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Abstract

There has been a dramatic rise in the abuse of synthetic cathinones known as “bath salts,” 

including 3,4-methylenedioxypyrovalerone (MDPV), an analog linked to many adverse events. 

MDPV differs from other synthetic cathinones because it contains a pyrrolidine ring which gives 

the drug potent actions as an uptake blocker at dopamine and norepinephrine transporters. While 

MDPV is now illegal, a wave of “second generation” pyrrolidinophenones has appeared on the 

market, with α-pyrrolidinovalerophenone (α-PVP) being most popular. Here, we sought to 

compare the in vitro and in vivo pharmacological effects of MDPV and its congeners: α-PVP, α-

pyrrolidinobutiophenone (α-PBP), and α-pyrrolidinopropiophenone (α-PPP). We examined 

effects of test drugs in transporter uptake and release assays using rat brain synaptosomes, then 

assessed behavioral stimulant effects in mice. We found that α-PVP is a potent uptake blocker at 

dopamine and norepinephrine transporters, similar to MDPV. α-PBP and α-PPP are also 

catecholamine transporter blockers but display reduced potency. All of the test drugs are 

locomotor stimulants, and the rank order of in vivo potency parallels dopamine transporter 

activity, with MDPV>α-PVP>α-PBP>α-PPP. Motor activation produced by all drugs is reversed 

by the dopamine receptor antagonist SCH23390. Furthermore, results of a functional observational 

battery show that all test drugs produce typical stimulant effects at lower doses and some drugs 

produce bizarre behaviors at higher doses. Taken together, our findings represent the first evidence 

that second generation analogs of MDPV are catecholamine-selective uptake blockers which may 

pose risk for addiction and adverse effects in human users.
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1.0 Introduction

In the past few years, products containing synthetic stimulants have flooded the recreational 

drug marketplace in the United States (U.S.) and elsewhere (Baumann et al., 2013a; 

Psychonaut, 2009; U.S. Drug Enforcement Administration, 2013a). These products, often 

sold under the guise of “bath salts,” “plant food,” or “research chemicals,” contain 

psychoactive cathinone derivatives and are purchased online, at gas stations, or at head 

shops as “legal” alternatives to illicit drugs (Karila and Reynaud, 2011; Schifano et al., 

2011; Winstock and Ramsey, 2010; Winstock et al., 2011). From 2010 to 2011, the number 

of calls to U.S. poison control centers reporting exposure to synthetic cathinones increased 

from 303 to 6,138, and patients with acute toxicity began presenting to emergency 

departments (American Association of Poison Control Centers, 2012). The abuse of 

synthetic stimulants can result in severe side effects including tachycardia, hyperthermia, 

agitation, delusions, and violent behaviors leading to suicide or homicide (EMCDDA, 2010; 

Kelly, 2011; Ross et al., 2011; Spiller et al., 2011). In response to the heightened public 

health threat, federal legislation was enacted in 2012 and 2013 to permanently ban the three 

most common constituents in these products: 3,4-methylenedioxypyrovalerone (MDPV), 

3,4-methylenedioxymethcathinone (methylone) and 4-methylmethcathinone (mephedrone).

Initial pharmacological investigations showed that synthetic cathinones exert their effects by 

interacting with monoamine transporters for dopamine (DAT), norepinephrine (NET) and 

serotonin (SERT) (Cozzi et al., 1999; Hadlock et al., 2011; López-Arnau et al., 2012; 

Martínez-Clemente et al., 2012). More recent data reveal that ring-substituted cathinones, 

like mephedrone and methylone are transporter substrates which cause the release of 

dopamine, norepinephrine and serotonin by reversing the normal direction of transporter 

flux (Baumann et al., 2012; Cameron et al., 2013; Simmler et al., 2013) in a manner similar 

to amphetamine (Baumann et al., 2013b; Fleckenstein et al., 2000). MDPV is structurally 

distinct from other synthetic cathinones due to the presence of a pyrrolidine ring, which 

gives the drug potent actions as a transporter blocker at DAT and NET (Baumann et al., 

2013b; Eshleman et al., 2013; Simmler et al., 2013). Thus, MDPV displays a molecular 

mechanism of action that is similar to cocaine rather than amphetamine (Baumann et al., 

2013b; Fleckenstein et al., 2000). Systemic administration of MDPV or mephedrone to rats 

increases extracellular concentrations of dopamine in mesolimbic reward circuits (Baumann 

et al., 2012; Baumann et al., 2013b; Kehr et al., 2011; Wright et al., 2012). Consistent with 

dopaminergic activation, synthetic cathinones increase locomotor activity in rodents, similar 

to the effects of classical stimulants like amphetamine and cocaine (Fantegrossi et al., 2013; 

Lisek et al., 2012; López-Arnau et al., 2012; Marusich et al., 2012). A functional 

observational battery (FOB) revealed that MDPV, mephedrone, and methylone produce 

typical stimulant effects including hyperactivity and stereotyped behavior, comparable to 

that found for cocaine, amphetamine and methamphetamine (Gauvin and Baird, 2008; 
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Marusich et al., 2012). Perhaps more importantly, MDPV and mephedrone are readily self-

administered by rats, indicating a propensity for abuse and addiction (Aarde et al., 2013; 

Hadlock et al., 2011; Motbey et al., 2013; Watterson et al., 2012a; Watterson et al., 2012b).

Since the three most common synthetic stimulants were banned in the U.S., manufacturers 

have introduced novel replacement cathinones as a means to skirt regulatory control, a trend 

which is expected to continue (Brandt et al., 2010; Shanks et al., 2012). For the purposes of 

the present paper, synthetic stimulants which were legal prior to legislation enacted in 2012 

(U.S. Congress, 2012) are referred to as “first generation” drugs, while newer stimulants are 

referred to as “second generation” drugs. Despite the fact that a host of cathinone 

compounds may be present in synthetic stimulant products (Shanks et al., 2012; Spiller et 

al., 2011), MDPV is the chief compound found in blood and urine from patients admitted to 

emergency departments for treatment of acute toxicity due to synthetic stimulant exposure 

(Murray et al., 2012; Penders et al., 2012; Spiller et al., 2011; Wyman et al., 2013). Such 

data point to MDPV as a principal culprit in mediating medically-relevant adverse effects. 

Recently, a number of second generation MDPV analogs have appeared in the marketplace, 

with α-pyrrolidinovalerophenone (α-PVP) being the most popular and widespread 

(Marinetti and Antonides, 2013; Shanks et al., 2012; U.S. Drug Enforcement 

Administration, 2013b). As shown in Figure 1, pyrrolidinophenones like α-PVP, α-

pyrrolidinobutiophenone (α-PBP) and α-pyrrolidinonpropiophenone (α-PPP) are 

structurally similar to MDPV (Meltzer et al., 2006), yet little is known about their 

mechanism of action or behavioral effects.

The purpose of the present study was to evaluate in vitro and in vivo effects of second 

generation stimulants that are structurally-related to MDPV. To this end, in vitro transporter 

activity at DAT, NET and SERT was assessed for MDPV, α-PVP, α-PBP, and α-PPP. In 

vivo pharmacology of these compounds was assessed by measuring locomotor activity and 

effects in an FOB. Our findings provide the first evidence that second generation 

pyrrolidinophenones like α-PVP are potent catecholamine-selective transporter blockers 

which can elicit psychomotor stimulant effects via a dopaminergic mechanism. As such, 

these agents would be expected to pose substantial risks for abuse and addiction.

2.0 Methods and Materials

2.1 Subjects

Adult male Sprague-Dawley rats (Charles River, Wilmington, MA, USA) weighing 300–

400g (total n=36) were housed three per cage. Adult male ICR mice (Harlan, Frederick, 

MD, USA) weighing 30–55 g (total n=112) were housed individually. Animals were housed 

in polycarbonate cages with hardwood bedding. All animals were drug and test naïve, and 

were housed in temperature-controlled conditions (20–24°C) with a 12 h standard light-dark 

cycle. Animals had ad libitum access to food and water in their home cages at all times. Rat 

experiments were approved by the Institutional Animal Care and Use Committee at NIDA 

IRP, while mouse experiments were approved by the Institutional Animal Care and Use 

Committee at RTI International. All research was conducted as humanely as possible, and 

followed the principles of laboratory animal care (National Research Council, 2011). The 

authors consulted the ARRIVE guidelines for reporting experiments involving animals, and 
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all efforts were made to minimize animal suffering, reduce the number of animals used, and 

utilize alternatives to in vivo techniques, if available.

2.2 Drugs

α-PVP, α-PBP, and α-PPP were purchased from Cayman Chemical (Ann Arbor, MI, USA). 

SCH23390 was purchased from Tocris (Minneapolis, MN, USA). MDPV was synthesized 

in house at RTI using standard synthetic procedures. MDPV was formulated as a 

recrystallized HCl salt and was > 97% pure. The purity was assessed by several analytical 

techniques including carbon, hydrogen, nitrogen (CHN) combustion analysis and proton 

nuclear magnetic resonance spectroscopy. All drugs were dissolved in sterile saline (Butler 

Schein, Dublin, OH, USA). Doses are expressed as mg/kg of the salt, and were administered 

at a volume of 10 ml/kg in mice. Sterile saline was used as a comparison for all drugs for in 

vivo studies.

2.3 In Vitro Uptake and Release Assays

Rats were euthanized by CO2 narcosis, and brains were processed to yield synaptosomes as 

previously described (Baumann et al., 2013b; Rothman et al., 2003). Synaptosomes were 

prepared from rat striatum for the DAT assays, whereas synaptosomes were prepared from 

whole brain minus striatum and cerebellum for the NET and SERT assays. For uptake 

inhibition assays, 5 nM [3H]dopamine, 10 nM [3H]norepinephrine and 5 nM [3H]serotonin 

were used to assess transport activity at DAT, NET and SERT, respectively. The selectivity 

of uptake assays was optimized for a single transporter by including unlabeled blockers to 

prevent uptake of [3H]transmitter by competing transporters. Uptake inhibition assays were 

initiated by adding 100 µl of tissue suspension to 900 µl Krebs-phosphate buffer (126 mM 

NaCl, 2.4 mM KCl, 0.83 mM CaCl2, 0.8 mM MgCl2, 0.5 mM KH2PO4, 0.5 mM Na2SO4, 

11.1 mM glucose, 0.05 mM pargyline, 1mg/mL bovine serum albumin, and 1 mg/mL 

ascorbic acid, pH 7.4) containing test drug and [3H]transmitter. Uptake inhibition assays 

were terminated by rapid vacuum filtration through Whatman GF/B filters, and retained 

radioactivity was quantified by liquid scintillation counting. For release assays, 9 nM [3H]1-

methyl-4-phenylpyridinium ([3H]MPP+) was used as the radiolabeled substrate for DAT 

and NET, while 5 nM [3H]serotonin was used as a substrate for SERT. All buffers used in 

the release assay methods contained 1 µM reserpine to block vesicular uptake of substrates. 

The selectivity of release assays was optimized for a single transporter by including 

unlabeled blockers to prevent the uptake of [3H]MPP+ or [3H]serotonin by competing 

transporters. Synaptosomes were preloaded with radiolabeled substrate in Krebs phosphate 

buffer for 1 h (steady state). Release assays were initiated by adding 850 µl of preloaded 

synaptosomes to 150 µl of test drug. Release was terminated by vacuum filtration and 

retained radioactivity was quantified as described for uptake inhibition.

2.4 Apparatus for Behavioral Testing

Mouse locomotor activity was assessed in clear Plexiglass open field activity chambers 

measuring 47×25.5×22 cm. San Diego Instruments Photobeam Activity System software 

(model SDI: V-71215, San Diego, CA, USA) was used to calculate beam breaks. Each 

chamber contained two 4-beam infrared arrays that monitored horizontal movement. The 
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FOB was conducted during handling, and in a clear Plexiglas open field measuring 

47×25.5×22 cm.

2.5 Locomotor Activity and FOB

Mice were randomly assigned to receive a single dose of a particular drug (n=8 per group), 

and the same cohort of mice was used for all behavioral assessments. A single saline control 

group (n=16) was examined in the locomotor assessments and FOB. To facilitate visual 

comparison, data from this control group was included in all graphs and analyses. 

Locomotor activity was quantified by an automated system which provides a general 

measure of movement in the horizontal plane across time. Locomotor activity tests were 

conducted during week 1. The FOB consisted of observations by a trained technician and 

was conducted during weeks 2–3, and locomotor activity tests incorporating antagonist 

pretreatment were conducted during weeks 5 and 7. In total, each mouse was given 3 

administrations of drug or vehicle, with a minimum of one week wash out between each 

administration. All pyrrolidinophenones were administered intraperitoneally (i.p.), and doses 

were chosen based on previous findings (Baumann et al., 2013b; Marusich et al., 2012) and 

in vitro research from the present study.

For initial locomotor assessments (week 1), mice received their assigned drug dose and 

immediately thereafter were placed individually into locomotor activity chambers for a 60-

min test, conducted by a technician who was blind to treatment. Doses examined were 

saline, 0.3–3.0 mg/kg MDPV, 1.0–10.0 mg/kg α-PVP, 1.0–10.0 mg/kg α-PBP, and 3.0–30.0 

mg/kg α-PPP. For antagonist tests (weeks 5 and 7), SCH23390, a potent D1 antagonist (0.03 

mg/kg), or saline was administered s.c. 30 min prior to challenge injection with the assigned 

cathinone or saline. Mice were placed into the locomotor activity chamber immediately after 

injection for a 60-min test. For the antagonist testing phase, mice that received the highest 

dose of each cathinone during the FOB (weeks 2–3) were excluded. The remaining two 

groups of mice for each cathinone were counterbalanced across the groups pre-treated with 

saline or the antagonist, and the vehicle group was split in half for antagonist assessment.

An FOB (weeks 2–3), modified from a procedure commonly used by the Environmental 

Protection Agency (U.S. Environmental Protection Agency, 1998a; 1998b), was used to 

classify observable effects of the drugs, as determined 15 min post-injection. This assay 

allowed for assessment of a wide range of drug effects, and provided an overall behavioral 

profile for each compound, with an emphasis on detection of potential safety concerns. 

Methods were similar to those used in our previous study on first generation synthetic 

cathinones (Marusich et al., 2012). Doses examined were 1.0–10.0 mg/kg MDPV, 3.0–17.0 

mg/kg α-PVP, 3.0–30.0 mg/kg α-PBP, 10.0–56.0 mg/kg α-PPP, and saline control. FOBs 

were scored by a trained technician who was blind to treatment. Dependent measures 

included ataxia, bizarre behavior (e.g. jumping, climbing, rearing while facing away from 

wall), circular ambulations, convulsions, ejaculation, exploration (e.g. excessive sniffing or 

reorienting of the head), flattened body posture, grooming, hyperactivity (increased 

ambulatory movements), hypoactivity, muscle relaxation, retropulsion, salivation, self-

injury, stereotyped biting, stereotyped head circling, stereotyped head weaving, stereotyped 

licking, stimulation (e.g. increased heart rate, tense body), Straub tail, and tremor.
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2.6 Data Analysis

For in vitro assays, statistical analyses were carried out using GraphPad Prism (v. 5.0; 

GraphPad Scientific, San Diego, CA, USA). IC50 values for inhibition of uptake and EC50 

values for stimulation of release were calculated based on non-linear regression analysis. For 

in vivo assays, statistical analyses were conducted using NCSS (2004; Number Cruncher 

Statistical Systems, Kaysville, Utah, USA). Locomotor activity was expressed as total beam 

breaks per 10-min bin. Mixed model analysis of variance (ANOVA) was used to analyze 

dose effect and time course locomotor data, with time as the within-subject factor and dose 

as the between-subject factor. Results of antagonist tests were analyzed with an additional 

two-way (dose × pre-session injection) ANOVA for each drug. All tests were considered 

significant at p<0.05. FOB data were analyzed with Kruskal–Wallis one-way ANOVA by 

ranks for each dependent measure, corrected for ties. No dose of any drug produced 

convulsions, ejaculation, muscle relaxation, self-injury, Straub-tail, or tremor; therefore, 

these measures were not analyzed. Hence, 15 dependent variables remained for FOB and, 

the alpha level was controlled for this number of measures (α=0.0033). When ANOVAs 

revealed significant main effects or interactions, Tukey’s post hoc test was used to 

determine differences between group means. Data from all mice were included in all 

analyses.

3.0 Results

3.1 In Vitro Transporter Assays

The IC50 values for inhibition of [3H]transmitter uptake at DAT, NET and SERT are 

summarized in Table 1; in vitro data for cocaine and amphetamine from a previously 

published study are included for comparison (Baumann et al., 2013b). Dose-response curves 

for uptake inhibition at DAT, NET, and SERT are depicted in Figure 2. MDPV was a potent 

catecholamine uptake blocker with IC50 values of 4.0±0.6 nM and 25.9±5.6 nM at DAT and 

NET, respectively. By contrast, MDPV was more than 100-fold weaker at blocking uptake 

of serotonin, with an IC50 of 3305±485 nM at SERT. Similar to MDPV, all of the other 

pyrrolidinophenones were catecholamine-selective uptake blockers. α-PVP exhibited IC50 

values of 12.8±1.2 and 14.2±1.2 nM for DAT and NET, but had much weaker effects at 

blocking serotonin uptake with an IC50 of>10,000 nM. α-PBP and α-PPP were less potent at 

DAT and NET when compared to α-PVP, indicating shorter alkyl chain length produces 

progressively less potent effects on uptake. Nevertheless, α-PBP and α-PPP maintained 

selectivity for inhibition of catecholamine uptake versus SERT uptake. It should be noted 

that even the weakest pyrrolidinophenone compound tested here, α-PPP, is more potent than 

cocaine at inhibiting uptake at DAT. None of the pyrrolidinophenones displayed sufficient 

efficacy in the release assays to allow for the determination of EC50 values (data not shown), 

demonstrating that the drugs are not transporter substrates. We have previously shown that 

MDPV is not active in the release assay (Baumann et al., 2013b). Taken together, the in 

vitro data demonstrate that MDPV, α-PVP, α-PBP and α-PPP are catecholamine-selective 

transporter blockers, and decreasing alkyl chain length on the α-carbon reduces potency at 

uptake blockade.
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3.2 Locomotor Dose Response and Time Course

Figures 3 and 4 show the effects of test compounds on locomotor activity. As depicted in 

Figure 3, all compounds displayed a significant main effect of dose [MDPV:F(3, 36)=30.65, 

p<0.001; α-PVP:F(3, 36)=53.78, p<0.001; α-PBP:F(3, 36)=22.23, p<0.001; α-PPP:F(3, 

36)=38.06, p<0.001]. Post-hoc tests revealed that 1.0–3.0 mg/kg MDPV, 3.0–10.0 mg/kg α-

PVP, 3.0–10.0 mg/kg α-PBP, and 10.0–30.0 mg/kg α-PPP produced significant locomotor 

increases compared to saline. Significant main effects for time and significant interactions 

were also observed for all compounds, as illustrated in Figure 4. For the sake of comparison, 

the results for the saline group are shown in each panel. Over the course of the 60 min 

session, habituation occurred in the saline group, resulting in attenuation of activity in later 

bins. For MDPV, post hoc analysis of the significant interaction [F(15, 180)=2.31, p<0.01] 

revealed a session-long effect, with 1.0–3.0 mg/kg producing significant increases in beam 

breaks compared to saline for the duration of the session. α-PVP also produced a significant 

interaction [F(15, 180)=2.52, p<0.01]. While 3.0–10.0 mg/kg α-PVP significantly increased 

beam breaks for the duration of the session, the 1.0 mg/kg dose significantly increased beam 

breaks only during the 20–50 min postinjection interval. Post-hoc analysis of the significant 

interaction observed with α-PBP [F(15, 180)=6.56, p<0.001] revealed that 10.0 mg/kg 

produced significant increases in beam breaks compared to saline for all time points, 

whereas the 3.0 mg/kg dose significantly increased beam breaks only for the first 40 min. 

For α-PPP, post hoc analysis of the significant interaction [F(15, 180)=5.02, p<0.001] 

showed that 30.0 and 10.0 mg/kg produced significant increases in beam breaks for the 

duration of the session and for the first 50 min of the session, respectively.

3.3 Locomotor Antagonist Testing

Combinations of the D1 receptor antagonist SCH23390 (0.03 mg/kg) and a single dose of 

each drug or saline were tested in the locomotor activity procedure. Figure 5 shows that 

antagonist pretreatment attenuated the hyperactivity produced by all pyrrolidinophenones at 

the doses administered. The data represent total beam breaks over 60 min motor activity 

sessions. When mice received 1.0 mg/kg MDPV, there was a main effect of pretreatment 

[F(1, 28)=88.28, p<0.001], drug [F(1, 28)=91.85, p<0.001], and a significant interaction 

[F(1, 28)=27.39, p<0.001], indicating that SCH23390 significantly decreased beam breaks 

for MDPV-treated mice. Administration of 3.0 mg/kg α-PVP produced a main effect of 

pretreatment [F(1, 28)=45.50, p<0.001], drug [F(1, 28)=64.05, p<0.001], and a significant 

interaction [F(1, 28)=16.92, p<0.001], with SCH23390 significantly decreasing beam breaks 

for the α-PVP group. When 10.0 mg/kg of α-PBP was administered there was a main effect 

of pretreatment [F(1, 28)=61.65, p<0.001], drug [F(1, 28)=64.85, p<0.001], and a 

significant interaction [F(1, 28)=31.18, p<0.001], indicating that SCH23390 significantly 

decreased beam breaks for α-PBP-treated mice. Mice that received 30.0 mg/kg α-PPP 

showed a main effect of pretreatment [F(1, 28)=18.12, p<0.001], drug [F(1, 28)=38.74, 

p<0.001], and a significant interaction [F(1, 28)=5.30, p< 0.05], indicating that SCH23390 

significantly decreased beam breaks for the α-PPP group. Administration of SCH23390 plus 

saline did not significantly affect activity compared to saline/saline group.
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3.4 Functional Observational Battery

Results of significant drug effects for the FOB are displayed in Table 2; behavioral data for 

cocaine and methamphetamine from a previously published study (Marusich et al., 2012) are 

included for comparison. Some drugs produced small non-significant effects on 

hypoactivity, salivation, stereotyped biting, and stereotyped licking; therefore, these 

measures are not included in Table 2. MDPV produced significant ataxia [H(3)=15.94, 

p<0.0033] at the 3.0 mg/kg dose, as compared to saline. α-PPP produced significant 

retropulsion compared to saline at 56.0 mg/kg [H(3)=18.92, p<0.0033]. All doses of all 

pyrrolidinophenones significantly increased exploration compared to saline 

[MDPV:H(3)=18.41, p<0.0033; α-PVP:H(3)=25.98, p<0.0033; α-PBP:H(3)=25.98, 

p<0.0033; α-PPP:H(3)=29.32, p<0.0033]. MDPV produced bizarre behavior such as rearing 

while facing away from the wall, climbing, and jumping [H(3)=27.92, p<0.0033], with 1.0–

3.0 mg/kg producing significant differences from saline.

MDPV, α-PVP, and α-PBP significantly increased circular ambulations 

[MDPV:H(3)=24.37, p<0.0033; α-PVP:H(3)=26.01, p<0.0033; α-PBP:H(3)=19.60, 

p<0.0033]. The 3.0–10.0 mg/kg doses of MDPV, all doses of α-PVP, and 10.0–30.0 mg/kg 

α-PBP produced significant differences from saline. α-PPP produced a significant effect on 

grooming [H(3)=15.19, p<0.0033], with 30 mg/kg producing a significant decrease 

compared to saline. All doses of α-PVP produced significant flattened body posture 

compared to saline [H(3)=15.55, p<0.0033]. All drugs produced a significant increase in 

hyperactivity [MDPV:H(3)=19.46, p<0.0033; α-PVP:H(3)=27.24, p<0.0033; α-

PBP:H(3)=18.07, p<0.0033; α-PPP:H(3)=17.88, p<0.0033], with 3.0–10.0 mg/kg MDPV, 

all doses of α-PVP, 10.0–30.0 mg/kg α-PBP, and 10.0–30.0 mg/kg α-PPP producing 

significant differences from saline.

α-PVP, α-PBP, and α-PPP produced significant stereotyped head weaving compared to 

saline [α-PVP:H(3)=22.13, p<0.0033; α-PBP:H(3)=18.07, p<0.0033; α-PPP:H (3)=23.82, 

p<0.0033] at all doses of α-PVP and α-PPP, and 3.0 and 30.0 mg/kg α-PBP. MDPV, α-

PVP, and α-PPP significantly increased stereotyped circular head movements 

[MDPV:H(3)=21.14, p<0.0033; α-PVP:H(3)=23.85, p<0.0033; α-PPP:H(3)=23.78, 

p<0.0033], with 10.0 mg/kg MDPV, all doses of α-PVP, and 10.0 and 56.0 mg/kg α-PPP 

producing significant differences from saline. All doses of all drugs produced a significant 

increase in stimulation compared to saline [MDPV:H(3)=24.47, p<0.0033; α-

PVP:H(3)=29.64, p<0.0033; α-PBP:H(3)=17.72, p<0.0033; α-PPP:H(3)=19.54, p<0.0033].

4.0 Discussion

Results of the present study demonstrate that MDPV and α-PVP are potent uptake blockers 

at DAT and NET, with much weaker effects at SERT. α-PBP and α-PPP are also 

catecholamine-selective uptake blockers but display reduced potency. Our in vitro results 

agree with those of Meltzer et al. (2006) who demonstrated that analogs of the 

pyrrolidinophenone compound, pyrovalerone, are potent catecholamine uptake blockers. 

Importantly, none of the compounds tested here are transporter substrates. In general, drugs 

interacting at monoamine transporters can be classified either as blockers which inhibit 

transmitter uptake, or as substrates (i.e., releasers) which cause transmitter release by 
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reversing the normal direction of transmitter flux (Baumann et al., 2013a; 2013b). Previous 

studies using rat brain synaptosomes or cells expressing human DAT, NET and SERT have 

shown that MDPV is a transporter blocker and not a transporter substrate (Baumann et al., 

2013b; Cameron et al., 2013; Eshleman et al., 2013; Simmler et al., 2013).

The present in vitro data extend previous findings to reveal that the presence of a pyrrolidine 

ring in any cathinone-like compound confers potent uptake blocking properties at DAT and 

NET. Thus, pyrrolidinophenones are mechanistically distinct from ring-substituted 

cathinones, such as mephedrone and methylone, which act as non-selective substrates for 

monoamine transporters and trigger transmitter release (Baumann et al., 2012; Cameron et 

al., 2013; Simmler et al., 2013). A comparison with our previous in vitro data reveals that all 

the pyrrolidinophenones tested in the present study are more potent than cocaine as DAT 

blockers, and all except α-PPP are more potent than amphetamine as DAT blockers. All 

pyrrolidinophenones except α-PPP are more potent NET blockers than cocaine, while 

MDPV and α-PVP are more potent NET blockers than amphetamine (Baumann et al., 

2013b). The data included in Table 1 for cocaine and amphetamine were not collected at the 

same time as data for pyrrolidinophenones in the present study, but all of the in vitro 

experiments from both studies were conducted using similar assay conditions. Importantly, 

MDPV and α-PVP are similar in potency and transporter selectivity, indicating that the 

presence of the 3,4-methylenedioxy substituent in MDPV does not exert much influence on 

the profile of transporter activity. By contrast, alkyl chain length extending from the α-

carbon is a critical structural feature, with shorter chain length (i.e., α-PPP, methyl) yielding 

less potent transporter-blocking properties when compared to longer chain length (i.e., α-

PVP, propyl).

Consistent with their activity as catecholamine uptake blockers, all of the test drugs 

stimulate locomotion, and the rank order of in vivo potency parallels their potencies for 

blockade of DAT activity: MDPV>α-PVP>α-PBP>α-PPP. From a comparative perspective, 

all of the pyrrolidinophenones tested are more potent than cocaine at blocking DAT and at 

stimulating locomotion (Baumann et al., 2013b; Marusich et al., 2012).The time course of 

locomotor effects produced by the pyrrolidinophenones is comparable to what has been seen 

previously for various doses of cocaine and low doses of methamphetamine, with locomotor 

effects dissipating over the course of 60 min. In contrast, higher doses of methamphetamine 

can sustain locomotor increases throughout a 90 min session (Marusich et al., 2012). The 

present results confirm previous reports that MDPV is a powerful locomotor stimulant 

(Aarde et al., 2013; Fantegrossi et al., 2013; Gatch et al., 2013; Marusich et al., 2012), and 

extend this observation to other pyrrolidinophenones. Additionally, the vivo potency 

findings indicate that DAT blockade, inhibition of dopamine uptake, and the ensuing 

increase in extracellular dopamine seem essential for stimulant effects. Results of the FOB 

show that all test drugs produce typical psychomotor stimulant actions, similar to what we 

have found previously for cocaine and methamphetamine (Marusich et al., 2012), though 

each drug produces somewhat unique effects at higher doses. At the higher doses, 

hyperactivity was occasionally accompanied by bizarre behaviors such as jumping or rearing 

while facing away from the wall, or other atypical behavior such as ataxia, flattened body 

posture, or retropulsion. These behaviors are similar to those observed previously with other 

structural classes of synthetic stimulants found in bath salts (Marusich et al., 2012). It is 
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noteworthy that our previous study comparing the in vivo effects of synthetic stimulants to 

cocaine and methamphetamine (Marusich et al., 2012) was conducted under identical 

conditions to the experiments described here, making the results from the two studies 

comparable.

The antagonist experiments with SCH23390 support the role of dopamine D1 receptors in 

mediating locomotor effects of pyrrolidinophenones. Activation of D1 receptors expressed 

on medium spiny output neurons in the striatum has been implicated in psychomotor 

stimulant effects of cocaine, amphetamine and other stimulants, suggesting that this 

mechanism may also be relevant to the acute actions of pyrrolidinophenones (Lobo and 

Nestler, 2011; Smith et al., 2013). While few studies have examined the effects of D1 

antagonists on behaviors induced by newer synthetic stimulants, previous investigations 

have found that SCH23390 inhibits locomotor activation produced by mephedrone in rats 

(Lisek et al., 2012), and produces increased self-administration of cathinone in rats (Gosnell 

et al., 1996). Such results suggest that the D1 receptor subtype mediates the effects of 

cathinone-related stimulants on various types of rodent behavior, in addition to those 

behaviors examined in the present study. Research with ring-substituted amphetamine 

analogs has shown that DAT-selective compounds produce powerful stimulant and abuse-

related effects in rodents (Bauer et al., 2013; Baumann et al., 2011). Compounds with mixed 

DAT and SERT activity have reduced stimulant qualities, apparently due to serotonergic 

dampening of dopamine-mediated effects (Baumann et al., 2011; Wee et al., 2005). 

Therefore, it might be predicted that the catecholamine selectivity of pyrrolidinophenones 

may render these agents especially addictive, due to lack of inhibitory serotonergic effects. 

This hypothesis warrants further investigation. Additionally, given the affinity of the 

pyrrolidinophenones for NET, future studies should test the ability of norepinephrine 

receptor antagonists to influence the behavioral effects of these stimulants. It will also be 

crucial to examine the pharmacology of any identified brain penetrant metabolites of α-PVP, 

α-PBP, and α-PPP, since bioactive metabolites may play a role in the in vivo effects of these 

drugs.

Human drug users prefer stimulants that possess a quick onset and short duration of action, 

similar to that of cocaine (Fischman, 1989), so humans are likely to prefer rapidly-acting 

pyrrolidinophenones over other types of stimulants. Due to the high potency of MDPV and 

α-PVP in comparison to prototypic stimulants such as cocaine, these synthetic stimulants 

may have higher abuse potential. Synthetic cathinone abuse can cause severe and life-

threatening side effects in humans. MDPV has been implicated as a main culprit in causing 

toxic effects such as tachycardia, agitation, psychosis, and violent behaviors (Murray et al., 

2012; Penders et al., 2012; Spiller et al., 2011; Wyman et al., 2013). One of the more severe 

side effects is excited delirium, a syndrome often accompanied by hyperthermia, 

rhabdomyolysis and kidney failure (Murray et al., 2012; Penders et al., 2012; Wyman et al., 

2013). It is well established that excited delirium can be produced by cocaine and other 

psychomotor stimulants (Byard et al., 2011; Samuel et al., 2009), and a postmortem human 

study found that excited delirium was correlated with altered dopamine transporter levels 

(Mash et al., 2009), implicating central dopamine mechanisms. The potent dopaminergic 

actions of α-PVP and other pyrrolidinophenones suggest the possibility that abuse of these 

stimulants may increase the risk for excited delirium and other toxic effects. As second 
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generation pyrrolidinophenones become more widespread (Marinetti and Antonides, 2013; 

Shanks et al., 2012; U.S. Drug Enforcement Administration, 2013b), it is increasingly 

important to understand their potential for producing toxic effects in preclinical models.

5.0 Conclusion

In conclusion, the present study found that MDPV, α-PVP, α-PBP, and α-PPP are uptake 

blockers at DAT and NET. All of the pyrrolidinophenones are efficacious locomotor 

stimulants, with motor activation reversed by the dopamine D1 receptor antagonist 

SCH23390. A functional observational battery showed that all test drugs produce typical 

psychomotor stimulant effects at low doses, along with bizarre behaviors at higher doses. 

Our findings represent the first evidence that second generation analogs of MDPV are 

catecholamine-selective uptake blockers which may pose substantial risk for addiction and 

adverse effects in human users. The present results imply that the more potent 

pyrrolidinophenones, MDPV and α-PVP, will continue to appear in bath salt formulations 

due to their high DAT potency as compared to less potent compounds such as α-PBP and α-

PPP. Future studies should examine the reinforcing effects and toxic potential of these drugs 

in animal models, as a means to inform public health policy and aid medical professionals 

who may encounter patients under the influence of these substances.
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• Bath salts are emerging drugs of abuse that contain legal and illegal cathinones.

• Structurally related cathinones were assessed in neurochemical and behavioral 

assays.

• α-PVP, α-PBP, and α-PPP are catecholamine transporter blockers and 

locomotor stimulants.

• Typical stimulant effects occurred at low doses, and bizarre behaviors occurred 

at higher doses.

• Analogs of MDPV may pose substantial risk for addiction and adverse effects in 

human users.
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Figure 1. 
Chemical structures of pyrrolidinophenone compounds in comparison to MDPV.
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Figure 2. 
Effects of test drugs on inhibition of [3H]transmitter uptake by DAT, NET, and SERT in rat 

brain tissue. Synaptosomes were incubated with different concentrations of test drug in the 

presence of 5 nM [3H]dopamine for DAT, 5 nM [3H]norepinephrine for NET, or 5 nM 

[3H]serotonin for SERT. Data are percentage of control uptake expressed as mean±SD for 

n=3 experiments performed in triplicate.
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Figure 3. 
Effects of pyrrolidinophenone drugs on cumulative locomotor activity during 60 min 

sessions, plotted as a function of dose. Asterisks (*) represent doses that produced 

significant increases in beam breaks compared to saline.
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Figure 4. 
Time course effects of pyrrolidinophenone drugs on locomotor activity, plotted as a function 

of 10 min bins during a 60-min test session. Values represent mean±SEM expressed as 

number of beam breaks for each dose (n=8 per dose except n=16 for saline). Asterisks (*) 

within each panel indicate doses and time points that showed significant increases in beam 

breaks compared to saline at the same time point. Panel A shows data for MPDV, panel B 

shows data for α-PVP, panel C shows data for α-PBP, and panel D shows data for α-PPP.
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Figure 5. 
Effects of vehicle or SCH23390 (0.03 mg/kg) tested in combination with vehicle or a test 

drug on locomotor activity during 60 min sessions. Values represent mean±SEM expressed
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Table 1

Effects of pyrrolidinophenones, cocaine, and amphetamine on inhibition of [3H]transmitter uptake at DAT, 

NET and SERT in rat brain synaptosomes. Data are expressed as nM concentrations (mean±SD) for n=3 

experiments performed in triplicate.

Test Drug [3H]Dopamine
uptake, IC50 at

DAT (nM)

[3H]Norepinephrine
uptake, IC50 at

NET (nM)

[3H]Serotonin
uptake, IC50 at

SERT (nM)

DAT/SERT
ratio

MDPV 4.1±0.6 25.9±5.6 3305±485 806

α-PVP 12.8±1.2 14.2±1.2 >10,000 >781

α-PBP 63.3±5.7 91.5±12.8 >10,000 >159

α-PPP 196.7±9.9 444.7±39.2 >10,000 >51

Cocainea 211±19 292±34 313±17 1.5

Amphetaminea 93±17 67±16 3418±314 37

a
Baumann et al. (2013b).

Neuropharmacology. Author manuscript; available in PMC 2015 December 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Marusich et al. Page 22

T
ab

le
 2

E
ff

ec
ts

 o
f 

py
rr

ol
id

in
op

he
no

ne
s,

 c
oc

ai
ne

 (
C

O
C

),
 a

nd
 m

et
ha

m
ph

et
am

in
e 

(M
E

T
H

) 
in

 th
e 

FO
B

. A
rr

ow
s 

de
no

te
 th

e 
di

re
ct

io
n 

of
 th

e 
di

ff
er

en
ce

 f
ro

m
 s

al
in

e 

w
ith

 c
or

re
ct

ed
 a

lp
ha

 le
ve

l (
p<

0.
00

33
).

 D
os

es
 (

m
g/

kg
) 

at
 w

hi
ch

 s
ig

ni
fi

ca
nt

 e
ff

ec
ts

 o
cc

ur
re

d 
ar

e 
sh

ow
n 

be
lo

w
 a

rr
ow

s.
 F

or
 c

om
pa

ri
so

n 
pu

rp
os

es
, d

os
es

 a
t 

w
hi

ch
 lo

co
m

ot
or

 a
ct

iv
ity

 w
as

 s
ig

ni
fi

ca
nt

ly
 in

cr
ea

se
d 

du
ri

ng
 th

e 
fi

rs
t 1

0-
m

in
 b

in
 o

f 
th

e 
lo

co
m

ot
or

 a
ct

iv
ity

 s
es

si
on

s 
ar

e 
al

so
 s

ho
w

n.

D
ep

en
de

nt
 v

ar
ia

bl
e

M
D

P
V

α
-P

V
P

α
-P

B
P

α
-P

P
P

C
O

C
a

M
E

T
H

a

L
oc

om
ot

io
n 

(f
ir

st
 1

0 
m

in
)

↑
1 

–3
↑

3–
10

↑
3–

10
↑

10
–3

0
↑

10
–4

2
↑

1–
5.

6

A
ta

xi
a

↑ 3

R
et

ro
pu

ls
io

n
↑ 56

E
xp

lo
ra

tio
n

↑
1–

10
↑

3–
17

↑
3–

30
↑

10
–5

6

B
iz

za
re

 B
eh

av
io

r
↑ 1–
3

C
ir

cu
la

r 
A

m
bu

la
tio

ns
↑

3–
10

↑
3–

17
↑

10
–3

0
↑

10
–4

2
↑

1–
10

G
ro

om
in

g
↓ 30

Fl
at

te
ne

d 
B

od
y 

Po
st

ur
e

↑
3–

17

H
yp

er
ac

tiv
ity

↑
3–

10
↑

3–
17

↑
10

–3
0

↑
10

–3
0

↑
10

–4
2

↑
1–

10

St
er

eo
ty

pe
d 

H
ea

d 
W

ea
vi

ng
↑

3–
17

↑
3 

&
 3

0
↑

10
–5

6
↑

10
 &

 1
7

↑
1–

10

St
er

eo
ty

pe
d 

H
ea

d 
C

ir
cl

in
g

↑ 10
↑

3–
17

↑
10

 &
 5

6
↑

10
–4

2
↑

1–
10

St
im

ul
at

io
n

↑
1–

10
↑

3–
17

↑
3–

30
↑

10
–5

6
↑

10
–4

2
↑

1–
10

a M
ar

us
ic

h 
et

 a
l. 

(2
01

2)
.

Neuropharmacology. Author manuscript; available in PMC 2015 December 01.


