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J. Dickerson2

1Department of Neuroscience, The Scripps Research Institute, La Jolla, CA USA

2Department of Chemistry, The Scripps Research Institute, La Jolla, CA USA
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Abstract

The α-pyrrolidino-phenone cathinone stimulants first came to widespread attention because 

of bizarre behavior consequent to the use of α-pyrrolidinopentiophenone (α-PVP, “flakka”) 

reported in popular press. As with other designer drugs, diversification of cathinones has been 

driven by desirable subjective effects, but also by attempts to stay ahead of legal controls of 

specific molecules. The α-pyrrolidinohexiophenone (α-PHP) and α-pyrrolidinopropiophenone 

(α-PPP) compounds have been relatively under-investigated relative to α-PVP and provide a key 

opportunity to also investigate structure-activity relationships, i.e., how the extension of the alpha 

carbon chain may affect potency or efficacy. Female rats were used to contrast the effects of 

α-PHP and α-PPP with those of α-PVP in altering wheel activity and effects on spontaneous 

locomotion, temperature and intracranial self-stimulation reward. The α-PPP, α-PHP and α-PVP 

compounds (5, 10 mg/kg, i.p.) suppressed wheel activity. Inhalation of α-PHP or α-PVP also 

suppressed wheel activity, but for an abbreviated duration compared with the injection route. 

Spontaneous activity was increased, and brain reward thresholds decreased, in a dose-dependent 

manner by all three compounds; only small decrements in body temperature were observed. These 

data show that all three of the α-pyrrolidino-phenone cathinones exhibit significant stimulant-like 

activity in female rats. Differences were minor and abuse liability is therefore likely to be 

equivalent for all three α-pyrrolidino-phenones.
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1. Introduction

The synthetic cathinone drugs α-pyrrolidinopentiophenone (α-PVP) and 3,4-

methylenedioxypyrovalerone (MDPV) are potent psychomotor stimulants which have been 

adopted by some stimulant using human populations (Adamowicz et al., 2016; Anderson, 

Correspondence and requests for materials should be addressed to Dr. Michael A. Taffe, Department of Psychiatry; 9500 Gilman Dr. 
MC 0714; University of California San Diego, La Jolla, CA 92093; USA; Phone: +1.858.246.5638; mtaffe@ucsd.edu. 

HHS Public Access
Author manuscript
Drug Alcohol Depend. Author manuscript; available in PMC 2023 January 05.

Published in final edited form as:
Drug Alcohol Depend. 2021 October 01; 227: 108910. doi:10.1016/j.drugalcdep.2021.108910.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2015; Beck et al., 2018; Benzie et al., 2011; Milian, 2015; Richman et al., 2018). These 

trends have been attributed initially to the lack of legal controls, but also to low cost 

and availability when other drugs become less readily accessed (Institoris et al., 2015), 

even after authorities designated them as controlled substances. MDPV was the first of 

these closely-related compounds to emerge in recreational use, however the α-pyrrolidino-

phenone cathinone derivative stimulants came to broad public attention around 2015 

(Anderson, 2015; D’Oench, 2015; Milian, 2015) because of the use of α-PVP, sometimes 

called “flakka” in the popular press. The early news reports suggested a trend for inhaling 

flakka with e-cigarette devices, which introduces a further complication on assessing drug 

effects. Approximately 11% of one sample reported inhalation of cathinone stimulants 

(Johnson and Johnson, 2014). The α-PVP compound was initially placed on the DEA 

Schedule of controlled substances in 2014 (Drug Enforcement Administration, 2014) and 

finalized in 2017 (Drug Enforcement Administration, 2017). Legal status has been at least 

a partial driver of the use and popularity of particular cathinone derivative drugs over an 

extended period of time. With respect to the pyrrolidino-phenones, an article in New York 

magazine in 2016 covering the fondness of software magnate John McAfee for α-PHP 

(Wise, 2016) specifically noted the fact that while related to α-PVP, it was at the time not 

controlled and “so McAfee can order it with impunity from suppliers in China”. There are 

also more recent suggestions from regional law enforcement that α-PHP has been used 

explicitly because it had been legal (Fisher, 2019). This may explain why α-PHP occurred 

in the top 10 phenethylamine list in the 2017, 2018 annual reports of the National Forensic 

Laboratory Information System (NFLIS) and in the 2019 NFLIS mid-year report, whereas 

α-PVP appeared up through 2018, but did not appear in the latest available report (DEA, 

2019a, 2020). There continue to be occasional reports of α-PPP and/or α-PHP presence in 

seized material, biological samples or wastewater worldwide (Bijlsma et al., 2020; Freni 

et al., 2019; Goncalves et al., 2021; Lajtai et al., 2020; Peterfi et al., 2018). The α-PHP 

derivative was placed on the US DEA schedule temporarily in May of 2019 (DEA, 2019b) 

and α-PPP is currently not specifically controlled; see (Bonson et al., 2019) for review of 

DEA schedule of cathinone substances. Although legal status may drive initial use, these 

substances continue to be used after being placed under legal control in the US and other 

countries. For example there continue to be arrests all around the USA for MDPV (McGee, 

2019; Swirko, 2020) or α-PVP (Fox12Staff, 2019; Keel, 2019; WALBNewsTeam, 2020) 

possession.

This class of pyrrolidino-phenone cathinone compounds are dopamine transporter (DAT) 

and norepinephrine transporter (NET) selective (over the serotonin transporter; SERT) 

inhibitors which do not serve as substrates/releasers (Eshleman et al., 2017) as do 

commonly recognized amphetamine-class stimulants such as methamphetamine and 3,4-

methylenedioxymethamphetamine, and even some of the cathinones such as mephedrone or 

methylone (Simmler et al., 2013; Simmler et al., 2014). Cocaine is a classic non-substrate 

monoamine transporter inhibitor psychomotor stimulant, thus it is unsurprisingly that 

MDPV (Aarde et al., 2013; Aarde et al., 2015b; Gannon et al., 2017b; Watterson et al., 

2014) and α-PVP (Aarde et al., 2015a; Gannon et al., 2017a; Gannon et al., 2017b; 

Huskinson et al., 2017; Javadi-Paydar et al., 2018a; Schindler et al., 2019) are highly 

effective reinforcers in animal models. MDPV and a-PVP appear to have similar potency 
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as reinforcers (Aarde et al., 2015a), consistent with similar potencies as DAT inhibitors in 

vivo (Gannon et al., 2018; Marusich et al., 2014). There are reasons, however, to predict 

that there may be differences in the behavioral and physiological effects of the three analogs 

in the living organism. For example, α-PHP and α-PPP differ from α-PVP in the length 

of the alpha carbon chain (Figure 1) which results in predicted lipophilicity relationships 

of α-PHP > α-PVP > α-PPP. Lipophilicity may affect the entry of the drug into the brain 

in vivo once ingested, producing behavioral potency differences that may not be readily 

predicted from an in vitro assay, although the locomotor potency of α-PVP, the intermediate 

analog α-pyrrolidinobutiophenone (α-PBP) and α-PPP in mice were consistent with the 

potencies at the DAT in one study (Marusich et al., 2014), but not another (Gatch et al., 

2015). Additional complications include the evidence that the metabolism pathway depends 

on the length of the alpha carbon side chain with a major difference between α-PBP and 

α-PHP with α-PVP in the middle (Matsuta et al., 2018); likely α-PPP, not included in that 

study, would be most similar to α-PBP. Although similar potency at the DAT suggests a 

similar profile of acute effects of α-PHP and α-PVP, a limited study from this lab has shown 

that α-PHP is slightly more effective than α-PVP as a reinforcer in a self-administration 

(Javadi-Paydar et al., 2018b). In recent studies, rats self-administered similar numbers 

of infusions of α-PPP (0.1–0.32 mg/kg/infusion) and MDPV (0.05 mg/kg/infusion) in a 

96 hour binge IVSA paradigm (Nagy et al., 2020), but the 0.05 mg/kg/infusion dose of 

α-PPP did not support self-administration. In addition, α-PPP generated a right-shifted 

dose-response curve compared with MDPV or α-PVP in a 2 hr IVSA paradigm (Gannon 

et al., 2018) and was less efficacious and less potent than α-PHP in mouse locomotor 

stimulation and rat drug discrimination, respectively (Gatch et al., 2017). In both cases this 

suggests a lower potency of α-PPP relative to α-PVP, in vivo, as it is in vitro (Gannon 

et al., 2018; Kolanos et al., 2015; Marusich et al., 2014). It also cannot be overlooked 

that off-target effects may differ across the analogs, for example Chen et all (2020) report 

a change in affinity for muscarinic acetylcholine receptors scales upward from α-PPP to 

α-PHP in association with the length of the alpha carbon chain. This association was not 

present in the 3,4-methylenedioxy substituted analogs, i.e., MDPV, and its alpha carbon 

substituted analogs, cautioning further against simplistic structure-activity inferences about 

effects in the absence of clear data in vivo.

Assessing behavioral effects of drugs via suppression of food motivated responding is 

a common behavioral pharmacological approach (Butelman et al., 1996; Jarbe et al., 

2003; Lukas et al., 1988), but direct appetitive effects of specific drugs can complicate 

interpretation. Thus, for this study wheel running was selected as the high rate spontaneous 

behavior in the rat. We have shown that inhalation of vaporized methamphetamine and 

vaporized MDPV can inhibit wheel running behavior under the same conditions that it 

increases spontaneous locomotion (Nguyen et al., 2016; Nguyen et al., 2017). Although 

it was hypothesized that this behavior would be suppressed with higher doses of the 

α-pyrrolidino-phenones based on those results, this assay has the further advantage of 

facilitating the evaluation of increased, as well as decreased, activity that may be caused 

by drugs (Gilpin et al., 2011; Huang, P.-K. et al., 2012; Miller et al., 2013b). The 

inhalation of methamphetamine may produce enhanced behavioral effects, at a given plasma 

concentration, compared with even i.v. methamphetamine (Cook et al., 1993), thus, as an 
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initial validation and a bridge of those results to the present study, we first evaluated the 

impact of inhaled methamphetamine, α-PVP and α-PHP on wheel activity.

Evaluation of the time course of effects of novel or emerging substances of abuse is critical. 

For example, a moderate dose of methamphetamine produces a rise – fall temporal pattern 

of change in spontaneous locomotion, whereas higher doses initially induce alternate, 

stereotyped behavior that actually decreases locomotion (Segal and Kuczenski, 1999). 

As time passes and methamphetamine levels decrease due to metabolism and excretion, 

spontaneous locomotor behavior rebounds, often in excess of what is observed at the same 

time points after saline injection. We have found such biphasic effects in the impact of 

inhaled methamphetamine on wheel activity as well (Nguyen et al., 2016). In addition, 

sometimes behavioral profiles can be modified by the generation of active metabolites of 

some compounds, which can prolong a given behavior or physiological process. Thus, full 

evaluation of acute effects requires approaches which are sensitive to the factor of time after 

injection.

Body temperature responses to restricted transporter inhibitors such as MDPV or α-PVP 

(Aarde et al., 2015a; Aarde et al., 2013; Kiyatkin et al., 2015; Nelson et al., 2017) are 

less robust in comparison with monoamine substrate/releasers such as methamphetamine or 

MDMA (Brown and Kiyatkin, 2004; Crean et al., 2007; Dafters and Lynch, 1998; Haughey 

et al., 2000; Malberg and Seiden, 1998; Miller et al., 2013a), but this is nevertheless a 

measure that can be used to contrast relative potency and duration of action of different 

drugs. By using a radiotelemetry system to evaluate body temperature, we were also able to 

monitor spontaneous locomotor behavior as a contrast with any observed effects on wheel 

running.

2. Materials and Methods

2.1 Subjects

Female (N=50) Wistar rats (Charles River, New York) entered the laboratory at ~10 weeks 

of age and were housed in humidity and temperature-controlled (23±1 °C) vivaria on 

reversed 12:12 hour light:dark cycles. All experiments were conducted in the animals’ dark 

(active) phase. Animals had ad libitum access to food and water in their home cages. All 

experimental procedures were conducted under protocols approved by the Institutional Care 

and Use Committees of The Scripps Research Institute or the University of California, San 

Diego in a manner consistent with the Guide for the Care and Use of Laboratory Animals 

(National Research Council (U.S.). Committee for the Update of the Guide for the Care and 

Use of Laboratory Animals. et al., 2011).

2.2 Drugs

The α-pyrrolidinopentiophenone HCl (α-PVP), α-pyrrolidinohexiophenone HCl (α-PHP), 

pentylone HCl and pentedrone HCl were obtained from Cayman Chemical. The α-

pyrrolidinopropiophenone HCl (α-PPP) was obtained from Kenner Rice at the NIDA 

intramural research program. D-methamphetamine HCl was provided by NIDA Drug 

Supply. Drugs were dissolved in physiological saline for the i.p. route of administration 
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and in propylene glycol (PG) for vapor inhalation as previously described (Nguyen et al., 

2016). Doses are expressed as the salt.

2.3 Inhalation Apparatus

Sealed exposure chambers were modified from the 259 mm X 234 mm X 209 mm 

Allentown, Inc (Allentown, NJ) rat cage to regulate airflow and the delivery of vaporized 

drug to rats as has been previously described (Nguyen et al, 2016a; Nguyen et al, 2016b). 

An e-vape controller (Model SSV-1, set to 5 watts; La Jolla Alcohol Research, Inc, La Jolla, 

CA, USA) was triggered to deliver the scheduled series of puffs (4 10 second puffs, 2 second 

intervals, every 5 minutes) from Protank 3 Atomizer (Kanger Tech; Shenzhen Kanger 

Technology Co.,LTD; Fuyong Town, Shenzhen, China) e-cigarette cartridges by MedPC IV 

software (Med Associates, St. Albans, VT USA). The chamber air was vacuum-controlled 

by a chamber exhaust valve (i.e., a “pull” system) to flow room ambient air through an 

intake valve at ~1 L per minute. This also functioned to ensure that vapor entered the 

chamber on each device triggering event. The vapor stream was integrated with the ambient 

air stream once triggered. Dosing for this study was manipulated by altering the amount of 

the drug in the PG solution and is expressed as mg of drug per mL of PG.

2.4 Wheel Apparatus

Experimental sessions were conducted in dark procedure rooms with activity wheels that 

attached to a typical housing chamber with a door cut to provide access to the wheel (Med 

Associates; Model ENV-046), using approaches previously described (Huang, P.K. et al., 

2012; Nguyen et al., 2016). Rats were given access to the wheel in acute sessions during 

which wheel rotation (quarter-rotation resolution) activity was recorded using MED-PC 

IV software (Med Associates). Counts of quarter wheel rotations within a session were 

collected into sequential 5-min bins for initial analysis and summed into 30-minute bins for 

inferential statistical analysis.

2.5 Wheel Activity Experiments

Rats were given access to the activity wheel in a procedure room separate from the vivarium 

for 4 h after drug injection, or after 30 min of exposure to PG or drug concentrations infused 

vapor. At least one habituation session was conducted prior to the initiation of drug studies 

and a 3–4 day minimum interval was interposed between all active-drug test sessions.

A group (N=16) of rats were initially habituated to the wheel apparatus in a single session. 

They were thereafter subdivided into two groups of 8 and evaluated for wheel activity 

immediately after 30 minutes of inhalation of either Pentylone (0, 12.5, 50, 100 mg/mL in 

the PG) or α-PVP (0, 12.5, 50, 100 mg/mL in the PG). Thereafter, all 16 rats were evaluated 

for activity after 30 minutes of inhalation of methamphetamine (0, 6.25, 12.5, 100 mg/mL in 

the PG) vapor. Two rats died after a session, and one had to be euthanized post-session, (all a 

100 mg/mL session) thus N=13 for the remaining studies. The rats were next evaluated after 

injection with doses of methamphetamine (0, 0.25, 1.0, 5.0 mg/kg, i.p.) in a counterbalanced 

order. After this, the group was evaluated for wheel activity immediately after 30 minutes 

of inhalation of α-PHP (0, 12.5, 50, 100 mg/mL in the PG). Next, the rats were evaluated 

for wheel activity following injection with doses of α-PVP (0.25, 1.0, 5.0 mg/kg, i.p.) or 
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α-PHP (0.25, 1.0, 5.0 mg/kg, i.p.) and α-PPP (0.0, 5.0, 10.0 mg/kg, i.p.). The dosing order 

for α-PVP and α-PHP were counterbalanced across drug by N=6/7 cohort (i.e., one cohort 

completed the α-PVP series first, and α-PHP series second and the other cohort completed 

in the opposite order) and across dose within each cohort. The highest dose of α-PHP (10 

mg/kg, i.p.) was evaluated after this on a single day in all animals. The rats were then 

evaluated for responses to α-PPP with the doses counterbalanced within the entire N=13 

sample. A 3–4 day minimum interval was interposed between all active drug test sessions.

2.6 Radiotelemetry

2.6.1 Surgical implantation—A group (N=8) of Wistar rats were implanted with sterile 

radiotelemetry transmitters (Data Sciences International, St Paul, MN) in the abdominal 

cavity under isoflurane/oxygen inhalation anesthesia (isoflurane 5% induction, 1–3% 

maintenance) using sterile procedures, as previously described (Taffe et al., 2015; Wright 

et al., 2012). For the first 3 days of the recovery period, an antibiotic Cefazolin (Hikma 

Farmaceutica, Portugal; 0.4 mg/kg, i.m. in sterile water day 1, s.c. days 2–3) and an 

analgesic flunixin (FlunixiJect, Bimeda USA, Oakbrook Terrace, IL; 2.5 mg/kg, s.c. in 

saline) were administered daily. Following surgical recovery (minimum of 7 days), animals 

were evaluated in clean standard plastic home cages (thin layer of bedding) in a dark testing 

room, separate from the vivarium, during the (vivarium) dark cycle.

2.6.2 Experimental Procedure—Radiotelemetry transmissions were collected via 

telemetry receiver plates (Data Sciences International, St Paul, MN; RPC-1 or RMC-1) 

placed under the cages with data collected as body temperature (expressed as degrees 

Celsius) and activity rate (counts per minute) every 5 minutes. Test sessions started with 

at least a 30-minute baseline interval followed by injection of the scheduled drug / vehicle 

doses. These individuals contributed to similar studies involving the injection of pentylone, 

pentedrone and methylone, as was described in previously published investigations (Javadi-

Paydar et al., 2018b). The timeline for studies for this group was α-PPP (0, 1.0, 5.0, 10.0 

mg/kg, i.p.), reported herein, the three previously published drug challenges, then α-PHP (0, 

1.0, 5.0, 10.0 mg/kg, i.p.) and finally α-PVP (0, 1.0, 5.0, 10.0 mg/kg, i.p.). Approximately 

60 days elapsed between the final α-PPP challenge day and the first α-PHP challenge day, 

thus a repetition of the 10 mg/kg α-PPP dose was conducted after completion of the α-PVP 

studies. In all studies other than this last for these animals, the drug doses were evaluated 

in a counter-balanced order within drug identity, with no more than 2 active drug doses 

experienced in a week (i.e., a 3–4 day inter-drug interval).

2.7 Intracranial Self-Stimulation (ICSS) Reward Procedure

For these studies, procedures were adapted from well-established protocols described 

previously (Kenny et al., 2006; Kornetsky et al., 1979; Markou and Koob, 1992; Nguyen 

et al., 2016). Rats (N=26) were surgically prepared with unilateral electrodes aimed at 

the medial forebrain bundle (coordinates: AP −0.5mm, ML ±1.7mm, DV skull −9.5mm) 

under isoflurane/oxygen inhalation anesthesia (isoflurane 5% induction, 1–3% maintenance) 

using sterile techniques. Two separate groups (Cohort 1, N=16; Cohort 2, N=10) were 

trained. For the first 3 days of the recovery period, an antibiotic Cefazolin (Hikma 

Farmaceutica, Portugal; 0.4 mg/kg, i.m. in sterile water day 1, s.c. days 2–3) and an 
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analgesic flunixin (FlunixiJect, Bimeda USA, Oakbrook Terrace, IL; 2.5 mg/kg, s.c. in 

saline) were administered daily. Following surgical recovery (minimum 14 days) rats 

were trained in a procedure adapted from the discrete-trial current-threshold procedure 

as described in (Nguyen et al., 2016). After rats had been trained to stability, challenge 

studies commenced wherein vehicle or doses of test drugs were administered before the 

session as follows. In Cohort 1, two individuals did not pass the training phase and two had 

their ports chewed beyond repair by a cage mate and were thus not included in the data 

reported. All individuals were subsequently single-housed to prevent further port damage. In 

Cohort 2, one individual did not pass the training phase and was not included in the data 

reported. All injections were conducted 15 minutes prior to the start of the ICSS session. 

In the first Cohort 1 experiment, rats (N=11 completed all conditions) were injected with 

saline or methamphetamine (0.5 mg/kg, i.p.) in a counterbalanced order across the group. 

Methamphetamine was included as a positive control, since this reliably reduces thresholds 

in male rats in our hands (Nguyen et al., 2016; Nguyen et al., 2019), similar to the effects 

of 3,4-methylenedioxymethamphetamine (Aarde et al., 2017). The Cohort 1 rats (N=10 

completed all conditions) were next injected 15 minutes prior to the session with saline or 

one of two doses (0.5, 1.0 mg/kg, i.p.) of α-PVP or α-PPP in a counter-balanced order. In 

a subsequent experiment, Cohort 1 rats were injected 15 minutes prior to the session with 

saline or one of two doses (0.5, 1.0 mg/kg, i.p.) of pentylone or pentedrone in a counter-

balanced order. The Cohort 2 rats (N=9 completed all conditions) initially participated in 

a series of acute challenges with doses of heroin and methamphetamine not reported here. 

Training and testing in this cohort was generally four days per week. For this experiment, 

rats were injected with saline or methamphetamine (0.5 mg/kg, i.p.) in a counterbalanced 

order across the group as a positive control and comparison of the magnitude of any effects 

observed. Next, Cohort 2 rats were injected 15 minutes prior to the session with saline or 

one of three doses (0.25, 0.5, 1.0 mg/kg, i.p.) of α-PHP in a counter-balanced order and then 

with 2.0 mg/kg, i.p. Next the Cohort 2 rats were injected 15 minutes prior to the session 

with saline or one of three doses (0.5, 1.0, 2.0 mg/kg, i.p.) of α-PVP in a counter-balanced 

order, and then 15 minutes prior to the session with one of three doses (0.5, 1.0, 2.0 mg/kg, 

i.p.) of α-PPP in a counter-balanced order. All studies in Cohort 2 were conducted no more 

frequently than twice per week with alternate days used as untreated training/baselining 

days.

2.8 Data Analysis

Data (wheel quarter rotations, body temperature and spontaneous activity rates) were 

analyzed by ANOVA with repeated measures factors for dose and time post-injection or 

time after the end of inhalation for vapor studies. A mixed-effects model was substituted 

whenever there were data missing for an analysis cell. The wheel-activity and telemetry 

data were collected on a 5-minute schedule but are expressed as 30-minute averages for 

analysis and presentation. Any missing temperature values were interpolated from the values 

before and after the lost time point. Activity rate values were not interpolated because 

5-minute to 5-minute values can change dramatically, thus there is no justification for 

interpolating. ICSS thresholds were represented as a percent of the individual threshold 

value obtained on the day before the challenge day. For Cohort 1 a one-way repeated 

measures ANOVA was used since a consistent dose factor was not in the design. For Cohort 
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2, the 0.25 mg/kg α-PHP was omitted, and the vehicle challenge randomized for the α-PHP 

experiment was re-used for the α-PPP experiment to facilitate the two-way ANOVA with 

matched dose conditions for all three drugs. The positive control experiment for Cohort 2 

was analyzed by paired t-test. In all analyses, a criterion of P<0.05 was used to infer that 

a significant difference existed. Any significant main effects on temperature and activity 

were followed with post-hoc analysis using Tukey (multi-level factors) or Sidak (two-level 

factors) correction. Significant main effects of drug treatments on ICSS thresholds were 

assessed post-hoc using the Dunnett procedure to compare with the respective saline 

injection. All analysis used Prism for Windows (v. 8.3; GraphPad Software, Inc, San Diego 

CA).

3. Results

3.1 Suppression of wheel activity in female rats

Female rats engage in substantial amounts of wheel activity when presented with the 

wheel for 4 h intermittently, i.e., ~2 times per week. Under baseline (not shown) and 

vehicle injection conditions, the rats express the most activity in the first 30 minutes, and 

roughly stable levels from 60–150 minutes. Activity levels sometimes decline in the final 

90 minutes of the session. The initial, positive control studies examined wheel activity after 

methamphetamine (0.25, 0.5, 5 mg/kg, i.p.) injection and methamphetamine vapor (6.25, 

12.5, 100 mg/mL in PG) inhalation for 30 minutes (Figure 2). Only 6 rats completed the 

6.25 mg/mL condition due to experimental exigencies.

Methamphetamine vapor inhalation, or injection, at the highest doses (100 mg/mL and 

5 mg/kg, respectively) produced nearly a complete suppression of wheel activity for 2 

hours after injection or after the end of inhalation (Figure 2 A, B). No dose produced a 

sustained increase in wheel activity. For the i.p. injection study, the ANOVA confirmed 

a significant effect of time after vapor initiation [F (7, 84) = 4.29; P<0.0005], of dose 

condition [F (3, 36) = 14.69; P<0.0001] and the interaction of dose condition with time 

after vapor initiation [F (21, 252) = 4.42; P<0.0001] on wheel activity. The post-hoc test 

further confirmed that activity was significantly lower 30–180 minutes after injection of 

the 5.0 mg/kg methamphetamine dose, compared with injection of saline and either lower 

dose. After injection of 1.0 mg/kg, activity was lower compared with saline 30-minutes after 

injection but significantly higher at the 90 minute time-point.

For the methamphetamine vapor inhalation study, the mixed-effects analysis confirmed a 

significant effect of dose condition [F (3, 39) = 7.48; P<0.0005] and the interaction of dose 

condition with time after vapor cessation [F (21, 185) = 4.69; P<0.0001] on wheel activity 

(Figure 2 B). The post-hoc test further confirmed that activity was lower in the 30–150 

minutes after the end of the 100 mg/mL inhalation compared with either PG or 6.25 mg/mL 

conditions and 60–150 minutes after the end of inhalation compared with the 12.5 mg/mL 

condition. Wheel activity was also significantly lower 30 minutes after the end of inhalation 

of 12.5 mg/mL compared with after PG or 6.25 mg/mL inhalation.

Inhalation of α-PVP and α-PHP vapor also produced a dose dependent reduction of wheel 

activity however this lasted only for the first 30 minutes of wheel access (Figure 2 C, D). 
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The ANOVAs confirmed a significant effect of the interaction of vapor inhalation dose 

with time after vapor cessation for α-PVP (F (21, 147) = 6.22; P<0.0001) and α-PHP 

(F (21, 252) = 4.37; P<0.0001); there was no significant effect of either factor alone for 

either drug. The post-hoc test confirmed that wheel activity was significantly lower in the 

initial 30 minutes after the inhalation of 50 or 100 mg/mL of α-PVP compared with the 

PG or 12.5 mg/mL conditions. Wheel activity also differed significantly between the 50 

and 100 mg/mL conditions, as well as between the PG and 12.5 mg/mL conditions in the 

initial 30-minute time-bin. Finally, wheel activity differed significantly 60 minutes after the 

cessation of inhalation of 100 mg/mL α-PVP compared with the 12.5 mg/mL condition. 

The post-hoc test further confirmed that wheel activity was significantly lower in the initial 

30 minutes after inhalation of 50 or 100 mg/mL of α-PHP compared with the PG or 12.5 

mg/mL conditions. Conversely, wheel activity was significantly higher, compared with after 

PG inhalation, following the 100 mg/mL (150 minutes after the end of inhalation) or 50 

mg/mL (120–180 minutes after the end of inhalation) α-PHP conditions.

Intraperitoneal injection of α-PPP, α-PVP and α-PHP also reduced wheel activity in the 

female rats (Figure 3). There was a dose-related suppression of wheel activity after injection 

of α-PPP and the ANOVA confirmed significant effects of Time post-injection [F (7, 84) = 

10.36; P<0.0001], of Dose [F (2, 24) = 4.26, P<0.05] and of the interaction of factors [F (14, 

168) = 2.99; P<0.0005] on wheel activity. Likewise, the ANOVA for the α-PVP experiment 

confirmed significant effects of Dose [F (3, 36) = 3.13; P<0.05] and of the interaction of 

Dose with Time post-injection [F (21, 252) = 2.47; P<0.001] on wheel activity. Finally, the 

ANOVA for the α-PHP investigation confirmed significant effects of Time post-injection [F 

(7, 84) = 3.79; P<0.005] and of the interaction of factors [F (28, 336) = 4.8; P<0.0001] on 

wheel activity. Follow-up analysis including the three vehicle conditions and highest dose 

conditions for each drug confirmed significant effects of Dose [F (5, 60) = 2.42; P<0.05], 

Time post-injection [F (7, 84) = 9.27; P<0.0001] and of the interaction of Dose with Time 

post-injection [F (35, 420) = 4.26; P<0.0001]. Wheel activity after each of the three vehicles 

did not differ at any time-point. Activity 180 minutes after injection of 10 mg/kg of α-PPP 

or α-PHP was significantly lower than that after 5 mg/kg α-PVP, but no other differences 

between the compounds at any time was confirmed.

3.5 Activity and body temperature

3.5.1. Original Dose-Response—Injection of all three drugs altered the activity and 

body temperature of female rats (Figure 4). The ANOVAs confirmed significant effects of 

Time, Dose and/or the interaction of factors on activity for the α-PPP [Dose: F (3, 21) 

= 15.28, P<0.0001; Time: F (8, 56) = 23.75, P<0.0001; Interaction: F (24, 168) = 4.49, 

P<0.0001], α-PVP [Dose: F (3, 21) = 1.73, P=0.1924; Time: F (8, 56) = 2.43, P<0.05; 

Interaction: F (24, 168) = 2.48, P<0.0005], and α-PHP [Dose: F (3, 21) = 8.7, P<0.001; 

Time: F (8, 56) = 3.73, P<0.005; Interaction: F (24, 168) = 5.42, P<0.0001], studies. The 

ANOVAs also confirmed significant effects of Time, Dose and/or the interaction of factors 

on body temperature for the α-PPP [Dose: F (3, 21) = 2.50, P=0.0871; Time: F (8, 56) = 

18.95, P<0.0001; Interaction: F (24, 168) = 4.40, P<0.0001], α-PVP [Dose: F (3, 21) = 3.54, 

P<0.05; Time: F (8, 56) = 6.91, P<0.0001; Interaction: F (24, 168) = 3.12, P<0.0001] and 

α-PHP [Dose: F (3, 21) = 2.37, P=0.0992; Time: F (8, 56) = 6.33, P<0.0001; Interaction: F 
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(24, 168) = 4.16; P<0.0001] studies. The post-hoc test confirmed that body temperature was 

elevated by α-PPP and decreased by α-PVP and α-PHP.

3.5.2. Repetition of α-PPP—This analysis confirmed that the profile of response to 10 

mg/kg α-PPP at Time 2 was more similar to the response to the 10 mg/kg dose of α-PHP 

or α-PVP, and less similar to the effects of the same α-PPP at Time 1 (Figure 5). Whether 

due to the age of the animals or a degree of sensitization due to the repeated studies in what 

was observed for α-PHP and α-PVP (Figure 4). The statistical analysis confirmed effects 

of Time after the group, it indicates that 10 mg/kg α-PPP has similar effects to the other 

two analogs when compared directly. The statistical analysis confirmed effects of Time after 

injection [F (2.319, 16.23) = 5.23; P<0.05], of treatment condition [F (1.721, 12.04) = 9.64; 

P<0.005] and of the interaction of factors [F (3.718, 26.03) = 5.13; P<0.005] on activity rate. 

The post-hoc test confirmed that activity was higher than the baseline and respective vehicle 

condition 60 minutes after injection of α-PPP at Time 1 but not Time 2. Activity was also 

significantly higher 180–210 minutes after injection of α-PPP at Time 2 compared with the 

effects of α-PPP at Time 1. There was also a small but statistically reliable reduction of 

body temperature at Time 2, similar to injection [F (2.582, 18.08) = 13.06; P<0.0005], and 

of the interaction of factors [F (3.832, 26.82) = 5.78; P<0.005] on body temperature. The 

post-hoc test confirmed temperature was lower than the baseline, and the respective vehicle 

condition, 60 min after injection of α-PPP at Time 2. Follow-up analysis of the activity 

including the two final vehicle conditions and highest dose conditions for each drug (Time 

2 for α-PPP) confirmed significant effects of Time post-injection [F (8, 56) = 2.83; P<0.05] 

and of the interaction of Dose with Time post-injection [F (32, 224) = 2.42; P<0.0001]. 

Activity after each of the two vehicles did not differ at any time-point. Activity 60 minutes 

after injection of 10 mg/kg of α-PPP or α-PHP was significantly lower than that after 10 

mg/kg α-PVP, and activity 150 minutes after injection of α-PHP was significantly lower 

than 10 mg/kg α-PPP, but no other differences in activity between the compounds at any 

time was confirmed.

Follow-up analysis of the temperature, including the two final vehicle conditions and highest 

dose conditions for each drug (Time 2 for α-PPP) confirmed significant effects of Time 

post-injection [F (8, 56) = 12.08; P<0.0001] and of the interaction of Dose with Time post-

injection [F (32, 224) = 5.05; P<0.0001]. Body temperature after each of the two vehicles 

did not differ at any time-point. Body temperature was significantly lower after injection 

of 10 mg/kg of α-PPP compared with that after 10 mg/kg α-PHP (60–120 minutes post-

injection) and 180 minutes after 10 mg/kg α-PVP. Temperature also significantly differed 

between the α-PHP and α-PVP (150–240 minutes post-injection). No other differences in 

temperature between the compounds at any time post-injection was confirmed.

3.6 Brain Reward Threshold

The injection of α-PPP and α-PVP lowered reward thresholds in the Cohort 1 female 

(N=11) Wistar rats (Figure 6) as was confirmed by a significant main effect of drug 

pre-treatment [F (3.862, 38.62) = 5.90; P<0.001] on reward thresholds. The Dunnett post-

hoc test first confirmed the positive control validation, since 0.5 mg/kg methamphetamine 

significantly lowered thresholds compared with the first vehicle injection. More limited, but 
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significant reductions in reward threshold were produced by α-PVP (0.5 mg/kg, i.p.) and 

α-PPP (1.0 mg/kg, i.p.). There was likewise a significant effect of pre-treatment condition 

in the second study (N=10) as confirmed by the ANOVA [F (2.421, 21.79) = 5.69; P<0.01]. 

The Dunnett post-hoc test confirmed that thresholds were lower than after saline injection 

when pentylone (0.5 mg/kg, i.p.) or pentedrone (1.0 mg/kg, i.p.) was administered.

In the Cohort 2 rats, the paired t-test confirmed a significant reduction in threshold [t=2.566, 

df=8; P<0.05] after methamphetamine, compared with saline. In the main experiment, a 

two-way ANOVA confirmed a significant effect of dose [F (3, 24) = 9.22; P<0.0005], but 

not of drug identity or the interaction of factors on reward threshold. The post-hoc test 

confirmed that reward thresholds were lower compared to the comparison saline-injection 

day for the 2.0 mg/kg doses of α-PPP and α-PHP. A trend (p<0.056) was present for the 1.0 

mg/kg dose of α-PVP.

4. Discussion

This investigation demonstrates that cathinone derivatives α-pyrrolidinopentiophenone 

(α-PVP), α-pyrrolidinohexiophenone (α-PHP) and α-pyrrolidinopropiophenone (α-PPP) 

produce generally similar psychomotor stimulant effects in the rat. First, spontaneous 

locomotor activity within the normal home cage environment was increased for hours by 

each drug. That is, following injection, spontaneous activity was increased and then declined 

approximately monotonically with time at moderate doses (Figure 4). Second, higher doses 

interfered with the expression of an otherwise high-rate behavior, i.e. wheel activity, in 

a dose- and time-dependent manner (Figure 3) for all three analogs in the female rats. 

Thirdly, body temperature was increased at lower doses, and decreased by higher doses, of 

all three drugs (Figures 4, 5). Finally, α-PHP, α-PVP and α-PPP reduced reward thresholds 

in the intracranial self-stimulation (ICSS) procedure (Figure 6), consistent with pro-reward 

effects shown for other psychomotor stimulants such as methamphetamine (Nguyen et al., 

2016). In the ICSS studies as well as the wheel-activity suppression (Figure 2), however, 

the α-pyrrolidino-phenones required doses 2–5 fold higher than did methamphetamine to 

produce similar effects.

Although we have shown previously that the inhalation of MDPV using an Electronic Drug 

Delivery System (EDDS; aka, “e-cigarette”) can alter locomotor activity and brain reward 

thresholds in (male) rats (Nguyen et al., 2016), this is also the first demonstration that the 

α-pyrrolidino-phenone compounds can also be effectively administered by vapor inhalation 

(Figure 2). This lends credence to the still poorly confirmed allegations in popular media 

that this route is used for α-PVP self-administration by some humans (Anderson, 2015; 

D’Oench, 2015; Milian, 2015), and survey data suggesting 11% of cathinone users may do 

so via inhalation (Johnson and Johnson, 2014). The relatively short duration of action of 

inhaled α-PVP and α-PHP in suppressing wheel activity, compared with the duration of 

effects after injection, further confirms the additional risks of the inhalation route. That is, a 

rapid offset after an approximately similar maximum effect compared with injection (as with 

methamphetamine in Cook et al. 1993) is likely to induce frequent re-dosing during an acute 

use episode. This may further exacerbate a binge-like initial acquisition phenotype similar to 
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that which has been observed in rats under some intravenous self-administration conditions 

for α-PVP and MDPV (Aarde et al., 2015b; Javadi-Paydar et al., 2018a).

The α-PPP compound produced effects following 10 mg/kg, i.p., that were approximately 

equivalent to those of the other two compounds on wheel and spontaneous activity. It 

was also less potent compared with α-PVP in the ICSS procedure in both cohorts of 

female rats, since higher α-PVP doses induced intersubject variability that is indicative of a 

threshold for aversive high-dose effects in some individuals; this may also explain the lack 

of dose concordance between the two cohorts. This is consistent with prior demonstrations 

of reduced potency of α-PPP in intravenous self-administration (Gannon et al., 2018; Nagy 

et al., 2020) as well as in assays of dopamine transporter inhibition (Gannon et al., 2018; 

Kolanos et al., 2015). This outcome may reflect the faster rate of metabolism (Matsuta et al., 

2018) of α-PPP, compared with α-PVP or α-PHP, which interacts with the pharmacokinetic 

time-course of the drugs when administered by i.p. injection compared with the i.v. 

route used in self-administration studies. This may also be a function of the bolus dose 

approach versus the repeated infusions of the self-administration procedure. Finally, the 

predicted differential lipophilicity associated with the length of the alkyl chain may likewise 

interact with the route of administration to slow uptake of α-PPP, compared with α-PVP 

or α-PHP. Consistent with this, one report found that the 3,4-methylenedioxy analog of 

α-PVP, MDPV, exhibited rapid transit in a transendothelial transport model compared with 

cathinones with predicted lipophilicity more similar to that of α-PPP (Simmler et al., 

2013). Nevertheless, α-PPP is clearly an effective stimulant since it reduced wheel running, 

increased spontaneous locomotor behavior, and decreased reward thresholds as much as did 

0.5 mg/kg methamphetamine in female rats. Only subtle differences emerged between the 

α-PHP and α-PVP analogs. The former appeared to cause an increase in wheel activity 

~3–4 hours after injection whereas activity only approximated that of the saline condition 

3–4 hours after α-PVP injection at the same dose. In addition, wheel activity was actually 

higher than that exhibited during saline ~2 hours after 5 mg/kg α-PHP but only in the 

3–4 hour interval after 5 mg/kg α-PVP. This pattern suggests a more rapid metabolism of 

α-PHP compared with α-PVP. The interplay of time with dose was also observed in the 

spontaneous locomotor data wherein the stimulant-typical effect of higher doses causing 

initial suppression followed by later rebound elevation was observed most strongly after 10 

mg/kg α-PHP and 5 mg/kg α-PVP (Figure 5). Similarly, the expected monotonic decline in 

locomotion after a moderate dose (1.0 mg/kg for each compound) was more rapid following 

α-PHP.

The temperature response to all three drugs was small (Figures 4, 5) and likely 

physiologically unimportant, consistent with prior reports for α-PVP and MDPV (Aarde et 

al., 2015a; Aarde et al., 2013), as well as for other non-pyrrolidino-phenone cathinones with 

mostly monoamine transporter inhibitor activity (Javadi-Paydar et al., 2018b). This stands in 

substantial contrast with the larger temperature effects produced by some of the monoamine 

transporter substate/releaser cathinones (Miller et al., 2013a; Wright et al., 2012) and the 

substrate/releaser amphetamines (Aarde et al., 2017; Malberg and Seiden, 1998; Miller et 

al., 2013a). These results contrast slightly with one prior report of thermoregulatory effects 

of α-PVP in male and female Sprague-Dawley rats, however those studies were conducted 

in the light part of the cycle and relative elevations of temperature were most pronounced 
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several hours after injection when temperature declined in the vehicle condition (Nelson et 

al., 2019). A similar caveat applies to the locomotor data in that study, where the inference 

of increased locomotion was driven by a decrease in activity after vehicle injection rather 

than any change from the baseline in the active drug conditions.

The intracranial self-stimulation reward paradigm used here consistently shows reduced 

thresholds following injection psychostimulants such as amphetamine (Esposito et al., 

1980), mephedrone, MDPV or methamphetamine (Nguyen et al., 2016) and MDMA (Aarde 

et al., 2017; Hubner et al., 1988). Effects of MA in the two Cohorts for this study were 

robust, and provided a positive control against which to assess relative effects of the 

α-pyrrolidino-phenones. The second Cohort provided the most direct comparison and found 

that the impact of α-PVP was more variable, with the effect of 1.0 mg/kg only reaching 

a trend (P<0.056) and the 2.0 dose inducing even greater variability. Potential reasons for 

this inter-subject variability include a steeper dose-effect function in which some individuals 

experienced high-dose, anti-reward subjective effects, and some experienced pro-reward 

effects, at the same doses. In contrast the 2.0 mg/kg dose of either α-PHP or α-PPP 

robustly decreased reward thresholds with inter-subject consistency, producing pro-reward 

effects of a magnitude consistent with the effect of MA. MDMA requires a much higher 

dose than MA to reduce ICSS thresholds (Aarde et al., 2017; Nguyen et al., 2016), but 

the 3,4-methylenedioxy motif is not a consistent predictor of that, as was illustrated by 

pentylone reducing thresholds at a lower dose than pentedrone in this study (Figure 6 B) 

and a comparison of the effect of α-PVP here with prior results for MDPV (Nguyen et al., 

2016).

As a minor caveat, it should be noted that the experimental designs involved repeated 

measures and thus individual animals experienced drug doses in a different order and 

multiple drug studies across time. This design prioritizes the minimization of variability 

attributable to a given subject’s baseline response to a given drug dose, which can be 

significant enough that 1–3 subjects exhibiting responses on the higher or lower end would 

be enough to bias the conclusion of group effect given these sample sizes, in our experience. 

This comes at the risk of order effects, i.e., the induction of either sensitization or tolerance 

to a class of compounds. There were three strategies used to inform this. First, the inclusion 

of multiple cohorts of animals with different precise histories led to the same interpretation 

of the overall query, i.e., the close similarity of the three compounds. Second, the review 

of treatments by chronological order, as opposed to the counter-balanced dose in this and 

prior studies involving the same compounds with the same approximate dose intervals. 

Thirdly, we used multiple converging measures, temperature, activity, ICSS threshold and 

wheel running suppression that might not be expected to respond identically to any tolerance 

or sensitization inducing regimen. Ultimately in the one case of the telemetry experiment 

where it appeared order effects might be present, it was possible to re-challenge with the 

highest dose of α-PPP to further inform the conclusion about potency relative to the other 

compounds. As a final minor caveat to the general inference of similarity that may be drawn 

from these specific data, it may be the case that other behavioral or physiological effects of 

these drugs, not studied herein, might be affected more differently by one of the compounds 

compared with another.
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In total, this study further confirms the considerable limitations in predicting relative 

efficacy, in vivo, from either structure-activity inference based on other compounds, or 

from in vitro pharmacology of the compounds in question. For the compounds compared 

in this study, either of those sources of inference might have predicted greater potency or 

efficacy differences between the α-PHP and α-PPP analogs, whereas minimal differences 

were actually observed. Consistent with this prediction, intravenous self-administration data 

using rats suggest differential potency, but similar efficacy of α-PVP and α-PPP, as well as 

of the 3,4-methylenedioxy substituted analogs of these two structures (Gannon et al., 2018). 

Furthermore, when considering that human users actively seek to titrate the drug dosing to 

achieve the intended effect, it is clear that only small differences in drug intake would be 

required to achieve a similar effect for these compounds, depending on which of the three 

analogs the person happened to obtain.
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Figure 1: 
Structures of α-PPP, α-PVP and α-PHP.
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Figure 2: 
Mean Wheel activity after A) methamphetamine injection (N=13), B) methamphetamine 

vapor inhalation (N=13 except N=6 for the 6.25 mg/mL condition), C) α-PVP (N=8) vapor 

inhalation and D) α-PHP (N=13) vapor inhalation; A significant difference from Saline or 

PG is indicated with *, from the lowest dose with §, from the intermediate dose with ‡, from 

the lowest and intermediate doses with #, and a significant difference from all other dosing 

conditions, within drug, is indicated with %.
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Figure 3: 
Mean wheel activity of female rats (n=8; ±SEM) after injection with doses of A) α-PPP, B) 

α-PVP, or C) α-PHP. A significant difference from vehicle at a given time post-injection 
is indicated with *, from the 0.25 mg/kg dose with §, from the 1.0 mg/kg dose with ‡, 
from the 0.25 and 1.0 mg/kg doses with #, and a significant difference from all other dosing 
conditions, within drug, is indicated with %.
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Figure 4: 
Mean (N=8; ±SEM) activity responses of female Wistar rats after injection with the vehicle 

(Saline) or doses (1, 5, 10 mg/kg, i.p.) of α-PPP, α-PVP or α-PHP. Open symbols indicate 

a significant difference from both the vehicle at a given time-point and the within-treatment 

baseline, while shaded symbols indicate a significant difference from the baseline, within 

treatment condition, only. A difference from vehicle (but not baseline) is indicated with *.
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Figure 5: 
Mean (N=8; ±SEM) A) Activity rate and B) body temperature responses of female 

rats to injection of α-PPP (10 mg/kg, i.p.) or vehicle on Time 1 (the original study) 

and Time 2 (a replication of just this dose after completion of the α-PVP and α-PHP 

studies). Shaded symbols indicate a significant difference from the Baseline (Base), within 

treatment condition. Open symbols indicate a significant difference from the Baseline, 

within treatment condition and from the Vehicle condition, within Time. A significant 

difference from Time 1 to Time 2 within drug treatment is indicated with # and a significant 

difference from the vehicle (but not baseline) within Time is indicated with *.
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Figure 6: 
A) Female Wistar rats (Cohort 1; N=11) injected with saline or methamphetamine (MA; 0.5 

mg/kg, i.p. 15 minutes before session), α-PVP and α-PPP (0.5, 1.0 mg/kg, i.p.). B) Female 

Wistar rats (Cohort 1N=10) injected with saline or pentylone or pentedrone (0.5, 1.0 mg/kg, 

i.p.). C) Female Wistar rats (Cohort 2; N=9) injected with saline or doses (0.5, 1.0, 2.0 

mg/kg, i.p.) of α-PPP, α-PVP or α-PHP. D) Female Wistar rats (Cohort 2; N=9) injected 

with saline or methamphetamine (MA; 0.5 mg/kg, i.p.. A significant difference from the 

respective Saline challenges is indicated with *.
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