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Abstract
Reports of abuse and toxic effects of synthetic cathinones, frequently sold as “bath salts” or “legal
highs”, have increased dramatically in recent years. One of the most widely used synthetic
cathinones is 3,4-methylenedioxypyrovalerone (MDPV). The current study evaluated the abuse
potential of MDPV by assessing its ability to support intravenous self-administration and lower
thresholds for intracranial self-stimulation (ICSS) in rats. In the first experiment, rats were trained
to intravenously self-administer MDPV in daily 2 hr sessions for 10 days at doses of 0.05, 0.1, or
0.2 mg/kg/infusion. Rats were then allowed to self-administer MDPV under a progressive ratio
(PR) schedule of reinforcement. Next, rats self-administered MDPV for an additional 10 days
under short (2 hr/day, ShA) or long (6 hr/day, LgA) access conditions to assess escalation of
intake. Aseparate group of rats underwent the same procedures with the exception of self-
administering methamphetamine (0.05 mg/kg/infusion) instead of MDPV. In a second experiment,
the effects of MDPV on ICSS thresholds following acute administration (0.1, 0.5, 1 and 2 mg/kg
i.p.) were assessed. MDPV maintained self-administration across all doses tested. A positive
relationship between MDPV dose and breakpoints for reinforcement under PR conditions was
observed. LgA conditions led to escalation of drug intake at the 0.1 and 0.2 mg/kg doses, and rats
self-administering methamphetamine showed similar patterns of escalation. Finally, MDPV
significantly lowered ICSS thresholds at all doses tested. Together, these findings indicate that
MDPV has reinforcing properties and activates brain reward circuitry, suggesting a potential for
abuse and addiction in humans.
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Introduction
In recent years, there has been a dramatic increase in the use of designer drugs known as
synthetic cathinones in both Europe and the United States (Spiller et al., 2011; Drug
Enforcement Administration, 2011a). Use of synthetic cathinones has emerged rapidly,
fueled largely by online marketing and widespread availability over the internet and in
smoke shops and convenience stores (Psychonaut WebMapping Research Group, 2009a,b;
Kavanagh et al. 2010; Vardakou et al., 2011). These synthetic drugs are derivatives of
cathinone, a naturally occurring beta-ketone amphetamine analogue found in khat (Catha
edulus), a plant that is abused for its stimulant-like effects (Magdum, 2011). Typically,
synthetic cathinones are sold as “bath salts”, “plant food”, and other misleading terms and
are marketed as “legal highs” and alternatives to traditionally abused stimulants such
cocaine and amphetamines (Drug Enforcement Administration, 2011a). While many
synthetic cathinones exist and are predicted to emerge as abused substances in the future, the
analogues most frequently used at present include mephedrone (4-methylmethcathinone, 4-
MMC), 3,4-methylenedioxypyrovalerone (MDPV), and methylone (3,4-
methylenedioxymethcathinone, MDMC) (Drug Enforcement Administration, 2011a). As of
October 2011, mephedrone, MDPV, and methylone have been temporarily classified in the
United States as Schedule I controlled substances (Drug Enforcement Administration,
2011b).

Despite the widespread increase in use of these compounds, very little scientific data exist
regarding their reinforcing effects and abuse potential. Of the three most common synthetic
cathinones mentioned above, most scientific investigations have focused on mephedrone,
and recently it has been shown that rats will readily self-administer mephedrone at a dose of
0.24 mg per 10 μl infusion (Hadlock et al., 2011). While mephedrone has been the subject of
most popular press coverage and recent scientific investigations, MDPV use is also common
and has been marketed as a replacement mephedrone in places where it has previously been
banned (Durham, 2011; Coppola & Mondola, 2012). MDPV is a methylenedioxy analogue
of pyrovalerone (Yohannan and Bolenko, 2010), a drug with stimulant-like properties
(Holliday et al., 1964) that was once prescribed for the treatment of chronic fatigue and
lethargy (Goldberg et al., 1973) before being shown to possess abuse potential in drug
addicts (Deniker et al., 1975). Although the precise molecular mechanisms of actions of
MDPV are currently unknown, likely mechanisms are inhibition of monoamine uptake, as
pyrovalerone has been shown to inhibit synaptosomal dopamine and norepinephrine
reuptake transporters (DAT and NET, respectively), and to a lesser extent serotonin
transporters (SERT) (Lancelot et al., 1992; Meltzer et al., 2006; Kelly, 2011; Coppola &
Mondola, 2012). MDPV increases extracellular levels of DA in the striatum of mice after
oral administration (Fuwa et al., 2009). Behaviorally, MDPV leads to dose-dependent
increases in locomotor activity in mice to a greater extent than methamphetamine when
using identical doses (Marusich et al., 2011). Together, these data provide early evidence
that MDPV possesses stimulant-like properties and corroborates users reports describing
subjective effects similar to those of methylphenidate, cocaine, and amphetamines
(Psychonaut WebMapping Research Group 2009a,b).

To our knowledge, there have been no published studies directly examining the reinforcing
and rewarding effects of MDPV. The present study addressed this issue by examining the
ability of MDPV to support intravenous self-administration (IVSA) and to lower thresholds
for intracranial self-stimulation (ICSS). In Experiment 1, the reinforcing effects MDPV
during IVSA were assessed at three doses (0.05, 0.1, and 0.2 mg/kg per infusion) during
three phases of experimentation: (1) 2 hr daily access sessions, (2) a progressive ratio (PR)
schedule of reinforcement, and (3) short (2 hr daily, ShA) vs. long (6 hr daily, LgA)
sessions. A separate group of animals underwent the same procedures but self-administered
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methamphetamine (0.05 mg/kg/infusion) as a positive control. In Experiment 2, MDPV (0.1,
0.5, 1, and 2 mg/kg, i.p.) was administered acutely to determine effects on thresholds for
ICSS, a well-established measure of brain reward function (Kornetsky & Bain, 1992).

Methods and Materials
Subjects

All experimental procedures were conducted with the approval of the Institutional Animal
Care and Use Committee at Arizona State University, and according to the Guide for Care
and Use of Laboratory Animals as adopted by the National Institutes of Health (NIH). Forty-
one male Sprague-Dawley rats (Harlan Laboratories, Livermore, CA), weighing
approximately 250 g, were individually housed upon arrival. Forty-eight rats were implanted
with jugular vein catheters and vascular access ports and underwent IVSA procedures for
Experiment 1. Five non-catheterized rats underwent ICSS procedures for Experiment 2. Rats
were housed according to NIH standards on a 12 hr light-dark cycle and given ad libitum
access to food and water during all experimental procedures except during behavioral
testing. All experimental sessions took place during the dark phase, with the exception of a
16 hr overnight lever-press training sessions and PR tests which began at 4:00 p.m. and
ended the following morning at approximately 8:00 a.m. Throughout the course of
experiments, 13 of the 48 rats in Experiment 1 were removed due to catheter patency failure
and one of the 5 rats in Experiment 2 was removed due to health-related issues.

Drugs and Assessment of Purity
MDPV was obtained through an internet website www.researchchemz.com (Laboratory
Supply USA, San Diego, CA). Ten mg samples of MDPV were analyzed by LC-MS for
purity at Research Triangle Institute (Durham, NC). Samples were analyzed using a Waters
Synapt HDMS quadrupole time of flight (Q-TOF) mass spectrometer interfaced to a Waters
Acquity UPLC system. Data were acquired using a capillary voltage of 3 kV, source
temperature of 150 C, desolvation temperature of 500 C, sampling cone at 30 V, and
extraction cone at 4 V. The mass spectrometer was externally calibrated from 50 – 700 Da
using a sodium formate solution, and mass shifts during acquisition were corrected for using
leucine enkephalin as a lockmass. Liquid chromatography was performed using a BEH C18
column (2.1 × 50 mm, 1.7 μm particles) held at 40 C. Sample identity was confirmed based
on exact mass, retention time, and fragmentation match to a certified reference standard
from Cerilliant (Round Rock, TX). MDPV samples were determined to have an apparent
purity of >95%. For all behavioral studies, MDPV and methamphetamine (Sigma-Aldrich,
St. Louis, MO) were dissolved in sterile saline. For Experiment 2, MDPV was administered
i.p. in a volume of 1 ml/kg.

Experiment 1: Intravenous self-administration (IVSA) procedure
Surgical Procedures

Prior to arrival, rats were implanted with intravenous catheters into the jugular vein at
Harlan Laboratories. On the day following arrival, rats were anesthetized with isoflurane
(2% v/v) vaporized oxygen at a flow rate of 2 L/min. A 2.5 cm longitudinal incision was
made between the scapulae for implantation of a threaded vascular access port (Plastics One,
Roanoke, VA, USA). Threaded vascular access ports were attached to be mesh collar
sutured underneath the surrounding tissue within the incision. Access ports were sealed with
a piece of Tygon tubing closed at one end and a protective cap. All rats were given allowed
to recover from surgery for 5 days prior to the initiation of behavioral testing, and during
this time animals received daily intravenous infusions of 70 U/ml heparin (0.2 ml volume) to
maintain catheter patency and 100 mg/ml cefazolin (0.1 ml volume) to protect against
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infection. Meloxicam (2.5 mg/ml s.c.) was administered for the first 3 days following
surgical procedures to provide additional relief post-surgical discomfort. In addition, rats
were given ten 45 mg sucrose pellets in their homecage four days prior to IVSA procedures
to eliminate neophobia to sucrose pellets that could delay acquisition of self-administration
during 16 hr overnight training sessions.

Apparatus
Drug self-administration sessions were conducted in operant self-administration chambers
(ENV-008, Med Associates, St. Albans, VT, USA). All self-administration chambers were
located inside sound-attenuating cubicles equipped with a house light and exhaust fan
designed to mask external noise and odors, and were interfaced to a PC computer. Chambers
were equipped with two stainless steel response levers located on one wall with a 4.2 × 5 cm
food pellet receptacle placed between levers. Each response lever was located approximately
7 cm above a stainless steel grid floor, and positioned above each lever was a 2.5 cm
diameter white stimulus light. Located near the top of the self-administration chambers was
a Sonalert speaker that provided an auditory stimulus during drug delivery. Outside each
chamber was a syringe pump that was interfaced to the computer and delivered the drug
solution via a single-channel liquid swivel mounted atop the chamber via polyethylene
tubing.

Experimental Design: IVSA Procedures
Following recovery from surgical procedures, self-administration sessions commenced.
During all self-administration sessions, except during progressive ratio training, each press
on the active lever delivered the reinforcer on an FR1 schedule of reinforcement. Reinforcer
delivery was accompanied by concurrent illumination of a stimulus light and presentation of
an auditory stimulus for two seconds followed by a 20-sec timeout period during which
additional lever presses were recorded but produced no programmed responses. Inactive
lever presses were recorded but produced no programmed consequences. Self-administration
procedures were initiated with a 16 hr overnight training session whereby active lever
presses delivered a 45 mg sucrose pellet (TestDiet, Richmond, IN). Approximately 24 hr
following sucrose training, rats were separated into one of four groups based upon MDPV
dose (0.05, 0.1, or 0.2 mg/kg/infusion) or as a positive control, methamphetamine (0.05 mg/
kg/infusion). Each drug infusion was delivered in a volume of 0.06 ml. Next, daily 2 hr self-
administration sessions were commenced with intravenous MDPV or methamphetamine as
the reinforcer. MDPV or methamphetamine was delivered to the vascular access port by
polyethylene tubing housed in a stainless steel spring tether that was attached to the liquid
swivel. Self-administration sessions were conducted 7 consecutive days per week, and each
session was preceded and followed by an intravenous infusion of 0.1 ml of 70 U/ml heparin
plus 100 mg/ml cefazolin to maintain catheter patency. Daily 2 hr self-administration
sessions were conducted for a minimum of 10 days and until stability criterion was reached
(<15% deviation in active lever pressing for each dose group for two consecutive days). All
groups met stability on day 10.

Following ten days of 2 hr IVSA sessions, a 16 hr overnight progressive ratio (PR) schedule
was conducted to assess the reinforcing efficacy of MDPV or methamphetamine. During PR
tests, the number of lever presses required to obtain a single infusion of MDPV was
determined by the following the equation: responses per reinforcer delivery = 5 ×
e(injection number -0.2) - 5 (i.e., 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, etc.) (Richardson and
Roberts, 1996). Breakpoints were considered to be met when rats did not emit any lever
presses for 2 hours. Following PR testing, each dose group of rats (0.05, 0.1, or 0.2 mg/kg/
infusion of MDPV) was divided into two subgroups, such that half of the rats in each dose
group continued with 2 hr daily self-administration sessions for ten days (short access, ShA),
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while the other half began 6 hr daily sessions (long access, LgA) for ten days. All aspects of
the self-administration procedures were identical except for session length (2 vs. 6 hr per
day). For rats self-administering methamphetamine, all rats were assigned to the LgA group
to demonstrate escalation of drug intake.

Experiment 2: ICSS procedures
Surgical Procedures

Rats were anesthetized with isoflurane (2% v/v) vaporized oxygen at a flow rate of 2 L/min
and placed into a stereotaxic frame. A stainless-steel bipolar electrode (PlasticsOne,
Roanoke, VA, USA, 2 mm diameter, insulated except at the ventral tip) was implanted into
the medial forebrain bundle (AP −0.05 mm; ML ± 1.7 mm, DV −8.3 mm from dura). Four
skull screws and dental cement were used to permanently secure electrodes to the skull. To
counterbalance for any hemispheric differences, half the animals received electrodes in the
left hemisphere and the other in the right hemisphere. Following surgery, rats were given 7
days to recover before beginning ICSS procedures during which they received daily
injections of 2.5 mg/ml meloxicam (0.15 ml volume) to minimize post-surgical discomfort.

Apparatus
All ICSS testing was conducted in operant chambers (ENV-007CT, Med Associates).
Chambers were housed inside sound-attenuating cubicles equipped with an exhaust fan to
mask external noise and odors. Chambers contained a house light on the back wall and a
front wall mounted nose-poke aperture with LED stimulus lights located inside the access
hole (ENV-114M, Med Associates). The nose-poke aperture was 2.5 cm in diameter, located
5 cm above the stainless steel grid floor, and contained an infrared detector placed 0.64 cm
from the front edge of the panel for recording responses. Located outside chambers was a
dual programmable ICSS stimulator (PHM-150B/2, Med Associates) that was interfaced to
a computer to deliver electrical current to the electrode. Chambers were interfaced to a PC
computer using Med-PC IV software that controlled all stimulation parameters, test
functions, and data collection (Med Associates).

Experimental Design: ICSS procedures
The procedure for measuring reward thresholds was a modified version of the discrete trials
current-threshold method (Kornetsky et al., 1979; Markou and Koob, 1992). During all
ICSS phases, stimulation availability was signaled by illumination of the nose poke aperture
by the LED stimulus light complex. Rats initiated training on a FR1 schedule of
reinforcement where nose pokes resulted in the delivery of a 200 μsec square-wave cathodal
pulses at 100 Hz at a current of 120 μA. After acquisition criteria were met (> 600 responses
in 30 min for 2 sessions), rats began discrete-trials training procedures. Each discrete trial
began with a free stimulation of 120 μA, followed by a 7.5 second period during which the
first response (trial response) yielded an identical stimulation. Following the trial response,
LED lights turned off and subsequent responses (inter-trial interval (ITI) responses) were
recorded, but yielded no stimulation. Progression through discrete trials training required
rats to meet criterion (>60% of total response were trial responses) at four ITI lengths (2, 5,
10, and 15 sec). Upon completing training, rats then began discrete-trials current-threshold
determination procedures. Each current threshold determination session began with 120 μA
of current and progressed through 4 cycles of ascending and descending current intensities.
At a given current intensity, trial blocks began with a free stimulation, followed by 7.5
seconds during which the animal could emit a nose-poke response to receive an identical
stimulation. Following a single trial response, LED stimulus lights turned off initiating an
ITI period between 7.5 and 15 seconds (mean of 10 second) that separated trials. Responses
during the ITI interval further lengthened the ITI by 12.5 seconds. When animals emitted
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appropriate responses on ≥3 of 5 trials, electrical stimulation decreased by 5 μA for the next
5-trial block. Block intensities continued to descend until rats responded ≤2 out of 5 trials
during a given trial block, at which point the current intensities reversed into ascending
mode, with increases in current intensities of 5 μA each for the subsequent block. Thus, the
procedure determined the minimum amount of current (threshold) for which the rat was
willing to respond. Thresholds were calculated by averaging the midpoint of current
intensities between positive (responses on ≥3 of 5 trials) or negative (responses on ≤2 of 5)
trial blocks. Rats received a minimum of 10 days of baseline threshold assessment and were
required to meet stable baseline criteria prior to administration of MDPV, defined as when
the average of thresholds for the last 4 days minus the first 4 days of an 8-day window was
less than 10% of the average of the full 8 days. Rats continued to receive baseline testing
throughout the course of the experiment 4 days per week. Rats received vehicle injections 20
min prior to placement in ICSS procedures. MDPV doses were assigned randomly and
injections given 20 minutes prior to threshold determination procedures. All rats, with the
exception of one that was removed halfway through MDPV testing due to loss of cranial
implant, underwent 2 determinations of each dose of MDPV, and 5 determinations of
vehicle.

Statistical Analysis
All statistical analyses were conducted using IBM SPSS Statistics version 19 (Armonk, New
York, USA). All data points represent mean ± SEM. A significance criterion of p<0.05 was
used for all analyses. For the first 10 IVSA sessions, the ability of MDPV to maintain
responding was first analyzed separately for each dose of MDPV by a mixed analysis of
variance (ANOVA) with lever (active vs. inactive) and session as factors. Post-hoc one-way
ANOVAs were also conducted to determine the number of sessions required to obtain lever
discrimination. The total number of MDPV infusions obtained per session was analyzed by
a mixed ANOVA with MDPV dose and session as factors. Holm-Sidak post-hoc tests
determined overall dose effects, and one-way ANOVAs followed by Holm-Sidak post-hoc
tests further determined dose effects during each session. Analysis of the total number of
infusions obtained during PR sessions at different doses of MDPV were analyzed by a one-
way between subjects ANOVA followed by Holm-Sidak post-hoc tests. The 0.05 mg/kg
doses of methamphetamine and MDPV were analyzed separately by an independent samples
t-test. For ShA vs LgA IVSA sessions, the effects of session length (ShA vs. LgA) on total
infusions obtained was analyzed by mixed ANOVA for each dose of MDPV or
methamphetamine. Post-hoc one-way ANOVAs further explored differences in the number
of infusions obtained across MDPV doses for each session. To determine escalation of drug
intake, mixed ANOVAs for each dose of MDPV or methamphetamine were conducted with
infusions obtained in ShA vs. LgA (first 2 hr only) and session as factors. Post-hoc tests
compared each session separately. For the 0.1 and 0.2 mg/kg MDPV dose groups, repeated
measures ANOVAs were conducted separately for ShA, LgA, and LgA (first 2 hr) to
determine if drug intake escalated across time (session 1 – 10) as determined by significant
increases over the first session of the ShA vs. LgA phase. For Experiment 2, raw ICSS
current intensity thresholds (in μA) for all baseline sessions conducted after drug-
administration tests began were first compared to vehicle sessions with a t-test to assess for
potential injection effects. Next, ICSS current intensity thresholds were obtained following
all doses, including vehicle, and converted to scores reflecting the percent change from
thresholds obtained following vehicle administration for each rat. Threshold measures
following vehicle treatment were calculated by averaging ICSS thresholds obtained across
the 5 vehicle test days. Percentage change scores were analyzed by one-way repeated
measures ANOVA.
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Results
Experiment 1: Self-Administration of MDPV in 2 hr/day Sessions

For the 0.05 mg/kg dose group, a significant main effect of lever (F1,13=8.67, p<0.01) and
session (F9,117 =2.64, p<0.01) was observed, but a lever x session interaction was not found.
Presses on the active lever were significantly greater than those on the inactive lever for
sessions 4 through 10 (p<0.01), indicating that rats successfully learned to discriminate
between active and inactive levers after 4 experimental sessions (Fig. 1a).

For the 0.1 mg/kg dose group, a significant main effect of lever (F1,13=6.06, p<0.05) was
observed, but significant effects of session or a lever x session interaction were not
observed. Presses on the active lever were significantly greater than those on the inactive
lever for sessions 4 through 10 (p<0.01), indicating that rats successfully learned
discriminate between the active and inactive levers after 4 experimental sessions (Fig. 1b).

For the 0.2 mg/kg dose group, a significant effect of lever (F1,16=14.06, p<0.01), session
(F9,144=3.872, p<0.001), and a lever x session interaction (F9,144=2.731, p<0.01) were
observed. Presses on the active lever were significantly greater than those on the inactive
lever for all sessions (p<0.01), indicating that rats successfully discriminated between the
active and inactive levers (Fig. 1c). Similar lever discrimination was observed in rats self-
administering methamphetamine (data not shown).

When analyzing overall drug intake (number of drug infusions), significant main effects of
MDPV dose (F2,24=6.96, p<0.01), session (F9,216=3.791, p<0.01), and a dose x session
interaction (F18, 216=2.15, p<0.01) were observed. The overall number of infusion obtained
per 2 hr session across all 10 sessions was significantly greater in the 0.05 mg/kg dose group
as compared to 0.2 mg/kg dose groups (p<0.05) and approached significance compared to
the 0.1 mg/kg dose group (p=0.07). Post-hoc comparisons revealed significant differences in
the number of infusions obtained in the 0.05 vs. 0.1 mg/kg dose groups, and in the 0.05 vs.
0.2 mg/kg dose group for sessions 6 through 10 (p<0.05, Fig. 1d)

Progressive Ratio Responding
Under a PR schedule of reinforcement, a significant effect of MDPV dose (F2,24=7.472,
p<0.01) was observed for the total number of infusions obtained prior to cessation of
responding (i.e., breakpoints) (Fig. 2). Post-hoc tests revealed that the number of infusions
obtained in the 0.2 mg/kg dose group were significantly greater than those in the 0.05
(p<0.001) and the 0.1 mg/kg (p<0.05) dose groups. Thus, there appeared to be positive
relationship between MDPV dose and breakpoints for MDPV reinforcement. Rats self-
administering methamphetamine exhibited breakpoints that were not significantly different
that those of rats self-administering the 0.05 mg/kg dose of MDPV (p>0.05).

Self-Administration of MDPV during ShA vs. LgA
For the 0.05 mg/kg dose group, no significant effects of session or session length were
observed (Fig. 3a). For the 0.1 mg/kg dose group, a significant effect of session length
(F1,7=18.644, p<0.01) was observed, but no effect of session or a session length x session
interaction were found. The number of infusions obtained was significantly greater in LgA
vs. ShA groups for all experimental sessions (p<0.05). Additionally, a significant effect of
session was observed for LgA rats (F9,27=2.285, p<0.05), but not for ShA, such that the
number of infusions obtained during sessions 8, 9 and10 were significantly greater than
those observed during session 1 (p <0.05, Fig 3b).
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For the 0.2 mg/kg dose group (Fig. 3c), a significant effect of session length (F1,7=50.209,
p<0.001) was observed, but no effect of session nor a session length x session interaction
was observed. The number of infusions obtained was significantly greater in LgA vs. ShA
groups for all experimental sessions (p<0.01). A significant effect of session for LgA rats
was observed (F9,27=2.288, p<0.05), and post-hoc tests revealed that the number of
infusions obtained was significantly higher during sessions 4 through 10 as compared to
session 1 (p<0.05). Taken together, these results revealed that rats self-administering either
the 0.1 or 0.2 mg/kg/infusion dose of MDPV under LgA conditions displayed escalated drug
intake across experimental sessions.

Additional analyses were conducted to determine if escalation of intake also occurred during
the first 2 hr of 6 hr LgA sessions. No significant increases in the number of infusions
during the first 2 hr of LgA sessions were evident in rats self-administering the 0.1 mg/kg
dose of MDPV. However, in rats self-administering the 0.2 mg/kg dose, a significant effect
of session (F9,36=3.924, p <0.005) was observed. Post-hoc tests revealed significant
differences in the number of infusions obtained during the first 2 hr of LgA during sessions
3 through 10 as compared with session 1 (p<0.001). Thus, only rats self-administering the
0.2 mg/kg dose of MDPV displayed escalated drug intake during the first 2 hr of LgA.

In rats self-administering methamphetamine under LgA conditions, a significant effect of
session was observed for the number of infusions obtained during the entire 6 hr LgA
session (F9,72=7.413, p<0.001) as well as during the first 2 hrs of the LgA sessions
(F9,72=6.359, p<0.001) Post-hoc tests revealed significant differences in the number of
infusions obtained during the entire LgA during sessions 5 through 10 as compared with
session 1 (p<0.001), as well as significant differences in number of infusions obtained in the
first 2 hr of LgA during sessions 6 through 10 as compared with session 1 (p<0.001).

Experiment 2: Effects of MDPV on Thresholds for ICSS
An independent samples t-test revealed no significant differences between baseline and
vehicle scores t(58) = −1.39, p > 0.05. A significant effect of MDPV dose (F4,35=11.549,
p<0.001) on thresholds for ICSS was observed (Fig. 4). When compared to vehicle, ICSS
thresholds following MDPV administration were significantly lower at all doses tested
(p<0.05).

Discussion
To our knowledge, this is the first systematic verification of the reinforcing effects of
MDPV in rats. The current study revealed that during daily 2 hr IVSA sessions, all doses of
MDPV tested maintained active lever responding across experimental sessions, and rats
successfully discriminated between active and inactive levers by the 4th day of self-
administration. Furthermore, significant dose effects on MDPV intake were observed as
measured by the total number of infusions obtained during experimental sessions. Following
stable responding on IVSA procedures, a PR test revealed a positive relationship between
MDPV dose and reinforcing efficacy, as measured by breakpoints for MDPV self-
administration. Breakpoints for methamphetamine reinforcement at a dose of 0.05 mg/kg/
infusion were similar to those obtained for the same dose of MDPV. Under extended access
conditions (6 hr/day), an escalation of MDPV intake at the 0.1 and 0.2 mg/kg doses was
observed for the entire extended access session, and this also occurred during the first 2 hr of
LgA sessions for the 0.2 mg/kg dose, but not for other doses. Extended access to
methamphetamine also produced escalation of drug intake. Finally, a reduction in ICSS
thresholds across all doses of MDPV following acute administration was observed,
indicating an increase in brain reward function.
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The IVSA method was chosen for the present study given the high degree correspondence
between drugs that can have addictive potential in humans and drugs that function as
reinforcers in IVSA procedures in animals (Collins et al., 1983). In order to establish that a
drug functions as a reinforcer in IVSA procedures, a number of criteria need to be met,
including higher responding on the active vs. inactive lever, and responding must show
orderly and differential effects across a range of drug doses (Meisch, 1987). The first
criterion was verified across the first 10 days of IVSA procedures during which all MDPV
doses maintained active lever pressing while inactive lever pressing progressively declined.
These results suggest that responding occurred due to the reinforcing effects of MDPV and
not as the result of any indirect locomotor or general response-enhancing effects of MDPV.
The second criterion was also met when results revealed an orderly inverse dose-effect on
total drug intake (i.e., number of infusions obtained) such that animals received the fewest
infusions for the 0.2 mg/kg dose, followed sequentially by the 0.1 and 0.05 mg/kg doses.
This inverse pattern between dose and drug intake replicates findings of abused stimulants
under continuous schedules of reinforcement, and likely represents the upper end of the
typical inverse U-shaped pattern typically seen across wider dose ranges (Panlilio, 2011). In
addition, the results of the present study are strikingly similar to self-administration patterns
for methamphetamine under nearly identical experimental conditions and doses (present
study and Gass et al., 2009). This finding provides evidence of similar potencies between
MDPV and methamphetamine. Together, these findings indicate that MDPV likely possess a
potential for abuse similar to that of methamphetamine and other stimulants.

The progressive ratio schedule of reinforcement has been used extensively to evaluate the
reinforcing efficacy of drugs of abuse, as it is an index of the motivation to obtain infusions
of the drug in the face of increasing behavioral demand. PR schedules have consistently
shown a positive relationship between dose and reinforcer efficacy, and this relationship has
been consistently observed with other abused stimulants such cocaine (Roberts et al., 1989),
d-amphetamine, and methamphetamine (Richardson and Roberts, 1996). The results from
the present study also revealed this positive relationship between MDPV dose breakpoints
for MDPV reinforcement. As with responding on the FR1 schedule above, under the same
PR schedule with identical doses (0.1 and 0.2 mg/kg/infusion), breakpoints for MDPV self-
administration were similar to those we and others have previously observed for
methamphetamine (Gass et al., 2009; Richardson and Roberts, 1996) as well as D-
amphetamine (Richardson and Roberts, 1996). In addition, breakpoints for MDPV self-
administration under PR conditions at a dose of 0.05 mg/kg/infusion were similar to those
observed in rats self-administering the same dose of methamphetamine, further
demonstrating methamphetamine-like potency and reinforcing efficacy of MDPV.

While demonstrating that a drug functions as a reinforcer is an important first step in
determining abuse liability, such observations do not unequivocally indicate the potential for
addiction potential in humans (Ahmed, 2011). One of the defining characteristics of drug
addiction is an escalation in drug use, often due to tolerance to the reinforcing effects of the
drug (American Psychiatric Association, 2004). As a result, a common procedure for
modeling human patterns in animals has been termed the “escalation model” (Ahmed and
Koob, 1998). In this procedure, animals are given extended access to the drug (typically 6 –
12 hr/day access sessions) vs. traditionally employed shorter access (1 – 2 hr/day). As a
result of extended access to the drug, animals display an escalation in drug intake that
parallels intake patterns characteristic of compulsive drug-seeking and addiction in humans
(Ahmed, 2011). The current study revealed that, during extended access to MDPV, rats
responding for the two highest doses of MDPV displayed a significant escalation in overall
drug intake across the final 10 experimental sessions. Furthermore, this escalation was also
seen during the first 2 hrs of LgA sessions for the high dose of 0.2 mg/kg. These findings are
similar to those reported for other addictive stimulants including cocaine (Ahmed and Koob,
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1998), D-amphetamine (Gipson and Bardo, 2009) and methamphetamine (Kitamura et al.,
2006), and the present study also demonstrated escalation of methamphetamine intake at a
dose of 0.05 mg/kg/infusion. Unlike these studies, however, our results revealed escalation
of MDPV intake at higher rather than lower doses. These data suggest that MDPV may
possess some unique reinforcing properties that are not reflective of other prototypical
stimulants such as methamphetamine. While additional comparative studies are needed to
further corroborate these findings, the current results further strengthen the possibility that
MDPV possesses the potential for compulsive use in humans.

Olds and Milner first discovered that rats would show a place preference for and perform an
operant task to receive ICSS (Olds and Milner, 1954), and numerous studies have revealed
that both ICSS and drug reinforcers likely active the same brain reward circuitry (Wise,
1996). Drug-induced lowering of ICSS thresholds is generally accepted to be due to the
facilitation of brain reward functioning, providing a direct measure of the hedonic and
rewarding properties of drugs of abuse (Panlilio, 2011), and nearly all abused stimulants
including cocaine (Esposito et al., 1978), amphetamine (Horovitz et al., 1972), and
methamphetamine (Sarkar and Kornetsky, 1995) lower ICSS thresholds. The current results
reveal that, when using the discrete-trials current threshold procedure, MDPV lowers ICSS
thresholds across a wide range of doses as compared to vehicle. Thus, these findings both
parallel previous findings with other addictive stimulants and provide further evidence that
MDPV possesses similar rewarding properties.

In summary, the current study demonstrates that the synthetic cathinone MDPV possesses
potent reinforcing properties and suggests a high degree of abuse potential in humans. The
results revealed that MDPV dose-dependently functions as a reinforcer on a continuous
reinforcement schedule. A positive relationship between MDPV dose and reinforcer efficacy
was demonstrated in during progressive ratio testing, and breakpoints for MDPV
reinforcement at the lowest dose tested were similar to those for the same dose of
methamphetamine. Extended access to MDPV produced escalated intake over time for the
two higher doses, indicative of a compulsive pattern of intake characteristic of addiction in
humans. Finally, the ability of MDPV to lower thresholds for ICSS provides further
evidence of hedonic and rewarding effects of MDPV. Taken together, these results suggest
that that MDPV possesses a strong potential for compulsive use and addiction in humans.
These findings have important implications for future research on synthetic cathinone
addiction, as well the development of appropriate drug policies and legislative measures
regarding its status as a controlled substance.
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Figure 1.
Intravenous self-administration of MPDV. Data presented are active and inactive lever
presses across the first ten days of IVSA procedures for the (a) 0.05, (b) 0.1, and (c) 0.2 mg/
kg/infusion groups (n = 9 for each group). * indicates p <0.05 between active and inactive
lever presses. (d) Total number of infusions during 2 hr daily access sessions across the first
ten days of IVSA and for each dose of MDPV tested.
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Figure 2.
Total number of infusions earned during PR responding for the 0.05, 0.1, and 0.2 mg/kg/
infusion doses of MDPV (n = 9 for each group) as well as a separate group of rats self-
administering methamphetamine at a dose of 0.05 mg/kg/infusion (n=9). The total number
of infusions earned during the PR session is plotted along the left y-axis. As a reference, the
total number of active lever presses completed during the test is plotted along the right y-
axis. * indicates p<0.05 vs. the 0.05 mg/kg dose of MDPV. # indicates p <0.05 vs. the 0.1
mg/kg dose of MDPV.
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Figure 3.
Total number of infusions obtained during ShA, LgA, and the first 2 hr of LgA sessions
across the final ten days of IVSA procedures for the (a) 0.05, (b) 0.1, and (c) 0.2 mg/kg/
infusion MDPV groups (n = 5 for each LgA group), as well as rats self-administering
methamphetamine at a dose of 0.05 mg/kg/infusion (d, n=9). * indicates p < 0.05 for
sessions in which the number of total infusions obtained during LgA was significantly
greater than total infusions obtained during ShA. # indicates p<0.05 for total number of
infusions obtained during LgA sessions vs. Day 1 of LgA. + indicates p<0.05 for total
number of infusions obtained during the first 2 hr of LgA sessions vs. Day 1 of LgA (first 2
hr).
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Figure 4.
Effects of vehicle and MDPV (0.1, 0.5, 1 and 2 mg/kg i.p.) on thresholds for ICSS (n = 5). *
indicates p < 0.05 vs. vehicle.
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