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Abstract 3,4-Methylenedioxypyrovalerone (MDPV) is a psychoactive component
of so-called bath salts products that has caused serious medical consequences in
humans. In this chapter, we review the neuropharmacology of MDPV and related
analogs, and supplement the discussion with new results from our preclinical
experiments. MDPYV acts as a potent uptake inhibitor at plasma membrane trans-
porters for dopamine (DAT) and norepinephrine (NET) in nervous tissue. The
MDPYV formulation in bath salts is a racemic mixture, and the S isomer is much
more potent than the R isomer at blocking DAT and producing abuse-related
effects. Elevations in brain extracellular dopamine produced by MDPV are likely
to underlie its locomotor stimulant and addictive properties. MDPV displays rapid
pharmacokinetics when injected into rats (0.5-2.0 mg/kg), with peak plasma
concentrations achieved by 10-20 min and declining quickly thereafter. MDPV is
metabolized to 3,4-dihydroxypyrovalerone (3,4-catechol-PV) and 4-hydroxy-3-
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methoxypyrovalerone (4-OH-3-MeO-PV) in vivo, but motor activation produced
by the drug is positively correlated with plasma concentrations of parent drug and
not its metabolites. 3,4-Catechol-PV is a potent uptake blocker at DAT in vitro but
has little activity after administration in vivo. 4-OH-3-MeO-PV is the main MDPV
metabolite but is weak at DAT and NET. MDPV analogs, such as
a-pyrrolidinovalerophenone (a-PVP), display similar ability to inhibit DAT and
increase extracellular dopamine concentrations. Taken together, these findings
demonstrate that MDPV and its analogs represent a unique class of transporter
inhibitors with a high propensity for abuse and addiction.

Keywords Addiction « Dopamine « MDPV e« Pyrrolidinophenones ¢ Synthetic
cathinones * Transporter « Uptake » a-PVP
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1 Introduction

Drug abuse and addiction are persistent public health concerns, and an alarming
new trend is the increased non-medical use of so-called designer drugs, legal highs,
or research chemicals [1] [2, this volume], [3]. These drugs, collectively known as
“new psychoactive substances” (NPS), are synthetic alternatives to more traditional
illegal drugs of abuse. At the present time, there are popular NPS which mimic the
effects of most types of abused drugs, including stimulants (e.g., “bath salts”),
cannabinoids (e.g., “spice”), and hallucinogens (e.g., “NBOMes”). Most are
manufactured by Asian laboratories and sold to consumers via the Internet or
shipped to locations in Europe, the United States America (US), and elsewhere to
be packaged for retail sale [4, 5]. NPS are marketed as non-drug products, given
innocuous names, and labeled “not for human consumption” as a means to avoid
legal scrutiny. Compared to traditional drugs of abuse, NPS are cheap, easy to
obtain, and often not detectable by standard toxicology screens. As governments
pass laws to ban specific NPS, clandestine chemists respond by quickly creating
novel “replacement” analogs to stay one step ahead of law enforcement [6, 7]. The
abuse of NPS is a global phenomenon fueled by information freely available on the
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Internet. Recent data from the United Nations indicate that 540 different NPS have
been identified worldwide as of 2014, and this number is expected to rise [8].

The first stimulant-like NPS to appear in the US were found in the so-called bath
salts products which flooded the recreational drug marketplace beginning in late
2010 [9]. By early 2011, there was a dramatic spike in reports of bath salts
intoxications to poison control centers, and an influx of patients admitted to
emergency departments with toxic exposures [10—12]. Bath salts consist of powders
or crystals that are administered intra-nasally or orally to produce their psychoac-
tive effects. Low doses of bath salts induce typical psychomotor stimulant effects
such as increased energy and mood elevation, but high doses or binge use can cause
severe symptoms including hallucinations, psychosis, increased heart rate, high
blood pressure and hyperthermia, often accompanied by combative or violent
behaviors [9, 13]. The most serious syndrome induced by bath salts is known as
“excited delirium,” a constellation of symptoms including elevated body tempera-
ture, delirium, agitation, breakdown of muscle tissue, and kidney failure, some-
times culminating in death [14, 15]. Forensic analysis of bath salts products in 2010
and 2011 identified three main synthetic compounds: 4-methyl-N-methylcathinone
(mephedrone),  3,4-methylenedioxy-N-methylcathinone  (methylone), and
3,4-methylenedioxypyrovalerone (MDPV) (Spiller et al. 2011; [7, 12]). These
compounds are chemically similar to the naturally occurring substance cathinone,
an amphetamine-like stimulant found in the khat plant, Catha edulis. Legislation
passed in 2013 placed mephedrone, methylone, and MDPYV into permanent Sched-
ule I control, making the drugs illegal in the US [16]. Figure 1 depicts the chemical
structures of bath salts cathinones compared to the related compounds amphet-
amine and cathinone.

Although a number of different cathinones are found in bath salts products (e.g.,
[7, 12, 17]), MDPV appears more apt to cause life-threatening medical conse-
quences (see [18]). For example, in the first study of patients reported to US poison
control centers for “bath salts” overdose, the majority of subjects with blood and
urine toxicology data were positive for MDPV but not mephedrone or methylone
[12]. A more recent interrogation of a US clinical toxicology database found that all
patients with confirmed synthetic cathinone exposure tested positive for MDPV
[19]. Perhaps more importantly, MDPV was found in blood and urine from many
fatal cases of drug overdose in the US and Europe [12, 14, 20-22]. Collectively, the
clinical case data point to MDPV as the chief culprit in causing serious medical
consequences. Given the widespread popularity of MDPV and the risks associated
with its use, the purpose of the present chapter is to describe the neuropharmacol-
ogy of MDPYV, its metabolites, and related analogs. We review the literature on this
topic and supplement the discussion with new data from preclinical experiments
carried out at the Intramural Research Program (IRP) of the National Institute on
Drug Abuse (NIDA).
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Fig. 1 Chemical structures of MDPV and related pyrrolidinophenones, and their relationship to
amphetamine and cathinone

2 Pharmacology of MDPV and Its Stereoisomers

2.1 Stimulant Drugs and Monoamine Transporters

As noted above, the psychoactive constituents of bath salts are chemically related to
the parent compound cathinone, the -keto analog of amphetamine (see Fig. 1 for
structures). Mephedrone and methylone have functional groups attached to the
phenyl ring and are considered ring-substituted cathinones, whereas MDPV is
structurally more complex with a bulky nitrogen-containing pyrrolidine ring and
a flexible alkyl chain extending from the a-carbon. MDPV and related compounds
containing a pyrrolidine ring are collectively known as pyrrolidinophenones. Like
other stimulant drugs, bath salts cathinones exert their effects by binding to
transporter proteins on the surface of nerve cells that synthesize the monoamine
neurotransmitters dopamine, norepinephrine, and serotonin (5-HT) [23] [24, this
volume]. In order to understand the precise mechanism of action for cathinone
analogs at the molecular level, it is essential to first consider the physiological role
of monoamine transporters and the types of drugs targeting these proteins.
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Under normal circumstances, the solute carrier 6 (SLC6) transporters for dopa-
mine (DAT), norepinephrine (NET), and serotonin (SERT) are responsible for
translocating previously released neurotransmitter molecules from the extracellular
medium back into the neuronal cytoplasm, a process known as neurotransmitter
“uptake” [25]. Transporter-mediated uptake is the principal mechanism for termi-
nating the action of monoamine neurotransmitters, so drugs targeting these trans-
porter proteins can have profound effects on cell-to-cell monoamine signaling.
Accordingly, monoamine transporters are the principal sites of action for medica-
tions used to treat a range of psychiatric diseases such as depression, anxiety, and
attention-deficit hyperactivity disorder [26, 27]. Drugs which preferentially interact
at SERT are widely prescribed as efficacious treatments for major depression and
anxiety disorders. By contrast, drugs which preferentially act at DAT and NET, like
amphetamine and methamphetamine, have powerful psychomotor stimulant and
addictive properties [28, 29].

Drugs that bind to monoamine transporters can be divided into two types based
on their precise molecular mechanisms of action: (1) cocaine-like “inhibitors” —
which bind to the neurotransmitter binding site on the transporter (i.e., orthosteric
site), thereby blocking uptake of neurotransmitters from the extracellular medium,
and (2) amphetamine-like “substrates” — which also bind to the orthosteric site, but
are subsequently translocated through the transporter channel into the neuronal
cytoplasm and trigger efflux of intracellular neurotransmitter molecules (i.e.,
transporter-mediated release) [30, 31]. Drugs that act as transporter substrates are
often called “releasers” because they induce non-exocytotic transporter-mediated
neurotransmitter release from neurons. Irrespective of molecular mechanism, all
drugs which bind to transporters can dramatically increase extracellular concentra-
tions of monoamines in vivo, amplifying cell-to-cell chemical signaling in various
brain circuits. It is important to distinguish between transporter inhibitors versus
substrates because substrates display a number of unique properties: they are
translocated into cells along with sodium ions, they induce inward depolarizing
sodium currents, and they reverse the normal direction of transporter flux to trigger
non-exocytotic release of neurotransmitters (i.e., reverse transport) [30, 31]. Finally,
because transporter substrate-type drugs are accumulated into the neuronal cyto-
plasm, they can produce intracellular deficits in monoamine neurons such as
inhibition of neurotransmitter synthesis and disruption of vesicular storage, leading
to long-term neurotransmitter depletions [32, this volume] [33] [34].

In our laboratory, we developed in vitro functional assays to assess the ability of
test drugs to act as inhibitors or substrates at DAT, NET, and SERT [35, 36]. We
employ two types of assays: (1) uptake inhibition and (2) release. The assays are
carried out in synaptosomes derived from rat brain tissue and are designed to
rapidly assess potency and efficacy of drugs at all three transporters under similar
conditions. Synaptosomes consist of sealed vesicle-filled nerve endings with their
plasma membrane leaflets oriented in a manner akin to neurons in vivo. For the
uptake inhibition assays, radiolabeled substrate (i.e., [3H]neurotransmitter) and test
drug are co-incubated with synaptosomes for a brief period, and the reaction is
stopped by vacuum filtration. If test drugs are transporter inhibitors, the
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accumulation of [3H]neurotransmitter into the synaptosomes (i.e., uptake) is
blocked because the test drug and neurotransmitter compete for the same
orthosteric binding site on the transporter protein. It is noteworthy that uptake
inhibition assays cannot distinguish between inhibitors and substrates because
both types of drugs will effectively reduce the accumulation of [*H]neurotransmit-
ter into synaptosomes.

In order to definitively identify substrate-type drugs, we use release assays. For
the release assays, synaptosomes are first incubated with radiolabeled substrate
molecules in order to fill or “preload” the interior of the synaptosomes. [*H]1-
Methyl-4-phenylpyridinium ([*H]MPP") is used as the radiolabeled substrate for
DAT and NET release assays, whereas [°’H]5-HT is used for SERT release assays.
Once synaptosomes are preloaded, test drug is added for a brief incubation period,
and the reaction is stopped by vacuum filtration. If test drugs are transporter sub-
strates, efflux of [3H]MPPJr or [3H]5-HT out of the synaptosomes is induced (i.e.,
release) by reversal of the normal direction of transporter flux. Drugs that act as
pure transporter inhibitors will not evoke substantial release of [PHIMPP* or [*H]5-
HT from preloaded synaptosomes. Therefore, by testing drugs in the combined
uptake inhibition and release assay procedures, the precise molecular mechanism of
drug action can be ascertained.

2.2 Molecular Mechanisms of Action

Prior to the bath salts phenomenon in 2010-2011, few scientific investigations had
examined the pharmacology of ring-substituted cathinones or pyrrolidinophenones.
Studies from the 1980s demonstrated that cathinone and methcathinone release
dopamine from rat brain tissue by an amphetamine-like mechanism [37, 38], and
subsequent reports revealed methcathinone acts as a substrate for DAT, NET, and
SERT [36, 39]. Cozzi et al. [39] first demonstrated that methylone acts as an uptake
inhibitor at monoamine transporters [39], while other investigations showed the
drug is a transporter substrate capable of releasing dopamine, norepinephrine, and
5-HT from rat brain tissue [40]. Studies from the 1990s revealed that pyrovalerone,
a structural analog of MDPV (see Fig. 1), is a potent dopamine uptake blocker
which produces psychomotor stimulant effects when administered to rodents
[41, 42]. A comprehensive study by Meltzer et al. [43] examined the monoamine
transporter activities for several pyrovalerone analogs and showed these agents are
potent inhibitors of DAT and NET with minimal activity at SERT [43]. Impor-
tantly, the study of Meltzer and colleagues did not address the possibility of whether
pyrovalerone analogs might act as transporter substrates, and no assessment of
MDPV activity was included.

Hadlock et al. [44] carried out the first detailed investigation of mephedrone
pharmacology, and found the drug inhibits dopamine uptake and stimulates dopa-
mine release from rat brain synaptosomes [44]. Lopez-Arnau et al. [45] reported
that mephedrone and methylone both inhibit uptake at DAT and SERT, but no
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transporter release data were reported in their study [45]. Our laboratory extended the
findings of Lopez-Arnau and colleagues by showing that mephedrone and methylone
act as non-selective transporter substrates that evoke release of [PHIMPP* from
DAT and NET, and release of [PH]5-HT from SERT [46]. The non-selective
substrate activity of mephedrone and methylone at monoamine transporters is similar
to the molecular mechanism of action for the club drug 3,4-methylenedioxy-N-
methylamphetamine (MDMA). In assay systems using human transporters expressed
in human embryonic kidney (HEK) cells, mephedrone and methylone act as sub-
strates for DAT, NET, and SERT [47, 48], consistent with the findings in synapto-
somes. Taken together, results from studies using rat and human transporters agree
that ring-substituted cathinones like mephedrone and methylone are non-selective
transporter substrates capable of inducing transmitter release via DAT, NET,
and SERT.

We examined the in vitro transporter activity of MDPV in rat brain synapto-
somes and showed the drug displays potent uptake inhibition at DAT
(IC50=4.1 nM) and NET (IC50=26 nM), with much weaker activity at SERT
(IC50=3,349 nM) [49]. Table 1 summarizes the uptake inhibition potencies at
DAT, NET, and SERT for MDPV and a number of other stimulant drugs discussed
in this chapter. The in vitro results with MDPV agree with prior data of Meltzer
et al. (2006) showing that pyrovalerone analogs are potent inhibitors of DAT and
NET. When compared to the prototypical uptake inhibitor cocaine, MDPV is
50-fold more potent as an inhibitor at DAT, tenfold more potent at NET and tenfold

Table 1 Effects of MDPV and related analogs on the uptake of [3H]neur0transmitters at DAT,
NET, and SERT in rat brain synaptosomes

DAT uptake NET uptake SERT uptake

inhibition inhibition inhibition DAT/SERT
Test drug IC50 (nM) I1C50 (nM) 1C50 (nM) ratio
Cocaine 211+19 292 +34 313+17 1.48
Amphetamine® 93+ 17 67116 3,418 +314 36.75
Mephedrone® 76279 487 £ 66 422 £26 0.55
Methylone® 1,323+ 133 1,031+ 162 1,017+ 59 0.77
MDPV 4.1+0.5 26+8 3,349 £305 816.82
S-MDPV 2.1+0.2 9.8+1.0 n.d. —
R-MDPV 382453 726 + 150 n.d. -
3,4-Catechol-PV 11+1 11+1 >10,000 >900
4-OH-3-MeO-PV 784 £ 87 407 £43 >10,000 >12
o-PVP 12+1 14+1 >10,000 >833
o-PBP 63+6 92+13 >10,000 >159
o-PPP 197+ 10 445 £39 >10,000 >50

Values are mean & SD for N =3 experiments each repeated in triplicate. ICs, indicates drug
concentration at which uptake is inhibited to 50 percent of control uptake

DAT/SERT ratio is (DAT ICs0)~'/(SERT ICs0)~; higher values indicate greater DAT selectivity
Data are taken from [49-51]

“These test drugs act as substrates for monoamine transporters and are included for comparison
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less potent at SERT. We found that MDPYV does not act as a substrate for mono-
amine transporters, probably because the drug molecule is sterically too bulky to fit
through the transporter channel. In an informative structure-activity study, Kolanos
et al. [52] “deconstructed” the MDPV molecule piece-by-piece to determine which
structural features govern activity at DAT. They found that the bulky pyrrolidine
ring and the flexible a-carbon chain are critical attributes for potent uptake inhibi-
tion at DAT, whereas the 3,4-methylenedioxy ring moiety is of little consequence in
this regard.

In mouse striatal slices, MDPV is a potent and efficacious inhibitor of
DAT-mediated dopamine clearance (i.e., dopamine uptake) as measured by fast-
scan cyclic voltammetry [49]. In assays using HEK cells expressing human trans-
porters, Eshleman et al. [47] and Simmler et al. [48] confirmed that MDPV is a
potent inhibitor at DAT and NET, but not SERT, and the drug does not evoke
transporter-mediated release. These same investigators examined the potency of
MDPV at various G protein-coupled receptor subtypes and found no significant
affinity of the drug for non-transporter sites of action [47, 48]. Cameron et al. [53]
provided definitive evidence that MDPV is not a substrate at DAT by comparing the
electrophysiological effects of mephedrone and MDPV in Xenopus oocytes
expressing human DAT [53]. They found that mephedrone induces a
DAT-mediated inward depolarizing current, consistent with the action of a trans-
portable substrate, whereas MDPV does not produce this effect. In fact, MDPV
induces a DAT-mediated outward hyperpolarizing current due to the inhibition of
an inward “leak” current. Overall, the in vitro findings from a variety of different
assay methods in native tissues and transporter-expressing cells indicate that
MDPV is a potent inhibitor at DAT and NET, which lacks significant activity at
SERT and non-transporter sites of action.

The formulation of MDPYV available in the recreational drug marketplace is a
racemic mixture of S and R isomers, which poses a logical question about whether
these isomers have stereoselective biological effects. Meltzer et al. [43] showed that
S-pyrovalerone is much more potent as an inhibitor at DAT and NET when
compared to R-pyrovalerone, suggesting MDPV isomers might exhibit a similar
degree of transporter selectivity. Kolanos et al. [50] reported the stereoselective
synthesis of MDPV enantiomers using S- and R-norvaline as starting materials [50],
whereas Suzuki et al. [54] resolved MDPYV enantiomers from the racemic mixture
[54]. In the study of Kolanos et al. [50], S-MDPV was 100-times more potent at
inhibiting DAT when compared to R-MDPV (see Table 1). Therefore, similar to the
findings reported for pyrovalerone, the biological activity of racemic MDPYV resides
primarily with the S isomer. In agreement with the in vitro transporter results,
S-MDPV is much more potent than R-MDPYV in eliciting locomotor stimulant and
reinforcing effects in both rats and mice [50, 55].
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2.3 In Vivo Pharmacological Effects

Drugs which act as inhibitors or substrates at DAT, NET, and SERT increase the
extracellular concentrations of dopamine, norepinephrine, and 5-HT in the brain to
enhance monoamine signaling [28, 29]. In our laboratory, we developed in vivo
methods to simultaneously examine the neurochemical and behavioral effects of
transporter ligands in rats [56, 57]. Specifically, we use in vivo microdialysis
perfusion to collect samples of extracellular fluid (i.e., dialysate samples) from
the brains of conscious freely behaving rats. The microdialysis probes are placed
into the nucleus accumbens, a brain region implicated in the locomotor stimulant
and reinforcing effects of abused drugs [58, 59], and dialysate samples are analyzed
for concentrations of dopamine and 5-HT using high-performance liquid chroma-
tography coupled to electrochemical detection (HPLC-ECD). Rats undergoing
microdialysis are housed in chambers equipped with photo-beam arrays sensitive
to locomotor activity in the horizontal plane (i.e., ambulation) and repetitive back-
and-forth movements of the head, trunk, and limbs (i.e., stereotypy). Our methods
allow for the assessment of relationships between extracellular monoamines and
behavior. For example, in previous studies, we found a significant positive corre-
lation between the amount of dialysate dopamine in the nucleus accumbens and the
extent of locomotor activation produced by stimulant drugs [56, 60]. Furthermore,
data reveal that elevations in dialysate 5-HT alone are not sufficient to produce
locomotor activation [61], but elevations in extracellular 5-HT can dampen the
motor stimulant effects mediated by concurrent elevations in extracellular dopa-
mine [56, 57].

Kehr et al. [62] first reported that subcutaneous (s.c.) administration of
mephedrone to rats evokes concurrent elevations in extracellular dopamine and
5-HT in the nucleus accumbens [62], and other research groups confirmed these
findings in rats receiving s.c. or intraperitoneal (i.p.) mephedrone injections [63,
64]. Intravenous (i.v.) administration of mephedrone or methylone produces dose-
related increases in extracellular dopamine and 5-HT in rat nucleus accumbens,
with mephedrone slightly more potent than methylone [46]. Interestingly, all
microdialysis studies with mephedrone and methylone have found that the magni-
tude of increase in dialysate 5-HT exceeds the accompanying increase in dialysate
dopamine. The profile of in vivo neurochemical effects produced by mephedrone
and methylone is consistent with the substrate activity of these drugs at DAT and
SERT, and mimics the known neurochemical effects of MDMA [46, 62, 65]. We
reported that i.v. MDPV administration to rats produces dose-related increases in
extracellular dopamine but not 5-HT, and MDPV is tenfold more potent than
cocaine in its ability to increase dialysate dopamine [49, 66]. The selective rise in
extracellular dopamine produced by MDPV is consistent with the potent inhibition
of dopamine uptake produced by the drug in vitro. Figure 2 depicts unpublished
data showing the effects of MDPV administration on extracellular dopamine and
5-HT, along with concurrent measures of ambulation. In these experiments, rats
undergoing in vivo microdialysis in the nucleus accumbens were housed in
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Fig. 2 Neurochemical and behavioral effects of MDPV in male Sprague—Dawley rats undergoing
microdialysis in nucleus accumbens. Rats received i.v. injection of 0.1 mg/kg at time zero,
followed by 0.3 mg/kg 60 min later. Extracellular concentrations of monoamine transmitters
(dopamine, 5-HT) and forward locomotion (ambulation) are expressed as % basal, determined
from three time points prior to injection. Data are mean + SEM, for N = 67 rats/group. *p < 0.05,
*#p < 0.01 compared to saline control at a given time point

chambers equipped with photobeams to allow for measurement of locomotor
behaviors. After three baseline dialysate samples were obtained, rats received
i.v. injection of 0.1 mg/kg MDPV at time zero, followed by 0.3 mg/kg 60 min
later. Dialysate samples were collected at 20 min intervals before, during, and after
drug injections. Data were analyzed by two-way (drug x time) ANOVA followed
by Bonferroni post-hoc tests. The results show that MDPV produces significant
dose-related increases in extracellular dopamine (F; g = 157.3, p < 0.0001), but not
5-HT (F, = 1.6, NS), along with a parallel increases in ambulation (F; g =198.7,
p <0.0001).

The behavioral effects produced by MDPV have been recently reviewed [67],
enabling brief consideration here, focusing on locomotor activity and drug self-
administration studies. All of the synthetic cathinones examined thus far are known
to stimulate locomotor activity when administered to rats [46, 68, 69] or mice [70—
72]. In a representative study, Marusich et al. [72] showed that mephedrone,
methylone, and MDPYV produce dose-dependent increases in ambulation in mice,
but MDPV is much more potent in this regard. We found that MDPV is about
tenfold more potent than cocaine as a locomotor stimulant in rats, and MDPV is
also more efficacious than cocaine, stimulating an overall greater magnitude of
motor activation [49]. When MDPYV is administered across a broad range of doses,
the dose—response relationship for ambulation is an inverted U-shaped curve
[68, 71]; the reduction in forward locomotion at higher MDPYV doses is due to the
emergence of focused stereotypies, such as in-place perseverative sniffing and head
bobbing, as dose increases. In mice, the locomotor stimulation produced by MDPV
is reduced by pretreatment with the dopamine D1 receptor antagonist SCH23390
[51]. Taken together with the microdialysis data, the available evidence indicates
that MDPV elevates extracellular dopamine in critical brain circuits via DAT
inhibition, and subsequent activation of D1 dopamine receptors by endogenous
dopamine is responsible for locomotor stimulant effects of the drug.
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The role of extracellular 5-HT in modulating the dopaminergic effects of
synthetic cathinones is a topic of great interest. To this end, a recent investigation
compared the neurochemical and locomotor effects of MDPV and methylone in rats
[66]. It was found that i.v. doses of 0.3 mg/kg MDPV and 3.0 mg/kg methylone
produce nearly identical threefold elevations in extracellular dopamine, whereas
only methylone produces a dramatic tenfold elevation in extracellular 5-HT. At
these same doses, MDPV elicits a much greater stimulation of ambulation and
stereotypy when compared to methylone. One interpretation of these findings is that
elevations in extracellular 5-HT tend to reduce locomotor stimulant effects medi-
ated by extracellular dopamine. Indeed, substantial evidence indicates that high-
affinity 5-HT,c receptor sites in the brain provide a strong inhibitory influence over
dopamine-mediated behavioral effects [73]. Thus, MDPV’s powerful locomotor
effects could be related to its potent DAT inhibition, coupled with its lack of
activity at SERT and failure to increase extracellular 5-HT.

Drug self-administration is considered the “gold standard” behavioral test for
determining the addictive potential of drugs, as most drugs self-administered by
laboratory animals are abused by humans [74, this volume] [75]. In the rat drug self-
administration paradigm, animals with surgically implanted i.v. catheters are
trained to lever-press or nose-poke to obtain i.v. drug injections which are delivered
via a computer-controlled infusion pump. A number of studies have shown that rats
will self-administer mephedrone [44, 76, 77] and methylone [78—-80], indicating
these drugs have abuse liability. With regard to MDPV, Aarde et al. [68] reported
that MDPYV is readily self-administered by rats at i.v. training doses ranging from
0.01 to 0.5 mg/kg, and the drug is more potent and efficacious than methamphet-
amine, a known stimulant drug of abuse. Watterson et al. [82] found similar results
with rats self-administering MDPV, and also showed the amount of drug adminis-
tered displays robust escalation if rats are allowed prolonged access to the drug.
Schindler et al. [66] directly compared the acquisition of i.v. self-administration
behavior for MDPV (0.05 mg/kg) and methylone (0.5 mg/kg) in rats. It was found
that MDPV self-administration is rapidly acquired within the first few days of
training, whereas methylone self-administration takes much longer to develop.
Additionally, the number of infusions per session is significantly greater for
MDPV when compared to methylone. Based on the neurochemical effects of
MDPV and methylone already mentioned, it is tempting to speculate that seroto-
nergic effects of methylone function to counteract the positive reinforcing effects of
this drug when compared to MDPV. In agreement with this idea, Bonano et al. [83]
showed that MDPYV is much more potent than methylone at facilitating intracranial
self-stimulation (ICSS) in rats, an index of reinforcing effects of drugs. Further-
more, MDPV produces only abuse-related effects while methylone produces a
mixture of abuse-related and abuse-limiting actions. Overall, the self-
administration and ICSS data demonstrate that MDPYV is a potent and efficacious
reinforcer in rats, indicating the drug has a high potential for abuse and addiction in
humans.
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3 MDPYV Pharmacokinetics and Metabolism

Pharmacokinetics (PK) describes the time course of drug concentrations in blood
and tissues. Investigating the PK of synthetic cathinones and other NPS is important
for the forensic detection of these substances and for evaluating their pharmaco-
logical/toxicological effects. When NPS first appear in the recreational drug mar-
ketplace, they must be identified and quantified in confiscated drug products and in
biological specimens from subjects exposed to the drugs. As mentioned in the
Introduction, most NPS are not detected by traditional toxicology screening
methods, which rely on antibody-based technology (i.e., immunoassays) and rec-
ognize specific drugs and metabolites. Given the rapid increase in number and
variety of NPS, the slow and cumbersome process of developing new immunoas-
says cannot keep pace with the appearance of new substances [84, 85]. Conse-
quently, alternative analytical methods, particularly liquid chromatography
(LC) coupled to mass spectrometry (MS) or high-resolution mass spectrometry
(HRMS), are now being implemented to detect and quantify newly emerging drugs
of abuse [86—88]. In vitro strategies using liver microsomes or hepatocytes are
being exploited to quickly identify metabolites of NPS, since certain metabolites
may be bioactive or have a much longer half-life than the parent compound, thereby
serving as more persistent markers of drug exposure [89, 90]. Finally, because there
are few controlled clinical studies examining the effects of NPS in humans,
experiments in animal models must be employed to characterize in vivo PK and
metabolism [85].

The chemical structure of MDPV displays a 3,4-methylenedioxy group on the
phenyl ring, similar to the structure of methylone and MDMA. It is well established
that the methylenedioxy moiety of MDMA is a primary target for metabolism
by hepatic cytochrome P450 (CYP) enzymes, particularly CYP 2D6 [91-93].
Strano-Rossi et al. [94] reported the first description of MDPV metabolism in
human liver microsomes in vitro. These investigators employed gas chromatogra-
phy with MS for metabolite identification and LC-HRMS for definitive structural
elucidation. It was found that MDPV is metabolized in a manner analogous to
MDMA by O-demethylenation of the 3,4-methylenedioxy ring to form
3,4-dihydroxypyrovalerone (3,4-catechol-PV), followed by O-methylation to
yield 4-hydroxy-3-methoxypyrovalerone (4-OH-3-MeO-PV) (see Fig. 1 for struc-
tures). Both of the phase I metabolites are conjugated to form phase II sulfates or
glucuronides, which are subsequently excreted in urine. Meyer et al. [95] found that
MDPV is metabolized in vitro by a number of mechanisms including
demethylenation, aromatic and side-chain hydroxylation, and oxidation of the
pyrrolidine ring, but 4-OH-3-MeO-PV is the major metabolite found in urine
samples from rats and humans exposed to MDPV administration. Importantly,
multiple hepatic enzymes including CYP 2C19, CYP 2D6, and CYP 1A2 were
found to catalyze the primary O-demethylenation reaction forming 3,4-catechol-
PV [95].
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In our laboratory, we are interested in examining the in vivo PK and metabolism
of MDPV in rats because data from controlled drug administration studies in
humans are lacking. We have previously evaluated pharmacodynamic and PK
parameters for MDMA in rats [96, 97], and used similar methods for examining
the effects of MDPV [98]. As a first step, Anizan et al. [99] developed a fully
validated analytical procedure to simultaneously detect and quantify MDPYV,
3,4-catechol-PV and 4-OH-3-MeO-PV using LC-HRMS. The method involves
specimen hydrolysis to cleave conjugated 3,4-catechol-PV and 4-OH-3-MeO-PV
to their free forms, followed by protein precipitation prior to analysis. Limits of
detection are 0.1 pg/L and the linear range is 0.25-1,000 pg/L. The high sensitivity
for the assay is essential in order to quantify low analyte concentrations in the small
volume of plasma obtained from catheterized rats. To examine PK of MDPV and its
metabolites, Anizan et al. [98] administered s.c. doses of MDPV (0.5, 1, 2 mg/kg) to
rats bearing surgically implanted i.v. catheters. Rats were placed into chambers
equipped with photobeams to measure locomotor parameters, and connected to a
tethering system which allowed free movement within the chamber. The
i.v. catheters were attached to extension tubing that was threaded through the tether
to facilitate stress-free blood withdrawal without any disturbance to the animal.
Repeated blood samples (300 pL) were withdrawn via the catheter at various time
points before and after injection. Blood samples were centrifuged and plasma
specimens assayed for MDPV, 3.4-catechol-PV and 4-OH-3-MeO-PV using the
LC-HRMS methods described above. Utilizing this strategy, we were able to
simultaneously obtain pharmacodynamic measures (i.e., ambulation and stereo-
typy) and circulating concentrations of MDPV and its metabolites.

Results from the study of Anizan et al. [98] demonstrated that s.c. MDPV
engenders rapid PK in rats, with maximal concentrations (C,,x) in plasma occur-
ring within 15-20 min of injection and decreasing quickly thereafter. Upon injec-
tion of 2 mg/kg s.c. MDPV, the plasma C,,,, for the drug is 271 pg/L (~1 pM) and
the half-life (#;,) is about 80 min. Plasma concentrations of the metabolites
3,4-catechol-PV and 4-OH-3-MeO-PV increase at a much slower rate, reaching
Ciax between 3 and 4 h post-injection. Based on area-under-the-curve (AUC)
values, 4-OH-3-MeO-PV is the major metabolite in rat plasma, in agreement with
the findings of Meyer et al. [95], who found this to be the predominant metabolite in
rat urine. As expected, s.c. MDPV produces dose-related stimulation of ambulation
and stereotypy in catheterized rats, and plasma concentrations of MDPV are
positively correlated with the extent of motor activation. Two additional findings
from the study of Anizan et al. [98] are worth noting: (1) plasma MDPYV concen-
trations display linear dose-proportional kinetics and (2) plasma MDPV metabolite
concentrations are negatively correlated with locomotor activation produced by the
drug. We found it surprising that MDPV displays linear PK in rats because other
drugs exhibiting the 3,4-methylenedioxy moiety (e.g., MDMA) are known to cause
sustained inhibition of CYP 2D6 in humans and CYP 2D1 in rats [100, 101],
thereby leading to nonlinear accumulation of the parent drug in both species
[97, 102, 103]. Indeed, recent evidence shows that MDPV inhibits CYP 2D6
in vitro with an ICsq of 1.3 pM [104]. The fact that MDPV metabolites are
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Fig. 3 Concentration-time profiles for MDPV and its metabolites, 3,4-catechol-PV and 4-OH-3-
MeO-PV, after i.p. injection of MDPV in male Sprague—Dawley rats. Rats received i.p. injection
of MDPV (0.5, 1 or 2 mg/kg) at time zero, and repeated blood samples (300 pL) were withdrawn
immediately before and at 10, 20, 30, 60, 120, 240, and 480 min post-injection. Plasma specimens
were assayed for concentrations of MDPV and its metabolites by LC-HRMS. Data are
mean + SEM for N = 6-7 rats/group

negatively correlated with locomotor stimulation suggests the compounds might be
bioactive and counteract effects of the parent compound.

As a means to further explore the in vivo PK and metabolism of MDPV, we
carried out a follow-up set of experiments to examine effects of i.p. MDPV
administration in rats. The i.p. route of administration is expected to induce greater
MDPV metabolism, leading to lower concentrations of the parent compound but
higher concentrations of its metabolites. In these experiments, rats received
i.p. MDPV (0.5, 1, 2 mg/kg), repeated blood samples were withdrawn at various
time points, and all other aspects of the experiments were identical to those
described above by Anizan and coworkers [98]. Figure 3 depicts new data showing
the concentration-time profiles for MDPV and its metabolites after i.p. MDPV
administration, while Table 2 summarizes the relevant PK parameters. Similar to
the results with s.c. administration, i.p. MDPV engenders rapid PK, with C,,,,x being
achieved within 10 min of injection. After 2 mg/kg i.p. MDPV, the C,,. for the
drug is 135 pg/L (~0.5 pM) and plasma ¢y, is about 90 min. Our data demonstrate
that i.p. MDPYV yields circulating drug concentrations in rats which are about half
that observed after s.c. administration of equivalent doses. It is noteworthy that
MDPV Ci,.x values reported here for rats are in the same range as MDPV blood
concentrations reported in human cases of non-fatal bath salts intoxication [12], but
below those associated with fatal overdose [14, 22]. In contrast to the data with
s.c. MDPV administration, i.p. administration appears to induce nonlinear PK. The
results in Table 2 demonstrate that a fourfold increase in MDPV dose from 0.5 to
2.0 mg/kg is associated with an eightfold increase in MDPV AUC from 1,114 to
8,726 min pg/L, much greater than dose-proportional. The i.p. route of administra-
tion facilitates greater interaction of MDPV with hepatic enzymes when compared
to the s.c. route. Thus, high i.p. doses of MDPV may produce nonlinear PK because
in vivo drug concentrations in hepatic portal blood are close to the ICsq for
inhibition of CYP 2D1. Future preclinical studies should explore PK parameters
after the administration of higher doses of MDPV to rats.
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Table 2 Pharmacokinetic parameters for plasma 3,4-methylenedioxypyrovalerone (MDPV),
3,4-dihydroxypyrovalerone (3,4-catechol-PV), and 4-hydroxy-3-methoxypyrovalerone (4-OH-3-
MeO-PV) after intraperitoneal MDPV administration

Analyte Dose (mg/kg) | Cimax (ME/L) | Tiax (min) | AUC (min pg/L) | #,> (min)
MPDV 0.5 20+5 10+0 1,114 +330 92+7

1.0 54418 10+0 2,858 +859 79+13

2.0 135+29 10+0 8,726 + 1,877 99+ 14
3,4-Catechol-PV | 0.5 14+2 160 + 25 2,822 +415 n.d.

1.0 36+4 189 +59 8,317 £ 589 n.d.

2.0 46+9 206 £ 25 12,762 + 1,625 n.d.
4-OH-3-MeO-PV | 0.5 57+7 168 £ 27 14,657 £ 2,577 n.d.

1.0 135+23 260 + 24 28,168 +3,373 n.d.

2.0 198 +£31 240 4+ 54 51,925 + 7,946 n.d.

Data are expressed as mean + SEM for N = 6 rats/group

Cnax Maximum concentration, 7, time of maximum concentration, AUC area-under-the-curve,
t;,> plasma half-life

n.d. = not determined due to insufficient data from descending limb of the concentration-time
profile
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Fig. 4 Correlations between motor parameters and plasma concentrations of MDPV and its
metabolites after i.p. MDPV administration. To construct correlation plots, ambulation (cm) and
stereotypy (episodes) measures obtained at 20, 60, 120, and 240 min post-injection were plotted
against plasma concentrations of MDPV, 3,4-catechol-PV or 4-OH-3-MeO-PV (pg/L) at the same
time points. Data were subjected to Pearson correlation analysis. Ambulation (r=0.747,
p<0.001) and stereotypy (r=0.607, p <0.001) were significantly correlated with plasma
MDPYV but not its metabolites

The data in Table 2 show that plasma concentrations of the metabolites 3,4-cat-
echol-PV and 4-OH-3-MeO-PV display slow PK after i.p. MDPV administration,
achieving C,,x between 3 and 4 h post-injection. Based on AUC values shown in
Table 2, 4-OH-3-MeO-PV is the major metabolite in rat plasma. Intraperitoneal
MDPV produces dose-related stimulation of ambulation and stereotypy, and the
data in Fig. 4 show that both locomotor parameters are significantly correlated with
circulating MDPV concentrations but not its metabolites. To generate the correla-
tion plots depicted in Fig. 4, the pharmacodynamic data from the 20, 60, 120, and
240 min time points were plotted against simultaneously measured plasma MDPV
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or metabolite concentrations. The data matrix was subjected to Pearson correlation
analysis. It was found that circulating MDPV concentrations positively correlate
with the magnitude of ambulation (r =0.747, p < 0.001) and stereotypy (r = 0.067,
p <0.001), whereas metabolites show no significant relationships with motor
endpoints. The findings with i.p. MDPV indicate that the parent compound is the
major factor contributing to the locomotor stimulant effects of the drug. In agree-
ment with this idea, Novellas et al. [105] recently reported that MDPV concentra-
tions in rat striatum are positively correlated with the extent of locomotor activation
produced after MDPV administration [105]. These authors further speculated that
MDPV-induced elevations in extracellular dopamine in striatal regions underlie
behavioral effects observed in rats.

The data considered thus far indicate that hydroxylated MDPV metabolites are
probably not contributing to in vivo effects of systemically administered MDPV,
especially since these metabolites exist as conjugated forms and are not “free” in
the circulation. Nonetheless, we examined the possible biological activity of these
metabolites because our previous work showed the 3,4-dihydroxy metabolite of
MDMA is bioactive [106]. The effects of 3,4-catechol-PV and 4-OH-3-MeO-PV
were first examined in uptake inhibition assays for DAT, NET, and SERT. Data in
Table 1 demonstrate that 3,4-catechol-PV is a potent uptake blocker at DAT
(IC50=11 nM) and NET (IC50=11 nM), whereas 4-OH-3-MeO-PV is much
weaker in this regard. Neither of the metabolites displays measurable activity at
inhibiting SERT, even at doses up to 10 pM. Data shown in Table 1 for 3,4-cate-
chol-PV agree with previous findings of Meltzer et al. [43], who found that this
compound is an uptake inhibitor at DAT and NET, with potency similar to
pyrovalerone [43]. We next tested the metabolites of MDPV in the microdialysis
paradigm to examine possible in vivo actions. Neither of the metabolites affected
dialysate dopamine or behavior when administered at i.v. doses of 0.1 and 0.3 mg/
kg; the same doses of MDPYV elicit robust effects on both parameters (see Fig. 2).
Given the in vitro potency of 3,4-catechol-PV at DAT, we examined the effects of
higher doses of this metabolite in vivo. Figure 5 depicts new data that show
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Fig. 5 Neurochemical and behavioral effects of 3,4-catechol-PV in male Sprague-Dawley rats
undergoing microdialysis in nucleus accumbens. Rats received i.v. injection of 1.0 mg/kg at time
zero, followed by 3.0 mg/kg 60 min later. Extracellular concentrations of monoamine transmitters
(dopamine, 5-HT) and forward locomotion (ambulation) are expressed as % basal, determined
from three time points prior to injection. Data are mean &+ SEM, for N = 67 rats/group. *p < 0.05,
**p < 0.01 compared to saline control at a given time point
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i.v. administration of 3 mg/kg 3,4-catechol-PV produces small, albeit significant,
elevations in extracellular dopamine but no change in ambulation. Taken together,
the in vitro and in vivo findings with 3,4-catechol-PV indicate this compound may
be too polar to readily penetrate the blood—brain barrier and achieve robust neuro-
chemical effects. In support of this hypothesis, the total polar surface area of
3,4-catechol-PV is 60.77 compared to 38.78 for MDPV. The findings with 3,4-cat-
echol-PV shown here serve as a cautionary reminder that inferring the mechanism
of drug action should not rely on results from in vitro transporter/receptor profiling
alone.

4 Pharmacology of “Replacement” Analogs of MDPV

As mentioned in the Introduction, legislation enacted in the US placed mephedrone,
methylone, and MDPV into Schedule I control, rendering these drugs illegal. In
response to this legislation, a number of “replacement” analogs appeared in the
recreational drug marketplace, including several pyrrolidinophenone compounds.
Perhaps the most notorious replacement analog of MDPV s
a-pyrrolidinovalerophenone (a-PVP) (see Fig. 1). With regard to chemical struc-
ture, a-PVP is distinguished from MDPYV by the absence of the 3,4-methylenedioxy
moiety on the phenyl ring. a-PVP first appeared in the street drug marketplace in
2012 and quickly became a problematic drug of abuse in the US [6], especially in
south Florida where the drug is known as “flakka” [107]. Many clinical cases of
serious intoxication and death were attributed to overdose from a-PVP in the US
and elsewhere [17, 40, 63, 108]. Meltzer et al. [43] first demonstrated that «-PVP is
an inhibitor of dopamine and norepinephrine uptake, with potencies at DAT and
NET in the same range as pyrovalerone. More recently, Marusich et al. [51] showed
that a-PVP inhibits uptake at DAT and NET with ICsq values of 12 and 14 nM,
respectively (Table 1). In studies carried out in HEK cells transfected with human
transporters, «-PVP and a number of ring-substituted pyrrolidinophenones act as
potent inhibitors of DAT and NET, but do not evoke release of preloaded [*H]
substrates [109]. Thus, data from synaptosomes and cell systems agree that
cathinone-related compounds which possess a pyrrolidine ring act as transporter
inhibitors and not substrates.

The data in Table 1 show that removing the 3,4-methylenedioxy moiety from the
phenyl ring of MDPV has little effect on drug potency at catecholamine trans-
porters, consistent with the earlier findings of Kolanos and coworkers [52]. How-
ever, decreasing alkyl chain length at the a-carbon of a-PVP from propyl to ethyl
for a-pyrrolidinobutiophenone (a-PBP), or methyl for a-pyrrolidinopropiophenone
(a-PPP), produces a corresponding decrease in potencies at DAT and NET, but no
change in transporter selectivity [51]. In a study which examined the structure—
activity relationships for a series of a-PVP analogs, Kolanos et al. [110] found that
increasing alkyl chain length at the a-carbon to four carbons, or even adding a
hexane ring to this position, results in potent DAT inhibitors. Overall, the volume
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and lipophilicity of the a-carbon substituent of pyrrolidinophenone analogs are
positively correlated with potency at DAT, indicating structural modifications at
this position have a profound impact on biological activity of the compounds.

In one of the first investigations to examine in vivo a-PVP actions, Kaizaki et al.
[111] reported that oral administration of 25 mg/kg a-PVP to male mice produces
elevations in striatal extracellular dopamine, along with stimulation of ambulation.
It was also found that motor stimulant effects of a-PVP are significantly reduced by
pretreatment with antagonists for D1 or D2 dopamine receptor subtypes, implicat-
ing dopaminergic mechanisms in mediating behavioral activation. Subsequent
reports confirmed a-PVP produces dose-related stimulation of ambulation in mice
and rats [51, 112, 113]. In our laboratory, we recently examined the neurochemical
effects of «-PVP in male rats undergoing microdialysis in the nucleus accumbens.
For our experiments, rats received i.v. injection of 0.1 mg/kg a-PVP at time zero,
followed by i.v. injection of 0.3 mg/kg 60 min later. Control rats received
i.v. injections of saline vehicle on the same schedule. Microdialysis samples were
collected at 20 min intervals before, during, and after drug injections, and dialysate
concentrations of dopamine and 5-HT were assayed by HPLC-ECD. Data were
analyzed by two-way ANOVA (drug X time) followed by Bonferroni post-hoc
tests. The new data depicted in Fig. 6 illustrate that a-PVP causes dose-related
increases in extracellular dopamine (F; g = 126.6, p < 0.0001) and concurrent stim-
ulation of ambulation (F; g=213.8, p <0.0001) in rats. Interestingly, a-PVP also
produces small, albeit significant, decreases in extracellular 5-HT in the same
subjects (F; g =3.5, p <0.01). The increases in extracellular dopamine and motor
activity produced by o-PVP are similar to the effects of MDPV, and are fully
consistent with potent DAT blockade. While the decreases in 5-HT produced by
a-PVP are more difficult to interpret, the drug is clearly not increasing serotonergic
tone. Marusich et al. [51] showed that a-PVP, a-PBP, and a-PPP produce dose-
related stimulation of locomotor activity in mice, and the rank order of in vivo
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Fig. 6 Neurochemical and behavioral effects of a-PVP in male Sprague—Dawley rats undergoing
microdialysis in nucleus accumbens. Rats received i.v. injection of 0.1 mg/kg at time zero,
followed by 0.3 mg/kg 60 min later. Extracellular concentrations of monoamine transmitters
(dopamine, 5-HT) and forward locomotion (ambulation) are expressed as % basal, determined
from three time points prior to injection. Data are mean 4= SEM, for N = 67 rats/group. *p < 0.05,
*#p < 0.01 compared to saline control at a given time point
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potency (i.e., a-PVP > a-PBP > a-PPP) correlates with potency of the drugs at
inhibiting DAT.

Recent studies examined the reinforcing effects of o-PVP using self-
administration and ICSS assays in rats. Aarde et al. [112] directly compared effects
of a-PVP and MDPV using i.v. self-administration in rats, and found a 0.05 mg/kg
training dose produces similar patterns of acquisition for both drugs under a fixed-
ratio schedule of reinforcement. In a progressive-ratio paradigm, it was shown that
a-PVP and MDPV display nearly identical potency and efficacy, indicating similar
abuse liability for the drugs. Watterson et al. [81] compared the effects of a-PVP
and methamphetamine using ICSS, and noted both drugs produce dose-related
reductions in self-stimulation thresholds, a measure of positive rewarding effects.
Importantly, the potency of a-PVP in the ICSS model was identical to metham-
phetamine potency.

5 Summary

The findings reviewed in this chapter reveal that the pharmacology of MDPV
differs substantially from the pharmacology of ring-substituted cathinones like
mephedrone and methylone. MDPV is a potent inhibitor at DAT and NET, and
the drug does not act as a transporter substrate like mephedrone and methylone.
MDPV is highly selective for catecholamine transporters, whereas mephedrone and
methylone are non-selective in this regard. The presence of a bulky pyrrolidine ring
and a flexible a-carbon alkyl chain are the most critical structural elements
governing potency of uptake inhibition at DAT and NET. S-MDPV is much more
potent at inhibiting DAT and NET than R-MDPV, so the S isomer is responsible for
pharmacological effects of the racemate. MDPV-induced increases in extracellular
dopamine in mesolimbic reward circuits are likely responsible for the powerful
stimulant and reinforcing actions of the drug. Upon systemic administration of
MDPV, the circulating concentrations of the parent compound are positively
correlated with the extent of locomotor activation, while concentrations of its
metabolites are not. MDPV appears to induce nonlinear PK in rats after i.p. doses
above 1 mg/kg, perhaps due to inhibition of CYP 2D1, and the phenomenon of
nonlinear PK deserves further inquiry. Replacement analogs of MDPV like a-PVP,
o-PBP, and o-PPP maintain potent and selective inhibition at DAT and NET,
indicating these drugs have high abuse liability. Despite substantial knowledge
about the pharmacology of MDPV and its analogs, a number of fundamental
questions remain: What is the role of NET inhibition in the behavioral and cardio-
vascular effects of MDPV? Are there non-transporter targets of action for MDPV
and its analogs? What are the molecular and cellular changes in the brain induced
by chronic administration of MDPV, a-PVP, and related drugs? Finally, could
certain pyrrolidinophenone analogs exhibit utility in treating dopamine deficit
syndromes such as Parkinson’s disease? These and other questions warrant further
consideration.
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