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Synthetic cathinones are designer psychostimulants that are derivatives of the natural alkaloid cathinone, and produce effects similar to more traditional illicit stimulants such as cocaine and methamphetamine. The pyrovalerone cathinones methylenedioxypyrovalerone (MDPV) and α-pyrrolidinopropiophenone (α-PPP) exert their effects via inhibition of presynaptic dopamine and norepinephrine reuptake transporters. While the reinforcing effects of MDPV in rodents are well-established, very few studies have examined self-administration patterns of α-PPP. Users of synthetic cathinones often engage in repeated binge episodes of drug intake that last several days. We therefore sought to determine the reinforcing effects of three doses of α-PPP (0.05, 0.1 and 0.32 mg/kg/infusion) under conditions of prolonged binge-like access conditions, with three 96-h periods of drug access interspersed with 72 h of abstinence. MDPV (0.05 mg/kg/infusion) was used as a comparison drug. Our results show that both MDPV and the high (0.32 mg/kg/infusion) dose of α-PPP are readily self-administered at high levels across all three extended access periods, whereas lower doses of α-PPP produce variable and less robust levels of self-administration. These results indicate that higher doses of α-PPP have reinforcing effects under conditions of extended access, suggesting the potential for abuse and a need for consideration in drug control policies.
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Introduction

Frequently referred to as “bath salts”, synthetic cathinones are psychostimulants with neurochemical actions similar to those of cocaine and methamphetamine (1). As derivatives of the naturally occurring alkaloid cathinone isolated from Catha edulis, these drugs carry a high risk of adverse reactions such as agitated delirium, seizures, psychosis, organ failure, and death (2). Among the first cathinone derivatives to infiltrate drug markets in the 21st century were the so-called “first generation” synthetic cathinones that included 3,4-methylenedioxypyrovalerone (MDPV), 4-methylmethcathinone (mephedrone), and methylone. However, due to the ease at which their chemical structures are modified, numerous other cathinone derivatives have emerged, including pyrovalerone cathinones (α-pyrrolidinophenones) such as α-pyrrolidinopentiophenone (α-PVP), α-pyrrolidinopropiophenone (α-PPP), amongst many others (3–5).

The pharmacological mechanisms of action of synthetic cathinones are similar in nature to those exerted by traditional psychostimulants (4, 6). For example, 4-methylmethcathinone (mephedrone) produces amphetamine-like monoamine releasing effects via inhibition and reversal of presynaptic transporters for norepinephrine and dopamine (NET and DAT, respectively) as well as the type 2 vesicular monoamine transporter (VMAT2). In contrast, MDPV, α-PVP and α-PPP produce cocaine-like inhibition of DAT and NET, with up to 100 times greater potency than cocaine and with longer durations of action (7, 8).

Studies in rodents support the notion that synthetic cathinones possess a high potential for abuse and dependence. For example, in line with their pharmacological actions, MDPV and α-PPP induce discriminative stimulus effects similar to those of cocaine and methylenedioxymethamphetamine (MDMA) (9–12) and are intravenously self-administered under conditions of limited drug access (13–15). However, detailed case reports have revealed that users of synthetic cathinones often engage in binge-like intake patterns that last 3-5 consecutive days or longer (16, 17). We recently characterized self-administration patterns of MDPV in rats using a prolonged binge-like intake paradigm, where several extended (96 h) drug access periods are separated by 72 h of abstinence in the home cage (18). This paradigm was originally developed to model multi-day binge-like intake of methamphetamine in rodents (19). The present study was designed to assess intake patterns of α-PPP under similar conditions of repeated periods of extended access to the drug.



Materials and Methods


Animals

Adult male Sprague-Dawley rats (300-350 g, Envigo, Placentia, CA) were used as subjects. Prior to surgical procedures, animals were housed in pairs in a vivarium on a reversed light-dark cycle (12:12; lights off at 0700 h), with temperature and humidity within guidelines of the National Institutes of Health. Following catheter implantation and recovery from surgery, rats were singly housed to prevent cagemate chewing and damage to vascular access ports. Food and water were available ad libitum at all times.



Drugs

MDPV (Laboratory Supply USA, San Diego, CA) was verified to be >95% purity by liquid chromatography/mass spectrometry as we have previously reported (13). The same was true for initial experiments utilizing α-PPP, although additional amounts of this drug were purchased from Cayman Chemical (Ann Arbor, MI) in order to complete the study, as the original source was no longer available. Drugs were dissolved in 0.9% w/v sodium chloride for intravenous self-administration.



Surgical Procedures

Rats were placed under anesthesia with isoflurane (5% induction, 2-3% maintenance) that was vaporized in O2 at a flow rate of 2 L/min. An incision was made on the neck to expose the jugular vein, and polyurethane catheters (Access Technologies, Skokie, IL) were inserted ~3.0 cm and secured with silk sutures. The other end of the catheter was routed subcutaneously to the dorsum, where it exited the skin via a 3-mm incision between the scapulae. This end of the catheter was connected to a vascular access port (Instech Laboratories, Plymouth Meeting, PA) that was secured to the surrounding skin with sutures. Following implantation, access ports were flushed with 0.2 ml of a Timentin solution (66.6 mg/ml, dissolved in saline containing 70 U/ml heparin). During postoperative care (5 days), rats received daily infusions of the heparinized Timentin solution to maintain catheter patency. During the first 3 days of operative care, rats were administered meloxicam (2 mg/kg s.c.) and buprenorphine (0.03 mg/kg s.c.) daily to reduce post-surgical discomfort. Animals then were randomly assigned to commence training for self-administration of either α-PPP, MDPV, or saline.



Apparatus

Self-administration procedures were performed in operant conditioning chambers (Med Associates, Model ENV-007, St. Albans, VT) interfaced to a PC computer. Located at one end of each chamber was a 2.5-cm diameter active nosepoke aperture and a similarly sized inactive aperture. Within both apertures, a small LED provided visual cues during each drug infusion. Located at the top of the chamber was a speaker that provided a tone (~65 dB, 2900 Hz) during each drug delivery. Each conditioning chamber also contained a water bottle, and food pellets were placed on the floor of the chamber every morning of each 96-h session. Above each chamber was a liquid swivel that was connected to a PC-controlled syringe pump (Med Associates) for intravenous drug infusions. Drug solutions were delivered through polyethylene tubing housed within a metal tether that was connected to the vascular access port. Each operant chamber was located in a separate sound-attenuating cubicle that was equipped with a house light (programmed to match the light-dark cycle of the colony room), and a ventilation fan to mask external noise and odors.



Self-Administration Procedures

Following surgical recovery, rats were allowed to spontaneously acquire self-administration of α-PPP, MDPV, or saline in 96-h sessions. Doses of 0.05, 0.1, and 0.32 mg/kg/infusion of α-PPP were selected based on a similar doses recently demonstrated to support self-administration in limited daily access sessions in rats (15). A dose of 0.05 mg/kg/infusion of MDPV was selected based on our prior findings of binge-like intake of this drug in the 96-h paradigm (18). After the first 96-h session, animals were removed from the operant chamber and returned to the home cage for 72 h of abstinence. This procedure of 96 h of drug access followed by 72 h of abstinence was repeated twice, so that each animal underwent a total of three 96-h self-administration sessions, each separated by 72 h of abstinence in the home cage. All reinforcers were available on a fixed-ratio 1 (FR1) schedule of reinforcement, where nosepokes into the active aperture lever resulted in reinforcer delivery in a volume of 0.06 ml over a 1-s period. Each reinforcer delivery was accompanied by a 1-s illumination of LED light within the nosepoke aperture and 1-s presentation of a tone. Following each infusion, a 20-s timeout period was enacted where additional active nosepokes were recorded but had no consequences. Nosepokes into the designated inactive aperture had no consequences at any time during the experiment. Prior to and following each 96-h session, catheters were flushed with 0.1 ml of heparinized Timentin as described above. Criteria for acquisition of α-PPP or MDPV self-administration were defined as the subject obtaining at least 50 infusions during the first 96-h session. The use of yoked administration of either drug or saline as a control was not employed, since yoked infusions have been shown to have aversive properties, as well as reduce the motivation for intake of psychostimulants (20, 21).



Statistical Analyses

GraphPad Prism v.8.4 (GraphPad Software, La Jolla, CA) was utilized for statistical analyses. P-values <0.05 were considered statistically significant. A two-way mixed model analysis of variance (ANOVA) was used to analyze the number of α-PPP, MDPV or saline infusions obtained across each 96-h session, followed by Holm-Sidak corrections for multiple comparisons. We also analyzed the number of infusions obtained during this session in 8-h blocks to obtain a temporal profile of drug intake.




Results

A total of n = 40 animals were implanted with intravenous catheters. Of these, data from n = 4 rats were excluded from analysis due to loss of catheter patency, and data from n = 5 rats were excluded from analysis due to failure to meet acquisition criteria (>100 infusions obtained during the first 96-h period, and/or failure to discriminate active vs. inactive nosepoke hole by a ratio of >1:1). Additionally, data from n = 2 rats were excluded from analyses due to the development of severe health problems, and one rat was found dead in the operant conditioning chamber during one of 96-h sessions. As a result, final group sizes were as follows: α-PPP 0.05 mg/kg/infusion (n = 8), α-PPP 0.1 mg/kg/infusion (n = 4), α-PPP 0.32 mg/kg/infusion (n = 4), MDPV (n = 6), and saline (n = 6).

Analysis of the number of infusions earned across each of the three 96-h sessions revealed a significant effect of reinforcer (saline, MDPV or one of the 3 doses of α-PPP, F4,23 = 12.05, p<0.0001), session (F1.61, 36.25 = 4.29, p<0.05, and an interaction between these factors (F8,45 = 4.53, p<0.0005). Post hoc analyses revealed that the number of MDPV infusions obtained was greater than the number of saline infusions across all three 96-h sessions (p-values <0.0005, 0.005, and 0.05 during the first, second and third 96-h sessions, respectively). In animals self-administering the low (0.05 mg/kg/infusion) dose of α-PPP, the number of infusions obtained was greater than the number of saline infusions obtained only during the first 96-h session (p<0.05, Figure 1A). In animals self-administering the 0.1 mg/kg/infusion dose of α-PPP, increased variability of responding was observed, and intake of the drug was not statistically different from that of saline (p-values = 0.15, 0.26, and 0.13 during the 1st, 2nd, and 3rd 96-h sessions, respectively). However, in animals self-administering the 0.32 mg/kg/infusion dose of α-PPP, the number of infusions obtained was greater than the number of saline infusions obtained during all three 96-h sessions (all p-values <0.05, Figure 1A).




Figure 1 | (A) Total infusions of saline (n = 6), MDPV (n = 6), or one of the three doses of α-PPP (0.05, 0.1. or 0.32 mg/kg/infusion, n = 8, 4, and 4, respectively) during each of the three 96-h self-administration sessions. * indicates p<0.05 vs. the number of saline infusions obtained during the same 96-h session. (B) Total number of infusions of α-PPP (0.05 and 0.32 mg/kg/infusion), MDPV, or saline obtained in 8-h time bins during the first 96-h self-administration session. See Table 1 for statistical significance of individual groups and time points. Data from the 0.1 mg/kg/infusion group are not shown to enhance clarity of the data presented, and as a result of lack of statistically significant overall intake observed. All data are presented as mean ± SEM.



To obtain a temporal profile of drug intake patterns, we analyzed the number of infusions obtained in 8-h bins during the first 96-h session (Figure 1B). We observed significant effects of reinforcer (F4,23 = 9.81, p<0.0001) and not session (p>0.05), but a significant interaction between these factors (F44,253 = 1.63, p<0.05). Multiple comparisons of the number of drug infusions obtained across each 8-h time bin are provided in Table 1. The number of MDPV reinforcers earned were significantly greater than those of saline during the 4th, 6th through 10th, and 12th time bins. The number of α-PPP (0.05 mg/kg/infusion) reinforcers earned were significantly greater than those of saline only during the 4th time bin, and the number of α-PPP (0.32 mg/kg/infusion) reinforcers earned were significantly greater than those of saline only during the 1st and 4th time bins. Temporal patterns of self-administration of the 0.1 mg/kg/infusion dose of α-PPP was highly variable (not shown in Figure 1B for clarity of presentation of the other doses), and significant differences with respect to levels of saline self-administration were not observed (Table 1).


Table 1 | Analysis of 8-h time bins for self-administration of MDPV or one of three doses of α-PPP vs. saline during the first 96-h session.





Discussion

The current study confirms our previous findings that MDPV is robustly self-administered under conditions of prolonged access in 96-h sessions (18). However, self-administration of α-PPP above levels observed for saline were variable and dose-dependent, as reliable self-administration was only observed at the highest dose tested (0.32 mg/kg/infusion). These findings are consistent with those of other investigators showing the reinforcing effects of this synthetic cathinone under conditions of limited (90 min/day) access (15). Self-administration of α-PPP has also been reported to occur in humans (22), although we note that it is difficult to extrapolate dose-related phenomena across species. We did not observe significant self-administration of α-PPP at a dose of 0.1 mg/kg/infusion. However, the lack of statistical significance may have resulted from a low sample size for this group, as two of the four animals tested in this group showed significant levels of α-PPP self-administration (individual subject data not shown).

Both MDPV and α-PPP can elicit cocaine-like locomotor stimulant and discriminative stimulus effects (9, 11, 23), and exhibit cocaine-like inhibitory effects on presynaptic DAT and NET transporters (7, 24). However, the potency of α-PPP as a DAT inhibitor is approximately 70 times less than that of MDPV (25), which is likely reflected in the higher doses of α-PPP required to support self-administration, as observed in the present and previous studies (15). Interestingly, however, α-PPP does not show significant affinity for presynaptic serotonin transporters, but recent studies have revealed some MDMA-like discriminative stimulus effects of this cathinone derivative (12).

Additionally, it was recently reported that α-PPP exhibits antagonist and inverse agonist activity at type 2A serotonin (5-HT2A) receptors at physiologically relevant (i.e., nanomolar) concentrations (26). This mechanism of action may limit some of the psychoactive and/or reinforcing effects of α-PPP, as pharmacological antagonism of 5-HT2A receptors attenuates some of the behavioral and neurochemical effects of cocaine (27–29). It is therefore possible that in addition to its lower affinity for DAT and/or NET as compared to MDPV, inhibitory actions at 5-HT2A receptors may reduce the relative reinforcing effects of α-PPP. However, this notion needs to be empirically tested prior to drawing any firm conclusions.

Upon examination of α-PPP self-administration in 8-h time bins across the first 96-h session, we observed no significant differences in temporal intake of the higher dose (0.32 mg/kg/infusion) of this drug with respect to those of MDPV. Possibly as a result of a greater degree of variability in drug intake for this dose of α-PPP, the number of infusions obtained per 8-h bin were significantly elevated during the 1st and 4th time bins as compared to saline, as opposed to being significantly increased during the 4th, 6th through 10th, and 12th time bins for MDPV relative to saline. For the low dose of α-PPP tested (0.05 mg/kg/infusion), levels of intake were increased above those observed for saline only during the 4th 8-h time bin. Interestingly, however, during this 4th 8-h time bin, we observed robust self-administration of MDPV as well as two of the three doses of alpha-PPP tested (0.05 and 0.32 mg/kg/infusion). The reason why such effects were observed during this particular time period are currently unknown and require further investigation.

It is worth noting that both α-PPP and MDPV have metabolites with significant biological activity. For example, metabolites of α-PPP include 2′′-oxo-PPP, 4′-hydroxy-PPP, cathinone and norpseudoephedrine (30), some of which may accumulate and prolong the effects of the parent compound. Likewise, MDPV is metabolized to 3,4-dihydroxypyrovalerone and 4-hydroxy-3-methoxypyrovalerone among other biotransformation products, with the former metabolite showing significant (nanomolar) inhibitory activity at DAT and NET (6, 31). While specific drug metabolites were not measured in the present study during or after prolonged 96-h sessions, it is important to keep the potential contributions of such metabolites in mind when interpreting results from studies employing prolonged drug intake procedures.

In summary, the present study demonstrates that α-PPP possesses reinforcing effects in rats under conditions of extended drug access, albeit with lower potency and reinforcing efficacy as compared to those of MDPV. However, given that α-PPP is currently unscheduled by the U.S. Drug Enforcement Agency, and to our knowledge is not widely classified as a controlled substance in other countries worldwide, these findings suggest that this particular pyrovalerone cathinone derivative may have the potential for abuse.
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