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Abstract

The synthetic cathinones are derived from the naturally occurring drug cathinone found in the 

khat plant (Catha edulis) and have chemical structures and neurochemical consequences similar 

to other psychostimulants. This class of new psychoactive substances (NPS) also has potential 

for use and abuse coupled with a range of possible adverse effects including neurotoxicity and 

lethality. This review provides a general background of the synthetic cathinones in terms of 

the motivation for and patterns and demographics of their use as well as the behavioral and 

physiological effects that led to their spread as abused substances and consequent regulatory 

control. This background is followed by a review focusing on their rewarding and aversive effects 

as assessed in various preclinical animal models and the contribution of these effects to their 

self-administration (implicating their use and abuse potential). The review closes with an overview 

of the consequences of synthetic cathinone use and abuse in terms of their potential to produce 

neurotoxicity and lethality. These characterizations are discussed in the context of other classical 

psychostimulants.
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1. Introduction

“New psychoactive substances” (NPS) is a relatively new term used to describe analogues of 

traditionally abused drugs such as cannabinoids, hallucinogens and psychostimulants. Many 

of these new drugs are both rewarding and aversive, have abuse liability, are potentially 

toxic and lethal and pose an imminent threat to public health. What places a drug in this 

grouping is not uniformly accepted or defined, as such there are multiple ways in which 

this assignment has been made. Some classify new psychoactive substances as “substances 

of abuse, either in a pure form or a preparation, that are not controlled by the 1961 

Single Convention on Narcotic Drugs or the 1971 Convention on Psychotropic Substances” 

(UNODC, 2014; see also Pirona et al., 2017). The extent to which drugs fit this definition 

changes over time as new substances come into more widespread use and under regulatory 

scrutiny. Yet others classify NPS as drugs with abuse potential that have recently emerged 

in popularity in the illicit market (the compounds themselves may not actually be novel; 

the word ‘new’ refers to their recent introduction and not necessarily their recent creation) 

(Perrone, 2016). Finally, others refer to these compounds as those that (while not necessarily 

new) are deliberately designed to mimic existing scheduled drugs of abuse with the intention 

of bypassing legal regulations (Baumann et al., 2014; Brunt et al., 2017; Karila et al., 2015). 

These assignments are not necessarily mutually exclusive, but independent of the basis for 

their classification, there is a general consensus as to the various drugs that fit within this 

grouping. For example, such drugs include many synthetic cannabinoids, phenethylamines, 

tryptamines, aminonindanes, arylcyclohexylamines, novel benzodiazepines, novel opioids, 

plant-based compounds such as kratom, piperazines and synthetic cathinones (Assi et al., 

2017; Brunt et al., 2017; UNODC, 2014). In 2015, the European Monitoring Centre for 

Drugs and Drug Addiction (EMCDDA) reported the emergence of 560 new psychoactive 

substances, a number that increased to 620 by 2016 (EMCDDA, 2016). In 2016, the rate 

that new NPS were being introduced was on the order of one new compound per week 

(EMCDDA, 2017). Although the number of new drugs being introduced had slowed by 

2017, there is no evidence that overall NPS availability has changed (EMCDDA, 2017).

1.1. Background: the synthetic cathinones

The present review focuses on one class of NPS, the synthetic cathinones. Cathinone itself is 

a naturally-occurring psychoactive compound found in the khat plant (Catha edulis), a small 

leafy green shrub native to East Africa and the Arabian Peninsula (Capriola, 2013; Coppola 

and Mondola, 2012; DeRuiter et al., 1994). Cathinone is at its highest concentrations in 

young and fresh khat leaves, and it rapidly degrades as the leaves begin to wilt (Glennon et 

al., 1995; Kalix, 1992). Khat leaves are either chewed or brewed in teas for their stimulant 

effects, and its use was initially reported in areas in which the small Catha edulis tree 

naturally grows, e.g., Kenya and Ethiopia (Coppola and Mondola, 2012; DeRuiter et al., 

1994; Kalix, 1992).
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Cathinone, the β-ketone analogue of amphetamine, is often referred to as a “natural 

amphetamine” due to its similar chemical structure and behavioral effects (see Fig. 1). 

Synthetic cathinones were originally marketed using other labels to avoid regulatory controls 

and were initially sold as “bath salts”, although the terms “plant food”, “carpet cleaner” 

or “stain remover” have also been used to hide their actual intended use as intoxicants 

(Fratantonio et al., 2015; Schneir et al., 2014). In the early 21st century, these products 

could easily be purchased over the internet or in small physical retail locations such 

as “head shops” or “smart shops”, smoke shops, convenience stores, gas stations and 

adult book stores (Benschop et al., 2017; DEA, 2014; Ross et al., 2011; Spiller et al., 

2011). These items are often labeled “not for human consumption”, “research chemicals” 

or “for external use only” as a way also to circumvent legal restrictions (DEA, 2014; 

Fratantonio et al., 2015; Ross et al., 2011; Schneir et al., 2014). A number of synthetic 

cathinones were made illegal in the United States beginning in 2011 (DEA, 2017, 2013, 

2011), as well as in Europe and many other nations during this period, which eliminated 

the “legal” sale of these drugs at “brick and mortar” stores, but internet sales persist. 

Because of their initial legal status, they were also known as “legal highs” and have often 

been presumed by users to be safe alternatives to other popularly abused stimulants, e.g., 

cocaine and amphetamine (DEA, 2014; Prosser and Nelson, 2012). Further, each product 

packet could contain differing amounts of drug, or even types of drugs, than specified on 

their labels, meaning users may not always know what they are consuming or how much 

(Brandt et al., 2010; Schneir et al., 2014; Spiller et al., 2011). This problem continues, 

of course, now that these drugs are generally illegal, but this is certainly not limited to 

the synthetic cathinones. Indeed, an analysis of hair samples from self-reported “ecstasy” 

(3,4-methylenedioxymethamphetamine; MDMA) users found the presence of a wide variety 

of cathinones and other amphetamine derivatives (Kalasinsky et al., 2004; Palamar et al., 

2016). Many of these individuals did not test positive for MDMA at all, but did test positive 

for one or more cathinones, especially methylone and butylone.

One of the issues with increased synthetic cathinone use, either knowingly or unknowingly, 

is the reported potential of these compounds for adverse effects that can include agitation, 

combative violent behavior, tachycardia, palpitations, chest pain, hallucinations, paranoia, 

confusion, myoclonus, hypertension, mydriasis, vomiting, hyperthermia, seizures and death 

(DEA, 2014; James et al., 2011; Marinetti and Antonides, 2013; Spiller et al., 2011). 

These drugs initially began to appear in reports from the Centers for Disease Control 

(CDC) and emergency rooms across the United States in 2010, at which time the 

three primary cathinone products detected were 3,4-methylenedioxypyrovalerone (MDPV), 

4-methylmethcathinone (mephedrone; 4-MMC), and 3,4-methylenedioxymethcathinone 

(methylone; MDMC) (Karch, 2015). MDPV was initially the most prevalent cathinone 

found in “bath salt” products in the United States, while in Europe these compounds tended 

to contain mephedrone (German et al., 2014). The rapidity with which these drugs appeared 

in the wider drug-using population and the magnitude of their adverse effects resulted in 

emergency Drug Enforcement Administration (DEA) scheduling for these three synthetic 

cathinones in 2011, and just a year later, they were classified as Schedule 1 (Baumann 

et al., 2013a; DEA, 2014, 2013, 2011; German et al., 2014). Since this classification, 

reports from poison control centers involving these specific compounds have decreased 
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significantly, although given the abovementioned discussion of the relative purity of “bath 

salts” products, it may be difficult to make such conclusions. This reduced availability 

has resulted in a wide array of “replacement” compounds in which slight chemical 

modifications have been made in order to side-step law enforcement, resulting in a variety 

of synthetic cathinones including 4-methyl-α-pyrrolidinopropiophenone (4′-MePPP), 

4-methylethcathinone (4-MEC), 4- methylenedioxybutiophenone (MDPBP), butylone, 

pentylone, pentedrone, 3-fluoromethcathinone (3-FMC), 4-fluoromethcathinone (4-FMC, 

flephedrone), α-pyrrolidinopropiobutiophenone (α-PBP), α-pyrrolidinoenanthophenone (α

PEP), α-pyrrolidinohexiophenone (α-PHP), α-pyrrolidinovalerophenone (α-PVP) and α

pyrrolidinopropiophenone (α-PPP) (for more complete lists of synthetic cathinones, see 

Baumann, 2014; Brunt et al., 2017; Gatch et al., 2017, 2015a; Karila et al., 2017; Naylor et 

al., 2015; Paillet-Loilier et al., 2014; Watterson and Olive, 2014; Zawilska and Wojcieszak, 

2017). In 2014, the DEA temporarily placed an additional 10 synthetic cathinones into 

Schedule I, including many of the most popular second-generation “bath salts” (see also, 

DEA, 2016). In 2017, the DEA filed a ruling to permanently place these in Schedule I. As 

of 2017, the number of synthetic cathinones that had been reported in the European Union 

was 118, with new ones still being introduced, although at a slower rate than in prior years 

(EMCDDA, 2017).

1.2. Motivations for use

Currently, there are a diverse set of reasons for why and how the synthetic cathinones 

are used. For example, they are taken to enhance social and sexual experiences often in 

lieu of more expensive drugs of abuse such as cocaine and amphetamines (German et al., 

2014). Doses vary from 1 to 200 mg, depending on the specific cathinone and its route 

of administration, but they have been reported to be most commonly used orally (either 

sublingually or swallowing) or nasally (insufflation, ‘snorting’) (Zawilska et al., 2017). A 

recent report from Hungary found a range of cathinones including pentedrone, mephedrone, 

α-PVP, α-PHP and α-PEP (as well as opiates) in discarded intravenous drug injection 

paraphernalia sampled from 2015 to 2016 (Gyarmathy et al., 2017). From these data, it 

would appear that individuals are not only intravenously injecting the cathinones, but that 

they are in at least some places combining opiates with these compounds, as they have 

previously done with opiates and other stimulants. Several reports have recently warned 

about the spread of intravenous synthetic cathinone use (EMCDDA, 2014; Hope et al., 

2016; Kelly et al., 2013; Kirby and Thornber-Dunwell, 2013; Péterfi et al., 2014; Peyrière 

et al., 2013). Interestingly, “slamming” (the intravenous injection of drugs of abuse), has 

recently been applied to the synthetic cathinones. For example, mephedrone, sometimes 

mixed with other drugs, such as gamma-hydroxybutyric acid (GHB) or methamphetamine 

(METH), has been reported to be used during so-called “chemsex” parties, which is a 

new trend in sexual relations focused on enhancing sexual experiences through the use 

of psychoactive substances (Daskalopoulou et al., 2014; Dolengevich-Segal et al., 2016; 

McCall et al., 2015). Other routes of administration include vaping or smoking, rectal 

insertion, intramuscular injection and less commonly “eyeballing” (dropping a synthetic 

cathinone solution directly onto the surface of the eye) (Assi et al., 2017; Johnson and 

Johnson, 2014; Paillet-Loilier et al., 2014; Zawilska and Wojcieszak, 2017). The way in 

which these compounds are consumed is also worth noting. For example, mephedrone 
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consumption patterns have been reported as binge-like with multiple doses within a few 

hours and usually in social settings (e.g., friends’ homes, house parties, night clubs) 

(German et al., 2014). Notable factors of specific use motivation were found when 419 

regular psychostimulant users in Australia were interviewed to assess their basis for 

synthetic cathinone use. While there were differences in the fundamental motivations 

for NPS use between different classes of NPS [see Table 2 in Sutherland et al. (2017) 

for complete results], the top two synthetic cathinone use factors were availability and 

affordability.

1.3. User demographics

The demographics of synthetic cathinone use are critical to understanding the dynamics 

of their diffusion into the drug marketplace and their abuse potential among vulnerable 

populations. A common finding of reports assessing the demographics of the synthetic 

cathinone user base is that the participants surveyed tend to be young and male (Carhart

Harris et al., 2011; Johnson and Johnson, 2014; Matthews et al., 2017; Orsolini et al., 

2015; Winstock et al., 2011). An analysis of NPS online threads was recently conducted 

and resulted in the confirmation of an active online community of users sharing knowledge 

on synthetic cathinone use, effects, drug-drug interactions and psychological experiences 

(Assi et al., 2017). In another review of data compiled from six EU countries, the online 

community was found to be made up of young adults between the ages of 18–25; however, 

the user profile of the nightlife scene was most likely to be older with an age range of 18–35 

years of age (Benschop et al., 2017). A synthetic cathinone user base was also found in 

the electronic dance music (EDM) attendee population in which these substances (similar 

to MDMA) were used to enhance the musical experience (Mohr et al., 2018). Although 

a national study found a very low prevalence rate of cathinone use among high school 

seniors, the extremely small population of students that self-reported “bath salt” use were 

also users of other drugs (Palamar, 2015). Such co-use of recreational drugs was reported 

in a survey paired with biological specimen sampling that was conducted at a large EDM 

festival in Miami, Florida, in which a prevalence of both α-PVP and ethylone was confirmed 

along with a variety of other illicit substances (Mohr et al., 2018). Supporting the initial 

concern for the abuse potential of the synthetic cathinones were data from the National Drug 

Intelligence Center which indicated that while in 2009 there were no recorded “bath salts” 

incidents, in 2010 there were 302 reports, and in the first five months of 2011 alone there 

were 2237 (US Department of Justice, 2011). Importantly, a vulnerable population may be 

illicit drug users that do not have a direct intention to use synthetic cathinones but instead 

receive tablets that contain these compounds, e.g., α-PVP sold as ecstasy (Zawilska and 

Andrzejczak, 2015; for a description of the analysis of samples purchased and examined 

from top online shops based throughout five EU countries, see Brunt et al., 2017). A recent 

investigation by Johnson and Johnson (2014) that surveyed 113 individuals revealed that 

50% of those using “bath salts” met DSM-V criteria for substance use disorder.

1.4. Structural and functional relationships

The use and abuse of synthetic cathinones are not surprising in light of their chemical 

structure and pharmacological activity. As noted above, cathinone (and its synthetic 

derivatives) share a common phenethylamine pharmacophore with the psychostimulant 
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amphetamine (Banks et al., 2014), and like amphetamine they increase levels of brain 

monoamines such as norepinephrine (NE), serotonin (5-HT) and dopamine (DA), thought 

to be involved in the stimulant and rewarding effects of a number of drugs of abuse 

(Baumann et al., 2013a; Koob and Volkow, 2016; López-Arnau et al., 2012; Watterson 

and Olive, 2014). Although all synthetic cathinones have a carbonyl group (=O) at the 

β-carbon (β-ketone addition; see Fig. 1), other variations in the basic chemical structure 

of the phenethylamine pharmacophore generate a wide array of compounds that differ 

in a number of ways, including the expansion/modification on the nitrogen terminus (R1 

and/or R2), the length of the alkyl chain at the α-carbon (R3) and a number of different 

ring substitutions (R4) (Banks et al., 2014). These variations (along with the β-ketone 

addition itself) have been reported to impact the mechanism of action of specific synthetic 

cathinones (monoamine release and/or monoamine reuptake inhibition) as well as their 

relative selectivity for the dopamine, norepinephrine and serotonin transporters (DAT, NET 

and SERT, respectively), e.g., shortening the alkyl chain and abbreviation or expansion of 

the pyrrolidine moiety reduce DAT activity (Kolanos et al., 2015b; for a review, see Glennon 

and Young, 2016; for a demonstration of the effects of such variations on hyperthermia, see 

Grecco and Sprague, 2016; for pharmacological characterization of synthetic cathinones, see 

Eshleman et al., 2017; Simmler et al., 2014, 2013).

It has also been reported that small structural changes of the phenethylamine pharmacophore 

are capable of modifying the affinity of synthetic cathinones for the trace amine associated 

receptor 1 (TAAR1), a receptor involved in the regulation of dopaminergic activity. Unlike 

amphetamines, most of the synthetic cathinones do not appear to have affinity for TAAR1 

(Simmler et al., 2016); however, a sub-micromolar affinity was observed for 2,3- and 

2,4-dimethylmethcathinone (Luethi et al., 2017a).

The fact that synthetic cathinones are self-administered by humans and act on 

neurotransmitter substrates associated with reward, i.e., the monoamines and particularly 

DA, suggests that they have some measure of abuse potential (Baumann et al., 2016, 2013a; 

Glennon, 2014; Glennon and Young, 2016; Hataoka et al., 2017; Negus and Banks, 2016; 

Simmler et al., 2014; Watterson and Olive, 2016, 2014). Although such data implicate these 

compounds as drugs of abuse, to more thoroughly assess this potential, particularly given 

the wide variety of these compounds presently on the illegal drug market and the obvious 

limitations on such experimentation in humans, it is important to turn to preclinical animal 

models of drug use and abuse.

2. Self-administration and implications for abuse liability

The model with the most face validity for human drug taking is intravenous self

administration (IVSA; O’Connor et al., 2011; see also Bozarth, 1985). In such models, 

animals surgically prepared with indwelling catheters for drug delivery are trained to 

respond, e.g., press a lever, for the infusion of a specific drug. The rate or level of 

responding is generally concluded to be a function of the rewarding effects of that drug 

(Sanchis-Segura and Spanagel, 2006; Zernig et al., 2007). Such a procedure allows for 

assessments of its rewarding effects, the dose-specificity of these effects (via dose-response 

analyses), the similarity and differences between various other drugs (via drug substitution 
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assessments), the motivation to use the drug through response requirements that assess effort 

[e.g., progressive ratio (PR) schedules; see below] and the role of drug, stress and various 

drug-associated cues in reinstatement of drug-taking behavior (i.e., relapse) (see Koob et 

al., 2014). The basic IVSA design has been widely used since its initial demonstration (see 

Weeks, 1962), and the high correspondence between IVSA of drugs in animals and the use 

and abuse of these same compounds in human support the validity of this model for abuse 

liability (Ator and Griffiths, 2003, 1987; Balster and Lukas, 1985; Fischman, 1988).

Available data on cathinones have shown that they are also reliably self-administered in 

animal models of drug intake. For example, Johanson and Schuster (1981) reported that l- 

and dl-cathinone (as well as d-amphetamine) supported IVSA in Rhesus monkeys. Lower 

doses of l-cathinone than d-amphetamine maintained responding, whereas the response 

function for dl-cathinone was shifted to the right of that for d-amphetamine, suggestive of 

a greater potency for the l isomer than d-amphetamine or dl-cathinone. Given that both l- 

and dl-cathinone generated greater overall responding than d-amphetamine (i.e., displayed 

greater efficacy), the authors cautioned against general conclusions about relative potency 

(for a discussion, see Levine, 1990). Follow-up work by Woolverton and Johanson (1984) 

reported that both dl-cathinone and cocaine were self-administered by Rhesus monkeys 

when either was given in a choice with saline. When cocaine and dl-cathinone were made 

available and animals had to choose between these two alternatives, the reinforcing efficacy 

of the two appeared equivalent, e.g., the dose of cocaine had to be increased to support 

cocaine IVSA when the dose of dl-cathinone was increased (see also Gosnell et al., 1996 

for cathinone self-administration in rats). Subsequent to these demonstrations of IVSA 

with cathinone, Kaminski and Griffiths (1994) demonstrated that the cathinone derivative, 

methcathinone (0.01–1 mg/kg/infusion; the β-ketone analogue of METH) supported IVSA 

in the baboon and at the higher doses (0.1–1 mg/kg/infusion) did so at rates comparable to 

those supported by cocaine.

Additional work with the more recent derivatives of cathinone has also shown consistent 

IVSA for most of these drugs (for reviews, see Glennon and Young, 2016; Watterson and 

Olive, 2016). In one of the first such assessments, Watterson et al. (2012) trained male 

Sprague-Dawley rats to self-administer methylone at either 0.05, 0.1, 0.2 or 0.5 mg/kg 

(per infusion) in daily short-access (ShA; 2-h) sessions. A series of long-access sessions 

(LgA; 6 h/day) followed the ShA exposure to assess escalation of intake that were in turn 

followed by PR schedules to assess any changes in reinforcer efficacy subsequent to the 

extended access conditions (for a review of general drug self-administration under extended 

access and choice conditions, see Ahmed, 2012). As reported, all doses of methylone 

supported self-administration. Similar to the patterns reported elsewhere with cocaine and 

amphetamine, methylone self-administration was dose-dependent as rats took a greater 

number of infusions at the 0.5 mg/kg dose compared to 0.05 and 0.1 mg/kg and more 

animals met the criterion for drug self-administration as the dose increased. Unlike the 

patterns seen with other psychostimulants (Kitamura et al., 2006; Roth and Carroll, 2004), 

however, intake did not escalate during the extended access condition and PR responding 

did not increase (compared to PR responding prior to extended access). Methylone has 

also been shown to support self-administration in female Wistar rats at a dose of 0.5 

mg/kg/infusion (Creehan et al., 2015). In this work, direct comparisons were made between 
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methylone, mephedrone and MDMA. The levels of methylone self-administered were less 

than those supported by mephedrone (at 0.5 mg/kg; MDMA did not support IVSA at this 

dose). To date, no direct comparisons have been made between males and females (see 

Vandewater et al., 2015 for self-administration of methylone in male Wistar rats). Together, 

these data support the position that methylone is self-administered, but that it possesses 

weaker reinforcing efficacy than other psychostimulants but greater than that of MDMA (see 

also Javadi-Paydar et al., 2017 for comparisons of methylone with pentedrone and pentylone 

in which methylone was less efficacious; see also Nguyen et al., 2017; Schindler et al., 2016; 

Vandewater et al., 2015). These relative effects of methylone are possibly related to the 

significant release of serotonin (and the resulting lower DAT/SERT affinity ratio) that may 

impact its overall reinforcing effects; see Baumann et al., 2016, 2012; Glennon and Young, 

2016; Negus and Banks, 2016; Schindler et al., 2016).

The initial work with methylone has now been extended to a variety of other synthetic 

cathinones, including mephedrone and MDPV. For example, in one of the initial assessments 

of mephedrone, Hadlock et al. (2011) noted that male Sprague-Dawley rats infused with 

mephedrone (at 0.24 mg/kg/infusion) acquired IVSA (4-h sessions for 7–8 days) and 

responded at higher rates for mephedrone than the same dose of METH. Subsequent to 

this demonstration, a number of investigations with mephedrone have demonstrated its 

IVSA under a variety of conditions. For example, Aarde et al. (2013a) reported mephedrone 

self-administration at 0.5 and 1 mg/kg/infusion in both Sprague-Dawley and Wistar rats. 

In subsequent dose-response substitution and progressive ratio assessments, the level of 

responding was dose-dependent. Further, mephedrone dose-dependently substituted for 

METH in animals trained to self-administer this drug (at 0.1 mg/kg/infusion). These two 

drugs appeared comparable in the level of self-administration at this dose. Interestingly, 

Motbey et al. (2013) reported a greater number of drug infusions for mephedrone than 

METH in adolescent male Sprague-Dawley rats – both at the training dose and in dose

substitution comparisons. It is important to note that a different training dose was used for 

mephedrone (0.3 mg/kg/infusion) than METH (0.03 mg/kg/infusion), making it somewhat 

difficult to directly compare reinforcing efficacy (there were also no differences under 

subsequent PR assessments). As noted above, in direct comparisons between mephedrone 

and methylone (and at comparable doses; 0.5 mg/kg/infusion) in female Sprague-Dawley 

rats (Creehan et al., 2015), acquisition was greater for mephedrone than methylone (with 

no evidence of self-administration for MDMA; see also Vandewater et al., 2015). In 

assessments of short and long access IVSA (both at 0.5 mg/kg/infusion) in male Wistar 

rats, mephedrone had a greater reinforcing efficacy than methylone, producing overall 

greater responding (see Nguyen et al., 2017). No differences were evident in short-access 

sessions. In this report, mephedrone had a comparable reinforcing efficacy to METH in 

PR dose-response drug substitution tests (animals tested for METH in mephedrone-trained 

animals); however, METH was reported to be approximately 10 times more potent than 

mephedrone.

The synthetic cathinone that has received the most attention in relation to its self

administration has been MDPV. In one of the first assessments of IVSA of MDPV, Aarde 

et al. (2013b) reported that MDPV supported self-administration (at 0.05 mg/kg/infusion; 

there was no significant difference between MDPV and METH in the acquisition of IVSA 
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at the same dose). However, in subsequent dose-response and progressive ratio assessments, 

MDPV generated greater responding than METH, indicating greater reinforcing efficacy. 

Similar findings have been reported by Watterson et al. (2014a) who demonstrated that 

male Sprague-Dawley rats dose-dependently acquired MDPV IVSA at 0.05, 0.1 and 0.2 

mg/kg/infusion. In subsequent progressive ratio assessments, MDPV and METH generated 

comparable levels of responding at 0.05 mg/kg/infusion (only a single dose of METH 

was tested making assessments of potency and efficacy limited). Responding escalated 

for both MDPV and METH under long-access conditions (6 h). Recently, Schindler and 

colleagues (2016) assessed MDPV self-administration in male Sprague-Dawley rats and 

directly compared levels of self-administration generated by MDPV (0.03 mg/kg/infusion) 

to those of cocaine (0.5) and methylone (0.3). From analyses in acquisition and dose

response assessments, MDPV and cocaine appeared to have greater efficacy than methylone 

and MDPV was more potent than cocaine (peak levels were similar for MDPV and cocaine 

at 0.01 and 0.1 mg/kg/infusion, respectively; see also Simmons et al., 2016). Assessments 

of efficacy and potency between MDPV, cocaine and METH (see Gannon et al., 2017b) 

parallel those of Schindler et al. and reveal that MDPV is more efficacious than both cocaine 

and METH (as assessed via PR responding). Further, the authors concluded that MDPV 

was approximately 10 times more potent than cocaine and approximately 2 times more 

potent than METH, although, as noted, there were differences in overall efficacy that may 

preclude such conclusions (Levine, 1990). Additional work with MDPV has supported its 

clear reinforcing effects in IVSA (see Gannon et al., 2018, 2017c; Sewalia et al., 2017).

These initial descriptions have focused on cathinone itself and some of the first generation 

synthetic derivatives. The data, in general, confirm their abuse liability as reflected in the 

fact that they all support self-administration. Subsequent to these initial investigations, other 

synthetic cathinones have been examined, including α-PVP, α-piperidinopropiophenone 

(PIPP), α-piperidinopentiothiophenone (PIVT), α-PHP, α-pyrrolidinopentiothiophenone 

(α-PVT), 2-cyclohexyl-2-(methylamino)-1-phenylethanone (MACHP), 2-(methylamino)-1

phenyloctan-1-one (MAOP), 4-MePPP, 4-MEC, pentedrone and pentylone. The most studied 

of these compounds is α-PVP, and like the earlier assessments it is also reinforcing and 

supports IVSA. For example, Aarde and his colleagues (2015a) have recently demonstrated 

that in male Wistar rats α-PVP and MDPV IVSA (both at 0.05 mg/kg/infusion) were 

acquired at comparable rates (with the same percentage of animals acquiring the response) 

and the two compounds generated functionally identical dose-response substitution patterns 

with no statistical differences in potency or efficacy (see also Gannon et al., 2017c for 

similar findings identifying the S isomer of each as the active constituent).

Subsequently, Huskinson et al. (2017) examined α-PVP substitution in male Sprague

Dawley rats trained to self-administer 0.05 mg/kg/infusion METH (and compared α-PVP 

responding to those of two other synthetic cathinones, 4-MEC and 4-MePPP). In these 

comparisons, α-PVP generated levels of responding comparable to 4-MePPP (although at 

lower doses, which is suggestive of greater potency). In turn, α-PVP produced greater 

responding than 4-MEC and METH (suggestive of greater reinforcing efficacy). These 

conclusions were supported by demand functions in which animals had to respond at 

higher levels to obtain infusions. These differences were discussed in terms of the 

differential effects on 5-HT release by METH and 4-MEC that may have reduced the 
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overall reinforcing effects of these compounds relative to α-PVP and 4-MEPPP that appear 

to have limited effects on 5-HT reuptake or release. Work with other second generation 

cathinones substantiate their reinforcing effects. For example, Cheong et al. (2017) reported 

dose-dependent IVSA of α-PVT (an analog of α-PVP) in male Sprague-Dawley rats 

(maximal rates at 0.3 mg/kg/infusion; weaker, though significant self-administration, was 

evident at 0.1 and 1 mg/kg/infusion, an inverted dose-response function characteristic of 

other psychostimulant IVSA). Dose-dependent progressive ratio responding was also evident 

(highest at 1 mg/kg/infusion). Interestingly, α-PVT IVSA was greater than that reported for 

the positive control METH (trained at 0.05 mg/kg/infusion); however, direct comparisons 

were not made and the METH assessment was made at only a single dose.

Javadi-Paydar et al. (2017) have recently focused on how modification of the 

methylenedioxy substitution on the aromatic ring (generating pentylone and methylone) 

as well as extension of the α-alkyl chain (associated with pentedrone and pentylone) affect 

the relative reinforcing effects of the synthetic cathinones. They report that in female Wistar 

rats the reinforcing efficacy in IVSA was pentedrone = pentylone > methylone, suggestive 

of the importance of α-alkyl extension. Pentedrone, pentylone and methylone IVSA was 

less than that for α-PVP and α-PHP, suggestive of the importance of the pyrrolidine motif 

associated with these latter compounds. Botanas et al. (2017a) has recently examined the 

effects of changes in the alpha-carbon position by examining different IVSA rates with 

MACHP and MAOP in male Sprague-Dawley rats. In this assessment, MAOP was without 

effect (from 0.1–3 mg/kg/infusion). Although MACHP supported self-administration (at 1 

mg/kg/infusion), these levels were substantially lower than those supported by METH (at 

0.1 mg/kg/infusion). Interestingly, Botanas et al. (2017c) failed to find any IVSA of two 

synthetic cathinones with piperidine ring substitutions on nitrogen, i.e., PIPP or PIVT (0.1–3 

mg/kg/infusion), in male Sprague-Dawley rats (METH was consistently self-administered 

at high levels at 0.1 mg/kg/infusion). While MAOP (Botanas et al., 2017a) and PIPP and 

PIVT (Botanas et al., 2017c) did not support IVSA, they did condition place preferences (in 

male ICR mice), suggestive of rewarding effects (see below). Finally, Botanas et al. (2017b) 

recently reported that the novel synthetic cathinone, 2-(methylamino)-1-(naphthalen-2-yl) 

propan-1-one (BMAPN), with a naphthalene substitution on the aromatic ring, induced 

modest IVSA in male Sprague-Dawley rats (at 0.3 mg/kg/infusion). For related work 

assessing modification of the α-alkyl side chain and methylenedioxy moiety on the 

reinforcing effects of the synthetic cathinones, see Gannon et al. (2017a).

The focus of the foregoing review of the synthetic cathinones has been on their ability 

to support IVSA and their relative effects (and potency) in this preparation. Under 

various procedures, e.g., acquisition, dose-response determinations, drug substitutions and 

progressive ratio assessments and with various doses during acquisition and substitution 

testing, these compounds are generally reinforcing as indexed by their self-administration. 

With that said, it is nonetheless difficult to make direct comparisons among the various 

synthetic cathinones given that many of these assessments were made in different studies, 

with different species and strains, under different behavioral preparations, with different 

training and testing doses and with varying specificities of statistical analyses. More direct 

work needs to be done to establish relationships among the various compounds (and at 

comparable doses or with extended dose-response functions) that will allow statistical 
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evaluations of relative potencies (ED50) and efficacies (Emax). Further, although work 

examining the effects of various manipulations on the relative abuse potentials of these 

compounds has begun (e.g., see Creehan et al., 2015; Gannon et al., 2018, 2017d; Hicks 

et., al., 2018; Nguyen et al., 2017; Simmons et al., 2017; Vandewater et al., 2015), such 

assessments are relatively few and additional work is needed to determine the role of a 

host of factors, e.g., sex, age, strain, structure, drug history and drug interactions, on the 

reinforcing effects of the synthetic cathinones (see below).

2.1. Reward and aversion in abuse vulnerability

Traditionally, drug taking in animals (as assessed in self-administration models) has been 

assumed to reflect the drug’s positive (rewarding) effects, an assumption supported by the 

fact that in a host of other models of drug reward, e.g., intracranial self-stimulation (ICSS), 

drug discrimination learning (DDL), conditioned place preferences (CPP) (see below; see 

also Bozarth, 1987), these same drugs appear to be rewarding (Koob et al., 2014). Although 

certainly important to the initiation and maintenance of drug-taking behavior, the rewarding 

effects of a drug are not the only stimulus effects produced. In fact, many drugs of abuse are 

not only rewarding, but are also aversive, as indexed by their ability to induce a conditioned 

taste avoidance (CTA; see Freeman and Riley, 2009).

Thus, somewhat paradoxically (Goudie, 1979; Hunt and Amit, 1987), most drugs of abuse 

appear to have both rewarding and aversive effects which immediately raises the issue 

of whether these two effects are both important in affecting abuse liability (Riley, 2011; 

Stolerman and D’Mello, 1981; Verendeev and Riley, 2013). As described, traditionally it 

is assumed that the major factor in drug self-administration (or human drug intake) is 

the drug’s rewarding (and positive) effects. The fact that drugs also have aversive effects 

suggests that this factor, too, may be important in drug-taking behavior, in this case a 

limiting factor in that intake. This position can be best illustrated as drug intake being a 

function of the balance between these two affective states (see Fig. 2).

Understanding and predicting abuse vulnerability, accordingly, necessitates an awareness 

of each of these properties and the various factors that may influence them and their 

balance. One immediate response to such demonstrations of a drug’s aversive and rewarding 

effects, and conclusions about their relative contributions, is that these effects are dependent 

upon the specific parameters under which they have been reported. Although various 

parametric factors undoubtedly impact the observation of rewarding and aversive drug 

effects, direct tests reveal that many drugs of abuse are both rewarding and aversive in the 

same animal under identical parametric conditions, suggesting that a simple difference in 

these parametric conditions does not explain these two affective properties (for assessments 

with amphetamine, see Sherman et al., 1980; Verendeev and Riley, 2011; for caffeine, see 

Brockwell et al., 1991; for morphine, see Simpson and Riley, 2005; White et al., 1977; for 

nicotine, see Pomfrey et al., 2015).

If drug use and abuse are a function of the balance of its rewarding and aversive effects, 

determining these effects for specific drugs and the various factors known to affect them 

is critical in predicting abuse vulnerability. Factors relevant to use and abuse include 

concurrent drug intake, age, drug history, species, strain, drug dose, drug duration, route 

Riley et al. Page 11

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 November 26.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



of administration and sex (Cunningham et al., 2009; Riley et al., 2018, 2009). These factors 

can also interact to alter the subjective effects of drugs (see Schramm-Sapyta et al., 2014), 

making it clear that individual susceptibility to a particular drug can depend on a variety 

of overlapping and interacting factors. It is, therefore, important, particularly as we begin 

to investigate and characterize new synthetic cathinones (and NPS in general), to examine 

both of these effects and the range of factors that may influence them, in order to determine 

overall abuse liability.

3. Assessments of the rewarding effects of synthetic cathinones

3.1. Intracranial self stimulation

In this procedure, electrodes are implanted into an animal’s brain (usually into areas such 

as the medial forebrain bundle that are highly implicated and associated with reward or 

reinforcement) and the animal is trained to press a lever for pulses of electrical stimulation 

to those areas (see Fouriezos and Nawiesniak, 1987; Reid, 1987). Threshold determinations 

are commonly made for the level of stimulation sufficient to maintain responding. Once this 

threshold is determined, drugs of abuse are injected and changes in the threshold needed to 

maintain responding for the electrical stimulation is re-determined. Under these conditions, 

most drugs of abuse lower the threshold for responding, indicative of a summation of the 

drug’s and electrical brain stimulation’s rewarding effects (it is interesting to note that 

drugs classified as being aversive in other procedures raise this threshold; see Todtenkopf et 

al., 2004; Vlachou et al., 2005). The ability of a number of synthetic cathinones to lower 

the threshold for ICSS (or increase the rate of responding for the stimulation) has been 

well-established, and we will provide a brief description of these data.

In one of the first such examinations of the synthetic cathinones with this procedure, 

Robinson et al. (2012) assessed the impact of mephedrone administration on ICSS reward 

thresholds in male C57BL/6 J mice. In this work, mice were implanted with electrodes 

in the lateral hypothalamus and brain stimulation reward (BSR) thresholds, response 

frequencies and maximum response rates were measured before and after a range of 

doses of mephedrone or cocaine (1, 3 or 10 mg/kg for both drugs). Mephedrone dose

dependently lowered BSR thresholds (and decreased overall response frequency and the 

maximum response rates – an effect likely due to increased stereotypies). The same doses 

of cocaine dose-dependently lowered BSR thresholds, but did not change the maximum 

response rate. These results suggest that like cocaine, mephedrone may possess a high abuse 

potential. The major difference between the two was in the time-course impacting ICSS 

thresholds in which the effects with cocaine were greater than mephedrone immediately 

post-injection, whereas mephedrone’s effects were greater than cocaine 15–30 minutes after 

drug administration. Interestingly, Gregg et al. (2015) reported that in male Sprague-Dawley 

rats the R(+) isomer of mephedrone produced greater facilitation of ICSS than the S(−) 

isomer, but was less potent as a 5-HT substrate (the two isomers displayed similar potencies 

as releasers for DA; for a similar structural analysis with the mephedrone metabolite 4

methylcathinone in which the R(+) isomer had greater ICSS facilitation and greater relative 

potency for DAT over SERT as a substrate, see Hutsell et al., 2015; for a related discussion, 

see Kolanos et al., 2015a).
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In subsequent examinations, Watterson et al. (2014b, 2012) examined the effects of both 

MDPV and methylone on ICSS thresholds in male Sprague-Dawley rats. While MDPV 

produced reductions in ICSS thresholds across all doses tested (0.1, 0.5, 1 and 2 mg/kg), 

methylone only produced trends towards this effect (non-significant) at 0.1, 0.5, 1, 3, 5 and 

10 mg/kg. In a related study, Bonano et al. (2014a) compared the abilities of methcathinone 

(0.1–1 mg/kg), MDPV (0.32–3.2 mg/kg), methylone (1–10 mg/kg) and mephedrone (1–10 

mg/kg) to lower ICSS thresholds in male Sprague-Dawley rats. Although all drugs produced 

dose- and time-dependent facilitation of ICSS, these effects differed between compounds 

(methcathinone ≥ MDPV ≥ methylone > mephedrone). Further, while methcathinone was 

the most potent of the compounds in reducing ICSS thresholds, MDPV was the longest 

acting. It is important to note that the initial examination reporting significant effects of 

mephedrone on ICSS (see Robinson et al., 2012) used C57BL/6 J mice, whereas the work 

by Bonano et al. (2014a) reported data in male Sprague-Dawley rats, suggesting that the 

reinforcing effects of these drugs as assessed in this procedure may differ not only based 

on dose, but also on the particular species used. MDPV (3.2 mg/kg) also facilitated ICSS 

in male Sprague-Dawley rats [and to a level comparable to that produced by cocaine (10 

mg/kg; Bonano et al. (2014b)].

3.2. Drug discrimination learning

In the DDL procedure, the interoceptive effects of the compound can be established and 

compared to other drugs with known abuse potential (see Ator and Griffiths, 2003; Colpaert, 

1987; Järbe, 1986; Palmatier et al., 2005; Solinas et al., 2006). In this work, responding on 

one lever for a reinforcer (typically food) is preceded by an injection of a training drug, 

whereas responding on another lever for the same reinforcer is preceded by injection of the 

drug vehicle. Under such conditions, animals acquire discriminative control and distribute 

lever choice based on the subjective properties of the administered drug (or its vehicle) (for 

a review of drug discrimination learning, see Colpaert, 1987; Overton, 1991; for alternative 

DDL procedures, see Mastropaolo et al., 1989; Riley et al., 2016). Subsequent drug tests 

can be run to determine whether a novel drug substitutes for the training drug (and if it has 

similar interoceptive effects) and whether known pharmacological antagonists can attenuate 

or block discriminative control (providing some insight into possible receptor mediation of 

the drug’s discriminative stimulus effects).

In one such examination, Gatch et al. (2013) trained male Swiss-Webster mice to respond 

on one lever for a food pellet following an injection of METH or cocaine, and a second 

lever following an injection of the drug vehicle. Once the discriminations were acquired, 

methylone (0.5–5 mg/kg), mephedrone (0.5–5 mg/kg) and MDPV (0.05–2.5 mg/kg) were 

assessed for their ability to substitute for METH and cocaine. As reported, each of 

the synthetic cathinones fully substituted for the discriminative stimulus effects of both 

METH and cocaine, suggesting common interoceptive effects (and presumably similar abuse 

potential; see also BBerquist and Baker, 2017; Dolan et al., 2018; Harvey et al., 2017; 

though see Varner et al., 2013 for a failure of a range of stimulants to substitute for 

mephedrone). Gatch et al. (2015a) extended their work to other synthetic cathinones, i.e., α

PVP, 4′-MePPP and α-PBP, using male Sprague-Dawley rats trained to discriminate cocaine 

or METH from saline. Both α-PBP and α-PVP fully substituted for the discriminative 
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stimulus effects of cocaine and METH, where 4′-MePPP only fully substituted for the 

discriminative stimulus effects of METH. Under similar training conditions, Gatch et al. 

(2017) reported that α-PPP, α-PHP, α-PVT, MDPBP and ethylone all dose-dependently (and 

fully) substituted for the discriminative stimulus effects of METH, whereas only α-PPP, 

α-PHP and ethylone displayed complete substitution for the discriminative stimulus effects 

of cocaine. The authors suggested that the failure of MDPBP and α-PVT to substitute 

completely for cocaine may indicate lesser abuse vulnerability compared to the other 

compounds that were tested. The findings of these latter two studies together add to their 

previous work suggesting that common interoceptive effects among these stimulants may 

indicate similar abuse potential. (For other work involving second generation cathinones in 

rodent models, see Cheong et al., 2017; Javadi-Paydar et al., 2017; Naylor et al., 2015; for 

work in monkeys, see Smith et al., 2017.)

Consistent with the work by Gatch et al. (2017, 2015a, 2013) that synthetic cathinones can 

substitute for METH and cocaine in the DDL design, Fantegrossi et al. (2013) demonstrated 

the reverse. Specifically, in their work male NIH Swiss mice were trained to discriminate 

MDPV (0.3 mg/kg) from its vehicle and were then given various doses of MDMA and 

METH to assess their ability to substitute for MDPV’s stimulus effects. During test 

sessions, a multiple-component cumulative dosing procedure was utilized in the absence 

of reinforcement which allowed for testing of four doses of each drug in a single session. 

MDMA dose-dependently and fully substituted for the MDPV training dose, with near 

exclusive choice of the MDPV-associated lever at a cumulative dose of 0.3 mg/kg. The 

interpolated ED50 for cumulative MDMA was identical to that of MDPV (0.03 ± 0.01 mg/

kg). Substitution doses of MDMA dose-dependently suppressed response rates. Similarly, 

cumulative injections of METH dose-dependently and fully substituted for MDPV, with > 

80% of the total responses on the drug-associated lever at a cumulative dose of 0.3 mg/kg. 

The interpolated ED50 for cumulative METH was 0.08 ± 0.03 mg/kg. As with MDMA, 

METH dose-dependently suppressed response rates. Substitution assessments with negative 

controls, JWH-018 and morphine, resulted primarily in responding on the saline-associated 

lever. These results again suggest abuse potential and rewarding efficacy of MDPV that 

are similar to those reported for other known psychostimulants (see also, Gannon and 

Fantegrossi, 2016).

Assessments of drug mixtures have begun to be examined for discriminative stimulus effects 

using the DDL design as “bath salt” products are often either intentionally mixed, or 

otherwise adulterated, with other compounds prior to sale. For instance, Collins et al. 

(2016) used DDL to assess the effects of cocaine, MDPV and caffeine, alone and as binary 

combinations, in male Sprague-Dawley rats. A primary goal of the study was to determine 

the effect caffeine may have when used in tandem with another psychostimulant, as well as 

to determine if the effect these combinations of drugs that have either similar or dissimilar 

mechanisms of action are simply additive. Rats were trained to discriminate cocaine 

(10 mg/kg) from saline in a two-lever drug discrimination procedure, and binary drug 

combinations (cocaine:caffeine, MDPV:caffeine and cocaine:MDPV) were each prepared 

at three separate dose ratios (3:1, 1:1 and 1:3 with respect to their ED50 values). Single

drug assessments of their ability to induce dose-dependent cocaine-appropriate responding 

revealed that METH = MDPV > cocaine > caffeine, an indication of at least partially 
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intersecting stimulus effects. Binary mixtures of cocaine:caffeine, MDPV:caffeine and 

cocaine:MDPV showed mostly additive effects, although there were some supra-additive 

effects seen in some combinations as well as some individual differences across subjects. 

The significance of these results comes from evidence of cocaine-like discriminative effects 

among these drug combinations and a demonstration of supra-additive interactions occurring 

between drugs that possess different mechanisms of action and different binding affinities 

for DAT and SERT (for another study assessing stimulant combinations with synthetic 

cathinones, see Harvey and Baker, 2016; for a study assessing the discriminative stimulus 

effects of MDPV, see Gannon et al., 2016; for a list of other DDL studies involving the 

synthetic cathinones, see Glennon, 2014).

3.3. Conditioned place preference

Place preference conditioning is an often-used method for assessing the potentially 

rewarding effects of drugs of abuse (for reviews, see Tzschentke, 2007, 1998). CPP typically 

utilizes a two-chambered apparatus, with distinct environmental and tactile cues associated 

with each chamber (or sometimes a three-chambered apparatus, in which a smaller “neutral” 

chamber connects the two conditioning chambers). Following a baseline test assessing each 

subject’s unconditioned (initial) chamber preference, animals are given an injection of a 

drug paired with one chamber of the place conditioning apparatus. On other days (or at 

other times), injections of the drug vehicle are paired with the opposite chamber (the drug 

vehicle is generally paired with both chambers for control subjects). Any change in the 

conditioned animal’s preference for the chamber paired with the drug (usually measured 

by change in time spent on the drug-paired side) is taken to be an index of the rewarding 

value of the drug. If a drug is rewarding, animals generally increase time spent in the 

drug-paired chamber (from their own preconditioning baseline or from controls). Place 

preference conditioning has been widely used to evaluate the rewarding effects of a host 

of drugs of abuse (for reviews, see Sanchis-Segura and Spanagel, 2006; Tzschentke, 2007, 

1998), including psychostimulant drugs (see Bardo et al., 1999; Bedingfield et al., 1998; 

Bilsky et al., 1990; Yates et al., 2013).

In one of the first assessments of conditioned place preferences with the synthetic 

cathinones, Lisek et al. (2012) reported that male Sprague-Dawley rats conditioned with 

30 mg/kg mephedrone (but not 3 or 10) displayed a significant shift in their preference 

for the drug-paired side compared to that of vehicle-treated controls (see also Ramoz et 

al., 2012 for similar conditioning in an invertebrate planarian assay). CD-1 mice injected 

with 30 mg/kg mephedrone also displayed a significant place preference [see Gregg et 

al., 2015, for a structural analysis reporting place preference conditioning with the R(+) 

isomer of mephedrone at 30 mg/kg but not the S(−) isomer in Sprague-Dawley rats; see 

Vouga et al., 2015 for similar stereospecificity with mephedrone in planaria]. MDPV has 

also been reported to condition place preferences when administered either orally (0.30 

mg/ml) or intraperitoneally (0.30 mg/kg) in male Swiss mice (Gannon et al., 2017d) or 

intraperitoneally (1.8 and 3.2 mg/kg) in male and female Sprague-Dawley rats (King et al., 

2015ab; see also Gregg et al., 2016). In a comparison of mephedrone, methylone and MDPV 

(dose range of 0.5–20 mg/kg) in C57BL/6 mice, Karlsson et al. (2014) reported that in 

male C57BL/6 mice all compounds induced dose-dependent place preferences with MDPV 
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inducing preferences at lower doses than those induced by either mephedrone or methylone 

(as well as those induced by amphetamine; see Miyazawa et al., 2011 for place preference 

conditioning with methylone at 2.5 and 5 mg/kg in male ddY mice).

More recently, a number of other synthetic cathinones have been reported to support 

place preference conditioning, including α-PVP (Gatch et al., 2015a; Hataoka et al., 

2017; Marusich et al., 2016; Nelson et al., 2017), α-PVT (Cheong et al., 2017), α-PHP 

(Gatch et al., 2017), 4-MEPPP (Gatch et al., 2017) and pentedrone (Hwang et al., 2017). 

Several other synthetic cathinones have been examined in this context as well, with 

interesting dissociations from data examining their ability to support self-administration. For 

example, Botanas et al. (2017a) has reported that MACHP and MAOP both conditioned 

place preferences (at 10 and 30 mg/kg) in male ICR mice, yet only MACHP was 

self-administered (at 1 mg/kg/infusion; see above). Similarly, while neither the newly 

synthesized cathinones PIPP nor PIVT (analogs of methcathinone and a-PVP, respectively) 

support self-administration, PIPP (at 10 and 30 mg/kg) induces place preferences, but PIVT 

at these same doses is ineffective (see Botanas et al., 2017c). BMAPN (at 30 mg/kg) induces 

place preferences comparable to those induced by METH at 1 mg/kg (Botanas et al., 2017b).

Given the available data, the synthetic cathinones clearly possess rewarding effects in a 

variety of preparations (including ICSS, DDL and CPP). Nonetheless, more work needs to 

be done extending such findings to other species, assessing structure-activity relationships 

(Botanas et al., 2017a,b,c), including females in more comparisons, addressing effects 

in adolescent and adult animals (given the greater vulnerability to drugs of abuse in 

adolescents; see Schramm-Sapyta et al., 2014), examining drug history (or concurrent 

drug access; see Ciudad-Roberts et al., 2015; Gannon et al., 2018; Listos et al., 2017; 

López-Arnau et al., 2018, 2017a, 2017b) and pharmacological antagonism (Bonano et al., 

2014b; Ciudad-Roberts et al., 2015; Gannon et al., 2017d; Gregg et al., 2016).

4. Assessments of the aversive effects of synthetic cathinones

Although the rewarding effects of the synthetic cathinones are becoming well characterized, 

as noted overall drug intake (i.e., self-administration) is a function of the balance of the 

drug’s rewarding and aversive effects. As such, it is important also to assess the aversive 

effects of these drugs before making conclusions regarding their abuse potential. In that 

context, the following discussion focuses on the aversive effects of the synthetic cathinones 

(see King and Riley, 2016).

4.1. Conditioned taste avoidance

In relation to the aversive effects of drugs, one procedure has been primarily used, i.e., 

CTA, in which animals tend to avoid consuming solutions associated with the drug (see 

Freeman and Riley, 2009; Parker, 2003; Riley, 2011; for parallel work on place avoidance 

conditioning, see Prus et al., 2009; though see Gore-Langton et al., 2015). Although 

initially reported with radiation and classical emetics like LiCl, emetine, and apomorphine 

(see Garcia et al., 1955; Garcia and Koelling, 1967), such acquired avoidance has now 

been reported with a wide variety of compounds, including most drugs of abuse, e.g., 

ethanol (Lester et al., 1970), amphetamine/mescaline (Cappell and LeBlanc, 1971), Δ9
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tetrahydrocannabinol (Elsmore and Fletcher, 1972), METH (Martin and Ellinwood, 1973) 

and cocaine (Goudie et al., 1978) (for reviews, see Davis and Riley, 2010; Hunt and Amit, 

1987; Riley et al., 2009; Verendeev and Riley, 2012). In this preparation, a novel solution 

(e.g., saccharin) is paired with injections of a drug, usually over multiple conditioning 

trials. The aversive effects of the drug are indexed via any reduction in consumption of the 

drug-paired saccharin solution. This avoidance is referred to as a conditioned taste avoidance 

given that it is acquired via the association of the taste with the aversive effects of the drug, 

possibly reflecting an evolutionary mechanism that prevents repeated consumption of toxic 

or poisonous substances (see Garcia and Ervin, 1968; Lin et al., 2015; Revusky and Garcia, 

1970; Rozin and Kalat, 1971; for a history of conditioned taste avoidance, see Freeman and 

Riley, 2009; for a database, see www.CTAlearning.com).

Although CTAs are readily induced by a wide variety of drugs of abuse, assessments of the 

synthetic cathinones in this preparation are quite limited. In the initial study examining 

the ability of MDPV to induce a conditioned taste avoidance, Merluzzi et al. (2014) 

gave experimentally naïve, adult Sprague-Dawley rats limited access to saccharin (45 

min) followed immediately by MDPV (0, 1, 1.8 or 3.2 mg/kg). This pairing was given 

every other day for a total of five conditioning trials each of which was separated by 

an intervening water-recovery day in which animals were given access to water alone. In 

addition to this conditioning procedure, the animals’ temperatures were taken via scans of 

implanted telemetry probes immediately prior to drug administration, as well as at 30-, 

60-, 90- and 120-minutes post-injection, in order to determine whether body temperature 

was affected by MDPV at these doses and if any reported effects might be associated 

with MDPV-induced taste avoidance (for comparison, see Fantegrossi et al., 2013). Under 

these conditions, MDPV induced dose-dependent taste avoidance such that drug-injected 

subjects drank significantly less saccharin than controls. Further, MDPV produced a 

significant hyperthermic effect (for examples of drug-induced changes in temperature for 

psychostimulants, see Cappon et al., 1998; Dafters and Lynch, 1998; Fukumura et al., 1998; 

for MDPV, see Fantegrossi et al., 2013), although there was no dose-dependent relationship 

between hyperthermia and taste avoidance, suggesting that the aversive effects of the drug 

were not likely a function of the drug-induced changes in temperature (for a discussion of 

the role of hyperthermia in ethanol-induced taste avoidance, see Cunningham et al., 1992).

In a follow-up assessment, Merluzzi et al. (2014) extended this analysis of MDPV-induced 

taste avoidance to adolescents, given that for a variety of other abused compounds, including 

nicotine (Shram et al., 2006), amphetamine (Infurna and Spear, 1979), MDMA (Cobuzzi 

et al., 2014), cocaine (Schramm-Sapyta et al., 2006) and morphine (Hurwitz et al., 2013), 

taste avoidance is age-related with adolescent animals generally showing weaker avoidance 

than adults (for reviews, see Doremus-Fitzwater et al., 2010; Spear, 2011). Under procedures 

similar to that described for adults (see above), adolescent animals also acquired significant 

MDPV-induced taste avoidance, although no differences between drug-treated groups 

were observed. Although both adults and adolescents acquired avoidance of the MDPV

paired saccharin solution, this avoidance was significantly weaker and acquired slower 

in adolescent rats, a difference suggestive that adolescents may be relatively insensitive 

to MDPV’s aversive effects and more vulnerable to MDPV abuse. Little is known about 

possible age differences in the rewarding effects of MDPV (age differences have yet to 
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be explored for ICSS, CPP, DDL or self-administration), and the inclusion of adolescent 

and adult animals in these assessments of reward will be important in assessing its overall 

abuse vulnerability. Interestingly, MDPV produced a hypothermic effect in adolescents 

(as opposed to the hyperthermic effect reported above in adults). Similar to adults, these 

changes in the thermic response were unrelated to the strength of the MDPV-induced taste 

avoidance.

Subsequently, King et al. (2014) extended this analysis of MDPV’s aversive effects by 

examining potential differences in MDPV-induced taste avoidance in the F344 and LEW 

rat strains. Although primarily characterized for their differences in the rewarding effects 

of drugs, where the LEW strain displays greater self-administration of, and stronger 

conditioned place preferences with, a host of compounds (Horan et al., 1997; Kosten et 

al., 1994; Picetti et al., 2012, 2010; Stöhr et al., 1998; although see Davis et al., 2007), 

the F344 and LEW strains also display differential sensitivity to the aversive effects of a 

number of drugs of abuse, effects which might limit drug intake (for reviews, see Davis 

and Riley, 2010; Riley, 2011). For example, Lancellotti et al. (2001) reported that LEW rats 

displayed attenuated morphine-induced taste avoidance compared to F344 rats (Davis et al., 

2007), an effect also seen with nicotine and ethanol (see Pescatore et al., 2005; Roma et al., 

2006). Interestingly, LEW rats acquire stronger cocaine-induced taste avoidance compared 

to F344 rats (Glowa et al., 1994; Grigson and Freet, 2000; for other drug comparisons, 

see Davis and Riley, 2010). Such differences have been interpreted as being a function of 

differential sensitivity to the aversive effects of these compounds, with the direction of the 

difference being drug-dependent. Given the pharmacological similarities between cocaine 

and MDPV and the fact that LEW rats appear more sensitive to cocaine’s aversive effects 

(see above), stronger MDPV-induced taste avoidance might be expected in this strain. To test 

this, King et al. (2014) gave male F344 and LEW rats access to a novel saccharin solution 

and then injected them with either vehicle or one of three doses of MDPV (1.0, 1.8 or 3.2 

mg/kg) in a taste avoidance procedure similar to that used by Merluzzi et al. (2014). Each 

conditioning trial was followed by a water-recovery day. This procedure was repeated every 

other day for a total of five conditioning cycles (with water access on intervening days). 

Again, the animals’ temperatures were taken immediately prior to drug administration, as 

well as at 30-, 60-, 90- and 120-minutes post-injection. Similar to the work in outbred 

adult rats (Merluzzi et al., 2014), MDPV induced dose-dependent taste avoidance, but no 

differences between strains. The lack of strain difference in MDPV-induced avoidance is 

somewhat surprising given prior data showing stronger cocaine-induced avoidance in LEW 

animals (see Glowa et al., 1994). The degree of avoidance was strong for both groups at the 

two highest doses (between 50–75% reductions in consumption) with some animals in both 

groups displaying complete suppression on the final conditioning trial, a floor effect that 

may have precluded seeing differences among groups. MDPV produced non dose-dependent 

hyperthermia, again unrelated to taste avoidance.

4.2. Combined CTA/CPP

Recently, King et al. (2015b) assessed the aversive and rewarding effects of MDPV in 

male and female Sprague-Dawley rats using the combined CTA/CPP design which allows 

for the assessment of both affective properties of a drug in the same animal and under 

Riley et al. Page 18

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 November 26.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



identical parametric conditions (see above). Using this procedure, animals were given access 

to saccharin, injected with MDPV (1, 1.8 or 3.2 mg/kg) and then placed in a distinct 

chamber of a place preference apparatus. Given reported sex differences in taste and place 

conditioning (with females displaying both stronger taste avoidance and place preferences 

induced by a variety of psychostimulants; Roma et al., 2008; Russo et al., 2003; Torres 

et al., 2009; for a review, see Riley et al., 2018), both males and females were included. 

Under these conditions, males and females differed in the acquisition and degree of MDPV

induced taste avoidance (males > females; see Chambers and Sengstake, 1976; Roma et 

al., 2008; Torres et al., 2009 for similar effects with other compounds). In regard to place 

preference conditioning, all groups (independent of dose) significantly increased time on 

the drug-paired side, but these preferences did not vary as a function of sex. Given the 

neurochemical similarities to cocaine, it might have been predicted that MDPV-induced 

preferences would have been stronger in females than males (Russo et al., 2003; Zakharova 

et al., 2009). However, prior work assessing place preference conditioning with cocaine in 

males and females used different strains (Russo et al., 2003) and conditioned at different 

ages and with a different procedure (Zakharova et al., 2009), indicating the potential role 

of a host of other factors in detection or production of sex differences (for a discussion, 

see Riley et al., 2018). Although there were no sex differences in MDPV-induced place 

preference conditioning, the fact that females showed a weaker taste avoidance compared 

to males suggests that sex may nonetheless be important in impacting susceptibility to 

MDPV use and abuse and that combined assessments of reward and aversion are important 

in evaluating abuse vulnerability to new synthetic compounds. The data further suggest 

a dissociation between these two affective properties, i.e., these effects likely function 

independently (for a review of such a dissociation, see Cunningham et al., 2002; King and 

Riley, 2013; Turenne et al., 1996; Verendeev and Riley, 2011).

To date, only one other synthetic cathinone, α-PVP, has been investigated in relation to 

its aversive effects. In this assessment, Nelson et al. (2017) used a combined CTA/CPP 

procedure similar to that described above to examine concurrently the aversive and 

rewarding effects of this second generation synthetic cathinone. Adult male Sprague-Dawley 

rats were given access to a novel saccharin solution, injected with α-PVP (0, 0.3, 1 

or 3 mg/kg) and then placed in their non-preferred compartment of a conditioned place 

preference apparatus (a total of four such trials). Under these conditions, the highest dose 

of α-PVP induced significant avoidance of the drug-associated saccharin (different from 

controls and their own baseline). Interestingly, place preferences were conditioned at all 

three doses (a dissociation of reward and aversion similar to that reported by King and her 

colleagues with MDPV (2015b; see above). Collateral temperature assessments revealed 

that α-PVP induced dose- and time-dependent hyperthermia (see Aarde et al., 2015a 

for hypothermic effects of α-PVP in mice). The failure to see any association between 

hyperthermia and taste avoidance again argues against its mediation of α-PVP’s aversive 

effects. Comparisons with work on MDPV and cocaine under identical procedures in which 

comparable avoidance was induced by differing doses of these compounds (see Freeman 

and Riley, 2005; Freeman et al., 2005; Serafine et al., 2012a, 2012b) indicate that MDPV 

is more potent than α-PVP which in turn is more potent than cocaine, a relative potency 

consistent with their binding affinities to the brain amine transporters (see Aarde et al., 
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2015b; Baumann et al., 2013b; Marusich et al., 2014; Simmler et al., 2014). Other synthetic 

cathinones have not been investigated in the taste avoidance design. This is a gap in the 

literature that needs to be addressed in order to assess the abuse potential of these drugs.

5. Implications for abuse vulnerability

From the above discussion, a variety of animal models clearly indicate that the synthetic 

cathinones have both aversive and rewarding effects and are self-administered. The logic 

underlying the exploration of the affective properties of these drugs was to assess their 

relationship to self-administration, primarily by focusing on factors that might impact 

aversion and reward, their relative balance and their contribution to eventual drug taking 

(i.e., self-administration) that may have implications for their abuse potential. At this point, 

it is important to note that while the aversive and rewarding effects of the cathinones 

are becoming well-characterized, their relationship to self-administration has not been 

established.

In fact, few such studies exist for any drug. In one such assessment, Ettenberg et al. 

(2015) exposed male Sprague-Dawley rats to cocaine (1 mg/kg, iv) in a place conditioning 

procedure, followed by runway training using the same dose. During place conditioning, 

animals received alternating daily 5-min sessions of either cocaine paired with one chamber 

or saline paired with the opposite chamber for 16 days (or a total of eight sessions for 

both cocaine and saline). Half of the animals were placed in the conditioning chamber 

immediately post-injection, and half were given a 15-min delay post-injection, modifications 

known to produce CPP and CPA, respectively. Following the 16 conditioning trials, a final 

test was administered to determine any change in side preference from baseline assessments. 

Forty-eight hours following place conditioning, animals were trained to traverse a runway 

to enter a goal box in which they received an injection of cocaine. Animals were given 

once-daily runway trials for 14 days; start latencies, run times and retreat behaviors were 

recorded. Forty-eight hours following runway conditioning, animals were trained to self

administer cocaine. Once stable responding was established, animals underwent 10 days 

of 1- or 6-h/day access to cocaine IVSA (0.4 mg/injection). Under these conditions, the 

magnitude of the conditioned place preference was significantly and positively correlated 

with the ranked magnitude of response escalation during self-administration (suggesting that 

a stronger positive initial response to place conditioning predicted more self-administration); 

conversely, the magnitude of the conditioned place avoidance was unrelated to response 

rates during self-administration. Further, runway start latencies were strongly and positively 

correlated with the latency to initiate self-administration responding each day (suggesting 

that high cocaine seeking in the runway test was predictive of cocaine seeking in subsequent 

self-administration). Run time was significantly and negatively correlated with the average 

number of injections that animals earned during each self-administration trial, the mean 

number of injections earned during the first hour of testing and the degree of response 

escalation observed over self-administration (i.e., the difference score between the first 

and last day of cocaine self-administration). In general, these results suggest that animals 

that have a greater positive than negative initial response to cocaine exhibit greater 

subsequent escalation of self-administration (see Cunningham et al., 2009 who found an 

inverse relationship between the aversive effects of ethanol (as indexed by taste avoidance 
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conditioning) and ethanol self-administration in mice; see also Cason and Grigson, 2013; 

Grigson and Twining, 2002; Imperio and Grigson, 2015; Twining et al., 2009 for an 

assessment of the relationship between cocaine-induced taste avoidance and cocaine self

administration).

Although suggestive of specific relationships between drug reward/aversion and self

administration, one major issue in such demonstrations concerns the fact that the procedures 

needed to assess this relationship are generally serial in nature. That is, one first 

assesses reward and aversion (using such designs as place preference conditioning and 

taste avoidance; see above) and then examines the ability of the drug to support self

administration. The difficulty with this procedure is that exposure to the drug during the 

assessments of reward and aversion could impact the drug’s self-administration, precluding 

an unconfounded assessment of drug taking. For example, if the initial exposures to the 

drug during taste avoidance and/or place preference conditioning adapted (or sensitized) the 

animal to the drug effect this could impact the likelihood or degree of self-administration 

and affect any relationships being examined (Horger et al., 1992, 1990; Schenk and 

Partridge, 1997).

Establishing associations and relationships between the drug’s rewarding and aversive 

effects and its self-administration may necessitate assessments in which both affective 

properties of the drug as well as its self-administration are established in independent 

groups of animals and the effects of various manipulations on these behavioral models are 

independently evaluated and correlated. In so doing, one can determine to what degree these 

models are affected and if changes in reward and aversion (as well as self-administration) 

are similar or different. This approach requires the use of many of the specific models 

described above for reward (e.g., ICSS, CPP and DDL), aversion (CTA) and drug intake 

(IVSA) as well as systematic evaluation of many of the issues noted in the present review, 

i.e., sex, age, dose, route, drug history.

In relation to drug history, for example, synthetic cathinone exposure has been reported to 

sensitize its own motoric effects (for cross-sensitization between the synthetic cathinones 

and other drugs of abuse, see Berquist et al., 2016; Buenrostro-Jàuregui et al., 2016; Gregg 

et al., 2013b; López-Arnau et al., 2017b). Behavioral sensitization refers to the progressive 

increase in the locomotor response to repeated exposures to drugs of abuse (Robinson 

and Berridge, 1993; Steketee and Kalivas, 2011). It is often used as a surrogate for 

psychostimulants’ rewarding effects and abuse potential (Kalivas and Weber, 1988; Pierce 

and Kalivas, 1997), given the relationship of behavioral sensitization to striatal activity and 

elevated brain amines (primarily DA) in this area and the relationship of activity in this area 

to the incentive and motivational properties of drugs of abuse (see Robinson and Berridge, 

2008). Interestingly, several studies suggest that enhanced DA transmission in the striatum 

and nucleus accumbens is associated with locomotor sensitization (Johnson and Glick, 1993; 

Kalivas and Duffy, 1990; Parsons and Justice, 1993; Robinson et al., 1988; Shoaib et al., 

1994) and direct evidence for DA’s role in behavioral sensitization action comes from the 

fact that mice lacking DAT or D1 receptors fail to develop cocaine sensitization (Kelly et 

al., 2008; Mead et al., 2002; Morice et al., 2010; Xu et al., 1994; Yao et al., 2004). The 

relationship between the neurochemical consequences and the motor stimulating effects of 
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synthetic cathinones has been investigated widely (see Table 1), but only a few studies have 

focused on behavioral sensitization with these compounds. Although only a handful have 

been examined in this context, it is clear that repeated exposure to the cathinones can induce 

behavioral sensitization and that this sensitization is consistent with relative increases in DA 

levels subsequent to DA release or reuptake inhibition via DAT binding (see Simmler and 

Liechti, 2016 for a summary).

Consistent with this work on behavioral sensitization and its relation to abuse potential, 

recent studies have shown that a history of synthetic cathinone exposure also affects 

place preference conditioning by, and self-administration of, itself and other drugs. In 

relation to place preference conditioning, Listos et al. (2017) demonstrated that adolescent 

mephedrone pre-exposure in male Wistar rats increased the rewarding effects of morphine in 

adulthood (see also Listos et al., 2017 for the facilitating effects of adolescent mephedrone 

exposure on morphine-induced conditioned place preferences in adult male Wistar rats). 

López-Arnau et al. (2017b) also recently reported that adult male Swiss CD-1 mice with 

exposure to MDPV during adolescence displayed a higher reactivity to cocaine in terms 

of locomotion, increased cocaine-induced CPP, greater PR responding for IVSA of cocaine 

and greater reinstatement of cocaine IVSA following extinction. Further, Creehan et al. 

(2015) demonstrated that female Wistar rats pre-exposed to mephedrone IVSA procedures 

subsequently self-administered more methylone, mephedrone and MDMA than animals 

without such a history. Interestingly, exposure to MDPV has also been reported to attenuate 

the aversive effects of both MDPV and cocaine (Woloshchuk et al., 2016). It remains to 

be determined how general such a drug history is on drug intake (and the relation of these 

changes to reward sensitization and aversion reduction).

The ability of a variety of synthetic cathinones to establish and support drug intake is 

well established and their rewarding and aversive effects are being characterized in various 

models. More work is now required to assess how these affective properties and their 

relationship to cathinone abuse are impacted by the host of experiential and subject factors 

known to affect drug use in general (see Cunningham et al., 2009; Riley, 2011; Riley et al., 

2018,). Understanding these relationships and how they are affected by these variables will 

likely provide critical insight into the vulnerability of the abuse of the synthetic cathinones 

and into the development of behavioral and pharmacological strategies for their prevention 

and treatment.

6. Neurotoxicology

As described above, the synthetic cathinones share many of the structural, pharmacological 

and behavioral effects of the amphetamine-like drugs, differing in chemical structure from 

their cathinone analogues only by their lack of a β-keto substitution. Some examples 

of amphetamines and their associated β-keto containing cathinones are amphetamine

cathinone, METH-methcathinone and MDMA-methylone (Kelly, 2011). These β-keto 

containing cathinones and amphetamines share the ability to interact with monoamine 

transporters to cause the release of DA, 5-HT or NE (see Baumann et al., 2012; Cameron et 

al., 2013a,b; Eshleman et al., 2017, 2013; López-Arnau et al., 2012; Simmler et al., 2013). 

Further, they alter thermoregulation (Aarde et al., 2015a; Baumann et al., 2012; Fantegrossi 
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et al., 2013; Kiyatkin et al., 2015; López-Arnau et al., 2014a, 2014b; Martinez-Clemente et 

al., 2014; Shortall et al., 2016), increase locomotor activity (Aarde et al., 2013a; Baumann 

et al., 2012; Fantegrossi et al., 2013; Gatch et al., 2013; López-Arnau et al., 2012; Marusich 

et al., 2012; Motbey et al., 2012a; Wright et al., 2012) and have high abuse potential as 

affirmed in a variety of animal models of addiction (see above). Based on the extensive 

similarities in the effects of these drug classes, it might also be predicted that the cathinone

like NPS would cause neurotoxicity to DA and 5-HT nerve endings like their non-β-ketone 

congeners METH and MDMA (Cadet et al., 2007; Colado et al., 2001; Halpin et al., 2014a; 

Jablonski et al., 2016). However, investigations into the neurotoxic potential of the synthetic 

cathinones have revealed some very surprising and unexpected results, as reviewed below.

6.1. Effects of Mephedrone on DA nerve endings of the striatum

The initial studies into the neurotoxic potential of the synthetic cathinones involved a 

comparison of mephedrone to METH. Mice were treated with mephedrone (4X - 20 or 40 

mg/kg, intraperitoneal), using the standard binge dosing regimen which is traditionally used 

in studies of METH-induced neurotoxicity. This regimen involves four injections with a 2-h 

interval between injections. Mice were sacrificed 2 or 7 days after treatment to determine 

the effects of mephedrone at those times when METH toxicity is maximal and sustained, 

respectively (Thomas et al., 2004b). The status of DA nerve terminals in the striatum was 

assessed through measures of tyrosine hydroxylase (TH), DA and DAT, each of which is a 

specific marker for DA nerve terminals. The results in Fig. 3 indicate that large doses of 

mephedrone did not change TH, DA or DAT levels by comparison to vehicle controls at 2 

days. Given that neither dose of mephedrone caused changes in DA terminals at that time 

point, only the highest dose of mephedrone (4X - 40 mg/kg) was selected to evaluate its 

possible sustained effects at 7 days. As observed at 2 days, no significant differences were 

induced by mephedrone at 7 days. By comparison, METH significantly lowers striatal levels 

of TH, DA and DAT by 70–80%, depending on the dose used and these signs of nerve 

ending damage show no evidence of recovery (Thomas et al., 2004b). Because binge dosing 

with METH increases reactive gliosis in mice (Thomas et al., 2004a) and humans (Sekine 

et al., 2008), the effects of mephedrone on microglia and astrocyte status in striatum were 

determined at the 4X-20 and 4X-40 mg/kg doses. Neither dose of mephedrone changed the 

number of activated microglia or astrocytes in striatum 2 or 7 days after treatment, and as 

a result of these initial findings it was concluded that mephedrone did not cause damage to 

DA nerve endings of the striatum (Angoa-Perez et al., 2012). These results are in agreement 

with those reported by Martinez-Clemente et al. (2014) and López-Arnau et al. (2015) for 

which no signs of microglial or astrocytic activation or even persistent (7 days) changes in 

TH and DAT levels in rat or mouse striatum were observed after mephedrone exposure (3 × 

25 mg/kg, 2 h intervals, for 2 consecutive days). Moreover, mephedrone does not appear to 

cause any overt depletion of striatal brain monoamine levels in rodents 2 (Baumann et al., 

2012; den Hollander et al., 2013) or 7 weeks (Motbey et al., 2012b) after treatment.

The synthetic cathinones are often taken with other drugs of abuse, including METH, to 

either heighten or diminish their psychoactive effects (Miller and Stogner, 2014; Winstock 

et al., 2011). In a test of this, Angoa-Perez et al. (2013) examined whether mephedrone 

would modify the damaging effects of METH on DA nerve terminals. Amphetamine and 
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MDMA were also tested in combination with mephedrone. Fig. 4 shows that mephedrone 

significantly enhanced the reductions in TH, DA and DAT caused by METH (4X - 2.5 

or 5 mg/kg). This effect of mephedrone was also seen when administered along with 

amphetamine or MDMA, using doses of each drug that were sub-maximally neurotoxic. It 

is clear from these results that the enhancing effect of mephedrone on drug-induced damage 

to the DA nerve ending generalizes to other psychostimulants of the amphetamine class 

(Angoa-Perez et al., 2013).

Previous studies have shown that the damaging effects of METH on the DA nerve 

terminal depend on the newly synthesized pool of DA (Thomas et al., 2008). Treatments 

that increase the amount of DA in this pool, including the DA precursor L-DOPA and 

the monoamine oxidase inhibitor pargyline, significantly increase the toxicity of METH, 

whereas α-methyl-para-tyrosine, which decreases this presynaptic pool of DA, significantly 

reduces METH-induced nerve ending damage (Thomas et al., 2008). In light of results 

indicating that mephedrone does not cause damage to DA nerve endings, Anneken et al. 

(2017a) treated mice with either L-DOPA or pargyline to determine if increases in the 

newly synthesized pool of DA would provoke damage by mephedrone. Neither L-DOPA 

nor pargyline interacted with mephedrone to cause damage to DA terminals. In agreement 

with previous findings, the only drug combination that showed enhanced reductions in TH, 

DA or DAT was mephedrone + METH (Anneken et al., 2017a). Taken together, these 

results indicate that mephedrone does not cause damage to DA nerve terminals, even under 

conditions that are known to increase METH-induced damage (i.e., L-DOPA, pargyline). 

These findings are surprising in light of the extensive overlap in the chemical structures of 

METH and mephedrone and in their pharmacological and behavioral effects (see above).

6.2. Effects of MDPV and methylone on DA nerve endings of the striatum

MDPV (like other pyrovalerone analogues) is somewhat unique among the synthetic 

cathinones in that it is not a substrate for transport by DAT but instead serves as an 

extremely potent inhibitor of DAT, much like cocaine (Baumann et al., 2016, 2013b; 

Cameron et al., 2013a,b; Eshleman et al., 2013; Kolanos et al., 2015a; Simmler et al., 2013). 

Methylone, on the other hand, is the β-keto analogue of MDMA. Methylone functions as 

a substrate for DAT, as well as for SERT and NET, which underlies its ability to cause 

the release of the monoamine neurotransmitters (Eshleman et al., 2013). Because MDPV 

and methylone are often found in “bath salt” formulations, but differ considerably in the 

mechanism by which they interact with monoamine transporters, Anneken et al. (2015) 

tested each for its effects on the status of the DA nerve terminal. Like mephedrone, MDPV 

does not lower the levels of TH, DA or DAT over a wide dosage range (i.e., 4X - 10, 20 

or 30 mg/kg, intraperitoneal). However, if MDPV is given prior to a neurotoxic regimen 

of METH, the reductions in TH, DA or DAT caused by the latter drug are completely 

prevented. The non-toxic standing of MDPV is reinforced by its failure to cause increases 

in astrocytosis (assessed via measures of GFAP) and by its ability to prevent the increases 

in GFAP caused by METH. Methylone, over the same dosage range, is devoid of damaging 

effects on the DA nerve terminal (Anneken et al., 2015). Like mephedrone, methylone 

has the very interesting property of enhancing the neurotoxicity of METH, evidenced by 

greater reductions in TH, DA and DAT, as well as greater increases in striatal GFAP 
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levels (Anneken et al., 2015). These findings with MDPV and methylone provide added 

insight into the mechanisms by which these drugs interact with the DA nerve terminal to 

influence the effects of METH on DA neurochemistry. MDPV, like other blockers of DAT, 

is non-toxic and provides protection against METH-induced damage (Anneken et al., 2015; 

Pu et al., 1994; Schmidt and Gibb, 1985). Methylone is slightly less potent than mephedrone 

in causing the release of DA (Eshleman et al., 2013) and is likewise non-toxic to DA 

nerve terminals and somewhat less potent than mephedrone in enhancing the neurotoxic 

properties of METH (Anneken et al., 2015). It is becoming clearer that the manner by 

which the synthetic cathinones interact with DAT (i.e., blocker or substrate) influences their 

pharmacological effects and abuse potential, but it does not explain why these cathinone 

derivatives lack neurotoxic effects on the DA nerve terminal.

6.3. Effects of synthetic cathinones combinations on DA nerve endings of the striatum

It is quite clear that at least mephedrone, MDPV and methylone, when administered alone, 

do not cause damage to striatal DA nerve endings like the non-β-keto-amphetamines. 

However, these compounds are often taken as complex mixtures by human abusers of these 

drugs, so it is important to test these drugs in combination to determine if alterations in 

the status of the striatal DA nerve ending would emerge. In this regard, Anneken et al. 

(2015) addressed the effects of mephedrone, MDPV and methylone in all possible two-drug 

combinations on striatal DA, DAT and TH. The possibility that MDPV would combine 

with either mephedrone or methylone to cause DA nerve ending damage was predicted to 

be very low because of the potency of MDPV in preventing the neurotoxicity caused by 

METH, amphetamine and MDMA (Anneken et al., 2015). This prediction was verified by 

results showing that neither MDPV + mephedrone nor MDPV + methylone caused a change 

in striatal DA, DAT or TH. Likewise, these drug combinations did not increase GFAP 

levels. Although neither mephedrone nor methylone alone is neurotoxic to striatal DA nerve 

endings, the possibility that their combination could be neurotoxic was important to examine 

because of each drug’s ability to enhance METH-induced neurotoxicity. Consistent with 

prior results, the combined treatment with mephedrone + methylone was non-toxic, leaving 

striatal levels of TH, DA, DAT and GFAP unchanged from vehicle controls (Anneken 

et al., 2015). Despite numerous attempts to provoke METH-like damage to DA nerve 

endings by the “bath salts”, the data suggest that mephedrone, MDPV and methylone are 

non-neurotoxic. This lack of neurotoxicity by the cathinone derivatives stands in stark 

contrast to the numerous other similarities shared by these drugs and the amphetamine class 

of psychostimulants.

6.4. Defining the structural elements that differentiate non-neurotoxic synthetic 
cathinones from neurotoxic amphetamines

Mephedrone and METH share remarkable overlap in terms of their chemical structures, 

pharmacological properties, behavioral effects and abuse potential, but they fall at opposite 

ends of the neurotoxicity continuum with mephedrone non-neurotoxic and METH highly 

neurotoxic. From a structural perspective, mephedrone differs from METH by the presence 

of a β-ketone substitution and the presence of a 4-methyl group on the phenyl ring. Removal 

of the β-ketone from mephedrone or the addition of a 4-methyl group to METH would 

yield 4-methyl-methamphetamine (4-MM). Correspondingly, removal of the 4-methyl group 
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from mephedrone or addition of a β-ketone to METH yields methcathinone. These four 

compounds, therefore, offer an interesting possibility for a structure-activity comparison 

with regard to DA nerve ending toxicity. The neural and behavioral pharmacological 

properties of methcathinone have been studied extensively, and it has been shown to possess 

moderate neurotoxicity in the DA neuronal system in three older publications (Gygi et al., 

1997, 1996; Sparago et al., 1996). 4-MM has not been studied in this regard heretofore. 

Comparisons of methcathinone and 4-MM offer an excellent opportunity to assess the 

relative contributions of the β-keto and 4-methyl substituents in determining neurotoxic 

potential.

4-MM was synthesized as described (Davis et al., 2012), and its structure was confirmed 

by NMR and mass spectrometry. This drug was then tested for its effects on DA nerve 

endings along with methcathinone (Anneken et al., 2017b). The results are presented in 

Fig. 5. Several interesting findings emerge from these experiments. First, 4-MM, over 

the dose range 5 to 40 mg/kg (administered 4X in a standard binge procedure), did not 

change the levels of TH, DA or DAT with the exception of a ~20% reduction in DA 

content at the highest dose. Second, 4-MM did not increase the levels of GFAP at any 

dose. Third, methcathinone over a dose range 10–80 mg/kg (administered 4X in a standard 

binge procedure) showed signs of DA nerve ending damage as evidenced by significant 

reductions in TH, DA and DAT, as well as significant increases in striatal GFAP. The 

effects of METH and MEPH on striatal TH, DA, DAT and GFAP are included in Fig. 

5 for reference (see Annekin et al., 2015) and show that METH (but not MEPH) appear 

more potent than methcathinone in causing damage to DA nerve endings. Based on the 

results in Fig. 5, 4-MM does not appear to cause damage to DA nerve endings. Because 

4-MM has not been tested, heretofore, in animal models of drug-induced neurotoxicity, it 

was important to include analyses of body temperature and locomotor activity to ensure 

that it was pharmacologically active. These studies documented significant increases in body 

temperature and locomotor activity, suggesting that 4-MM was indeed reaching the brain 

and exerting psychostimulant-like effects (Anneken et al., 2017b). Methcathinone showed 

signs of causing significant damage to DA nerve endings, but its effects were not entirely 

dose-related because the highest dose used (4X - 80 mg/kg) was not associated with the 

greatest degree of damage.

The structure-activity studies using methcathinone and 4-MM suggest that the β-ketone 

substitution (METH to methcathinone) significantly reduces the neurotoxic potential 

of METH. The addition of a methyl group (i.e., METH to 4-MM) renders METH 

completely non-neurotoxic. Although mephedrone differs from METH by its content of 

both substituents, the results from studies with 4-MM suggest that the 4-methyl group is 

playing the most influential role in rendering mephedrone non-neurotoxic.

In light of results showing that elevations in DA significantly increase the damaging effects 

of METH on DA nerve endings (Thomas et al., 2008), Anneken et al. (2017a) recently 

tested 4-MM and methcathinone for their responses to L-DOPA and pargyline, recalling 

that mephedrone is not rendered neurotoxic by either treatment. The results in Fig. 6 show 

that combined treatment of mice with 4-MM plus L-DOPA or pargyline leads to significant 

reductions in striatal DA, DAT and TH. Fig. 6 also shows that METH significantly increases 
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DA nerve ending damage when paired with 4-MM (Panels A, B and C). Parallel experiments 

with methcathinone reveal another influence of the β-keto substitution on neurotoxicity. It 

can be seen in Fig. 6 (Panels D, E and F) that the effects of methcathinone on striatal 

TH, DA and DAT are enhanced slightly after combined treatment with L-DOPA, but not 

after combined treatment with pargyline. Fig. 6 also shows that METH increases the effects 

of methcathinone to a very small extent. Taken together, these experiments suggest that 

the 4-methyl group slightly reduces the DA-induced enhancement of damage to DA nerve 

endings (i.e., 4-MM compared to METH), whereas the β-ketone substituent has a much 

greater effect in reducing the DA-induced enhancement (i.e., methcathinone compared to 

METH). Likewise, the 4-methyl group is permissive of greater additivity with METH in 

damaging DA nerve endings, whereas the β-ketone substituent almost completely prevents 

it.

6.5. Why are the “bath salts” compounds not neurotoxic to DA nerve endings?

The remarkable overlap between the synthetic cathinones and the amphetamine 

psychostimulants in terms of their pharmacological, neurochemical, behavioral and addictive 

effects can be attributed largely to their structural similarities. However, the synthetic 

cathinones are enigmatic with regard to neurotoxicity because the structural differences 

between them and their corresponding amphetamines, albeit small, are extremely important 

in determining their neurotoxic potential. The relative lack of neurotoxic potential to the 

striatal DA nerve endings of the cathinone family of compounds may be determined 

by the presence of the β-ketone substituent. Methcathinone does cause damage to DA 

nerve endings, but far less than that caused by METH. We are not aware of studies 

of cathinone neurotoxicity, but based on the lower neurotoxic potential of its non-β-keto

analog, compared to METH, we would predict that cathinone possesses low neurotoxic 

potential. The addition of a 4-methyl group to the β-keto-containing methcathinone yields 

mephedrone and further reduces the neurotoxic potential of this cathinone derivative. The 

substitution that has the greatest influence on the neurotoxic potential of mephedrone is 

the 4-methyl group. The addition of a 4-methyl group to METH, to yield 4-MM, results in 

a drug with significant psychoactive effects, but devoid of neurotoxic potential (Anneken 

et al., 2017b). Therefore, this modification probably outweighs the influence of the β-keto 

substituent in reducing the neurotoxic potential of the cathinones.

The rhetorical question at the beginning of this section could be cast in another way, i.e., 

why is METH (and amphetamine and MDMA) neurotoxic? A complete review of the 

possible mechanisms by which METH damage the brain is well beyond the scope of this 

section of this review, but the predominant theory underlying its neurotoxicity holds that 

METH enters the DA nerve ending via DAT. Once inside the presynaptic terminal, METH 

causes a modification in DAT so that DA is transported out of the presynaptic process via 

“reverse transport”. At the same time, the weak base properties of METH cause a collapse 

of the pH gradient across the vesicular monoamine transporter (VMAT), allowing its stored 

DA to leak into the cytoplasm. The gradient of DA leaking from storage vesicles into 

the cytoplasm is continuously released into the synapse via reverse DAT uptake under the 

influence of METH (Sitte and Freissmuth, 2015; Sulzer, 2011; Sulzer et al., 1993). DA 

can be oxidatively labile when dislocated from its protective neuronal compartments and 
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initiate numerous downstream reactions that ultimately lead to damage (Angoa-Perez et 

al., 2017). The interactions of the synthetic cathinones with monoamine transporters has 

been very well delineated, establishing that these drugs are either substrates for transport 

or non-substrate blockers of uptake (Baumann et al., 2016, 2013b, 2012; Cameron et al., 

2013a,b; Eshleman et al., 2014, 2013; López-Arnau et al., 2012; Simmler et al., 2013). 

Those drugs that are transported by monoamine transporters, therefore, cause release of 

the neurotransmitters much like METH. However, it is not yet clear if these drugs interact 

with VMAT in a manner that resembles the actions of METH. A limited number of studies 

have indicated that the cathinone-derivatives have much lower affinities for VMAT than the 

amphetamines and they result in lower levels of monoamine release via VMAT (Eshleman et 

al., 2013; Pifl et al., 2015). We hypothesize, therefore, that the far less potent actions of the 

cathinone-derivatives at VMAT to cause leakage of DA into the cytoplasm, by comparison 

to METH, is the mechanism that differentiates the non-neurotoxic cathinones from the 

neurotoxic amphetamines. Further support for this hypothesis must await additional studies 

on cathinone-VMAT interactions.

We must also point out that transient reductions of DA or DAT (or 5-HT and SERT) content 

in neuronal terminals may not always reflect neurotoxic effects, but instead homeostatic 

adaptions of these terminals which can be reflective of a neuroadaptive response to the 

increase in DA or 5-HT release/levels induced by psychostimulants (see reviews Baumann 

et al., 2007; Biezonski and Meyer, 2011; Siciliano et al., 2015). Moreover, although 

synthetic cathinone compounds are not neurotoxic to striatal DA nerve endings (unlike 

amphetamines), they can affect other neuronal systems and brain regions.

Among the synthetic cathinones, mephedrone is one of the most extensively studied 

in terms of its neurotoxic effects. It was initially hypothesized that mephedrone would 

cause damage to striatal DA nerve endings, much like METH. Although the literature 

regarding the neurotoxicity of mephedrone in 5-HT and DA systems remains controversial, 

the data clearly suggest that mephedrone, as with other synthetic cathinones, does not 

damage DA nerve endings, at least in the striatum. This finding does not indicate that 

mephedrone is safe for human ingestion, as it still retains substantial abuse potential 

(Karila et al., 2016; Papaseit et al., 2017a). Further, mephedrone when administered with 

sub-optimally neurotoxic doses of METH significantly enhances damage to DA nerve 

endings. L-DOPA and pargyline, treatments that enhance METH-induced neurotoxicity, do 

not combine with mephedrone to damage the DA system. On the other hand, some report 

that mephedrone alone does not produce damage to 5-HT nerve endings in the hippocampus 

(Angoa-Perez et al., 2014). This is consistent with the suggestion that mephedrone has little 

neurotoxic potential, while others (Naseri et al., 2018) have demonstrated that repeated 

use of mephedrone during gestation impairs learning and memory processes by inducing 

hippocampal damage in the offspring of mice. Other laboratories have also noted that 

mephedrone can cause CNS damage at high doses (Martinez-Clemente et al., 2014; Hadlock 

et al., 2011) and that mephedrone or methylone can damage 5-HT neuronal systems (den 

Hollander et al., 2013; López-Arnau et al., 2015, 2014ab; for a review, see Pantano et 

al., 2017). The results of these last studies may have been influenced by the elevated 

ambient temperatures utilized, as such conditions exacerbate the toxicity of comparable 

drugs (Escubedo et al., 1998; Malberg and Seiden, 1998; Parrott, 2004; Pubill et al., 
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2003). Other authors have also found oxidative damage of DNA induced by mephedrone 

in cortical cells (Kamińska et al., 2018) which is in accordance with the findings published 

by López-Arnau et al. (2015) demonstrating that the frontal cortex was one of the brain areas 

most affected. Other synthetic cathinones, e.g., MDPV, do not damage DA nerve endings in 

the striatum, leaving methcathinone as the only major member of the cathinone-derivatives 

that produces robust dopaminergic neurotoxicity (Anneken et al., 2017a; Gygi et al., 1997, 

1996; Miner et al., 2017; Sparago et al., 1996). However, Sewalia and colleagues (2017) 

have recently reported that prolonged MDPV intake induced cognitive deficits that were 

paralleled by neurodegeneration in perirhinal and entorhinal cortical regions, while other 

areas, such as the striatum, were unaffected (Sewalia et al., 2017) as mentioned in previous 

sections.

7. Clinical and preclinical toxicity and lethality

7.1. Clinical findings

The foregoing discussion has considered many of the main concerns over the rise in the 

use of the synthetic cathinones, including their potential for drug abuse and addiction, as 

well as the long-term consequences based on their potential for neurotoxicity. Although 

far from safe, most synthetic cathinones appear to have reduced potential for neurotoxicity 

compared to METH and MDMA. On the other hand, it has very commonly been thought 

that synthetic cathinones may present a greater threat of overdose than their non-β-ketone 

relatives. When discussing the potential adverse effects of these compounds, researchers 

have consistently noted increases in the number of emergency room admissions associated 

with overdoses as their use has risen (American Association of Poison Control Centers, 

2011; Wood et al., 2015, 2013). These emergency room admissions are consistent with the 

sorts of effects with which psychostimulant drugs have long been associated in terms of 

acute overdose, including acute anxiety, insomnia, fatigue, mydriasis, agitation, aggression, 

combative behavior, panic attacks, disorientation, confusion, memory loss, blackouts, 

myoclonus, excited delirium, paranoia, hallucinations, increased suicidal ideation, pyrexia, 

chest pain, tachycardia, cardiac arrhythmias and hypertension (Beck et al., 2018; Marinetti 

and Antonides, 2013). The majority of synthetic cathinone intoxication or overdose cases 

initially displayed signs of increased agitation, aggression, violent behavior and psychosis 

(CDC, 2011; Imam et al., 2013; James et al., 2011), although there may certainly be an 

over-estimation of the prevalence of such outcomes. These symptoms include primarily 

adverse neurological and cardiac effects, but cases of lethal overdose often end in multiple 

organ failure as part of the “Excited Delirium” syndrome previously reported to occur with 

other psychostimulant drugs (Marinetti and Antonides, 2013; Mash, 2016).

One factor that may contribute to the number of synthetic cathinone overdoses is the 

condition under which these drugs are taken in which individuals often do not know exactly 

what drug or drug dose they are taking. A study of electronic dance music scene patrons 

(from the summer of 2016) found that 27.8% tested positive for one or more synthetic 

cathinones (including butylone, ethylone, pentylone and α-PVP). Half of these individuals 

tested positive for a drug that they did not know they had taken (Palamar et al., 2017). 

These uncertainties may contribute to the likelihood of overdose, but they also contribute 
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to uncertainties about the risks of overdose with the cathinones, since it is often not clear 

what drugs were taken, how much was taken and what combination of drugs was used – the 

majority of overdose cases involved ingestion of multiple drugs (when there is a complete 

toxicological assessment, which is not done on a routine basis) (Papaseit et al., 2017b). 

Nonetheless, case reports that the synthetic cathinones also produce renal, hepatic and 

cardiac injury indicate that peripheral toxicity may be a primary cause of cathinone-induced 

lethality.

Renal symptoms of synthetic cathinone overdose include high blood urea nitrogen (BUN) 

levels, hyperkalemia, dehydration and hyponatremia (Benzer et al., 2013; Borek and 

Holstege, 2012; Eiden et al., 2013; Imam et al., 2013; Murray et al., 2012; Penders 

et al., 2012; Sutamtewagul et al., 2014; Thirakul et al., 2017) and increases in creatine 

phosphokinase levels, indicative of rhabdomyolysis, which may lead to acute renal injury 

(Benzer et al., 2013; Eiden et al., 2013; Imam et al., 2013; Kramer et al., 2016; Levine 

et al., 2013; Regunath et al., 2012; Sutamtewagul et al., 2014; Young et al., 2013). One 

study reported a rate of rhabdomyolysis of 63% in hospital admissions for synthetic 

cathinone overdoses (O’Connor et al., 2015), although this is certainly at the high end 

of reports. That these compounds can cause renal toxicity is not entirely surprising since 

other psychostimulants can cause renal injury through effects on vascular reactivity and 

hemodynamics mediated by sympathomimetic effects (Chiueh and Kopin, 1978; Karch, 

1987), oxidative stress (Kapasi et al., 1997) and myoglobinuria (Brannan et al., 2004; 

Vearrier et al., 2012).

Hospital admissions from synthetic cathinone overdose are also associated with cardiac 

injury, which has been reported as a cause of death. On initial hospital admission, 

patients present with elevated respiration, heart rate and blood pressure, which consequently 

lead to the presence of sinus tachycardia, cardiac arrest and reduced cardiac output. 

These symptoms are observed for a range of synthetic cathinones, including MDPV 

(Borek and Holstege, 2012), methylone (Barrios et al., 2016; Carbone et al., 2013), 3

methylmethcathinone (3-MMC) (Adamowicz et al., 2014) and mephedrone (Wood et al., 

2010). Again, this is similar to effects of classic psychostimulants (Jacobs, 2006). Although 

peripheral in nature, cardiac symptoms may result from overstimulation of adrenoreceptors 

in the CNS, indirectly triggering alterations in cardiovascular function (for a review, see 

Carvalho et al., 2012). Rhabdomyolysis may contribute to myocardial damage (Benzer et al., 

2013; Eiden et al., 2013; Imam et al., 2013; Sivagnanam et al., 2013; Sutamtewagul et al., 

2014), as is the case for other psychostimulants (Counselman et al., 1997).

Hepatoxicity has been frequently reported in cases of synthetic cathinone overdose. Most 

cases have elevations in aspartate and alanine aminotransferase levels, common indicators of 

liver damage (Borek and Holstege, 2012; Kramer et al., 2016; Murray et al., 2012; Thirakul 

et al., 2017). Additionally, post mortem histological analysis of methylone overdose victims 

have indicated hepatic portal and lobular inflammation (Benzer et al., 2013; Carbone et 

al., 2013). Although the initial neurological and psychiatric symptoms associated with 

Excited Delirium Syndrome generally abate within about 24 h, hepatic failure associated 

with synthetic cathinone overdose often emerges in the days following initial hospitalization. 

For instance, one case report of “bath salt” use indicated mildly elevated aspartate and 
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alanine transaminase levels upon admission, but levels increased close to 50-fold two days 

later (Kramer et al., 2016). Other psychostimulants such as MDMA and METH have also 

frequently produced hepatotoxic effects, which have been suggested to involve increased 

efflux of monoamines, oxidation of biogenic amines, hyperthermia, production of reactive 

metabolites, mitochondrial impairment and apoptosis (for a review, see Carvalho et al., 

2012). Moreover, impairments in liver function, resulting in increased levels of plasma 

ammonia and brain glutamate, have been suggested to play an important role in the 

neurotoxic effects of METH (Halpin et al., 2014b).

7.2. Preclinical Findings

Although it would seem that the potential toxic and lethal effects of synthetic cathinones 

are well-documented in the clinical literature, it is very difficult to draw firm conclusions 

about particular drugs due to the uncontrolled nature of the clinical circumstance. Although 

there are many clinical cases with confirmed toxicity, this is not generally the case for all 

overdoses, making epidemiology unreliable. Since new synthetic cathinones are constantly 

emerging, this would be especially difficult, even if there were a greater societal investment 

in identifying the precise causes of drug overdose in these cases. This is in addition to 

the usual difficulties with post mortem studies, e.g., varying times since exposure, varying 

qualities of sample collection and clinical observations, etc. It has already been noted 

that the vast majority of overdose cases involve the ingestion of multiple drugs, including 

various combinations of synthetic cathinones with each other and with other licit and illicit 

drugs. This makes identifying the precise risks of particular synthetic cathinones nearly 

impossible based on these data alone. Preclinical investigations should help clarify the risks 

of individual cathinones, but surprisingly little work has been dedicated to this problem.

Most preclinical work has used in vitro approaches. In one such study, Lantz et al. (2017) 

reported that cathinone phthalimide decreases membrane integrity and alters mitochondrial 

function in pheochromocytoma cells. Studies have also demonstrated hepatotoxic effects 

of MDPV (Silva et al., 2016), that are at least partially dependent on temperature 

(Valente et al., 2016). Another study found a rank order of hepatotoxicity of MDPV > 

MDMA > methylone (Valente et al., 2015). Further study found that pentedrone has even 

greater hepatotoxic and cytotoxic potential than MDPV, which was greater than MDMA, 

4-MEC and methylone (Araujo et al., 2015; Valente et al., 2016). Mephedrone was more 

cytotoxic in SH-SY5Y cells than METH, while methylone showed less toxicity than either 

METH or MDMA. Mephedrone cytotoxicity was partially prevented by DAT blockade 

or overexpression of mitochondria-protective anti-apoptotic Bcl-2. Luethi et al. (2017b) 

showed that MDPV, mephedrone and naphyrone are mitochondrial toxicants that impair 

the function of the electron transport chain and deplete cellular ATP stores in hepatocytes. 

Finally, recent studies comparing the toxicity of α-pyrrolidinooctanophenone (α-POP) and 

α-pyrrolidinoheptiophenone (α-PHPP) and other pyrrolidinophenones for several human 

cell types found that cells of the vascular, respiratory and central nervous systems were most 

sensitive to these synthetic cathinones. They established a structure activity relationship 

(SAR): toxicity depended on alkyl chain length (α-POP > α-PHPP > pyrrolidinophenones 

with shorter alkyl chains), and the 4-fluoro and 3,4-methylenedioxy modifications on α

POP and α-PHPP also increased cytotoxicity. Toxicity involved the production of reactive 
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oxygen species that was prevented by pretreatment with N-acetyl-L-cysteine (Matsunaga et 

al., 2017a, 2017b). Additional studies are certainly needed to evaluate SAR for synthetic 

cathinone-induced toxicity, as well as the mechanisms that underlie these effects which may 

provide better treatments for cathinone overdose. It is also clear that there is variability in 

their toxic potential, an understanding of which will contribute to overdose treatment, as 

well as regulatory efforts.

In vivo examination of synthetic cathinone lethality is limited to a single study to date which 

examined the lethal effects of methylone (Piao et al., 2015). This study found that methylone 

has an LD50 value that is slightly lower than METH or MDMA. Moreover, methylone 

lethality was substantially reduced in DAT knockout mice, but not in SERT knockout 

mice. This was very similar to a result obtained previously with METH (Numachi et al., 

2007). Importantly, both of these studies found a dissociation between the effects of these 

drugs on temperature and lethality. This is not to say that temperature is not an important 

factor, but rather that there is certainly toxicity that does not require hyperthermia or that 

can be reduced even in the presence of hyperthermia. Overall, the role of hyperthermia 

in cathinone-induced toxicity and lethality should be further explored. The potential of 

synthetic cathinones for toxicity and lethality (as well as the mechanisms underlying these 

effects) remain one of the least understood aspects of their use and abuse.

8. Conclusions

The present review summarizes past and current research on the behavioral and 

physiological effects of the synthetic cathinones. While until recently very little was known 

about even the most commonly used cathinones, there is now an understanding of a variety 

of issues concerning this group of drugs. For example, like other psychostimulants, they 

are used and abused, although some of these compounds may exhibit even greater potential 

for abuse than these older drugs. Synthetic cathinones also have the potential to produce 

neurotoxic effects, although for many of these drugs this may be reduced compared to 

METH and MDMA, and the clinical and pre-clinical toxicity of these compounds are well 

established. However, more research is needed to examine the neurotoxicity and general 

toxicity of the synthetic cathinones, the underlying mechanisms of this toxicity and the 

conditions under which these effects may occur. A better understanding of the abuse 

potential, neurotoxicity/toxicity and lethality of the synthetic cathinones will be important 

for future efforts aimed at limiting the societal impact of the use and abuse of these drugs as 

well as for the prevention and treatment of its toxicological effects and potential overdose.
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Fig. 1. 
Chemical structures of amphetamines and synthetic cathinones (and their common 

pharmacophore) generated by lengthening of the alkyl chain, expansion of the nitrogen 

terminus and/or ring substitution. Synthetic cathinones have an oxygen addition at the 

β-carbon position (β-ketone).
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Fig. 2. 
A model of the manner by which the balance between the rewarding and aversive effects 

of a drug might influence the affective value of the drug and its intake. As illustrated the 

drug produces both dose-dependent rewarding (green-dotted line) and aversive (red-dotted 

line) effects. The overall affective balance of these effects determines its affective balance 

(blue-solid line) and the amount of drug self-administered. Changes in the rewarding and 

aversive effects (resulting from experience with the drug or specific characteristics of the 

individual) impact a user's likelihood of subsequent use or abuse of the drug. The onset, 

asymptotic level and offset of these affective properties are likely to be drug specific, all 

of which will impact the nature of their interaction and its likelihood of use and/or abuse. 

Reprinted from Riley et al. (2018) with permission from Elsevier (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article).
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Fig. 3. 
Effect of MEPH on DA nerve endings of the striatum 2 or 7 days after treatment. Mice (n = 

6 per group) were treated with MEPH and the levels of DA, TH and DAT were determined 

at 2 days (doses of 4X- 20 or 4X- 40 mg/kg) and 7 days (dose of 4X- 40 mg/kg) after 

the last injection of MEPH. Immunoblots show only three representative samples for each 

treatment group. All immunoblots were scanned and presented as means ± SEM relative to 

controls. The effects of either dose of MEPH on DA, TH and DAT were not significantly 

different from control or from each other with the exception that DAT levels after the 

higher dose of MEPH were significantly increased over those of the lower dose (*p < 0.05, 

one-way ANOVA followed by Tukey’s test). Reprinted from Angoa-Perez et al. (2012) with 

permission from Wiley.
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Fig. 4. 
Effects of mephedrone on methamphetamine-induced reductions in striatal DA, DAT and 

TH (upper panels). Mice were treated with the indicated doses of mephedrone (MEPH) 

30 min prior to each injection of 2.5 (●) or 5.0 mg/kg (■) methamphetamine (METH) 

and killed 2d later for determination of striatal levels of DA by HPLC or DAT and TH 

by immunoblotting. Effects of mephedrone (4 × 20 mg/kg) in combination with other 

amphetamines on DA, DAT and TH levels (bottom panels). Immunoblots for DAT and TH 

(lower panels) are numbered 1–8 to represent the following treatments: 1,5: control; 2,6: 

MEPH; 3: amphetamine (AMPH); 4: AMPH + MEPH; 7: MDMA; and 8: MDMA + MEPH. 

Data are mean ± SEM for 5–7 mice per group. Some error bars were too small to exceed 

the size of the symbols and are not visible. ***p < 0.001 versus controls and #p < 0.01, ##p 

< 0.001 or ###p < 0.0001 versus the respective dose of methamphetamine (Tukey’s multiple 

comparison test). Reprinted from Angoa-Perez et al. (2013) with permission from Wiley.
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Fig. 5. 
Effects of 4 MM and MeCa on markers of dopaminergic toxicity. Mice were treated with 4 

MM (4X- 2.5, 5, 10, 20, or 40 mg/kg), MeCa (4X- 10, 20, 40, or 80 mg/kg) or saline vehicle 

every 2 h for a total of four injections at the given dose. Levels of DA (A), DAT (B), TH 

(C) and GFAP (D) were determined 48 h after drug exposure. Data are means S.E.M. (for 4 

MM: control, n = 18; 2.5 mg/kg, n = 8; 5 mg/kg, n = 8; 10 mg/kg, n = 9; 20 mg/kg, n = 12; 

40 mg/kg, n = 12; for methcathinone (MeCa): control, n = 15; 10 mg/kg, n = 6; 20 mg/kg, n 
= 6; 40 mg/kg, n = 11; 80 mg/kg, n = 10). Each experiment was performed three times, with 

differing doses, and results were then pooled for analysis. One-way ANOVA, *p < 0.05, **p 

< 0.01, ***p < 0.001, ****p < 0.0001 compared with controls, with Bonferroni’s post-hoc 

test. Reprinted from Anneken et al. (2017b) with permission from the American Society 

for Pharmacology and Experimental Therapeutics. METH and MEPH data were reprinted 

for comparison from Anneken et al. (2015) with permission from John Wiley and Sons, 

Inc. These data are not statistically compared to 4-MM and MeCa in the present figure, but 

METH elicited highly significant toxic effects on each measure in the original experiments, 

whereas MEPH had no significant effects.

Riley et al. Page 57

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 November 26.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Fig. 6. 
Effects of 4 MM and MeCa ± L-DOPA, PARG or METH on markers of striatal 

dopaminergic toxicity. Levels of DA (A, D), DAT (B, E), and TH (C, F) were determined 

in the striatum following treatment with 4- MM and MeCa ± L-DOPA (LeD), pargyline 

(PARG), or METH. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to 

controls. ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared to 4 MM. @@@p < 0.001, 
@@@@p < 0.0001 compared to METH. Data are presented as mean ± SEM. N = 5–16 mice 

per group. Reprinted from Anneken et al. (2017b) with permission from Elsevier.
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