0–8 hours) and dose for each compound. The vehicle data are
included in each panel for comparison. Figure 2 shows the dose-
effect curves for each compound at their time of peak effect
(0–30 minutes), which corresponds to the shaded areas in Fig.
1. Each compound produced increases in locomotor activity as
dose increased up to a maximal effect, whereupon higher doses
produced sharp decreases in locomotor activity during the time
of peak effect. Rebound stimulation was seen after the top
doses of a-PBP and a-PBP. The peak locomotor stimulant
effects of a-PBP (5321 6 344 counts) and a-PVP (6001 6 408)
were larger than those of 4ʹ-MePPP (4849 6 446), (F2,21 5
9.926, P , 0.001) based on the period of maximal effect shown
in Fig. 2. There was a statistically significant difference in the
area under the curve calculated from Fig. 1 between com-
pounds (F2,105 5 21.552, P , 0.001), between doses (F4,105 5
12.412, P , 0.001), and for the compound � dose interaction
(F8,105 5 3.032, P 5 0.004), with 4ʹ-MePPP producing a much
smaller increase in locomotor activity at fewer doses and that
lasted less time than either a-PBP or a-PBP.
4ʹ-MePPP produced time- and dose-dependent stimulation

of locomotor activity in doses from 30 to 100 mg/kg (Fig. 1, left

column). Stimulant effects of 30 mg/kg occurred within
10 minutes after injection and lasted 130 minutes. After
100 mg/kg, stimulant effects did not occur until 40 minutes
after injection and lasted 110 minutes. A two-way analysis of
variance revealed a statistically significant main effect of time
(F47,1645 5 60.83, P , 0.001) and a time � dose interaction
(F235,1645 5 60.83, P , 0.001), but no main effect of dose.
During the 30-minute time period in which maximal
stimulant effects first appeared (0–30 minutes after injection;
Fig. 2, left), significant stimulant effects occurred only after
administration of 30 mg/kg (F4,35 5 8.82, P , 0.001).
a-PBP produced time- and dose-dependent stimulation of

locomotor activity in doses from 2.5 to 25 mg/kg (Fig. 1,
middle). Stimulant effects of 2.5, 5, and 10 mg/kg occurred
within 10 minutes after injection and lasted 80–240 minutes.
Stimulant effects of 25 mg/kg peaked 50–70 minutes after
administration. A two-way analysis of variance revealed
statistically significant main effects of dose (F5,42 5 4.546,
P5 0.002) and time (F47,1974 5 124.929, P, 0.001), as well as
a time � dose interaction (F235,1974 5 3.817, P , 0.001).
During the 30-minute time period in which maximal
stimulant effects first appeared (0–30 minutes after injection,
Fig. 2, middle), significant stimulant effects occurred after
administration of 2.5, 5, 10, and 25 mg/kg (F5,42 5 13.373,
P , 0.001).
a-PVP produced time- and dose-dependent stimulation of

locomotor activity in doses from 2.5 to 25 mg/kg (Fig. 1, right).
Stimulant effects of 2.5, 5, and 10 mg/kg occurred within 10
minutes after injection and lasted 240–290 minutes. Stimu-
lant effects of 25 mg/kg did not occur until 60 minutes after
injection and lasted 280 minutes. A two-way analysis of
variance revealed statistically significant main effects of dose
(F5,42 5 11.24, P , 0.001) and time (F47,1974 5 97.69, P ,
0.001), as well as a time � dose interaction (F235,1974 5 5.97,
P , 0.001). During the 30-minute time period in which
maximal stimulant effects first appeared (0–30 minutes after
injection; Fig. 2, right), significant stimulant effects occurred
after administration of 2.5, 5, and 10mg/kg (F5,425 10.55, P,
0.001).
Drug Discrimination. Both a-PBP and a-PVP fully

substituted for the discriminative stimulus effects of cocaine,
producing 100% and 80%6 20% cocaine-appropriate respond-
ing, respectively (Fig. 3). Neither compound produced effects
on rate of responding. In contrast, 4ʹ-MePPP (25 mg/kg)
produced only 75% 6 17% cocaine-appropriate responding,
and decreased the response rate in cocaine-trained rats to
19% of vehicle control after the 50 mg/kg dose (F6,245 5.00,
P , 0.01).
4ʹ-MePPP, a-PBP, and a-PVP fully substituted for the

discriminative stimulus effects of methamphetamine (Fig. 3).
4ʹ-MePPP produced 82%6 16%methamphetamine-appropriate
responding, a-PBP produced 97% 6 3%, and a-PVP 100%.
None of the test compounds produced significant effect on
response rate in methamphetamine-trained rats. The dose
effect curves for a-PBP and 4ʹ-MePPP in cocaine- and
methamphetamine-trained rats were very close. In contrast,
the slope of the dose effect for a-PVP in cocaine-trained rats
was substantially shallower than the dose-effect curve for
a-PVP in the methamphetamine-trained animals.
Conditioned Place Preference. a-PBP and a-PVP in-

duced conditioned place preference in a dose-dependent
manner, producing inverted U-shaped dose effect curves
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Fig. 1. Time course of locomotor activity in mice. Data are represented as mean number of ambulation counts for each 10-minute period over 8 hours for
each dose (n = 8) of 4ʹ-MePPP (left), a-PBP (middle), and a-PVP (right). The gray bar shows the time range of maximal effect used for analysis of dose
effect (0–30 minutes). *Doses statistically significantly different from vehicle for the period of 0–30 minutes after injection (P , 0.05). Vehicle (0.9%
saline) data were obtained from one group of mice (n = 8) and are displayed in each panel to indicate dose-dependent differences of drug-induced motor
activity from vehicle-treated mice.
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(Fig. 4). 4ʹ-MePPP (Fig. 4, left) failed to increase the time spent
on the drug-paired floor in doses from 10 to 100 mg/kg (F4,75 5
1.287, P5 0.283). In contrast, a-PBP produced an overall effect
on conditioned place preference (F4,75 5 3.688, P , 0.009),
increasing the time spent on the drug-paired floor at 3 and
10 mg/kg, but not 1 or 30 mg/kg (Fig. 4, middle). Similarly,
a-PVP produced an overall effect (F6,104 5 3.936, P 5 0.001,
increasing time spent on the drug-paired floor in doses from 0.3
to 10 mg/kg, but not at 0.1 or 30 mg/kg (Fig. 4, right).

Discussion
The synthetic cathinones a-PBP and a-PVP produced

robust and long-lasting stimulation of locomotor activity, full
substitution for the discriminative stimulus effects of cocaine
and methamphetamine, and conditioned place preference. In
contrast, 4ʹ-MePPP produced modest and relatively shorter
acting locomotor stimulant effects, fully substituted for the
discriminative stimulus effects of methamphetamine but not
of cocaine, and failed to produce conditioned place preference
across a range of behaviorally relevant doses.
A wide range of cathinone compounds, including those

currently used recreationally, produce locomotor stimulant
effects (see review in Glennon, 2014). It is of interest to note
that when the time courses of the full range of doses from no
effect to full effect are examined, there are commonalities
among the cathinones and related psychostimulants, but
some differences can also be observed. Most psychostimulant
compounds produce inverted U-shaped dose-effect curves
(e.g., Katz et al., 2001; Gatch et al., 2013, 2015) because all
compounds will decrease locomotor activity at some dose.
This is not always apparent in the published data because

doses on the descending limb of the curve may not be tested
if there are known toxicities or if higher doses are not
relevant to the experimental questions being tested in the
study.
Some compounds, including MDPV, naphyrone, pentylone,

and methcathinone, produce large increases in locomotor
activity, with peak effects observed during a time range
consistent over doses on the ascending limb (Gatch et al.,
2013, 2015). Large doses of these compounds produce marked
suppression of locomotor activity at the time of peak effect,
followed by a long-lasting rebound effect. In the present study,
the locomotor stimulant effects of a-PBP and a-PVP followed
this pattern.
A prior study reported that a-PBP and a-PVP increased

locomotor activity, but because only the first 60 minutes was
tested at doses lower than in our study, the rebound effect was
not observed (Marusich et al., 2014). One explanation for the
initial decrease in locomotor activity at higher doses is
a potential increase in the incidence of stereotyped behavior
at higher doses, which has been demonstrated to occur in
a-PBP and a-PVP (Marusich et al., 2014) and 4ʹ-MePPP (Saha
et al., 2015); this may have inhibited exploration of the testing
arena during the time of peak effect. In contrast, 4ʹ-MePPP
produced modest locomotor stimulant effects that peaked
immediately and lasted about 2 hours. Similar time courses
have been produced by the synthetic cathinones 3-fluoro-
methcathinone (3-FMC), 4-methylethcathinone (4-MEC), and
mephedrone (Gatch et al., 2013, 2015).
a-PBP and a-PVP both produced full substitution for the

discriminative stimulus effects of cocaine and methamphet-
amine. These findings agree with a recent study demonstrat-
ing that a-PVP fully substitutes for the discriminative

Fig. 2. Dose–response curve for the locomotor activity assay in mice. Data are represented as the mean number of activity counts (6 S.E.M.) per
10 minutes for the first 30 minutes of testing (n = 8 per dose). The unconnected symbol (left) represents the activity counts after treatment with vehicle
(vehicle, 0.9% saline), and the connected symbols represent activity counts after treatment with 4ʹ-MePPP (left, squares), a-PBP (middle, circles), and
a-PVP (right, triangles). *Statistically significantly different doses from vehicle for the period of 0–30 minutes after injection (P , 0.05).
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stimulus effects of methamphetamine (Naylor et al., 2015)
and previous reports that other cathinone compounds fully
substitute for the discriminative stimulus effects of cocaine,
amphetamine, and methamphetamine (Dal Cason et al.,
1997; Schechter 1997; Bondareva et al., 2002; Gatch et al.,
2013, 2015; Kohut et al., 2013). a-PVP produced a much
flatter dose–effect curve in the cocaine-trained rats than in
the methamphetamine-trained rats. Why this might be the
case is not clear, as a-PBP and a-PVP produced similar
profiles as inhibitors of monoamines (Marusich et al., 2014).
Whether a-PVP has some different mechanism of action that
might produce such a difference remains to be determined.

In contrast, 4ʹ-MePPP fully substituted for the discrimina-
tive stimulus effects of methamphetamine but narrowly
missed the criterion for full substitution for cocaine, pro-
ducing only 75% cocaine-appropriate responding. These
findings in methamphetamine-trained rats are in accordance
with a recent study indicating that 4ʹ-MePPP fully substitutes
for the discriminative stimulus effects of methamphetamine
(Naylor et al., 2015). A higher dose of 4ʹ-MePPP (50 mg/kg)
suppressed responding in cocaine-trained rats so that dis-
crimination performance could not be assessed. The peak
methamphetamine-appropriate responding of 82% was not
greatly different from the 75% seen in the cocaine-trained

Fig. 4. Preference scores (mean time spent on drug-paired floor during pretest subtracted from mean time spent on drug-paired floor during post-test)
for 4ʹ-MePPP (left, white bars), a-PBP (middle, dark gray bars), and a-PVP (right, gray bars). Data are represented as mean 6 S.E.M. (n = 16 per dose).
The vehicle was 0.9% saline. *Statistically significantly different doses from baseline (P , 0.05).

Fig. 3. 4ʹ-MePPP (left, squares), a-PBP (middle, circles), and a-PVP (right, triangles) substitution for the discriminative stimulus effects of cocaine or
methamphetamine in rats. Upper panels showmean percentage of total responses (6 S.E.M.) made on the drug-appropriate lever for doses with three or
more rats completing the first fixed ratio. Bottom panels show rate of responding (6 S.E.M.) in responses per second (r/s). Testing in cocaine-trained rats
is shown in the filled symbols, and testing in methamphetamine-trained rats is shown in the open symbols. Ctrl indicates vehicle (0.9% saline) and drug
control, and n = 6 except where shown.
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rats, so it is difficult to make strong conclusions about the
relative efficacy of 4ʹ-MePPP at producing cocaine- or
methamphetamine-like stimuli.
a-PBP and a-PVP produced conditioned place preference,

but 4ʹ-MePPP failed to produce significant effects. The dose-
effect curves for a-PBP and a-PVP were both inverted
U-shaped functions, with the low and high doses not producing
conditioned place preference. Similar inverted U dose–effect
functions have been reported for conditioned place preference
with other psychostimulants such as amphetamine, cocaine,
andmethamphetamine (Adriani and Laviola, 2003; Rodriguez-
Alarcòn et al., 2007; Zakharova et al., 2009). Other cathinones
also produce reward and reinforcement. Mephedrone, methyl-
one, and MDPV produced conditioned place preference (Lisek
et al., 2012; Karlsson et al., 2014), and mephedrone andMDPV
were self-administered (Hadlock et al., 2011; Aarde et al., 2013;
Watterson et al., 2014). In addition, methcathinone, mephe-
drone, methylone, and MDPV facilitated intracranial self-
stimulation in rats (Bonano et al., 2014).
The behavioral findings from our study are in general

accordance with in vitro data previously published regarding
the pharmacodynamics of these compounds. 4ʹ-MePPP con-
sistently produced fairly weak locomotor stimulation and
failed to induce conditioned place preference, which may be
explained by its fairly weak dopaminergic activity compared
with a-PVP and a-PBP. In vivo microdialysis studies have
demonstrated that 4ʹ-MePPP produces brief increases in
extracellular dopamine lasting roughly 1 hour (Saha et al.,
2015), whereas a-PVP increases dopamine concentrations up
to 2 hours after injection (Kaizaki et al., 2014).
Furthermore, compounds with ring substitutions in the

para position on the aromatic ring tend to increase activity at
the serotonin transporter relative to the dopamine trans-
porter and tend to be less robustly self-administered (Iversen
et al., 2014). Although 4ʹ-MePPP does not produce changes in
serotonin concentrations, it has higher affinity at the
serotonin transporter and lower affinity for the dopamine
transporter than its non–para-methyl-substituted analog
a-pyrrolidinopropiophenone (Marusich et al., 2014; Saha
et al., 2015). The decreased relative efficacy for increasing
extracellular dopamine by 4ʹ-MePPP may explain the
weaker locomotor stimulation and lack of conditioned place
preference compared with the other compounds tested in
this study.
In summary, all three of the pyrovalerone cathinone

analogs were psychomotor stimulants and produced discrim-
inative stimulus effects similar to the abused psychostimu-
lants cocaine and methamphetamine. a-PBP and a-PVP
produced reward-like effects, but 4ʹ-MePPP did not. None of
the three compounds produced adverse effects at the doses
tested, although a-PVP produced a long-lasting rebound effect
similar to that of MDPV and naphyrone. These findings
suggest that a-PBP and a-PVP are likely to be recreationally
used and have potential for addiction and abuse. 4ʹ-MePPP
may not produce as much interest for recreational use.
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