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Preface

Drug abuse and addiction are persistent problems in modern society, and an

alarming new trend is the nonmedical use of so-called “designer drugs” or “legal

highs,” more formally known as “new psychoactive substances” (NPS). By defini-

tion, NPS are drugs of abuse that are not controlled by the 1961 Convention on

Narcotic Drugs or the 1971 Convention on Psychotropic Substances, but which

might pose a public health threat [1]. The chemical structures of many NPS are

based on compounds extracted from the biomedical or patent literature, whereas

others are analogs of illicit drugs or prescribed medications. In all cases, the

substances are engineered to evade existing drug control laws. At the present

time, there are NPS designed to mimic most major types of abused drugs –

stimulants (e.g., bath salts), cannabinoids (e.g., spice), and hallucinogens (e.g.,

NBOMes). NPS produce subjective effects resembling those of their progenitors,

but life-threatening adverse effects are well established and include tachycardia,

hyperthermia, agitation, psychosis, violent behavior, coma, and even death. Most

NPS are synthesized by Asian companies and are marketed for worldwide distri-

bution via the Internet. The United Nations Office of Drugs and Crime (UNODC)

reported that between 2008 and 2015, more than 600 NPS were identified by 102

countries and territories, and this number is expected to rise [2]. NPS represent a

serious global public health threat, since there is no quality control in their

manufacturing or packaging, and their biological effects are unknown when they

first emerge into the recreational drug marketplace.

The purpose of this book is to provide the most up-to-date knowledge about the

neuropharmacology, structure-activity relationships, and toxicology of NPS. The

initial idea for the volume was based on a symposium entitled, “Bath salts, spice

and related designer drugs: the science behind the headlines,” held at the 2014

annual meeting of the Society for Neuroscience, in Washington DC [3]. The

number of contributors for the book grew from the original symposium participants

to include an international panel of experts in the field of NPS. Eighteen peer-

reviewed chapters provide a rich source of information about the neurobiological

effects of synthetic cathinones, cannabinoids, and hallucinogens. The topics
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presented range from molecular mechanisms of action to behavioral effects and

include preclinical and clinical findings. The collective data demonstrate that NPS

can produce effects that are similar to the drugs they intend to mimic. However,

higher potency, enhanced efficacy, and idiosyncratic metabolism can render certain

NPS much more dangerous than traditional drugs of abuse. The editors are indebted

to each of the principal authors, and their coauthors, who committed time and

expertise to craft seminal chapters for the book; we are also grateful to Springer

publishing for guidance and support throughout the publication process. Our

understanding of NPS is only just beginning, yet we hope this volume provides

useful information to scientists, clinicians, law enforcement agencies, and

policymakers who are engaged in responding to the growing phenomenon of

NPS. We believe that disseminating unbiased scientific information about NPS is

a key first step for increasing public awareness about the risks associated with these

substances, thereby decreasing demand and avoiding potential harms.

Baltimore, MD, USA Michael H. Baumann

Richmond, VA, USA Richard A. Glennon

Research Triangle Park, NC, USA Jenny L. Wiley
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The Growing Problem of New Psychoactive

Substances (NPS)

Bertha K. Madras

Abstract The term “new psychoactive substances” (NPS) can be defined as

individual drugs in pure form or in complex preparations that are not scheduled

under the Single Convention on Narcotic Drugs (1961) or the Convention on

Psychotropic Substances (1971). NPS may be categorized by chemical structure,

by psychoactive properties, by biological targets, or by source (plant, synthetic, or

combined). The emergence of hundreds of NPS in the past decade is challenging for

public health and drug policies globally. The novelty of NPS, their ambiguous legal

status, ability to evade toxicological tests, swift adaptation to legal restrictions,

global Internet marketing, and scant public knowledge of their adverse effects are

among the key drivers of this twenty-first century phenomenon. Multi-disciplinary

research in areas of biology, epidemiology, prevention, and web analytics are

needed to develop effective responses in a domain capable of overwhelming current

international conventions and national drug control policies. Ultimately, research-

guided prevention education will fortify societies against this tidal wave.

Keywords Cathinones • New psychoactive substances • Synthetic cannabinoids
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1 Introduction

Foraging for food over millennia, humans serendipitously discovered that certain

plants and fungi could produce diverse sensations distinct from satiety. A few were

pleasantly arousing (tobacco, tea leaves, and coffee beans), and the liquid of

fermented plants relaxed, dulled stress or melancholy, elevated mood, and intoxi-

cated. One plant extract reduced pain, promoted euphoria, and induced sleep

(opium) while others engendered euphoria and energy (coca and ephedra), or

intoxicated, relaxed, heightened sensory perception and impaired thinking (mari-

juana). Some generated hallucinations and delusions (peyote and mushrooms).

With the dawn of modern chemistry in the late 1700s, it became feasible to purify

and identify the chemical structures of the psychoactive components in plants and

fungi. Inspired by scientific curiosity or the drive to optimize medicinal properties

of these compounds, chemists then synthesized variations of these and many other

naturally occurring compounds. The unintended consequences of this inquiry and

medical progress were not predictable: electronic sources of articles in medicinal

chemistry, pharmacology, and biology journals, of patents, and failed candidate

therapeutics became a treasure trove for entrepreneurs to craft psychoactive sub-

stances destined for furtive markets. This glut of new psychoactive substances has

overwhelmed public health services, and created paroxysms in global public policy

and legal systems. The spread of new psychoactive substances conceivably poses a
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public health challenge greater than that of substances listed in current drug

conventions.

The term “new psychoactive substances” (NPS) can be defined as individual

drugs in pure form or in complex preparations that are not scheduled under the

Single Convention on Narcotic Drugs (1961) or the Convention on Psychotropic

Substances (1971). NPS may be categorized by chemical structure, by psychoactive

properties, by biological targets, or by source (plant, synthetic, or combined). The

designation “new” is not necessarily limited to newly designed compounds with no

historical precedent, but may also include compounds modified from progenitors or

substances previously conceived of, some many decades ago. The majority are

chemical analogs of drugs in restricted categories (e.g., THC or tetrahydrocannab-

inol, cocaine, cathinone, amphetamine, or methamphetamine, ketamine, LSD or

lysergic acid diethylamide, and methaqualone), and may elicit psychoactive effects

similar to the parent drug, or a more amplified response. Others may evoke unique

or complex sensations because of their hybrid structures, or because several com-

pounds with differing pharmacological profiles are amalgamated and sold as a unit.

This diverse array includes phenethylamine derivatives such as synthetic

cathinones and their pyrovalerone analogs, synthetic cannabinoids, piperazines,

ketamine analogs, tryptamines, benzofurans, and opioids [1, 2].

At present, synthetic cathinone analogs and synthetic cannabinoids occupy a

major share of this market.

The rapid expansion of products containing NPS in the past decade is fueled by a

convergence of the information revolution, vague legal status, uncertain detectabil-

ity, and financial incentives combined with guileful marketing.

2 What Drives Expanding Use of NPS?

2.1 Information Revolution

The Internet is a “global neural network” that can be exploited to disseminate

promotion and distribution of these drugs instantly. The venues are chat rooms,

blogs, instant messaging sites, social networking, or multimedia sites. At minimal

cost, descriptions of new drugs, their positive psychoactive effects, doses, synthetic

routes, and purchasing sites are accessible worldwide on computers, or mobile

devices such as smart phones or smart watches. A blunt snapshot of the global reach

of this market can be gleaned from the European Union (EU) funded Psychonaut

Web Mapping Project, tasked with real-time identification of emerging NPS

(sometimes known as “legal highs”) through regular monitoring of the Internet.

The project detected over 200 discussion forums, social media sites, online shops,

websites, and other Internet resources on YouTube, eBay, Google, and Google

Insight [3]. Many of the marketing sites are impervious to legal sanctions, as it takes

time to deliberate the evidence and move newly emerging drugs into a legally

The Growing Problem of New Psychoactive Substances (NPS) 3



restrictive zone, especially internationally. Imperfect international agreements and

a gradual dissolution of international resolve to attenuate drug use confound

solutions to this unique problem.

2.2 Vague Legal Status and Elusive Detection

More often than not, substances that imitate controlled drugs are unscheduled,

unregulated, and not under the auspices of international law. Their nebulous legal

status is an incentive for entrepreneurs to introduce new drugs quickly into the

global market. The chemical structures of NPS differ from their progenitors (hal-

lucinogens, stimulants, depressants, and euphoriants) that reside in restrictive drug

schedules of the Controlled Substances Act (CSA) in the United States (USA), or in

analogous schedules of other nations, and in international conventions. Reviving

abandoned drugs by mining old sources (e.g., from chemical journals or patents) or

creating new entities with slight or major structural variations can transform the

restricted progenitor drug into an uncertain category of legal status, a “legal gray

zone.” The allure of NPS is magnified by current limitations in detecting them.

Identifying these drugs for forensic, workplace, legal, and policy purposes is

constrained by a lack of reference materials and the need for sophisticated detection

methods which are not routinely available (e.g., mass spectroscopy). NPS tempt

drug users who seek “legal highs” to circumvent the legal consequences of using

standard drugs [4], desire drugs to be undetectable in drug screens, and attract poly-

substance users seeking novelty in drug experiences. Despite the worldwide glut of

marijuana, synthetic cannabinoid users report their reasons for using as curiosity or

experimentation (91%), a desire to feel good or get high (89%), to relax (71%), and

to get high without risking a positive drug test (71%) [5].

The chemical structures of NPS are designed to keep one step ahead of federal

and international laws that restrict distribution and sale of specific chemicals. Law

enforcement is in a perpetual race to outflank producers of NPS, a contest as old as

the 1920s. During that era, chemists circumvented international drug laws by

developing analogs of banned opioids. By the 1960s, a wave of new psychoactive

drugs flooded American culture, some being absorbed into the culture to persist to

this day. Other drugs lost popularity, because of safety concerns and undesirable

psychoactive profiles. The incentives for producers are the same as they were

90 years ago, to evade legal sanctions and to profit before safety concerns precip-

itate scheduling. Nations respond differently to this challenge [4]. Some countries

have introduced generic controls, controls on analogs, or imposed temporary

restrictions on specific drugs until more data accumulates. Increasing surveillance

of NPS has led to legislative actions taken by the Drug Enforcement Administration

(DEA) of the USA, the World Health Organization (WHO), and other agencies of

the United Nations. The WHO Expert Committee on Drug Dependence (ECDD)

continues to review and render decisions on the scheduling of new substances [6, 7]

in 2014 and 2015.
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In the 1960s, the drug pandemonium in the USA catalyzed the formation of the

DEA in 1973, a unified federal agency charged with regulating drugs with high

abuse potential. Drugs were placed into five categories known as schedules. The

most restrictive category, Schedule I, requires validation by a preponderance of

evidence showing high abuse potential, no currently accepted medical use in

treatment in the USA, and a lack of accepted safety for use. Schedule I controlled

substances are regulated by administrative, civil, and criminal sanctions imposed on

persons who handle (manufacture, distribute, import, export, engage in research,

conduct instructional activities, and possess). Schedule II–V drugs have medicinal

uses and their placement in each of the four categories is governed by relative abuse

potential and safety profile. The DEA has emergency powers to temporarily

schedule a drug for 36 months, a time frame to accumulate evidence for/against

long-term drug scheduling. When poison control centers, emergency departments,

or morgues become flooded with patients suffering from adverse effects of NPS, the

legal “gray zone” can rapidly morph into a definitive Schedule I status. Automatic

scheduling of novel drugs can be problematic without strong evidence for potential

public harm, even if they are similar chemically and bind to the same receptors as

do analogous scheduled drugs. These parameters frequently, but not uniformly,

predict abuse liability. Examples in this regard include cannabidiol, a

non-psychoactive analog of THC of marijuana, or non-amine nitrogen derivatives

of the psychostimulants cocaine or CFT (WIN 35,428), which bind with high

affinity to the dopamine transporter but do not penetrate the CNS [8]. In an effort

to constrain the explosion of NPS, a Synthetic Drug Control Act of 2015 was

introduced in the US Congress, to add more than 200 synthetic substances to

Schedule I. Internationally, the WHO separately and in conjunction with other

United Nations agencies conducts similar surveillance and recommends updates

on scheduling.

Yet some have questioned the cost-benefit of drug scheduling and whether it

effectively curtails NPS use. With curiosity and experimentation as primary moti-

vators for NPS users of synthetic cannabinoids, despite a glut of marijuana, this

contention is questionable [5]. It has been argued that an unintended consequence

of drug scheduling may be the distribution of more dangerous drugs to replace the

scheduled drug. An example is α-PVP (α-pyrrolidinovalerophenone, or “flakka”) a
demethylated derivative of pyrovalerone and analog of cathinone. α-PVP was

gleaned from an early patent or perhaps from a more recent medicinal chemistry

manuscript focused on medications for cocaine addiction [9]. More than 130 deaths

have been associated with α-PVP, and hospitalizations were required for non-fatal

acute intoxications. In cases where α-PVP use was established unambiguously by

forensic verification, neurological and cardiovascular effects consistent with an

extensive psychostimulant toxidrome have been observed and included

cardiotoxicity, violent behavior, and display of psychotic behavior [10]. Emergency

scheduling to ban methylone (3,4-methylenedioxy-N-methylcathinone) and MDPV

(3,4-methylenedioxypyrovalerone) saw increases in methylone encounters with

law enforcement, although whether prevalence of use increased in tandem is not

clear [11].
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On the other hand, mephedrone (4-methyl-N-methylcathinone) and related

cathinones were controlled in the United Kingdom (UK) in 2010. Emergency

department presentations of patients with acute toxicity related to mephedrone

peaked prior to, and then fell significantly following, the control of mephedrone.

The control of mephedrone in the UKmay have been effective in reducing the acute

harm associated with the drug [12].

2.3 Guileful Marketing

Wily packaging and labeling often blurs the authentic identity of NPS, reduces

stigma, and attempts to evade legal sanctions with disclaimers. Packaging resem-

bles standard quality products: “bath salts,” “soap,” and misleading labeling insin-

uates innocuous use: “air fresheners,” “legal/herbal highs,” “plant food,” “insect

repellent,” “fireplace kindling,” “bidet refreshers,” and “humidity adsorbents.”

Disclaimers (“not for human consumption,” “research purposes only,” and

“research chemicals”) attract less legal attention and provide a veil of legitimacy

on promotional materials. To entice consumption by young users, some synthetic

cannabinoids, cathinones, and phenethylamines are sold in packages embellished

with bright colors and cartoons and marketed with tasty varieties (blueberry,

strawberry, mango, and bubblegum).

NSP are distributed in the USA in convenience stores, “head shops,” stores

catering to adult products, smoke shops, gas stations, and via the Internet. They may

be displayed openly, or hidden from view to be sold only to trusted customers.

Although the more common NPS are restricted, a small change in structure can

transform a regulated into an unregulated chemical and nullify regulatory oversight.

Legal constraints are less manageable if NPS are sold via the Internet, especially

since their sources are mainly in Asia or unidentified, and may be beyond the reach

of law enforcement. Financial incentives for producer and consumer are another

driver of this market. The synthetic routes for producing most NPS are not chal-

lenging for competent chemists. The enterprise is lucrative, as the cost of starting

materials is inconsequential compared with high markups in retail sales. Based on

the cost of a dose unit, the user can purchase certain synthetic drugs at far lower cost

than conventional drugs sold on street markets [1].

3 Scope of the NPS Problem

3.1 Prevalence and Use

Synthetic cathinones (mephedrone and MDPV) were among the first NPS to

emerge and are frequently used interchangeably with other stimulants such as
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amphetamine and MDMA. Cathinones are primarily synthesized in Asia, exported,

and then packaged. In Europe, more than 70 new cathinones have been recently

identified. The EU Early Warning System (EWS) recorded the appearance of

418 NPS during the period of May 2005–December 2014 [13–15], with more

than 450 of them currently monitored by the European Monitoring Center for

Drugs and Drug Addiction [16]. In 2014, 101 new substances were detected for

the first time and reported to the EWS, including 31 designer cathinones, 30 syn-

thetic cannabinoids, and 9 phenethylamines. Sixteen public health alerts were

issued in 2014. In the same year, the United Nations Office of Drugs and Crime

documented the emergence of 540 different NPS in a worldwide survey of 80 coun-

tries [17]. It is estimated that 2.9 million people 15–24 years in the EU have

tried NPS.

In the USA, NPS were first encountered in 2009 and since then, more than

250 new synthetic compounds have been identified. Synthetic cannabinoid use

remains the most prevalent [18]. Synthetic cannabinoids are the fourth most popular

drug class among 8th graders (after marijuana, inhalants, and amphetamines), the

third most popular among 10th graders (after marijuana and amphetamines), and

the fourth most popular among 12th graders (after marijuana, amphetamines, and

Adderall®). Current Monitoring the Future survey data shows that there were no

significant increases or decreases in use of “bath salts” in 2015. Use rates of MDMA

(3,4-methylenedioxymethamphetamine), or ecstasy or Molly declined among 8th,

10th, and 12th graders since 2010, and continued to show significant declines in

2015 among 10th and 12th graders [19]. Despite these promising trends, indicators

of use gleaned from the American Association of Poison Control Centers (AAPCC)

show that in 2014, there were 3,677 calls to poison centers regarding synthetic
marijuana exposures, a 37.8% increase from 2,668 in 2013. This represents the first

increase since the number of calls peaked in 2011 at 6,968, with 2012 and 2013

showing a decline in the number of calls.

In contrast, AAPCC statistics show a declining number of calls to poison centers

for cathinone exposure. For the year 2014, there were 580 calls, a 41.7% drop from

the 995 calls in 2013. In the previous reporting period from 2012 to 2013, the

number of calls dropped from 2,691 to 995, a 63% decrease. Although the data

suggests that synthetic cathinone abuse is declining, the rebranding of these drugs

as MDMA, “molly,” or “flakka,” to confuse or conceal their content as a synthetic

cathinone, may compromise accuracy of self-reported survey data. Users may

report MDMA use, when in fact the substance is a cathinone such as methylone

or ethylone, or a pyrovalerone analog. Sophisticated analytical methods are the only

procedures able to clarify trends in use of psychostimulant substances.

3.2 Medical Consequences

Most chemical classes of NPS can produce adverse psychiatric and medical con-

sequences ([20]; see Schifano et al. this volume). Patients intoxicated with NPS
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present a significant burden to healthcare professionals, especially those involved

with emergency medical care. The long-term neuropsychiatric consequences of

NPS exposure are not known, but acute effects (e.g., agitation, hallucinations,

psychosis, violent behaviors, and coma) are associated with their use. In the

USA, an alarming spike in toxic exposures and fatalities associated with abuse of

synthetic cannabinoids has occurred.

3.3 Purity and Quality

Quality control in manufacturing and a standard of purity do not exist for NPS.

Cautious buyers may seek sellers who offer safety data or documented purity, but

no regulatory bodies guarantee these claims. Each substance may harbor contam-

inants, or incorrectly identified compounds, to confer a potential health risk. The

potent dopamine neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine) was a contaminant generated during clandestine synthesis of

a meperidine analog in the 1980s. Had the target chemical been synthesized and

purified according to procedures described in the source medicinal chemistry

journal, the byproduct MPTP would not have produced severe parkinsonism in

seven young heroin addicts [21]. Another repugnant example of indifference to

purity, quality control, or safety in clandestine production is manganese contami-

nation of ephedrone used in its synthesis [22]. Users can develop an “ephedrone

parkinsonism” (EP) characterized by a complex, rapidly progressive, irreversible,

and levodopa non-responsive parkinsonian and dystonic syndrome due to manga-

nese toxicity.

NSP packets often include multiple substances. The chemical compositions of

packets sold as “bath salts” (cathinones) vary widely, as do purity and safety. A

convenience sample of 35 individual packets of “bath salt,” purchased in six

California cities and over the Internet, identified and quantified all substances in

these products [23]. The majority of products (91%) contained either one (n¼ 15)

or multiple cathinones (n¼ 17). Of the 14 different compounds identified, MDPV

was the most common. Other cathinones detected were buphedrone, ethcathinone,

ethylone, MDPBP (an MDPV analog), α-PBP (an α-PVP analog), other designer

amines (ethylamphetamine and fluoramphetamine), and 5-IAI (5-iodo-2-

aminoindane). Also detected was the antihistamine doxylamine, which had not

been previously identified in the US “bath salt” products. In some cases, dramatic

differences were found in either total cathinones or synthetic stimulants between

products, even with the same declared weight and even between identically named

and outwardly appearing products. These findings reveal not only inconsistencies in

overall composition of “bath salts” from batch to batch, but significant qualitative

and quantitative differences of cathinones and other drugs.

The cannabinoids in “Spice” or “K2” are also heterogeneous and contain a

number of unregulated compounds [24]. In a 3-year study involving over 3,000

products described as vegetable material, powders, capsules, tablets, blotter paper,
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or drug paraphernalia, forensic testing confirmed the presence of 26 synthetic

cannabinoids, 12 designer stimulants, and 5 hallucinogenic-like drugs. Overall,

synthetic cannabinoids were significantly more prevalent than all the other designer

drugs detected, but precise compositions were unpredictable and often formulated

with multiple agents. The synthetic cannabinoids JWH-018, AM2201, JWH-122,

JWH-210, and XLR11 were most commonly detected in green vegetable material

and powder products. But tablets, capsules, and powders also contained designer

stimulants such as MDPV, methylone, and pentedrone (-

α-methylaminovalerophenone). Hallucinogenic drugs were rarely detected, but

generally found on blotter paper products. Without quality assurance and with

deceptive labeling, compounds vary from product to product, from batch to batch

and even contain “hot spots” within each packet. This array of untested poly-

pharmaceuticals places users at risk of adverse health consequences, and baffles

emergency department physicians and staff who are powerless to identify the most

significant threat to patient health and select effective antidotes.

4 Role of the Internet

4.1 Drug-Related Content Exists Across Social Media Sites

Drug policy, public health, and substance use research are being challenged by the

emergence of the Internet to promote and market NPS anonymously. NPS conven-

tionally were sold in buildings hosting “specialty shops,” gas stations, or on the

street, venues that limit sales, customer base, and expose the distributors to law

enforcement. The Internet has recently evolved into a primary base of operations

for NPS, changing the dynamics of marketing, reducing risk to suppliers and

buyers, and expanding markets globally without personal contacts. It enables sellers

and buyers to directly purchase precursors or products from source countries online.

Social networking sites, drug-themed apps, video- and picture-sharing services,

and drug forums are venues for discussions, advertisements, and sales. Open

websites distribute non-controlled substances or NPS with nebulous legal or inter-

national controls. “Dark net markets” which exist covertly on the Internet and are

inaccessible through standard web browsers provide anonymity in buying and

selling NPS. In 2013, EMCDDA identified 651 websites selling “legal highs” to

Europeans [13–15]. These overt or covert sites may use untraceable currencies such

as bitcoin and litecoin. Online, virtual drug markets, international sources, and

cryptic websites challenge drug control policies and enforcement [14]. The evi-

dence is insufficient on the role of social media in supply and use of NPS to

formulate policies addressing these sites.
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4.2 Harnessing Social Media

The Internet may be the driver of NPS, but it can also be used to counter its impact.

Social media has been exploited to clarify patterns of drug use, reasons for using,

and to improve prevention and treatment outcomes [25]. Regular multilingual

qualitative assessments of websites, fora for drugs, and other online resources

have been conducted using the Google search engine in eight languages from

collaborating countries [26]. An online survey of the UK youth on a website

found 31.4% of the respondents reported use of mephedrone (41.4%), Salvia
divinorum (20.0%), “Spice drugs” (10.7%), methylone (1.4%), naphyrone (NRG)

(2.1%), benzylpiperazine (BZP) (2.1%), with 15.7% not knowing what they were

consuming. The majority (78.9%) considered these substances to be legal, while

50.8% were aware that illegal substances were included in the product.

A Recreational Drugs European Network (RDEN) project established itself as

the first Europe-wide prevention program designed for NPS using novel commu-

nication technology-based forms of intervention. Prevention messages have been

developed, tested, and disseminated via technological tools such as interactive

websites, SMS alert, social networking (Facebook and Twitter), multimedia

(YouTube), smartphone applications (iPhone), and virtual learning environments

(Second Life). More than 650 NPS products and combinations were identified and

relevant information disseminated to target populations. Advice given to the EU,

international agencies, and national policy makers concluded that web-monitoring

activities are needed to map the spread of NPS and match these data with targeted

prevention programs. International partnerships were deemed fundamental for

shaping a response to this international challenge.

5 Various Classes of NPS

5.1 Most Common Classes of NPS

There are a variety of NPS which include psychostimulant cathinones and their

pyrovalerone derivatives, cannabinoids, hallucinogens, dissociative anesthetics,

and opioids. The two most commonly used classes of drugs in the USA are

synthetic cannabinoids and cathinones. Synthetic cannabinoids (commonly

known as “Spice” and “K2”) are synthesized in laboratories and simulate, but are

not pharmacologically identical with THC, the main psychoactive ingredient in

marijuana.
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5.2 Stimulant “Bath Salts”: Cathinones and Pyrovalerone
Analogs

Cathinones, also commonly known as “bath salts,” can produce pharmacological

effects substantially similar to cathinone, methcathinone, MDMA, amphetamine,

methamphetamine, and cocaine. The trace amine phenethylamine, found in the

brain, is the backbone for most stimulant-type NPS. Analogs of cathinone and

pyrovalerone (a pyrrolidine derivative of cathinone) are relatively easy to prepare

and can be chemically fashioned in a myriad of ways to produce stimulants,

stimulant-hallucinogens, or “entactogens” or “empathogens.” Variants currently

available represent a small fraction of conceivable structures. Among the more

common ones detected recently in the USA are

ethylone>MDMA>methylone> α-PVP>MDPV [11]. Mephedrone, methylone,

ethylone, and pyrovalerone analogs, including MDPV, NRG, and α-PVP
(“flakka”), are among the chemicals packaged as “bath salts,” with substituted

cathinones (synthetic derivatives of the stimulant cathinone in the plant khat) the

most commonly found. These packets are sold as plant foods, insect repellent, bath

salts, stain removers, under brand names such as Bliss, Blue Silk, Cloud Nine, Ivory

Wave, and others. The products have been widely available in the UK for several

years, but emerged in the USA more recently. They are typically manufactured in

Asia and then imported into the USA through mail services, packaged and resold in

stores or via the Internet.

Synthetic cathinones are usually insufflated or swallowed in their powder or

crystal forms but can also be administered by injection, smoking, gingival delivery,

or injection via intramuscular or other routes. Nationwide, typical male and female

abusers of these substances range from teenagers to those in their 40s. Users often

have an extensive history of drug abuse. Some abusers describe the effects as

similar to methamphetamine, ecstasy, and cocaine, and have referred to the sub-

stances as “complete crank” while others use the term “fake cocaine” or “fake

MDMA.” Synthetic cathinones produce amphetamine-, MDMA-, or cocaine-like

subjective effects by activating monoamine signaling in the brain and periphery via

monoamine transporters (see Glennon and Dukat, this volume). These pharmaco-

logical effects are consistent with alterations in dopamine, serotonin, and norepi-

nephrine biology [27]. The subjective effects of synthetic cathinones have

previously been reviewed [28, 29], with the current book updating the literature.

Clinical symptoms reported by healthcare providers involve the majority of organ

systems: psychiatric, neurological, gastrointestinal, cardiac, pulmonary, renal, eyes,

ear, nose, and throat. The spectrum of psychoactive effects includes aggression,

dizziness, memory loss, seizures, blurred vision, anxiety, hallucinations, depres-

sion, dysphoria, euphoria, fatigue, increased energy and decreased concentration,

panic, and paranoia. Other reported effects involve palpitations, shortness of breath,

chest pain, dry mouth, abdominal pain, anorexia, vomiting, erectile dysfunction,

discoloration of the skin, and muscular tension. Negative effects of synthetic

cathinone use can include heart attacks, kidney and liver failure, paranoia, panic
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attacks, and rhabdomyolysis (breakdown of muscle tissue). They can also produce

extreme agitation, which accounts for the steep rise in emergency department

mentions. Not all cathinones are the same, with each eliciting a somewhat unique

set of health risks and psychoactivities. Use continues, especially among youth,

regardless of mounting evidence that they engender risks and adverse conse-

quences, including emergency department mentions, slow clearance of adverse

effects, addiction, psychiatric and cardiovascular effects, and even death. A paucity

of information exists on the biological, physiological, and toxicological effects of

many of these drugs, especially regarding their long-term effects after heavy and

prolonged use.

5.3 Synthetic Cannabinoids

Synthetic cannabinoids were initially reported in the USA in December of 2008.

The popularity and abuse of these substances and associated products has spread

rapidly since then. Synthetic cannabinoids originally were limited to a few com-

pounds (e.g., JWH-018 or 1-pentyl-3-(1-naphthoyl)indole), but others emerged

rapidly, in parallel with the explosion of unique designer cathinones. JWH-018,

JWH-073, JWH-200, CP-47,497, and cannabicyclohexanol were packaged and sold

individually, or dusted on plant material and marketed with misleading designa-

tions. More recently identified cannabinoids include XLR11, AB-FUBINACA, and

AB-PINACA [30]. Prior to being temporarily placed in Schedule I on March

1, 2011, “K2” and “Spice” were marketed under the guise of “herbal smoking

mixtures,” “incense,” “herbal blends,” “air freshener” and designated “not for

human consumption.” Promoted as legal alternatives to marijuana, they became

widely available over the Internet, and sold in gas stations, convenience stores,

tobacco and head shops to various populations.

Synthetic cannabinoids are distinctly different from the progenitor

phytocannabinoids in Cannabis sativa or Cannabis indica. They are a conglomerate

of a number of compounds designed to mimic the effects of THC in marijuana, and

do so by targeting the cannabinoid receptors in brain. However, “Spice” or “K2”

synthetic cannabinoids differ from marijuana because of their high potency and full

efficacy at CB1 receptors, active metabolites, more robust and persistent effects,

and the possibility of activating other non-cannabinoid brain receptors (see Wiley

et al., this volume). Each year different cannabinoids emerge in the market, the

chemical composition of “Spice” changes, and physiological and toxicological

effects remain unknown in this shifting marketplace.

“Spice” has been implicated in numerous medical emergencies and reports of

toxicity [30–33]. Symptoms may resolve spontaneously, but range from mild to

moderate intoxication, nausea, emesis, weakness, tachycardia, hypertension to

psychosis. Several reports have described users in “excited delirium,” agitated,

and sweating profusely. Severe symptoms include cardiac arrhythmias, myocardial

infarction, hyperthermia, psychosis, respiratory depression, flaccid paralysis,
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rhabdomyolysis, seizures, coma, and even death. Protocols for emergency

responses are “ad hoc” for each individual, with antidotes based not on a large

body of pharmacological evidence, but on what is effective for the individual

[34, 35]. Synthetic cannabinoids conceivably are addictive but the full spectrum

of long-term consequences remains unknown.

5.4 Other New Psychoactive Drugs

The full spectrum of NPS is beyond the scope of this Introduction. Hundreds of

other NPS exist, beyond the categories of synthetic cathinones and cannabinoids.

These compounds can be classified by structure (e.g., piperazines, benzofurans,

2C-phenethylamines, tryptamines, NBOMe, methoxetamines, diphenidines, and

synthetic opioids), or on the basis of their likely psychoactive effects (e.g.,

psychostimulants, hallucinogenic/psychedelics, cannabimimetics, dissociative

anesthetics, and opioid-like) [36]. Each generation of NPS is not designed to

improve safety but to increase markets. As these compounds change, as their

doses remain unknown, and as the majority have not undergone systematic evalu-

ation in laboratory animals or humans, their use amounts to a global human

experiment without informed consent, safety standards, or safeguards [36].

6 Solutions

6.1 Research Informed by Data-Sharing

As witnessed by the opioid epidemic in the early twentieth century, the surge in

NPS may overwhelm agencies and healthcare provisions globally before interna-

tional and comprehensive strategies mature, or if social customs divert attention to

different drugs. Synthetic drug producers rapidly adapt to shifting drug trends and

legal status by modifying chemical structures to develop legions of new “legal”

NPS. The advent of novel compounds is announced instantaneously on social

media and other Internet sites, leading to quick adoption and significant profits

before the legal gray zone evaporates. Some infrastructure exists to subdue this

global challenge to public health; the US DEA, the WHO’s Expert Committee on

Drug Dependence, the EMCDDA, and the United Nations Office on Drugs and

Crime (UNODC) monitor NPS sites. In the USA, a newly established National

Drug Early Warning System (NDEWS, http://ndews.org/) uses state-of-the-art

methodologies to track emerging drug trends and disseminate information. Yet

exploitation of the Internet and other forms of social networks [37–40] for an

effective NPS public education/prevention campaign has not materialized on an

ambitious grand scale. Nor is there a research infrastructure developed to shape
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effective prevention messages that counter the appeal of NPS, and that targets

appropriately user demographics, advertising methods, that account for the influ-

ence of interpersonal ties, and how to shape and deliver effective messages to

educate potential or actual users on NPS.

The core of a prevention campaign is scientific evidence to document the

potential consequences to users. Accumulation of such research data has been

thwarted by the sheer number of current NPS, the complexity of marketed packets

crammed with multiple drugs, and the complex pipelines for broadcasting and

marketing NPS to evade legal restraints [41]. Research costs become prohibitive,

considering the labor-intensive, time-consuming systematic evaluation of a single

drug, multiplied by hundreds of unique substances, the swift emergence of others,

and the complexity of exploring multiple drug combinations. These limitations

clearly necessitate the use of large-scale biological screening methods and concen-

tration on the most problematic substances. Integrated real-time Internet monitor-

ing of trends can streamline the process.

6.2 Monitoring of Social Media

Research on NPS has been slow to adapt to social media as a form of communica-

tion. Improved methods of monitoring online social media content, possibly

through real-time, well-constructed web analytics, can rapidly identify new trends.

Research needs to progress from static identifiers of drug-related social media

content to assessing how it affects drug use and how to exploit web analytics to

shape prevention. Some examples of media monitoring include an NIDA-sponsored

NDEWS which collects data from social media and web platforms to identify illicit

drug trends and a program to interrogate the role of social media in drug use,

addiction, prevention, and treatment. The EMCDDA also uses sophisticated tech-

niques for monitoring web-based drug trends. Notwithstanding these important

achievements, integration at an international level may be necessary as the trends

in NPS apparently spread from different focal points in different nations.

6.3 Integrating Sources of NPS Information

Clinical cases, emergency department mentions, poison control centers, forensic

lab reports (pathology and toxicology), medical reportage, and drug seizures

provide critical information for emergency drug scheduling by international agen-

cies and for public health responses. Is it possible to streamline this laborious,

assimilative process in real-time and develop rapid responses in a timely manner?

Efficient monitoring and responses would require real-time data entry, web analyt-

ics, integration of international databases to assist in developing guidelines for
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prioritizing prevention, in addressing medical emergencies, in forensics, and

alerting national laboratories of the need for new chemical standards.

7 Gauging Biological Effects

7.1 Screening for and Testing NPS

The majority of NPS have not been subjected to extensive testing in controlled

laboratory conditions. New compounds or analogs of known drugs can affect brain

function unpredictably. Yet the responses they elicit in humans are gleaned largely

from single case reports. An algorithm of key screening strategies in vitro and

in vivo can inform the field and provide leads for emergency department antidotes.

One effective method for predicting drug mechanisms is by broad automated

screening at key elements of brain communication systems, the neuro-receptorome,

which includes transporters, receptors, and ion channels [42]. Current neuroscience

research has identified the biological substrates of “classical” drugs of abuse, which

generally affect these three target categories [27]. With new or hybrid structures, it

is important to be receptive to unpredictable targets. For example, the plant-based

hallucinogen salvinorin A was presumed to function at the classic hallucinogenic

receptor, the serotonin 5-HT2A subtype, until broad receptor screening identified its

agonist actions at the kappa opioid receptor [43]. Deciphering the subtleties of

target actions require further excavation of receptor agonist/antagonist, transporter

substrate/inhibitor, or channel facilitator/blocker properties. Broad screening may

also identify molecular targets contributing to side effects [44]. Preclinical behav-

ioral, pharmacological, and physiological screening can offer limited but valuable

information on the abuse liability of new compounds and potentially hazardous

neurotoxic, cardiovascular, pulmonary, or temperature dysregulating effects, as

well as pharmacokinetic properties, rates of metabolism, and pharmacology of

metabolites. Psychiatric symptoms, which cannot be modeled adequately in ani-

mals, require clinical case reportage.

7.2 The Unknowns

The long-term consequences of continued use of NPS (brain and organ damage,

cognitive impairment, addiction, psychosis, and psychiatric symptoms) remain

essentially unknown for most drugs and require intense scrutiny, with defined

tests that efficiently address this void. Other unknowns include the unpredictable

responses elicited by a mixture of three or five compounds sold in the same packet,

or in “hot spots” generated by spraying plant material, whether the pharmacological

effects of a drug mixture will be additive, synergistic, antagonistic, or whether NPS
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synergistically or antagonistically interact with other drugs (e.g., alcohol or

medications).

8 Public Education

8.1 Public Awareness and Research

Public awareness of the risks posed by NPS is scant and coordinated; international

efforts to exploit social media are embryonic in nature. Public unawareness of

specific hazards posed by NPS, of how drugs are approved as prescription medica-

tions, and of NPS misinformation proliferated via the Internet is not balanced by

compelling counter-evidence. Factual online prevention videos inspire few views in

comparison with videos and chat rooms that portray NPS in a positive light.

Research on how to develop effective messages and increase traffic to Internet

prevention sites is essential to drive scientifically based information towards Inter-

net users at risk. Targeted messages may also offer NPS users opportunities to

engage in bidirectional communication, that can tailor, if necessary, information on

treatment and recovery support services.

9 Conclusions

The emergence of NPS is challenging for public health and drug policies globally.

The novelty of NPS, their ambiguous legal status, ability to evade toxicological

tests, swift adaptation to legal restrictions, global Internet marketing, and lack of

public awareness are among the key drivers of this twenty-first century phenome-

non. Multi-disciplinary research in areas of biology, epidemiology, prevention, and

web analytics are needed to develop effective responses in a domain capable of

overwhelming current international conventions and national drug control policies.

Ultimately, research-guided prevention education will fortify societies against this

tidal wave.
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Structure-Activity Relationships of Synthetic

Cathinones

Richard A. Glennon and Małgorzata Dukat

Abstract Until recently, there was rather little interest in the structure-activity

relationships (SARs) of cathinone analogs because so few agents were available

and because they represented a relatively minor drug abuse problem. Most of the

early SAR was formulated on the basis of behavioral (e.g., locomotor and drug

discrimination) studies using rodents. With the emergence on the clandestine

market in the last few years of a large number of new cathinone analogs, termed

“synthetic cathinones”, and the realization that they likely act at dopamine, norepi-

nephrine, and/or serotonin transporters as releasing agents (i.e., as substrates) or

reuptake inhibitors (i.e., as transport blockers), it has now become possible to better

examine their SAR and even their quantitative SAR (QSAR), in a more effective

and systematic manner. An SAR picture is beginning to emerge, and key structural

features, such as the nature of the terminal amine, the size of the α-substituent,
stereochemistry, and the presence and position of aromatic substituents, are being

found to impact action (i.e., as releasing agents or reuptake inhibitors) and trans-

porter selectivity.

Keywords DAT • Methcathinone • Monoamine transporters • NET • QSAR •

SAR • SERT
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1 Introduction

Structure-activity relationship (SAR) studies aim to define the qualitative influence

of chemical structure on a given biological action and are focused on identifying

what, and to what extent, substituents and – where applicable – the stereochemistry

of substituents alters activity (i.e., action, potency). Recognized, but not widely

acknowledged, is that more than a single SAR might be formulated for a given

series of agents [1]. Consider that the behavioral actions of a series of agents might

be related to their ability to activate a specific neurotransmitter receptor in the brain.

An SAR might be formulated for these agents to bind at the target receptor using an

in vitro radioligand binding assay (often referred to as a structure-affinity relation-
ship or SAFIR study), whereas a different SAR might be formulated for their ability

to act as agonists in an in vitro functional assay (e.g., some of the agents that display

affinity for the receptor might function as weak partial agonists or antagonists rather

than as agonists at the receptor of interest). Additionally, compounds that fail to

bind at the receptor might act in an allosteric manner. Furthermore, the SARs for

these actions might differ from SAR derived from their behavioral actions because

some of the agents might be rapidly metabolized in vivo, or might be unable to

penetrate the blood-brain barrier to reach their intended target. SAR is essentially

linked to the assay from which the biological data were obtained, and the formu-

lated SAR is not always conveniently extrapolated to different pharmacological

actions/assays.

Quantitative structure-activity relationship (QSAR) studies attempt to explain

why/how certain structural features influence the actions of a given series of agents.

Once SAR studies have been conducted, a QSAR study can be performed using

correlational analysis (often referred to as a Hansch analysis) to identify whether

action/potency within a series of agents might be related to a specific physicochem-

ical property of the substituent being altered. Measures include, but are not limited

to, electronic character (as measured by the Taft steric parameter Es or Hammett σ
value), steric size (e.g., volume), overall or specific shape (e.g., Verloop parame-

ters), and lipophilicity (π values). Other parameters consider the molecule as a

whole.

Typically, SAR and QSAR studies are not an end unto themselves; rather, they

are a means to an end. For example, the results of such studies can be employed

(1) in drug design, to enhance the potency or selectivity of an agent; to reduce side

(or off-target) effects; to reduce toxicity, or to alter metabolism; and (2) to inves-

tigate mechanisms of drug action.

As a general caveat, SAR and QSAR studies should focus on data derived from a

common assay – ideally, data generated from the same laboratory and obtained
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under similar conditions. Employing biological data for one compound from one

study with data from (an)other compound(s) from different laboratories or from

unrelated studies does not provide reliable SAR results other than from, perhaps, a

simple qualitative perspective. The latter approach is not uncommon when a new

agent has been identified and attempts are being made to learn something of

interest. Certainly, such data are not amenable to QSAR studies. Better yet are

data generated where the structure of a molecule is modified one substituent at a

time whereby results can be related back to a common molecule in a systematic

manner (i.e., nonlinear SAR; see Fig. 1A), or where structures can be related to one

another by a single structural alteration (linear SAR; see Fig. 1B). Another

approach to SAR is to “deconstruct” a molecule by removing one substituent at a

time to identify its influence on a particular action (see Fig. 1C); the latter is actually

a combination of the above two approaches.
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Fig. 1 Examples of three

types of SAR studies that

can be pursued. Panel (A)

depicts a nonlinear SAR

study where the structure of

a molecule is modified one

substituent at a time; results

can be related back to a

common molecule in a

systematic manner. Panel

(B) exemplifies how

structures can be related to

one another by a single and,

usually, position-consistent,

structural alteration. Panel

(C) is a combination of

these two approaches and

depicts the concept of

“deconstruction”
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All of the above approaches are commonly used to formulate SAR, and, indeed,

most have been employed to investigate the SAR of synthetic cathinones. However,

it should be realized that results emanating from these SAR studies are not always

unambiguous. For example, considering the “deconstruction” approach, substitu-

ents E and F (Fig. 1C) might influence one another. That is, the presence of

substituent E (or F) might be impacted by the adjacent substituent (i.e., one of

these substituents might alter the orientation or role of the other – e.g., E might

hydrogen bond with F, but in the absence of F it cannot – or E and F might sterically

repel one another, changing their steric orientation, which would not be the case

when one of the two substituents has been removed). The possibility of rotomeric

binding also exists. For example, when the E and F substituents are present along

with the D substituent, binding might occur in a manner dictated by the D substit-

uent. However, when the D substituent is absent, rotomeric binding might occur.

That is, the E/F (only)-substituted compound might bind as shown in the lower right

hand corner of Fig. 1C. As a consequence, SAR studies, certainly “deconstruction”

studies, must take these possibilities to the heart, and SAR should be formulated

conservatively; alternate SAR interpretations could be possible.

This chapter attempts to capture the SAR and, where possible, to examine the

QSAR, of the synthetic cathinones. Unfortunately, due to the variety of assays

employed over the last several decades, strict SAR comparisons are often difficult

to make, and most studies of synthetic cathinones have been typically of an agent-
only nature. That is, most investigators, and rightfully so, have tended to focus on

individual agents appearing on the clandestine market in order to characterize and

classify them. Sometimes, several agents might have been examined in the same

study, but, because the agents possessed multiple structural alterations, it can be

difficult, if not impossible, to formulate reliable SAR. However, the number of new

synthetic cathinones is increasing at an alarming rate. In a United Nations Office of

Drugs and Crime report [2], 44 synthetic cathinones had already been identified as

having appeared on the clandestine market prior to 2013. According to a European

Drug Report, there were greater than 10,000 seizures of synthetic cathinones in

Europe in 2013 alone, and 70 were identified as being “new” analogs that had not

been encountered hitherto [3]. In 2014, of 101 new psychoactive substances not

previously identified, synthetic cathinones represented the largest single category

(31%). And new synthetic cathinones continue to appear. Hence, although an agent-

by-agent investigation would be required to fully characterize the pharmacological

actions of these 150 or so entities, SAR and QSAR studies on a more limited

number of agents might assist in providing tentative classifications and guidance as

to what might be expected in terms of action(s) and potency. One intent of

SAR/QSAR studies with synthetic cathinones is to forecast the actions of agents

that have yet to appear (or that have recently appeared) on the clandestine market. It

is not the intent of this chapter to review the overall pharmacology of synthetic

cathinones; rather, it is to examine SAR. For the most part, only those studies

addressing SAR, or studies where some SAR can be formulated in a retrospective

manner, will be cited. The information will be provided in, more or less, chrono-

logical order so that the reader can appreciate some of the problems that were
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encountered along the way. The remainder of this chapter is divided into three

sections. The first section deals with early SAR studies involving cathinone culmi-

nating in the identification of methcathinone; the second section focusses on initial

SAR investigations involving methcathinone, and the final section describes the

most recent SAR and some QSAR findings.

2 Early SAR of Cathinone

These studies represent those conducted between the time of discovery of cathinone

(1) and progress into the mid- to late 1990s. Cathinone, specifically S(�)cathinone

or S(�)1 (see Fig. 2 for chemical structures) was identified in 1975 as the active

stimulant component of the shrub Catha edulis. Upon its discovery, S(�)cathinone

(S(�)1) was simply referred to as “cathinone”; note: early studies used the term

“cathinone” to refer only to the S(�)-isomer, whereas more recent studies use the

term “cathinone” to refer to racemic or (�)cathinone unless stereochemistry is

specifically defined. Prior to 1975, it was thought that (+)cathine (2, Fig. 2)

represented the major stimulant constituent of the plant. Not unexpectedly, then,

some of the first investigations focused on a pharmacological comparison of these

two agents, cathinone and (+)cathine, and on the stereochemical aspects of

cathinone. The United Nations Narcotics Laboratory synthesized cathinone and

its optical isomers in 1978 and made samples available shortly thereafter. It was

soon shown that cathinone (1) was more potent than (+)cathine (2) as a locomotor

stimulant in rodents and in other behavioral studies (reviewed: [4]). For example, in

tests of stimulus generalization using rats trained to discriminate S(+)amphetamine

(AMPH, S(+)3, Fig. 2), S(�)cathinone (S(�)1) was several times more potent than

(+)cathine (2), and nearly as potent, typically more potent, than AMPH (S(+)3).
Likewise, S(�)cathinone was more potent than (�)cathinone and R(+)cathinone
both as a locomotor stimulant and in drug discrimination studies with AMPH-
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trained and cathinone-trained rats. Hence, two of the earliest relevant SAR findings

were that oxidation of the hydroxyl group of (+)cathine (2) to its corresponding keto

analog (i.e., cathinone, 1) resulted in retention of stimulant action and an increase in

behavioral potency and that S(�)cathinone was more potent as a stimulant or

amphetamine-like agent than R(+)cathinone.
The reduced in vivo potency of (+)cathine (2) relative to cathinone (1) might be

attributed to its lower lipophilicity (cLogP ¼ 0.81 and 1.16, respectively) and the

consequent decreased ability of 2 to penetrate the blood-brain barrier, and/or

because the hydroxyl group of 2 is simply not pharmacologically tolerated by its

target protein.

Although the (+)-isomer of amphetamine is the more potent of its two optical

isomers (i.e., it represents the eutomer), it is the (�)-isomer that represents the

cathinone eutomer. Regardless, it is the absolute configuration of these isomers, the

S-isomer in both cases (Fig. 2), not their optical rotation as designated by + or �,

that most accurately describes their structural relationship in three-dimensional

space.

Some of the next SAR questions addressed were (1) does the α-methyl group of

cathinone contribute to its stimulant/stimulus actions, (2) what is the effect of aryl

substitution, and (3) will N-alkylation alter the potency of cathinone? Initially,

because cathinone was a central stimulant, these questions were addressed by

examining their locomotor actions in rodents and discriminative stimulus effects

in rats (such studies are still being employed). As time went on, it was demonstrated

that cathinone, like amphetamine, was a dopamine (DA) releasing agent, and later

studies turned in that direction to investigate SAR.

α-Demethylation: As a locomotor stimulant in mice, α-desmethylcathinone (4,

Fig. 3), where the α-methyl group of cathinone has been eliminated, was inactive at
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several times the effective dose of cathinone [5]. In drug discrimination studies,

4 failed to substitute (i.e., produced vehicle-appropriate responding) at doses of up

to 10 times the ED50 dose of S(�)cathinone (S(�)1) both in rats trained to

discriminate AMPH [6] or (�)cathinone from saline vehicle [7, 8]. As a releasing

agent of tritiated dopamine ([3H]DA) from rat caudate nucleus,

α-desmethylcathinone (4) was about one-fourth as potent as S(�)cathinone

[9]. Much more recently, it was shown that 4 is about one-third as potent as

cathinone (EC50 ¼ 208 nM and 83 nM, respectively) as a DA releasing agent in a

rat brain synaptosome preparation [10]. If the behavioral effects of cathinone are

related to the release of dopamine via the dopamine transporter (DAT), as are those

of amphetamine, some effect might have been expected for the doses examined; it

would appear, then, that α-desmethylcathinone (4) either does not readily enter the

brain and/or it is rapidly metabolized in vivo. It might be noted that

β-phenylethylamine (PEA), the α-desmethyl analog of amphetamine, also failed

to substitute in AMPH-trained rats [7] even though it is only about one-third as

potent as AMPH as a depolarizing agent (i.e., the signature of a releasing agent) at

the human dopamine transporter [11]. Reith et al. [10] demonstrated that PEA is

about one-fourth as potent as AMPH as a dopamine releasing agent. Chain exten-

sion of 4 also resulted only in weakly active compounds [9].

Aryl-substitution: Relatively few ring-substituted cathinone analogs have been

examined. 2-Methoxycathinone, 4-methoxycathinone, 2,4-dimethoxycathinone,

and 4-fluorocathinone (5–8, respectively) failed to produce locomotor stimulation

in mice at several times as an active dose of S(�)cathinone [5]. In rats trained to

discriminate (�)cathinone from vehicle, 4-methoxycathinone (6) and

4-hydroxycathinone (9) produced saline-like effects, and 4-chlorocathinone (10)

produced only partial generalization [7].

In AMPH-trained rats, 3,4-methylenedioxycathinone (MDC, 11) elicited partial

(50%) substitution, followed by disruption of the animals’ behavior at slightly

higher doses [12]. This was an indication that MDC (11) likely produces central

effects other than, or in addition to, its AMPH-like action. Indeed, MDC (11) fully

substituted in rats trained to discriminate the empathogen MDMA (i.e.,

1-(3,4-methylenedioxyphenyl)-2-aminopropane, Ecstasy) from vehicle [12]. MDC

(11) is the β-keto or β-carbonyl counterpart of MDA, and drug discrimination studies

hinted that MDC might possess MDMA-like behavioral qualities.

Conformational constraint: 2-Amino-1-tetralone (12, Fig. 3) is an example of a

conformationally constrained analog of cathinone. In rats trained to discriminate

AMPH from saline vehicle, 12 produced saline-like responding at 10 times the

ED50 dose of S(�)cathinone; however, as a releasing agent of [3H]DA from rat

caudate nucleus, it was only about five times less potent than S(�)cathinone [9].

N-Alkylation: Similar to amphetamine, cathinone is a central stimulant and a DA

releasing agent. Because N-monomethylation of amphetamine, to afford metham-

phetamine, enhances its stimulant potency, N-(mono)methylcathinone was pre-

pared and termed “methcathinone” (MCAT, 13, Fig. 4) analogous to

amphetamine/methamphetamine terminology [13]. Although this entity was first

synthesized in the early twentieth century, and its locomotor stimulant actions in
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rodents were noted (reviewed: [4]), it was not until the term “methcathinone” was

coined that 13 became a serious target of investigation. Shortly thereafter, it was

found that methcathinone (13) constituted a serious drug abuse problem in the

former Soviet Union where it was known as ephedrone; however, reports of its use

had yet to be disseminated in the scientific literature (reviewed: [4]).

Methcathinone (13) was identified as a potent DA releasing agent, a locomotor

stimulant in rodents, and as an agent more potent than methamphetamine in tests of

stimulus generalization in drug discrimination studies (see Table 1) using AMPH-

trained rats [12]. S(�)Methcathinone also substituted in S(+)methamphetamine and

(�)ephedrine-trained rats [14, 15]. Behaviorally, S(�)methcathinone was found

more potent than its R(+)-enantiomer in drug discrimination (Table 1) and mouse

locomotor studies when enantiomeric comparisons were made.

Homologation of the N-methyl group of methcathinone (13) to an ethyl (i.e.,

ethcathinone) or n-propyl group (14 and 15, respectively, Fig. 4) resulted in small

declines in potency in drug discrimination studies with rats trained to discriminate

AMPH from vehicle (Table 1).

More recently, ethcathinone (14) was shown to behave both as a weak DA

reuptake inhibitor (IC50 ¼ 1014 nM) and a weak DA releasing agent

(EC50 ¼ 2118 nM), whereas its propyl homolog 15 was found inactive as a DA

reuptake inhibitor [10].

N-Isopropylcathinone (16) and N-tert-butylcathinone (17) (Fig. 4) produced

stimulant-characteristic hyperlocomotion in rats at doses of 7.5 mg/kg and 10 mg/

kg, respectively, that were approximately half that seen following administration of

methcathinone at 5 mg/kg [16]. Compound 17 is the des-chloro analog of the

antidepressant bupropion (18, Fig. 4), and bupropion was also found to be a

locomotor stimulant in the same study mentioned above at doses of 10 and
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15 mg/kg. In rats trained to discriminate AMPH from saline vehicle, bupropion (18)

(ED50¼ 5.4 mg/kg) fully generalized to (+)amphetamine, but was 18 times lower in

potency; of six bupropion metabolites, only one substituted for the AMPH stimulus:

S,S-hydroxybupropion (19, Fig. 4) (ED50 ¼ 4.4 mg/kg) [17].

A number of years later, Carroll et al. [18] conducted a very thorough SAR

investigation of three dozen bupropion analogs by examining their binding at the

DAT, norepinephrine transporter (NET), and the serotonin (5-HT) transporter

(SERT), their actions as reuptake inhibitors at all three major transporters, their

locomotor stimulant actions in mice, and their stimulus generalization properties in

rats trained to discriminate cocaine from vehicle. The majority of the analogs

possessed the tert-butyl amine substituent common to bupropion (18). The

des-chloro analog of bupropion (i.e., 17) displayed about one-sixth the affinity of

bupropion (18) at DAT, was equipotent at NET and inactive at SERT, was about

half as potent as 18 as a locomotor stimulant, and substituted in cocaine-trained rats.

Another interesting observation was that extension of the α-methyl side chain had a

pronounced influence on affinity at DAT with the following rank order of potency:

-methyl < -ethyl < -n-propyl > n-butyl >n-pentyl > n-hexyl, with the n-hexyl
analog still binding with an affinity comparable to bupropion (18). A

conformationally constrained bupropion analog (i.e., the N-tert-butyl 5-chloro

counterpart of 12) displayed little affinity for DAT (or NET or SERT) but was

twice as potent as 18 as a locomotor stimulant.

Together, these findings suggested that fairly bulky substituents are accommo-

dated on the terminal amine of cathinone, but that they tended to decrease the

potency of the resultant agents as amphetamine-like stimulants. At the time, little

was known about the mechanism(s) of action of these agents.

N,N-Dimethylation of cathinone (i.e., N,N-dimethylcathinone or N-
methylmethcathinone, 20, Fig. 4) resulted in retention of AMPH-like stimulus

action, but with about half the potency of methcathinone (13); the S(�)-isomer of

20 was more potent than racemic 20 (Table 1). It might be mentioned that 20, also

termed dimethylpropion, metamfepramone, and DMCN, was once examined as an

anorectic agent; investigation of its metabolism in human subjects revealed that

nearly half of an orally administered dose of 20 was metabolically demethylated to

what is now termed methcathinone (13) [19]. Hence, some of the behavioral actions

ascribed to 20 might be the result of its metabolism to 13.

Table 1 Comparison of

stimulus generalization

potencies of several

amphetamine and cathinone

analogs to substitute for

training drug using rats

trained to discriminate S(+)
amphetamine from saline

vehicle [12]

Agent ED50 (mg/kg)

(�)Amphetamine (3) 0.71

(�)Methamphetamine 0.49

(�)Methcathinone (13)

S(�)13

R(+)13

0.37

0.25

0.66

(�)Ethcathinone (14) 0.77

(�)N-n-Propylcathinone (15) 2.02

(�)N,N-Dimethylcathinone (20)

S(�)20

0.61

0.44
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Summary: Learned from early SAR studies was that (1) oxidation of the

β-hydroxyl group of (+)cathine to cathinone enhances its stimulant character;

(2) cathinone is an amphetamine-like central stimulant with potency nearly com-

parable to, or greater than, that of amphetamine; (3) the S(�)-isomer of

cathinone is more potent than its R(+)enantiomer in various behavioral assays;

(4) α-demethylation abolishes cathinone-like behavioral actions up to the doses

evaluated, but results in an agent that retains DA releasing action; (5) aryl substi-

tution, at least for those analogs examined, reduces or abolishes amphetamine-like

stimulant/stimulus actions; (6) conformational constraint of the side chain of

cathinone, as in 2-amino-1-tetralone (12), diminishes stimulant character; (7) N-
monomethylation (viz. methcathinone, 13) enhances the potency of cathinone in

behavioral assays; (8) S(�)methcathinone is more potent than R(+)methcathinone

in behavioral assays; (9) homologation and/or increasing the bulk of the N-methyl

group of methcathinone to an ethyl, n-propyl, isopropyl, or tert-butyl group results

in retention of stimulant character but in a reduction in potency; and (10) N,N-
dimethylation of cathinone results in retention of amphetamine-like character, but

with a slight decrease in potency. Early studies also provided evidence that

cathinone (1) and methcathinone (13) behaved, at least in part, as DA releasing

agents.

3 The Methcathinone Years

Until the mid-1990s, studies focused primarily on structural modification of

cathinone; however, once methcathinone was identified as a potent central stimu-

lant, there was a shift in attention to analogs of the latter. There was also a better

understanding that methcathinone and some of its analogs might be acting as DA

releasing agents. SAR derived from behavioral studies began to decline somewhat

in favor of studies that focused more on the SAR for releasing action at the DAT.

Eventually, methcathinone became a US Schedule I substance.

Due to the substantial potency of methcathinone (13) as a central stimulant,

investigations were conducted on the stimulus generalization of methcathinone and

its optical isomers S(�)13 and R(+)13 (Fig. 5) in cocaine-trained rats, the use of

methcathinone as a potential training drug in drug discrimination studies, and on

rodent locomotor studies on a few aryl-substituted methcathinone analogs.

In a locomotor assay in rats, 3-bromomethcathinone (21, Fig. 5) produced

hyperlocomotion at doses of 7.5 and 10 mg/kg comparable to that produced by

methcathinone at 5 mg/kg, whereas 4-bromomethcathinone (22), now termed

brephedrone or 4-BMC, was inactive at these doses [16]. Subsequently, in a related

assay in rats, 4-trifluoromethylmethcathinone (4-CF3 MCAT, 23) was inactive as a

locomotor stimulant [20].

In cocaine-trained rats, stimulus generalization occurred with the following

order of potency (ED50 values given in parenthesis): S(�)MCAT (0.18 mg/

kg) > (�)MCAT (0.39 mg/kg) > R(+)MCAT (0.51 mg/kg) > cocaine (2.6 mg/
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kg) [21]. Later, Kohut et al. [22] showed that methcathinone also substituted for

cocaine in monkeys.

Unlike MDC (11), methylenedioxymethcathinone (MDMC, methylone, 24), the

N-methyl analog of MDC, substituted in AMPH-trained rats; however, it was six

times less potent than methcathinone [12]. MDMC (24) also substituted in MDMA-

trained rats [12].

S(�)Methcathinone was demonstrated to serve as a training drug in rats, and

stimulus generalization occurred upon administration of other central stimulants

with the following order of potency (ED50 values given in parentheses): S(�)

MCAT (0.11 mg/kg; 0.5 μM/kg) > S(+)methamphetamine (0.17 mg/kg, 0.9 μM/

kg) > (�)MCAT (0.25 mg/kg, 1.2 μM/kg ) > R(+)MCAT (0.43 mg/kg, 2.1 μM/

kg) ~ (�)cathinone (0.41 mg/kg, 2.2 μM/kg) [23]. As an aside, it might be noted

that the S(�)methcathinone stimulus also generalized to cocaine (ED50 ¼ 1.47 mg/

kg, 4.3 μM/kg) [23].

Because methcathinone (13) had been shown to act as a releasing agent at the

DAT, a SAR study was conducted, and several agents were compared for their

ability to release DA, norepinephrine, and 5-HT from rat brain synaptosomes

[24]. Some of the data are shown in Table 2.
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Table 2 Biogenic amine

releasing potency of several

agents of interest [24]

EC50 (nM)

Agent DAT NET SERT

S(+)Amphetamine S(+)3 24.8 7.1 1765

S(+)Methamphetamine 24.5 12.3 736

S(�)Cathinone S(�)1 18.5 12.4 2386

S(�)Methcathinone S(�)13 14.8 13.1 1772

(+)Cathine 2 88.3 15.0 Inactive

(�)Cathine 25 1371.0 137.0 Inactive

Structure-Activity Relationships of Synthetic Cathinones 29



The behaviorally more potent S-isomers of cathinone (1), methcathinone (13),

amphetamine (3), and methamphetamine displayed comparable potencies, and

similar potencies as releasing agents, at DAT and NET (Table 2). All displayed

lower potencies as 5-HT releasing agents. The potency of (+)cathine (2) as a

norepinephrine releasing agent was comparable to that of the above agents; how-

ever, 2 was severalfold less potent than the others at DAT and inactive at SERT

(Table 2). Data for (�)cathine (25) is shown in Table 2 for comparison. Interesting

is that an AMPH stimulus generalized to all of the agents in Table 2 except for (�)

cathine (25) [25] supporting a possible role for DA and/or norepinephrine in their

actions. A decade later, Cozzi et al. [20] compared the actions of 4-CF3 MCAT (23)

with those of its 2- and 3-substituted positional isomers; introduction of the –CF3
group had a deleterious effect on DAT and NET release and resulted in enhanced

selectivity for SERT, and 23 was found to lack activity as a locomotor stimulant in

rats (the other two positional isomers were not examined).

From these investigations, it was (1) confirmed that S(�)methcathinone is more

potent than R(+)methcathinone as a central stimulant/stimulus, (2) shown that S(�)

methcathinone is a potent DA and norepinephrine releasing agent, (3) demonstrated

that introduction of aryl substituents decreases the stimulant and DAT releasing

effects of methcathinone, and (4) shown that S(�)methcathinone can be used as a

training drug to examine the stimulus effects of other cathinone and non-cathinone

central stimulants.

4 Current SAR Studies

In 2010, Iversen [26] submitted a report to the British Home Office on the alarming

emergence of synthetic cathinone analogs on the European clandestine market. This

ushered in a new era in cathinone research. A recent PubMed search (accessed

December 20, 2015) for “synthetic cathinones” yielded 189 papers published

during the 5-year period between January 2011 and December 2015.

One early drug combination popular around 2010 was referred to as bath salts; it
was also known by several other names. Bath salts contained either methylone

(MDMC, 24), mephedrone (26), methylenedioxypyrovalerone (MDPV, 27)

(Fig. 6), or a combination of one, two, or more of these and/or other agents
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CH3
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CH3
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OCH3

Fig. 6 Two early “bath

salts” constituents:

mephedrone (26) and

MDPV (27)
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(reviewed: [4]). Some information was already available about methylone (24)

(vide supra), but little was known about the other two agents. Based on SAR

already formulated for cathinone and amphetamine analogs, it was suspected that

mephedrone (26) would be a DA releasing agent with reduced potency and selec-

tivity relative to methcathinone (13). MDPV (27) represented something “new,”

although Meltzer et al. [27] had already examined several related pyrovalerones

(but not MDPV) as DA reuptake inhibitors for their therapeutic potential.

Various investigators demonstrated that these three synthetic cathinones

(methylone, mephedrone, MDPV), among others (see below), behaved as locomo-

tor stimulants in rodents (e.g., [28–34]), were self-administered by rats [29, 35, 36],

and produced discriminative stimulus effects similar to other central stimulants

using methamphetamine-trained and cocaine-trained rats [32, 37] and MDPV-

trained mice [31]. There is substantial difficulty in formulating a reliable SAR for

these agents (not the intent of the original investigations and very difficult in

retrospect) because the studies were not focused on SAR; this is related to the

paucity and structural diversity of agents examined in the individual studies, the

different animal species employed, the different routes (e.g., i.v. versus i.p. or i.m.)

of drug administration, and the various temporal parameters employed. Gatch et al.

[37] made the observation that although locomotor activity was a good predictor for

dose ranges to be examined in their subsequent drug discrimination studies, the

magnitude of locomotor stimulation might not be a good predictor of abuse liability

for the agents they examined. They also speculated that reaching a threshold level

of neurotransmitter release or reuptake might be sufficient to produce behavioral

effects, but that subtle differences might not be important.

Attention turned to the ability of synthetic cathinones to act at biogenic amine

neurotransmitter transporters (i.e., DAT, NET, SERT) that might underlie their

behavioral effects. Mephedrone (26) was shown to behave as a DA releasing agent.

Within a year after the Iversen [26] report, MDPV (27) was shown to display

characteristics of a DA reuptake inhibitor. Using a frog oocyte preparation

transfected with hDAT, mephedrone (26) produced dopamine-like depolarization,

whereas MDPV (27) produced cocaine-like hyperpolarization [38–40]. These are

the signatures of a releasing agent and a reuptake inhibitor, respectively. Simmler

et al. [41] later examined several synthetic cathinones and found that mephedrone

(26) was nearly equipotent as an inhibitor and releaser of DA and 5-HT, but

substantially more potent as an inhibitor of NET. In contrast, MDPV (27) was a

potent reuptake inhibitor at DAT and NET, a very weak inhibitor of SERT, but did

not release DA or 5-HT [41]. Eshleman et al. [42] reported similar results. These

overall findings were similar to what was reported by Baumann and co-workers

[30] (Table 3), except that methylone (MDMC, 24) was more potent as a DA

releasing agent than a reuptake inhibitor. Different investigators employed different

assays (procedures, radioligands, etc.,) – hence, differences exist with respect to the

results shown here. So again, there are problems to formulate reliable SAR between

studies.
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Expansion of the methylenedioxy ring of methylone (24) to an ethylenedioxy

ring (i.e., ethylenedioxymethcathinone, EDMC, 30, Fig. 7) decreased its potency as

a releasing agent at all three transporters by two- to threefold [43]. Homolgation of

the α-methyl group of methylone (24) to an α-ethyl group (i.e., butylone, 31) and

replacement of the methylenedioxy group of MDPV (27) with a fused phenyl ring

(i.e., naphyrone, 32) resulted in reuptake inhibitors at the three transporters

[41, 42]. Naphyrone (32) was five- to tenfold more potent than butylone (31) at

DAT, NET, and SERT and five- to tenfold less potent than MDPV (27) at DAT and

NET, but 10 times more potent than MDPV (27) at SERT. It was apparent from

these (and other concurrent or subsequent) investigations that substituents on the

terminal amine and/or at the α-position of cathinone analogs have a significant

impact both on the actions of these agents as releasing agents (i.e., as substrates)

versus reuptake inhibitors, and on their selectivity for the major biogenic amine

transporters.

Synthetic cathinones as reuptake inhibitors: MDPV (27) was unique among the

synthetic cathinones appearing on the clandestine market because it was the first of

them to be identified as a DA reuptake inhibitor. Figure 8 shows a systematic SAR

deconstruction of MDPV (27) to determine which of, and to what extent, its various

structural features contribute to its actions as a DA reuptake inhibitor [44]. All of

the compounds shown in Fig. 8 behaved as reuptake inhibitors but varied appre-

ciably with respect to potency. Removal of the carbonyl group, converting MDPV

to its amphetamine analog 33, reduced its potency by about eightfold, whereas

removal of the methylenedioxy substituent (i.e., α-PVP, 34) had a negligible effect.
The length of the α-side chain would appear to be critical; shortening the side chain
(i.e., MDPPP, 35) resulted in a > 25-fold decrease in potency. With an intact side

chain, the next most important feature was the amine. Conversion of the amine from

the simplest tertiary amine (i.e., 36, dimethylone) to a secondary or primary amine

(i.e., 37 or pentylone and 38, respectively) ultimately resulted in a 200-fold

decrease in potency).

Because the methylenedioxy group played a minimal role in the ability of

MDPV (27) to act as a DAT inhibitor, a series of analogs lacking this functionality

was examined with a focus on SAR [47]. These analogs might be viewed as being

derived from α-PVP ( flakka, 34) (Fig. 9 and Table 4) – currently, a very popular

Table 3 Effect of several synthetic cathinones on synaptosomal release and reuptake inhibition at

biogenic transporters; data for amphetamine and cocaine included for comparison [30]

Release EC50 (nM) Reuptake inhibition IC50 (nM)

DAT NET SERT DAT NET SERT

Methylone (24) 117 140 234 1232 1031 1017

Mephedrone (26) 51 58 122 762 487 422

MDPV (27) n.a. n.a. n.a. 4.1 26 3349

S(+)Amphetamine 5.8 6.6 698 93 67 3418

Cocaine n.a. n.a. n.a. 211 292 313

n.a. not active, demonstrating release <35%
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drug of abuse. Using the deconstruction process, the α-n-propyl group of 34 was

shortened in a stepwise manner [47]. Truncation of the α-propyl substituent to an

α-ethyl group (i.e., α-PBP, 41, Table 4) reduced potency by about threefold, and

further contraction to an α-methyl group (i.e., α-PPP, 40) resulted in an overall

>tenfold decrease in potency. Elimination of the α-n-propyl group altogether – that
is, replacement by –H (i.e., 39, Table 4) – resulted in a nearly 200-fold decrease in

potency. Nevertheless, all of the analogs behaved as DA reuptake inhibitors. The

findings support those shown in Fig. 8 in that the α-substituent of synthetic

cathinones plays a major role in their actions as reuptake inhibitors at DAT when

the amine substituent is held constant as a pyrrolidine moiety. In addition, none of

the analogs was effective as a reuptake inhibitor at SERT (IC50 > 10,000 nM).

From these data, it can be surmised that the length of the α-substituent is influential
for DAT action, but that action at SERT might not readily accommodate a

pyrrolidine moiety regardless of the length of the α-substituent.
Because the length/bulk of the α-substituent seemed important for these agents

to act as reuptake inhibitors at DAT, additional compounds were examined (i.e., an
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“elaboration” investigation – see Glennon and Young [1] for conceptual details).

Increasing the length of the α-substituent from n-propyl (i.e., 34) to n-butyl (i.e.,
α-PHP, 42) resulted in a slight increase in potency (Table 4). Branching of the

α-ethyl side chain of 41 to its isopropyl counterpart 43 reduced potency by about

50% (Table 4). But, as might now be expected based on the information provided in

Table 4, increasing the bulk of this branched analog should result in increased

potency. Elaborated analogs 44 and 45 (IC50 ¼ 17.1 and 8.3 nM, Table 4) were at

least as potent as α-PVP (34) [47].

Compound 46 is a conformationally constrained analog of 41; its potency

(IC50 ¼ 12,900 nM) is >200-fold less than that of 41. Ring expansion of the

pyrrolidine ring of α-PVP (34) to a piperidine ring (i.e., 48 IC50 ¼ 128 nM) resulted

in a sevenfold decrease in potency; likewise, the piperidine analog of 40 (i.e., 47

IC50 ¼ 2490 nM) also displayed reduced potency. The overall results of these

studies are not inconsistent with results published by Meltzer et al. [27] on a related

series of pyrovalerones although, in their studies, most of the compounds possessed

aryl substituents such that direct SAR comparisons are difficult to make.

Pyrovalerone (29) possesses a chiral center and two optical isomers are possible;

the S-isomer was 100 times more potent than its R-enantiomer as a reuptake

inhibitor at DAT [27]. Both isomers were less potent at NET and SERT. MDPV

(27) also exists as a pair of optical isomers (Fig. 10), and both were prepared and

examined [45] with respect to their neurochemical actions on neurotransmitter

reuptake and behavioral effects in an assay of intracranial self-stimulation (ICSS)

in rats – a behavioral procedure used to evaluate abuse potential. In assays of DAT

uptake inhibition, S(+)MDPV (IC50 ¼ 2.13 nM) was twice as potent as (�)MDPV

(IC50 ¼ 4.85 nM) and 180-fold more potent than R(�)MDPV (IC50 ¼ 382.80 nM);

as such, the S-isomer was 100-fold more potent than cocaine (IC50 ¼ 198.80 nM).

Table 4 Potency of deconstructed and elaborated α-PVP (34) analogs to inhibit synaptosomal

reuptake at DAT [47]

HN
O

R

CH3

Agent R IC50 (nM)

39 –H 3250

40 –CH3 196.7

41 –CH2CH3 63.3

34 –CH2CH2CH3 17.5

42 –CH2CH2CH2CH3 11.6

43 –CH(CH3)2 92.3

44 –C5H9 17.1

45 –C6H11 8.3
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The three were less potent at NET uptake inhibition, but with the same rank order of

potency, IC50 ¼ 9.86 nM, 16.84 nM, and 726 nM, respectively, relative to cocaine

IC50 ¼ 395.9 nM. Neither (�)MDPV nor either of its optical isomers inhibited the

reuptake at SERT. S(+)MDPV produced an abuse-related and dose-dependent

facilitation of ICSS in rats, and the potency of S(+)MDPV (significant facilitation

at doses �0.1 mg/kg) was greater than that of (�)MDPV, whereas R(�)-MDPV

failed to alter ICSS at doses up to 100 times greater than the lowest effective dose of

S(+)MDPV [45].

Another preliminary finding, although additional studies are required, was that

the N-methyl quaternary amine counterpart of MDPV (i.e., Q-MDPV, 49, Fig. 10)

produced hyperpolarization in frog oocytes transfected with hDAT ([48], Sakloth,

Solis, DeFelice, Glennon, unpublished data). These results suggest that 49 can act

as a DAT reuptake inhibitor.

One of the first QSAR studies published on synthetic cathinones to inhibit

reuptake at DAT indicated that potency is related to the “size” of the α-side chain
[46, 48]. That is, using the data shown for the eight agents in Table 4, potency was

significantly correlated both with the volume (r ¼ 0.909) and the lipophilicity (π
value, r ¼ 0.917) of their α-substituents. However, for the substituents in this set,

Table 5 Potency of selected 4-substituted methcathinone analogs as releasing agents at DAT and

SERT, and in a rat ICSS assay, used in a QSAR study [46]

HN
O CH3

R

CH3

Agent R

DAT

EC50

(nM)a

SERT

EC50

(nM)a
DAT

selectivityb

ICSS

maximum %

baseline

facilitationc

Methcathinone (13) –H 12.53860 309 191.9

Flephedrone (50) –F 83.41290 15.4 156.3

Methedrone (51) –OCH3 506 120 0.24 110.9

4-Chloromethcathinone (52) –Cl 42.2 144 3.40 114.9

4-Bromomethcathinone (22) –Br 59.4 60 1.01 118.0

Mephedrone (26) –CH3 49.1 118 2.41 102.5

4-Trifluoromethylmethcathinone (23) –CF3 2700 190 0.07 90.9
aEC50 values and ICSS data are from Bonano et al. [49]
bDAT selectivity calculated as (DAT EC50)

�1 � (SERT EC50 )
�1; higher values indicate greater

DAT selectivity
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volume and π were highly intercorrelated (r ¼ 0.997). Additional studies will be

required to determine which of these two parameters is more important for activity

and, obviously, to determine the optimal volume and/or lipophilicity for this action.

Synthetic cathinones as releasing agents: As already mentioned, mephedrone

(26), although not as potent or selective as MCAT (13), was found to act as a

releasing agent at DAT. The same is true of a number of related methcathinone

analogs. The literature has described a number of studies on such agents (e.g., see

[4] for a review and more recent references on individual synthetic cathinones).

SAR and QSAR endpoints were not the focus of most of these investigations, and

only those that specifically addressed the topic will be mentioned here.

Seven methcathinone analogs that differed only with respect to their 4-position

substituents were examined for their ability to modulate in vivo ICSS in rats and to

act as substrates (i.e., releasers) at DAT and SERT. The potencies and selectivities

of these agents varied over a broad range (Table 5). The most potent analog in the

ICSS assay was MCAT (13), whereas the least potent was

4-trifluoromethymethcathinone (23); the potencies of the other agents fell some-

where in between. In vitro DAT versus SERT selectivity correlated with in vivo

efficacy to produce ICSS facilitation (r ¼ 0.92). Furthermore, the Taft steric

parameter (i.e., ES value) of the 4-position substituents correlated both with DAT

versus SERT selectivity (r ¼ 0.78) and magnitude of ICSS facilitation (r ¼ 0.81)

[49]. There was no relationship either in ICSS facilitation, DAT potency, or SERT

potency and either the electronic (σ) or lipophilic (π) character of the substituents.
In a follow-up study, more specific steric parameters were examined including

substituent volume and Verloop size (i.e., substituent length, L, and minimum or

maximum substituent width, B1 and B5, respectively). Maximal ICSS facilitation

was negatively correlated with the four steric parameters: volume (Å3)

(r ¼ �0.915), length (L) (r ¼ �0.773), minimum width (B1) (r ¼ �0.778), and

maximum width (B5) (r ¼ �0.814). Internal correlations were found between

certain parameters: volume and both substituent length (r ¼ 0.814) and maximal

width (r ¼ 0.935), as well as between length and maximal width (r ¼ 0.798)

[46]. The potency of the agents to promote in vitro monoamine release via DAT

was negatively correlated with increasing volume (r ¼ �0.803) and maximal
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Fig. 10 Newer MDPV (27) analogs: S(+)MDPV, R(�)MDPV, and Q-MDPV (49)
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substituent width (r¼�0.807), whereas potency at SERT was positively correlated

with increasing volume (r ¼ 0.825) and length (r ¼ 0.903) of the 4-position

substituent. Selectivity for DAT vs. SERT was correlated with volume

(r ¼ �0.972) and maximal width (r ¼ �0.917).

It might be expected that multiple structural features such as the terminal amine

and the aromatic ring contribute to the interactions of MCAT analogs at DAT and

SERT; but these structural features are common to all the analogs shown in Table 5.

That is, these analogs varied only by the substituent at the 4-position; in this respect,

they represent a matched set with only a single variable substituent among them.

Found was that as the size of the 4-position substituent increased, potency at DAT

decreased, whereas potency at SERT increased, and this reciprocal relationship was

also seen with DAT versus SERT selectivity. It would seem, then, that the steric

properties of the 4-position substituent play a major role in the actions of the

investigated MCAT analogs. However, because of internal correlations between

some of the steric parameters, it was not possible to identify a single steric

parameter as being the most relevant. Nevertheless, it was speculated that because

of the consistent identification and the higher correlation coefficients associated

with steric volume (i.e., Å3), the total volume of the 4-position substituent is likely

the most important feature for these interactions [46].

Homology modeling studies provided new models for hDAT and hSERT using

the dDAT crystal structure as a template. Docking studies with the agents in Table 5

showed that large substituents at the MCAT (13) 4-position were better accommo-

dated by hSERT than hDAT [46]. The results were consistent with the results of the

QSAR studies described above. Furthermore, a hydropathic interaction (HINT)

analysis that considered potential interactions of the 4-position substituents with

specific nearby transporter amino acid residues suggested that hydrophobic inter-

actions provided by the 4-position substituent are necessary for potency at hSERT,

whereas unfavorable polar interactions at the 4-position might play a role in

determining potency at hDAT. The overall conclusion was that in the MCAT

binding pocket associated with the 4-position substituent in hDAT, bulky sub-

stituents are not readily accommodated, whereas the larger and less polar binding

pocket in hSERT more readily accommodated them. The overall conclusions of

these QSAR and modeling/docking investigations are that (1) MCAT analogs with

small 4-position substituents favor binding at DAT versus SERT, (2) larger sub-

stituents favor binding at SERT, and (3) the hydrophobic nature of these sub-

stituents modulates potency at SERT.

In a follow-up study, the 4-tert-butyl analog of methcathinone was prepared and

examined. Although the potency of this agent as a DA releasing agent

(EC50 ¼ 942 nM) was greater than that of its corresponding 4-trifluoromethyl

counterpart 23, it was only a partial (ca 50%) releasing agent; furthermore, this

agent now acted as a weak reuptake inhibitor at DAT (IC50 ¼ 2207 nM) and lacked

action as either a releasing agent or reuptake inhibitor at SERT up to concentrations

of 1000 and 10,000 nM) ([48], Sakloth, Partilla, Bauman, Glennon, unpublished
data). The results support the finding that large 4-position substituents are not

tolerated at DAT and that there is a limit to the size of this substituent that can be

accommodated by SERT.
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In a QSAR study, using in vivo microdialysis to examine the relationship

between the volume of the 4-position substituent and the in vivo neurochemical

selectivity of cathinone analogs to alter nucleus accumbens (NAc) DA and 5-HT

levels, rats were implanted with bilateral guide cannulae targeting the NAc and

were administered MCAT (13) and five of the 4-substituted MCAT analogs shown

in Table 5 (i.e., 22, 26, 50–52). All six compounds produced dose-dependent

increases in NAc DA and/or 5-HT levels. In vivo selectivity (determined as the

dose required to increase peak 5-HT levels by 250% divided by the dose required to

increase peak DA levels by 250%) was correlated with in vitro selectivity to

promote monoamine release via DAT and SERT (r ¼ 0.95) and the molecular

volume (i.e., Å3) of the 4-position substituent (r ¼ �0.85). The results further

support a relationship between these molecular, neurochemical, and behavioral

measures described above [52].

Racemates, by definition, consist of an equal mixture of two optical isomers or

antipodes of a given agent. Often, one isomer is the “active” isomer (i.e., the

eutomer), whereas the other is less active or “inactive” (i.e., the distomer). When

the distomer is inactive, the action is termed stereospecific (or, enantiospecific), and
the eutomer is twice as potent as the racemate. The “inactive” isomer simply dilutes

the potency of the “active” isomer by 50%, and the maximal theoretical potency of

the eutomer is twice that of the racemate. In other cases, both isomers – the eutomer

and the distomer – are “active,” but one is more potent than the other; the optical

isomers are then said to produce a stereoselective (or enantioselective) effect.
As described above, methcathinone (13) is stereoselective with respect to its

behavioral actions and potency as a DA releasing agent; S(�)methcathinone

Table 6 Potencies of stereoisomers of several simple cathinone analogs for the synaptosomal

release of neurotransmitter from DAT, NET, and SERT [50, 51]

NH2
O CH3

NH2
O CH3

CH3

HN
O CH3

CH3

CH3

Cathinone 4-Methylcathinone Mephedrone

EC50 (nM)a DAT vs. SERT selectivity

DAT NET SERT

S(�)Cathinone S(�)1 25 14 9267 370

R(+)Cathinone R(+)1 184 72 >10,000 >50

S(�)4-Methylcathinone S(�)53 150 89 179 1.2

R(+)4-Methylcathinone R(+)53 391 115 1592 4.1

S(�)Mephedrone S(�)26 74 – 61 0.8

R(+)Mephedrone R(+)26 31 – 1470 47
aSome values have been rounded off to the nearest whole number
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represents the eutomer. Mephedrone (26) is a less-selective releasing agent

(Table 5). Mephedrone (26), which is 4-methylmethcathinone, can be

deconstructed to 4-methylcathinone (53) and, by removal of the N-methyl group,

to cathinone (1). An examination of the optical isomers of these agents can provide

insight as to the stereoselective versus stereospecific nature of their actions. S(�)

Cathinone (Table 6) is stereoselective, but not selective with respect to release at

DAT versus NET. That is, both isomers are “active,” but the S(�)-isomer is more

potent than its R(+)enantiomer by severalfold (Table 6). However, both cathinone

isomers are essentially inactive at SERT. Introduction of the 4-methyl group (i.e.,

4-methylcathinone, 53) resulted both in decreased (<threefold) stereoselectivity for

DAT/NET release and decreased selectivity for DAT/NET release versus release at

SERT (Table 6). Introduction of an N-methyl group (i.e., mephedrone, 26) resulted

in further decreased stereoselectivity at DAT with the two optical isomers being

nearly equipotent (i.e., the difference in potency for S(�)- and R(+)mephedrone is

not much more than twofold). In addition, S(�)mephedrone is no longer selective

for DAT versus SERT.

The abuse-related potential of biogenic amine releasing agents appears to be

related to their ability to promote greater release via DAT than via SERT such that

DAT-selective agents possess higher abuse liability (see [51, 53] for extended

discussion). Consistent with this concept is that R(+)mephedrone with 50-fold

selectivity for DAT over SERT produced in rats greater locomotor stimulation

and rewarding properties as measured by conditioned place preference and facili-

tation of ICSS than its S(�)enantiomer which produced weak locomotor stimula-

tion and lacked rewarding properties [50]. For 4-methylcathinone (53), R(+)53 was
less potent than its S-enantiomer to promote release at DAT, but displayed slightly

greater DAT versus SERT selectivity and produced abuse-related effects in ICSS

[51]. These studies (i.e., those reported by [50, 51]) were the first to show the subtle

stereochemical relationship between the ability of optical isomers of cathinone

analogs to behave as substrates at DAT and SERT and their stimulant or rewarding

actions. It would seem that future studies should focus greater attention on the

optical isomers of related agents.

As already alluded to, the nature of the terminal amine, α-substituents, aryl
substituents, and stereochemistry can alter the actions of synthetic cathinones. That

is, methcathinone (13) is primarily a releasing agent at DAT, whereas introduction

of a 4-methyl group (i.e., mephedrone, 26) enhances its potency as a releasing agent

at SERT such that methcathinone displays >300-fold selectivity for DAT, whereas

mephedrone displays only slightly more than twofold selectivity (Table 5). Increas-

ing the bulk on the terminal amine of cathinone analogs tends to enhance action as a

DAT reuptake inhibitor (see Fig. 8). Also, the N-ethyl homolog of methcathinone,

ethcathinone (14), is both a weak DA releasing agent and reuptake inhibitor

[10]. Hence, by “mixing and matching” of appropriate substituents, certain

cathinone analogs might possess “mixed” or “hybrid” actions. Saha et al. [54]

examined this by evaluating three agents with gradually increasing steric bulk on

the terminal amine: mephedrone (26), its N-ethyl homolog 4-methyl-N-ethylcathinone
(54, 4-MEC), and its pyrrolidine counterpart 40-methyl-α-pyrrolidinopropiophenone
(55, 4-MePPP) (Fig. 11).
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Mephedrone (26) and 4-MEC (54) were nearly equipotent at inhibiting reuptake

at DAT (IC50 ca. 800 nM) and SERT (IC50 ca. 500 nM), whereas 4-MePPP (55) was

more potent as an inhibitor at the former (IC50 ¼ 215 nM) as opposed to the latter

(IC50 > 10,000 nM). However, in a synaptosomal release assay, mephedrone (26)

and 4-MEC (54) were similar in potency to evoke release from SERT (EC50

ca. 100 nM), whereas 4-MePPP (55) was inactive. In contrast, mephedrone was

an effective releaser at DAT (EC50 ¼ 39 nM), whereas 4-MEC (54) and 4-MePPP

(55) were inactive. The overall conclusion was that changing the nature of the N-
alkyl substituent of cathinone analogs has a profound influence on their actions;

4-MEC (54) is a SERT releasing agent/DAT blocker, whereas 4-MePPP (55) is a

selective DAT blocker [54].

5 Overall Conclusions

From a practical perspective, the results of SAR and QSAR studies are typically

used to investigate mechanisms of drug action and to forecast the action(s)/potency

of novel agents. With respect to synthetic cathinones, SAR studies, and certainly

QSAR studies, are still in their infancy. Only in the last year or two have QSAR

methods (e.g., Hansch analyses, homology modeling and docking studies, HINT

analyses) been applied to these agents.

SAR studies with synthetic cathinones began in the late 1970s, following the

discovery of cathinone (1) as the active constituent of khat, with the simple findings

that cathinone (1) was more potent than (+)cathine (2) as a central stimulant, that S
(�)cathinone was more potent than its R(+)-enantiomer, and of the identification

(i.e., the “rediscovery”) of what is now termed methcathinone (13). Early SAR

studies examined the behavioral effects (i.e., locomotor stimulation, discriminative

stimulus properties) of cathinone analogs because their mechanism of action was

unknown. Once it was shown that these agents might be producing their effects by

acting as DAT releasing agents, attention slowly shifted focus. Some agents also

displayed releasing action at NET and/or SERT. Subsequently, MDPV (27) was

identified as a drug of abuse that acted primarily as a reuptake inhibitor at DAT.

Substituents on the phenylpropanonamine scaffold of cathinone can influence

these actions. Figure 12 summarizes some of structural aspects of cathinone analogs

that have been investigated in SAR studies, with an emphasis on DAT.
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Fig. 11 A structural

comparison of mephedrone

(26), 4-MEC (54), and

4-MePPP (55)
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Synopsis of some SAR findings on synthetic cathinones:

(1) As reuptake inhibitors at DAT, optimal potency and selectivity are associated

with a tertiary amine (A, Fig. 12) and an extended α-side chain (B); with an

extended side chain, the amine can be tertiary, secondary, or even primary –

although potency generally decreases in this same rank order. To date, the most

potent DA reuptake inhibitors are specifically associated with a pyrrolidine moiety

as A and a fairly large α (i.e., B)-substituent (e.g., n-butyl, cyclohexyl). Stereo-
chemistry at C has not been extensively investigated, but for MDPV (27) and

pyrovalerone (29), the S-isomers are substantially (i.e., >100-fold) more potent

than their R-enantiomers. The carbonyl group at D generally has minimal influence

on stimulant or DAT action, and its elimination converts the cathinone analog

(a phenylpropanonamine) to its amphetamine analog (a phenylisopropylamine, e.g.,

compare 27 and 33 in Fig. 8). However, reduction of the carbonyl group of

pyrovalerone (29) to a hydroxyl group results in diastereomers that lack affinity

for DAT, NET, and SERT [27]. Substitution on the aryl ring (i.e., E) has not been
extensively examined; however, there are preliminary indications that certain sub-

stituents might influence potency. This requires further investigation.

Typically, substituents optimal for action as a DAT reuptake inhibitor decrease

or abolish actions at SERT.

(2) As releasing agents at DAT, a primary amine seems optimal with a simple N-
methyl secondary amine being nearly as potent, and sometimes slightly more

potent, than the primary amine. The increased behavioral potency of N-methyl

analogs of cathinones over their primary amine counterparts might be related to the

slightly higher affinity of the latter for DAT (although few comparisons are

available), their greater resistance to metabolism, and/or their enhanced ability to

penetrate the blood-brain barrier due to their increased lipophilicity. As the size/

bulk of the amine (i.e., A) substituent increases, potency as a releasing agent (and

perhaps selectivity) decreases. Increasing bulk at the terminal amine shifts the

action of a DAT releasing agent to a DAT reuptake inhibitor. An α-methyl group

at B would seem optimal; increasing the length of the substituent can also reverse

action from a releasing agent to a reuptake inhibitor at DAT. When the

α-substituent is a methyl group, S-isomers (i.e., C) are typically more potent

(or equipotent) at DAT and SERT than their R-enantiomers; however, DAT/SERT

NH2

O
CH3

A

B
C

D

E 2

3
4

Fig. 12 The structure of

cathinone and the various

structural alterations

(at positions A–E) that have
been examined in SAR

studies to be summarized

below
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selectivity as governed by their S/R ratio can influence behavioral actions, and aryl

substituents at E also play a role here. The carbonyl group atD plays a minimal role;

however, reduction of the carbonyl group to a hydroxyl group (i.e., a phenylpro-

panolamine) reduces both its potency as a DAT substrate and as a centrally acting

stimulant. Aryl substituents (i.e., E) at the ring 4-position generally decrease

potency at DAT and can shift selectivity toward SERT; the larger the substituent,

the greater the likelihood that it will favor SERT versus DAT. Substituents at the

ring 2- and 3-positions have not been thoroughly investigated from an SAR

perspective.

(3) Most SAR studies on synthetic cathinones have focused on DAT and SERT

action; however, a role for the NET should not be overlooked. However, too few

studies have been reported to allow for general SAR to be formulated. Nevertheless,

for a series of seven synthetic cathinones (i.e., those shown in Table 5), it was found

that their potency to act as substrates at DAT and NET was significantly (r¼ 0.906)

correlated (Fig. 13) [48]. Although SAR might not be identical at DAT and NET,

there appear to be some similarities; additional agents will need to be examined.

The time has finally arrived where multiple agents are being investigated in the

same study, under similar conditions, to allow reasonable SAR/QSAR conclusions

to be formulated. It should be appreciated that the emerging SAR/QSAR results

described here are based on a limited number of agents and investigations. At

almost any time, novel agents might appear that will question or challenge these

relationships. Nevertheless, the advent of novel agents will only strengthen and

refine the current SAR.

Within the past several months, several new synthetic cathinones have been

confiscated, or purchased from Internet sources, for purpose of physicochemical

and spectral characterization (e.g., [55, 56]). These agents include α-EAPP (56),

4-MeEAPP (57), α-PHP (58), α-POP (59), 4-fluoro-PV-9 (60), 3,4-dimethoxy-

α-PVP (61), 4-fluoro-α-PVP (62), and MPHP (63) (Fig. 14).

Fig. 13 Relationship

between potencies of seven

4-substituted cathinone

analogs (i.e., those in

Table 6) to act as releasing

agents at DAT and NET

(from [48])
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These agents (Fig. 14) have yet to be pharmacologically evaluated. However, it

can be seen that they represent variations of common structural themes discussed

herein. On the basis of the SAR reviewed above, it should now be possible to make

some educated guesses as to the actions and approximate potencies of these novel

substances.
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Interactions of Cathinone NPS with Human

Transporters and Receptors in Transfected

Cells

Linda D. Simmler and Matthias E. Liechti

Abstract Pharmacological assays carried out in transfected cells have been very

useful for describing the mechanism of action of cathinone new psychoactive

substances (NPS). These in vitro characterizations provide fast and reliable infor-

mation on psychoactive substances soon after they emerge for recreational use.

Well-investigated comparator compounds, such as methamphetamine,

3,4-methylenedioxymethamphetamine, cocaine, and lysergic acid diethylamide,

should always be included in the characterization to enhance the translation of

the in vitro data into clinically useful information. We classified cathinone NPS

according to their pharmacology at monoamine transporters and receptors.

Cathinone NPS are monoamine uptake inhibitors and most induce transporter-

mediated monoamine efflux with weak to no activity at pre- or postsynaptic

receptors. Cathinones with a nitrogen-containing pyrrolidine ring emerged as

NPS that are extremely potent transporter inhibitors but not monoamine releasers.

Cathinones exhibit clinically relevant differences in relative potencies at serotonin

vs. dopamine transporters. Additionally, cathinone NPS have more dopaminergic

vs. serotonergic properties compared with their non-β-keto amphetamine analogs,

suggesting more stimulant and reinforcing properties. In conclusion, in vitro phar-

macological assays in heterologous expression systems help to predict the psycho-

active and toxicological effects of NPS.

Keywords Cathinones • Efflux • Heterologous expression systems • In vitro • New

psychoactive substances • Pharmacology • Transporters • Uptake

L.D. Simmler and M.E. Liechti (*)

Division of Clinical Pharmacology and Toxicology, Department of Biomedicine and

Department of Clinical Research, University Hospital Basel, Basel, Switzerland

e-mail: matthias.liechti@usb.ch

© Springer International Publishing Switzerland 2016

Curr Topics Behav Neurosci (2017) 32: 49–72

DOI 10.1007/7854_2016_20

Published Online: 1 June 2016

49

mailto:matthias.liechti@usb.ch


Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2 Methods for Studying Transporter and Receptor Pharmacology in Transfected Cells . . . . 51

3 Effects on Cathinone Analogs on Transporter-Mediated Uptake . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4 Effects of Cathinones on Transporter-Mediated Efflux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5 Drug Interactions with G-Protein-Coupled Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

1 Introduction

In 2014, the European Union Early Warning System [1] reported the emergence of

101 new psychoactive substances (NPS). The variety of largely unknown NPS is

still increasing compared with recent years. With this high number of new sub-

stances, rapid testing systems are needed to obtain an immediate understanding of

the mechanism of action of these NPS. Animal studies that utilize behavioral

paradigms (e.g., to test abuse liability) or neurochemical assessments (e.g.,

microdialysis and voltammetry) to investigate the pharmacology and toxicology

of new compounds in vivo are relatively expensive and require weeks or months to

conduct. Moreover, typically only a small number of substances can be tested. In

contrast, rapid first characterizations of new compounds can be performed within

days in a laboratory with a set of well-established in vitro assays and using

reference data from well-known substances. Typically, relatively simple in vitro

pharmacological assays with transfected cell lines have limited significance in

neuroscientific research because more complex behavioral and circuit-wide con-

clusions are required for a comprehensive understanding of the mechanism of

action of psychoactive substances in the brain. Transfected cell lines in heterolo-

gous expression systems only reveal the mechanism of action of drugs on specific

targets that are expressed by the host cell. Therefore, any complex whole-brain

interactions are lacking. However, to elucidate the pharmacology of a larger

set of unknown compounds, in vitro assays are highly valuable as the first

screening tools. Through decades of intensive animal and clinical experimental

studies on various psychoactive substances (e.g., cocaine, methamphetamine,

3,4-methylenedioxymethamphetamine [MDMA], and lysergic acid diethylamide

[LSD]), their mechanism of action in vitro and pharmacological effects in vivo are

relatively well known, thus allowing translational interpretations of in vitro data on

NPS [2]. Thus, the clinical pharmacology of NPS can be predicted based on

similarities between the in vitro mechanisms of action of NPS and well-known

and also clinically characterized comparator compounds.

Our in vitro characterization of cathinone NPS has allowed the rapid character-

ization of these newly emerging substances at known human targets of psychoac-

tive compounds [3–5]. In the context of in vitro and in vivo studies in other

laboratories [6–8] and clinical reports, we found that in vitro characterizations are

50 L.D. Simmler and M.E. Liechti



consistent with in vivo data but allow for the faster initial characterization of larger

numbers of newly emerging compounds. Cathinone NPS have striking differences

in pharmacological potencies to inhibit monoamine transporters, which are relevant

to appraisals of the type of psychoactivity, abuse liability, and to some extent

clinical toxicity. For example, in vitro testing has shown that

3,4-methylenedioxypyrovalerone (MDPV) inhibits the dopamine transporter

(DAT) and norepinephrine transporter (NET) far more potently when compared

with classic psychostimulants, such as cocaine and methamphetamine [4, 7] (see

Baumann et al. 2016, this volume), suggesting that small doses may exert large

clinical effects and enhance the risk of overdose. This information is essential for

users of these compounds and clinicians who treat overdose cases. However,

pharmacological properties, such as bioavailability and blood–brain barrier perme-

ability, are also important for determining the potency of a substance in vivo.

Additional pharmacological studies are thus needed for a more comprehensive

characterization. Overall, in vitro profiling is particularly helpful for systematic

comparative characterizations of a large number of substances, in which basic and

rapid information on the compounds’ pharmacological characteristics is essential,

such as with the current NPS problem.

In this article, we discuss the principles of in vitro pharmacological assays that

are used to characterize the primary mechanisms of action of cathinone NPS. We

discuss the advantages and limitations of such assays with regard to the rapid

emergence of NPS in recent years. We also highlight methodological issues and

discuss the main characteristics of cathinone NPS in these assays.

2 Methods for Studying Transporter and Receptor

Pharmacology in Transfected Cells

Stably transfected cells represent a heterologous expression system in which the

protein of interest is expressed in a host cell that does not endogenously express the

respective protein. For the pharmacological profiling of cathinone NPS, the respec-

tive monoamine transporter or pre- and postsynaptic receptor genes are introduced

into neutral cell lines [9–11]. Human embryonic kidney (HEK) 293 cells are very

commonly used for stable transfections and subsequent pharmacological assays.

For stable transfections, a plasmid with the cDNA sequence of the target protein

from any species is introduced into the cells [12]. The co-introduction of a

geneticin-resistance gene ensures that only transfected cells are maintained in

culture [13]. The stable expression of a target protein is not necessarily required

for in vitro pharmacological assays [14], but stable cell lines simplify the workflow

because the step of transiently transfecting cells before each assay can be omitted.

Transfected cell cultures are a standard procedure for molecular biology laborato-

ries. With recent technological improvements (e.g., CRISPR/Cas9 technology),

transfections are becoming even easier [15]. Once stably transfected, the cells
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express the protein in high abundance both in the membrane, which is essential for

functional assays, and in the cytoplasm [16, 17]. For assays that are used for

investigations of cathinone NPS, only one gene of interest is introduced per cell

line, thus ensuring selectivity in the pharmacological assessment. Non-transfected

cells can serve as a control for nonspecific drug action (i.e., nonspecific binding to

the cell membrane; [9]).

To comprehensively characterize psychoactive compounds at their typical neu-

ronal target sites in vitro, the effects of these compounds on the different mono-

aminergic neurotransmitter uptake transporters and various neurotransmitter G-

protein-coupled receptors need to be determined in a battery of assays. Therefore,

individual cell lines that overexpress the respective target protein after transfection

are used to determine binding affinity, uptake transport inhibition, and transporter-

mediated efflux in separate assay setups. For transporters, uptake inhibition (e.g., in

the case of cocaine) and the transport-mediated efflux of transmitter (e.g., in the

case of most amphetamines) are determined in different assays. For the relevant

receptors, functional assays are performed to determine agonistic or antagonistic

properties, including information about full or partial agonist effects. Binding

affinities at both transporters and receptors are also frequently determined, but

functional tests are considered more conclusive than binding affinities. The assay

principles are described in more detail later in this chapter. Briefly, transport assays

require a radiolabeled substrate of the transporters, usually endogenous neurotrans-

mitters [9]. Through quantification of the transported radiolabeled substrates, the

inhibition potencies or efflux characteristics of a specific substance can be deter-

mined. To determine binding affinities, a radioligand displacement principle is

applied, in which the substance’s ability to compete with the radioligand for the

binding site is quantified [18]. For receptor coupling activity, cyclic adenosine

monophosphate (cAMP) levels can be quantified [19]. This downstream factor

indicates signaling that is induced by G-protein-coupled receptors, in which

cAMP levels increase upon activation of the receptors or decrease upon inhibition

of the receptors [20]. For all of the assays, classic enzyme kinetics are the basis for

calculating pharmacological determinants (i.e., IC50, EC50, and Ki values; [21, 22]).

Heterologous expression systems for monoaminergic neurotransmitter trans-

porters have been relevant in neuropsychopharmacology research since these trans-

porters were first cloned. Transporter-expressing cell lines allow the

characterization of psychoactive compounds [11] and are also a useful tool for

discovering psychoactive therapeutic drugs [23]. Furthermore, in vitro experiments

with transfected cells formed the basis for many genetic mutations that were later

engineered in mice, which now serve for in vivo investigations of psychoactive

drugs or as preclinical models of mental disorders [14, 24, 25]. For example, in vitro

experiments allowed the construction of a transgenic mouse model with a

5-hydroxytryptamine (5-HT [serotonin]) transporter (SERT) mutation for the

in vivo assessment of SERT-mediated effects of antidepressants or cocaine

[26, 27] or to shed light on functional abnormalities of the DAT variant Val559,

which is being investigated as a potential mouse model of attention-deficit hyper-

activity disorder [28].
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Today, heterologous expression systems are a relatively simple tool for use in

any laboratory with basic cell culture and molecular biology setups. Furthermore,

once cell lines stably express a specific receptor, these lines can be maintained by

freezing stocks, and such stocks can then be used over decades. One of the greatest

strengths of in vitro screening assays that use transfected cells is the high selectivity

for the pharmacological targets of interest. For example, for DAT uptake inhibition,

cells that overexpress DAT are used, while for SERT inhibition a different cell line

overexpressing SERT is used. Due to separation of the targets in different runs no

unspecific action at the second target can affect the result. Furthermore, human

proteins can be overexpressed to assess pharmacological profiles directly with

targets of the human species [11]. Species differences could be a concern in

ex vivo or in vivo experiments because target proteins may exhibit distinct sub-

stance recognition between rodents/nonhuman primates and humans or show dif-

ferential expression patterns. For example, the antidepressant imipramine is more

potent at the human SERT than at the rat SERT, whereas cocaine inhibits both rat

and human SERT with equal potencies [29]. The most common variant of the

respective target is usually expressed in NPS screening, but it is also feasible to

generate cell lines with different variants of human transporters or receptors to

specifically assess the pharmacological and toxicological effects of psychoactive

substances on less common gene variants. While many advantages are evident for

the use of heterologous expression systems to screen NPS pharmacological profiles,

there are also limitations and disadvantages compared to similar experimental

approaches. Synaptosomes or brain slices are frequently used ex vivo preparations

to assess the pharmacology of psychoactive substances. In brain slices substantial

cellular characteristics are still intact, and synaptosomes contain the full comple-

ment of synaptic proteins and synaptic vesicles [30]. Synaptosomes resemble the

natural environment of the site of psychostimulant action more than transfected cell

lines. Interpretations from experiments in transfected cells are limited since they

lack elements of the protein machinery of intact neuronal membranes that could be

critical for certain protein/substance interactions and consequences. However, for

target-selective assays typically used for the determination of pharmacological

constants unintended targets have to be pharmacologically blocked in synapto-

somes [31, 32]. In this regard, both transfected cell lines and ex vivo preparations

(e.g., synaptosomes) have their advantages and limitations for the screening of NPS

pharmacology and should always be kept in mind when interpreting results. Nev-

ertheless, pharmacological profiles of NPS assessed in transfected cells have largely

been in accordance with data obtained from synaptosomes.

It is self-evident that there are limitations to in vitro screenings with transfected

cells or ex vivo preparations and various consequences of NPS use can only be

assessed by in vivo testing, particularly behavior or long-term toxicity. With

regards to pharmacological profiles, however, we would like to point out that the

possibility of active metabolites should be considered. Heterologous cell lines for

in vitro screenings of NPS pharmacology are largely unable to detect the possible

contribution of active metabolites that could, however, be relevant in vivo. For

example, 3,4-methylenedioxyamphetamine (MDA) is an active metabolite of
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MDMA and likely contributes to the subjective drug experience and toxicity

associated with MDMA [33]. Cathinone NPS may also have active metabolites

that should be taken into account in more comprehensive pharmacological sub-

stance characterizations. For example, β-keto MDA is a metabolite of methylone

[34] and interacts with monoamine transporters similarly to MDA in in vitro tests

[35]. In vitro testing for active metabolites requires knowledge of the metabolic

pathway and synthesis of possibly active metabolites or the use of cell systems that

contain metabolic enzymes. To elaborate the metabolites for every single NPS

would be a very labor-intensive process. In vivo neurochemical studies that utilize

microdialysis can be performed more easily and may include possible contributing

effects of active metabolites on neurotransmission.

The specific assay setups for uptake and efflux transport assays vary consider-

ably between laboratories. In the most widely used experimental setup for in vitro

pharmacology, transfected cell lines are grown to adherence in well plates or small

culture dishes. Adherence of the cells allows for the removal of uptake buffer and

washing with ice-cold buffer to stop substrate transport. However, if timing is an

essential factor in uptake experiments (which is usually more essential for substrate

kinetics than for inhibition potencies [IC50 values]), then the possibility of rapid and

timely termination of the uptake process is crucial. With suspended synaptosome

preparations, the use of a Brandel tissue harvester allows for the timely termination

of 24–96 vials at once. It becomes more difficult when the assay is conducted on

adherent cell cultures. Even with an automated wash station for cell culture plates,

achieving satisfactory accuracy to terminate the uptake process can be either

challenging or impossible. When we established the assay that is currently used

in our laboratory, we chose to use a silicone-oil-centrifugation method. We perform

the uptake assay in cell suspensions that are prepared from adherent cells.

Centrifuging the cells through a silicone oil layer allows for rapid and precise

termination of the uptake process and the cleaning of cells from the buffer [36]. Sil-

icone oil is used as a middle layer in a tube. In the centrifugation step, the cells but

not radioactive uptake buffer transfer to the lower layer (consisting of 3 M KOH,

which lyses the cells). We have found that this method is very reliable and precise,

but handling can be more elaborate and more difficult than working with adherent

cells or synaptosomes. No conclusive recommendation has been made for the ideal

assay setup. In fact, every laboratory needs to establish and validate its own assay

setup for transport assays. If the assay follows the rules of enzyme kinetics and if

reproducibility within the laboratory can be demonstrated, then the specific details

of the assay are of less concern.

Between uptake assays for different pharmacological targets (e.g., SERT

vs. DAT uptake inhibition), direct comparisons even within a laboratory and

setup cannot be guaranteed if only IC50 and not Ki values are determined. However,

the inclusion of a set of comparator compounds (e.g., methamphetamine, MDMA,

and cocaine) with widely reported pharmacological characteristics should serve to

set the standard for comparisons of IC50 values between targets. For example,

calculating the DAT/SERT ratio for well-known compounds like MDMA can be

the reference for unknown compounds [6, 35]. This again shows the importance of
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including well-known reference compounds in screening and that the value of a

study increases according to the number of substances that are included.

Reproducibility within a laboratory is essential for the extensive characterization

of multiple compounds. In general, for comparable IC50 values in large screenings

within one laboratory requires strict adherence to the established protocol since

IC50 values depend on substrate concentration, in addition to temperature and

incubation times. We regularly test the reproducibility of IC50 values for our

standard compounds and find that the values are very consistent across both time

and experimenters. This regular validation ensures that the data for all substances

that are reported from our laboratory can be directly compared with our previously

reported data. Another issue to consider is possible fluctuations in target protein

expression in heterologous expression systems that could account for inconsistent

IC50 values within one laboratory [37]. However, if in vitro assays are set up with a

targeted protein concentration within a linear range in a protein concentration

vs. substrate transport relationship, moderate changes in cell number used for an

individual assay or in target protein expression are usually tolerated and do not

affect the reproducibility of IC50 values within laboratory, always given a linear

relationship of target protein vs. substrate transport. As a side note, this is in

contrast to transport kinetics (i.e., Michaelis-Menten kinetics), in which the max-

imal velocity is highly dependent on the expression levels of the transporter. With

these considerations in mind, comparison of IC50 values within one laboratory is

usually not a problem. For direct comparison of pharmacological constants between

different laboratories Ki values should be assessed, since IC50 but not Ki values

depend significantly on assay conditions [21]. The determination of Ki values is

more complex because it requires knowledge or assessment of the mode of inhibi-

tion (e.g., competitive, noncompetitive, or mixed; [21]). Although Ki values would

be the best constants to determine, the rapid and extensive characterization of the

effects of a large set of cathinone NPS on multiple targets usually does not allow the

labor-intensive determination of Ki values. Given these limitations, in vitro screen-

ings assessing IC50 values are most useful when a large number of substances is

assessed within one laboratory, or if well-known comparator drugs are included as

reference compounds that allow for an interpretation of pharmacological profiles

relative to the reference compounds.

Different setups for monoamine efflux assays have been described, all resulting

in similar qualitative characterizations of compounds. Although different setups are

valid, establishing an efflux assay can be difficult. Efflux can be measured using

electrophysiological methods [38, 39], which allow the very reliable determination

of transporter-mediated monoamine release and its associated currents that are

induced by compounds (see Solis 2016, this volume). However, because patch-

clamp electrophysiology requires specialized recording equipment, we only discuss

radiolabeled substrate transport assays herein. Rothman et al. [31] reported the use

of efflux assays with rat synaptosomes, in which synaptosomes were first preloaded

to steady-state with the radioactive substrate via transporter-mediated uptake.

Release was then induced without removing the radioactive uptake buffer. Using

this method, a high signal-to-noise ratio was reported, but efflux potency values
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could be determined. Verrico et al. adapted this protocol for transfected HEK293

cells in suspension [40]. We initially followed this protocol [41] but later adapted it

according to the principles reported by Scholze et al. [42], who used a superfusion

system. The superfusion system is preferentially used for rodent tissue slices that

are preloaded with radioactive transporter substrates [28], but it can also be adapted

for transfected cells [42, 43]. Transfected cells are grown on coverslips and loaded

with radioactive substrates. They are then moved to superfusion chambers where

the cells are constantly superfused with non-radioactive buffer [42]. The advantage

of this method is that the radioactive substrates that are released are transported

away from the cells or tissue [44] so that the reuptake of released substrate should

not occur. We adapted this principle to our laboratory but used well plates instead of

a superfusion system. To achieve a similar effect as superfusion with regard to the

immediate removal of released substrate, we took advantage of the dilution effect.

Using a high buffer-to-cell ratio, the monoamine substrate that is released by the

cells is distributed in a large volume of buffer, resulting in negligible extracellular

substrate concentrations. To achieve a high buffer-to-cell ratio, we used special

24-well plates (XF24, Seahorse Biosciences, North Billerica, MA, USA), which fit

1 mL of buffer per well, but the area for cell growth is as small as the one from a

regular 96-well plate. Therefore, the buffer-to-cell ratio is much higher than the one

in a standard cell culture 96-well plate or 24-well plate, thus providing an optimal

assay setup for testing substance-induced monoamine efflux. Release is quantified

by assessing the monoamine radioactivity that remains in the cells after incubation

with the test substance and compared with a vehicle control. Additionally, radio-

activity that is associated with the released monoamine can be measured in the

supernatant. In transfected cells, an apparent release of approximately 20% for pure

uptake inhibitors is observed even with the superfusion method, most likely

because of the high expression levels of transporters that transport nonspecifically

released monoamines back into the cells [42]. Thus, uptake inhibitors need to be

included as a negative control condition to account for apparent release. Apparent

release can be lowered if 3H-MPP+ is used for DAT and NET instead of the

endogenous substrates DA and NE, but one caveat is the difference in transport

kinetics between MPP+ and the endogenous substrates [45]. In our hands, apparent

release was less with our well-plate method than with cells in suspension. Never-

theless, we chose to focus on determining qualitative release instead of release

potencies, which are more difficult to determine. The precise determination of

apparent release-corrected efflux potencies would require knowledge of the respec-

tive apparent release percentage for each concentration in the concentration/release

curve. This would require a perfect match of uptake potencies of the control

substance to measure apparent efflux and the actually releasing substance, which

is practically unfeasible. Therefore, we determined release qualitatively by induc-

ing it with high concentrations of a drug to determine whether the drug is a releaser

and thus a transporter substrate or not.

Binding affinity can be determined for any ligand/protein interaction. For bind-

ing affinity, the ability of a substance to displace a radiolabeled ligand at the

receptor or transporter is assessed, which requires competition between two
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compounds at the binding site. To assess the mode of action of NPS, binding can be

determined for receptors and transporters [4, 11]. However, for both receptors and

transporters, the functional assays are considered to have higher predictive validity

with regard to in vivo effects. For the transporter, functional information is derived

from the uptake and efflux assays. Specifically for substances that are releasers and

thus substrates of the transporters, the binding properties or even the binding sites

can differ from the radioligand that is to be displaced. Additionally, the substrates

are transported and thus removed from competition with the radioligand. Binding

affinity values do not necessarily reflect the functional uptake inhibition potency

[4]. This is a common phenomenon for binding studies that use ligands that are also

transporter substrates because transport of the substrate can alter the apparent

binding affinity [46–48]. Thus, if a substance is a substrate-type releaser, then its

binding affinity, when assessed by the described displacement assay, is not repre-

sentative. This discrepancy between binding affinities and uptake inhibition poten-

cies can even be used to characterize a substance as substrate-type releaser or pure

uptake blocker [49, 50].

The determination of binding affinity is more common for receptors than for

transporters. However, it is also important for receptor pharmacology to distinguish

between functional activity and binding affinity [19]. The concepts for assessing

activity and affinity in heterologous expression systems are different. To determine

binding affinity, only the target protein from the expression is required. Therefore,

isolated membrane preparations that can be stored in a frozen state are usually made

from transfected cells. In radioligand displacement assays, the binding affinities of

compounds at the binding site of the radioligand are determined. Functional

information with regard to activation or inactivation of a G-protein-coupled recep-

tor can be gained from cAMP measurements in living transfected cells using

convenient, commercially available kits that do not require radioactivity. The

activation of G-protein-coupled receptors results in a concentration-dependent

increase in cAMP levels, the activation potency of which can be determined

(EC50 value). Similarly, the activation of G-protein-coupled receptors can be

assessed by measuring intracellular calcium changes [51]. With the inclusion of a

known full agonist (typically an endogenous ligand) in the assay, the maximal

efficacy can be determined. Full agonists induce maximal efficacy, whereas partial

agonists induce only partial efficacy compared to endogenous ligands.

With regard to the translational relevance of in vitro screenings, setting the data

in an informative clinical context is essential. Comparisons with well-known

psychoactive substances inform about the similarity of NPS to these substances

with known subjective effects, toxicity, and abuse liability. Furthermore, data on

the link between pharmacological targets and subjective/physiological effects are

needed. Several rodent and human studies have contributed to our understanding of

the roles of DAT, SERT, and NET inhibition in the mode of action of psychoactive

drugs. In rodents, particularly mice, genetic modification allows the elimination of

a specific target and assessment of the behavioral and molecular impacts of the

knockout. Constitutive knockout mouse models generally have the limitation of

compensatory alterations that can occur, thus resulting in distinct phenotypes that
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are not ideal for finding explicit target-mediated effects [52–54]. Nevertheless,

several knockout studies have implicated the DAT and SERT in the actions of

psychostimulants. For example, SERT knockout mice exhibit greater rewarding

effects of cocaine in the conditioned place preference paradigm compared with

wildtype mice [55]. More sophisticated genetic models with a triple amino acid

mutation in the DAT gene showed that DAT inhibition is necessary for cocaine-

induced conditioned place preference [56] and cocaine-evoked synaptic plasticity

[57]. Clinical studies that assess pharmacological interactions between a

psychostimulant and receptor-selective antagonists or well-characterized trans-

porter ligands shed light on specific molecular target mediating subjective effects

and acute toxicity in humans. For example, our laboratory investigated the mode of

action of MDMA in humans by blocking the NET, SERT, or DAT or combinations

thereof [41, 58–62]. These studies showed that NET and α1-adrenergic stimulation

are crucially involved in MDMA-induced sympathomimetic activation, including

elevations of blood pressure and body temperature [58, 62–64] and that the SERT-

mediated release of 5-HT is involved in the subjective entactogenic/empathogenic

effects of MDMA [41, 60, 65]. Interactions with the DAT and activation of the DA

system are generally considered responsible for the reinforcing and addictive

properties of a substance [66]. Accordingly, NPS that mostly interact with the

SERT can be expected to produce more empathogenic MDMA-like effects, in

contrast to NPS that mostly interact with the NET and DAT and are thus expected

to produce more stimulant-type effects and addiction similar to methamphetamine

[2, 4]. Additionally, we noted that substances, such as MDMA, that primarily

release endogenous monoamines via the transporter may have a shorter duration

of action despite having a long plasma half-life [41] than substances that only

inhibit a transporter (e.g., pyrovalerone cathinones; [67]) or interact with postsyn-

aptic receptors (e.g., hallucinogens; [51, 68]).

In vivo studies in rodents and humans increase our knowledge of the effects and

toxicity that are related to individual targets that mediate the complex actions of

psychostimulants and help predict the toxicity of NPS. Dissecting the clinical roles

of different neurotransmitter systems and attributing specific effects to specific

targets or pharmacological profiles (e.g., DAT/SERT ratio; [2, 4]) support the

meaningful translation of in vitro NPS pharmacology to expected subjective effects

and toxicity in humans. Newer techniques, such as optogenetic approaches, for

dissecting brain circuitry or sophisticated transgenic animal models without com-

pensatory alterations that can isolate target-mediated effects in vivo will continue to

shape our understanding of psychoactive drug actions with regard to specific

targets, which will also impact interpretations of the in vitro pharmacology of NPS.
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3 Effects on Cathinone Analogs on Transporter-Mediated

Uptake

All cathinone NPS inhibit transporter-mediated monoaminergic uptake but with

different selectivity and relative potencies. The precise profile of relative DAT,

SERT, and NET inhibition potencies likely determines the different experiences

that are described by drug users. In the screening from our laboratory, most

cathinone NPS are potent NET inhibitors, with uptake inhibition potencies in the

submicromolar range (Table 1). N,N-dimethylcathinone, ethylone, methedrone, and

4-methylethcathinone are the exceptions with NET inhibition IC50 in the low

micromolar range. High potency for NET inhibition relative to DAT and SERT

were also reported from other laboratories [8, 69, 70], but with less prominent fold-

shifts compared to DAT inhibition. This likely arises from different assay condi-

tions that determine the IC50 values. However, the general high inhibition potency

of NET for most cathinones NPS are consistent across laboratories. Drug-induced

increases in NE markedly contribute to the psychostimulation of a drug and

sympathomimetic toxicity [41, 58]. We compared the common recreational doses

that are taken in a single drug session and uptake inhibition potencies at the NET,

SERT, or DAT and found that the recreational doses correlated mainly with NET

inhibition potencies [4]. This is in agreement with Rothman et al. [31] who found a

linear correlation between release-induction potency in synaptosomes and oral

doses producing Therefore, the in vitro inhibition potency at NET best predicts

clinical potency and the doses that are likely to be used recreationally.

Significant differences in DAT and SERT inhibition potencies among cathinone

NPS are evident [4, 5, 8]. Many cathinone NPS are potent DAT inhibitors that are

comparable to methamphetamine or cocaine, and some cathinone NPS are weak

DAT inhibitors that are more comparable to MDMA. In our assays, methamphet-

amine and cocaine, which are well-known psychostimulants that act on the DAT,

exhibit DAT inhibition potencies (IC50 values) around 1 μM. Many pyrovalerone

cathinones are extremely potent DAT inhibitors. The most popular pyrovalerone

cathinone, MDPV, is 30-times more potent in inhibiting the DAT in heterologous

expression systems than cocaine [4, 69]. Similarly in synaptosomes, 40–50-fold

differences in DAT inhibition potency between MDPV and cocaine were reported

[7]. MDPV is also called “super coke,” and small doses may have strong and long-

lasting effects because of its high potency and pure uptake inhibition [71]. Severe

toxicity and even deaths have resulted from the recreational use of this substance

[72, 73]. To avoid such cases, warnings could be issued for extremely potent

substances like MDPV as soon as they emerge as recreationally used substances.

Therefore, testing newly emerged NPS in in vitro pharmacological screenings as

fast as possible is crucial for detecting substances with high potencies at monoam-

inergic targets that are relevant to stimulant or other psychotropic actions.

Inhibition of the SERT is generally less represented among the cathinone

derivatives but is characteristic for such substances as benzofurans [35],

aminoindanes, benzylpiperazines [74], and para ring-substituted amphetamines
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[3], which have MDMA-like psychoactive properties. Compared with the seroto-

nergic drug MDMA, only naphyrone among the cathinone NPS is equally potent in

inhibiting the SERT [4, 8]. However, methedrone has a similar DAT/SERT inhi-

bition ratio to MDMA, thus predicting a similar effect profile to MDMA, in addition

to predicting high risk of hyperthermia because of its similarity to para-methoxy-

amphetamine [2, 5]. Other cathinone NPS inhibit the SERT with lower potencies,

resulting in relatively more dopaminergic properties, or their SERT inhibition is

negligible.

Ideally, the SERT inhibition potency of substances is set relative to their DAT

inhibition. Relative activity at the DAT vs. SERT can serve as an indicator of the

abuse liability of a psychoactive substance because potent SERT activity relative to

DAT activity can be protective against the abuse of a drug [75–77] (see Negus and

Banks 2016, this volume). Substances with potent SERT inhibition are less

reinforcing than substances with low SERT vs. DAT activity [75, 77, 78]. Using

uptake inhibition potencies, we calculated DAT/SERT ratios (IC50,SERT/IC50,DAT).

Note that the calculation with the reciprocal formula IC50,SERT/IC50,DAT results in

high DAT/SERT ratios for substances that inhibit DAT more potently (lower IC50

value) than SERT (higher IC50 value) and vice versa. In our hands, where cocaine

has a DAT/SERT ratio of ~1, substances with a DAT/SERT ratio >1 can be

considered to have high abuse liability. Substances with a DAT/SERT ratio close

to that of MDMA (0.1) likely have lower abuse liability. For example, we predicted

particularly high abuse potential for MDPV based on its high DAT/SERT inhibition

ratio [4]. Animal studies and clinical observations confirmed the potent reinforcing

and rewarding properties of MDPV, confirming in vitro study-based predictions of

abuse potential [79, 80] (see Watterson and Olive 2016, this volume).

For some cathinone NPS in our screening studies, we determined the profile of

respective structural amphetamine analogs that lack the β-keto group [4, 5,

35]. Adding a β-keto group to MDMA to form methylone resulted in a higher

DAT/SERT ratio and thus higher predicted abuse liability. The shift in the

DAT/SERT inhibition ratio that results from the addition of a β-keto group was

less pronounced for amphetamines with an already high DAT/SERT inhibition

ratio, such as methamphetamine. Notably, a small change in the molecular structure

of some amphetamines can result in a significantly different pharmacological

profile.

4 Effects of Cathinones on Transporter-Mediated Efflux

Substances that inhibit monoamine transporters are either pure uptake inhibitors or

releasers [31]. If they are monoamine releasers, then they induce transporter-

mediated efflux, which should not be confused with exocytotic calcium-dependent

vesicular monoamine release. Transporter-mediated efflux occurs when drugs act

as substrates of the transporters [81]. As substrates, the substances are transported

into the cell. Because amphetamine analogs, such as MDMA and
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methamphetamine, are releasers [31, 82], it is of interest to characterize cathinone

NPS as releasers or pure uptake inhibitors. All releasers or substrates, including the

endogenous substrates (i.e., DA, NE, and 5-HT), present uptake inhibition proper-

ties because of competition for transport [31]. Therefore, uptake assays cannot

determine whether a substance is an inhibitor or a substrate releaser, but separate

efflux assays can determine whether a drug is a releaser or pure uptake inhibitor.

Interestingly, pyrovalerone cathinones are pure uptake inhibitors (Table 2),

although they are amphetamine-type substances. Most other cathinone NPS are

releasers like their amphetamine analogs (Table 2).

We distinguish monoamine-releasing substances from pure monoamine uptake

inhibitors, but the impact of release vs. pure uptake inhibition on psychoactive

effects is unclear and likely less relevant than the DAT/SERT inhibition ratio

[2]. This distinction is less relevant for subjective and stimulant effects than for

cellular toxicity. Because release-inducing substances enter nerve terminals via

transporters, they are more likely to exert intracellular effects and toxicity com-

pared with pure uptake inhibitors [81]. Typically, releasers act on vesicular mono-

amine transporters and deplete vesicles, which can have short- or long-term toxic

consequences [83].

With the large numbers of NPS reported in the recent years, there is need for a

classification of NPS. NPS can be classified by their chemical structures. For

example, Hill and Thomas [84] classified MDMA as ring-substituted

methylenedioxyphenethylamine, mephedrone as β-ketonated amphetamine, and

MDPV as β-ketonated substituted methylenedioxyphenethylamine. A structural

classification is very useful for an audience with an interest in the chemical

structure of NPS. An audience with a clinical focus might mainly be interested in

anticipated subjective effects and toxicology. A classification according to phar-

macological profiles are likely more meaningful for clinicians than chemical

structures, particularly also since structural similarities not necessarily result in

comparable pharmacological profiles. In our NPS screenings, we classify cathinone

derivatives according to the similarity of their in vitro profile to methamphetamine,

cocaine, and MDMA [2, 4]. DAT/NET-selective pyrovalerone cathinones represent

a separate group since they are extremely potent inhibitors. Importantly, small

structural changes can markedly alter the pharmacological profile of substances,

sometimes in an unpredicted manner, resulting in different psychoactive and

toxicological effects. For example methylone, the β-keto analog of MDMA, pre-

sents a prominent increase in DAT/SERT ratio, suggesting a higher abuse potential

of methylone compared to MDMA [4, 6]. Classification according to pharmacology

may thus be more conclusive as a reference for clinical applications than structural

analogies.
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5 Drug Interactions with G-Protein-Coupled Receptors

In addition to transporter pharmacology, assessing receptor interactions is neces-

sary for a comprehensive pharmacological characterization of psychoactive sub-

stances. The major implications would be for the assessment of any hallucinogenic

properties of NPS. LSD has high affinity for the 5-HT2A receptor [51, 85], which is

associated with its hallucinogenic properties. Other drugs with potent 5-HT2A

activity have been shown to substitute for LSD in drug-discrimination studies

[86]. In vitro activity at the 5-HT2A receptor is a good predictor of possible

hallucinogenic effects and is likely the most relevant receptor/NPS interaction

that is assessed in in vitro screening, particularly for potentially hallucinogenic

compounds [51]. The activation of DA D1 receptors but not D2 receptors might be

sufficient for a substance to be rewarding [87]. Noradrenergic receptors are

involved in sympathomimetic toxicity, leading to vasoconstriction, hyperthermia,

increased blood pressure, and increased heart rate [63, 64].

The main targets of amphetamine analogs are typically monoamine transporters,

but some substances have weak affinity for monoamine receptors. However, it is

questionable if direct receptor affinity contributes markedly to the overall drug

effect of substances that foremost are transporter inhibitors. The rise in extracellular

monoamine concentrations that is evoked by drug actions at the transporters results

in neurotransmitter binding to postsynaptic receptors, which suggests that direct

agonism has only negligible contribution to overall drug effect. Direct antagonistic

receptor activation might, to some extent, counteract neurotransmitter binding at

postsynaptic receptors. We and others did not find any cathinones or amphetamines

with relevant affinity at D1, D2, or D3 receptors [3–5, 8]. However, some cathinone

analogs exhibit weak affinity for 5-HT2A or 5-HT2C receptors and are low-potency

5-HT2A antagonists [69]. Compared with hallucinogens that exert their psychoac-

tive effects mainly via 5-HT receptors (e.g., the NPS benzodifuran 2C-B-Fly or

novel N-2-methoxybenzyl-derivatives), with receptor binding values in the

submicromolar range [35, 51], the weak binding affinities of cathinones at these

targets are likely irrelevant.

In our pharmacological characterization of NPS, we also include the trace

amine-associated receptor 1 (TAAR1; [3–5, 88]). Methamphetamine and other

amphetamine-type drugs have been shown to activate the TAAR1, and the

TAAR1 could be a target for the pharmacological treatment of addiction [89]. -

Substance-mediated agonist effects at the TAAR1 may reduce the stimulant prop-

erties of MDMA and methamphetamine [90, 91]. In contrast, cathinone NPS do not

display affinity for the TAAR1, and may thus have more stimulant-like effects and

be more addictive than their amphetamine analogs because of the lack of this

TAAR1-mediated “auto-inhibition,” in addition to their greater dopaminergic

properties. TAAR-1 activation could be relevant for experiments conducted in

rodents. In humans, however, direct affinity of psychoactive substances at

TAAR1 is probably not important since most psychostimulants have weak activity

at the human TAAR1 as determined by in vitro screenings [88]. Nevertheless,
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TAAR1 presents a promising target that could be relevant for psychostimulant

treatment.

6 Summary

NPS continue to emerge and are used recreationally without much knowledge about

their pharmacology or toxicology. In vitro characterizations of psychoactive com-

pounds that utilize transfected cell lines are useful for gaining fast and

translationally important information on cathinone NPS. The in vitro pharmaco-

logical profiles of cathinone NPS have predicted considerable abuse liability of

these drugs and identified pyrovalerone cathinones with extremely high potencies

for DAT inhibition. Small structural changes, such as the β-keto group in the

amphetamine-basic structure, can substantially change the pharmacological profile

of substances with regard to their potency and relative activity at different mono-

aminergic targets.
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Electrophysiological Actions of Synthetic

Cathinones on Monoamine Transporters

Ernesto Solis, Jr.

Abstract Products containing psychoactive synthetic cathinones, such as

mephedrone and 3,4-methylenedioxypyrovalerone (MDPV) are prevalent in our

society. Synthetic cathinones are structurally similar to methamphetamine, and

numerous synthetics have biological activity at dopamine, serotonin, and norepi-

nephrine transporters. Importantly, monoamine transporters co-transport sodium

ions along with their substrate, and movement of substrates and ions through the

transporter can generate measurable ionic currents. Here we review how electro-

physiological information has enabled us to determine how synthetic cathinones

affect transporter-mediated currents in cells that express these transporters. Specif-

ically, drugs that act as transporter substrates induce inward depolarizing currents

when cells are held near their resting membrane potential, whereas drugs that act as

transporter blockers induce apparent outward currents by blocking an inherent

inward leak current. We have employed the two-electrode voltage-clamp technique

in Xenopus laevis oocytes overexpressing monoamine transporters to determine

whether synthetic cathinones found in the so-called bath salts products behave as

blockers or substrates. We also examined the structure–activity relationships for

synthetic cathinone analogs related to the widely abused compound MDPV, a

common constituent in “bath salts” possessing potent actions at the dopamine

transporter.
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1 Synthetic Cathinones Hit the Streets

Not long ago, legal amphetamine-related drugs suddenly emerged in Western

Europe and the United States (USA). Many human drug users were sent to emer-

gency rooms with severe neurological, psychiatric, and cardiovascular effects after

being exposed to products marketed as “legal high,” “bath salts,” “insect repellant,”

“plant food,” etc. that were purchased legally in convenience stores or on-line. To

avoid regulatory control, these drugs were labeled “not for human consumption.”

American poison centers assessed drug content in blood and urine samples from

patients who had ingested bath salts and discovered that the common ingredients

were β-keto amphetamine (cathinone) derivatives (i.e., synthetic cathinones) [1]. In

2011, three synthetic cathinones commonly found in bath salts were identified and

classified by the DEA as Schedule I controlled substances. Cathinone consumption

can be traced back for at least hundreds of years to people ranging from

South Africa to the Arabian Peninsula who have chewed on the plant Catha edulis
(or khat) for its mild central stimulant effects [2, 3]. The main stimulant effects in

khat derive from cathinone, a β-keto amphetamine (AMPH) analog (see Fig. 1 for

common synthetic cathinone structures). The β-keto methamphetamine (METH)

analog (called methcathinone or MCAT) was highly abused in the former Soviet

Union and Eastern Europe dating back to the early 1980s. Clandestine chemists

realized that by making simple chemical modifications to cathinone and MCAT, a

vast number of completely legal “designer” synthetic cathinones could be synthe-

sized that would elicit a range of behavioral effects in people. In 2009, synthetic

cathinones surfaced as an abuse problem in the United Kingdom [4] where primar-

ily the para-methyl analog of MCAT, 4-methylmethcathinone (4MMC or

mephedrone) appeared. Shortly thereafter (as mentioned above), synthetic

cathinones found their way to the USA disguised as home products with ulterior
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uses. The most notorious product containing synthetic cathinones was bath salts,
and the prevalent synthetic cathinones identified in bath salts were mephedrone,

methylone (the β-keto analog of 3,4-methylenedioxymethamphetamine or

MDMA), and a more complex synthetic cathinone called

3,4-methylenedioxypyrovalerone (MDPV), which possesses a pyrrolidine ring

and was ubiquitous in bath salts concoctions taken by people who presented to

the ER. Following drug scheduling of these synthetic cathinones by the DEA, an

MDPV analog recently emerged called α-pyrrolidinovalerophenone (α-PVP or

flakka), which has become an abuse problem in Florida and other states [5].

Fig. 1 Structural relationship between AMPH (and related drugs) and synthetic cathinones.

Cathinone is the beta-keto analog of AMPH and similarly MCAT is the beta-keto analog of

METH. Substitutions to the para position of MCAT yields additional synthetic analogs, including

mephedrone, methedrone, and flephedrone. The beta-keto analog of MDMA is methylone

(or MDMC). Further modifications to methylone results in the potent substituted cathinones

MDPV and α-PVP. Abbreviations: AMPH, amphetamine; METH, methamphetamine; MCAT,

methcathinone; MDMA, methylenedioxymethamphetamine; MDMC,

methylenedioxymethcathinone; MDPV, methylenedioxypyrovalerone;

α-pyrrolidinovalerophenone, α-PVP
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2 Neurotransmitters at the Synapse

In the central nervous system (CNS), the neurotransmitters norepinephrine (NE),

dopamine (DA), and serotonin (5HT) are ordinarily released into the synaptic cleft

via vesicular fusion in response to presynaptic depolarization. After release, neu-

rotransmitters diffuse and activate postsynaptic and presynaptic neurons, then

neurotransmission is terminated by reuptake of the transmitter into the presynaptic

terminal via transporters, or in some cases hyperpolarization of the presynaptic

terminal via neurotransmitter auto-receptors. The respective reuptake transporters

for NE, DA, and 5HT (i.e., NET, DAT, and SERT) are located at perisynaptic sites

[6, 7], whence monoamines are re-packaged into synaptic vesicles via vesicular

monoamine transporters (VMATs). In particular, the vesicular monoamine trans-

porter 2 (VMAT2), which is primarily found in the CNS, is responsible for

neurotransmitter reuptake into synaptic vesicles that are poised for docking and

release in dopaminergic, serotonergic, and noradrenergic neurons [8].

3 Monoamine Neurotransmitters and Behavior

5HT plays a role in regulating many behaviors, such as mood, sleep, appetite,

temperature, sexual behavior, and aggression [9, 10]. Disturbances in the seroto-

nergic system are implicated in mental diseases, including depression, bipolar

disorder, autism, and a spectrum of psychiatric disorders, such as anorexia nervosa,

bulimia, and obsessive-compulsive disorder (OCD) [11–14]. Behaviors that are

regulated by DA include cognition, attention, working memory, motivation, and

voluntary movement. Disturbances in the dopaminergic system have been impli-

cated in Huntington’s chorea, Parkinson’s disease, schizophrenia, attention-deficit/
hyperactivity-disorder (ADHD), depression, and addiction [15–18]. NE plays a role

in attention, emotion, learning, and memory, and dysregulation of the noradrenergic

system can lead to severe physiological effects [19]. In addition, dysfunction of the

adrenergic system is linked to medical conditions, such as depression, post-

traumatic stress disorder, and hypertension [20]. Behaviors modulated by mono-

amine neurotransmitter systems have been linked to synthetic cathinone use; for

instance the components in bath salts can cause intense euphoria, alertness,

increased concentration, heightened libido, as well as anorexia, anxiety, increased

heart rate, and memory problems [21–23]. Whereas cardiovascular symptoms and

stimulant effects caused by MDPV can be linked to the dopaminergic and adren-

ergic systems [23, 24], the emphathogenic symptoms induced by mephedrone and

methylone are associated with the serotonergic system [22].
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4 Therapeutic and Abused Drugs Target Monoamine

Transporters

To treat medical conditions associated with disturbances in the serotoninergic

system, several classes of drugs targeting monoamine transporters have been

developed, such as tricyclic antidepressants (TCAs) and selective serotonin reup-

take inhibitors (SSRIs) that inhibit reuptake of 5HT into presynaptic terminals and

prolong neurotransmitter action at the synapse [25]. In addition to increasing the

extracellular levels of 5HT in the brain, a TCA can exert effects as a NE reuptake

inhibitor, an anticholinergic-antimuscarinic agent, an alpha1-adrenergic antagonist,

an antihistamine, and a Na+ channel inhibitor, which can potentially cause lethal

cardiac arrhythmias and seizures [10]. The adverse side effects of TCAs have led to

the development of SSRIs targeting SERT. Fluoxetine (FLX, Prozac) was the first

drug of this kind approved as a therapeutic agent by regulatory authorities in the

USA. Other SSRIs have been synthesized to lessen the adverse side effects of FLX;

these include citalopram, escitalopram, fluvoxamine, and sertraline that lack

adverse side effects, such as insomnia, anxiety, and tremors and display fewer

gastrointestinal side effects, such as nausea, diarrhea, anorexia, and vomiting

[26]. Presently, SSRIs are the most widely prescribed drugs for the treatment of

depression, OCD, and bipolar disorder, as well as anxiety, anorexia, and panic

disorders [27]. In addition, the recreational drug MDMA (i.e., ecstasy) has been

effectively used to treat anxiety disorders, including post-traumatic stress disorder

(PTSD) [28, 29]. MDMA targets all monoamine transporters but possesses greater

potency for SERT. It is thought that MDMA increases monoamine transmitter

levels in the brain by reverse transport via SERT, DAT, and NET of the

corresponding endogenous transmitters [9].

The human dopamine transporter (hDAT) is a major molecular target for

therapeutic agents, such as methylphenidate hydrochloride (MPH, Ritalin) and

AMPH (Adderall). Both compounds, which are often prescribed to treat

attention-deficit/hyperactivity disorder (ADHD), act directly on hDAT to increase

extracellular DA levels, but they do so via different actions on hDAT. Whereas

MPH is a DAT reuptake inhibitor, AMPH is a DAT substrate thought to stimulate

DA release through non-vesicular reverse DA transport through DAT [30, 31]. Cer-

tain drugs of abuse, such as cocaine (COC) and METH, increase DA levels via the

same mechanisms. Like MPH, COC inhibits DA transport and thus increases

extracellular DA. On the other hand, METH behaves like AMPH and is transported

by DAT to release DA by reversing DAT transport. Although abnormal increases in

DA may underlie psychiatric disorders, drug abuse liability [32], and might cause

adverse reactions such as psychosis, some of these compounds that elevate trans-

mitter levels are effective treatments for certain mental illnesses [33]. In particular,

since the psychostimulants AMPH and METH lead to the release of catecholamines

(DA and NE) in the frontal lobe and limbic system (by transmitter reuptake

inhibition at DAT and NET and transmitter efflux by DAT and NET), they have

been used clinically to treat medical conditions such as ADHD and narcolepsy
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[33, 34]. The improved potency to release DA through hDAT by the dextrorotary

AMPH isomer (S(+)AMPH) over the levorotary isomer (R(�)AMPH) [35–37]

underlies the therapeutic efficacy of agents composed primarily of S(+)AMPH.

For example, Adderall is composed of 3:1 S(+):R(�)AMPH [38], and Vyvanse

(lisdexamphetamine) is a pro-drug composed of S(+)AMPH conjugated to L-lysine,

which is metabolized to S(+)AMPH [39, 40]. The dextrorotary isomer of METH is

marketed as Desoxyn for the treatment of ADHD and narcolepsy [41]. Clinical

manifestations associated with the abuse of AMPH, its precursors, or derivatives,

such as phenethylamine or METH, are well documented [42–44]. In an attempt to

bypass the reward system, the selective NE reuptake inhibitor (NRI) atomoxetine

(Strattera) is used to treat ADHD [39]. Lastly, bupropion (Wellbutrin) is used to

treat depression [31, 45] through its action as a dual DA and NE reuptake

inhibitor [46].

5 Functional Mechanisms of Monoamine Transporters

5.1 Human Serotonin, Dopamine, and Norepinephrine
Transporters

Biogenic amine transporters – including hDAT, human SERT (hSERT), and human

NET (hNET) – are classified as Na+/Cl�-coupled co-transporters since they require
both Na+ and Cl� to transport substrates; however, the role of Cl� as a transported

ion is less established [47]. hSERT, hNET, and related proteins belonging to the

SLC6 gene family that includes GABA, glycine, and taurine transporters are also

termed neurotransmitter sodium symporters [48], reflecting the limitation of knowl-

edge about the ionic contribution for substrate transport [49]. Co-transporters use

existing ion gradients to concentrate their substrate against their own concentration

gradient, e.g., Na+ levels are ten times higher outside than inside cells [50–53]. His-

torically, alternating access models describe transport in which ions (Na+ and Cl�)
and substrate (5HT or NE) bind to the transporter in its outward-facing conforma-

tion, catalyze an inward-facing conformational change, and transport the neuro-

transmitter from outside to inside the cell. In some cases a counter-ion, either a

proton (H+) or a K+, is transported from inside to outside of the plasma membrane

returning the transporter to the outward-facing conformation. This model is

supported by biochemical and radiolabeled neurotransmitter uptake data [54, 55]

and is consistent with recent structural data for co-transporters [56–61]. In partic-

ular, the hDAT is described by the alternating access model in which DA transport

is coupled with fixed stoichiometry to the downhill movement of two Na+ and

one Cl� coupling to each DA in the outward-facing hDAT conformation, and either

a K+ or H+ binds to the inward-facing conformation to return hDAT to the outward-

facing conformation [52, 53, 62–64].
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5.2 Reverse Transport (Efflux) Mechanism of Monoamine
Transporters

The reward and addiction properties of AMPH, METH, and MDMA rely on their

ability to increase extracellular DA, NE, and 5HT levels by mechanisms as yet only

partially understood. These agents competitively inhibit monoamine transporters,

leading to diminished uptake and increased neurotransmitters levels at the synaptic

cleft. Additionally, AMPH and related compounds may increase neurotransmitter

levels via “reverse transport” or efflux [65]. DAT is the predominant transporter

studied presumably due to its implications for addiction. The principal proposed

mechanisms for AMPH-induced DAT-mediated DA efflux are: (1) facilitated

exchange diffusion [34], (2) channel-in-transporter DA efflux model [66], (3) -

oligomer-based counter-transport [67], and (4) vesicular depletion (or weak-base

model), in which interaction of the releasing substrate (AMPH) with the vesicular

monoamine transporter disrupts vesicular storage leading to an increase in free

cytoplasmic transmitter levels [68, 69]. Regulation of DAT-mediated DA efflux

includes protein kinase C (PKC)-activated DA efflux [70] and Ca++/calmodulin-

dependent protein kinase II (CaMKII) facilitated phosphorylation [71].

5.3 Transport-Associated Currents of Monoamine
Transporters

Early biochemical and radiolabeled flux data led to the alternating access model for

SERT, NET, and DAT transport; however, subsequent studies uncovered

uncoupled currents and channel-like activity in transporters [47, 72–74]. Since

the early 1990s, currents associated with substrate transport were found to be larger

than alternating access models predicted [51, 64, 75–84]. Uncoupled currents in

transporters are largely unexplained structurally and their function is speculative;

one possibility is that these currents may depolarize or hyperpolarize neurons to a

sufficient extent to produce changes in neuronal excitability [74, 85–89]. Most

evidence for channels in transporters comes from heterologous expression systems;

however, large 5HT-induced currents are generated in SERT at native serotonergic

synapses [90, 91]. In two studies, Cl� is reported to contribute to the ionic

composition of DAT substrate-induced currents [85, 86]; however, Na+ seems to

be a major contributor to these DAT currents [92].

5.4 The Leak Current

Mager and colleagues established the existence of endogenous leak currents at

monoamine transporters as revealed with use of transporter inhibitors [82]. For
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SERT, studies that employed the two-electrode voltage-clamp (TEVC) technique in

SERT-expressing Xenopus laevis oocytes demonstrated that a variety of inhibitors

could uncover the SERT leak current. This response is seen as an outward current

relative to baseline but is actually the inhibition of a constitutive inward current that

is thought to be mediated primarily by Na+. Compounds that helped uncover the

SERT leak current include FLX [93], citalopram (both R and S isomers) [94], and

the tricyclic antidepressants desipramine [95] and imipramine [96]. The majority of

SERT inhibitors elicit long-lasting electrophysiological effects after their removal,

a distinct action on SERT compared to natural substrates that are easily washed out.

Wang and colleagues showed that exposure to FLX leads to a greatly diminished

5HT-induced hSERT-mediated current response, measured by the peak current

time constant: “the time constant for 5HT-induced current became much greater

than that for the first 5HT perfusion.” In other words, after exposure to FLX, there is

a much weaker inward current produced by 5HT (or other substrates) at hSERT as

compared to an initial 5HT response at hSERT. Lastly, under physiologically

relevant experimental concentrations, FLX-induced outward currents supersede

inward 5HT-induced currents when 5HT and FLX are simultaneously applied –

even at high 5HT concentrations. This result suggests FLX inhibits the endogenous

leak current and disables substrate-induced currents at SERT. These results are

consistent with other SERT inhibitors, including desipramine [95], imipramine

[96], and paroxetine (unpublished data). Storustovu and colleagues demonstrate

that applying either citalopram enantiomer (especially the S-isoform) during the

5HT-induced SERT current results in an outward current [94]. Cocaine and cocaine

analogs also reveal leak currents in DAT-expressing, voltage-clamped Xenopus
laevis oocytes [64]. However, the DAT-mediated outward current elicited by COC

washes out more slowly than the substrate (DA)-induced inward current, which is

attributed to its action as an inhibitor – rather than a substrate – at DAT. Inhibitors

with much higher affinity, such as the cocaine analog (1R)-2beta-Carbomethoxy-

3beta-(4-iodophenyl)tropane (β-CIT), are also more difficult to wash out, similar to

FLX on SERT. The leak current has been observed in NET overexpressed in HEK

cells by desipramine [80], but the technical limitation to overexpress NET in

oocytes has precluded extensive NET research [20].

5.5 DAT and SERT Display an Induced Persistent Current

Recent studies have uncovered a novel mechanism of the action of AMPH on DAT

based on electrophysiological data. In this model, AMPH is transported by DAT

and concentrated inside the cell where the drug persists and is available to bind to

the transporter at an internal site. The binding of AMPH at this internal site may

maintain the transporter in a conductive state even when the external substrate is

removed, leading to a persistent leak or “shelf” inward current; furthermore, it is

proposed that external DA and other substrates can hold DAT in a constitutively

active state once internal AMPH is present [92]. The induced persistent current can
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be elicited with additional select releasing substrates and in different monoamine

transporters; in particular S(+)METH can produce a persistent leak current in

hDAT, and para-chloroamphetamine can produce the same response in hSERT

[97]. This mechanism could have consequences on synaptic transmission, as the

persistent current would depolarize neurons long after exposure to the drug. More

work needs to be done to address the importance and implications of this novel

monoamine transporter mechanism [98].

6 Mechanism of Action of Synthetic Cathinones

6.1 Synthetic Cathinones Target Monoamine Transporters

Using different techniques, several groups have sought to understand the pharma-

cology and action of synthetic cathinones; particularly, ones found in bath salts.
Since amphetamine and related drugs act on the monoamine transporters by

inhibiting reuptake of endogenous neurotransmitters and by releasing endogenous

transmitter, studies of structurally related synthetic cathinones are being carried out

to determine their precise mechanisms of action. Experiments using rat brain

synaptosomes pre-loaded with radiolabeled transmitter show that mephedrone

exhibits similar releasing properties as MDMA at NET and DAT but weaker at

SERT. Furthermore, methylone exhibits similar albeit weaker behavior [99]. In rat

brain synaptosomes, MDPV was much stronger as an uptake inhibitor than AMPH,

COC, or MEPH through DAT and NET, whereas MEPH and COC were more

potent at inhibiting SERT uptake than MDPV or AMPH [100]. AMPH and MEPH,

but not COC or MDPV, behave as releasers at DAT, NET, and SERT [100]. Further

uptake inhibition assays in rat brain synaptosomes employing MDPV analogs

confirmed that the α-alkyl chain is essential for hDAT affinity, whereas the

methylenedioxy group does not affect affinity [101]. Substituting a trifluoromethyl

on the 3 or 4 position of MCAT’s ring increases the compound’s selectivity towards
SERT over NET and DAT [102]. Second generation MEPH analogs also elicit

release through SERT and DAT [5]. Studies employing HEK293 cells expressing

monoamine transporters confirmed MDPV is an uptake blocker without release

properties at hDAT, hSERT, and hNET, whereas MEPH (along with methylone and

4-fluoromethcathinone) behave as uptake inhibitors and METH-like releasers at all

three transporters, but with highest potency at hNET [103]. Another study

employing a number of synthetic cathinones classified the compounds based on

their actions on monoamine transporters, including compounds that: (1) exhibit

relatively non-selective actions as uptake inhibitors and display “MDMA-like”

5HT release through SERT, (2) show preferential catecholamine transporter actions

as DAT and NET uptake inhibitors and induce DA release (like METH), and (3) are

potent and selective catecholamine transporter uptake inhibitors but do not induce

release (MDPV) [104]. A similar study assessing synthetic cathinones on
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monoamine transporters showed that: (1) most of the compounds were more potent

inhibitors of NET uptake, (2) addition of a β-keto group tends to enhance the DAT

uptake inhibition over SERT uptake inhibition, (3) ring substitutions enhance

serotonergic uptake inhibition, (4) some synthetic cathinones behave as pure uptake

inhibitors, whereas others act as substrate releasers, and (5) there is weak binding of

synthetic cathinones to a panel of receptors [105].

6.2 Electrophysiological Actions of Synthetic Cathinones
on hDAT

The electrophysiological effects of a drug can provide a molecular signature of the

specific interaction between a drug and the transporter. In a cell voltage-clamped to

�60 mV, compounds that produce transporter-mediated inward currents are con-

sidered transported substrates (or releasers), and compounds that produce outward

currents (interpreted as a block of an endogenous leak current) are considered as

non-transported inhibitors. To illustrate this, currents from hDAT overexpressed in

Xenopus laevis oocytes were recorded in response to DA, METH, the synthetic

cathinones MEPH and MDPV, and COC (Fig. 2). DA, METH, and MEPH induced

hDAT-mediated inward currents, in agreement with previous studies that deter-

mined that METH and MEPH act as releasers [99, 100]. On the other hand, MDPV

Fig. 2 Electrophysiological signature of DA, METH, MEPH, MDPV, and cocaine at hDAT. (a–e)

By employing the two-electrode voltage-clamp (TEVC) technique, currents through hDAT

elicited by external drug application (60 s duration, 10 μM) are measured in hDAT-expressing

Xenopus laevis oocytes voltage clamped to �60 mV. (a) DA induces a large inward peak current

that returns to baseline when DA is removed. (b) METH and (c) MEPH elicit inward peak currents

and induced persistent currents (enhanced current in the absence of drug). (d) MDPV exposure

produces an outward current similar to the current induced by (e) COC, which is a known reuptake

inhibitor. The responses induced byMDPV and COC reveal the presence of an endogenous inward

leak current typically uncovered with inhibitors. Figure adapted from [106]
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and COC possess the signature of a non-transported blocker at hDAT, which

qualitatively is seen as an upward deflection (Fig. 2) [106]. The mixture of

MEPH and MDPV commonly found in bath salts, in combination with these

findings, indicate that bath salts may contain a DA releasing agent and a DA

reuptake inhibitor. The two drugs have different kinetics and rather than cancel

each other they would exacerbate the effect of either drug taken alone. Further

recordings showed that MDPV produces a long-lasting effect at hDAT, that is,

washout fails to return the outward current to baseline in contrast to COC, which is

more easily washed out [106]. In congruence, MDPV proved to be 10–35 times

more potent than COC as an uptake inhibitor for DAT [100, 106].

6.3 Electrophysiological Actions of Synthetic Cathinones
on hSERT

There are limited studies on the electrophysiological actions of synthetic cathinones

on hSERT, which require more elaboration. Mephedrone analogs (second-

generation cathinones) are stimulants that induce euphoria and elicit inward cur-

rents [5]. The METH analog, para-methoxymethamphetamine (PMMA), which

induces behavioral effects similar to MDMA without stimulant effects, and the

β-keto analog methedrone, found in bath salts, display potent effects at SERT and

NET [105]. In particular, methedrone is the synthetic cathinone with the highest

selectivity for SERT, and it behaves as a substrate that induces monoamine efflux

[105]. In agreement, employing the TEVC technique in voltage-clamped (�60 mV)

oocytes overexpressing hSERT show that the S(+) isomer of PMMA or methedrone

elicit inward currents through hSERT comparable to the 5HT-induced inward

current (Fig. 3). This is the signature of substrates (or releasers) and, interestingly,

methedrone produces a large persistent inward current after washout, which con-

firms its potent effect at hSERT.

6.4 Structural Determinants for Potency of MDPV on hDAT

Deconstruction of MDPV into analogs allowed the determination of the moieties in

MDPV responsible for its potency. In hDAT-expressing Xenopus laevis oocytes

clamped to �60 mV, MDPV and its analogs induced comparable outward currents

(block of an endogenous inward leak) that, after drug washout, did not return to the

baseline before drug application. Furthermore, DA-induced currents obtained fol-

lowing application of either MDPV or its analogs displayed amplitude recovery

profiles relative to the initial DA-induced currents (see Fig. 4) that highly correlated

with the compounds’ potency to inhibit DA uptake via hDAT. In this study, the

combination of uptake inhibition assays and an electrophysiological protocol
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revealed the major contributor for MDPV’s potency at hDAT to be the extended

α-alkyl group, followed by the carbonyl group and a tertiary amine, whereas the

methylenedioxy group made a minimal contribution [107].

6.5 A Distinct Site for Action of MDPV Analogs on hDAT

All compounds used in the Kolanos et al. study of the electrophysiological effects of

MDPV analogs at hDAT shifted the baseline to more positive values, which is

attributed to the block of the leak current (see Fig. 4). Interestingly, for the MDPV

analogs 1-(benzo[d][1,3]dioxol-5-yl)-2-(dimethylamino)propan-1-one (bk-MDDMA)

(Fig. 4g) and 2-amino-1-(benzo[d]-1,3-dioxol-5-yl)pentan-1-one (ABDP) (Fig. 4h),

the secondDA response recovered to 100%of the first DA response relative to the new

baseline. The baseline shift following 10 μM of either bk-MDDMA or ABDP appli-

cation cannot be washed out and is unaffected by a second exposure to DA. In

subsequent recordings from hDAT oocytes, bk-MDDMA was perfused and removed

while extracellular DAwas present (Fig. 5a); however, a shift in baseline still occurred.

Similarly, ABDP produces a shift in baseline even in the presence of constant

extracellular DA (Fig. 5c). The shift in baseline produced by these analogs was not

Fig. 3 Electrophysiological signature of S(+)PMMA and the synthetic cathinone methedrone at

hSERT. By utilizing the TEVC technique currents are measured in Xenopus laevis oocytes

overexpressing hSERT in response to 5 μM 5HT followed by 10 μM of either the S(+) isomer

of para-methoxy-N-methylamphetamine (S(+)PMMA) (a) or methedrone (b). While the

5HT-induced hSERT response returns to baseline after washout, the washout following exposure

to S(+)PMMA or methedrone for 100 s results in a persistent inward current. The hSERT inhibitor

fluoxetine (FLX) reveals the endogenous leak current
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impeded by the presence of a high concentration of dopamine (data not shown). At

hSERT, bk-MDDMA elicits a weak, reversible block of the inward leak current

(Fig. 5b), andABDP produces an inward, substrate-like current and a persistent inward

current (Fig. 5d). These results suggest two distinct sites of action for MDPV analogs

targeting hDAT, and the distinct effect of the compounds at hSERT differentiates these

compounds at the two transporters. There are only a few reports of a secondary site of

action on monoamine transporters [108], but none employing electrophysiology. This

secondary site of action of drugs targeting hDAT could have important implications for

drug development to treat addiction and other disorders.

Fig. 4 Currents induced by MDPV and its analogs in voltage-clamped (�60 mV) Xenopus laevis
oocytes expressing hDAT. (a–h) Initial exposure to DA (5 μM) yields an hDAT-mediated inward

current. Subsequent exposure to MDPV (a) or any of its analogs (b–h) (10 μM, 1 min) produces

the typical response associated with the block of the endogenous current at hDAT. The upward

deflection does not return to baseline when any of the compounds are washed out for 1 min. (a)

Following exposure to MDPV a 5 μM DA application induces a diminished hDAT-mediated

inward current (as compared to the current produced in response to the initial DA exposure). The

protocol is repeated for the MDPV analogs (b–H). Exposure to the different MDPV analogs elicits

variable DA current recovery (compare second DA exposure to first DA exposure). For example,

in contrast to the diminished DA-induced hDAT-mediated inward current following MDPV

exposure (a), after exposing hDAT to the last two compounds (g–h) application of DA results in

large inward currents that fully recover to the level of the current elicited by the first DA exposure.

Figure adapted from [107]
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7 Conclusion

Electrophysiological methods can characterize the actions of drugs on the mono-

amine transporters, determine whether they act as releasers or inhibitors, can

quantify potency and efficacy, and evaluate structure–activity relationships of

new compounds. Correlative studies with neurotransmitter uptake/release and

Fig. 5 Currents induced by MDPV analogs at hDAT and hSERT in voltage-clamped (�60 mV)

Xenopus laevis oocytes. (a) Application of bk-MDDMA (20 μM) during constant perfusion of DA

counteracts the inward DA-induced current. After removal of bk-MDDMA, a DA-induced inward

current is observed; however, after DA is washed out, the current goes above baseline (above

dashed line). A second exposure to bk-MDDMA induces a small outward current that returns to

the level the baseline was shifted to. A subsequent DA-induced hDAT current is similar to the

initial DA response, and after the last DA application is washed out, the baseline remains shifted.

(b) At hSERT, bk-MDDMA (20 μM) induces a small block of the endogenous leak current, but in

contrast to what happens at hDAT, after washing out bk-MDDMA the holding current at hSERT

returns to its original level. (c) Application of ABDP shifts the baseline even in the presence of

DA. ABDP application (20 μM) is applied to hDAT in the presence of DA, which elicits a

counteracting hDAT-mediated current. After removal of ABDP application, the DA present

induces an hDAT-mediated inward current; however, after DA is washed out, the current goes

above baseline. A second exposure to ABDP application induces a small outward current. A

subsequent DA-induced hDAT current is similar to the initial DA response, and after the last DA

application is washed out, the baseline remains shifted. (d) ABDP (20 μM) induces an hSERT-

mediated inward current that does not return to baseline. Note: All DA and 5HT challenges are

5 μM

86 E. Solis, Jr.



fluorescent microscopy will enhance our understanding of drug action. Lastly,

structure–function analysis of monoamine transporter protein structures as they

become available can be combined with functional information to uncover the

molecular mechanisms underlying drug–transporter interactions.
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Neuropharmacology of 3,4-

Methylenedioxypyrovalerone (MDPV), Its

Metabolites, and Related Analogs

Michael H. Baumann, Mohammad O. Bukhari, Kurt R. Lehner,

Sebastien Anizan, Kenner C. Rice, Marta Concheiro,

and Marilyn A. Huestis

Abstract 3,4-Methylenedioxypyrovalerone (MDPV) is a psychoactive component

of so-called bath salts products that has caused serious medical consequences in

humans. In this chapter, we review the neuropharmacology of MDPV and related

analogs, and supplement the discussion with new results from our preclinical

experiments. MDPV acts as a potent uptake inhibitor at plasma membrane trans-

porters for dopamine (DAT) and norepinephrine (NET) in nervous tissue. The

MDPV formulation in bath salts is a racemic mixture, and the S isomer is much

more potent than the R isomer at blocking DAT and producing abuse-related

effects. Elevations in brain extracellular dopamine produced by MDPV are likely

to underlie its locomotor stimulant and addictive properties. MDPV displays rapid

pharmacokinetics when injected into rats (0.5–2.0 mg/kg), with peak plasma

concentrations achieved by 10–20 min and declining quickly thereafter. MDPV is

metabolized to 3,4-dihydroxypyrovalerone (3,4-catechol-PV) and 4-hydroxy-3-
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methoxypyrovalerone (4-OH-3-MeO-PV) in vivo, but motor activation produced

by the drug is positively correlated with plasma concentrations of parent drug and

not its metabolites. 3,4-Catechol-PV is a potent uptake blocker at DAT in vitro but

has little activity after administration in vivo. 4-OH-3-MeO-PV is the main MDPV

metabolite but is weak at DAT and NET. MDPV analogs, such as

α-pyrrolidinovalerophenone (α-PVP), display similar ability to inhibit DAT and

increase extracellular dopamine concentrations. Taken together, these findings

demonstrate that MDPV and its analogs represent a unique class of transporter

inhibitors with a high propensity for abuse and addiction.

Keywords Addiction • Dopamine • MDPV • Pyrrolidinophenones • Synthetic

cathinones • Transporter • Uptake • α-PVP
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1 Introduction

Drug abuse and addiction are persistent public health concerns, and an alarming

new trend is the increased non-medical use of so-called designer drugs, legal highs,

or research chemicals [1] [2, this volume], [3]. These drugs, collectively known as

“new psychoactive substances” (NPS), are synthetic alternatives to more traditional

illegal drugs of abuse. At the present time, there are popular NPS which mimic the

effects of most types of abused drugs, including stimulants (e.g., “bath salts”),

cannabinoids (e.g., “spice”), and hallucinogens (e.g., “NBOMes”). Most are

manufactured by Asian laboratories and sold to consumers via the Internet or

shipped to locations in Europe, the United States America (US), and elsewhere to

be packaged for retail sale [4, 5]. NPS are marketed as non-drug products, given

innocuous names, and labeled “not for human consumption” as a means to avoid

legal scrutiny. Compared to traditional drugs of abuse, NPS are cheap, easy to

obtain, and often not detectable by standard toxicology screens. As governments

pass laws to ban specific NPS, clandestine chemists respond by quickly creating

novel “replacement” analogs to stay one step ahead of law enforcement [6, 7]. The

abuse of NPS is a global phenomenon fueled by information freely available on the
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Internet. Recent data from the United Nations indicate that 540 different NPS have

been identified worldwide as of 2014, and this number is expected to rise [8].

The first stimulant-like NPS to appear in the US were found in the so-called bath

salts products which flooded the recreational drug marketplace beginning in late

2010 [9]. By early 2011, there was a dramatic spike in reports of bath salts

intoxications to poison control centers, and an influx of patients admitted to

emergency departments with toxic exposures [10–12]. Bath salts consist of powders

or crystals that are administered intra-nasally or orally to produce their psychoac-

tive effects. Low doses of bath salts induce typical psychomotor stimulant effects

such as increased energy and mood elevation, but high doses or binge use can cause

severe symptoms including hallucinations, psychosis, increased heart rate, high

blood pressure and hyperthermia, often accompanied by combative or violent

behaviors [9, 13]. The most serious syndrome induced by bath salts is known as

“excited delirium,” a constellation of symptoms including elevated body tempera-

ture, delirium, agitation, breakdown of muscle tissue, and kidney failure, some-

times culminating in death [14, 15]. Forensic analysis of bath salts products in 2010

and 2011 identified three main synthetic compounds: 4-methyl-N-methylcathinone

(mephedrone), 3,4-methylenedioxy-N-methylcathinone (methylone), and

3,4-methylenedioxypyrovalerone (MDPV) (Spiller et al. 2011; [7, 12]). These

compounds are chemically similar to the naturally occurring substance cathinone,

an amphetamine-like stimulant found in the khat plant, Catha edulis. Legislation
passed in 2013 placed mephedrone, methylone, and MDPV into permanent Sched-

ule I control, making the drugs illegal in the US [16]. Figure 1 depicts the chemical

structures of bath salts cathinones compared to the related compounds amphet-

amine and cathinone.

Although a number of different cathinones are found in bath salts products (e.g.,

[7, 12, 17]), MDPV appears more apt to cause life-threatening medical conse-

quences (see [18]). For example, in the first study of patients reported to US poison

control centers for “bath salts” overdose, the majority of subjects with blood and

urine toxicology data were positive for MDPV but not mephedrone or methylone

[12]. A more recent interrogation of a US clinical toxicology database found that all

patients with confirmed synthetic cathinone exposure tested positive for MDPV

[19]. Perhaps more importantly, MDPV was found in blood and urine from many

fatal cases of drug overdose in the US and Europe [12, 14, 20–22]. Collectively, the

clinical case data point to MDPV as the chief culprit in causing serious medical

consequences. Given the widespread popularity of MDPV and the risks associated

with its use, the purpose of the present chapter is to describe the neuropharmacol-

ogy of MDPV, its metabolites, and related analogs. We review the literature on this

topic and supplement the discussion with new data from preclinical experiments

carried out at the Intramural Research Program (IRP) of the National Institute on

Drug Abuse (NIDA).
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2 Pharmacology of MDPV and Its Stereoisomers

2.1 Stimulant Drugs and Monoamine Transporters

As noted above, the psychoactive constituents of bath salts are chemically related to

the parent compound cathinone, the β-keto analog of amphetamine (see Fig. 1 for

structures). Mephedrone and methylone have functional groups attached to the

phenyl ring and are considered ring-substituted cathinones, whereas MDPV is

structurally more complex with a bulky nitrogen-containing pyrrolidine ring and

a flexible alkyl chain extending from the α-carbon. MDPV and related compounds

containing a pyrrolidine ring are collectively known as pyrrolidinophenones. Like

other stimulant drugs, bath salts cathinones exert their effects by binding to

transporter proteins on the surface of nerve cells that synthesize the monoamine

neurotransmitters dopamine, norepinephrine, and serotonin (5-HT) [23] [24, this

volume]. In order to understand the precise mechanism of action for cathinone

analogs at the molecular level, it is essential to first consider the physiological role

of monoamine transporters and the types of drugs targeting these proteins.

Fig. 1 Chemical structures of MDPV and related pyrrolidinophenones, and their relationship to

amphetamine and cathinone
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Under normal circumstances, the solute carrier 6 (SLC6) transporters for dopa-

mine (DAT), norepinephrine (NET), and serotonin (SERT) are responsible for

translocating previously released neurotransmitter molecules from the extracellular

medium back into the neuronal cytoplasm, a process known as neurotransmitter

“uptake” [25]. Transporter-mediated uptake is the principal mechanism for termi-

nating the action of monoamine neurotransmitters, so drugs targeting these trans-

porter proteins can have profound effects on cell-to-cell monoamine signaling.

Accordingly, monoamine transporters are the principal sites of action for medica-

tions used to treat a range of psychiatric diseases such as depression, anxiety, and

attention-deficit hyperactivity disorder [26, 27]. Drugs which preferentially interact

at SERT are widely prescribed as efficacious treatments for major depression and

anxiety disorders. By contrast, drugs which preferentially act at DAT and NET, like

amphetamine and methamphetamine, have powerful psychomotor stimulant and

addictive properties [28, 29].

Drugs that bind to monoamine transporters can be divided into two types based

on their precise molecular mechanisms of action: (1) cocaine-like “inhibitors” –

which bind to the neurotransmitter binding site on the transporter (i.e., orthosteric

site), thereby blocking uptake of neurotransmitters from the extracellular medium,

and (2) amphetamine-like “substrates” – which also bind to the orthosteric site, but

are subsequently translocated through the transporter channel into the neuronal

cytoplasm and trigger efflux of intracellular neurotransmitter molecules (i.e.,

transporter-mediated release) [30, 31]. Drugs that act as transporter substrates are

often called “releasers” because they induce non-exocytotic transporter-mediated

neurotransmitter release from neurons. Irrespective of molecular mechanism, all

drugs which bind to transporters can dramatically increase extracellular concentra-

tions of monoamines in vivo, amplifying cell-to-cell chemical signaling in various

brain circuits. It is important to distinguish between transporter inhibitors versus

substrates because substrates display a number of unique properties: they are

translocated into cells along with sodium ions, they induce inward depolarizing

sodium currents, and they reverse the normal direction of transporter flux to trigger

non-exocytotic release of neurotransmitters (i.e., reverse transport) [30, 31]. Finally,

because transporter substrate-type drugs are accumulated into the neuronal cyto-

plasm, they can produce intracellular deficits in monoamine neurons such as

inhibition of neurotransmitter synthesis and disruption of vesicular storage, leading

to long-term neurotransmitter depletions [32, this volume] [33] [34].

In our laboratory, we developed in vitro functional assays to assess the ability of

test drugs to act as inhibitors or substrates at DAT, NET, and SERT [35, 36]. We

employ two types of assays: (1) uptake inhibition and (2) release. The assays are

carried out in synaptosomes derived from rat brain tissue and are designed to

rapidly assess potency and efficacy of drugs at all three transporters under similar

conditions. Synaptosomes consist of sealed vesicle-filled nerve endings with their

plasma membrane leaflets oriented in a manner akin to neurons in vivo. For the

uptake inhibition assays, radiolabeled substrate (i.e., [3H]neurotransmitter) and test

drug are co-incubated with synaptosomes for a brief period, and the reaction is

stopped by vacuum filtration. If test drugs are transporter inhibitors, the
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accumulation of [3H]neurotransmitter into the synaptosomes (i.e., uptake) is

blocked because the test drug and neurotransmitter compete for the same

orthosteric binding site on the transporter protein. It is noteworthy that uptake

inhibition assays cannot distinguish between inhibitors and substrates because

both types of drugs will effectively reduce the accumulation of [3H]neurotransmit-

ter into synaptosomes.

In order to definitively identify substrate-type drugs, we use release assays. For

the release assays, synaptosomes are first incubated with radiolabeled substrate

molecules in order to fill or “preload” the interior of the synaptosomes. [3H]1-

Methyl-4-phenylpyridinium ([3H]MPP+) is used as the radiolabeled substrate for

DAT and NET release assays, whereas [3H]5-HT is used for SERT release assays.

Once synaptosomes are preloaded, test drug is added for a brief incubation period,

and the reaction is stopped by vacuum filtration. If test drugs are transporter sub-

strates, efflux of [3H]MPP+ or [3H]5-HT out of the synaptosomes is induced (i.e.,

release) by reversal of the normal direction of transporter flux. Drugs that act as

pure transporter inhibitors will not evoke substantial release of [3H]MPP+ or [3H]5-

HT from preloaded synaptosomes. Therefore, by testing drugs in the combined

uptake inhibition and release assay procedures, the precise molecular mechanism of

drug action can be ascertained.

2.2 Molecular Mechanisms of Action

Prior to the bath salts phenomenon in 2010–2011, few scientific investigations had

examined the pharmacology of ring-substituted cathinones or pyrrolidinophenones.

Studies from the 1980s demonstrated that cathinone and methcathinone release

dopamine from rat brain tissue by an amphetamine-like mechanism [37, 38], and

subsequent reports revealed methcathinone acts as a substrate for DAT, NET, and

SERT [36, 39]. Cozzi et al. [39] first demonstrated that methylone acts as an uptake

inhibitor at monoamine transporters [39], while other investigations showed the

drug is a transporter substrate capable of releasing dopamine, norepinephrine, and

5-HT from rat brain tissue [40]. Studies from the 1990s revealed that pyrovalerone,

a structural analog of MDPV (see Fig. 1), is a potent dopamine uptake blocker

which produces psychomotor stimulant effects when administered to rodents

[41, 42]. A comprehensive study by Meltzer et al. [43] examined the monoamine

transporter activities for several pyrovalerone analogs and showed these agents are

potent inhibitors of DAT and NET with minimal activity at SERT [43]. Impor-

tantly, the study of Meltzer and colleagues did not address the possibility of whether

pyrovalerone analogs might act as transporter substrates, and no assessment of

MDPV activity was included.

Hadlock et al. [44] carried out the first detailed investigation of mephedrone

pharmacology, and found the drug inhibits dopamine uptake and stimulates dopa-

mine release from rat brain synaptosomes [44]. López-Arnau et al. [45] reported

that mephedrone and methylone both inhibit uptake at DAT and SERT, but no
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transporter release data were reported in their study [45]. Our laboratory extended the

findings of Lopez-Arnau and colleagues by showing that mephedrone and methylone

act as non-selective transporter substrates that evoke release of [3H]MPP+ from

DAT and NET, and release of [3H]5-HT from SERT [46]. The non-selective

substrate activity of mephedrone and methylone at monoamine transporters is similar

to the molecular mechanism of action for the club drug 3,4-methylenedioxy-N-
methylamphetamine (MDMA). In assay systems using human transporters expressed

in human embryonic kidney (HEK) cells, mephedrone and methylone act as sub-

strates for DAT, NET, and SERT [47, 48], consistent with the findings in synapto-

somes. Taken together, results from studies using rat and human transporters agree

that ring-substituted cathinones like mephedrone and methylone are non-selective

transporter substrates capable of inducing transmitter release via DAT, NET,

and SERT.

We examined the in vitro transporter activity of MDPV in rat brain synapto-

somes and showed the drug displays potent uptake inhibition at DAT

(IC50¼ 4.1 nM) and NET (IC50¼ 26 nM), with much weaker activity at SERT

(IC50¼ 3,349 nM) [49]. Table 1 summarizes the uptake inhibition potencies at

DAT, NET, and SERT for MDPV and a number of other stimulant drugs discussed

in this chapter. The in vitro results with MDPV agree with prior data of Meltzer

et al. (2006) showing that pyrovalerone analogs are potent inhibitors of DAT and

NET. When compared to the prototypical uptake inhibitor cocaine, MDPV is

50-fold more potent as an inhibitor at DAT, tenfold more potent at NET and tenfold

Table 1 Effects of MDPV and related analogs on the uptake of [3H]neurotransmitters at DAT,

NET, and SERT in rat brain synaptosomes

Test drug

DAT uptake

inhibition

IC50 (nM)

NET uptake

inhibition

IC50 (nM)

SERT uptake

inhibition

IC50 (nM)

DAT/SERT

ratio

Cocaine 211� 19 292� 34 313� 17 1.48

Amphetaminea 93� 17 67� 16 3,418� 314 36.75

Mephedronea 762� 79 487� 66 422� 26 0.55

Methylonea 1,323� 133 1,031� 162 1,017� 59 0.77

MDPV 4.1� 0.5 26� 8 3,349� 305 816.82

S-MDPV 2.1� 0.2 9.8� 1.0 n.d. –

R-MDPV 382� 53 726� 150 n.d. –

3,4-Catechol-PV 11� 1 11� 1 >10,000 >900

4-OH-3-MeO-PV 784� 87 407� 43 >10,000 >12

α-PVP 12� 1 14� 1 >10,000 >833

α-PBP 63� 6 92� 13 >10,000 >159

α-PPP 197� 10 445� 39 >10,000 >50

Values are mean� SD for N¼ 3 experiments each repeated in triplicate. IC50 indicates drug

concentration at which uptake is inhibited to 50 percent of control uptake

DAT/SERT ratio is (DAT IC50)
�1/(SERT IC50)

�1; higher values indicate greater DAT selectivity

Data are taken from [49–51]
aThese test drugs act as substrates for monoamine transporters and are included for comparison
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less potent at SERT. We found that MDPV does not act as a substrate for mono-

amine transporters, probably because the drug molecule is sterically too bulky to fit

through the transporter channel. In an informative structure-activity study, Kolanos

et al. [52] “deconstructed” the MDPV molecule piece-by-piece to determine which

structural features govern activity at DAT. They found that the bulky pyrrolidine

ring and the flexible α-carbon chain are critical attributes for potent uptake inhibi-

tion at DAT, whereas the 3,4-methylenedioxy ring moiety is of little consequence in

this regard.

In mouse striatal slices, MDPV is a potent and efficacious inhibitor of

DAT-mediated dopamine clearance (i.e., dopamine uptake) as measured by fast-

scan cyclic voltammetry [49]. In assays using HEK cells expressing human trans-

porters, Eshleman et al. [47] and Simmler et al. [48] confirmed that MDPV is a

potent inhibitor at DAT and NET, but not SERT, and the drug does not evoke

transporter-mediated release. These same investigators examined the potency of

MDPV at various G protein-coupled receptor subtypes and found no significant

affinity of the drug for non-transporter sites of action [47, 48]. Cameron et al. [53]

provided definitive evidence that MDPV is not a substrate at DAT by comparing the

electrophysiological effects of mephedrone and MDPV in Xenopus oocytes

expressing human DAT [53]. They found that mephedrone induces a

DAT-mediated inward depolarizing current, consistent with the action of a trans-

portable substrate, whereas MDPV does not produce this effect. In fact, MDPV

induces a DAT-mediated outward hyperpolarizing current due to the inhibition of

an inward “leak” current. Overall, the in vitro findings from a variety of different

assay methods in native tissues and transporter-expressing cells indicate that

MDPV is a potent inhibitor at DAT and NET, which lacks significant activity at

SERT and non-transporter sites of action.

The formulation of MDPV available in the recreational drug marketplace is a

racemic mixture of S and R isomers, which poses a logical question about whether

these isomers have stereoselective biological effects. Meltzer et al. [43] showed that

S-pyrovalerone is much more potent as an inhibitor at DAT and NET when

compared to R-pyrovalerone, suggesting MDPV isomers might exhibit a similar

degree of transporter selectivity. Kolanos et al. [50] reported the stereoselective

synthesis of MDPV enantiomers using S- and R-norvaline as starting materials [50],

whereas Suzuki et al. [54] resolved MDPV enantiomers from the racemic mixture

[54]. In the study of Kolanos et al. [50], S-MDPV was 100-times more potent at

inhibiting DAT when compared to R-MDPV (see Table 1). Therefore, similar to the

findings reported for pyrovalerone, the biological activity of racemic MDPV resides

primarily with the S isomer. In agreement with the in vitro transporter results,

S-MDPV is much more potent than R-MDPV in eliciting locomotor stimulant and

reinforcing effects in both rats and mice [50, 55].
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2.3 In Vivo Pharmacological Effects

Drugs which act as inhibitors or substrates at DAT, NET, and SERT increase the

extracellular concentrations of dopamine, norepinephrine, and 5-HT in the brain to

enhance monoamine signaling [28, 29]. In our laboratory, we developed in vivo

methods to simultaneously examine the neurochemical and behavioral effects of

transporter ligands in rats [56, 57]. Specifically, we use in vivo microdialysis

perfusion to collect samples of extracellular fluid (i.e., dialysate samples) from

the brains of conscious freely behaving rats. The microdialysis probes are placed

into the nucleus accumbens, a brain region implicated in the locomotor stimulant

and reinforcing effects of abused drugs [58, 59], and dialysate samples are analyzed

for concentrations of dopamine and 5-HT using high-performance liquid chroma-

tography coupled to electrochemical detection (HPLC-ECD). Rats undergoing

microdialysis are housed in chambers equipped with photo-beam arrays sensitive

to locomotor activity in the horizontal plane (i.e., ambulation) and repetitive back-

and-forth movements of the head, trunk, and limbs (i.e., stereotypy). Our methods

allow for the assessment of relationships between extracellular monoamines and

behavior. For example, in previous studies, we found a significant positive corre-

lation between the amount of dialysate dopamine in the nucleus accumbens and the

extent of locomotor activation produced by stimulant drugs [56, 60]. Furthermore,

data reveal that elevations in dialysate 5-HT alone are not sufficient to produce

locomotor activation [61], but elevations in extracellular 5-HT can dampen the

motor stimulant effects mediated by concurrent elevations in extracellular dopa-

mine [56, 57].

Kehr et al. [62] first reported that subcutaneous (s.c.) administration of

mephedrone to rats evokes concurrent elevations in extracellular dopamine and

5-HT in the nucleus accumbens [62], and other research groups confirmed these

findings in rats receiving s.c. or intraperitoneal (i.p.) mephedrone injections [63,

64]. Intravenous (i.v.) administration of mephedrone or methylone produces dose-

related increases in extracellular dopamine and 5-HT in rat nucleus accumbens,

with mephedrone slightly more potent than methylone [46]. Interestingly, all

microdialysis studies with mephedrone and methylone have found that the magni-

tude of increase in dialysate 5-HT exceeds the accompanying increase in dialysate

dopamine. The profile of in vivo neurochemical effects produced by mephedrone

and methylone is consistent with the substrate activity of these drugs at DAT and

SERT, and mimics the known neurochemical effects of MDMA [46, 62, 65]. We

reported that i.v. MDPV administration to rats produces dose-related increases in

extracellular dopamine but not 5-HT, and MDPV is tenfold more potent than

cocaine in its ability to increase dialysate dopamine [49, 66]. The selective rise in

extracellular dopamine produced by MDPV is consistent with the potent inhibition

of dopamine uptake produced by the drug in vitro. Figure 2 depicts unpublished

data showing the effects of MDPV administration on extracellular dopamine and

5-HT, along with concurrent measures of ambulation. In these experiments, rats

undergoing in vivo microdialysis in the nucleus accumbens were housed in
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chambers equipped with photobeams to allow for measurement of locomotor

behaviors. After three baseline dialysate samples were obtained, rats received

i.v. injection of 0.1 mg/kg MDPV at time zero, followed by 0.3 mg/kg 60 min

later. Dialysate samples were collected at 20 min intervals before, during, and after

drug injections. Data were analyzed by two-way (drug� time) ANOVA followed

by Bonferroni post-hoc tests. The results show that MDPV produces significant

dose-related increases in extracellular dopamine (F1,8¼ 157.3, p< 0.0001), but not

5-HT (F1,8¼ 1.6, NS), along with a parallel increases in ambulation (F1,8¼ 198.7,

p< 0.0001).

The behavioral effects produced by MDPV have been recently reviewed [67],

enabling brief consideration here, focusing on locomotor activity and drug self-

administration studies. All of the synthetic cathinones examined thus far are known

to stimulate locomotor activity when administered to rats [46, 68, 69] or mice [70–

72]. In a representative study, Marusich et al. [72] showed that mephedrone,

methylone, and MDPV produce dose-dependent increases in ambulation in mice,

but MDPV is much more potent in this regard. We found that MDPV is about

tenfold more potent than cocaine as a locomotor stimulant in rats, and MDPV is

also more efficacious than cocaine, stimulating an overall greater magnitude of

motor activation [49]. When MDPV is administered across a broad range of doses,

the dose–response relationship for ambulation is an inverted U-shaped curve

[68, 71]; the reduction in forward locomotion at higher MDPV doses is due to the

emergence of focused stereotypies, such as in-place perseverative sniffing and head

bobbing, as dose increases. In mice, the locomotor stimulation produced by MDPV

is reduced by pretreatment with the dopamine D1 receptor antagonist SCH23390

[51]. Taken together with the microdialysis data, the available evidence indicates

that MDPV elevates extracellular dopamine in critical brain circuits via DAT

inhibition, and subsequent activation of D1 dopamine receptors by endogenous

dopamine is responsible for locomotor stimulant effects of the drug.

Fig. 2 Neurochemical and behavioral effects of MDPV in male Sprague–Dawley rats undergoing

microdialysis in nucleus accumbens. Rats received i.v. injection of 0.1 mg/kg at time zero,

followed by 0.3 mg/kg 60 min later. Extracellular concentrations of monoamine transmitters

(dopamine, 5-HT) and forward locomotion (ambulation) are expressed as % basal, determined

from three time points prior to injection. Data are mean� SEM, for N¼ 6–7 rats/group. *p< 0.05,

**p< 0.01 compared to saline control at a given time point
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The role of extracellular 5-HT in modulating the dopaminergic effects of

synthetic cathinones is a topic of great interest. To this end, a recent investigation

compared the neurochemical and locomotor effects of MDPV and methylone in rats

[66]. It was found that i.v. doses of 0.3 mg/kg MDPV and 3.0 mg/kg methylone

produce nearly identical threefold elevations in extracellular dopamine, whereas

only methylone produces a dramatic tenfold elevation in extracellular 5-HT. At

these same doses, MDPV elicits a much greater stimulation of ambulation and

stereotypy when compared to methylone. One interpretation of these findings is that

elevations in extracellular 5-HT tend to reduce locomotor stimulant effects medi-

ated by extracellular dopamine. Indeed, substantial evidence indicates that high-

affinity 5-HT2C receptor sites in the brain provide a strong inhibitory influence over

dopamine-mediated behavioral effects [73]. Thus, MDPV’s powerful locomotor

effects could be related to its potent DAT inhibition, coupled with its lack of

activity at SERT and failure to increase extracellular 5-HT.

Drug self-administration is considered the “gold standard” behavioral test for

determining the addictive potential of drugs, as most drugs self-administered by

laboratory animals are abused by humans [74, this volume] [75]. In the rat drug self-

administration paradigm, animals with surgically implanted i.v. catheters are

trained to lever-press or nose-poke to obtain i.v. drug injections which are delivered

via a computer-controlled infusion pump. A number of studies have shown that rats

will self-administer mephedrone [44, 76, 77] and methylone [78–80], indicating

these drugs have abuse liability. With regard to MDPV, Aarde et al. [68] reported

that MDPV is readily self-administered by rats at i.v. training doses ranging from

0.01 to 0.5 mg/kg, and the drug is more potent and efficacious than methamphet-

amine, a known stimulant drug of abuse. Watterson et al. [82] found similar results

with rats self-administering MDPV, and also showed the amount of drug adminis-

tered displays robust escalation if rats are allowed prolonged access to the drug.

Schindler et al. [66] directly compared the acquisition of i.v. self-administration

behavior for MDPV (0.05 mg/kg) and methylone (0.5 mg/kg) in rats. It was found

that MDPV self-administration is rapidly acquired within the first few days of

training, whereas methylone self-administration takes much longer to develop.

Additionally, the number of infusions per session is significantly greater for

MDPV when compared to methylone. Based on the neurochemical effects of

MDPV and methylone already mentioned, it is tempting to speculate that seroto-

nergic effects of methylone function to counteract the positive reinforcing effects of

this drug when compared to MDPV. In agreement with this idea, Bonano et al. [83]

showed that MDPV is much more potent than methylone at facilitating intracranial

self-stimulation (ICSS) in rats, an index of reinforcing effects of drugs. Further-

more, MDPV produces only abuse-related effects while methylone produces a

mixture of abuse-related and abuse-limiting actions. Overall, the self-

administration and ICSS data demonstrate that MDPV is a potent and efficacious

reinforcer in rats, indicating the drug has a high potential for abuse and addiction in

humans.
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3 MDPV Pharmacokinetics and Metabolism

Pharmacokinetics (PK) describes the time course of drug concentrations in blood

and tissues. Investigating the PK of synthetic cathinones and other NPS is important

for the forensic detection of these substances and for evaluating their pharmaco-

logical/toxicological effects. When NPS first appear in the recreational drug mar-

ketplace, they must be identified and quantified in confiscated drug products and in

biological specimens from subjects exposed to the drugs. As mentioned in the

Introduction, most NPS are not detected by traditional toxicology screening

methods, which rely on antibody-based technology (i.e., immunoassays) and rec-

ognize specific drugs and metabolites. Given the rapid increase in number and

variety of NPS, the slow and cumbersome process of developing new immunoas-

says cannot keep pace with the appearance of new substances [84, 85]. Conse-

quently, alternative analytical methods, particularly liquid chromatography

(LC) coupled to mass spectrometry (MS) or high-resolution mass spectrometry

(HRMS), are now being implemented to detect and quantify newly emerging drugs

of abuse [86–88]. In vitro strategies using liver microsomes or hepatocytes are

being exploited to quickly identify metabolites of NPS, since certain metabolites

may be bioactive or have a much longer half-life than the parent compound, thereby

serving as more persistent markers of drug exposure [89, 90]. Finally, because there

are few controlled clinical studies examining the effects of NPS in humans,

experiments in animal models must be employed to characterize in vivo PK and

metabolism [85].

The chemical structure of MDPV displays a 3,4-methylenedioxy group on the

phenyl ring, similar to the structure of methylone and MDMA. It is well established

that the methylenedioxy moiety of MDMA is a primary target for metabolism

by hepatic cytochrome P450 (CYP) enzymes, particularly CYP 2D6 [91–93].

Strano-Rossi et al. [94] reported the first description of MDPV metabolism in

human liver microsomes in vitro. These investigators employed gas chromatogra-

phy with MS for metabolite identification and LC-HRMS for definitive structural

elucidation. It was found that MDPV is metabolized in a manner analogous to

MDMA by O-demethylenation of the 3,4-methylenedioxy ring to form

3,4-dihydroxypyrovalerone (3,4-catechol-PV), followed by O-methylation to

yield 4-hydroxy-3-methoxypyrovalerone (4-OH-3-MeO-PV) (see Fig. 1 for struc-

tures). Both of the phase I metabolites are conjugated to form phase II sulfates or

glucuronides, which are subsequently excreted in urine. Meyer et al. [95] found that

MDPV is metabolized in vitro by a number of mechanisms including

demethylenation, aromatic and side-chain hydroxylation, and oxidation of the

pyrrolidine ring, but 4-OH-3-MeO-PV is the major metabolite found in urine

samples from rats and humans exposed to MDPV administration. Importantly,

multiple hepatic enzymes including CYP 2C19, CYP 2D6, and CYP 1A2 were

found to catalyze the primary O-demethylenation reaction forming 3,4-catechol-

PV [95].
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In our laboratory, we are interested in examining the in vivo PK and metabolism

of MDPV in rats because data from controlled drug administration studies in

humans are lacking. We have previously evaluated pharmacodynamic and PK

parameters for MDMA in rats [96, 97], and used similar methods for examining

the effects of MDPV [98]. As a first step, Anizan et al. [99] developed a fully

validated analytical procedure to simultaneously detect and quantify MDPV,

3,4-catechol-PV and 4-OH-3-MeO-PV using LC-HRMS. The method involves

specimen hydrolysis to cleave conjugated 3,4-catechol-PV and 4-OH-3-MeO-PV

to their free forms, followed by protein precipitation prior to analysis. Limits of

detection are 0.1 μg/L and the linear range is 0.25–1,000 μg/L. The high sensitivity
for the assay is essential in order to quantify low analyte concentrations in the small

volume of plasma obtained from catheterized rats. To examine PK of MDPV and its

metabolites, Anizan et al. [98] administered s.c. doses of MDPV (0.5, 1, 2 mg/kg) to

rats bearing surgically implanted i.v. catheters. Rats were placed into chambers

equipped with photobeams to measure locomotor parameters, and connected to a

tethering system which allowed free movement within the chamber. The

i.v. catheters were attached to extension tubing that was threaded through the tether

to facilitate stress-free blood withdrawal without any disturbance to the animal.

Repeated blood samples (300 μL) were withdrawn via the catheter at various time

points before and after injection. Blood samples were centrifuged and plasma

specimens assayed for MDPV, 3,4-catechol-PV and 4-OH-3-MeO-PV using the

LC-HRMS methods described above. Utilizing this strategy, we were able to

simultaneously obtain pharmacodynamic measures (i.e., ambulation and stereo-

typy) and circulating concentrations of MDPV and its metabolites.

Results from the study of Anizan et al. [98] demonstrated that s.c. MDPV

engenders rapid PK in rats, with maximal concentrations (Cmax) in plasma occur-

ring within 15–20 min of injection and decreasing quickly thereafter. Upon injec-

tion of 2 mg/kg s.c. MDPV, the plasma Cmax for the drug is 271 μg/L (~1 μM) and

the half-life (t1/2) is about 80 min. Plasma concentrations of the metabolites

3,4-catechol-PV and 4-OH-3-MeO-PV increase at a much slower rate, reaching

Cmax between 3 and 4 h post-injection. Based on area-under-the-curve (AUC)

values, 4-OH-3-MeO-PV is the major metabolite in rat plasma, in agreement with

the findings of Meyer et al. [95], who found this to be the predominant metabolite in

rat urine. As expected, s.c. MDPV produces dose-related stimulation of ambulation

and stereotypy in catheterized rats, and plasma concentrations of MDPV are

positively correlated with the extent of motor activation. Two additional findings

from the study of Anizan et al. [98] are worth noting: (1) plasma MDPV concen-

trations display linear dose-proportional kinetics and (2) plasma MDPV metabolite

concentrations are negatively correlated with locomotor activation produced by the

drug. We found it surprising that MDPV displays linear PK in rats because other

drugs exhibiting the 3,4-methylenedioxy moiety (e.g., MDMA) are known to cause

sustained inhibition of CYP 2D6 in humans and CYP 2D1 in rats [100, 101],

thereby leading to nonlinear accumulation of the parent drug in both species

[97, 102, 103]. Indeed, recent evidence shows that MDPV inhibits CYP 2D6

in vitro with an IC50 of 1.3 μM [104]. The fact that MDPV metabolites are
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negatively correlated with locomotor stimulation suggests the compounds might be

bioactive and counteract effects of the parent compound.

As a means to further explore the in vivo PK and metabolism of MDPV, we

carried out a follow-up set of experiments to examine effects of i.p. MDPV

administration in rats. The i.p. route of administration is expected to induce greater

MDPV metabolism, leading to lower concentrations of the parent compound but

higher concentrations of its metabolites. In these experiments, rats received

i.p. MDPV (0.5, 1, 2 mg/kg), repeated blood samples were withdrawn at various

time points, and all other aspects of the experiments were identical to those

described above by Anizan and coworkers [98]. Figure 3 depicts new data showing

the concentration-time profiles for MDPV and its metabolites after i.p. MDPV

administration, while Table 2 summarizes the relevant PK parameters. Similar to

the results with s.c. administration, i.p. MDPV engenders rapid PK, with Cmax being

achieved within 10 min of injection. After 2 mg/kg i.p. MDPV, the Cmax for the

drug is 135 μg/L (~0.5 μM) and plasma t1/2 is about 90 min. Our data demonstrate

that i.p. MDPV yields circulating drug concentrations in rats which are about half

that observed after s.c. administration of equivalent doses. It is noteworthy that

MDPV Cmax values reported here for rats are in the same range as MDPV blood

concentrations reported in human cases of non-fatal bath salts intoxication [12], but

below those associated with fatal overdose [14, 22]. In contrast to the data with

s.c. MDPV administration, i.p. administration appears to induce nonlinear PK. The

results in Table 2 demonstrate that a fourfold increase in MDPV dose from 0.5 to

2.0 mg/kg is associated with an eightfold increase in MDPV AUC from 1,114 to

8,726 min μg/L, much greater than dose-proportional. The i.p. route of administra-

tion facilitates greater interaction of MDPV with hepatic enzymes when compared

to the s.c. route. Thus, high i.p. doses of MDPV may produce nonlinear PK because

in vivo drug concentrations in hepatic portal blood are close to the IC50 for

inhibition of CYP 2D1. Future preclinical studies should explore PK parameters

after the administration of higher doses of MDPV to rats.

Fig. 3 Concentration-time profiles for MDPV and its metabolites, 3,4-catechol-PV and 4-OH-3-

MeO-PV, after i.p. injection of MDPV in male Sprague–Dawley rats. Rats received i.p. injection

of MDPV (0.5, 1 or 2 mg/kg) at time zero, and repeated blood samples (300 μL) were withdrawn
immediately before and at 10, 20, 30, 60, 120, 240, and 480 min post-injection. Plasma specimens

were assayed for concentrations of MDPV and its metabolites by LC-HRMS. Data are

mean� SEM for N¼ 6–7 rats/group
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The data in Table 2 show that plasma concentrations of the metabolites 3,4-cat-

echol-PV and 4-OH-3-MeO-PV display slow PK after i.p. MDPV administration,

achieving Cmax between 3 and 4 h post-injection. Based on AUC values shown in

Table 2, 4-OH-3-MeO-PV is the major metabolite in rat plasma. Intraperitoneal

MDPV produces dose-related stimulation of ambulation and stereotypy, and the

data in Fig. 4 show that both locomotor parameters are significantly correlated with

circulating MDPV concentrations but not its metabolites. To generate the correla-

tion plots depicted in Fig. 4, the pharmacodynamic data from the 20, 60, 120, and

240 min time points were plotted against simultaneously measured plasma MDPV

Table 2 Pharmacokinetic parameters for plasma 3,4-methylenedioxypyrovalerone (MDPV),

3,4-dihydroxypyrovalerone (3,4-catechol-PV), and 4-hydroxy-3-methoxypyrovalerone (4-OH-3-

MeO-PV) after intraperitoneal MDPV administration

Analyte Dose (mg/kg) Cmax (μg/L) Tmax (min) AUC (min μg/L) t1/2 (min)

MPDV 0.5 20� 5 10� 0 1,114� 330 92� 7

1.0 54� 18 10� 0 2,858� 859 79� 13

2.0 135� 29 10� 0 8,726� 1,877 99� 14

3,4-Catechol-PV 0.5 14� 2 160� 25 2,822� 415 n.d.

1.0 36� 4 189� 59 8,317� 589 n.d.

2.0 46� 9 206� 25 12,762� 1,625 n.d.

4-OH-3-MeO-PV 0.5 57� 7 168� 27 14,657� 2,577 n.d.

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

2.0 198� 31 240� 54 51,925� 7,946 n.d.

Data are expressed as mean� SEM for N¼ 6 rats/group

Cmax maximum concentration, Tmax time of maximum concentration, AUC area-under-the-curve,

t1/2 plasma half-life

n.d. ¼ not determined due to insufficient data from descending limb of the concentration-time

profile

Fig. 4 Correlations between motor parameters and plasma concentrations of MDPV and its

metabolites after i.p. MDPV administration. To construct correlation plots, ambulation (cm) and

stereotypy (episodes) measures obtained at 20, 60, 120, and 240 min post-injection were plotted

against plasma concentrations of MDPV, 3,4-catechol-PV or 4-OH-3-MeO-PV (μg/L) at the same

time points. Data were subjected to Pearson correlation analysis. Ambulation (r¼ 0.747,

p< 0.001) and stereotypy (r¼ 0.607, p< 0.001) were significantly correlated with plasma

MDPV but not its metabolites
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or metabolite concentrations. The data matrix was subjected to Pearson correlation

analysis. It was found that circulating MDPV concentrations positively correlate

with the magnitude of ambulation (r¼ 0.747, p< 0.001) and stereotypy (r¼ 0.067,

p< 0.001), whereas metabolites show no significant relationships with motor

endpoints. The findings with i.p. MDPV indicate that the parent compound is the

major factor contributing to the locomotor stimulant effects of the drug. In agree-

ment with this idea, Novellas et al. [105] recently reported that MDPV concentra-

tions in rat striatum are positively correlated with the extent of locomotor activation

produced after MDPV administration [105]. These authors further speculated that

MDPV-induced elevations in extracellular dopamine in striatal regions underlie

behavioral effects observed in rats.

The data considered thus far indicate that hydroxylated MDPV metabolites are

probably not contributing to in vivo effects of systemically administered MDPV,

especially since these metabolites exist as conjugated forms and are not “free” in

the circulation. Nonetheless, we examined the possible biological activity of these

metabolites because our previous work showed the 3,4-dihydroxy metabolite of

MDMA is bioactive [106]. The effects of 3,4-catechol-PV and 4-OH-3-MeO-PV

were first examined in uptake inhibition assays for DAT, NET, and SERT. Data in

Table 1 demonstrate that 3,4-catechol-PV is a potent uptake blocker at DAT

(IC50¼ 11 nM) and NET (IC50¼ 11 nM), whereas 4-OH-3-MeO-PV is much

weaker in this regard. Neither of the metabolites displays measurable activity at

inhibiting SERT, even at doses up to 10 μM. Data shown in Table 1 for 3,4-cate-

chol-PV agree with previous findings of Meltzer et al. [43], who found that this

compound is an uptake inhibitor at DAT and NET, with potency similar to

pyrovalerone [43]. We next tested the metabolites of MDPV in the microdialysis

paradigm to examine possible in vivo actions. Neither of the metabolites affected

dialysate dopamine or behavior when administered at i.v. doses of 0.1 and 0.3 mg/

kg; the same doses of MDPV elicit robust effects on both parameters (see Fig. 2).

Given the in vitro potency of 3,4-catechol-PV at DAT, we examined the effects of

higher doses of this metabolite in vivo. Figure 5 depicts new data that show

Fig. 5 Neurochemical and behavioral effects of 3,4-catechol-PV in male Sprague–Dawley rats

undergoing microdialysis in nucleus accumbens. Rats received i.v. injection of 1.0 mg/kg at time

zero, followed by 3.0 mg/kg 60 min later. Extracellular concentrations of monoamine transmitters

(dopamine, 5-HT) and forward locomotion (ambulation) are expressed as % basal, determined

from three time points prior to injection. Data are mean� SEM, for N¼ 6–7 rats/group. *p< 0.05,

**p< 0.01 compared to saline control at a given time point
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i.v. administration of 3 mg/kg 3,4-catechol-PV produces small, albeit significant,

elevations in extracellular dopamine but no change in ambulation. Taken together,

the in vitro and in vivo findings with 3,4-catechol-PV indicate this compound may

be too polar to readily penetrate the blood–brain barrier and achieve robust neuro-

chemical effects. In support of this hypothesis, the total polar surface area of

3,4-catechol-PV is 60.77 compared to 38.78 for MDPV. The findings with 3,4-cat-

echol-PV shown here serve as a cautionary reminder that inferring the mechanism

of drug action should not rely on results from in vitro transporter/receptor profiling

alone.

4 Pharmacology of “Replacement” Analogs of MDPV

As mentioned in the Introduction, legislation enacted in the US placed mephedrone,

methylone, and MDPV into Schedule I control, rendering these drugs illegal. In

response to this legislation, a number of “replacement” analogs appeared in the

recreational drug marketplace, including several pyrrolidinophenone compounds.

Perhaps the most notorious replacement analog of MDPV is

α-pyrrolidinovalerophenone (α-PVP) (see Fig. 1). With regard to chemical struc-

ture, α-PVP is distinguished fromMDPV by the absence of the 3,4-methylenedioxy

moiety on the phenyl ring. α-PVP first appeared in the street drug marketplace in

2012 and quickly became a problematic drug of abuse in the US [6], especially in

south Florida where the drug is known as “flakka” [107]. Many clinical cases of

serious intoxication and death were attributed to overdose from α-PVP in the US

and elsewhere [17, 40, 63, 108]. Meltzer et al. [43] first demonstrated that α-PVP is

an inhibitor of dopamine and norepinephrine uptake, with potencies at DAT and

NET in the same range as pyrovalerone. More recently, Marusich et al. [51] showed

that α-PVP inhibits uptake at DAT and NET with IC50 values of 12 and 14 nM,

respectively (Table 1). In studies carried out in HEK cells transfected with human

transporters, α-PVP and a number of ring-substituted pyrrolidinophenones act as

potent inhibitors of DAT and NET, but do not evoke release of preloaded [3H]

substrates [109]. Thus, data from synaptosomes and cell systems agree that

cathinone-related compounds which possess a pyrrolidine ring act as transporter

inhibitors and not substrates.

The data in Table 1 show that removing the 3,4-methylenedioxy moiety from the

phenyl ring of MDPV has little effect on drug potency at catecholamine trans-

porters, consistent with the earlier findings of Kolanos and coworkers [52]. How-

ever, decreasing alkyl chain length at the α-carbon of α-PVP from propyl to ethyl

for α-pyrrolidinobutiophenone (α-PBP), or methyl for α-pyrrolidinopropiophenone
(α-PPP), produces a corresponding decrease in potencies at DAT and NET, but no

change in transporter selectivity [51]. In a study which examined the structure–

activity relationships for a series of α-PVP analogs, Kolanos et al. [110] found that

increasing alkyl chain length at the α-carbon to four carbons, or even adding a

hexane ring to this position, results in potent DAT inhibitors. Overall, the volume
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and lipophilicity of the α-carbon substituent of pyrrolidinophenone analogs are

positively correlated with potency at DAT, indicating structural modifications at

this position have a profound impact on biological activity of the compounds.

In one of the first investigations to examine in vivo α-PVP actions, Kaizaki et al.

[111] reported that oral administration of 25 mg/kg α-PVP to male mice produces

elevations in striatal extracellular dopamine, along with stimulation of ambulation.

It was also found that motor stimulant effects of α-PVP are significantly reduced by

pretreatment with antagonists for D1 or D2 dopamine receptor subtypes, implicat-

ing dopaminergic mechanisms in mediating behavioral activation. Subsequent

reports confirmed α-PVP produces dose-related stimulation of ambulation in mice

and rats [51, 112, 113]. In our laboratory, we recently examined the neurochemical

effects of α-PVP in male rats undergoing microdialysis in the nucleus accumbens.

For our experiments, rats received i.v. injection of 0.1 mg/kg α-PVP at time zero,

followed by i.v. injection of 0.3 mg/kg 60 min later. Control rats received

i.v. injections of saline vehicle on the same schedule. Microdialysis samples were

collected at 20 min intervals before, during, and after drug injections, and dialysate

concentrations of dopamine and 5-HT were assayed by HPLC-ECD. Data were

analyzed by two-way ANOVA (drug� time) followed by Bonferroni post-hoc

tests. The new data depicted in Fig. 6 illustrate that α-PVP causes dose-related

increases in extracellular dopamine (F1,8¼ 126.6, p< 0.0001) and concurrent stim-

ulation of ambulation (F1,8¼ 213.8, p< 0.0001) in rats. Interestingly, α-PVP also

produces small, albeit significant, decreases in extracellular 5-HT in the same

subjects (F1,8¼ 3.5, p< 0.01). The increases in extracellular dopamine and motor

activity produced by α-PVP are similar to the effects of MDPV, and are fully

consistent with potent DAT blockade. While the decreases in 5-HT produced by

α-PVP are more difficult to interpret, the drug is clearly not increasing serotonergic

tone. Marusich et al. [51] showed that α-PVP, α-PBP, and α-PPP produce dose-

related stimulation of locomotor activity in mice, and the rank order of in vivo

Fig. 6 Neurochemical and behavioral effects of α-PVP in male Sprague–Dawley rats undergoing

microdialysis in nucleus accumbens. Rats received i.v. injection of 0.1 mg/kg at time zero,

followed by 0.3 mg/kg 60 min later. Extracellular concentrations of monoamine transmitters

(dopamine, 5-HT) and forward locomotion (ambulation) are expressed as % basal, determined

from three time points prior to injection. Data are mean� SEM, for N¼ 6–7 rats/group. *p< 0.05,

**p< 0.01 compared to saline control at a given time point
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potency (i.e., α-PVP> α-PBP> α-PPP) correlates with potency of the drugs at

inhibiting DAT.

Recent studies examined the reinforcing effects of α-PVP using self-

administration and ICSS assays in rats. Aarde et al. [112] directly compared effects

of α-PVP and MDPV using i.v. self-administration in rats, and found a 0.05 mg/kg

training dose produces similar patterns of acquisition for both drugs under a fixed-

ratio schedule of reinforcement. In a progressive-ratio paradigm, it was shown that

α-PVP and MDPV display nearly identical potency and efficacy, indicating similar

abuse liability for the drugs. Watterson et al. [81] compared the effects of α-PVP
and methamphetamine using ICSS, and noted both drugs produce dose-related

reductions in self-stimulation thresholds, a measure of positive rewarding effects.

Importantly, the potency of α-PVP in the ICSS model was identical to metham-

phetamine potency.

5 Summary

The findings reviewed in this chapter reveal that the pharmacology of MDPV

differs substantially from the pharmacology of ring-substituted cathinones like

mephedrone and methylone. MDPV is a potent inhibitor at DAT and NET, and

the drug does not act as a transporter substrate like mephedrone and methylone.

MDPV is highly selective for catecholamine transporters, whereas mephedrone and

methylone are non-selective in this regard. The presence of a bulky pyrrolidine ring

and a flexible α-carbon alkyl chain are the most critical structural elements

governing potency of uptake inhibition at DAT and NET. S-MDPV is much more

potent at inhibiting DAT and NET than R-MDPV, so the S isomer is responsible for

pharmacological effects of the racemate. MDPV-induced increases in extracellular

dopamine in mesolimbic reward circuits are likely responsible for the powerful

stimulant and reinforcing actions of the drug. Upon systemic administration of

MDPV, the circulating concentrations of the parent compound are positively

correlated with the extent of locomotor activation, while concentrations of its

metabolites are not. MDPV appears to induce nonlinear PK in rats after i.p. doses

above 1 mg/kg, perhaps due to inhibition of CYP 2D1, and the phenomenon of

nonlinear PK deserves further inquiry. Replacement analogs of MDPV like α-PVP,
α-PBP, and α-PPP maintain potent and selective inhibition at DAT and NET,

indicating these drugs have high abuse liability. Despite substantial knowledge

about the pharmacology of MDPV and its analogs, a number of fundamental

questions remain: What is the role of NET inhibition in the behavioral and cardio-

vascular effects of MDPV? Are there non-transporter targets of action for MDPV

and its analogs? What are the molecular and cellular changes in the brain induced

by chronic administration of MDPV, α-PVP, and related drugs? Finally, could

certain pyrrolidinophenone analogs exhibit utility in treating dopamine deficit

syndromes such as Parkinson’s disease? These and other questions warrant further

consideration.
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Decoding the Structure of Abuse Potential

for New Psychoactive Substances: Structure–

Activity Relationships for Abuse-Related

Effects of 4-Substituted Methcathinone

Analogs

S. Stevens Negus and Matthew L. Banks

Abstract Many cathinone analogs act as substrates or inhibitors at dopamine, norepi-

nephrine, and serotonin transporters (DAT,NET, SERT, respectively). Drug selectivity

at DAT vs. SERT is a key determinant of abuse potential for monoamine transporter

substrates and inhibitors, such that potency at DAT> SERT is associated with high

abuse potential, whereas potency at DAT< SERT is associated with low abuse poten-

tial. Quantitative structure–activity relationship (QSAR) studies with a series of

4-substituted methcathinone analogs identified volume of the 4-position substituent

on the methcathinone phenyl ring as one structural determinant of both DAT vs. SERT

selectivity and abuse-related behavioral effects in an intracranial self-stimulation pro-

cedure in rats. Subsequent modeling studies implicated specific amino acids in DAT

and SERT that might interact with 4-substituent volume to determine effects produced

by this series of cathinone analogs. These studies illustrate use of QSAR analysis to

investigate pharmacology of cathinones and function of monoamine transporters.

Keywords Dopamine transporter • Flephedrone • Intracranial self-stimulation •

Mephedrone • Methcathinone • Methedrone • Microdialysis • Serotonin

transporter • Structure–activity relationship
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1 Introduction

Synthetic cathinone analogs are new members of an old family of drugs with high

abuse potential [1, 2]. Most drugs in this family share a common effectiveness to

either traverse or block dopamine transporters (DAT) and ultimately to increase

extracellular dopamine (DA) levels in key brain reward structures such as the

nucleus accumbens. In addition to their effects on the DAT, many drugs in this

family also act on two related transporter proteins, the norepinephrine transporter

(NET) and serotonin transporter (SERT), to modulate extracellular levels of their

respective monoamine neurotransmitters norepinephrine (NE) and serotonin

(5HT). A growing body of evidence supports the general hypothesis that abuse

potential of drugs in this family is determined by their relative selectivity to act at

DAT vs. SERT. As a prelude to discussing the relationship between structure and

abuse potential of novel methcathinone analogs, this chapter will begin by

reviewing evidence that implicates DAT/SERT selectivity as a determinant of

abuse potential. This evidence provides a framework for interpreting effects of

new psychoactive substances.

2 Amphetamine, MDMA, and Fenfluramine as Prototype

Monoamine Releasers

2.1 Neurochemical Effects

The drugs amphetamine, 3,4-methylenedioxymethamphetamine (MDMA), and

fenfluramine illustrate the range of effects that can be produced by drugs with

different profiles of selectivity for DAT vs. SERT. All three drugs can traverse

monoamine transporters and trigger a series of intracellular events that promote

monoamine neurotransmitter release [3–6]. As a group, these drugs are sometimes

called “transporter substrates,” because like the endogenous neurotransmitters, they

can pass from the extracellular space through the transporter channel to the intra-

cellular space. They are also often called “monoamine releasers,” because one

consequence of their transport is the release of monoamine neurotransmitter stored

in synaptic terminals. Although these drugs share a similar general mechanism of

action as transporter substrates and monoamine releasers, they differ in their
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relative potencies at DAT and SERT. For example, Table 1 shows the relative

in vitro potency of each drug to promote monoamine release via DAT or SERT

from rat brain synaptosomes loaded with radiolabeled monoamine [7, 8]. By this

metric, (+)amphetamine is DAT selective, (�)fenfluramine is SERT selective, and

(+)MDMA displays similar potencies to act at both transporters. (Note: The

potency of each compound is slightly greater to act at NET than DAT, but effects

at NET are not addressed further here because other evidence suggests a minimal

role for NE in abuse potential.) These in vitro neurochemical effects mirror effects

of these drugs on brain neurochemistry in vivo. For example, Fig. 1 shows the

effects of behaviorally active doses of (+)amphetamine and (�)fenfluramine on

extracellular DA and 5HT levels measured in nucleus accumbens of rats using

in vivo microdialysis [9]. (+)Amphetamine selectively increases DA levels,

whereas (�)fenfluramine selectively increases 5HT levels. By contrast, MDMA

increases both DA and 5HT levels in rat nucleus accumbens as assessed by in vivo

microdialysis ([10]; Lazenka MF, Suyama JA, Banks ML, Negus SS, unpublished

results).

2.2 Abuse-Related Behavioral Effects

These in vitro and in vivo neurochemical effects of amphetamine, MDMA, and

fenfluramine also correspond to expression of abuse-related behavioral effects by

these drugs. Drug self-administration procedures are the most widely used preclin-

ical procedures to assess abuse potential [11–13], and in these procedures, labora-

tory animals emit an operant response (e.g., pressing a lever) to receive a dose of

drug (e.g., by intravenous infusion). Thus, animals in drug self-administration

procedures engage in drug-taking behaviors that are analogous to the drug-taking

behaviors displayed by human drug abusers. A drug is considered to produce

“reinforcing effects” and to function as a “reinforcer” in a drug self-administration

procedure if subjects respond at higher rates for delivery of some dose of drug than

they respond for delivery of vehicle, and drugs that function as reinforcers in

animals often function as drugs of abuse in humans. Evidence from drug self-

administration procedures indicates that amphetamine produces stronger

Table 1 EC50 values (nM� SD) for (+)amphetamine, (+)MDMA, and (�)fenfluramine to pro-

mote monoamine release from rat brain synaptosomes

Drug

EC50 values DAT vs. SERT

SelectivityaDA release 5HT release

(+)Amphetamineb 25� 4 1765� 94 71

(+)MDMAc 142� 4 74� 3 0.52

(�)Fenfluramineb >10,000 79� 12 <0.01
aSelectivity calculated as SERT EC50/DAT EC50
bRothman et al. [7]
cSetola et al. [8]
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reinforcing effects than MDMA, and fenfluramine does not produce reinforcing

effects [14–16].

A related preclinical procedure, known as intracranial self-stimulation (ICSS),

will be referenced extensively in this chapter [17]. As in drug self-administration,

laboratory animals in ICSS procedures emit an operant response to receive a

reinforcer; however, in ICSS, the reinforcer is not drug delivery, but instead is

the delivery of electrical stimulation to a brain reward area via a surgically

implanted microelectrode. In one common type of the ICSS procedure, the amount

of electrical brain stimulation is varied during each behavioral session by manip-

ulating the frequency of electrical pulses, and increasing frequencies of brain

stimulation maintain increasing rates of ICSS responding. Figure 2a shows a

photograph of a rat in an ICSS procedure, and Fig. 2b shows the sigmoidal plot

that relates brain stimulation frequency to ICSS rate. Thus, low frequencies of brain

stimulation maintain low rates of ICSS, whereas higher frequencies maintain high

rates of ICSS. Once subjects are trained in this procedure, drugs can be adminis-

tered before daily behavioral sessions, and abuse potential can be inferred from the

profile of drug effects on the ICSS frequency-rate curve. For example, Fig. 3 shows

the effects of (+)amphetamine, (+)MDMA, and (�)fenfluramine on ICSS in rats

[18]. (+)Amphetamine produces leftward and upward shifts in the ICSS frequency-

rate curve (Fig. 3a) and a dose-dependent increase in the total number of stimula-

tions delivered across all brain stimulation frequencies (Fig. 3b). This drug-induced

increase in responding is described as “facilitation of ICSS,” and drugs that

facilitate ICSS also usually function as reinforcers in preclinical drug self-

administration procedures and display high abuse liability in humans. Accordingly,

facilitation of ICSS can be viewed as a behavioral index of a drug’s abuse potential.
In contrast to (+)amphetamine, (�)fenfluramine produces only dose-dependent

decreases in ICSS (Fig. 3e, f), and drugs that only depress ICSS usually fail to

Fig. 1 (+)Amphetamine selectively increases DA> 5HT levels (a), and (�)fenfluramine signif-

icantly increases 5HT>DA levels (b), in rat nucleus accumbens as measured by in vivo

microdialysis. Abscissae: Time relative to IP drug administration in min. Ordinates: Percent
baseline levels of DA and 5HT. Points show mean� SEM for 5–7 rats, and filled points show a

significant difference from the “PreDrug” point ( p< 0.05). Adapted from Suyama et al. [9]
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function as reinforcers in preclinical drug self-administration procedures and lack

abuse liability in humans. Lastly, (+)MDMA produces a mixed profile of effects

that includes both facilitation of low ICSS rates maintained by low brain stimula-

tion frequencies and depression of high ICSS rates maintained by high brain

stimulation frequencies (Fig. 3c). As a result of this mixed-effect profile, MDMA

produces a lower maximal stimulation of total ICSS than amphetamine (Fig. 3d).

Drugs that produce this mixed profile of ICSS facilitation and depression often

function as relatively weak or unreliable reinforcers in preclinical drug self-

administration procedures and display relatively modest abuse liability in humans.

2.3 Correlation Between Neurochemical and Behavioral
Effects

Figure 4a shows a correlation between maximal ICSS facilitation (defined as the

maximum increase in total ICSS as in Fig. 3d–f) and DAT vs. SERT selectivity

(defined as shown in Table 1) for (+)amphetamine, (+)MDMA, (�)fenfluramine,

and 7 other monoamine releasers [18]. Figure 4b shows a correlation between

maximal ICSS facilitation in rats and maximal reinforcing effects in a nonhuman

primate drug self-administration procedure for most of these same drugs

[18]. These significant correlations provide one source of evidence to suggest that

ICSS can be useful both (1) as a behavioral correlate to neurochemical drug effects

and (2) as a complement to drug self-administration procedures for preclinical

Fig. 2 Photograph of a rat engaged in intracranial self-stimulation (ICSS) (a), and example of a

baseline frequency-rate curve from the ICSS procedure (b). In this ICSS procedure, responding on

a lever results in the delivery of electrical brain stimulation delivered via a microelectrode

surgically implanted into a brain reward area. In (a), a cable connects the electrode mounted on

the subject’s skull to a stimulator located outside the picture. In (b), the abscissa shows the

frequency in log Hz of the electrical pulses delivered during each stimulation delivery, and the

ordinate shows the ICSS rate expressed as percent maximum control rate (%MCR), which

normalizes ICSS rate measurements within each subject. Low frequencies of brain stimulation

maintain low ICSS rates, whereas high ICSS rates maintain high ICSS rates. Adapted from Negus

and Miller [17]
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assessment of the abuse potential of monoamine releasers. Moreover, these results

also provide evidence to suggest that drug selectivity to act at DAT vs. SERT is a

significant determinant of abuse-related behavioral effects for monoamine

releasers. Of course, one ultimate goal of these preclinical neurochemical and

behavioral studies is to predict abuse potential of novel drugs in humans. The risk

of abuse by humans is a difficult endpoint to quantify, in part because definitions of

abuse include not only the extent of drug use, but also the degree of harm caused by

that use [17, 19]. However, with these caveats in mind, abuse liability is generally

considered highest for amphetamine and lower for MDMA, and fenfluramine is

considered to have little or no abuse liability.

Fig. 3 (+)Amphetamine, (+)MDMA, and (�)fenfluramine produce qualitatively different effects

on ICSS in rats. Top panels a–c show effects of selected drug doses on full frequency-rate curves.

Abscissae: brain stimulation frequency in log Hz. Ordinates: ICSS rate expressed as %MCR.

Filled points indicated a significant difference from “Vehicle” ( p< 0.05). Bottom panels e and

f show a summary measure of total ICSS across all 10 frequencies of brain stimulation. Abscissae:
Drug dose in mg/kg. Ordinates: Total ICSS expressed as a percentage of the baseline number of

total stimulations delivered in the absence of any treatment. Upward/downward arrows indicate a
significant increase/decrease in ICSS for at least one brain stimulation frequency in the full

frequency-rate curves as shown in Panels a–c. The maximum increase in total ICSS produced

by any drug dose was used for correlations shown in Fig. 4. Adapted from Bauer et al. [18]
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3 Quantitative Structure–Activity Relationships for

Para-Substituted Methcathinone Analogs

The results summarized above suggest a strong relationship for monoamine

releasers between:

(1) in vitro neurochemical effects determined by measures of selectivity to pro-

mote monoamine release via DAT vs. SERT in rat brain synaptosomes,

(2) in vivo neurochemical effects determined by microdialysis measures of selec-

tivity to release DA vs. 5HT in nucleus accumbens, and

(3) abuse-related behavioral effects in an ICSS procedure

These results also provide a framework for assessment of new psychoactive

substances, and as one example, we conducted quantitative structure–activity

relationship (QSAR) analysis for a series of seven racemic methcathinone analogs

with different substitutions at the para (or 4-) position on the phenyl ring (Fig. 5)

[9, 20, 21]. For the purposes of these studies, drugs were named using the conven-

tion “4-R MCAT,” and the series included the parent compound methcathinone

(MCAT) as well as the recently scheduled analogs flephedrone (4-F MCAT) and

mephedrone (4-OCH3 MCAT) and the other halogenated analogs brephedrone

(4-Br-MCAT) and clephedrone (4-Cl-MCAT). Substituents were selected with

respect to the three structural attributes as shown in Table 2: (1) steric bulk of the

substituent in three-dimensional space, quantified here by volume (Vol); (2)

electron-withdrawing capacity of the substituent (σp); and (3) lipophilicity of the

substituent (πp). A goal of the study was to evaluate the correlation between the

structural attributes of these substituents and the functional effects of the associated

drugs (also shown in Table 2) to produce neurochemical effects in in vitro and

in vivo assays of monoamine release and abuse-related behavioral effects in the

ICSS procedure.

Figure 6 shows the results of these QSAR analyses. There were two main

findings. First, as discussed above, there were significant positive correlations

Fig. 4 Drug-induced facilitation of ICSS in rats correlates with both (a) DAT vs. SERT selectivity

as determined from in vitro studies of monoamine release in rat brain synaptosomes as shown in

Table 1 (r¼ 0.89, p< 0.001), or (b) maximum self-administration produced by any dose of each

drug in a progressive-ratio assay of drug self-administration in rhesus monkeys (r¼ 0.80,

p¼ 0.032). Error bars show SEM. Adapted from Bauer et al. [18]
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for all functional measures (Fig. 6d). Specifically, the in vitro and in vivo measures

of drug selectivity to promote monoamine release via DAT vs. SERT correlated

with each other and with the measure of abuse-related behavioral effects in the

ICSS procedure. These correlations support the propositions that (a) in vitro mea-

sures of neurochemical selectivity at DAT vs. SERT in rat brain synaptosomes are

Fig. 5 Structure of 4-R methcathinone analogs used for QSAR analysis. Seven compounds were

synthesized and evaluated with different 4-R substituents to vary structural parameters as shown in

Table 2. Asterisk indicates position of the chiral carbon

Table 2 Structural and functional attributes of 4-substituted methcathinone (4-R MCAT) analogs

used in quantitative structure–activity response (QSAR) analysis

Drug R

Structural attributesa
Neurochemical

selectivityb Behaviorc

Vol σp πp

In

vitro In vivo

Maximal

ICSS

MCAT

(methcathinone)

-H 150.36 0 0 309 12.56 191.9

4-F MCAT

(flephedrone)

-F 153.78 0.06 0.14 15.4 1.24 156.3

4-Cl MCAT

(clephedrone)

-Cl 164.43 0.23 0.71 3.40 1.23 114.9

4-CH3 MCAT

(mephedrone)

-CH3 166.89 �0.17 0.56 2.41 0.62 102.5

4-Br MCAT

(brephedrone)

-Br 169.43 0.23 0.86 1.01 0.89 118

4-OCH3 MCAT

(methedrone)

-OCH3 175.01 �0.27 �0.02 0.24 0.32 110.9

4-CF3 MCAT -CF3 178.40 0.54 0.88 0.07 Not

determined

90.9

Drugs are listed in order of increasing volume of the 4-substituent
aReported in Bonano et al. [20]; Sakloth et al. [21]
bIn vitro selectivity calculated as effective concentration to produce a 50% increase (EC50) in

monoamine release via SERT � EC50 to increase monoamine release via DAT from rat brain

synaptosomes [20]. In vivo selectivity calculated as effective dose to produce a 250% increase

(ED250) to increase 5HT levels � ED250 to increase DA levels in rat nucleus accumbens as

assessed by in vivo microdialysis [9]
cMaximal facilitation of ICSS as determined in a behavioral assay of ICSS [20]
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predictive of in vivo neurochemical selectivity to promote DA vs. 5HT release, and

(b) these measures of neurochemical selectivity are predictive of abuse-related

behavioral effects. It is also important to note that drug effects on ICSS did not

correlate reliably with potency of drugs to act at DAT alone in vitro or to release

DA alone in vivo (data not shown). This indicates that expression of abuse-related

behavioral effects results from an integration of DAT- and SERT-mediated effects,

and it provides a rationale for QSAR studies that consider structural determinants of

drugs at both transporters rather than at DAT alone.

The second main finding of the QSAR studies was that each of the three

functional measures (in vitro DAT selectivity, in vivo DA selectivity, and ICSS

effects) correlated negatively with volume of the 4-position substituent (Fig. 6), but

none of the functional measures correlated with either the electronic or lipophilic

attributes of the 4-substituent (data not shown). These results suggest that steric

bulk of the 4-substituent plays a more important role than either electronic or

lipophilic attributes in governing each drug’s interaction with DAT and SERT.

Fig. 6 Correlations between volume of the 4-substituent and (a) in vitro selectivity to promote

monoamine release via DAT vs. SERT in rat brain synaptosomes, (b) in vivo selectivity to increase

extracellular DA vs. 5HT levels in rat nucleus accumbens, and (c) in vivo effectiveness to produce

abuse-related facilitation of ICSS. (d) Matrix of correlations between 4-substituent volume and

each of the three functional endpoints. Volume correlated negatively with all functional measures,

and all functional measures correlated positively with each other. All correlations were significant

( p< 0.05)
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More specifically, larger 4-substituent volumes were associated with declining

DAT potencies but increasing SERT potencies, suggesting that DAT has limited

tolerance for bulk at the 4-position, whereas SERT prefers larger substituents at this

location, yielding a net loss in DAT vs. SERT selectivity as 4-substituent volume

increases. On the basis of these observations, molecular modeling was conducted

with homology models of human DAT and SERT (hDAT and hSERT, respectively)

based on the Drosophila melanogaster DAT (dDAT) to identify the characteristics

of substrate-binding pockets that might account for the differential selectivities of

4-R MCAT analogs at DAT and SERT. These results suggested two determinants

of 4-R MCAT selectivity. First, docking studies indicated that hDAT contains a

relatively large serine residue (S149) in the substrate-binding pocket at the site that

interacts with the 4-substituent of MCAT analogs, whereas hSERT contains a

smaller alanine residue (A169) at the homologous location. The larger S149

amino acid in hDAT limits the volume of the 4-substituent that can be accommo-

dated, resulting in a preference by hDAT for 4-R MCAT analogs with small

4-substituents (e.g., 4-H for MCAT itself). Conversely, the smaller A169 amino

acid in hSERT allows more space in the substrate-binding pocket for larger

4-substituents. Although the A169 amino acid in the docking pocket renders

hSERT more tolerant than DAT of larger 4-substituents, it did not explain why

hSERT displays a preference for larger 4-substituents. To address this issue,

Hydropathic INTeraction (HINT) analysis was conducted, and this suggested a

second determinant of 4-R MCAT selectivity. Specifically, HINT analysis indi-

cated that the substrate-binding pocket of hSERT displayed a preference for

relatively larger 4-substituents due in part to hydrophobic interactions between

transporter and substrate. Overall, these studies indicated that hDAT prefers smaller

4-substituents, whereas SERT prefers larger 4-substituents. Figure 7 shows a

simplified diagram to summarize these conclusions and their implications for

abuse potential.

4 Stereoselective Effects of Methcathinone

and Mephedrone

The QSAR studies summarized above were conducted with racemic compounds,

but more recent studies have identified an additional role for stereoselectivity as a

determinant both of 4-R MCAT interactions with transporters and of ultimate

expression of abuse-related effects [22, 23]. Specifically, methcathinone, metham-

phetamine, and many of their analogs possess a single chiral carbon atom (the α
carbon signified by the asterisk in Fig. 5), and the S enantiomer of these compounds

is typically more potent and/or effective than the R enantiomer to promote DA

release via DAT [7, 24] or to produce abuse-related behavioral effects in assays of

drug self-administration, drug discrimination, or ICSS [18, 25–27]. However,

recent studies suggest a potentially more nuanced role for stereochemistry in

128 S.S. Negus and M.L. Banks



abuse-related effects of mephedrone (4-CH3 MCAT) [22]. Specifically, the R(+)
enantiomer of mephedrone is more effective than the S(�) enantiomer to produce

locomotor activation, conditioned place preference, and facilitation of ICSS in rats

[22]. Neurochemical evidence suggested that this apparent inversion of stereo-

chemistry results from an unusual stereoselectivity not only in potency, but also

in selectivity as a substrate at DAT vs. SERT. Thus, R(+)mephedrone was slightly

more potent than its S(�) enantiomer to promote monoamine release via DAT but

much less potent at SERT. As a result, the R(+) enantiomer displays a 50-fold

greater selectivity than the S(�) enantiomer to promote monoamine release via

DAT vs. SERT, and this stereoselectivity in neurochemical effects contributed to

stereoselectivity in expression of abuse-related behavioral effects. It is unknown

whether this stereoselectivity would also be apparent for other 4-R MCAT analogs,

but a similar impact of stereochemistry was observed for isomers of 4-CH3

cathinone [23]. Importantly, these results suggest that stereoselectivity at the chiral

carbon at one end of the 4-R MCAT molecule can influence interactions of the

4-substituent at the other end of the molecule with its own portion of the DAT and

SERT substrate-binding pockets.

Fig. 7 QSAR and modeling studies suggest that DAT prefers small 4-substituents of 4-R MCAT

analogs, whereas SERT prefers larger 4-substituents. (a) As a result of these structural differences

in the transporters, 4-R MCAT analogs with small 4-substituents (e.g., MCAT) are more potent as

substrates at DAT than SERT, leading to preferential DA release and strong abuse-related

behavioral effects in vivo. (b) Conversely, 4-R MCAT analogs with larger 4-substituents are

more potent as substrates for SERT than DAT, leading to preferential 5HT release and weak

abuse-related behavioral effects in vivo
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5 Conclusions

Preclinical research with a wide range of monoamine transporter substrates has

demonstrated that DAT> SERT selectivity is a strong determinant of abuse-related

drug effects. Studies summarized in this chapter support this general proposition

and extend it to a series of synthetic cathinone analogs. Furthermore, QSAR

analyses suggest molecular mechanisms at the drug-transporter interface that may

govern both neurochemical DAT/SERT selectivity and expression of abuse-related

effects for one series of 4-R MCAT analogs. Specifically, these analyses suggest

that volume of the 4-substituent functions as significant determinant of drug

potency and selectivity, with DAT preferring smaller 4-substituents, whereas

SERT prefers larger 4-substituents. These studies illustrate one application of

QSAR analysis to investigate structural determinants of abuse-related drug effects.
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Reinforcing Effects of Cathinone NPS

in the Intravenous Drug Self-Administration

Paradigm
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Abstract Since the mid- to late 2000s, there has been a dramatic rise in the use and

abuse of synthetic derivatives of cathinone, a stimulant alkaloid found in the

African shrub Catha edulis. Cathinone novel psychoactive substances (NPS), also
referred to as synthetic cathinones or “bath salt”-type drugs, have gained popularity

among drug users due to their potency, low cost, ease of procurement, and diverse

array of evolving chemical structures. While the ability of cathinone NPS to

produce psychotomimetic effects, multiple organ system toxicity, and death in

humans is well documented, there has been limited scientific investigation into the

reinforcing effects and abuse liability of these drugs. In this chapter, we will summa-

rize the existing literature on the reinforcing effects of cathinone NPS in rodents using

the intravenous self-administration (IVSA) paradigm. We will also compare the

ability of cathinone NPS to serve as reinforcers to that of classical psychostimulants

such as cocaine, methamphetamine, and methylenedioxymethamphetamine

(MDMA). The chapter will conclude with a summary and indications for future

avenues of research on cathinone NPS.
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1 Cathinone NPS Abuse and Pharmacology

Across numerous continents, the late 2000s witnessed a dramatic surge in the

synthesis, marketing, and abuse of novel psychoactive substances (NPS). Many

of the NPS that emerged during this time were chemical derivatives of the alkaloid

cathinone, a naturally occurring amphetamine-like chemical found in the Catha
edulis (Khat) shrub. Cathinone NPS are often referred to in the scientific literature

as synthetic cathinones and are colloquially referred to as “bath salts”. This latter

term is a result of initial marketing tactics to disguise them as false retail bath

products, in order to evade law enforcement and regulatory agencies.

In the USA, the rise in the use of cathinone NPS was alarmingly rapid, with

poison control centers receiving 0, 304, and 6,156 calls reporting cathinone-related

toxicity in the years 2009–2011, respectively [1]. During this time, approximately

98% of cathinone NPS revealed in toxicological investigations were identified as

4-methylmethcathinone (4-MMC, mephedrone), 3,4-methylenedioxypyrovalerone

(MDPV), and 3,4-methylenedioxymethcathinone (methylone) [2–6]. While these

three cathinone NPS (sometimes referred to as the “3Ms” [3]), as well as many

derivatives, have since been placed into Schedule I or other illegal status in the USA

and elsewhere, newer cathinone-related NPS continue to surface. Thus, cathinone

NPS represent a constantly evolving class of synthetic psychostimulants with the

potential for abuse.

Cathinone NPS are primarily used for their desired psychological effects, which

include euphoria and increases in energy, libido, and alertness [2–6]. However,

serious adverse psychological and behavioral effects are associated with the use of

cathinone NPS, including agitated delirium and paranoia, persistent hallucinations

and delusions, aggression, and violence. In addition, cathinone NPS pose a signifi-

cant public health hazard, as their use is significantly associated with clinical

toxicity of multiple physiological systems [7–10]. Despite this high risk of adverse

effects, cathinone users frequently report a persistent desire to continue using the

drugs, and prolonged periods of misuse have been reported [10–17]. Collectively,

these observations suggest that some cathinone NPS possess a high potential for

abuse and dependence.
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2 The Self-Administration Model of Drug Reinforcement

The intravenous self-administration (IVSA) paradigm is generally considered to be

the “gold standard” of animal models designed to assess the abuse liability of

psychoactive substances [18]. Most often performed in rodents, this paradigm

involves surgical implantation of an indwelling intravenous catheter into the jugular

or other major vein, while the other end is tunneled under the skin and connected to a

vascular access port implanted on the dorsum. Following recovery from surgery, the

animal is placed in an operant conditioning chamber (see Fig. 1) equipped with

response manipulanda (e.g., levers or nose poke detectors) that are interfaced to a

computer. A sterile drug solution is placed in a syringe and delivered by a computer-

controlled syringe pump located outside the apparatus. This solution is delivered to

the animal via a single-channel liquid swivel in order to allow free rotation of the

animal while maintaining a continuous flow of the solution. Responding on one of

the manipulanda designated as “active” results in a computer-controlled drug

infusion and simultaneous presentation of auditory and/or visual cues. Responding

on the other manipulanda designated as “inactive” serves as a control for nonspecific

behavior and generally has no programmed consequences at any time during the

experiment. To avoid overdose or toxicity due to multiple drug infusions in close

temporal proximity, each drug infusion is often followed immediately by a

“timeout” period (e.g., 20 s) whereby additional active responses do not result in

additional drug infusions. Self-administration sessions are typically 1–6 or more

hours in length and are typically conducted 5–7 days per week.

The IVSA paradigm offers numerous advantages over other animal models of

human drug-taking behavior. Such advantages include, but are not limited to:

Fig. 1 Typical experimental apparatus utilized in the rodent intravenous self-administration

(IVSA) paradigm. Upon pressing one of two levers, a computer-controlled syringe pump (left)
delivers a solution containing an abused drug into an indwelling venous catheter via tubing

connected to a liquid swivel. Each drug infusion is accompanied by simultaneous presentation

of tone and/or illumination of a stimulus light located above the lever. The graph on the right
represents typical response patterns across daily experimental sessions during the acquisition of

drug self-administration
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1. the drug is administered voluntarily by the animal at numerous points during the

session, rather than as a single bolus injection administered passively by an

experimenter;

2. the drug is administered directly into the bloodstream, which simulates intra-

venous drug use in humans;

3. additional experimental variables such as frequency and duration of drug access

can be manipulated;

4. the effects of alternative reinforcers or response-contingent punishment can be

assessed;

5. extinction and reinstatement procedures can be incorporated to model drug-

seeking behavior and relapse;

6. the behavioral demand required to deliver each infusion can be varied to assess

the efficacy of a particular drug to serve as a reinforcer. This latter phenomenon

is most often integrated into the progressive ratio paradigm, where the number of

responses required for each successive drug infusion can be increased via a

linear or exponential function until the animal “gives up” and ceases responding.

3 Reinforcing Efficacy of Cathinone NPS and Comparison

to Classical Psychostimulants

Cathinone NPS exert their stimulant and sympathomimetic effects via neurochem-

ical mechanisms that are strikingly similar to those of classical psychostimulants

such as cocaine or amphetamines. Specifically, it has been demonstrated that

MDPV inhibits the activity of presynaptic transporters for dopamine (DAT) and

norepinephrine (NET), but has little affinity for presynaptic serotonin transporters

(SERT). As a result, MPDV produces lasting increases in synaptic levels of

dopamine DA and NE, but not 5-HT [19–27]. While the neurochemical actions of

MDPV are similar to those of cocaine, its effects appear to be much more potent

and longer lasting. In contrast, similar to traditional illicit amphetamines, other

cathinones such as mephedrone and methylone act primarily as substrates for

presynaptic plasma membrane transporters, which induce the release of DA, NE,

and 5-HT from presynaptic stores [20, 23, 24, 28–30]. However, unlike traditional

amphetamines, ring-substituted cathinones have lower affinity for vesicular mono-

amine transporters (VMAT) [29, 31, 32] Thus, mephedrone and methylone appear

to act more similarly to amphetamine-type stimulants, including methamphetamine

and MDMA. However, it is becoming increasingly apparent that many cathinone

derivatives have diverse mechanisms of action, each with differing actions on and

balances of affinities for DAT, NET, and SERT [24], which appears to influence

their reinforcing and entactogenic effects (see below). As a result, many studies

examining the abuse potential of newer cathinone NPS often include comparisons

to traditional psychostimulants.

Studies conducted up to three decades ago have reported that animals will

intravenously self-administer either cathinone itself or its methylated derivative

136 L.R. Watterson and M.F. Olive



methcathinone [33–35]. However, studies examining the reinforcing efficacy of

newer cathinone NPS have just recently begun to emerge [18, 36]. The first report

of the ability of newer cathinone derivatives to serve as an intravenous reinforcer

was published by Hadlock and colleagues [37]. In this study, male Sprague–Dawley

rats were first trained to lever press for food reinforcement in an operant condition-

ing paradigm. Next, rats underwent catheter implantation and were randomly

assigned to self-administer mephedrone or methamphetamine at a dose of

0.24 mg per 10 μl infusion, or saline in 4-hour daily sessions conducted for

8 days. Following initial training for food reinforcement, rats assigned to receive

intravenous saline failed to maintain operant responding. However, rats allowed to

self-administer methamphetamine or mephedrone rapidly acquired and maintained

responding. Interestingly, rats self-administering mephedrone displayed more

robust increases in active lever pressing across daily sessions than rats self-

administering the same dose of methamphetamine. The authors speculated that

these differences were attributable to the differential pharmacokinetic and

monoamine-releasing properties of these stimulants.

The findings of Hadlock and colleagues represented an important first demon-

stration of the reinforcing effects of cathinone NPS and paved the way for more

detailed examinations of patterns of self-administration across a range of doses and

other experimental conditions. A subsequent study by Aarde and colleagues [38]

demonstrated that mephedrone supported intravenous self-administration in male

Wistar and Sprague–Dawley rats. Such effects were observed under fixed ratio

conditions at several doses, most reliably at doses of 0.5 and 1 mg/kg per infusion.

These doses of mephedrone were approximately an order of magnitude higher than

doses of methamphetamine that support self-administration in this study and others

[39], suggesting that mephedrone is approximately ten times less potent as a

reinforcer than methamphetamine. Aarde et al. [38] also demonstrated that during

the initial phases of acquisition of drug self-administration, male Sprague–Dawley

rats exhibited lower mephedrone intake under the same dose conditions as Wistar

rats, although no strain differences in pharmacokinetic parameters were noted.

Finally, under progressive ratio conditions, the most robust responding for

mephedrone was observed when the per-infusion dose was increased to 1.5 mg/

kg following initial training on a 0.5 mg/kg dose. A similar study by Motbey and

colleagues [40] also demonstrated that male Sprague–Dawley rats would self-

administer mephedrone at doses ranging from 0.03 to 1 mg/kg in a typical inverted

U-shaped dose–response fashion. These animals also showed increased overall

numbers of mephedrone infusions compared to animals self-administering meth-

amphetamine and less robust hyperlocomotion, supporting the notion of a lower

potency of mephedrone relative to methamphetamine. Finally, two studies by Taffe

and colleagues have demonstrated that mephedrone is a more efficacious reinforcer

in both male and female rats than the entactogenic drug MDMA during the

initial phases of drug self-administration [41, 42].

With regard to the cathinone derivative MDPV, Aarde and colleagues demon-

strated that MDPV was readily self-administered in male Wistar rats at doses

ranging from 0.01 to 0.5 mg/kg per infusion and at rates and amounts similar to
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those of rats self-administering methamphetamine [43]. These investigators also

noted a dose-dependent increase in breakpoints for MDPV reinforcement on a

progressive ratio schedule that were higher than those observed for similar doses

of methamphetamine, suggesting that MPDV is a more potent reinforcer than this

traditional psychostimulant. Subsequent studies by these investigators showed that

~60% of rats acquiring MDPV self-administration did so in “binge-like” manner,

operationally defined as eight infusions in a 5 min interval, but this was not

influenced by the availability of a running wheel as a nondrug reinforcer [44]. Stud-

ies by our laboratory [45] have provided similar results, where male Sprague–

Dawley rats readily acquired MDPV self-administration under limited access

conditions (2 h daily sessions) at all doses tested (0.05, 0.1, and 0.2 mg/kg per

infusion). In addition, a positive relationship between MDPV dose and breakpoints

for drug reinforcement under progressive ratio conditions was observed in this

study, similar to results reported by Aarde and colleagues [43], although in contrast

we observed similar breakpoints for the same (0.05 mg/kg/infusion) dose of

MDPV and methamphetamine. When self-administration sessions were increased

in duration to 6 h/day, we observed an escalation of drug intake over time at the

0.1 and 0.2 mg/kg per-infusion doses of MDPV.

As mentioned previously, MDPV appears to act as a long-lasting monoamine

reuptake inhibitor with preferential affinity for presynaptic DA and NE transporters,

as opposed to mephedrone which acts as a monoamine-releasing agent. Given the

cocaine-like pharmacological action of MDPV, it is important to compare its

reinforcing efficacy to that of cocaine itself, which was recently reported by

Schindler and colleagues [46]. In this study it was demonstrated MDPV was readily

self-administered by male Sprague–Dawley rats at doses of 0.003–0.03 mg/kg per

infusion. In addition, rates of MDPV self-administration at the 0.03 mg/kg dose

were similar to those of rats trained to self-administer cocaine at a dose of 0.5 mg/

kg per infusion, indicating that MDPV is a more potent reinforcer than cocaine,

consistent with its binding profile at monoamine transporters [19, 20, 22–27].

In contrast to the apparent robust reinforcing effects of MDPV, investigations

into the ability of the monoamine-releasing cathinone NPS methylone have pro-

duced less consistent results. In 2012, we reported that male Sprague–Dawley rats

did not display robust self-administration of a low dose of methylone (0.05 mg/kg

per infusion) tested under limited daily access conditions (2 h/day), but more

reliable self-administration was observed at higher doses (0.1, 0.2, and 0.5 mg/kg

per infusion) [47]. In addition, when daily sessions were extended to 6 h in length,

an escalation of methylone intake was not observed at any dose tested, unlike the

escalation of intake that we observed with extended access to MDPV [45]. Other

investigators have reported that intravenous methylone possesses only weak

reinforcing properties in male and female Wistar rats at doses of 0.3–0.5 mg/kg

per infusion (similar to that observed with the classical entactogen MDMA) [41, 42,

46], but the reinforcing effects were potentiated in rats initially trained to self-

administer mephedrone [41, 42]. While the mechanism for these effects is currently

unknown, these and other investigators [46] have speculated that the lower

reinforcing efficacy of methylone is due to its ability to facilitate 5-HT release at
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similar potencies as MDMA, which is also not reliably self-administered in the

IVSA paradigm.

Finally, it should be noted the aforementioned studies have focused primarily on

assessing the reinforcing effects of “first-generation” cathinone NPS (mephedrone,

MDPV, and methylone). However, there are dozens of other “second-generation”

cathinone NPS that are already on current drugmarkets or will be in the coming years.

Such second-generation cathinone NPS include naphthylpyrovalerone (naphyrone),

4-methoxymethcathinone (methedrone), β-keto-N-methylbenzodioxolylbutanamine

(butylone), β-keto-methylbenzodioxolylpentanamine (pentylone), 4-methyl-

pyrrolidinopropiophenone (4-MePPP), 2-methylamino-1-phenylpentan-1-one

(pentedrone), 4-fluoro-N-methylcathinone (4-FMC, flephedrone), 4-methyl-N-
ethylcathinone (4-MEC), and α-pyrrolidinopentiophenone (α-PVP). We recently

reported that both α-PVP and 4-MEC facilitate brain stimulation reward [48], and

today we are only aware of one study that has examined the potential reinforcing

effects of second-generation cathinone NPS. In this study, Aarde and colleagues

demonstrated that male Wistar rats readily self-administered relatively low doses of

α-PVP (0.025–0.25 mg/kg per infusion) under fixed ratio conditions, similar to

those observed in rat self-administering MDPV and displayed typical inverted

U-shaped dose-dependent breakpoints for α-PVP under progressive ratio conditions

[49]. Thus, α-PVP appears to have reinforcing properties similar in potency

to MDPV.

4 Summary and Avenues for Future Research

In this chapter, we have reviewed the small but growing body of preclinical

literature demonstrating that various cathinone NPS are dose-dependently self-

administered by laboratory rodents via the intravenous route. Such patterns of

self-administration are similar in nature to those observed with traditional psycho-

stimulants such as cocaine and amphetamines and collectively suggest that many

cathinone NPS possess significant abuse liability and potential for addiction. Thus,

cathinone NPS should continue to be considered an emerging class of abused drugs

that warrant appropriate regulatory control, as well as adequate interventions for

detoxification and treatment of dependence.

Not surprisingly, however, the structure-activity relationships of different cathinone

NPS at monoamine transporters influence their potential abuse liability. From the

studies reviewed here, the potency of these cathinone derivatives to serve as intrave-

nous reinforcers can be rank ordered as MDPV~α-PVP>mephedrone>methylone.

In comparison to traditional psychostimulants, the dose-effect function of these

cathinones suggests that α-PVP and MDPV are roughly equipotent with metham-

phetamine, whereas mephedrone appears to be roughly equipotent to cocaine.

However, these potencies do not necessarily reflect their affinity or mode of action

at monoamine transporters. For example, while both MPDV and α-PVP inhibit

monoamine reuptake and appear to be equipotent in their reinforcing efficacy,
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α-PVP has a higher selectivity for DAT vs. SERT than MDPV [50]. Previous

studies suggest that higher DAT/SERT inhibition ratios are more predictive of

reinforcer efficacy than DAT affinity per se [51–53]. While MDPV appears to be

approximately equipotent with methamphetamine as a reinforcer, MDPV acts as a

long-lasting DAT inhibitor, while methamphetamine is primarily a DA/NE releas-

ing agent. Clearly, it is not feasible to test the ability of every single cathinone NPS,

whether currently in existence or predicted based on structure-activity relation-

ships, to support IVSA and thus serve as a behavioral reinforcer. It is therefore

likely that bioinformatics, computational chemistry, and in silico molecular model-

ing are needed to predict the abuse potential of cathinone NPS as they continue to

evolve.

There are numerous other unanswered questions regarding cathinone NPS and

their abuse potential. For example, what other nonhuman model organisms can be

used to predict the abuse liability of cathinone NPS? Do cathinone NPS exhibit

physiological affinity for any molecular entities other than monoamine transporters,

which might contribute to their neurobiological or behavioral effects? Specifically,

do cathinone NPS interact with trace amine-associated receptors or elements

of glutamate transmission, as has been shown to be the case for traditional

psychostimulants [54, 55]? One immediate direction for future studies should

employ the use of selective antagonists to assess these and other potential molecular

targets for their role in cathinone reinforcement. Finally, what are the effects of

cathinone NPS on neuronal plasticity and function, gliotransmission, cerebro-

vascular function, cell viability, gene expression, and epigenetic processes?

It is clear that the field of cathinone NPS research is in its infancy. While some

legislative efforts have attempted to curb the availability and abuse of these drugs,

it is clear that many more NPS of this drug class (and others) will continue to

evolve likely steps ahead of policymakers, scientists, educators, and treatment

professionals.
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Predicting the Abuse Liability

of Entactogen-Class, New and Emerging

Psychoactive Substances via Preclinical

Models of Drug Self-administration

Shawn M. Aarde and Michael A. Taffe

Abstract Animal models of drug self-administration are currently the gold standard

for making predictions regarding the relative likelihood that a recreational drug sub-

stance will lead to continued use and addiction. Such models have been found to have

high predictive accuracy and discriminative validity for a number of drug classes

including ethanol, nicotine, opioids, and psychostimulants such as cocaine and meth-

amphetamine. Members of the entactogen class of psychostimulants (drugs that pro-

duce an “open mind state” including feelings of interpersonal closeness, intimacy and

empathy) have been less frequently studied in self-administration models. The proto-

typical entactogen 3,4-methylenedioxymethamphetamine (MDMA; “Ecstasy”) sup-

ports self-administration but not with the same consistency nor with the same efficacy

as structurally related drugs amphetamine or methamphetamine. Consistent with these

observations, MDMA use is more episodic in the majority of those who use it fre-

quently. Nevertheless, substantial numbers of MDMA users will meet the criteria for

substance dependence at some point in their use history. This review examines the

currently available evidence from rodent self-administration studies ofMDMAand two

of the new and emerging psychoactive substances (NPS) that produce entactogen type

neuropharmacological responses – mephedrone (4-methylmethcathinone; 4MMC;

“meow meow”) and methylone (3,4-methylenedioxymethcathinone). Overall, the cur-

rent evidence predicts that these NPS entactogens have enhanced abuse liability

compared with MDMA.
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1 Current Epidemiology of Entactogen Use

The term “entactogen” is used to delineate recreational drugs that “produce experi-

ences of emotional communion, oneness, relatedness, emotional openness – that is,

empathy or sympathy” [1] or, as originally coined by Nichols, a drug that “power-

fully enhances emotions and empathy” [2]. Although (�)3,4-methylenedioxy-

amphetamine (MDA) enjoyed some popularity through the mid-1980s, (�)3,4-

methylenedioxymethamphetamine (MDMA) became the class-defining entactogen

and has been the most common constituent of illicit “Ecstasy” [3] over recent

decades. Epidemiological data from the Monitoring the Future (MtF) survey show

that use of Ecstasy in high school students [4] has been stable in the past decade

while annual prevalence rates for college students have gradually increased

[5]. Annual prevalence of MDMA/Ecstasy in individuals in their 20s is equivalent

to that for non-crack cocaine, slightly lower than for all amphetamines (including

ADHDmedications) and is at least threefold higher than prevalence of heroin, crack

(smokable cocaine), ice (smokable methamphetamine), or phencyclidine. The MtF

data also report that 17% of 29- to 30-year-olds and 10–14% of 21- to 28-year-olds

have used MDMA at least once in their lifetime [5]. Thus, overall lifetime rates of

recreational exposure to MDMA are substantial and will continue to be so for some

time as these cohorts age. Further exposure may result from the initiation of multiple

Phase I clinical trials to establish MDMA as an adjunctive treatment for psycho-

therapy nearly a decade ago [6–9], although results remain controversial [10–

12]. Overall, the impact of MDMA on health continues to be a pressing issue for

scientific investigation.

Greer, arguing for the use of MDMA (50–200 mg) in psychotherapy [13],

claimed that MDMA has low abuse liability because its use is self-limiting (reduc-

tion in desirable effects and an increase in adverse effects with continued use) and

some subsequent studies have indicated spontaneous disuse with time [14, 15], a

transition that has been speculated to reflect lasting changes in brain serotonergic

function. Nevertheless, significant proportions of heavy Ecstasy users meet criteria

for dependence at some point in their use history [16–18] and there are case reports

of Ecstasy use patterns that are daily or at least several times per week [19–

21]. These latter examples are highly consistent with the repetitive use patterns
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that are common to reference drugs of abuse such as methamphetamine (METH),

cocaine, and heroin. Similarly, close examination of Ecstasy use statistics in human

cognitive/toxicity investigations identifies occasional (rare) individuals who use

Ecstasy at least several times per week [22–28], which stands in contrast to studies

of METH-related cognitive impairment in which most individuals are using 3 times

per week or more [29–31]. It is also clear that Ecstasy consumers abuse a very wide

range of drugs with some frequency [32, 33], suggesting a level of generalized

substance dependence that may be elevated in those that use MDMA [34]. The

evidence for human Ecstasy dependence has grown to the point where efforts are

underway to establish criteria for a new MDMA-specific DSM diagnostic category

[35, 36].

Recreational use of cathinone derivative stimulant drugs (“bath salts”) is new but

has increased substantially since 2009 and continues to expand worldwide. Some of

the earliest appearing and most popular entities such as 4-methylmethcathinone

(4MMC; mephedrone) and 3,4-methylenedioxymethcathinone (methylone; beta-
keto-MDMA) were explicitly marketed as MDMA substitutes and are reported to

have MDMA-like, entactogen-characteristic subjective effects [37, 38]. Use of

mephedrone expanded rapidly in the UK from 2009 to 2010 [38, 39] during a

reported European shortage of MDMA [40, 41]. Mephedrone and methylone appear

to have sustained popularity despite legal controls [42] and have joined drugs such

asMDMAor cocaine, rather than replacing them, in user populations [43]. Just as up

to 40% of Ecstasy users may meet criteria for dependence [44], there is initial

evidence of dependence on mephedrone [45, 46]. The 2013 and 2014 midyear

reports of the US National Forensic Laboratory Information System [47, 48] show

that methylone is now more common than MDMA in this database and case reports

of fatalities involving mephedrone or methylone are highly reminiscent of similar

deaths attributed to MDMA [49–53]. The emergence of these new, MDMA-like

recreational drugs has prompted controlled, laboratory studies to determine the

potential similarities and differences among these entactogens, including studies

of relative abuse liability.

2 Entactogen Pharmacology and Predicted Addiction

Liability

It is perhaps obvious that a recreational drug such as MDMA that exhibits distinct

subjective properties compared with the structurally related prototypical

psychostimulant METH would have different pharmacological and neurochemical

properties. For example, in vitro investigations by several groups [54–58] show that

methylone and mephedrone are monoamine transporter substrates, which act to

enhance transporter-mediated release of monoamines as do both MDMA and

METH, in vivo. However, mephedrone [54, 59, 60] and methylone [54, 61] each

produce neuropharmacological profiles of enhanced release of serotonin (5-HT)
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compared to dopamine (DA) in the nucleus accumbens, similar to MDMA but

dissimilar to METH. Thus, the key distinction in overall subjective effects between

METH and the entactogens appears to be the relative effects on 5-HT transporters

(SERT) versus DA transporters (DAT), and ensuing monoaminergic signaling.

The in vitro pharmacological data likewise show that the entactogens are

dissimilar to a typical stimulant such as METH. Simmler and colleagues report a

DAT/SERT ratio on transporter inhibition of 0.08 for MDMA, 1.4 for mephedrone,

and 3.3 for methylone versus >10 for METH, using human transporters expressed

in cells. DAT inhibition potency (IC50) was 17 μM for MDMA, 4.82 μM for

methylone, and 3.31 μM for mephedrone, compared with 1.05 μM for METH.

Finally, an assay of monoamine release mediated by the DAT illustrates an effec-

tive concentration (EC50) of 3.75 μM for mephedrone, 22 μM for MDMA,

>100 μM for methylone, and 1.56 μM for METH. MDMA and mephedrone were

about equipotent at inhibiting 5-HT release mediated by the SERT (5.63 μM and

5.98 μM, respectively); however, the EC50 for methylone was>10 μM compared to

>33 μM for METH. An analysis of transporter-mediated monoamine release using

rat brain synaptosomes [54] reported that the DAT/SERT ratios of the entactogens

(mephedrone 2.41; methylone 1.82; MDMA 0.97) were much lower than that of

METH (152.0). In summary, the in vitro pharmacological data and the in vivo

neuropharmacological data predict that the entactogens would exhibit similar abuse

liability, but these drugs would exhibit less propensity for repetitive use compared

with a traditional stimulant drug like METH.

When it comes to controlled laboratory models of abuse liability such as the

intravenous self-administration (IVSA) procedure, the relative DA/5-HT effects

have been thought most critical. In short, relatively enhanced 5-HT effects tend to

reduce the degree to which rats or monkeys will self-administer a given drug [62–

64]. These findings are reinforced by demonstrations that drugs which function as

5-HT indirect agonists suppress the rate of cocaine or amphetamine self-

administration in monkeys [62, 65, 66] and that exposure to a 5-HT depleting

regimen of MDMA in rats enhances acquisition of the self-administration of

cocaine [67] and enhances reinstatement of D-amphetamine seeking primed by

either D-amphetamine or MDMA [68]. The correlation of DA/5-HT potency ratios

with reinforcer efficacy agrees with a finding that prior treatment of rats with the

serotonergic neurotoxin 5,7-dihydroxy-tryptamine [69] or genetic deletion of the

SERT [70] enhances the acquisition of MDMA IVSA. Nevertheless, the idea of

relative DAT/SERT selectivity as a major determinant of abuse liability is a dogma

that was established before the emergence of the cathinones, with MDMA as the

lone example of an entactogen that was popular with human users. The emergence

of the two cathinone-class entactogen drugs mephedrone and methylone has pro-

vided a key opportunity to further determine abuse liability of designer stimulant

drugs.
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3 Self-administration of Entactogens

3.1 Overview of Methods

Drug self-administration is a powerful preclinical/non-clinical method for

predicting the abuse liability of that drug [71]. Various self-administration pro-

cedures provide methods to quantify the rewarding capacity of different recrea-

tional drugs. If delivery of a drug can increase the frequency or probability of a

behavioral response (such as a lever press) from a laboratory animal, it is consi-

dered to act as a reinforcer of that behavior; this capacity features prominently in the

processes theorized to lead to addiction [72]. In general, the greater the efficacy of a

drug as a reinforcer in laboratory animal self-administration procedures, the higher

its potential abuse liability is predicted to be for humans.

Self-administration can therefore be used to evaluate the reinforcer efficacy and

potency of new and emerging psychoactive substances (NPS) for which little, if

any, human epidemiological data are available. Moreover, once a drug has been

shown to be efficacious as a reinforcer, self-administration procedures can be used

to determine the neurobiological, behavioral, or environmental determinants of

drug taking behavior. For drugs that have highly variable use patterns and/or

inconsistent/conflicting reports of abuse, the self-administration paradigm can be

used to determine the conditions that increase reinforcer potency and efficacy.

Importantly, the most basic rodent self-administration procedure (i.e., lever

pressing under a fixed-ratio schedule for the intravenous delivery of drug over a

short 1–2 h access interval) is not a model of drug abuse or addiction – rather, it

models drug reward and reinforcement [73]. It is clear, however, that reward or

reinforcement processes contribute to, or are a component of, the phenomena

outlined as being diagnostic of drug abuse/addiction [i.e., as defined by either the

DSM5 (USA) or ICD10 (Europe)]. Under certain conditions, self-administration in

an animal model may result in behavior that would meet the human diagnostic

criteria (see below). Even if an animal’s self-administration of a drug under the

typically short periods of drug access does not constitute the expression of dis-

ordered use or addiction per se, the capacity of drugs to support self-administration

has valuable and well-validated predictive utility [71, 74, 75].

There are two primary methods to determine the potential of a given drug to

reinforce self-administration behavior. First and most simply, assessment of the

initial acquisition of drug taking behavior can be used to quantify how rapidly and

readily drug availability comes to support behavioral responding. This can be used

to determine the threshold dose that is necessary to produce a behaviorally

reinforcing effect, providing an estimate of drug potency. Comparison of different

patterns of responding across drugs can provide additional insight; for example, the

inter-session and intra-session variability in MDMA intake is relatively high [76]

compared with METH. Similarly, comparison of the initial acquisition of

responding for drug infusions can illustrate inter-individual variation in reinforcing

value; for example, only about half of subjects meet criteria for MDMA self-
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administration, whereas virtually all acquire cocaine self-administration [77]. Drug

acquisition can also vary across environmental and other contexts; for example,

when alternative reinforcers are available (e.g., palatable food, wheel access), this

may differentially alter responding for intravenous drug infusions [78].

A second way to assess the reinforcing capability of different drugs is by

comparing dose–response curves under varied schedules of reinforcement, follow-

ing initial acquisition. This involves varying the available per-infusion dose of the

drug from session to session to determine how the animal alters its response pattern.

In the simplest version, a fixed ratio (FR; each successive infusion within a session

requires a fixed number of responses) schedule of reinforcement is typically used to

determine potency (i.e., minimum amount of drug required to maintain

responding). A more complex approach is the use of a progressive ratio

(PR) schedule of reinforcement in which the number of responses required to

obtain each successive infusion increases within the session. The PR procedure is

typically used to determine efficacy (i.e., the maximum amount of responding the

drug can support at a given dose) [79–81]. Alternatively, systematic within-session

reductions in the available per-infusion dose to zero while under a fixed-ratio

schedule can also permit calculation of the maximum amount of responding that

the drug will support [82]. Both this within-session thresholding procedure and the

PR approach are in essence a protracted transition to an extinction condition and as

such it should be the case that the response rate drops to zero as either the response

number becomes too high (PR) or the dose drops too low (within-session

thresholding) [83, 84].

Additional modifications of the basic self-administration procedure that extend

the model to address various DSM5/ICD-10 diagnostic criteria for substance abuse

and/or addiction include:

1. The extended access model which usually compares self-administration sessions

that are relatively short to ones that are long (e.g., 1–2 h vs. 6 h – typical for

cocaine or methamphetamine) to study the phenomena of intake escalation [85–

87].

2. The inclusion of adverse consequences or punishments – for example, foot shock

[88–90] or histamine administration [91–93] – to study the phenomena of drug

taking despite incurring negative outcomes.

3. Reinstatement of responding following its extinction by re-exposure to the drug,

presentation of drug-paired cues, or exposure to a stressor to study the pheno-

mena of relapse [94–97].

4. Making alternative “natural” reinforcers available to study the phenomena of

devaluation of non-drug rewards and preoccupation with drug seeking [98–100].

3.2 MDMA

It has been repeatedly demonstrated that METH or amphetamine will readily

support intravenous self-administration (IVSA) in rats [101–105], nonhuman
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primates (NHPs) [106–110], and cats [111]. Laboratory studies of the abuse

liability of MDA or MDMA have been curiously sporadic in comparison with the

typical amphetamines, perhaps because the “average” non-compulsive human use

pattern does not appear to fit well with the usual animal models. While it is clear

that MDA [112] or MDMA [107, 113–116] will substitute for cocaine in baboons

and rhesus monkeys trained for intravenous self-administration, it has yet to be

established that drug-naı̈ve nonhuman primates will acquire MDA or MDMA self-

administration by any route of administration, or that oral administration of either

drug will function as a reinforce, even in drug-experienced NHPs.

Interpretation of entactogen IVSA in rats is complicated by a broad range of

individual differences in drug preference compared with the IVSA of other stimu-

lants, a relative dearth of studies and the methodological and analytical choices of

authors in conducting their studies. One available study showed that rats will self-

administer MDA (~0.3 mg/kg/inf) under fixed-ratio 1 (FR1) training conditions, but

behavior was extinguished under progressive-ratio (PR) conditions [117]. Addi-

tional studies show that MDMA generates consistent levels (2–5 mg/kg/session) of

self-administration in rats [118–123], although one laboratory report intakes several

fold higher [76, 124, 125]. It is clear from the available evidence that rat IVSA of

MDMA differs from the IVSA of typical psychostimulants such as cocaine,

amphetamine, or METH. Dalley and colleagues [102] reported highly variable

MDMA (50 μg freebase per infusion; ~0.15 mg MDMA HCl/kg/inf; 32–50 infu-

sions over session) IVSA compared with either amphetamine or METH (same dose,

60–75 infusions with greater day to day stability) in rats that were food restricted.

Schenk and colleagues have shown that only about 55–60% of individuals will

reach acquisition criteria for MDMA IVSA within about 10–14 training sessions

using a protocol which starts at 1 mg/kg/inf and then is reduced to 0.5 mg/kg/inf

[70, 77], suggesting that subject inclusion criteria may partially contribute to

differential results between laboratories. The critical effect of subject inclusion

criteria was highlighted by work in which a median-split was presented for acqui-

sition data instead of excluding subjects on arbitrary acquisition criteria

[120, 123]. In particular, when rats were subjected to dose-substitution studies

under an FR-1 response contingency, the less-preferring half of the distributions

of male and female rats were probably not self-administering MDMA since they

were insensitive to changes in the available dose.

Serotonergic dysfunction produced by either SERT deletion or a 5-HT selective

neurotoxin [69, 70] dramatically increases the percent of animals reaching acqui-

sition criteria for MDMA self-administration. In essence, these manipulations make

the neuropharmacological response to MDMAmore similar to that of METH which

would provide one possible mechanistic explanation for the enhanced reinforcer

efficacy of MDMA in such studies. In a similar vein, the ~50% of animals that met

acquisition criteria for IVSA of MDMA are insensitive to antagonists of the 5-HT

1A, 1B or 2A receptor subtypes [126], possibly indicating that the half of the

distribution of rats that acquire MDMA IVSA are constitutively less sensitive to

the serotonergic effects of MDMA.
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Lack of a systematic approach to methodological variables in reports published

so far has further complicated the comparison of MDMA IVSA data with data from

the broader number of studies involving METH or cocaine self-administration. For

example, while studies hint that increases in MDMA intake, and the number of

subjects who meet acquisition criteria, may be achieved through exposure to many

sessions of access [102, 121, 127, 128], this issue has not been comprehensively

explored. Other methodological variables also may be critical. For example, one

report [129] demonstrates that acute increases in ambient temperature (30�C)
significantly enhance self-administration of MDMA, though consistent training

under elevated temperature conditions may not have any effect [130]. Additional

variables which can affect self-administration include: rat strain, time of day in

which sessions are conducted [131], the speed of the intravenous infusion [121],

housing enrichment [132], and food restriction [102].

Relatively few studies have specifically examined MDMA IVSA under short vs

long daily access conditions. This latter approach has been proposed to better reflect

the transition to dependence [85, 86]. Vandewater and colleagues found that 6 h

MDMA (0.5 mg/kg/inf) IVSA led to increased intake compared with 2 h sessions in

male rats [123] which is consistent with the “escalated” intake reported for cocaine

or METH. This finding was inconsistent with a prior report that 6 h access led to no

difference in total session MDMA intake relative to rats trained in 2 h sessions [76],
but that outcome may have depended on a relatively high per-infusion dose (1.0 mg/

kg/inf) and/or training animals in the inactive (light) cycle. Additional targeted

study would be required to resolve conditions under which MDMA self-

administration does, or does not, escalate with longer daily access.

It has long been established that significant sex-differences exist in rat models of

stimulant drug abuse. For example, female rats will self-administer more cocaine

[133, 134] and more METH [135, 136] than males, and these sex differences can be

more pronounced under long-access escalation and/or progressive ratio procedures.

In the single study of MDMA IVSA in female rats that is currently available [120],

the authors found that female rats showed only a slightly more consistent MDMA

intake when directly compared with male rats under 2 h daily access conditions (see

the Supplemental Materials of [123]). Escalation of self-administration of MDMA

in females under longer access conditions has not yet been examined.

3.3 Mephedrone and Methylone

The original report of mephedrone IVSA in rats indicated that it can readily support

IVSA [137]; however, the study was limited to a single per-infusion dose and

access conditions that likely increased drug intake. Specifically, access to drug

was relatively long (4 h) and under high (29�C) ambient temperature (TA). As noted
above, escalation of METH intake occurs when daily drug access is 6 h vs 2 h [138]

and intake of cocaine, METH, and MDMA increase under relatively high (30�C
vs. ~22�C) TA conditions [129, 139]. Hadlock and colleagues also compared the
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IVSA of mephedrone with IVSA of a similar per-infusion dose of METH and found

greater intake of mephedrone. However, equipotent per-infusion doses are essential

for comparison of numbers of infusions, since higher doses generate fewer infu-

sions [138]. Subsequent work showed mephedrone to be less potent than METH in

other assays [54, 60, 140]; thus, the initial report may have overestimated

mephedrone IVSA relative to METH IVSA. Aarde and colleagues [101] showed

that mephedrone supports IVSA similarly in both Wistar and Sprague–Dawley rats

and that a training dose of 0.5 mg/kg per infusion supported approximately as many

reinforcer deliveries as METH at a dose of 0.05 mg/kg per infusion. Motbey and

colleagues [141] found that adolescent male Sprague–Dawley rats obtained a mean

of about 60 infusions of mephedrone (0.3 mg/kg/inf) after 10 sessions, also

suggesting it is a highly efficacious reinforcer in IVSA. Unfortunately, there are

no other entactogen IVSA data in adolescent animals to place these data in context.

Two additional studies directly compared the IVSA of mephedrone and MDMA

and found that the mephedrone was a more efficacious reinforcer than MDMA,

resulting in higher daily intakes of drug [120, 123].

The first examination of methylone IVSA showed robust acquisition of self-

administration, with all rats reaching criteria at the 0.5 mg/kg/infusion training dose

and breakpoints under a PR procedure similar to those reached by METH trained

rats in 2-h access sessions [142]. Subsequent studies indicated a less-efficacious

profile for methylone. Direct comparisons of methylone-trained male or female rats

with those trained on MDMA or mephedrone showed the greatest intakes for

mephedrone, the lowest for MDMA, and an intermediate profile for methylone

[120, 123, 143]. Schindler and colleagues [61] found that male Sprague–Dawley

rats showed methylone IVSA to about the same extent as Vandewater et al. [123],

again in 2-h access sessions. A potential bridge across these studies was provided

by an indication that training male rats in 6 h daily access sessions resulted in

greater escalation of drug intake for methylone than for MDMA [123, 143]. These

results suggest that as yet undetermined methodological differences may explain

the differences in outcome between the study of 2 h access IVSA [61, 123,

142]. Nevertheless, the evidence at present suggests that methylone is most likely

a more efficacious reinforcer than MDMA.

With respect to sex-differences, Creehan et al. [120] showed that female rats

readily acquired IVSA of methylone; however, a follow-up study from the same

group [123] demonstrated a similar relative abuse liability in male rats. Rats of both

sexes reached a mean of about 12–15 infusions of methylone after 10 sessions of

acquisition training, as compared to about 7–10 infusions of MDMA (0.5 mg/kg/

inf) and 20–25 infusions of mephedrone (0.5 mg/kg/inf) in separate groups of male

and female rats.

In summary, initial reports from rat IVSA studies indicate mephedrone and

methylone exhibit readily established and relatively consistent self-administration

profiles [137, 141, 142] that appear to contrast with the less reliable profile that has

been established for MDMA. This conclusion was underlined most directly in

studies that compared the three entactogens within a single model [120, 123, 143].
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3.3.1 Future Directions

As this review has shown, there are relatively few investigations of the abuse

liability of entactogen psychostimulants. Much is still to be identified about their

properties, but there are nevertheless a few key issues which are of the most

pressing importance for the field. The first three are relatively general: (1) study

of sex-differences, (2) ability to rapidly screen novel cathinone derivatives, and

(3) non-rat models of abuse liability. The remaining issues are specific to under-

standing why the entactogen cathinones appear to have enhanced abuse liability

relative to MDMA (pharmacokinetics, speed of monoamine responses and

non-monoamine pharmacological properties). These issues are discussed in further

detail below.

3.3.2 Sex-Differences

The US National Institutes of Health (NIH) has recently issued a policy position

which reinforces the critical importance of conducting sex-difference comparisons

across biomedical domains [144]. The importance of this new initiative is certainly

apparent for substance abuse research since substance use increases more quickly in

women and treatment outcomes are poorer compared with men [145, 146]. METH

dependence starts earlier in women [147, 148], cocaine treatment outcomes are less

successful [145], and MDMA dependence occurs more frequently in women

[46, 149]. It has been shown that female rats will self-administer more cocaine

[133, 150] and more METH [135, 136] than male rats but, as mentioned briefly

above, there is only one study of the self-administration of any entactogen in female

rats that has been reported to date [120]. While that study found minimal

sex-differences, it must be emphasized that this single study only begins to address

the scope of work necessary for firm conclusions about potential sex-based

differences.

3.3.3 Generalization or Rapid Screening

One of the clearest challenges with the cathinone derivative drugs is the diversity of

the molecules which have entered recreational use markets. Driven by efforts to

stay one step ahead of legal controls, the suppliers for recreational users have

proven agile in providing a number of different compounds across place and

time. This diversity poses a significant challenge for the research efforts to deter-

mine relative risks, and this concern is particularly acute for the relatively labor-

intensive IVSA procedure. Dose-substitution tests of multiple drugs in a single

group of rats is possible [120, 123], albeit this can be limited due to concerns over

sequence effects and useful catheter life. Such attempts are very rare in rats for any

drug class, but are much more common in nonhuman primate models, as reviewed
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[151]. Additional participation in evaluating novel and emerging psychoactive

substances from the many laboratories which use IVSA models to study the

reinforcing properties of psychostimulants would be helpful in this regard.

3.3.4 Self-administration in Nonhuman Primates and Mice

No data are available on the self-administration of the entactogen cathinones in

nonhuman primate or mouse models at present. Extension of research on the

cathinones to these other relatively common self-administration models would

facilitate deployment of the powerful genetic tools available with mouse models

and would allow identification of any order differences in NHP models which might

complicate translation to the human condition.

3.3.5 Pharmacokinetics

One key drug property which may differentiate mephedrone, methylone, and

MDMA is the relative speed of brain entry, metabolism, and elimination. Rapid

onset and offset of drugs is associated with more frequent re-dosing and transitions

to habitual behavior. One study suggested that mephedrone may cross the blood–

brain barrier more quickly than does MDMA [57], which may partially explain its

enhanced efficacy as a reinforcer. A study conducted in humans found a 3.6-fold

slower elimination half-life for MDMA compared with mephedrone after oral

dosing [152] and methylone exhibits a 2.5-fold slower half-life compared with

mephedrone after i.v. administration in rats [153, 154]. Humans variously self-

administer entactogens orally, by insufflation, by intravenous injection, with

e-cigarette “vape” inhalation and occasionally via rectal or vaginal routes so further

understanding of how route of administration may affect pharmacokinetic profiles

may be important.

3.3.6 Neuropharmacological Differences

Differences in the rapidity of the accumulation of extracellular DA versus 5-HT

following injection of mephedrone and MDMA have been identified using intra-

cerebral microdialysis techniques [59] although the 20 min sampling of that study

gives poor temporal resolution. The reason for this difference is unknown at present

and further investigation could help to clarify the predictive value of the relative

temporal character of DA versus 5-HT responses. Since humans variously use

entactogens by intravenous injection, insufflation, the oral route, and other

methods, additional questions arise about the relative DA/5-HT responses in the

context of different routes of administration.
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3.3.7 Non-monoamine Targets

Although clearly the DA and 5-HT responses to the entactogens confer the majority

of the signal when it comes to reinforcing and rewarding properties, it is always

possible that subtle non-monoamine properties may differentiate these compounds.

For example, a sigma1 affinity of mephedrone has been reported [155] and an

agonist at this site would be predicted to enhance self-administration [156]. Addi-

tional study of the potential modulatory effects of non-monoamine neuropharmaco-

logical responses to various cathinone-derivative NPS would significantly advance

understanding.

4 Discussion

It is clear that the relative neuropharmacological responses of DA and 5-HT in the

nucleus accumbens of the rat are insufficient to completely predict the abuse

liability of entactogen-class psychostimulants. Similarly, other preclinical models

of abuse liability may not generate the best predictions. For example, Bonano and

colleagues concluded that the lower potency of mephedrone to decrease intracranial

self-stimulation reward (ICSS) thresholds [157] compared with methylone

suggested that it would have lower abuse liability. Relatedly, mephedrone and

methylone produce similar dose–response functions for locomotor stimulation in

mice and identical potencies in a drug-discrimination assay when rats are trained on

cocaine; however, methylone was less potent in METH-trained rats [158]. Thus, the

most precise preclinical predictor of relative abuse liability for the entactogens will

continue to be the self-administration procedure.
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The Affective Properties of Synthetic

Cathinones: Role of Reward and Aversion

in Their Abuse

Heather E. King and Anthony L. Riley

Abstract The drug class known as synthetic cathinones has gained significant

attention in the last few years as a result of increased use and abuse. These

compounds have been shown to possess reinforcing efficacy in that they are abused

in human populations and are self-administered in animal models. The present

chapter outlines the affective properties of synthetic cathinones that are thought to

impact drug self-administration in general and presents research confirming that

these drugs have both rewarding and aversive effects in standalone and concurrent

assessments. The implications of these affective properties for the overall abuse

potential of these compounds are discussed along with directions for future

research.
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1 Introduction

In recent years, synthetic cathinones have made it to the forefront of both public

health concerns and drug abuse research [1–4]. Often associated with severe

hallucinations, paranoia, violent behaviors, tachycardia, and even death [5, 6],

these drugs pose a significant threat to those who use them, and yet their pharma-

cological profile is still relatively uncharacterized compared to other abused com-

pounds. In the present review, we discuss the affective properties of synthetic

cathinones and address how these properties might contribute to their abuse.

2 Animal Models of Use and Abuse

Drugs of abuse have historically been examined in animal models, given the

obvious limitations on such experimentation in humans. The model with the most

face validity for human drug taking is drug self-administration [7] (see Watterson

and Olive, this volume). In this model, animals are allowed to respond, e.g., press a

lever, for the delivery of a specific drug, and the rate or level of responding is

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

[8, 9]. Such a procedure has been widely used since its initial demonstration (see

[10]), and a wide range of compounds used and abused by humans support such

behavior [11–13]. 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 findings that these same drugs appear to be

rewarding (see [14]) in other models of drug reward, e.g., intracranial self-

stimulation and conditioned place preference.

Although the rewarding effects of a drug are certainly important to the initiation

and maintenance of drug-taking behavior, many drugs of abuse also produce

aversive effects, as indexed by their ability to induce a conditioned taste avoidance

(see [15]). Specifically, when a psychoactive drug is paired with access to a novel-

tasting solution, animals will come to avoid the drug-associated taste on subsequent

exposures. This avoidance is referred to as a conditioned taste avoidance (CTA) and

has now been reported with a wide variety of compounds, including many drugs of

abuse (see [16, 17]). These aversive effects also may be important to drug intake,

basically by limiting intake. In fact, drug intake may be conceptualized as a

function of the balance between these two affective states. These dual effects

have been seen with a range of compounds and under a variety of experimental

conditions, demonstrating a reliable co-occurrence of both rewarding and aversive

effects for a variety of drugs of abuse, including amphetamine [18, 19], caffeine

[20], morphine [21], and nicotine [22].

If drug use and abuse are a function of the balance of the drug’s rewarding and

aversive effects, it is important to determine these effects for specific drugs and the

various factors that are known to affect these properties. Such factors include, but
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are not limited to, sex, concurrent drug use, age, drug history, species, strain, drug

dose, drug duration, and route of administration (see [23]). As we begin to charac-

terize new synthetic compounds, examination of both their rewarding and aversive

effects, and the range of factors that may influence them, is important in the

determination of overall abuse liability.

3 Affective Properties of Synthetic Cathinones

As reviewed elsewhere in this volume, synthetic cathinones are self-administered

(see Watterson and Olive, this volume) and produce rewarding effects in intracra-

nial self-stimulation (see Bonano and Negus, this volume). However, given that

self-administration is a function of the balance between the rewarding and aversive

effects of a drug, evaluation of their affective properties and the factors that may

influence these properties is important. To this end, we review the effects of

synthetic cathinones in two major animal models of drug reward (conditioned

place preference) and aversion (conditioned taste avoidance).

3.1 Assessments of the Rewarding Effects of Cathinones

The conditioned place preference (CPP) procedure is a well-established method for

directly assessing the rewarding effects of drugs of abuse (for reviews, see [8, 24,

25]). These assessments typically involve a two-chambered place-conditioning

apparatus, containing distinct environmental and tactile cues in each chamber. A

baseline test determines each subject’s initial chamber preference, allowing any

subsequent drug-induced changes in preference to be measured. During condition-

ing, an injection of a drug is paired with one chamber of the place-conditioning

apparatus, and injections of the drug’s vehicle are paired with the opposite chamber

(for control subjects, the drug vehicle is typically paired with both chambers). If a

drug is rewarding, the animal will typically increase its time spent in the drug-

paired chamber. This procedure has been used extensively to evaluate the reward-

ing effects of a wide range of drugs of abuse, including those of a number of

psychostimulants (see [26–29]).

Several studies have used this procedure to investigate the rewarding effects of

synthetic cathinones. In the first such assessment, Lisek et al. [30] gave male

Sprague–Dawley rats an injection of 3-, 10-, or 30-mg/kg mephedrone and confined

them to one side of the place-conditioning apparatus for 30 min in one of two daily

conditioning sessions. The second session consisted of an injection of vehicle and

placement in the opposite conditioning chamber for 30 min. After 4 days of

two-session place conditioning, animals were given free access to both chambers

and tested for any acquired preference for the drug-paired chamber. Rats condi-

tioned with 30-mg/kg mephedrone showed a greater shift in their preference for the
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drug-paired side compared to that of vehicle-treated controls (see Fig. 1; Panel A),

with lower doses causing shifts in side preference of lesser magnitudes. An addi-

tional assessment using CD-1 mice showed that 30-mg/kg mephedrone also

induced a significant place preference (see Fig. 1; Panel B).

In a related evaluation of the cathinone compounds in place preference condi-

tioning, Karlsson et al. [31] utilized C57BL/6 mice to assess the ability of MDPV,

mephedrone, methylone, and amphetamine to support CPP at a range of doses (0.5,

2, 5, 10, and 20 mg/kg of each compound). After baseline assessments of chamber

preference, mice were given two 15-min conditioning sessions per day for 4 days;

one with saline paired with a distinct chamber in the morning and the other with an

injection of drug paired with the opposite chamber 4 h later. Results showed that all

of the synthetic cathinone compounds produced reliable dose-dependent place

preferences, but effective doses varied across compounds. Specifically, methylone

induced a significant place preference at 5, 10, and 20 mg/kg, whereas mephedrone

produced place preferences at 5 and 20 mg/kg. The strongest rewarding effect was

seen in the MDPV-treated animals, in which all doses produced significant place

preferences. In addition, only MDPV-treated animals showed significantly stronger

preferences than their counterparts treated with the positive control, amphetamine.

These results certainly indicate that the synthetic cathinones possess rewarding

effects and that these effects are comparable to those of other psychostimulants;

however, this work utilized C57/BL6 mice, an inbred strain that is particularly

susceptible to the reinforcing effects of ethanol and other drugs [32]. Given that

Fig. 1 Effects of mephedrone (MEPH) in the CPP assay in rats and mice. Rat CPP: data are

presented as preference score (time in seconds spent on the drug-paired side posttest minus pretest)

in rats conditioned with saline (0 mg/kg) (n¼ 12) or MEPH (30 mg/kg) (n¼ 10). *p< 0.05

compared to saline control. Box: data from rat CPP experiments are presented as percentage of

control (saline-treated) preference score for different doses of MEPH (3, 10, 30 mg/kg; n¼ 10–12

rats per group). Panel B, mouse CPP: data obtained from 23 mice are presented as time spent in

30-mg/kg MEPH-paired compartment minus the time spent in saline-paired compartment pre- and

post-conditioning. *p< 0.05 compared to the pretest. From Lisek et al. [30]; figure reprinted with

permission from Elsevier
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both strain and species have been shown to influence a host of effects induced by

other abused drugs [33–35], generalization of results between strains and across

species may be difficult. To facilitate comparison with the earlier Lisek et al. [30]

study, King et al. [36, 37] assessed the ability of MDPV (1, 1.8, or 3.2 mg/kg) to

induce place preferences in adult male Sprague–Dawley rats. After an initial

baseline assessment, rats were injected with MDPV or vehicle once daily on

alternate days and confined to the drug- or vehicle-associated chamber, respec-

tively. Rats received a total of eight conditioning sessions, four with MDPV and

four with vehicle. On the final test, all doses of MDPV produced significant shifts in

preference for the drug-paired environment from their initial preconditioning base-

lines (see Fig. 2). Although all MDPV-injected subjects increased the amount of

time spent on the drug-paired side, it should be noted that actual preferences were

not produced, i.e., animals still spent a majority of time on the non-drug-paired side,

which may have been a function of initial preferences for that side.

Additionally, these shifts in preference were of similar magnitude (i.e., not dose

dependent), contradictory with results seen in the prior assessment of MDPV-

induced CPP in mice [31] and with other stimulants [38, 39]. For example, a

meta-analysis of place-conditioning studies with amphetamine and cocaine

reported a significant effect of amphetamine dose on the magnitude of place

conditioning and a trend toward this same relationship with cocaine [40]. It is

possible that the doses used in the work by King et al. [36, 37] produced a ceiling

effect and that dose-dependent differences may have emerged at lower doses.

In summary, the synthetic cathinones clearly possess rewarding effects. These

effects have been demonstrated in a variety of preparations, in male and female

rodents and across several species/strains. However, given that overall drug intake

(i.e., self-administration) is a function of the balance of the drug’s rewarding and

aversive effects, assessment of the aversive effects of these compounds is important

before making conclusions regarding their abuse potential. In that context, our

laboratory has focused on such assessments with MDPV, as reviewed in the next

section.

Fig. 2 Change in percent

time spent on the MDPV-

paired side from pretest to

posttest for subjects injected

with 0-, 1-, 1.8-, and 3.2-

mg/kg MDPV (n¼ 12 for

all groups). From King

et al. [36, 37]; figure

reprinted with permission

from Elsevier
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3.2 Assessments of the Aversive Effects of Cathinones

The aversive effects of drugs of abuse are most commonly assessed by their ability

to produce conditioned taste avoidance (CTA). Although CTAs have been demon-

strated with a wide variety of drugs of abuse (for reviews, see [16, 41, 42]), studies

examining the ability of synthetic cathinones to support taste avoidance learning are

relatively limited. In an initial study examining MDPV’s aversive effects, Merluzzi

et al. [43] gave experimentally naı̈ve, adult Sprague–Dawley rats access to saccha-

rin (45 min) followed immediately by one of a number of doses of MDPV (0, 1, 1.8,

and 3.2 mg/kg). This procedure was repeated for a total of 5 conditioning days, each

separated by an intervening water-recovery day in which animals were given access

to water but not injected. In addition, to determine whether core body temperature

was affected by MDPV, 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-min postinjection.

Results from this study demonstrated a clear dose-dependent MDPV-induced

CTA that developed over the course of the 5-day conditioning period (see Fig. 3;

Panel A). A final two-bottle assessment (where animals were given simultaneous

access to both saccharin and water, and percent saccharin out of total fluid con-

sumption was measured as an index of the aversive effects of MDPV) revealed that

all MDPV-treated subjects showed significantly stronger avoidance than vehicle-

treated animals and the mid- and high-dose groups showed stronger avoidance than

the low-dose group (Fig. 3; Panel B). Further, while MDPV also produced a

hyperthermic effect, no clear dose-dependent relationship between the degree of

hyperthermia and strength of taste avoidance emerged, suggesting that this physi-

ological effect was not involved in the aversive effects of the drug (for a discussion

of the role of hyperthermia in ethanol-induced taste avoidance, see [44]).

Because taste avoidance is age related with adolescent animals tending to show

weaker avoidance than adults (for reviews, see [45, 46]), Merluzzi et al. [43]

extended their work on MDPV-induced avoidance in adults to adolescents. The

procedure used with adolescents was identical to that described above for adults.

Results revealed that adolescent animals acquired significant MDPV-induced taste

avoidance. As illustrated in Fig. 4 (Panel A), drug-treated groups drank signifi-

cantly less saccharin than the vehicle-treated group on Trials 3 and 4, although no

differences between drug-treated groups were observed. A two-bottle test showed

that the mid- and high-dose groups drank a lower percentage of saccharin than the

vehicle-treated group and that the mid-dose group drank less saccharin than the

low-dose group (see Fig. 4; Panel B). Hence, while adolescents acquired avoidance

of the MDPV-paired saccharin solution, avoidance was weaker and acquired more

slowly in adolescents (compared to adults), suggesting that adolescents may be

relatively insensitive to MDPV’s aversive effects and particularly susceptible to use
and abuse of MDPV. Little is known about possible age differences in the reward-

ing effects of MDPV. The examination of adolescent and adult animals will be

important in assessing its overall abuse vulnerability.
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Interestingly, while MDPV produced a hyperthermic effect in adult animals, the

same doses of MDPV (and under the same parametric procedures) produced a

hypothermic effect in the adolescent animals. As with adults, these changes in the

thermic response following MDPV were unrelated to the strength of the MDPV-

induced taste avoidance. The MDPV changes in body temperature are not surpris-

ing given that such effects are common with the administration of various stimu-

lants (see [47–49]) and that Fantegrossi et al. [50] reported MDPV-induced changes

in body temperature in mice, although it is interesting that adults and adolescents

display opposite effects in response to an injection of MDPV. The fact that

Fig. 3 Mean (� SEM) saccharin consumption (ml) by adult rats during taste avoidance acquisi-

tion (A) and mean (� SEM) percent saccharin consumed on a final two-bottle test (B), n¼ 8–9 for

all groups. + denotes a significant difference between Group 0 and Groups 1.8 and 3.2. % denotes a

significant difference between Group 1.0 and Groups 1.8 and 3.2. * denotes a significant difference

between Group 0 and all drug-treated groups. From Merluzzi et al. [43]; figure reprinted with

permission from Wiley

Fig. 4 Mean (� SEM) saccharin consumption (ml) by adolescent rats during taste avoidance

acquisition (A) and mean (� SEM) percent saccharin consumed on a final two-bottle test (B),

n¼ 8–9 for all groups. * denotes a significant difference between Group 0 and all drug-treated

groups. + denotes a significant difference between Group 0 and Groups 1.8 and 3.2. Ω denotes a

significant difference between Groups 1.0 and 1.8. From Merluzzi et al. [43]; figure reprinted with

permission from Wiley
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temperature has been related to the taste avoidance induced by other drugs, e.g.,

alcohol (see [44]), suggests that such a relationship may be drug specific.

Subsequently, King et al. [51] examined potential strain 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 and stronger conditioned place

preferences with a host of compounds ([52–56]; though see [57]), the F344 and

LEW strains have also been shown to display differential sensitivity to the aversive

effects of a number of drugs of abuse (for reviews, see [16, 58]). For example, LEW

rats displayed attenuated taste avoidance compared to F344 rats for morphine,

nicotine, and ethanol [57, 59–61]; however, they acquire stronger cocaine-induced

taste avoidance ([62, 63]; for other drug comparisons, see [16]). These differences

suggest that there may be a genetic component in the relative sensitivity to these

affective properties, with the direction of the difference being drug dependent. In

the King et al. [51] study, male F344 and LEW rats were tested with 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. [43] and described above.

Because differential consumption at baseline between the two strains was

observed, consumption for each dose group in each strain was calculated as a

percentage of its respective control group on the final conditioning trial. Similar

to our work in outbred adult Sprague–Dawley rats, MDPV induced significant dose-

dependent taste avoidance in both rat strains. Further, strain differences in these

percentage shifts were not observed at any dose. The lack of strain difference in

MDPV-induced avoidance is somewhat surprising given prior data showing stron-

ger cocaine-induced avoidance in LEW animals (see [62]); however, the degree of

avoidance was strong for both groups at the two highest doses (between 50 and

75% reductions in consumption), with some animals in both groups displaying

complete suppression on this trial. Such strong avoidance may have produced a

floor effect that precluded seeing differences among groups. As above with our

work with outbred adult rats [43], the temperature assessment revealed that at 30-,

60-, and 90-min postinjection, all groups in both strains injected with MDPV

displayed a hyperthermic response. The fact that MDPV produced dose-dependent

avoidance but no dose-dependent effects on hyperthermia again suggests that the

taste avoidance was independent of the changes in body temperature.

In summary, MDPV reliably produces taste avoidance in several strains and in

adolescents and adults, supporting the position that MDPV has aversive effects.

Unfortunately, studies have not yet examined the ability of mephedrone or

methylone to produce CTA. This significant gap in the literature needs to be

addressed in order to assess abuse potential of this class of drugs.
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4 Concurrent Assessments of the Affective Properties

of Cathinones

Synthetic cathinones are self-administered and have both aversive and rewarding

effects (presumably mediating/moderating drug taking). However, the work

discussed here involved studies looking exclusively at either the aversive or

rewarding effects of these drugs. Therefore, the presence of either reward or

avoidance could simply reflect the different parametric conditions (e.g., dose of

drug, route of administration, drug duration, subjects) under which the rewarding

and aversive effects were assessed.

To address the rewarding and aversive effects of a drug concurrently, many

studies have utilized a combined CTA/CPP design in which animals are given

access to a taste, injected with the drug and then placed in a distinct chamber of a

place preference apparatus. Under these conditions, decreases in consumption of

the drug-associated taste index the drug’s aversive effects, whereas shifts in pref-

erences for the drug-associated side index the rewarding effects of the drug. As

noted earlier, this procedure has reliably demonstrated concurrent place preferences

(reward) and taste avoidance (aversion) using a range of compounds and under a

variety of experimental conditions (see [20–22, 64]). In this context, we recently

examined the affective properties of MDPV (see [36, 37]). Given that females

display both stronger taste avoidance and place preferences induced by stimulants

such as cocaine, amphetamine, and nicotine [65–67], both sexes were included in

this assessment.

Specifically, adult Sprague–Dawley male and female rats were habituated to

daily 20-min water access to ensure stable consumption. On the day before condi-

tioning began, all animals were given 15-min access to the place-conditioning

apparatus to assess initial side preferences. On the first conditioning day, animals

were given 20-min access to a novel saccharin solution during their daily fluid-

access period and then immediately transported to a room adjacent to the CPP

chambers and assigned to a dose group. Subjects were given an injection of either

drug (1.0-, 1.8-, and 3.2-mg/kg MDPV) or vehicle and confined to the initially

non-preferred chamber for 30 min. The following day, they were given 20-min

access to water, followed immediately by a saline injection and then confinement to

the opposite (originally preferred) chamber of the previous day. This 2-day cycle

was repeated for a total of four consecutive cycles over 8 days, followed by a final

place preference test and a two-bottle taste avoidance test.

Under these conditions, MDPV induced taste avoidance in all animals, but males

and females differed in the speed of acquisition and degree of this suppression (see

Fig. 5). Specifically, males in the 1.8- and 3.2-mg/kg groups showed significant

decreases in saccharin consumption from control subjects following only a single

pairing of saccharin and MDPV, whereas avoidance was evident on this trial for

females only in the 3.2-mg/kg group. In later trials, all male drug-treated groups

drank less than controls, whereas only females treated with the 1.8- and 3.2-mg/kg

doses displayed avoidance. While males treated with 3.2-mg/kg MDPV showed a
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significant decrease in consumption from baseline on Trials 3–4 and a significant

decrease from Trial 2 to Trial 4, none of the female dose groups displayed a

significant decrease from their own baseline consumption level. Further, in a direct

comparison between males and females, males injected with 3.2-mg/kg MDPV

drank significantly less than females on Trial 4. It is important to note that the sex

differences in acquisition of MDPV-induced taste avoidance were not evident on

the final two-bottle assessment; all drug-treated groups drank a smaller percentage

of saccharin than control subjects. This finding is likely a reflection of the sensi-

tivity of the two-bottle test relative to forced-choice consumption, i.e., when

animals are given access to both the drug-paired taste and water in the two-bottle

assessment, aversions tend to be stronger (with no forced drinking), and differences

Fig. 5 Mean (� SEM) saccharin consumption in ml over all conditioning trials for male and

female subjects injected with vehicle or 1-, 1.8-, and 3.2-mg/kg MDPV (n¼ 8 for each group).

Panel A (males): *M0 significantly greater than M1.8 and M3.2; ^M0 significantly greater than all

drug-treated groups; %M1.0 and M1.8 significantly greater than M3.2; #M3.2 significant decrease

from Trial 1; αM3.2 significant decrease from Trial 2. Panel B (females): *F0 significantly greater

than F1.8 and F3.2; ^F0 and F1.0 significantly greater than F3.2; #F1.0 significant increase from

Trial 1. From King et al. [36, 37]; figure reprinted with permission from Elsevier
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among groups are not always evident in this more sensitive index of the drug’s
aversive effects (see [68, 69]). Although taste avoidance was induced by MDPV in

both males and females, MDPV-induced avoidance was weaker in females com-

pared to males, an effect that is consistent with results in other work on sex

differences in taste avoidance with a variety of drugs [65, 67, 70].

In the concomitant place preference conditioning, all groups significantly

increased time on the drug-paired side, independent of drug treatment. Because

these preferences did not vary as a function of sex, the data were collapsed across

sex for analysis (see Fig. 6). Despite significant increases in the vehicle-treated

animals, the 1.8- and 3.2-mg/kg groups spent significantly more time on the drug-

paired side at the final preference test than did the vehicle animals, indicating that

MDPV was rewarding.

However, these preferences did not vary as a function of sex. Given the phar-

macological similarities to cocaine, it might have been predicted that MDPV would

have produced stronger place preferences in females compared to males

[66, 71]. However, prior work showing enhanced sensitivity of females in place

preference conditioning with cocaine utilized different strains [66] and initiated

conditioning at different ages and under a different experimental design [71],

suggesting that such effects may be dependent upon a variety of experiential and

subject variables. Although sex differences in place preference conditioning with

MDPV were not seen, the fact that females showed a weaker avoidance response

compared to males suggests that sex may be an important factor in determining

susceptibility to use and abuse of MDPV and argues for the importance of com-

bined assessments of reward and aversion in predicting abuse liability.

Although MDPV is both rewarding and aversive in the same animal (as indexed

by changes in the combined CTA/CPP design), little is known about the extent

(if any) to which these two affective properties are related. To assess whether there

was a relationship between avoidance and preferences, we ran a correlational

analysis on the change in the amount consumed over conditioning (Trial 1 to

Trial 4) and the change in percent time on the drug-paired side (pretest to posttest)

within each sex and dose group tested in the combined CTA/CPP procedure. This

analysis revealed minimal correlations between taste avoidance and place prefer-

ences, suggesting that the strength of preference is unrelated to the strength of

avoidance (see [19] for similar findings with morphine and amphetamine).

The fact that MDPV induced concurrent taste avoidance and place preference,

but that sex differences were only evident in taste avoidance, argues for a dissoci-

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

independently. This position is further supported by the correlational analyses

showing no consistent significant relationship between strength of taste avoidance

and strength of place preference within sex and dose groups. These data parallel

those by Verendeev and Riley [19] who evaluated the relationship between strength

of avoidance and preferences, using both morphine and amphetamine in a com-

bined CTA/CPP procedure. While both avoidance and preferences were seen in

drug-treated animals, there was no consistent relationship between these factors in

individual animals (see also [72]), although strength of amphetamine-induced
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avoidance was positively related to strength of amphetamine-induced place prefer-

ences in a similar assessment that was based upon group averages and serial

assessments in CTA and CPP (see [73]). The dissociation between reward and

avoidance suggests that these effects are independent and differentially associated

with specific stimuli (i.e., rewarding effects with environmental cues and aversive

effects with gustatory stimuli) that condition opposite behaviors (approach and

avoidance) (see also [21]).

5 Drug Use and Abuse

In summary, a variety of animal models clearly indicate that the synthetic

cathinones have both aversive and rewarding effects and are self-administered

(see Watterson and Olive chapter in this volume). The ultimate goal underlying

exploration of the aversive and rewarding properties of these drugs is to assess the

relationship of these affective properties to self-administration. While the aversive

and rewarding effects of the cathinones are becoming well characterized, their

relationship to self-administration has not been established. As our knowledge

about factors that impact aversion and reward grows, examination of the ways in

which their relative balance contributes to eventual drug taking (i.e., self-

administration) is crucial for understanding abuse vulnerability of these drugs as

well as potential targets for treatment.

In fact, few such studies exist for any drug. One major issue in these demon-

strations concerns the fact that the procedures needed to assess this relationship are

Fig. 6 Mean percent time spent on the drug-paired side (� SEM) for all groups at pre- and

posttest, collapsed across sex. All groups (including vehicle) showed significant increases from

pretest to posttest. *Significant difference from Group 0. Animals in the two higher doses spent

more time in the MDPV-paired side than did control subjects. From King et al. [36, 37]; figure

reprinted with permission from Elsevier
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generally serial in nature. That is, one first assesses reward and aversion (using

designs such as place preference conditioning and taste avoidance; see above) and

then examines the ability of the drug to support self-administration (see [74]). 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 sensitized

(or adapted) the animal to the drug effect, this could impact the likelihood or degree

of self-administration and affect any relationships being examined [75–77]. Limited

attempts have been made to examine these relationships by using concurrent pro-

cedures, that is, with the assessments of reward and/or aversion and self-

administration occurring at the same time. This has been nicely done in a series

of recent papers by Grigson and her colleagues. In one of the first such assessments

(see [78]), animals were given access to a novel saccharin solution to drink and then

allowed to self-administer cocaine. Results showed that animals that displayed the

greater suppression of saccharin consumption (i.e., displaying the strongest taste

avoidance) also displayed the greatest cocaine self-administration, suggesting that

taste avoidance was directly associated with self-administration of cocaine.

Although the work of Grigson and Twinning demonstrates a relationship between

the aversive effects of the drug as indexed by taste avoidance and the drug’s self-
administration, it is difficult to conclude from these demonstrations that there is any

causal relationship between the two, i.e., that the drug’s aversive effects are

responsible for the greater self-administration. It is equally possible that the degree

of self-administration which by definition increases the amount of the drug that was

paired with the saccharin solution that preceded drug access may have simply

conditioned a stronger taste avoidance response. In this view, self-administration

was responsible for the greater taste avoidance. Although a relationship can be seen

in such concurrent assessments, conclusions are less clear (see also [79–81]).

The most interpretable manner by which associations and relationships may be

evaluated between the drug’s rewarding and aversive effects and its self-

administration may require independent assessments in which both affective prop-

erties of the drug and its self-administration are established (in independent groups

of animals), and various manipulations are made and assessed for their effects on

these behavioral models. In such assessments, the extent and direction of effects

from these manipulations can then be evaluated to determine if and to what degree

the behavioral models are similarly or differently affected, providing insight into

the possible relationships of reward and aversion to drug taking. While less subject

to interpretation, this procedure requires systematic evaluation of a wide variety of

subject and experiential factors in a host of different models of reward, aversion,

and intake. At the present time, the questions remaining for the rapidly growing list

of synthetic cathinones indicate that more work is required to answer many of the

questions that would be posed by this approach. In combination with the serial and

concurrent procedures outlined above, characterizing these compounds for their
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abuse potential as well as the factors that may impact it will be crucial to understand

abuse vulnerability of these drugs as well as potential targets for treatment.
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MDMA, Methylone, and MDPV: Drug-

Induced Brain Hyperthermia and Its

Modulation by Activity State

and Environment

Eugene A. Kiyatkin and Suelynn E. Ren

Abstract Psychomotor stimulants are frequently used by humans to intensify the

subjective experience of different types of social interactions. Since psychomotor

stimulants enhance metabolism and increase body temperatures, their use under

conditions of physiological activation and in warm humid environments could

result in pathological hyperthermia, a life-threatening symptom of acute drug

intoxication. Here, we will describe the brain hyperthermic effects of MDMA,

MDPV, and methylone, three structurally related recreational drugs commonly

used by young adults during raves and other forms of social gatherings. After a

short introduction on brain temperature and basic mechanisms underlying its

physiological fluctuations, we will consider how MDMA, MDPV, and methylone

affect brain and body temperatures in awake freely moving rats. Here, we will

discuss the role of drug-induced heat production in the brain due to metabolic brain

activation and diminished heat dissipation due to peripheral vasoconstriction as two

primary contributors to the hyperthermic effects of these drugs. Then, we will

consider how the hyperthermic effects of these drugs are modulated under condi-

tions that model human drug use (social interaction and warm ambient tempera-

ture). Since social interaction results in brain and body heat production, coupled

with skin vasoconstriction that impairs heat loss to the external environment, these

physiological changes interact with drug-induced changes in heat production and

loss, resulting in distinct changes in the hyperthermic effects of each tested drug.

Finally, we present our recent data, in which we compared the efficacy of different

pharmacological strategies for reversing MDMA-induced hyperthermia in both the

brain and body. Specifically, we demonstrate increased efficacy of the centrally

acting atypical neuroleptic compound clozapine over the peripherally acting
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vasodilator drug, carvedilol. These data could be important for understanding the

potential dangers of MDMA in humans and the development of pharmacological

tools to alleviate drug-induced hyperthermia – potentially saving the lives of highly

intoxicated individuals.

Keywords Active ingredients of “bath salts” • Brain metabolism • Cerebral heat

production • Drug-induced intoxication • Drugs of abuse • MDMA (Ecstasy) •

Psychomotor stimulants • Rave parties • Vasoconstriction
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1 Introduction: Psychoactive Drugs of Abuse

In contrast to therapeutic psychoactive drugs, which are taken voluntarily or given

by medical professionals to alleviate specific pathological symptoms, individuals

take drugs recreationally to induce pleasurable, novel, or unusual psycho-emotional

effects. Each psychoactive drug induces specific behavioral, physiological, and

psycho-emotional effects, which vary significantly depending upon the dosage,

individual activity state, and environmental conditions in which the drug is taken.

While the physiological effects of such drugs may mimic physiological responses

induced by naturally arousing stimuli at lower doses, drug-induced responses at

higher doses may reach pathological levels, resulting in acute intoxication and

posing a significant risk to human health. It is generally believed that drug dosage
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is the primary parameter in predicting acute intoxication, but many other factors

play important roles in determining the severity of drug-induced responses, includ-

ing individual responsiveness, previous drug experience(s), concurrent poly-drug

use, preexisting pathologies, and finally, the specific circumstances or context in

which the drug is taken.

In this review, we will be focused on the latter variable, discussing how activity

state and the environmental conditions of drug use modulate the physiological and

behavioral effects of MDMA (3,4-methylenedioxymethamphetamine or “Ecstasy,”

“Molly”), methylone (3,4-methylenedioxymethcathinone), and MDPV

(3,4-methylenedioxypyrovalerone). While the psychoactive effects of MDMA

have been known for decades, methylone and MDPV are synthetic cathinones

that became popular among young adults in the last few years with the emergence

of “bath salts.” Although MDMA, MDPV, and methylone have distinct behavioral

and physiological effects, they are structurally similar psychostimulants that all

induce sympathetic activation and body hyperthermia. As such, our focus here will

be on drug-induced perturbations in temperature homeostasis, with a special

emphasis on brain temperature as an important parameter that not only reflects

the metabolic aspects of brain activity, but also affects neural activity and neural

functioning [1].

2 Brain Temperature

While it is traditionally believed that brain temperature in healthy homeothermic

organisms is stable and close to 37�C, abundant data obtained in different animal

models suggest that relatively large fluctuations in brain temperature occur during

different types of natural motivated behavior and following exposure to various

environmental challenges [2–6]. It is difficult to quantify the range of physiological

fluctuations in brain temperature in humans, but, as shown by direct monitoring

with chronically implanted thermocouple sensors, hypothalamic temperature

recorded from freely moving rats could fall to ~35�C during deep sleep [7, 8] and

phasically peak at ~39.5�C at the time of ejaculation during copulatory

behavior [9].

While the direct monitoring of brain temperature in rats is a relatively simple

procedure, human data are limited and often restricted to neurological patients

[10, 11] or indirect measurements [12–14] that are questionable with respect to

their validity and accuracy. Therefore, it has not been definitely proven that similar,

relatively large brain temperature fluctuations could occur in healthy humans.

However, several observations suggest that this could be the case. First, monkeys

show robust physiological changes in brain temperature within a range comparable

to that observed in rats [3, 15]. Second, humans show ~1.0–2.0�C diurnal fluctu-

ations in body temperature as well as clear pathological hyperthermia (>40–41�C)
during acute intoxication by METH or MDMA [16–19], similar to the temperature

changes seen in rats [20]. Finally, direct measurements of venous outflow from
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healthy human volunteers wearing water-impermeable clothing which impaired

normal heat dissipation to the external environment revealed that brain temper-

atures could reach 39.5–40.0�C during a 30-min bicycle exercise [21]. Importantly,

even at such high brain temperatures, the physical and mental states of these

volunteers remained normal, suggesting that the brain can tolerate relatively

large, but transient temperature increases.

3 Basic Mechanisms Underlying Brain Temperature

Homeostasis

Brain temperature is determined by the balance of two opposing forces: (1)

metabolism-related intra-brain heat production and (2) heat loss via cerebral

blood outflow to the rest of the body and then to the external environment. Although

the brain represents only ~2% of body weight in humans, it accounts for ~20% of an

organism’s total energy consumption [22, 23], suggesting intense intra-cerebral

heat production. This heat is removed from brain tissue by the cerebral circulation

due to arrival from the lungs of cooler arterial blood [24–26].

Although mechanistic, the cooling of an internal combustion engine is a good

analogy when considering brain temperature exchange. Similar to circulating

coolant that continuously removes heat from a working engine, cool, oxygenated

arterial blood removes heat from the brain via heat exchange. The now warmed

venous blood then returns to the heart to be cooled and re-oxygenated in the lungs.

Such an arrangement determines the critical role of cerebral blood flow in brain

temperature homeostasis and the essential interdependence between temperature in

the brain and the rest of the body. While brain temperature tends to increase due to

metabolism-related intra-brain heat production, it also rises when brain-generated

heat cannot be properly dissipated to the body and then to the external environment.

Similarly, a decrease in cerebral metabolism tends to lower brain temperature;

however, this effect could be strongly enhanced by a peripheral vasodilation that

promotes heat loss to a cooler environment [27, 28].

In our experiments, we routinely used a three-point thermorecording paradigm.

In addition to a brain representative site, usually the nucleus accumbens (a critical

structure in brain motivation-reinforcement circuitry [29–31]), temperatures were

also recorded from two peripheral locations: the temporal muscle and skin. Since

the brain and temporal muscle receive arterial blood from the same common carotid

artery and are equally exposed to blood-delivered heat from the body, temperature

difference between these locations (NAc-Muscle temperature differential) shows

the source of heat production, providing a measure of drug-induced metabolic brain

activation. As a result, increases in NAc-Muscle differential reflect increased

metabolic brain activation. Skin temperature is primarily determined by the state

of peripheral vessels, but it also depends on the temperature of arterial blood inflow.

Therefore, Skin-Muscle temperature differential serves as an accurate measure of
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peripheral vascular tone, another important contributor to changes in brain temper-

ature [1]. Increases in Skin-Muscle differential reflect vasodilation, whereas

decreases reflect vasoconstriction.

Figure 1 shows temperature and locomotor effects induced by two different

stimuli: a three-min tail-pinch and intravenous (iv) cocaine injected to freely

moving rats at a typical self-administration dose (1 mg/kg). Despite the differing

natures of these stimuli, they induced similar locomotor activation and moderate

increases in brain and muscle temperatures. Importantly, NAc-Muscle differentials

Fig. 1 Changes in brain (NAc), temporal muscle, and skin temperatures induced by iv injection of

cocaine (1 mg/kg) and 3-min tail-pinch in freely moving rats under quiet resting conditions. Top
graphs (a, d) show relative changes in temperatures, middle graphs show changes in NAc-Muscle

and Skin-Muscle temperature differentials (b, e), and bottom graphs (c–f) show changes in

locomotor activity. Filled symbols mark values significantly different from baseline. Original

data shown in this graph were reported in Kiyatkin [1]
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significantly increased in both cases, suggesting metabolic brain activation as a

common factor elicited by both pharmacological and natural arousing stimuli.

Similarly, both stimuli significantly decreased Skin-Muscle differentials,

suggesting another common factor – prolonged skin vasoconstriction. While quali-

tatively similar, cocaine-induced effects on both temperature differentials were

stronger and more prolonged, obviously indicating a larger elevation in temperature

induced by cocaine.

This example, as well as the results of our other studies (see [1] for review),

demonstrates that brain temperature increases, induced by both natural arousing

stimuli and drugs, are determined by two basic mechanisms: (1) increased intra-

brain heat production due to metabolic brain activation and (2) decreased heat loss

due to skin vasoconstriction. Since psychostimulant drugs increase metabolism and

locomotor activity [32–36] and induce peripheral vasoconstriction [34, 37], it could

be assumed that drug-induced brain temperature responses will depend upon the

ongoing state of the organism and the environmental conditions associated with

drug use. A drug at a certain dose could induce minimal temperature effects in an

environment where the adaptive mechanisms of heat loss are fully effective, but the

same drug at the exact same dose could induce powerful hyperthermic effects in an

environment where heat dissipation mechanisms are significantly impaired. Since

peripheral vasodilation and perspiration are powerful means for heat loss in

humans, drug-induced impairment of these adaptive mechanisms may be a very

important determinant of drug-induced increases in brain and body temperatures.

4 Brain Hyperthermia Induced by MDMA, Methylone,

and MDPV: State Dependency and Environmental

Modulation

MDMA is a typical “club drug” that is often used by young adults under conditions

of physical and emotional activation, often in a warm and humid environment.

Similar to other psychostimulants, MDMA increases metabolism and induces

hyperactivity coupled with hyperthermia [32–36]. The influence of environmental

conditions and specific activity states could be especially important for MDMA

because, in addition to metabolic activation, it also induces peripheral vaso-

constriction [34, 37], thus diminishing heat dissipation from body surfaces and

enhancing heat accumulation in the brain and body.

During recent years, there has been a rapid increase in the abuse of synthetic

cathinone analogs, which are sold with innocuous names such as “bath salts” or

“plant food” [38, 39]. Such products were designed to circumvent regulations

controlling the sale and use of psychoactive substances. Two very popular synthetic

cathinones are methylone and MDPV [40]. While low recreational doses of syn-

thetic cathinones enhance mood and increase energy, high doses or chronic use can

cause serious medical complications, including agitation, psychosis, tachycardia,
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hyperthermia, and even death [41, 42]. Due to these risks, methylone and MDPV

have been classified as Schedule I controlled substances in the USA.

Methylone and MDPV are structurally similar to MDMA. Like MDMA,

methylone and MDPV exert their major effects by interacting with monoamine

transporter proteins in the central and peripheral nervous systems [43]. Methylone

is a non-selective transporter substrate that evokes the release of dopamine, nor-

epinephrine, and serotonin, analogous to the effects of MDMA [44–46]. By con-

trast, MDPV is a potent transporter blocker that inhibits the uptake of dopamine and

norepinephrine, with minimal effects on serotonin uptake [43, 47].

Although robust increases in body temperature have been reported in humans as

the result of acute intoxication with both methylone [48] and MDPV [49–51], data

on temperature effects of methylone and MDPV in laboratory animals are limited

and controversial, varying according to species, dose, and experimental conditions

[44, 52, 53]. MDPV is reported to cause hyperthermia in mice (3–30 mg/kg,

intraperitoneal or ip administration) but only under elevated ambient temperature

[53]. In rats, MDPV (1.0–5.6 mg/kg, subcutaneous or sc administration) had no

evident effect on core body temperature [52].

To elucidate how MDMA, MDPV, and methylone affect brain and body tem-

perature, and which mechanisms underlie these changes, we first examined the

effects of these drugs on NAc, muscle, and skin temperatures under standard

laboratory conditions (quiet rest at 22�C ambient temperatures). We also examined

the effects of these drugs on locomotion. In these initial experiments, drugs were

delivered using sc injections at a wide range of recreational extremes. MDMA and

methylone were tested within a dosage range of 1–9 mg/kg and the more potent

MDPVwas delivered at a range of 0.1–1.0 mg/kg. The data for each individual drug

were described in detail elsewhere [54, 55]. While these conditions are usually used

in most preclinical studies in animals, humans typically use these drugs during

psychophysiological activation and often in warm environments that impair normal

heat dissipation from the body to the external environment. To model conditions

relevant to humans, the effects of MDMA, MDPV, and methylone were examined

in rats during social interaction between two animals. Under these conditions, brain

and body temperatures moderately increased but skin temperature rapidly

decreased, reflecting an adaptive response elicited by arousal stimulation. Finally,

the effects of each of the three drugs were tested in quietly resting rats maintained in

a moderately warm environment (29�C). While this temperature is ~7�C higher

than standard housing conditions (22–23�C), it corresponds to the thermoneutral

zone in rats, where endogenous heat production is minimal and balanced with heat

loss [56].

Since our focus was on pathological hyperthermia that develops in some drug

users and could result in serious health complications (including lethality), in these

experiments we used relatively large drug doses (MDMA and methylone –9 mg/kg,

sc; MDPV –1 mg/kg, sc), which induce relatively large effects, both behaviorally as

well as on temperature. While exceeding the typical doses consumed by humans, all

drugs at these doses are well tolerated by freely moving rats tested under standard

environmental conditions. For example, a 9 mg/kg dose of MDMA is ~1/5 of the
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LD50 (50 mg/kg; [57]), but and with sc injection this dose never results in lethality.

Since the psychoactive effects of MDMA possess significant latencies after inges-

tion, sometimes people consume one or two additional MDMA tablets, shifting the

dose close to 9 mg/kg. Similar to MDMA, methylone and MDPV are usually

ingested, with typical active doses of 100–300 mg for methylone and 5–20 mg

for MDPV (see www.erowid.org for human self-reports). However, these drugs can

be taken at much higher doses (up to 1,000 and 200 mg, respectively) and via other

administration routes.

Figure 2 shows that MDMA, MDPV, and methylone each increased brain and

muscle temperatures, rapidly decreased skin temperature, and induced locomotor

activation. These changes differed from a transient temperature increase induced by

the saline injection, which did not result in an evident motor response (panels a–c).

While brain temperature increases induced by all three drugs were approximately

equal in their magnitude (1.5–1.8�C), their time-course and duration differed in

each case. Methylone and MDMA induced prolonged temperature increases, but

the effect of MDPV was shorter and more rapid. Injections of each drug induced

rapid increases in NAc-Muscle differentials, but this effect, suggesting metabolic

brain activation and enhanced intra-brain heat production, was clearly larger

vs. saline injection only with MDMA (panel k). Each drug also rapidly decreased

Fig. 2 Mean changes in brain (NAc), temporal muscle, and skin temperatures and locomotor

responses induced by sc injections of methylone (9 mg/kg), MDPV (1 mg/kg), MDMA (9 mg/kg),

and saline in freely moving rats under quiet resting conditions. Top graphs show mean (�SEM)

values of absolute temperature changes; middle graphs show changes in NAc-Muscle and Skin-

Muscle differentials; and bottom graphs show mean (�SEM) changes in locomotor activity. Filled
symbols mark values significantly different from pre-injection baselines. Bold arrows mark the

moment of injection. Original data shown in this graph were reported in Kiyatkin et al. [54, 55]
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Skin-Muscle differential, suggesting cutaneous vasoconstriction; this effect was

about the same for each drug. Finally, all three drugs induced locomotor activation;

this effect was clearly the greatest for MDPV.

Consistent with our previous work [1], the introduction of a novel “guest” rat

into the chamber occupied by the experimental rat undergoing recording induced

locomotor activation, a rapid, strong rise in NAc and muscle temperatures (~1.5�C),
and a brief decrease in skin temperature that was rapidly transformed into a more

tonic, rebound-like increase (Fig. 3a–c). While the changes in NAc and muscle

temperatures were generally parallel, the rise was stronger and more rapid in the

brain. This resulted in a significant increase in NAc-Muscle differentials that

indicated metabolic brain activation. Social interaction was also accompanied by

a strong decrease in Skin-Muscle temperature differentials, indicating stimulus-

induced cutaneous vasoconstriction. While NAc-Muscle differentials rapidly

returned to baseline after the end of the social interaction period, Skin-Muscle

differentials increased above baseline, suggesting a rebound vasodilation. These

physiological parameters and locomotion showed consistent changes at the start

and end of the social interaction. A saline injection during social interaction

(+10 min after its onset; black arrow in Fig. 3a) had no effect on the parameters

above.

When rats received methylone instead of saline, temperature differences were

minimal, but the decreases in NAc and muscle temperatures and Skin-Muscle

differentials after the end of social interaction were more prolonged (Fig. 3d–f).

Interestingly, the combination of two hyperthermic effects (methylone + social

interaction) did not result in their summation or potentiation. Mean values of all

parameters did not differ statistically vs. those seen in rats that received methylone

under quiet resting conditions. The mean increase in NAc temperature was calcu-

lated for the entire 5-h post-drug interval as the area under the curve was maximal

with methylone used under quiet resting conditions (1.12� 0.23�C) and even

slightly lower when methylone was used during social interaction (0.88� 0.18�C,
no significant change).

Similar to methylone, injection of MDPV delayed brain and muscle temperature

decreases after social interaction (Fig. 3g–i). However, in contrast to methylone,

changes were more robust and MDPV-induced NAc temperature increases signifi-

cantly potentiated during social interaction (MDPV+ social interaction

1.91� 0.18�C vs. MDPV, quiet resting conditions 0.79� 0.25�C; p< 0.01). The

“pure” effect of MDPV (difference vs. saline control for each condition) was also

clearly amplified when drug was administered during social interaction (1.38�C
vs. 0.74�C). When taken in an activated physiological state, MDPV also enhanced

both increases in NAc-Muscle differentials and decreases in Skin-Muscle differ-

entials, suggesting a weak potentiation of MDPV-induced metabolic and vaso-

constrictive effects.

The most robust potentiation of hyperthermic effects was found with MDMA

used during social interaction (Fig. 3j–l). In this case, mean NAc temperatures

exceed 39�C at their peak and the overall response was the most prolonged,

extending the 5-h observation window. These changes, however, were highly

MDMA, Methylone, and MDPV: Drug-Induced Brain Hyperthermia and Its. . . 191



variable in individual rats, with peak brain temperatures ranging from 37.1 to

42.1�C. The mean temperature elevations were maximal in this case

(2.39� 0.27�C), significantly exceeding modest temperature increases seen under

quiet resting conditions (0.95� 0.25�C; p< 0.01). The pure effects of MDMA on

brain temperature were also significantly stronger during social interaction than in

quiet resting conditions (1.86�C vs. 0.89�C), suggesting a super-additive interac-

tion. Despite the use of a moderate, non-lethal dose of MDMA (9 mg/kg, 1/5 LD50;

[57]), one of the seven rats tested with MDMA died overnight after the recording

session.

The potentiation of MDMA-induced hyperthermia during social interaction

could be explained by two primary contributors: a stronger rise in NAc-Muscle

differentials and a strong, tonic drop in Skin-Muscle differentials. The increase in

the NAc-Muscle differential was very prolonged (>5-h) although its amplitude did

not differ from that seen with the drug used in quiet resting conditions. In contrast,

MDMA-induced decrease in Skin-Muscle differential (�1.31� 0.29�C) was larger
and more prolonged than with either methylone (�0.56� 0.13�C; p< 0.05) or

MDPV (�0.66� 0.27�C; p< 0.05) and it did not recover at the recording end

(5 h). Interestingly, robust potentiation of MDMA’s hyperthermic effect profile

Fig. 3 Mean changes in brain (NAc), temporal muscle, and skin temperatures and locomotor

responses induced by sc injections of methylone (9 mg/kg), MDPV (1 mg/kg), MDMA (9 mg/kg),

and saline during social interaction. Top graphs show mean (�SEM) values of absolute temper-

ature changes; middle graphs show changes in NAc-Muscle and Skin-Muscle differentials; and

bottom graphs show mean (�SEM) changes in locomotor activity. Filled symbols mark values

significantly different from the pre-injection baseline. The first and third vertical hatched lines in

each graph show onset and offset of social interaction (60 min) and black arrows at the second

hatched lines mark the moment of drug administration. Original data shown in this graph were

reported in Kiyatkin et al. [54, 55]
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by social interaction was not accompanied by significant changes in its locomotor

effects, which remained similar in both conditions (compare Figs. 2 and 3).

The profile of temperature effects of MDMA, MDPV, and methylone was

robustly modulated by warm ambient temperatures; the type of modulation was

also unique to each compound (Fig. 4). Rats exposed to warm ambient temperatures

(28–29�C) maintained stable but slightly higher internal temperatures (mean:

36.7� 0.2, 36.2� 0.2, and 35.2� 0.4�C for NAc, muscle, and skin, respectively)

than rats housed under standard laboratory conditions at 22–23�C (mean:

35.9� 0.2, 35.2� 0.3, and 34.0� 0.26�C, respectively). The difference was mini-

mal for the brain (Δ¼ 0.76�C) and maximal for skin (Δ¼ 1.17�C), suggesting weak
tonic vasodilation as a way to promote dissipation of metabolic heat into the

warmer environment. Saline injections under these conditions induced transient,

weak temperature responses similar to that seen with saline injection at standard

room temperature (Fig. 4a–c).

Although methylone (9 mg/kg) injected at 29�C increased NAc temperature

(Fig. 4d–f), this change was more transient than at 23�C and its mean value assessed

as the area under the curve (0.47� 0.15�C) was significantly lower than that seen

Fig. 4 Mean changes in brain (NAc), temporal muscle, and skin temperatures and locomotor

responses induced by sc injections of methylone (9 mg/kg), MDPV (1 mg/kg), MDMA (9 mg/kg),

and saline in freely moving rats at warm ambient temperatures (29�C). Top graphs show mean

(�SEM) values of absolute temperature changes; middle graphs show changes in NAc-Muscle

and Skin-Muscle differentials; and bottom graphs show mean (�SEM) changes in locomotor

activity. Filled symbols mark values significantly different from the pre-injection baseline. Black
arrows at the hatched lines mark the moment of drug administration. Since all rats exposed to

MDMA died within 6 h post-injection, MDMA data are shown as individual changes ( j) and mean

values of NAc-Muscle, Skin-Muscle differentials and locomotion (k and l ) for the first 80 min

post-injection when all rats were still alive. Original data shown in this graph were reported in

Kiyatkin et al. [54, 55]
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under quiet resting conditions (1.12� 0.23�C, p< 0.01). At higher ambient tem-

peratures, drug-induced increases in NAc-Muscle differentials were larger than

those in quiet rest, but decreases in Skin-Muscle differentials were shorter in

duration and significantly weaker than in control (�0.30� 0.05�C
vs. �0.72� 0.15�C; p< 0.05).

In contrast, MDPV (Fig. 4g–i), administered under warm ambient temperatures,

induced stronger and more prolonged elevations in NAc temperature

(1.51� 0.16�C), which were significantly larger than that induced at 23�C
(0.79� 0.25�C; p< 0.05). The potentiation of its hyperthermic effect was coupled

with stronger prolonged increases in NAc-Muscle differentials and stronger

decreases in Skin-Muscle differentials. However, these changes were not signifi-

cant vs. 23�C. Therefore, while the hyperthermic effect of methylone showed an

unusual weakening, both during social interaction and at 29�C, the hyperthermic

effect of MDPV is moderately enhanced by both social interaction and warm

external temperatures.

In contrast to the two cathinones, MDMA administered at 29�C induced robust

increases in NAc temperatures that reached fatal values (>41�C), resulting in

lethality in all 6 tested rats within 6-h post-injection (Fig. 4j–l). Peak values of

NAc temperatures after MDMA administration ranged from 41.4�C to 43.8�C, and
their means were more than 4�C larger than in the control condition (42.2� 0.4�C
vs. 37.7� 0.4�C; p< 0.01). When calculated as the pre-lethal temperature peak, the

mean increase in NAc temperature was 2.29� 0.22�C, significantly larger than

mean MDMA-induced NAc temperature elevation in 23�C environment

(0.95� 0.25�C; p< 0.01). By this parameter, the degree of potentiation for

MDMA was twice that for MDPV (1.34�C vs. 0.72�C). Additionally, while signifi-
cant increases in NAc-Muscle differentials were evident with MDMA at standard

ambient temperatures (mean¼ 0.17� 0.07�C), NAc-Muscle differentials more

than doubled at 29�C (0.36� 0.04�C; p< 0.05). When used at warm temperatures,

MDMA also induced much stronger and more prolonged vasoconstriction as

evidenced by Skin-Muscle differentials, which decreased on average more than

2�C below pre-injection baseline (see Fig. 3k).

Drug-specific differences in modulation are especially evident when we com-

pare the hyperthermic effects of each drug under different experimental conditions

(Fig. 5). The upper panel in Fig. 5a shows temperature change (as an area under the

curve for the duration of significant drug effect) with respect to quiet resting

baseline and the bottom panel shows “pure” or “net” effects of drugs, when changes

occurring in saline control being subtracted. As can be seen, each of the three drugs

induced an approximately equal brain hyperthermic effect when tested at standard

laboratory conditions. However, the effects of these drugs showed distinct differ-

ences when they were administered during social interaction and at warm ambient

temperatures. The effect of methylone (blue bars) administered during social

interaction did not change and, surprisingly, decreased when the drug was admin-

istered at 29�C. This pattern of interaction could suggest that methylone and social

interaction share common effector mechanisms (e.g., sympathetic activation) to

induce brain hyperthermia. When these mechanisms are naturally activated during
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social interaction (i.e., when brain metabolic activity is increased and/or cutaneous

vessels are physiologically constricted), the effects of the drug per se become

weaker but the overall hyperthermic response does not change.

However, a different pattern of interaction occurred with MDPV (Fig. 5, green

bars). Brain temperature increases induced by this drug during social interaction

and at 29�C become significantly stronger (A) and the net effect of MDPV was

larger (B), suggesting an additive interaction and the involvement of different

mechanisms in mediating the enhanced brain temperature response to MDPV.

Fig. 5 Mean values of brain (NAc) temperature increases (area under curve for 5-h post-injection)

induced by sc injections of methylone (9 mg/kg), MDPV (1 mg/kg), MDMA (9 mg/kg), and saline

in rats under quiet resting conditions, during social interaction, and at warm ambient temperatures.

Top graphs (a) show mean (�SEM) values and bottom graphs (b) show “net” or “pure” drug

effects (drug–saline). Horizontal hatched lines in (a) show values in control (saline) group.

Horizontal hatched lines in (b) show values induced by each drug under quiet resting conditions.

Original data shown in this graph were reported in Kiyatkin et al. [54, 55]
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While the mechanisms underlying this potentiation remain unclear, it is likely that

MDPV, in addition to its central action, acts directly on peripheral vessels poten-

tiating skin vasoconstriction and increasing intra-brain heat accumulation.

Finally, potentiation was supra-additive with MDMA (Fig. 5, red bars), which

induced pathological brain temperature increases when administered during social

interaction and lethality when used in moderately warm environments. This pattern

of modulation was clearly evident in mean values of temperature elevation (A) and

the “net” effect of drug in each condition (B).

It is difficult to speculate as to why these three structurally similar psycho-

stimulant compounds show different types of state-dependent and environmental

modulation, and why MDMA differed drastically from MDPV and methylone.

Obviously multiple factors determine quantitative and qualitative differences in

each compound, including the affinity and specificity of each drug to various neural

substrates in the brain and the periphery, differences in drug metabolism, and drug-

specific entry in brain tissue via the blood–brain barrier. Despite the importance of

all these factors – many of which are still unknown and require further work – at the

physiological level, MDMA, compared to cathinones, has strong, sustained effects

on intra-brain heat production coupled with very strong, tonic peripheral vaso-

constriction that prevents normal heat loss to the external environment. These two

features facilitate the stronger and more prolonged hyperthermic effect of MDMA

and the profound, often lethal, potentiation of this effect when the drug is taken in

conjunction with psychophysiological activation and/or diminished heat

dissipation.

The powerful augmentation of MDMA’s thermal effects by environmental

conditions observed in rats may help to explain the exceptionally strong, and

sometimes fatal, response of some individuals induced by this drug under rave

party conditions. However, some caution should be taken in extrapolating these

findings to human conditions because humans have much more sophisticated

mechanisms of heat loss from the body than do rats [58], thus making them more

resistant to high environmental temperatures and thermogenic effects of psycho-

motor stimulants. In contrast to rats, humans have a well-developed ability to sweat

and have a very high dynamic range of flow rates in the skin, thus allowing them to

lose more metabolic heat (1 kW) than could be maximally produced in the body

[59]. These differences in the effector mechanisms of heat loss could explain

weaker MDMA-induced body temperature increases and their lesser dependence

on ambient temperatures found in monkeys [60–62] and humans [33, 63]. Despite

their high efficiency, the compensatory mechanisms of heat loss in humans could be

greatly impaired under specific conditions, resulting in progressive heat accumu-

lation in the organism. Even a simple bicycle exercise that produces ~1�C brain

temperature elevation under normal conditions produced strong hyperthermia

(39.0–39.5�C) when the exercise is conducted in a special water-impermeable

cloth that prevents heat dissipation to the external environment [64]. Therefore,

pathological brain hyperthermia induced by overdose of psychomotor stimulants

under rave conditions results not only from excessive heat production due to drug-

induced and associated psychophysiological activation, but also from the powerful
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drug-induced peripheral vasoconstriction and impaired ability to dissipate meta-

bolic heat due to warm, humid environment. Since partygoers are often engaged in

intense social/physical interactions with other individuals (dancing, sexual activity,

etc.), drug effects are additionally potentiated by psychophysiological activation

typical to these conditions.

5 Pharmacological Strategies to Reverse Pathological

Hyperthermia Induced by MDMA

Current emergency therapeutic options to counteract MDMA-induced pathological

hyperthermia mainly focus on whole body cooling, water substitution, and sedative

therapy. Indeed, body cooling should have a hypothermic effect, but the effective-

ness of this treatment is limited due to strong, sustained MDMA-induced vaso-

constriction and the natural vasoconstrictive effect of skin cooling. Similarly, water

consumption and/or saline infusions are minimally effective in counteracting

MDMA-induced hyperthermia [65].

Since our previous work established a critical role of intra-brain heat production

and peripheral vasoconstriction in potentiating brain and body hyperthermic effects

of MDMA, we explored two alternative pharmacological strategies for possible

reversal of this effect in order to decrease brain and body temperature [55]. We

assessed the effects of clozapine, an atypical neuroleptic, and carvedilol and

labetalol, mixed alpha/beta adrenoceptor blockers. These medications are routinely

used to treat chronic health problems in humans, and were chosen because of their

preclinical success in attenuating MDMA-induced body hyperthermia [66, 67].

Clozapine acts on multiple neural receptors and glial cells in the brain, presumably

inhibiting MDMA-induced metabolic neural activation, sympathetic tone, and

centrally mediated vasoconstriction [68, 69]. Carvedilol and labetalol act peri-

pherally to dilate skin vessels by blocking alpha- and beta-adrenoceptors [70, 71].

Similar to our previous studies, we used three-point thermorecording paradigm

(brain site, temporal muscle, and skin) and determined changes in NAc-Muscle and

Skin-Muscle differentials to determine the basic physiological mechanisms under-

lying brain temperature responses. This three-point recording technique allowed us

to evaluate the effects of the drugs on intra-brain heat production due to metabolic

neural activation and heat loss due to changes in peripheral vascular tone [1].

Our experimental protocol has three important features. First, we exposed rats to

MDMA at a relatively modest, non-toxic dose [9 mg/kg or ~ 1/5 of LD50; [72]] and

delivered the drug subcutaneously (in 0.3 ml of saline), providing the slowest

pharmacokinetics, analogous to oral consumption in humans [87]. Second, in

contrast to most studies that utilized drug administration in quietly resting labora-

tory animals, we administered MDMA during social interaction with another rat at

the height of “psychophysiological activation,” when brain and body temperatures

are significantly increased [54, 73]. This protocol is more relevant for human
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conditions because MDMA is recreationally used in social settings associated with

high arousal (e.g., rave parties and music festivals). Finally, in contrast to most

studies, where a treatment drug was administered before or at the same time as

MDMA [67, 74–77], we injected each of the three test drugs – clozapine,

carvedilol, and labetalol – after the MDMA injection, when brain and body

temperatures were already significantly increased (>38�C). This dosing regimen

closely mimics the clinical situation, in which MDMA-intoxicated patients are

treated for pathological hyperthermia in hospital emergency rooms.

Although we strived for a fully factorial, within-subjects design, the variability

associated with MDMA temperature response made this difficult. However, gener-

ally we exposed all rats to a 1-week-long experimental protocol where they

randomly received MDMA–Saline (control), MDMA–Treatment Drug, Saline, or

Treatment Drug Alone on alternating days. In rats from the first two groups, we

injected MDMA 10 min after the onset of the 1-h social interaction followed by a

counterbalanced injection of either a treatment drug (clozapine, carvedilol, and

labetalol) or saline. In rats from two other groups, we injected either a treatment

drug (clozapine, carvedilol, and labetalol) or saline under quiet resting conditions.

Each rat received only twoMDMA injections, either alone or with a treatment drug.

We injected all “treatment” drugs ip at the same dose (5 mg/kg); this dose was

chosen based on previous studies [66, 67].

As shown in Fig. 6e–f, after clozapine injection, NAc temperature rapidly

decreased, resulting in a large difference vs. saline control (saline). The

clozapine-induced temperature decrease was rapid and profound; the final temper-

ature values in the clozapine treatment group were lower than the initial baseline

and significantly lower than in the control group that received MDMA with saline.

These post-treatment temperature values, however, remain within the physiological

range; similarly, low or even lower values occur in well-habituated rats during

day-time recording [1]. Muscle and skin temperatures also decreased after cloza-

pine injection, and the difference vs. control was also significant.

In contrast to the stable increase in NAc-Muscle differentials present in the

control group (Fig. 6c), this parameter decreased after clozapine injection (Fig. 6g).

The decrease developed with ~10–15 min onset latency, producing a significant

difference vs. control from ~30 min post-injection. However, the most rapid and

strong effects of clozapine were found for the Skin-Muscle differentials, which

reflect the vasomotor tone of skin vessels. While this parameter further decreased

after saline injection (Fig. 6c), suggesting MDMA-induced sustained skin vasocon-

striction, the Skin-Muscle differential began to rapidly increase immediately after

clozapine injection (Fig. 6g), reflecting a full blockade of drug-induced vaso-

constriction. The difference between clozapine and saline appeared from the second

data point (i.e., within 3–6 min) and this difference continued to increase through-

out the entire post-treatment interval. Finally, clozapine inhibited MDMA-induced

hyperlocomotion (Fig. 6h) while maintaining a normal level of locomotion similar

to that seen before MDMA injections.

Carvedilol also had a strong attenuating effect on MDMA-induced increases in

NAc, temporal muscle, and skin temperatures, returning these parameters to near-
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baseline levels by the end of the session (Fig. 6i–l). Carvedilol also attenuated the

vasoconstrictive effects of MDMA as evidenced by a moderate increase in Skin-

Muscle differentials, but this effect was short-lived and lasted only ~100 min post-

treatment. Carvedilol minimally affected NAc-Muscle differential (Fig. 6k) and the

effect of treatment vs. control was not significant. Lastly, carvedilol inhibited

MDMA-induced locomotor activation, although locomotor activity was maintained

at normal levels throughout the recording session (Fig. 6l). Labetalol had no evident

effects on any of the temperature responses caused by MDMA plus social interac-

tion (Fig. 6m–p).

To further compare the efficacy of each drug in attenuating MDMA-induced

hyperthermia, we calculated the mean differences between the effects of

MDMA+Treatment drug and MDMA+Vehicle (Fig. 7, left panels). Additionally,

we approximated temperature change, as analyzed by the integral of the difference

Fig. 6 The effects of clozapine, carvedilol, and labetalol on MDMA-induced temperature and

locomotor responses. (a–d) MDMA–saline: absolute temperatures, relative temperatures,

NAc-Muscle and Skin-Muscle differentials, and locomotion. (e–h) MDMA–clozapine, (i–l)

MDMA–carvedilol, and (m–p) MDMA–labetalol. The graphs show changes in different param-

eters before and after administration of each testing drug and saline (0 min). In each group, the rats

received a single injection of MDMA and the testing drug/saline was injected at the time of gradual

NAc temperature increase in the range of 38.5�C (mean 83 min, range 57–140 min). Filled
symbols show values significantly different from the last pre-treatment value; the absence of filled
symbols indicates the absence of a significant effect on a specified parameter evaluated with

one-way ANOVA, n: the number of rats (original data of this study were published in [78])
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Fig. 7 Comparative effectiveness of different drugs in reversing MDMA-induced temperature

responses. Left panel shows the time-course of the effects of each drug (difference vs. saline) on

(a) brain and (b) muscle temperatures as well as (c) NAc-Muscle and (d) Skin-Muscle temperature

differentials. Right panel shows the mean effects (area under curve for 80 min post-injection) for

each testing drug (e–h). Time-course data were analyzed using one-way ANOVA with repeated

measures; filled symbols show the values significantly different from the last pre-treatment value

(Fisher PLSD test). Bar graph data were analyzed using one-way ANOVA; asterisks show

significant between-drug differences (*p< 0.05; **p< 0.01). Original data shown in this graph

were reported in Kiyatkin et al. [78]
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between saline and drug treatment groups (i.e., area under the curve) for the time of

maximal effect (80 min; Fig. 7, right panels).

As can be seen in Fig. 7, the attenuating effect of clozapine on NAc and muscle

temperatures appeared with the shortest latencies (~6 min), and displayed the

greatest magnitude and longest duration. Accordingly, the effect of clozapine on

NAc and Muscle temperatures was significantly stronger ( p< 0.05) than the effects

of carvedilol and labetalol.

Clozapine also has the greatest attenuating effects on MDMA-induced intra-

brain heat production and skin vasoconstriction, showing the largest decrease in

NAc-Muscle differential and a strong, sustained increase in Skin-Muscle differen-

tial, respectively. In contrast, carvedilol had a much weaker effect on NAc-Muscle

differentials and a less pronounced, short-lived effect on Skin-Muscle differentials.

Finally, labetalol had minimal effects on MDMA-induced changes in all tempera-

ture measures.

6 Targets and Pathways to Alleviate MDMA-Induced

Hyperthermia

The downstream pharmacological and biochemical mechanisms underlying

MDMA-induced hyperthermia are complex and involve multiple factors, including

excessive sympathetic activation, dopamine-mediated hyperactivity, decoupling of

mitochondrial ATP, and heat production in both the brain and periphery (see [79]

for review). As such, rather than focusing on the specific downstream neurotrans-

mitter, receptor, or signaling mechanisms, we chose to focus on the basic physio-

logical mechanisms underlying MDMA-induced hyperthermia and its reversal by

the treatment drugs.

Clozapine (1–5 mg/kg) has been previously shown to decrease high-dose

MDMA-induced body hyperthermia via vasodilation, as assessed by an ear pinna

artery Doppler signal in rabbits, and blood flow Doppler signal in the tails of rats

[66]. Consistent with these data, we found that a low ip dose of clozapine (5 mg/kg

or ~2% of LD50; [80]) completely reversed MDMA-induced brain and body

hyperthermia. The temperature decrease was exceptionally rapid, appearing within

~6 min, and both brain and muscle temperatures returned to the initial, quiet resting

baseline within ~30 min post-injection. Consistent with its central, antipsychotic

action, clozapine strongly reduced MDMA-induced increases in NAc-Muscle tem-

perature differentials, suggesting a gradual decrease in intra-brain heat production

due to blockade of drug-induced metabolic brain activation. Within the first 3 min

post-treatment, clozapine also reversed the decreases in Skin-Muscle temperature

differentials, suggesting a rapid blockade of skin vasoconstriction. In addition,

clozapine decreased MDMA-induced locomotor activation while maintaining nor-

mal activity levels and showing no evident signs of sedation. Interestingly, when

used in intact rats, clozapine at the same dose (5 mg/kg, ip) slightly decreased NAc
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and muscle temperatures, with no effects on locomotion and NAc-Muscle temper-

ature differentials [55]. This pattern of action suggests the absence of a true sedative

effect.

Carvedilol and labetalol are mixed alpha–beta adrenoceptor blockers that

directly dilate blood vessels [70, 71], thus increasing heat dissipation from skin

surfaces [81, 82]. At a relatively low dose (5 mg/kg or 0.6% of LD50; [83])

carvedilol also reversed MDMA-induced brain and body hyperthermia but its

effects were slower, weaker, and more transient than those of clozapine. In contrast

to the strong effects of clozapine on MDMA-induced increases in NAc-Muscle

differentials, peripherally acting carvedilol had virtually no effects on this

metabolism-related parameter. Surprisingly, the effects of carvedilol on MDMA-

induced changes in Skin-Muscle differentials, an index of cutaneous vascular tone,

were weaker and incomplete compared to the effects of clozapine. Carvedilol also

had minimal effects on MDMA-induced hyperlocomotion, and the rats’ activity
remained at normal levels, suggesting lack of sedative effects. When used in intact

rats, carvedilol slightly decreased brain and muscle temperatures, and this effect

was observed in conjunction with the rise of Skin-Muscle temperature differentials

[55], suggesting peripheral vasodilation. Consistent with its peripheral mechanism

of action, carvedilol had no effects on either NAc-Muscle differentials or animal

locomotion, suggesting a slight drop in brain and body temperature, resulting from

transient dilation of skin vessels and increased heat dissipation.

Although human reports suggest that labetalol taken before MDMA exposure

decreases MDMA-induced hyperthermia [84], in our hands this drug was ineffec-

tive and had minimal, if any, effects on all temperature parameters. The reasons for

the differences between carvedilol and labetalol are unclear and may be due to their

different affinities for the various subgroups of alpha- and beta-adrenoceptors

[85]. As a vasodilator, labetalol also appears to be less potent than carvedilol

[86]; therefore, the different effects of the drugs in our study may be due to the

choice of a uniform drug dose. However, our exploratory tests with a higher dose of

labetalol (20 mg/kg) did not reveal clear effects in attenuating MDMA-induced

hyperthermia and also led to adverse side-effects.

In conclusion, the data indicate that carvedilol, by acting directly on blood

vessels, is modestly effective in attenuating MDMA-induced brain and body

hyperthermia. In contrast, clozapine induces much more rapid and powerful hypo-

thermic effects by both decreasing MDMA-induced brain activation and

diminishing the sympathetic outflow to peripheral vessels. A therapeutic agent

such as clozapine that not only mitigates, but reverses, MDMA-induced hyper-

thermia could be indispensable for emergency situations and could save the lives of

highly intoxicated individuals.

202 E.A. Kiyatkin and S.E. Ren



7 Conclusions

While usually underappreciated, brain temperature is an important physiological

parameter that reflects metabolic neural activity and affects all types of neural

function. Despite widely held beliefs that brain temperature is a stable homeostatic

parameter, the data presented in this review clearly demonstrate that brain temper-

ature can vary within relatively large limits during normal physiological activities

and after exposure to different psychoactive drugs. Our focus in this review was on

psychomotor stimulants, which in some drug users are known to induce extreme

hyperthermia – the most dangerous health complication produced by these drugs.

While a large dose of injected or ingested drug is usually viewed as the most

important parameter for inducing pathological hyperthermia, this review demon-

strates that the temperature effects of drugs are strongly modulated when they are

used during physiological activation and in moderately warm environments. Social

interaction, a procedure used in rats to model human psychophysiological activa-

tion moderately enhances intra-brain heat production and limits heat dissipation due

to peripheral vasoconstriction; its combination with the similar but more sustained

effects induced by psychomotor stimulants results in a strong potentiation of drug-

induced hyperthermic responses. Similar potentiation could occur when the drug is

used in a warm environment where proper heat dissipation is important to maintain

brain and body temperature homeostasis. Therefore, a certain drug used under

adverse environmental conditions could induce unexpectedly strong effects and

even lethality at doses that are usually viewed as “safe.”

Among the drugs considered in this review, MDMA showed the most powerful

potentiation both during social interaction and in a warm environment. While the

exact molecular and receptor mechanisms underlying this potentiation remain

unclear, at the physiological level large doses of MDMA induce prolonged increase

in metabolic neural activity coupled with strong and sustained peripheral vaso-

constriction. Although slightly less but significant vasoconstriction was also

induced by MDPV and methylone, these two drugs have minimal effects on

intra-brain heat production possibly reducing the effects of the cathinone drugs

on state-dependent and environmental potentiation of their hyperthermic effects.

Finally, we tried to demonstrate how the knowledge of physiological mechanisms

underlying hyperthermia could help in finding pharmacological tools for its rever-

sal. Using MDMA, we showed that centrally acting clozapine, an atypical neuro-

leptic, is more efficient in reversing pathological hyperthermia than peripherally

acting vasodilators. Since there are no effective drugs that could be used during

MDMA-induced overdose in emergency-room environment, these data could have

translational importance, helping to save the lives of highly intoxicated individuals.
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Neurotoxicology of Synthetic Cathinone

Analogs

Mariana Angoa-Pérez, John H. Anneken, and Donald M. Kuhn

Abstract The present review briefly explores the neurotoxic properties of

methcathinone, mephedrone, methylone, and methylenedioxypyrovalerone

(MDPV), four synthetic cathinones most commonly found in “bath salts.”

Cathinones are β-keto analogs of the commonly abused amphetamines and display

pharmacological effects resembling cocaine and amphetamines, but despite their

commonalities in chemical structures, synthetic cathinones possess distinct neuro-

pharmacological profiles and produce unique effects. Among the similarities of

synthetic cathinones with their non-keto analogs are their targeting of monoamine

systems, the release of neurotransmitters, and their stimulant properties. Most of the

literature on synthetic cathinones has focused on describing their properties as

psychostimulants, their behavioral effects on locomotion, memory, and potential

for abuse, whereas descriptions of their neurotoxic properties are not abundant. The

biochemical gauges of neurotoxicity induced by non-keto analogs are well studied

in humans and experimental animals and include their ability to induce

neuroinflammation, oxidative stress, excitotoxicity, temperature alterations as

well as dysregulation of neurotransmitter systems and induce changes in mono-

amine transporters and receptors. These neurotoxicity gauges will serve as param-

eters to discuss the effects of the four previously mentioned synthetic cathinones

alone or in combination with either another cathinone or with some of their

non-keto analogs. Bath salts are not a defined combination of drugs and may consist

of one synthetic cathinone compound or combinations of more cathinones. Fur-

thermore, this review also presents some of the mechanisms that are thought to
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underlie this toxicity. A better understanding of the cellular and molecular mech-

anisms involved in the synthetic cathinones-induced neurotoxicity should contrib-

ute to generate modern therapeutic approaches to prevent or attenuate the adverse

consequences of use of these drugs in humans.

Keywords MDPV • Mephedrone • Methcathinone • Methylone • Neurotoxicity •

Synthetic cathinones
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1 Neuroinflammation

One of the most relevant issues related to non-ketoamphetamines-induced neuro-

toxicity is that they can trigger inflammatory processes in those brain areas that

exhibit terminal degeneration [1]. Studies have demonstrated that glial activation

participates in the events that induce neuronal damage, since chronic

neuroinflammation elevates the levels of glia-derived cytokines that exert neuro-

toxic effects on vulnerable neurons [2]. Microglia and astrocytes are the primary

modulators of inflammation in the CNS and have been associated with the toxicity

induced by administration of methamphetamine [3], amphetamine and

parachloroamphetamine [4], and 3,4-methylenedioxy-methamphetamine

(MDMA) [5]. Studies of the effects of β-ketoamphetamines on neuroinflammation

are summarized in Table 1.

To the best of our knowledge, no reports have been made on the

neuroinflammatory effects of methcathinone.

With regard to mephedrone, in vivo studies reported that there were no signs of

striatal [17] or cortical [25] astroglial activation after administration of mephedrone

in a binge paradigm. Similarly, no signs of microglial activation were observed in

the striatum at 2 or 7 days after administration of mephedrone [17]. Lopez-Arnau

and colleagues measured [3H]PK11195-specific binding to investigate the

microglial activation after neuronal injury in rats killed 24 h post-treatment with

mephedrone. PK11195 is an isoquinoline carboxamide that purportedly binds to

microglia in conditions of brain injury. In these animals, no increase in the density

of [3H]PK11195 binding sites was detected, indicating a lack of microglial
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activation [20]. However, Martinez-Clemente reported an increase in reactive

astrocytes in the dentate gyrus of the hippocampus of mice treated with mephedrone

at 7 days after a binge of 3 doses of 25 mg/kg for 2 days [25].

There were no signs of striatal, hippocampal, or cortical microgliosis in

methylone-treated rats using a regimen of 4 doses of 20 mg/kg every 3 h [39]. How-

ever, a significant increase of reactive astrocytes was reported in the frontal cortex

of methylone-treated rats. By contrast, no significant differences were found in the

expression of the astroglial marker GFAP in striatum or any subregion of the

hippocampus (dentate gyrus, CA1 or CA3) [39]. MDPV was not found to elicit

GFAP increases when administered in a binge regimen of 4 doses of 30 mg/kg

every 2 h in mice [19].

None of the β-ketoamphetamines mephedrone, methylone, or MDPV in combi-

nation with each other resulted in changes in the levels of GFAP in the striatum of

mice [19]. However, methylone was able to enhance by approximately 50% the

expression of GFAP induced by administration of methamphetamine [19]. MDPV,

on the contrary, prevented the striatal increases in GFAP observed after adminis-

tration of methamphetamine and MDMA [19].

2 Thermoregulation

A common adverse effect of non-ketoamphetamines such as methamphetamine

[52], amphetamine, and MDMA [53] is an increase in body temperature. This

hyperthermia is dependent on the frequency of exposure, dosing, age, ambient

temperature, and route of exposure [52]. MDMA and methamphetamine produce

hyperthermia following acute and repeated exposure at ambient temperature and

elevated ambient temperature [14, 54–58]. Hyperthermia is an important factor

known to exacerbate the deleterious effects of amphetamine-type drugs. Studies of

the effects of β-ketoamphetamines on thermoregulation are summarized in Table 1.

A single dose of 10 mg/kg of methcathinone caused a sustained increase in rectal

temperature that was not accompanied by any significant concomitant change in tail

temperature in individually housed rats [7]. Similarly, an acute intoxication with a

methcathinone infusion (5 mg/kg/min; 100 mg/mL) caused hyperthermia in rats

[6]. By contrast, acute exposure to mephedrone produces hypothermia in rats

[7, 59]. This hypothermic response at ambient and elevated temperatures is

rat-strain specific, with the reduction in body temperature detected in Wistar but

not Sprague-Dawley rats [27]. Alpha-1 adrenoreceptor and dopamine D1 receptor

blockade seem to enhance the hypothermic response induced by mephedrone

[7]. On the other hand, when mephedrone is administered repeatedly in a binge

paradigm, it produces hyperthermia in both mice [17, 19, 25] and rats [24]. These

studies indicate that mephedrone differs from MDMA and methamphetamine in its

thermoregulatory effects despite their neuropharmacological similarity. Lopez-

Arnau and colleagues showed that the effect of mephedrone changes with the

dose using a 2-day binge paradigm of 3 doses of 25 mg/kg a day every 2 h
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[20]. On day 1, after receiving the first dose of mephedrone, the treated animals

showed a significant transient reduction in body temperature; after the second dose,

temperature increased over the saline values but this hyperthermic response was

significant only after the third dose. On day 2, no significant hyperthermic response

was evidenced. Consistent with that report, other studies have suggested that the

mephedrone-induced hypothermia is attenuated with repeated dosing and that this

response can be attenuated by 6-hydroxydopamine or abolished by

5,7-dihydroxytryptamine [26]. Taken together, mephedrone produces hypothermia

following acute exposure, while producing hyperthermia following binge models of

dosing [60].

Studies of self-administration of mephedrone in rats evidenced that its thermo-

regulatory effects also differed between rat strains, with the Sprague-Dawley rats

being most sensitive. While in Sprague-Dawley rats the administration of

mephedrone produced a dose-dependently decreased body temperature, in Wistar

rats, the response was biphasic, starting with a decrease during the first 15 min,

followed by an increase during the next 25–30 min [61]. Another study with these

two strains of rats monitored the effects of the subcutaneous administration of

mephedrone under conditions of low (23�C) and high (27�C) ambient temperature.

A reliable reduction of body temperature was produced by mephedrone in Wistar

rats at low and high temperatures with only minimal effect in Sprague-Dawley rats.

Furthermore, hypothermia produced by serotonin (5-HT) 1A/7 receptor agonists

was similar in each strain [27].

Similar to mephedrone, methylone produces hyperthermia following binge

dosing [60]. In mice, 4 injections of methylone (20 mg/kg) every 3 h produced a

robust hyperthermic response that reached a peak between 25 and 35 min after each

drug administration. This effect of methylone increased significantly with the dose,

so that the last dose induced a greater increase in body temperature than the first one

[38]. In rats, methylone treatment (3 injections at 3 and 10 mg/kg every 2 h) caused

significant hyperthermia from 2 h through 6 h post-injection [24]. The thermoreg-

ulatory effects caused by a single administration of methylone did not differ from

the outcomes observed after repeated administration of the drug. Piao and col-

leagues evaluated the acute effects of methylone using 5-HT transporter (SERT)

and dopamine (DA) transporter (DAT) knockout (KO) mice and observed a slight

diminution in the hyperthermic effects of methylone in DAT KO mice, whereas a

slight enhancement of these effects was seen in SERT KO mice. Administration of

selective D1 and D2 receptor antagonists reduced methylone-induced hyperther-

mia, but these drugs also had hypothermic effects of their own in saline-treated

mice, which complicates interpretation of the findings [41].

MDPV exhibits a few important differences in altering body temperature by

comparison to other β-ketoamphetamines. Acute exposure to MDPV produces

hyperthermia [47] at elevated temperatures but not at normal ambient temperatures,

which contrasts with what is observed for MDMA and methamphetamine

[60]. MDPV has been shown to elevate body temperature in some cases of

human medical emergency and fatal overdose deaths [62]. In rats, treatment with

1.0, 5.6, and 10.0 mg/kg of MDPV elicited a significant hypothermia when
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compared with the vehicle condition [44]. The effects were dose dependent and

lasted up to 3 h after dosing [44]. However, an unexpected lack of dose dependence

was characterized when MDPV was administered in the 20�C ambient environ-

ment. At that cool ambient temperature, MDPV doses from 1 to 30 mg/kg each

induced a rise in core temperature of approximately 1.5�C, which was not different
from that observed following saline administration, and the time course of this

effect was also similar across all tested doses [46]. Besides affecting body temper-

ature, MDPV has been found to induce brain hyperthermia through an increase in

peripheral vasoconstriction [40]. Furthermore, an age-dependent effect of MDPV

on thermoregulation was documented in rats. While adolescent rats increased their

body temperature following MDPV administration, adults showed a decrease in

temperature [48].

The β-ketoamphetamines mephedrone, methylone, and MDPV differentially

affect the temperature effects of their non-β-ketoamphetamine counterparts

[19]. In vivo studies demonstrated that the mephedrone-induced hyperthermia is

not enhanced by concomitant administration of methamphetamine [23]. When

given in two-drug combinations, mephedrone, methylone and MDPV caused sig-

nificant increases in body temperature [19]. When methylone or MDPV are given

with mephedrone, the initial hypothermic effect of mephedrone was retained and

slightly exaggerated. Combined treatment with MDPV and methylone results in a

steady 1–2�C increase in core body temperature that becomes evident within

15 min of treatment and persists for at least 8–9 h [19]. Neither MDPV nor

methylone attenuated the hyperthermic effects of methamphetamine in mice [19].

3 Neurotransmitters

Alterations in monoaminergic systems are one of the hallmarks of the most studied

non-keto-amphetamines. Methamphetamine is perhaps best known for its toxic

effects on DA nerve terminals of the striatum [63, 64]. MDMA has also been

shown to cause long-term deficits in DA and 5-HT nerve ending in both laboratory

animals and humans [65–67]. Even amphetamine has been linked to nerve terminal

damage [66]. Amphetamine neurotoxicity manifests as long-term depletion of DA

and 5-HT, inhibition of their biosynthetic enzymes tyrosine hydroxylase (TH) and

tryptophan hydroxylase 2 (TPH-2), inactivation of DAT and SERT, reduction in

function of the vesicle monoamine transporter (VMAT), degeneration of fine,

unmyelinated axons, and apoptosis [3]. Reductions in DA, TH, and DAT have

been documented in the postmortem striatum of chronic methamphetamine users

[68]. Studies of the effects of β-ketoamphetamines on neurotransmitter systems are

summarized in Table 1.

Methcathinone is a potent releaser of DA but not 5-HT, similar to amphetamine

and methamphetamine [15]. Methcathinone has previously been shown to release

radiolabeled DA [16] and 5-HT from rat brain preparations with similar DA versus

5-HT selectivity to amphetamine and methamphetamine, but with two- to threefold
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lower potency [15]. Multiple administrations of methcathinone caused persistent

deficits in monoaminergic systems [11], reflected by decreases in DA and 5-HT

uptake capacity, tissue content and associated TH and TPH-2 activities in frontal

cortex, hippocampus, and neostriatum after four doses of 30 mg/kg in rats

[8, 9]. However, the effects of this drug seemed to be more accentuated in rats

compared to mice. While in mice methcathinone produced long lasting depletions

of striatal DA, in rats it caused significant depletions of both DA and 5-HT [11]. A

single high-dose administration of methcathinone increased striatal DA release, as

measured by microdialysis in conscious rats [8]. Methcathinone was also found to

increase the metabolites homovanillic acid (HVA) and 5-hydroxyindoleacetic acid

(5-HIAA) levels in striatum [7].

Mephedrone alone did not cause persistent reductions in the levels of DA, 5-HT,

or TPH-2 [18, 19, 22, 28, 69] aside from a small decrease in the DA metabolite

HVA in the mouse striatum [28]. Mephedrone is considered a more potent releaser

of DA than MDMA [15, 70]. An in vivo microdialysis study in rats showed that

mephedrone produced a rapid and pronounced increase in DA levels in the nucleus

accumbens that was comparable with amphetamine and greater than MDMA,

which only elevates DA levels moderately [71]. While both mephedrone and

MDMA also produced strong increases in extracellular 5-HT, amphetamine had

only a moderate effect on 5-HT levels [71]. Self-administration of mephedrone was

shown to decrease the levels of striatal 5-HIAA in rats [21]. Mephedrone admin-

istered in a binge of 3 doses of 10 mg/kg every 2 h showed that the extracellular

increase in striatal DA seen after the first mephedrone injection was similar in

magnitude and time course to those following the second and third injections.

However, the extracellular overflow of striatal 5-HT was more variable but was

enhanced when second and third injections were given when compared with the

first response [26]. Other microdialysis studies in the rat nucleus accumbens

showed that mephedrone elevated extracellular DA and 5-HT levels, with relatively

higher effects on 5-HT levels [24, 27], similar to MDMA and unlike methamphet-

amine, which preferentially increases DA [24]. Thus, mephedrone shares some of

the DA-releasing properties of amphetamine and methamphetamine and the

5-HT-releasing property of MDMA [15]. Repeated administration of mephedrone

in rats showed no significant effect on tissue concentrations of DA, 5-HT, or their

metabolites in the striatum or frontal cortex and hippocampus 7 days post-

administration although the concentration of DOPAC was significantly increased

in this region following mephedrone [29]. The same study further evaluated the

acute effects of mephedrone in comparison with MDMA, and reported reductions

in hippocampal 5-HT and 5-HIAA 2 h after a single injection of MDMA but not

following acute mephedrone [29]. The expression of TH, a biochemical marker of

neuronal integrity in DA neurons, was found to be decreased in frontal cortex but

not in the striatum after a binge regimen of 25 mg/kg of mephedrone [20]. The

overall effects of mephedrone do not involve long-lasting depletions of DA but they

seem to affect 5-HT. Repeated administration of mephedrone in rats caused per-

sistent decreases in hippocampal 5-HT levels but no changes were observed in

striatal DA after 7 days of treatment [70]. Another study reported decreases in TH

Neurotoxicology of Synthetic Cathinone Analogs 215



and TPH-2 after a binge of mephedrone for 2 consecutive days [25]. The fact that

mephedrone has DA-releasing capability resembling methamphetamine and yet

does not cause DA deficits is of significant interest for studying the differential

mechanisms of damage induced by stimulants.

Methylone administration does not result in damage to DA nerve endings in

mice [19]. Binge administration of methylone to single-housed rats (3 or 10 mg/kg,

3 doses) has no long-lasting effects on brain tissue monoamines [24] but produced

significant elevations on extracellular levels of DA and 5-HT [24, 34, 42]. There

seem to be species differences in the sensitivity to long-term neurochemical effects

of methylone [28]. The effects of drug treatments on mouse brain monoamine

levels in the frontal cortex, striatum, and hippocampus indicate that methylone

did not cause any significant changes in neurotransmitter levels. However, in the rat

brain methylone had a profound impact on 5-HT levels, causing a decrease in 5-HT

levels in the frontal cortex, striatum, and hippocampus comparable to that induced

by amphetamine. Additionally, 5-HIAA levels were reduced in the striatum and

hippocampus [28].

In vivo microdialysis studies indicate that MDPV increases extracellular con-

centrations of DA in the nucleus accumbens in a dose-related manner similar to

cocaine. However, MDPV was tenfold more potent than cocaine in its ability to

increase extracellular dopamine [49]. This robust stimulation of DA transmission

by MDPV predicts serious potential for abuse [49]. Despite the high potency to

block the DAT, MDPV did not produce DA efflux. Thus, this cathinone is thought

to be a pure transporter uptake inhibitor [15].

Studies in mice indicate that combined treatment with mephedrone and meth-

amphetamine or MDMA did not change the status of 5-HT nerve endings to an

extent that was different from either drug alone [18]. Methamphetamine and

MDMA alone caused mild reductions in 5-HT but did not change SERT and

TPH2 levels [23]. While mephedrone did not produce changes in the 5-HT system,

it enhanced the DA and TH depletions induced by methamphetamine, amphet-

amine, and MDMA in striatum [23].

In mice, none of the β-ketoamphetamines mephedrone, methylone, or MDPV in

combination with each other resulted in changes in striatal DA or TH, but

mephedrone and methylone potentiated the depletions of DA and TH induced by

administration of methamphetamine [19, 23]. On the other hand, MDPVwas able to

prevent the striatal decreases in DA and TH observed after administering metham-

phetamine, MDMA, and MPTP [19]. Consistent with this study, in vitro data

showed that MDPV blocked methamphetamine-induced DA release with high

potency reflecting its elevated efficiency as an uptake inhibitor. The finding sug-

gests that the more potently a drug antagonizes the DA release produced by

methamphetamine, the more potently it also blocks DA uptake [51].
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4 Biochemical Mechanisms: Oxidative Stress

and Cytotoxicity

Evidence indicates that reactive oxygen species (ROS) are responsible for

amphetamine-related damage but neither the manner by which these drugs cause

oxidative stress nor the cellular source of the reactant species is known [4, 68]. Oxi-

dative stress is believed to be a prominent factor in methamphetamine-induced

cellular toxicity [72]. By increasing DA release, amphetamines increase the avail-

able DA for oxidation and its metabolism into ROS [73]. Methamphetamine’s
ability to flood the intracellular medium with DA is thought to be the first step in

a cascade that leads to mitochondrial dysfunction, enhanced excitatory neurotrans-

mission, increases in oxidative stress, nerve ending damage, and apoptosis

[74]. Similar to the other amphetamines, metabolism of MDMA also results in

the formation of ROS, which ultimately induce long-term neurotoxic effects

[2]. However, none of the β-ketoamphetamines (methcathinone, mephedrone,

methylone, and MDPV) showed cytotoxicity at the highest concentrations tested

in functional assays [36]. Studies of the effects of β-ketoamphetamines on oxidative

stress and cytotoxicity are summarized in Table 1.

Methcathinone is manufactured by a clandestine process that involves potassium

permanganate oxidation of ephedrine and pseudoephedrine contained in readily

available pharmaceuticals. Intravenous injections of such methcathinone prepara-

tions expose users to a high manganese load because the resultant methcathinone is

not purified [75]. Although studies of methcathinone abusers have described move-

ment disorders similar to Parkinson’s disease attributed to the manganese toxicity,

the syndrome lacks typical features of this condition such as resting tremor and gait

initiation failure [75]. The accumulation of manganese can lead to the development

of encephalopathy and might trigger secondary pathogenic mechanisms, such as

mitochondrial dysfunction and oxidative stress [76].

Animal studies showed that mephedrone induced an increase in the expression

of the antioxidant enzymes superoxide dismutase, catalase, and glutathione perox-

idase in the hippocampus, striatum, and frontal cortex in rats. Along with these

enzyme protein increases, treatment with mephedrone caused a significant increase

in the levels of lipid peroxidation in the frontal cortex [20]. In mice, a single

injection of mephedrone at 2.5 mg/kg caused both an increase in lipid peroxidation

levels and a decrease of catalase activity in the hippocampus and prefrontal cortex

[37] whereas at a dose of 25 mg/kg, mephedrone induced a significant increase of

glutathione peroxidase in striatum [30].

The exposure of mouse cultured cortical cells to various concentrations of

mephedrone for 24 h or 48 h caused a concentration-dependent decrease in meta-

bolically active cells. The calculated LD50 value for mephedrone after 24 h of

incubation was significantly higher to that obtained after 48 h of drug exposure

[25]. In addition, neuroblastoma cells exposed to mephedrone showed an increase

in cytotoxic damage only at high concentrations [31]. Cell culture studies

documented the cytotoxicity of methylone and methamphetamine in CHO cells
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stably expressing the rat transporters DAT, NET, and SERT. Methylone was not

cytotoxic to any cell line except that expressing the SERT [43], indicating higher

specificity for the 5-HT system.

The cytotoxic effects of MDPV have only been evaluated in a developing brain

mouse model, where a single administration of the drug caused a prominent

increase in the number of apoptotic cells in the piriform cortex, retrosplenial area,

hippocampus CA1, and nucleus accumbens, without an overall change in the

density of cells. The neurons of the nucleus accumbens appeared to be especially

sensitive to MDPV as they showed an increase of apoptotic cells in the core and

shell regions of the accumbens. However, this effect of MDPV was not observed in

the brain of adult mice [45]. While methylone alone was reported to be cytotoxic in

cell lines expressing the rat SERT, the combination of methamphetamine with

methylone caused a significant increase in the toxicity in the cells stably expressing

the rat monoamine transporters DAT, NET, and SERT but not in the control CHO

cells [43].

5 Neurotransmitter Transporters and Receptors

The non-keto-amphetamines including amphetamine, methamphetamine, and

MDMA cause neurotoxic effects to monoaminergic systems in part through alter-

ations in DA and 5-HT transporters and receptors [66]. Methamphetamine causes

acute increases in both DA and 5-HT release that result from the direct and indirect

actions on the DAT and SERT. Amphetamines can disrupt the vesicle proton

gradient to cause an increase in cytoplasmic DA and 5-HT from vesicular com-

partments by altering the function of the vesicular monoamine transporter-2

(VMAT-2). Both methamphetamine and MDMA also increase 5-HT release

through similar transporter mediated mechanisms, though MDMA has a preferen-

tial affinity for SERT over DAT and consequently more pronounced effects on the

5-HT system [74]. Studies of the effects of β-ketoamphetamines on neurotransmit-

ter transporters and receptors are summarized in Table 1.

In animals, repeated administration of methcathinone was shown to reduce the

content of DA and 5-HT, the number of transporter sites, as well as the activity of

TPH-2 and TH [9]. In humans, persistent reductions of DAT density have been

reported using PET in methcathinone users and are suggestive of loss of DAT or

loss of DA terminals [10, 77]. Methcathinone exhibited a monoamine transporter

inhibition profile that was very similar to that of the non-keto analogs amphetamine

and methamphetamine, with high inhibitory potencies at the DAT and low poten-

cies at the SERT [13, 15, 78]. It is believed that the deficits in DAT and SERT

produced by methcathinone may reflect potential long-term damage to DA and

5-HT neurons. Nevertheless, to become evident, these neural deficits require

massive, multiple doses of methcathinone over several days. Such doses are 10 to

100 times higher than behaviorally active doses [12]. Deficits in DA function

induced by methcathinone were prevented by pretreatment with dopamine D1 or
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D2 receptor antagonists, whereas 5-HT changes were prevented with a depletion of

striatal DA by lesioning with 6-hydroxydopamine [8]. Apparently the serotonergic

neurotoxicity of methcathinone is promoted by the presence of the N-methyl group

on the drug molecule as it was earlier reported that no long-term changes in 5-HT

levels were observed with repeated high doses of the desmethyl parent compound,

cathinone [12]. In a cell study, methcathinone was less efficacious in releasing

preloaded radiolabeled neurotransmitter via VMAT-2 than methamphetamine

[33]. Methcathinone also exhibited low μM potency at 5-HT2A receptor

binding [15].

Mephedrone administration alone did not cause persistent reductions in the

levels of SERT [18]. Uptake inhibition studies using rat synaptosomes found that

mephedrone potently inhibits DAT and SERT [35, 70], and the drug is a substrate

for DAT, SERT, and the norepinephrine transporter (NET) [24]. Similar to

methcathinone, mephedrone can bind to 5-HT2A receptors and stimulation of

these receptors has also been shown to enhance DA release potentially increasing

abuse liability [79]. Mephedrone and methcathinone also exhibited affinity for α1A
adrenoceptors, which have been implicated in stimulant-induced vasoconstriction,

hyperthermia, and euphoria [15] and methcathinone has been found to be a low

potency partial agonist at the 5-HT1A receptors [33].

In mice, repeated administration of mephedrone induced a significant loss in DA

and 5-HT reuptake sites in striatum, hippocampus, and frontal cortex [25]. In

addition, mephedrone decreased the number of D2 receptors in striatum and the

number of 5-HT2A receptors in frontal cortex and hippocampus of treated mice

[25]. In adolescent mice, mephedrone elicited an increase in D3 receptors in the

striatum [30]. In rats, a binge of mephedrone induced a significant loss in DAT in

frontal cortex and a decrease in the density of SERT in striatum, cortex, and

hippocampus. This effect was accompanied by decreased TPH-2 expression in all

the three brain areas and a moderate decrease in the concentration of D2 receptors

in the striatum [20]. The effects of mephedrone on the human monoamine trans-

porters were studied using cell lines stably expressing the human NET, DAT, and

SERT. These data indicate that mephedrone and MDMA were equally potent in

inhibiting noradrenaline uptake at NET. Compared to their NET inhibition potency,

both drugs were weaker uptake inhibitors at DAT and SERT, with mephedrone

being more potent than MDMA at DAT and less potent than MDMA at SERT.

Nonetheless, mephedrone and MDMA differed most in their inhibition of DA

uptake by synaptic vesicles isolated from human striatum, with MDMA being

tenfold more potent than mephedrone, and their ability to release DA from

human VMAT expressing cells [80]. In general, the in vitro releasing capabilities

of mephedrone resemble those of MDMA. With regard to selectivity ratios,

mephedrone displayed NET/DAT ratios and DAT/SERT ratios close to unity,

similar to MDMA [24]. Interestingly, a recent report suggests that the para ring-

substitution of the methyl group in mephedrone left-shifted the SERT inhibition

curves over the DAT inhibition curves (DAT:SERT inhibition ratios <1), resulting

in monoamine transporter inhibition profiles that were more similar to MDMA and

less similar to the parent compound methcathinone [36]. Similarly, in vitro and
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in vivo studies have shown that methcathinone para ring-substituted analogs

increase monoamine release via SERT relative to DAT, and that this shift in

selectivity markedly reduces the abuse-related effects of the drugs as assessed by

intracranial self-stimulation [81, 82].

Methylone was reported to act somewhat more potently in inhibiting DAT than

SERT at the human transporter [15], but equally potent for DAT and SERT

inhibition in rat synaptosomes [83]. Methylone was a substrate for NET and

DAT, with slightly lower potency at SERT, displaying a selectivity profile similar

to mephedrone but about half as potent. In general, the in vitro releasing capabilities

of methylone resembled those of MDMA. With regard to selectivity ratios,

methylone displayed NET/DAT ratios and DAT/SERT ratios close to unity, similar

to MDMA [24]. In cells expressing the VMAT-2, methylone elicited less than 35%

of methamphetamine maximal efficacy to stimulate release of neurotransmitter via

the VMAT-2 [33]. Similar to mephedrone, methylone is also a low potency partial

agonist at the 5-HT1A receptors, and an antagonist with very low potency at the

5-HT2A receptor [33]. While methamphetamine and MDMA are likely to be sub-

strates for VMAT-2, methcathinone and methylone are not. Therefore, the behav-

ioral effects of methcathinone and methylone arise largely from the drugs’ effects at
the plasma membrane transporters, not VMAT-2. In summary, due to the large

decrease in potency at VMAT-2, methcathinone and methylone are highly selective

for the plasma membrane catecholamine transporters and moderately selective for

SERT. As a result of its greater potency at the SERT, methylone is somewhat less

discriminating than methcathinone at the plasma membrane [13].

MDPV exhibited very high affinity for the DAT and NET in the low nanomolar

range (<10 nM) in vitro, consistent with its high potency as a DAT and NET

inhibitor [15, 33, 49]. MDPV exhibited the most potent DAT inhibition [15], being

at least tenfold more potent than cocaine and methamphetamine [15]. In contrast,

MDPV is a weak inhibitor of the SERT, resulting in high DAT selectivity, with

DAT/SERT inhibition ratios >100. MDPV is also one of the most potent NET

inhibitors [15]. Studies using fast-scan cyclic voltammetry in mouse striatal slices

indicate that MDPV is more potent than cocaine at inhibiting DA clearance [49]. In

contrast to mephedrone, MDPV is a very potent NET and DAT inhibitor with very

low 5-HT activity, reflected by high DAT:SERT inhibition ratios. The

3,4-methylenedioxy ring substitution that is shared by MDMA and MDPV would

be predicted to increase serotonergic activity compared with the non-substituted

compound methamphetamine. However, in the case of MDPV, the SERT inhibition

potency is very low despite the presence of this substitution [36]. In this regard, data

have shown that the carbonyl and the extended alpha alkyl groups in MDPV have

greater contributions to this drug’s affinity for DAT than the methylenedioxy group

[84]. In addition, in vitro findings revealed that the presence of a pyrrolidine ring in

any cathinone-like compound such as MDPV confers potent blocking properties at

DAT and NET [85].

An examination of methylone’s ability to influence the reverse transport of

substrates through DAT, NET, and SERT was done in comparison with metham-

phetamine, since unlike cocaine, methamphetamine induces the release of
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monoamines via a reversal of transport. Similar to methamphetamine, methylone

elicited the release of radiolabeled DA, NE, and 5-HT from CHO cells expressing

the rat DAT, NET, and SERT. In addition, the combination of methylone with

methamphetamine did not cause a further increase in the release of substrates

[43]. None of the β-ketoamphetamines mephedrone, methylone, or MDPV in

combination with each other resulted in changes in striatal DAT [19]. In combina-

tion with methamphetamine, mephedrone and methylone enhanced the reductions

in DAT observed in mouse striatum [19, 23]. In contrast, administration of MDPV

prevented the depletions in DAT observed after methamphetamine, amphetamine,

MDMA, and MPTP [19].

6 Transendothelial Blood–Brain Barrier Dysfunction

The rate at which drugs reach the brain parenchyma depends not only on their route

of administration but also on their ability to cross the cerebral endothelium, also

called the blood–brain barrier (BBB), which constitutes the main brain interface

modulating the exchange of compounds between the brain and blood [50]. Alter-

ations in BBB function are likely involved in drug abuse neurotoxicity [1, 86]. Both

MDMA and METH have been shown to produce disruption of the BBB as reflected

by IgG extravasation and Evans Blue leakage [5, 87]. In fact, it was previously

shown that METH compromises BBB function and its capacity to protect the brain

against infection by the human immunodeficiency virus [88]. Studies of the effects

of β-ketoamphetamines on BBB dysfunction are summarized in Table 1.

Methcathinone exhibited a brain permeability ratio �3, indicating high perme-

ability. However, the apical to basolateral transport of methcathinone was not

consistent with active transport by one of the blood-to-brain influx carriers

[15]. No studies on the compromise of the BBB by methcathinone have been

reported to date. The permeability ratio for mephedrone was >10, suggesting

very high BBB permeability [15], and confirming that mephedrone readily enters

the brain [15, 70]. Although highly permeable into the brain, mephedrone admin-

istration has not been linked to any BBB dysfunction. It is well recognized that

compounds with a brain/plasma concentration ratio greater than 1 freely cross the

blood–brain barrier and the obtained brain/plasma ratio for methylone of 1.42

demonstrates access to central nervous system [89]. As a reference, methamphet-

amine, amphetamine, and MDMA brain/plasma ratios are >3 [15].

Similar to mephedrone, the permeability ratio for MDPV was >10, suggesting a

very high permeability [15]. The apical to basolateral transport of MDPV was

significantly greater than basolateral to apical transport, consistent with active

transport by one of the blood-to-brain influx carriers [15]. MDPV is a monoamine

uptake inhibitor that is more lipophilic and potent than other cathinone derivatives.

The high lipophilicity of this substance is caused by the pyrrolidine ring and the

tertiary amino group creating a less polar molecule more able to cross the blood–

brain barrier [90]. No combinations of the β-ketoamphetamines mephedrone,
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methylone, or MDPV with each other or any other amphetamine compound have

been evaluated on BBB dysfunction to date.

7 Mechanisms of Action

Drugs that target monoamine transporters can be classified generally as either

substrates, such as methamphetamine, or blockers, such as cocaine [83]. Both

types of compounds elicit profound psychostimulant effects that render them liable

for recreational abuse [91]. Substrates or blockers increase monoamine neurotrans-

mitter concentrations in the synaptic cleft but this action can be the result of at least

two distinct mechanisms [13]. One mechanism is through drug inhibition of plasma

membrane transporter-mediated uptake of released neurotransmitters (i.e., for

transporter blockers). The inhibition is believed to arise from competition by

drugs for substrate binding sites in the monoamine uptake transporters, thereby

reducing the effectiveness with which DA, 5-HT, and NE are cleared from the

synapse following release. Typical DAT blockers are expected to fully inhibit DA

uptake and to fully inhibit binding of another blocker, as well as release of substrate

by reverse transport [92]. A second mechanism is through the drug-evoked release

of the monoamine neurotransmitters, apparently by transporter-mediated exchange

(i.e., for transporter substrates). The drug-evoked neurotransmitter release arises

from two intracellular compartments. Methamphetamine and MDMA induce the

release of newly synthesized, cytosolic pools of monoamines and also release

monoamines from synaptic vesicle stores [13]. Typical DAT releasers are expected

to fully release another substrate accumulated in cell or synaptosomes [92]. This

mechanistic distinction is important to consider because transporter substrates and

blockers display critical differences in their acute and long-term effects. Only

substrates are translocated into cells where they could disrupt vesicular storage

and stimulate non-exocytotic release of neurotransmitters by reversing the normal

direction of transporter flux, and could produce persistent deficits in monoamine

neurons, including depletion of neurotransmitters and loss of functional trans-

porters [83]. The flux-coupled channel model suggests that whereas some

cathinones, such as mephedrone, behave as DA-releasing agents (depolarizing

current), some others such as MDPV act as DA-reuptake inhibitors

(hyperpolarizing current) [93]. An “excitatory substrate” implies that in addition

to the proposed transporter-mediated chemical effects of methamphetamine,

mephedrone, and related cathinones, these substances have a depolarizing action

that could itself promote exocytotic neurotransmitter release [32]. Structurally

analogous MDPV, however, induces an outward hyperpolarizing current under

similar conditions and therefore acting as an “inhibitory,” non-substrate blocker

[93]. Results from release assays reveal that mephedrone and methylone function as

substrates at monoamine transporters [33], thereby stimulating the release of

radiolabeled substrates via DAT, NET, and SERT [83]. Mephedrone, methylone,

and MDMA are non-selective transporter substrates (i.e., non-selective releasers),
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while methcathinone and amphetamine are selective substrates at DAT and NET.

Mephedrone displays similar releasing potency at all three transporters and is about

twice as potent as methylone [83]. While mephedrone, methylone, MDMA, and

amphetamine are fully efficacious in the release assays, MDPV and cocaine are

inactive as releasers [15]. MDPV displays a novel pharmacological profile when

compared to other synthetic cathinones as it is a potent uptake blocker at DAT and

NET with no measurable substrate activity [83]. When compared to the prototypical

transporter blocker cocaine, MDPV was 50-fold more potent at DAT, 10-fold more

potent at NET, and 10-fold less potent at SERT [94]. Taken together, the in vitro

results indicate that mephedrone and methylone are non-selective transporter sub-

strates, whereas MDPV is a pure catecholamine-selective transporter blocker

[94]. This dichotomy of interaction with the DAT by mephedrone and methylone

on one hand and by MDPV on the other can explain their opposing effects on

methamphetamine-induced neurotoxicity [19]. While mephedrone and methylone

enhanced the neurotoxic effects of methamphetamine, MDPV protected. It has

previously shown that treatments resulting in an increase in the releasable pool of

DA significantly accentuate methamphetamine-induced damage in DA nerve end-

ings [95]. MDPV has an effect that is similar to more classical DAT blockers,

including amphonelic acid and nomifensine, which also provide protection against

methamphetamine-induced neurotoxicity [19]. By blocking DAT-mediated trans-

port (inward or outward), MDPV blocks methamphetamine-induced efflux of DA

[15]. Therefore, these properties as substrates or blockers represent an important

mechanism by which synthetic cathinones influence the synaptic levels of mono-

amines but they do not explain why they lack neurotoxic properties on their own or

how they enhance the neurotoxicity of the amphetamines.

While the principal targets of amphetamines are plasmalemmal transporters,

these drugs have concerted actions on other two important elements of the mono-

amine nerve ending: vesicular transporters and the degrading enzymes monoamine

oxidase (MAO) and catechol-O-methyl transferase [91], both of which may con-

tribute to their toxic properties. Amphetamine interactions with these three targets

are the core tenet of the so-called weak base hypothesis [96]. Amphetamines enter

nerve terminals via plasmalemmal transporters and disrupt vesicular storage as

weak bases by dissipating the proton gradient across the membrane [96]. A reduc-

tion of the vesicular pH gradient promotes the reverse transport of DA into the

cytosol. DA is then released into the synaptic space via reverse transport through

the DAT. This flooding of the cytoplasm and synaptic space with the oxidatively

labile DA is thought to be a critical first step in the neurotoxic cascade of the

amphetamines [73]. These conditions of elevated concentrations of cytosolic mono-

amines could be further aggravated by inhibition of MAO [91]. Unlike amphet-

amines, mephedrone and methylone have little if any affinity for VMAT-2

[33]. Therefore, their lack of neurotoxicity could derive from an inability to

promote the release of DA from storage vesicles into the cytoplasm.

If not toxic on their own, how can mephedrone and methylone increase the

neurotoxicity of methamphetamine, MDMA, and amphetamine? We hypothesize

that the enhancement of neurotoxicity elicited by the combination of
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methamphetamine plus either mephedrone or methylone could be explained by a

reversal of greater numbers of DAT molecules than caused by either drug alone,

resulting in heightened DA efflux into the cytoplasm (i.e., via methamphetamine

actions on the VMAT) and synapse (i.e., via combined methamphetamine plus

mephedrone actions on the DAT). This possibility is supported by the observation

that amphetamine-induced DA release is greater when originating from both

synaptic vesicles and cytoplasmic stores than from cytoplasmic stores only

[97]. In addition, a possible inhibition of MAO could be speculated for mephedrone

and methylone as it has been shown that MAO inhibitors increase significantly the

DA depletion induced by methamphetamine [95]. However, a well-established

mechanism to explain why some β-ketoamphetamines such as mephedrone and

methylone are not neurotoxic on their own but are capable of potentiating the

damage induced by amphetamines remains to be elucidated.

8 Conclusion

As β-keto analogs of amphetamines, synthetic cathinones may be expected to have

amphetamine-like effects because of their structural similarity. However,

β-ketoamphetamines are a diverse class of chemical compounds with differential

neurotoxic properties on monoaminergic neurons. Some of the benchmarks used to

gauge the neurotoxicity induced by amphetamines include inflammation, disruption

of monoaminergic neurotransmitters, their transporters and receptors, alterations in

thermoregulation, oxidative stress, and cytotoxicity. Compared to the effects

induced by amphetamines on these parameters, the effects described for

β-ketoamphetamines seem to be more moderate. Administration of synthetic

cathinones is not consistently associated with long-term depletions in the levels

of DA and 5-HT or with inhibition of these neurotransmitters biosynthetic enzymes.

While hyperthermia has been established as one of the hallmark effects of amphet-

amines, synthetic cathinones elicit more complex responses that involve hypother-

mia and oscillations between hyper and hypothermia. Neuroinflammation markers

such as microglial activation have not been documented after administration of

synthetic cathinones and reports of increases in GFAP have been sparse. The

evaluation of the effects of these cathinones on oxidative stress and cytotoxicity

are limited and mostly circumscribed to in vitro studies, where concentrations are

very high. Nonetheless, some studies in animals have described increases in lipid

peroxidation and in the expression of antioxidant enzymes after mephedrone.

Deficits in DAT and SERT were only observed after multiple doses that are several

times higher than behaviorally active doses or with exacerbation of other factors

such as high ambient temperature. Although only a few studies have reported the

neurotoxic effects of β-ketoamphetamines alone or in combination with other drugs

of the same group or with amphetamines, the overall outcome appears to be

associated with their interaction with the vesicular and plasma transporters.

The fact that mephedrone and methylone cause little or no toxicity themselves on
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the one hand, while being capable of enhancing amphetamines toxicity on the other

hand, remains a provocative and open question that requires additional research.

The role of these synthetic cathinones as weak bases to collapse the vesicular pH

gradient necessary for monoamine storage, their capacity to increase the releasable

pool of cytosolic monoamines, their potential to inhibit monoamine degrading

enzymes, their ability to increase monoamine oxidation and metabolism into

ROS, as well as their additive effects in recruiting DAT molecules along with

amphetamines to enhance the DA efflux into the synapse, constitute some of the

possible manners in which these β-ketoamphetamines may heighten the neurotox-

icity induced by amphetamines.
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Combination Chemistry: Structure–Activity

Relationships of Novel Psychoactive

Cannabinoids

Jenny L. Wiley, Julie A. Marusich, and Brian F. Thomas

Abstract Originally developed as research tools for use in structure–activity

relationship studies, synthetic cannabinoids contributed to significant scientific

advances in the cannabinoid field. Unfortunately, a subset of these compounds

was diverted for recreational use beginning in the early 2000s. As these compounds

were banned, they were replaced with additional synthetic cannabinoids with

increasingly diverse chemical structures. This chapter focuses on integration of

recent results with those covered in previous reviews. Whereas most of the early

compounds were derived from the prototypic naphthoylindole JWH-018, currently

popular synthetic cannabinoids include tetramethylcyclopropyl ketones and

indazole-derived cannabinoids (e.g., AB-PINACA, AB-CHMINACA). Despite

their structural differences, psychoactive synthetic cannabinoids bind with high

affinity to CB1 receptors in the brain and, when tested, have been shown to activate

these receptors and to produce a characteristic profile of effects, including suppres-

sion of locomotor activity, antinociception, hypothermia, and catalepsy, as well as

Δ9-tetrahydrocannabinol (THC)-like discriminative stimulus effects in mice. When

they have been tested, synthetic cannabinoids are often found to be more efficacious

at activation of the CB1 receptor and more potent in vivo. Further, their chemical

alteration by thermolysis during use and their uncertain stability and purity may

result in exposure to degradants that differ from the parent compound contained in

the original product. Consequently, while their intoxicant effects may be similar to

those of THC, use of synthetic cannabinoids may be accompanied by unpredicted,

and sometimes harmful, effects.
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1 Introduction

Synthetic cannabinoids are chemicals that interact with the endogenous system

through which the psychoactive components of the cannabis plant act. Although

these compounds were originally developed as tools for probing receptors and/or as

part of early phase drug discovery efforts, reports from drug abuse monitoring sites

beginning in the early 2000s suggested that some of these research chemicals were

being diverted for recreational use. These compounds, contained in products

labeled “Spice” or “herbal incense,” shared the cannabimimetic subjective effects

of Δ9-tetrahydrocannabinol (THC), the primary psychoactive constituent of the

cannabis plant. However, because they differed structurally from THC and its

analogs, synthetic cannabinoids were legal when they were first marketed as

recreational drugs. Since then, drug enforcement agencies worldwide have strug-

gled to develop strategies to manage the continuous influx of novel synthetic

cannabinoids that have increased in structural diversity as older compounds have

been banned. This chapter presents an overview of the context in which synthetic

cannabinoids were discovered followed by a more in-depth look at their

pharmacology.

Determination of the strength of relationships between the chemical structures of

compounds and their activity is fundamental to the science of pharmacology as well

as to the process of drug discovery and development. Orderly structure-activity

relationships (SAR) are a cardinal sign of receptor activation or blockade, processes

through which many drug treatments for disorders of the central nervous system

(CNS) work. Synthetic cannabinoids were originally designed and synthesized for

use in SAR studies in academic and pharmaceutical laboratories. Although com-

putational chemistry and other technological advances in recent years have led to

innovative approaches to drug discovery, assessment of SAR was considered

“state-of-the-science” in investigation of receptor mechanisms in the 1980s and

early 1990s when the story of non-plant-based synthetic cannabinoids began.

Cannabinoid receptors (CB1 and CB2) also were identified and cloned during this

time of intensive SAR evaluation [1–3]. Furthermore, synthesis of a radiolabeled
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synthetic cannabinoid, [3H]CP55,940, played an integral part in discovery of this

receptor system [4].

The endocannabinoid system is comprised of CB1 and CB2 receptors, along with

their endogenous ligands [e.g., anandamide and 2-arachidonoylglycerol (2-AG)]

and synthetic and metabolic enzymes for these ligands (reviewed in [5]). Both

cannabinoid receptors are G-protein coupled receptors, with CB1 receptors located

widely throughout the brain and CB2 receptors found primarily in the periphery [6–

8]. THC is a partial agonist at both receptor sub-types [9, 10], but produces its

cannabimimetic psychoactive effects via activation of CB1 receptors in the CNS

[11], as do synthetic cannabinoids [12, 13]. While medical and legal problems

associated with the manufacture and use of synthetic cannabinoids are causes for

concern, these compounds were created within a research context, were not meant

for human use without further development, and contributed to significant scientific

advances in the cannabinoid field. For example, these pharmacological tools aided

researchers in discovery of CB1 and CB2 receptors [1], delineation of separate

functions mediated by CB1 and CB2 receptors [14, 15], determination of CB1

receptor mediation of cannabis intoxication [11], and demonstration of possible

roles that the endocannabinoid system may play in physiology and pathology [5].

For many years, the focus was on synthesis of compounds that directly activated

or blocked cannabinoid receptors; however, separation of psychoactive and thera-

peutic effects proved problematic for compounds that activated CB1 receptors

directly. In addition, the considerable homology between CB1 and CB2 receptors

presented difficulties in designing CB2-selective compounds that did not activate

CB1 receptors. Hence, many of the earlier compounds bind to and activate both

cannabinoid receptors. More recently, the scope of cannabinoid synthesis has

broadened to include compounds that inhibit endocannabinoid metabolic enzymes

(e.g., inhibitors of fatty acid amide hydrolase and monoacylglycerol lipase for

anandamide and 2-AG, respectively) [16–18]. These new compounds, as well as

selective CB2 receptor agonists, offer promising leads for development of thera-

peutics to treat the many disorders or conditions that may be related directly or

indirectly to dysfunction of the endocannabinoid system, including pain,

neurodegeneration, substance abuse, obesity, and psychiatric disorders [19–22].

2 Diversion and Development of an Illicit Industry

Diversion of synthetic cannabinoids from their use in research was first recognized

by drug enforcement agencies across the world during the early 2000s and has

increased in scope since then. The concomitant rise of the worldwide web and its

public availability facilitated the spread of awareness of these chemicals [23],

including greater access to patent literature and to scientific papers on synthetic

methods. Further, the web provided opportunities for direct marketing to consumers

and organization of forums of like-minded drug users to spread information on the

latest compounds. The synergistic effects of these developments arguably led to the
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rapid proliferation of synthetic cannabinoid use. Currently, the primary location for

bulk production of the compounds is believed to be China [24].

Once synthesized, the compounds are shipped to product manufacturers who

spray the cannabinoid compound(s) on plant material (e.g., marshmallow leaf) and

package it for individual sale. Even though the packets often are labeled as “not for

human consumption,” users use the substance via the same methods employed with

cannabis, such as rolling the material into smokeable joints or placing it in pipes or

other devices for smoking. Two notable issues arise as a direct result of this process.

The first is that spraying often leads to uneven distribution of the chemical across

the sample contained in the package, creating the possibility of “hot spots”

containing enhanced concentrations of active chemicals. The second is that the

combustion involved in smoking the plant material can conceivably alter the

composition of the chemical it contains, resulting in exposure to different chemicals

[25]. These problems have not been ameliorated by the recent switch by some users

to e-liquids that contain synthetic cannabinoids. Given the low solubility of canna-

binoids in the e-liquid vehicle, crystallization or precipitation may occur and use of

atomizers or vaporizers marketed for nicotine still involve intense heating of the

chemical.

Metabolism of the synthetic cannabinoids may also result in creation of addi-

tional chemicals that may modulate and/or extend the duration of its effects [26–

28].

3 Receptor Affinity and Efficacy

Like phytocannabinoid agonists, synthetic cannabinoids exhibit structurally spe-

cific receptor recognition and can affect the activation state of the receptor in a

variety of signal transduction pathways. Assessment of cannabinoid receptor rec-

ognition is typically affected by measurement of the strength with which the

synthetic cannabinoid displaces a radiolabeled ligand that binds to the receptor

(e.g., [3H]CP55,940) and is expressed as affinity (ki), with lower numbers indicative

of higher affinity. The ability of synthetic cannabinoids to alter the activation state

of cannabinoid receptors (i.e., efficacy) has been measured through examination of

their effects on signaling pathways (e.g., GTPγS, beta arrestin, and calcium influx).

In general, synthetic cannabinoids tend to have greater affinities for the CB1

receptor than does THC, which often correlates with their greater potencies

in vivo. To the extent that they have been evaluated, synthetic cannabinoids also

show greater efficacy for the CB1 receptor than the partial agonist THC [13, 29,

30]. The acute in vivo correlates of greater efficacy are not fully understood,

although some research suggests that efficacy differences may have implications

for development of tolerance and cross-tolerance following repeated

administration [31].

THC and most of the abused synthetic cannabinoids bind to and activate both

CB1 and CB2 receptors, with variable degrees of selectivity for one or the other
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receptor. Cannabimimetic psychoactivity of the compounds, and their consequent

abuse liability, is most closely associated with their high CB1 receptor affinities

[11]; hence, this section maintains a primary focus on CB1 receptor SAR, with

minimal attention to CB2 and noncannabinoid receptors.

3.1 CB1 Receptor

Until recently, the most prevalent synthetic cannabinoids identified in spice or

herbal incense products were classified into seven structural groups, as depicted

in Fig. 1: naphthoylindoles (e.g., JWH-018, JWH-073, and AM-2201),

naphthylmethylindoles (JWH-185), naphthoylpyrroles (JWH-030),

naphthylmethylindenes (JWH-176), phenylacetylindoles (JWH-250, RCS-4),

cyclohexylphenols (CP47,497), and tetrahydrocannabinols (THC, HU-210). Previ-

ous publications have reviewed the in vitro and in vivo pharmacology of indole-

and pyrrole-derived cannabinoids [32, 33]. Systematic legal restrictions placed on

these cannabinoid classes have decreased their prevalence in recent samples and

have resulted in synthesis of cannabinoids with increased structural diversity. In the

Fig. 1 Chemical structures of representative compounds frommajor structural groups of synthetic

cannabinoids: naphthoylindoles (JWH-018), naphthylmethylindoles (JWH-185),

naphthoylpyrroles (JWH-030), naphthylmethylindenes (JWH-176), phenylacetylindoles

(JWH-250), cyclohexylphenols (CP-47,497), and tetrahydrocannabinols (Δ9-THC)
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present chapter, a brief overview of the pharmacology of these older cannabinoids

is provided, but the primary concentration is on review of the pharmacology of

synthetic cannabinoids that have appeared on the market more recently.

JWH-018 (1-pentyl-3-1-naphthoylindole), a naphthoylindole, was the first can-

nabinoid compound identified in herbal incense products and, as such, has been

referenced as the prototypic synthetic cannabinoid [33]. It is structurally similar to

the aminoalkylindole WIN55,212-2 (Fig. 2), with the exception that the latter’s
oxazine and morpholino substituents are replaced with an n-pentyl group. SAR
studies showed that affinity and potency varied systematically with the length of n-
alkyl substituent, with optimal activity from n-butyl to n-hexyl and absence or

reduction of receptor binding at shorter or longer carbon chains [34–36]. Replace-

ment of JWH-018’s n-pentyl group with n-fluoropentyl resulted in AM-2201, a

potent psychoactive cannabinoid that appeared in confiscated samples as JWH-018

was fading in popularity [37, 38]. 2-Methylation of the indole in the alkylindole

series resulted in compounds with decreased CB1 receptor affinities and in vivo

cannabimimetic potencies and a slight shift in optimal chain length. Conversion of

naphthoylindoles to naphthoylpyrroles decreased CB1 receptor affinities and

reduced potencies to an even greater extent than 2-methylation [36].

While variations in the structures of early compounds focused primarily on

manipulation of the alkyl group or conversion of the indole core to a pyrrole,

structural innovations involving the naphthoyl group soon began to appear (e.g.,

JWH-185, Fig. 1). These changes included additions to and substitutions for this

functional group. Additions to the naphthoyl group concentrated on alteration of the

steric and electronic effects through addition of two types of substituents: electron

withdrawing halogen substituents and electron donating methoxy [39, 40]. C-4

substitution of either type of substituent resulted in compounds with the best CB1

receptor affinities and in vivo activity, as compared to substitution at other posi-

tions. Unlike substituents at other positions on the naphthoyl, the rotation of C-4

substituents is less hindered and thereby, less likely to interfere with optimal

aromatic stacking, which has been shown to be important for cannabinoid receptor

recognition [41, 42]. Together, these results suggest that steric effects play a

Fig. 2 Chemical structures of CP55,940 and WIN55,212-2
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stronger role in determining the nature of CB1 receptor affinity and in vivo activity

than do electronic effects.

Steric influences and aromatic stacking are also important determinants of the

effects of substitutions for the naphthoyl group. For example, SAR investigation of

a series of 1-pentyl-3-phenylacetylindoles (e.g., JWH-250, Fig. 1) showed that the

decrease in the number of aromatic rings on the non-indole side of the carbonyl

from two (naphthoyl) to one (phenylacetyl) resulted in reduction of CB1 receptor

affinities and in vivo potencies [43]. As with addition of halogen and methoxy

substituents to the naphthoyl group, the position of substituents on the phenyl ring

(i.e., 2-, 3- or 4-position) also affected CB1 receptor affinities and potencies, with 2-

and 3-phenylacetyl substituents showing enhanced affinities compared to

4-substituents. Hence, steric influences are also important in binding for the

1-pentyl-3-phenylacetylindole series of synthetic cannabinoids.

Tetramethylcyclopropyl ketone indoles represent another category of synthetic

cannabinoid, in which the core change is substitution of a tetramethylcyclopropyl

group for the naphthoyl substituent of the parent 3-naphthoylindole. Specific

compounds that have been sold over the internet include UR-144, XLR-11, and

A834735 (Fig. 3) [44]. These compounds resemble those synthesized by Abbott

Laboratories in their effort to develop CB2-selective agonists for pain and inflam-

mation [45, 46]. While many of the Abbott compounds showed higher affinity for

the CB2 receptor, a number of the compounds also possessed significant affinity for

the CB1 receptor, which undoubtedly serves as the basis for their inclusion in

“herbal incense” products. All three compounds have high affinities for both CB1

and CB2 receptors, with XLR-11 and UR-144 having similar affinities for the CB1

receptor (ki¼ 24 and 29 nM, respectively) and A834735 having greater affinity

(ki¼ 4.6 nM) than the other two compounds [13, 47]. Unlike THC, both XLR-11

Fig. 3 Chemical structures of tetramethylcyclopropyl ketones: UR-144, XLR-11, and A-834735.

Also shown is the chemical structure of the open-ring degradant of XLR-11
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and UR-144 are fully efficacious CB1 receptor agonists, as measured by GTPγS
binding [13]. Further, recent data show that repeated exposure of the parent

compounds to high heat (as would occur during smoking or vaping) resulted in

thermolysis of the tetramethylcyclopropyl group of each compound and formation

of open-ring degradants with substantially increased CB1 receptor affinities and

efficacies (Fig. 3; [48]). In human users of UR-144, analytical findings showed that

the majority of urine samples contained metabolites of the pyrolysis product and

only minimal amounts of the parent compound [49]. The discrepancies between

chemicals contained in the product and chemicals created when the product is

combusted highlight the importance of thorough analysis for accurate prediction

of the effects of exposure, an idea that has been echoed in other studies [25, 44].

The tetramethylcyclopropyl substituent is only one of several novel substitutions

for the naphthoyl group in products containing synthetic cannabinoids. Using a

fluorometric imaging plate reader (FLIPR) assay that measures cross-membrane ion

flux, Banister et al. [50–52] reported the potencies for activation of CB1 and CB2

receptors of several series of synthetic cannabinoids. Unfortunately, these studies

did not assess binding affinities for these compounds. Since CB1 receptor binding

affinity is the single most frequent measure available across synthetic cannabinoid

SAR studies [53, 54], direct integration of their results into the body of previous

research is complicated. Nevertheless, several of the findings from the Australian

group are of note. First, previously untested series of cannabinoids, including

adamantane-derived indoles [e.g., adamantan-1-yl(1-pentyl-1H-indol-3-yl)

methanone (AB-001) and N-(adamtan-1-yl)-1-pentyl-1H-indole-3-carboxamide

(SDB-001); Fig. 4] and indole-3-carboxamides and -carboxylates (e.g., AB-PICA,

AB-FUBICA), were shown to activate the CB1 receptor (as measured by FLIPR)

[50, 52]. Second, indole-derived compounds with a fluorine at the terminal end of

the n-alkyl substituent were reported to exhibit more potent activation of the

receptor in the FLIPR assay than those without this substitution [51]. Finally, potent

in vitro activity was observed for compounds in which an indazole was substituted

for the indole and in which various carboxamide and carboxylate substituents were

substituted for the naphthoyl group [52]. In most cases, potencies for compounds in

the indazole series exceeded those of the comparable compounds in the indole

series. These results support previous work which has suggested that CB1 receptor

binding site(s) can tolerate a large degree of structural variability for agonists [55].

AB-PINACA, one of the indazoles evaluated in the Banister et al. [52] study,

was assessed in additional assays in another recent paper [30]. A second indazole

cannabinoid (AB-CHMINACA) and a compound with a new benzimidazole struc-

ture (FUBIMINA) were also tested (Fig. 4). Of the three compounds, FUBIMINA

had the lowest CB1 receptor affinity (ki¼ 296 nM). While these results suggest that

FUBIMINA would not be likely to show cannabinoid psychoactivity in vivo except

at high doses, it has appeared in some samples confiscated in Japan [56]. Presence

of the two indazole compounds in samples has also been reported [57, 58], which is

not surprising given their high CB1 receptor affinities. Of the two indazoles,

AB-CHMINACA had the highest CB1 receptor affinity (ki¼ 0.78 nM), an affinity

that was comparable to that of CP55,940 (ki¼ 0.59 nM). Although AB-PINACA

had somewhat less affinity (ki¼ 2.87 nM), its affinity still exceeded that of the
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prototypic phytocannabinoid THC (ki¼ 41 nM; [59]). The sole structural difference

between these two indazole cannabinoids is the substitution of a cyclohexylmethyl

moiety in AB-CHMINACA for the n-pentyl of AB-PINACA, suggesting that

receptor recognition is facilitated by the conformational restraint provided by the

ring system. Results of GTPγS binding showed that both indazole and benzimid-

azole compounds were full agonists at CB1 receptors [30]. Interestingly, efficacies

of AB-CHMINACA and AB-PINACA for stimulation of the receptor were greater

than those produced by other full agonists such as CP55,940 and WIN55,212-2

[30, 60]. In contrast, efficacies of FUBIMINA and CP55940 were comparable.

As illustrated by structural modifications present in these indazole and benz-

imidazole cannabinoids, structures of the most popular synthetic cannabinoids

today often contain substitutions for more than one substituent. For example,

compounds within the PINACA series show each of the following alterations: an

indazole (vs. indole) core, lack of a cyclic structural group at the position of the

naphthoyl group of the naphthoylindoles, and may contain a terminal substitution

on the n-alkyl group [52]. This increased variety of structural modifications com-

pared to the prototype JWH-018 is arguably the consequence of increases in the

number of banned substances, highlighting the continued evolution and sophisti-

cation of synthetic cannabinoid manufacturers in response to regulation.

Fig. 4 Chemical structures of indazole-derived synthetic cannabinoids (AB-PINACA and

AB-CHMINACA), a benzimidazole cannabinoid (FUBIMINA), and adamantane-derived canna-

binoids (AB-001 and SDB-001)
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3.2 CB2 Receptor

Once researchers realized that separation of CB1 and CB2 receptor affinity was

possible, CB2 receptor selectivity became a viable target for pharmaceutical indus-

try investigation [61]. While a thorough review of SAR for the CB2 receptor is

beyond the scope of this chapter, several points are worth mentioning. As with most

drug development efforts, determination of SAR for the target of interest often

results in synthesis of many compounds that are off-target – in this case, many

compounds that do not have high CB2 selectivity. Many of these “off-target”

compounds have high CB1 receptor affinity, a property that has been exploited by

manufacturers of synthetic cannabinoids contained in herbal incense products.

Little information exists on the practical consequences of activation of CB2 recep-

tors for users of synthetic cannabinoids. For example, CB2 receptor activation may

be related to peripheral effects of synthetic cannabinoids, which have not been well

characterized. On the other hand, the CB2 receptor activating effects of synthetic

cannabinoids may be enhanced in the CNS in users who have certain brain disorders

or injuries (e.g., neuroinflammation) due to the proposed induction of CB2 receptors

by brain microglia under these conditions [62]. Ironically, the effects of CB2

receptor activation, the property for which many of the currently abused com-

pounds were originally synthesized, have received minimal research attention

compared to the amount of attention that has been given to the effects of their

activation of CB1 receptors.

3.3 Noncannabinoid Receptors

Published research on synthetic cannabinoids has concentrated almost exclusively

on examination of their in vitro and/or in vivo cannabinoid effects. While an

occasional paper may mention lack of affinity of specific compounds for major

receptor classes (e.g., [63]), for the most part, published literature on the

noncannabinoid effects of synthetic cannabinoids is virtually nonexistent.

4 In Vivo Pharmacology

Although hundreds of synthetic cannabinoids have been evaluated for their CB1 and

CB2 receptor affinities [29, 35, 39, 41, 54, 64, 65], in vivo pharmacology and

toxicology studies of these compounds were rare until they were discovered in

products confiscated from human users. Early studies with a limited number of

compounds showed that potencies in a battery of four tests in mice (the “tetrad”)

were highly correlated with CB1 receptor binding affinities [59, 66]. Psychoactive

cannabinoids of various structural classes, including indole-derived cannabinoids,
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produce a characteristic profile of effects in the tetrad, including suppression of

locomotor activity, antinociception, hypothermia, and catalepsy [66]. They also

possess THC-like discriminative stimulus effects in rodents and nonhuman pri-

mates [67, 68]. This section focuses on a review of recent in vivo studies with

synthetic cannabinoids, as results of earlier in vivo studies were reviewed

previously [32].

As reported in a previous review [32], XLR-11 and UR-144 produced the full

complement of tetrad effects and substituted for THC in drug discrimination in

mice, in each case with potencies several-fold greater than THC [13]. The tetrad

effects of these two compounds were attenuated by co-administration of the

prototypic CB1 receptor antagonist rimonabant, suggesting CB1 receptor mediation

of these effects. CB1 receptor affinities were similar for these two compounds and

they possessed similar in vivo potencies. In contrast, a later investigation reported

that XLR-11, a fluorine-containing analog of UR-144, showed substantially

enhanced potency for activation of CB1 receptors (compared to the

non-fluorinated UR-144) and decreased body temperature at a lower dose [51]. Sev-

eral differences across the studies may account for their discrepant results. First,

activation of the CB1 receptor was measured in two different assays: membrane ion

flux [51] or GTPγS binding [13]. The degree to which these two preparations assess

the same phenomenon is uncertain, particularly given recent findings that ligands

for G-protein coupled receptors, including cannabinoid receptors [69, 70], may

exhibit signaling bias [71, 72]. In contrast with functional potency in assays that

measure the in vitro activation of cannabinoid receptors, receptor binding affinity

(as evaluated via displacement of a radiolabeled agonist) is highly correlated with

the in vivo potency of cannabinoids in the tetrad and drug discrimination pro-

cedures [36, 59, 66]. Consistent with these findings, the similar binding affinities of

XLR-11 and UR-144 were predictive of their similar in vivo potencies in

cannabinoid-selective procedures [13]. In vivo potencies were also calculated in a

different manner across the two studies, partly as a result of different procedures.

Whereas in vivo potencies in the tetrad and in THC discrimination were calculated

through a least squares linear regression procedure [13], potency for producing

hypothermia across time (as measured via implanted telemetric devices) was

defined as the lowest dose which significantly decreased body temperature

[51]. The differences between these two studies highlight the difficulty of SAR

research across labs in the absence of a single common measure.

More recently, open-ring degradants of the tetramethylcyclopropyl ketones

(XLR-11, UR-144, and A834735), but not a degradant of PB-22 (1-pentyl-1H-

indole-3-carboxylic acid 8-quinolinyl ester), were shown to produce tetrad effects

in mice and to substitute for JWH-018 in mice trained to discriminate JWH-018

from vehicle [48]. These data are consistent with anecdotal reports showing that

tetramethylcyclopropyl ketone cannabinoids within this class are more potent than

would be expected given affinities of the parent compounds [73].

Indazole cannabinoids, AB-CHMINACA and AB-PINACA, and the benzimid-

azole FUBIMINA have also been tested in vivo in the tetrad and THC discrimina-

tion procedures [30]. While AB-CHMINACA and AB-PINACA produced the full
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profile of cannabinoid effects in the tetrad battery in mice, FUBIMINA was inactive

except at a relatively high (56 mg/kg) intravenous dose. The effects of the three

compounds also differed in THC discrimination in mice. AB-CHMINACA fully

substituted for THC across a dose range that did not affect overall responding.

These results are consistent with the compound’s high CB1 receptor affinity and

resemble those obtained with other psychoactive cannabinoid agonists from a

variety of structural classes [67, 68]. Consistent with its relatively low CB1 receptor

affinity, FUBIMINA only partially substituted for THC in mouse drug discrimina-

tion, which is also consistent with its modest CB1 receptor affinity. The most

puzzling results emerged with AB-PINACA. Although AB-PINACA produced

full dose-dependent substitution for THC, this substitution was achieved only at a

dose that was accompanied by substantial decreases in response rate. Previously,

response rate decreases induced by other synthetic cannabinoids were observed

only with doses that were suprathreshold for full substitution [12, 13]. This lack of

separation between doses that are THC-like and those that substantially suppress

responding suggest that AB-PINACA is a potent psychoactive CB1 receptor ago-

nist, but they also suggest that the doses that induce intoxication may be very close

to doses associated with behavioral toxicity.

The brevity of this section on the in vivo pharmacology of synthetic cannabi-

noids reflects the sporadic nature of research in this area. Only a small number of

the hundreds of compounds that have appeared on the illicit synthetic cannabinoid

market has been tested in animals. For many of these cannabinoids, the first test

subject has been human. A review of research on the toxic effects of synthetic

cannabinoids follows.

5 Toxicology

Preclinical toxicological assessment of synthetic cannabinoids has been sparse,

with forensic toxicology comprising the bulk of the research. Because much of

the forensic research is related to identification and detection of synthetic cannabi-

noid metabolites, the reader is referred to the chapter on metabolism of synthetic

cannabinoids for a review of relevant literature. Non-laboratory research in this area

has consisted primarily of anecdotal and clinical reports and epidemiological

studies, which have been reviewed previously [74, 75]. One of the primary prob-

lems with this research is the difficulty in identification of specific compounds that

are associated with the various reported effects.

In general, the pharmacological effects of synthetic cannabinoids in humans

resemble those of THC and may include subjective intoxication, tachycardia (fast

pulse rate), and conjunctival injection (“red eyes”) [76]. The degree of acute

intoxication produced by synthetic cannabinoids may be more intense or milder

than that produced by marijuana [77]; however, experienced marijuana users

tended to prefer natural cannabis over synthetic cannabinoids [78]. After repeated

use, dependence may occur [79, 80]. Differences in the clinical effects of THC and
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synthetic cannabinoids have also been reported. For example, users of synthetic

cannabinoids may show increased incidence (compared to marijuana) of anxiety or

agitation [81], nausea and vomiting [82], hypertension [83], seizures [83, 84], and

psychiatric disturbance (e.g., suicidality, exacerbation of pre-existing psychosis,

and hallucinations) [79, 83, 85, 86]. Acute kidney injury may be associated with the

use of XLR-11 [87, 88] and death has been known to occur as a result of synthetic

cannabinoid use [89]. Consequently, synthetic cannabinoids account for a greater

proportion of cannabinoid-related emergency room visits than does marijuana

[90, 91].

6 Summary

In the 1980s, cannabinoid researchers developed potent synthetic cannabinoids that

were used to identify the molecular and biochemical foundations of the endogenous

cannabinoid system and facilitate the development of experimental therapeutics.

The transition of novel synthetic cannabinoids from research chemicals to recrea-

tional use occurred in the early 2000s, increased rapidly to a multimillion-dollar

designer drug industry, and continued to evolve as a public health concern despite

ongoing regulatory efforts. The recreational use of synthetic cannabinoids persists

in an expanding variety of chemical forms and formulations, particularly in

uninformed youth, “psychonauts,” and individuals attempting to avoid drug testing

(e.g., military, ex-convicts, and individuals involved in public transport). Even with

the current trend towards decriminalization and legalization of cannabis use, the

long elimination half-life of phytocannabinoids and their metabolites constrains its

recreational use in certain populations attempting to avoid detection, such that

synthetic cannabinoid use continues to be of significant interest. Very little is

known about the chemical purity or stability of these new chemical entities, the

exposures that occur during their use, or their in vitro or in vivo pharmacological

and toxicological effects. As a result, there are frequent reports of overdose and

untoward effects being attributed to their use as intoxicants. The current state of

affairs creates a paradoxical situation, where the potential for abuse and harm from

synthetic cannabinoids must be recognized and dealt with effectively, while simul-

taneously enabling the development and testing of novel synthetic cannabinoids in

carefully controlled preclinical and clinical studies to further elucidate the role of

the endogenous cannabinoid system in health and disease states.
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Pharmacological and Toxicological Effects

of Synthetic Cannabinoids and Their

Metabolites

Sherrica Tai and William E. Fantegrossi

Abstract Commercial preparations containing synthetic cannabinoids (SCBs) are

rapidly emerging as drugs of abuse. Although often assumed to be “safe” and “legal”

alternatives to cannabis, reports indicate that SCBs induce toxicity not often associ-

ated with the primary psychoactive component of marijuana, Δ9-tetrahydrocannab-
inol (Δ9-THC). This chapter will summarize the evidence that use of SCBs poses

greater health risks relative to marijuana and suggest that distinct pharmacological

properties and metabolism of SCBs relative to Δ9-THC may contribute to this

increased toxicity. Studies reviewed will indicate that in contrast to partial agonist

properties of Δ9-THC typically observed in vitro, SCBs act as full CB1 and CB2

receptor agonists both in cellular assays and animal studies. Furthermore, unlike Δ9-

THCmetabolism, several SCBmetabolites retain high affinity for and exhibit a range

of intrinsic activities at CB1 and CB2 receptors. Finally, the potential for SCBs to

cause adverse drug–drug interactions with other drugs of abuse, as well as with

common therapeutic agents, will be discussed. Collectively, the evidence provided

in this chapter indicates that SCBs should not be considered safe and legal alternatives

to marijuana. Instead, the enhanced toxicity of SCBs relative to marijuana, perhaps

resulting from the combined actions of a complex mixture of different SCBs present

and their active metabolites that retain high affinity for CB1 and CB2 receptors,

highlights the inherent danger that may accompany use of these substances.
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1 Introduction

Synthetic cannabinoids (SCBs) have become popular recreational drugs among

young adults in the USA. Use of these substances first emerged in Europe, where

they were marketed as Spice, then quickly spread throughout the USA, where they

were marketed as K2 [1]. SCBs are sometimes marketed for commercial distribu-

tion in the form of capsules, tablets, and powders but are most commonly laced onto

herbal mixtures (e.g., potpourri or incense) to be smoked (as reviewed by Tai and

Fantegrossi [2]). Commercial SCB products are widely available on the internet

and, despite regulatory efforts to curtail their availability, remain accessible at

“brick and mortar” establishments such as head shops and convenience stores.

Their widespread distribution can be attributed to clever marketing tactics, which

usually involve colorful packaging and mislabeling designed to portray a harmless

herbal blend which is “not intended for human consumption.” These deceptive

marketing tactics were adopted to circumvent legal ramifications for selling drugs

of abuse, but it is unlikely that criminal proceedings stemming from the sale of

prohibited substances would be impeded by arguments about product labels. Im-

portantly, the marketing of these products appears to be specifically designed to

give users the false assumption that these drugs are harmless, “natural,” legal

alternatives to cannabis.

Examining the pharmacological similarities between SCBs and Δ9-tetrahydro-
cannabinol (Δ9-THC), the main psychoactive constituent in marijuana, has been a

topic of great interest among scientists and lawmakers. In this regard, SCBs have

been reported to exhibit higher binding affinity at both CB1 and CB2 cannabi-

noid receptor (CBR) subtypes, and also to display varying intrinsic activity rela-

tive to Δ9-THC, both in cellular assays and animal studies [3–7]. Unlike Δ9-THC,

which consistently exhibits partial agonist efficacy in vitro [4, 5], SCBs are fully

efficacious at both CBRs across a range of in vitro and in vivo assays [4, 5, 8]. In

addition, metabolites of SCBs often retain higher CBR affinity than Δ9-THC and

may elicit pharmacological and toxicological effects distinct from those induced by

Δ9-THC. These active metabolites could potentially explain the increased morbid-

ity and mortality associated with SCB exposure, as compared to what is typically
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seen with marijuana. The remainder of this chapter will discuss the pharmacolog-

ical and toxicological effects related to the metabolism of SCBs with a particular

emphasis on their active metabolites and show that these substances are not safe,

have a greater toxicological profile than has been reported with marijuana, and

should not be considered a legal alternative to cannabis.

2 Synthetic Cannabinoid Metabolism

Metabolism of xenobiotics occurs through several biotransformation pathways which

are conserved across species and quite old from an evolutionary perspective. The goal

of drug metabolism is to detoxify potentially harmful compounds, removing them

from the circulation and ultimately excreting them from the body altogether. The liver

plays a major role in this detoxification process. In some cases, metabolism may

activate inert compounds (the concept of a “pro-drug”) or produce metabolic inter-

mediates which may themselves induce toxicity. In most cases, oxidative metabolism

of xenobiotics first occurs via the hepatic cytochrome P450 (CYP) enzyme system at

which point the metabolites are conjugated with a sugar moiety, glucuronic acid, by a

class of enzymes called UDP-glucuronosyltransferases (UGTs). The resulting metab-

olites are then soluble enough to be removed from the body.

The metabolism of Δ9-THC has been a reference standard for understanding

cannabinoid pharmacokinetics [9]. Metabolism of Δ9-THC by human hepatic micro-

somes initially occurs via oxidation by CYP subtypes 2C9 and 3A4 [10]. In brief,

hydroxylation of Δ9-THC by CPY2C9 produces 11-hydroxy-Δ9-THC, which is the

only psychoactive metabolite ofΔ9-THC [11, 12]. Further oxidation of the remaining

hydroxyl groups of Δ9-THC produces carboxylic acids at several positions along the

alkyl side chain, and these metabolites are devoid of biological effects. Further

oxidation of the active metabolite 11-hydroxy-Δ9-THC abolishes pharmacological

activity and leads to the production of 11-nor-9-carboxy-Δ9-THC, which is then

conjugated at the carboxyl position to formO-ester glucuronide, the major metabolite

excreted in human urine [13].

In the early 2000s, initial reports of SCB metabolism emerged with a focus on

in vitro metabolism of CBR ligands (11R)-2-methyl-11-[(morpholin-4-yl)methyl]-3-

(naphthalene-1-carbonyl)-9-oxa-1-azatricyclo[6.3.1.04,12]dodeca-2,4(12),5,7-tetraene

(WIN-55,212-2) [14], 1-[2-(morpholin-4-yl)ethyl]-2-methyl-3-(4-methoxybenzoyl)-

6-iodoindole (AM-630) [15], and (2-methyl-1-propyl-1H-indol-3-yl)-1-naphthalenyl-

methanone (JWH-015) [16]. The subsequent recreational use of SCBs shifted the

focus more towards in vivo metabolism of the commonly abused CBR ligand naph-

thalen-1-yl-(1-pentylindol-3-yl)methanone (JWH-018) and its analogs. Metabolites

of JWH-018 were first identified in urine specimens obtained from three people

who had smoked a commercial product containing this compound [17]. Predominant

phase I metabolites are formed by oxidation of the indole ring or the N-alkyl chain

to form mono-hydroxylated compounds. The phase I JWH-018 metabolites are ex-

creted in urine almost exclusively in the form of phase II glucuronide conjugates, as

Pharmacological and Toxicological Effects of Synthetic Cannabinoids and. . . 251



determined by gas- and liquid-chromatography mass spectrometry (GC-MS and

LC-MS/MS). Figure 1 depicts the metabolism of JWH-018 to its 4-hydroxyindole

metabolite and corresponding glucuronide conjugate. Subsequent investigations

demonstrated the formation of phase I mono-hydroxylated metabolites and phase

II glucuronides in human hepatic microsomes incubated with JWH-018 [19], urine

specimens obtained from individual users of Spice/K2 products, and from rats admin-

istered JWH-018 [20, 21], naphthalen-1-yl-(1-butylindol-3-yl)methanone (JWH-073)

[22], or 2-(2-methoxyphenyl)-1-(1-pentylindol-3-yl)ethanone (JWH-250) [20]. Collec-

tively, these studies confirmed that the primary urinary metabolites of these SCBs are

excreted in the form of a single hydroxylation and subsequent glucuronidation.

It was not until 2011 that reference standards for identifying specific JWH-018

and JWH-073 metabolites were developed allowing for both in vivo and in vitro

quantitative measurements by LC-MS [18, 23, 24]. Human urine specimens were

obtained from individuals who ingested JWH-018 or a mixture of JWH-018 and

JWH-073. Analysis determined that the metabolites found in the urine were ex-

creted in high concentrations and primarily in the form of glucuronic acid con-

jugates [18]. Several additional laboratories have replicated with these findings

[20, 25–30].

Fig. 1 Metabolism of the synthetic cannabinoid (SCB) JWH-018. The parent compound JWH-018

(a) undergoes phase I oxidation by cytochrome P450 (CYP) enzymes to form the bioactive JWH-018

4-hydroxyindole metabolite (b) [5]. Phase II conjugation by UDP-glucuronosyltransferases (UGTs)

forms the corresponding glucuronide conjugate (c) [18]. Specific CYP enzymes and UGTs respon-

sible for these biotransformation reactions are noted

252 S. Tai and W.E. Fantegrossi



It is well accepted that CYPs are involved in the biotransformation of SCBs in

humans as recognized by the formation of hydroxylated metabolites [14, 17–19, 24,

29]. In vitro metabolism studies have determined that SCBs JWH-018 and its

fluorinated analogue 1-[(5-fluoropentyl)-1H-indol-3-yl]-(naphthalen-1-yl)methanone

(AM-2201) are metabolized via oxidation by hepatic CYP subtypes 2C9 and 1A2

[23]. Outside the liver, CYPs are ubiquitously expressed in the body in a tissue-

specific manner. CYP2C9 is also highly expressed in the intestine [31], so it is likely

that intestinal CYP2C9 is involved in the metabolism of SCBs when ingested orally.

CYP1A2 is highly expressed in the lung and is likely responsible for the metabolism

of smoked SCBs [32]. There is evidence of the involvement of CYP2D6 in the

metabolism of JWH-018 and AM-2201 in the brain especially in brain regions that

have a high expression of CB1Rs, including the cortex, hippocampus, and cerebel-

lum. It is likely that CYP2D6 is involved in the management of brain concentrations

of these SCBs and their active metabolites, more so than in the liver.

Urine specimens obtained from individuals who ingested SCBs contain high

concentrations of glucuronide metabolites [17–19, 24], coupled with no traces in

serum [33, 34], suggesting that glucuronic acid conjugation plays a key role in the

excretion of these drugs in urine. In the liver, JWH-018 and JWH-073 metabolites

are formed by major UGT isoforms UGT1A1, UGT1A9, and UGT2B7 [18] (see

Fig. 1). In addition, extrahepatic UGT isoforms involved in metabolism include

UGT1A7 expressed in lung, UGT1A3 and UGT2B7 expressed in brain (as well as

liver), and UGT1A10. Importantly, human UGT1A3 and UGT2B7 are predomi-

nant isoforms responsible for generating the major metabolites of JWH-018 and

JWH-073 found in urine [35]. Since UGT1A3 and UGT2B7 are also expressed in

the brain, these UGT isoforms may play a role in regulating brain concentrations of

SCBs and their active metabolites at the CB1R, similar to CYP2D6 (as previously

discussed).

3 Synthetic Cannabinoid Cellular Signaling

The pharmacological profiling of Δ9-THC has led to the characterization of metab-

olites produced by SCBs JWH-018 and JWH-073 [36]. Like the phytocannabinoid

Δ9-THC, both JWH-018 and JWH-073 have high affinity for the CB1 and CB2Rs

[3–7]. Chemical structures for JWH-073 many of the related SBCs discussed in

this chapter are shown in Fig. 2. Emerging SCBs found in commercial preparations

also have high affinity for the CB1 and CB2Rs, including 2-[(1S,3R)-3-hydroxycyclo-

hexyl]-5-(2-methyloctan-2-yl)phenol (CP-47,497) [37], (1-pentylindol-3-yl)naphtha-

len-1-ylmethane (JWH-175) [38], 1-([(1E)-3-pentylinden-1-ylidine]methyl)naphthalene

(JWH-176) [38], (1-pentylindol-3-yl)-(2,2,3,3-tetramethylcyclopropyl)metha-

none (UR-144) [39], naphthalen-1-yl-(1-pentylpyrrol-3-yl)methanone (JWH-030)

[40], 2-(2-methoxyphenyl)-1-(1-pentylindol-3-yl)ethanone (JWH-250) [41],

N-(1-adamantyl)-1-pentylindazole-3-carboxamide (APINACA, or AKB48) [42], and

1-[(N-methylpiperidin-2-yl)methyl]-3-(adamant-1-oyl)indole (AM-1248) [43]. Further-

more, most commercial SCB products display high potency and efficacy as CB1R
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agonists both in vitro and in vivo, including JWH-018 [5, 8], JWH-073 [4, 44],

AM-1248 [39], CP-55,940 [40], WIN-55,512-2 [40], and (6aR,10aR)-9-(hydroxy-

methyl)-6,6-dimethyl-3-(2-methyloctan-2-yl)-6H,6aH,7H,10H,10aH-benzo[c]isochro-

men-1-ol (HU-210) [45].

The abuse liability of SCB products may be attributed to the presence of high

affinity and fully efficacious CB1 agonists in these commercial products [46]. For

instance, the in vitro efficacy ofΔ9-THC is partial relative to JWH-018 and JWH-073,

which are fully efficacious [4, 8, 46]. Importantly, not all in vitro or ex vivo assess-

ments can identify differences in efficacy between THC and SCBs. An interesting

study by Hoffman et al. [47] demonstrated similar efficacy for SCBs and THC in an

electrophysiological assay reflecting inhibition of transmitter release. Nevertheless,

the often demonstrated low in vitro efficacy ofΔ9-THC does not necessarily translate

to partial agonism in vivo, and Δ9-THC often displays in vivo efficacy comparable to

fully efficacious agonists [48]. In addition, abrupt discontinuation of chronic mari-

juana use orΔ9-THC administration produces a withdrawal syndrome in humans and

rodents that is accompanied by a region-specific downregulation and desensitization

Fig. 2 Chemical structures of SCBs discussed in this chapter. Abbreviations are as follows: JWH-
018 naphthalen-1-yl-(1-pentylindol-3-yl)methanone, JWH-073 naphthalen-1-yl-(1-butylindol-3-

yl)methanone, JWH-015 (2-methyl-1-propyl-1H-indol-3-yl)-1-naphthalenylmethanone, JWH-030
naphthalen-1-yl-(1-pentylpyrrol-3-yl)methanone, AM-2201 1-[(5-fluoropentyl)-1H-indol-3-yl]-

(naphthalen-1-yl)methanone, JWH-250 2-(2-methoxyphenyl)-1-(1-pentylindol-3-yl)ethanone,

JWH-175 (1-pentylindol-3-yl)naphthalen-1-ylmethane, JWH-176 1-([(1E)-3-pentylinden-1-

ylidine]methyl)naphthalene, UR-144 (1-pentylindol-3-yl)-(2,2,3,3-tetramethylcyclopropyl)methanone,

XLR-11 (1-(5-fluoropentyl)-1H-indol-3-yl)(2,2,3,3-tetramethylcyclopropyl)methanone, CP-47,497
(2-[(1S,3R)-3-hydroxycyclohexyl]-5-(2-methyloctan-2-yl)phenol
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of CB1Rs in the brain [49–51]. Thus, it is possible that commercial SCB products that

contain high-efficacy agonists may intensify the adverse effects related to tolerance,

dependence, and withdrawal of SCB abuse relative to Δ9-THC. For instance, the

commercial SCB product “Spice Gold” produced a withdrawal phenomenon and

dependence syndrome in humans that transpired after abrupt discontinuation of use

in the form of drug craving, elevated blood pressure, nausea, tremor, profuse sweat-

ing, and nightmares [52]. The active constituents of this product were not forensi-

cally determined in the product itself or in fluids or tissue from the case subject, but

contemporaneous laboratory studies determined that a mixture of the SCBs JWH-018

and CP-47,497 was present in this commercial smoking blend at the time and in the

geographic area where the aforementioned case occurred [52].

Metabolism of Δ9-THC produces a single active metabolite (11-hydroxy-Δ9-

THC) that exhibits reduced CB1R affinity compared with the parent compound

[53]. On the other hand, metabolism of commercial SCBs including JWH-018,

JWH-073, and AM-2201 produces numerous major mono-hydroxylated metabo-

lites that retain nanomolar binding affinity for CB1Rs [4, 5, 23] (see Fig. 1), unlike

their carboxylated metabolites, which do not bind to nor activate CB1Rs.

In addition to retaining high CB1R affinity, in vitro functional assays (G-protein

activation) demonstrate that the major mono-hydroxylated metabolites of JWH-018,

JWH-073, and AM-2201 exhibit partial to full efficacy at the CB1Rs similar to fully

efficacious CP-55,940 [4, 5, 23]. Of further importance, the in vivo cannabimimetic

effects of JWH-018 and JWH-073 mono-hydroxylated metabolites elicited profound

hypothermic and locomotor depressant effects in mice [4]. These effects are attenu-

ated by CB1R antagonist/inverse agonist 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-

methyl-N-(1-piperidyl)pyrazole-3-carboxamide (AM-251), suggesting that these me-

tabolites are mediating their effects through the CB1R, similar to the parent ligands.

Moreover, the effects elicited by these metabolites may be associated with adverse

effects of SCB use. For instance, it has been shown that several mono-hydroxylated

metabolites of JWH-018, JWH-073, and AM-2201 retain high CB1R affinity and

activity and may display additive or synergistic interactions with other SCBs

[54]. Additional contributing factors to adverse effects of SCB use can be: (1) drug

effects of non-cannabinoid-like ligands found in commercial SCB products, (2) var-

iations in batch-to-batch preparations with differences in the concentration and con-

tent found in commercial SCB products, and (3) an exacerbation of SCB adverse

effects in drug users with preexisting conditions [36, 55–58].

Although evidence suggests that mono-hydroxylated metabolites of JWH-018,

JWH-073, and AM-2201 are active at CB1Rs in both in vitro and in vivo assays

[54], it is also possible for some oxidized metabolites of SCBs to function as antag-

onists at CB1Rs. Despite the fact that the 7-hydroxyindole derivative of JWH-073

has not been detected in human urine, it has been shown to bind to CB1Rs with

nanomolar affinity without eliciting any G-protein activation at concentrations that

are pharmacologically relevant, up to 10 μM [4]. Furthermore, Schild analysis has

shown that the 7-hydroxyindole derivative of JWH-073 competitively antagonizes

G-protein activation in vitro. In mice, hypothermia induced by JWH-018 was at-

tenuated by pretreatment with this oxidized derivative of JWH-073. Alternatively,
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JWH-018 induced analgesia, catalepsy, and locomotor activity were not altered by

this metabolite. Overall, these in vitro and in vivo findings along with the lack of the

7-hydroxyindole derivative of JWH-073 detected in human urine suggest that this

oxidized derivative of JWH-073 may not be formed in humans or readily cross the

blood–brain barrier.

In addition to a human oxidation product of JWH-018 acting as a CB1R an-

tagonist, it has also been shown that a major human glucuronidated metabolite of

JWH-018 (5-hydroxypentyl-β-D-glucuronide) retains significant affinity for CB1Rs

and displays CB1R antagonism in vitro [59]. Interestingly, this study also showed

that a major structurally similar glucuronidated metabolite of THC (11-nor-9-

carboxy-THC-β-D-glucuronide) lacked CB1R affinity and activity. Collectively,

these findings demonstrate that both hydroxylated and glucuronidated metabolites

of SCBs may retain significant CB1R affinity in the absence of intrinsic activity,

which suggest that some SCB metabolites can produce physiologically relevant

antagonism of effects of CB1Rs.

When discussing the pharmacological and toxicological effects of SCBs, the

primary focus has been geared towards understanding CB1R-induced responses.

Many SCBs not only have high affinity and significant intrinsic activity at the

CB1R, they very often also have comparable binding and functional activity at the

second major CBR subtype, CB2R [3, 6]. CB1Rs are primarily located within the

CNS, while CB2Rs are most abundantly located on immune cells in peripheral

regions [60] and are associated with immune functions, inflammation, and bone

formation [61]. More recent studies have demonstrated that activation of low num-

bers of CB2R in the CNS can modulate the abuse-related properties of alcohol [62],

nicotine [63], and cocaine [64]. In addition, mono-hydroxylated metabolites of

JWH-018 and JWH-073 have also been shown to retain high CB2R affinity and

efficacy [7].

Interestingly, findings have implicated the involvement of endocannabinoid sig-

naling in the modulation of the serotonin system (as reviewed by Haj-Dahmane and

Shen [65]. For instance, chronic activation of CB2Rs has been shown to produce an

upregulation of 5-HT2A receptors in the prefrontal cortex of mice [66, 67]. CNS

abnormalities in 5-HT2A function can lead to mental disorders, including anxiety

[68] and psychosis [69]. Furthermore, 5-HT2A receptor signaling is a major site of

action for hallucinogenic drugs [70]. Common adverse effects associated with SCB

use are not often observed with Δ9-THC, such as anxiety and psychosis [71]. It is

possible to speculate that SCB- or SCB metabolite-induced upregulation of 5-HT2A

receptors, mediated via CB2R activation, might contribute to anxiety and psychosis

that are observed after exposure to SCBs found in commercial abuse-ready prep-

arations. In this regard, a case study reported on four patients hospitalized for

psychosis who smoked a product containing the SCB AM-2201 while in the clinic.

The authors described the appearance of new psychotic symptoms, and a marked

worsening of mood and anxiety symptoms in four patients, and noted that even

though they all ingested the same drug, the clinical picture differed markedly

among the individual patients [72], perhaps implicating individual metabolism of

AM-2201 in the diversity of effects observed. Thus, it is clearly important for future
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studies to explore both CB1R and CB2R signaling as it relates to the pharmaco-

logical and toxicological effects of SCBs and its metabolites. Furthermore, future

studies should consider the capacity of these drugs to modulate the expression and

function of other, non-CBR systems.

4 Synthetic Cannabinoid Drug–Drug Interactions

Commercial SCB preparations often contain multiple drugs in combination, and the

concentrations of these specific SCBs vary widely from product to product, or even

within a product from batch to batch [58, 59]. Therefore, it is possible for drug–drug

interactions to exist both within and between these diverse mixtures of SCBs, which

may contribute to abuse-related and adverse effects associated with the use of these

drugs. As described above, mouse studies have shown that coadministration of

JWH-018 and JWH-073 produced additive, synergistic, or antagonistic interactions

compared to administration of either drug alone, depending on the specific endpoint

examined and the drug dose ratio employed [54]. Evidence of synergistic effects

with these two SCBs was demonstrated both in vivo and in vitro, with mouse assays

of Δ9-THC discrimination and analgesia, and with displacement of radioligand

binding from CB1Rs in a cellular model. In addition to synergism, SCB blended

mixtures can influence the relative potency of both their subjective and adverse

effects. Furthermore, polysubstance abuse may lead to unpredictable effects of

SCBs that may contribute to even greater abuse-related and adverse effects. Fu-

ture studies are needed to understand the drug–drug interactions among SCBs and

co-exposure to other drugs of abuse.

Given their shared metabolism via P450 isoforms, combined use of SCBs with

various prescription medications could also potentially result in adverse drug–drug

interactions. Commonly prescribed drugs such as valproic acid (an anticonvulsant

and mood stabilizer) and sertraline (an antidepressant) potently inhibit CYP2C9,

while drugs such as ciprofloxacin (an antibiotic) and fluvoxamine (an antidepres-

sant) strongly inhibit CYP1A2. Additionally, CYP2C9 is a major polymorphic en-

zyme [31] and is responsible for the metabolism of a number of clinically important

drugs such as warfarin (a blood thinner), phenytoin (an anticonvulsant), tolbutamide

(an antidiabetic agent), losartan (an antihypertensive), and ibuprofen (a nonsteroidal

anti-inflammatory drug). Over five allelic variants of CYP2D6 have been identi-

fied, including two “loss of function” variants (CYP2C9*4 and CYP2C9*5) [73].

Similarly, CYP1A2 is responsible for the metabolism of numerous psychiatric

medications including antipsychotics (olanzapine, clozapine, haloperidol, and thio-

ridazine), antidepressants (imipramine, clomipramine, and fluvoxamine), and cho-

linesterase inhibitors used in the treatment of Alzheimer’s disease (tacrine) [74], but
this enzyme is well conserved without common functional polymorphisms [75].

Because SCBs are also substrates for these P450 isoforms, the possibility of drug–

drug interactions is a serious consideration with the use of SCBs.
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5 Conclusions

Commercial SCB products are not safe alternatives to cannabis and pose significant

threats to public health. It is anticipated that morbidity and mortality rates will

continue to increase in correlation to SCB exposure. Recent reports have demon-

strated that SCBs present a pharmacological and toxicological profile that is distinct

from Δ9-THC found in marijuana. For instance, SCBs primarily act as full CB1 and

CB2R agonists both in vitro and in vivo, while Δ9-THC is a weak partial agonist.

Furthermore, several SCB metabolites bind with high affinity at CB1 and CB2Rs,

while displaying a range in intrinsic activities from neutral antagonists to partial

agonists to full agonists, both in cellular assays and animal studies. These findings

illustrate that commercial SCBs products are not safe and should not be considered

an alternate form of marijuana. Rather, they produce greater toxicity relative to

marijuana, which could be attributed to the combined actions of the varying SCBs

or their metabolites present in these products. Still, these findings present the sup-

porting evidence that the pharmacological and toxicological properties of SCBs

pose a severe health risk.
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Tripping with Synthetic Cannabinoids

(“Spice”): Anecdotal and Experimental

Observations in Animals and Man

Torbj€orn U.C. Järbe and Jimit Girish Raghav

Abstract The phenomenon of consuming synthetic cannabinoids (“Spice”) for

recreational purposes is a fairly recent trend. However, consumption of cannabis

dates back millennia, with numerous accounts written on the experience of its

consumption, and thousands of scientific reports published on the effects of its

constituents in laboratory animals and humans. Here, we focus on consolidating the

scientific literature on the effects of “Spice” compounds in various behavioral

assays, including assessing abuse liability, tolerance, dependence, withdrawal,

and potential toxicity. In most cases, the behavioral effects of “Spice” compounds

are compared with those of Δ9-tetrahydrocannabinol. Methodological aspects, such

as modes of administration and other logistical issues, are also discussed. As the

original “Spice” molecules never were intended for human consumption, scientif-

ically based information about potential toxicity and short- and long-term behav-

ioral effects are very limited. Consequently, preclinical behavioral studies with

“Spice” compounds are still in a nascent stage. Research is needed to address the

addiction potential and other effects, including propensity for producing tissue/

organ toxicity, of these synthetic cannabimimetic “Spice” compounds.
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1 The Cannabis Plant

The relationship between cannabis and man has a long and varied history spanning

millennia. The plant has been used for hemp production, a food source, as a

medicine, and as a recreational drug. Although its exact geographical origin is

unknown, many taxonomists have suggested its origins to be central Asia. The

original plant composition likely no longer exists, as humans have greatly
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influenced the genome through selective breeding. One can grossly divide the plant

into two main sub-strains, one emphasizing its use for fiber (cordage) production

(high cannabidiol, CBD, and content) and the other strain emphasizing its use as an

intoxicant, the latter primarily due to the phytocannabinoid chemical Δ9-tetrahy-

drocannabinol (THC). The amount and ratios of cannabinoids, terpenes, and other

chemicals also show regional variations [1].

2 Personal Testimonies

Many personal accounts surrounding the mind altering effects of cannabis are

dispersed throughout history, including those of members of the hashish eaters

club in Paris around the early to mid-seventeenth century. One likely member of the

club was the French psychiatrist J. J. Moreau de Tours (1804–1884) who, in his

youth, had traveled abroad extensively including visiting the Middle East where he

had encountered hashish (cannabis resin). Moreau was fascinated with the topic of

the mind and psychosis/mental illness. He believed that valuable insights into the

“psychotic state of mind” could be achieved by inducing a temporary “insanity”

episode through the means of taking mind altering drugs. He and his students

ingested various amounts of hashish resin and systematically recorded their obser-

vations. Such observations/recordings formed the foundation for the publication

“Du Hachisch et de l’Alienation Mentale; Etudes Psychologiques” (Hashish and

Mental Illness; Psychological studies). The 400-page book by Moreau was origi-

nally published in 1845 and an English translation was reissued in 1973 by Raven

Press. Given Moreau’s belief in the usefulness for psychiatry of the revelations of

the workings of the brain by mind altering drugs (model psychosis), many scholars

view him as the founding father of the discipline we today refer to as Psychophar-

macology [2–4]. Description(s) of the mental and physiological effects of high-dose

ingestion of hashish (“A young physician, terrified, pressed his head with both

hands as if to keep it from bursting, crying: I am lost; I have lost my head; I am

going crazy!”; p. 83, English version) are akin to descriptions related to the more

recent phenomenon of using synthetic cannabinoids for recreational purposes, here

collectively referred to as “Spice” (“My heart starts pounding so fast and hard and

doesn’t feel real. As of that moment, I no longer know who I am, where I am and

what is real”; The Day AM-2201 Ruined My Life, Anonymous testimony, Erowid.

org. Aug 11, 2015).

3 Synthetic Cannabinoids

AM-2201 is a synthetic chemical capable of activating brain cannabinoid receptors

(CB1R and CB2R) with high receptor binding affinity and potency. While its

effects mimic those induced by THC in rat drug discrimination studies, AM-2201
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is 5–12 times (see Fig. 1) more potent than THC and its duration of action appears

shorter [5, 6]. (Note: Potency estimates will depend on the particular endpoint being

examined.)

Originally, AM-2201 and similar indole-based ligands (see Fig. 2 for examples)

were developed to gain insight into the workings of the endocannabinoid system

(ECS), a modulatory signaling system present in brain as well as peripheral body

tissues. Endogenous ligands include anandamide and 2-arachidonoyl glycerol

(2-AG), but other fatty acid related constituents also have been identified in brain

[1]; for chemical structures of the phytocannabinoids THC and CBD, as well as the

endogenous ligands anandamide and 2-AG, see Fig. 3. Endocannabinoids bind to

and activate both CB1R and CB2R, but the cannabis/THC produced “high” is

primarily mediated through activation of CB1R; the contribution by CB2R, if

any, remains elusive. Thus, clandestine manufacturing has targeted compounds

that activate CB1R. Offerings through the internet, “head-shops,” convenience

stores, and other venues aim to provide alternatives to cannabis that are not detected

by analytical screening assays. As forensic chemists have developed assays to

detect synthetic cannabinoids, the clandestine manufacturers have made tweaks in

the chemical structures to continue drug trafficking and to evade legal restrictions

after previous chemicals have been banned. In addition, the package wrapping

usually contains a disclaimer which states that the herbal incense “is not for

human consumption.” Although the initial wave of recreational synthetic cannabi-

noids borrowed design and synthetic routes that were already available in the

scientific literature, many more recent chemicals are novel and have not been

described before; for references, see [7, 8]. Information on the biological effects

of many clandestine synthetic cannabinoids is scant and mostly limited to receptor

binding affinities for the two receptors. Accounts on the evolution of this relatively

recent phenomenon of clandestine production of “Spice” synthetic cannabinoids

have been provided by many scholars, e.g., [9]. In addition to synthetic cannabi-

noids, synthetic drugs mimicking the effects of psychomotor stimulants (cathinone,
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“Bath salts”), hallucinogens/psychedelics (e.g., “N-bomb”), and opiates (e.g.,

“Krokodile”) are also available through the internet [10]; see also [11].

4 Common Cannabinoid Screens: Tetrad and Drug

Discrimination

4.1 Tetrad

Two common procedures for detecting CB1R activation in vivo are a tetrad battery

of pharmacological tests in rodents and drug discrimination. The “tetrad” is a

composite bioassay developed primarily for mice and rats [12], consisting of
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(a) nociception testing, (b) rectal body temperature, (c) locomotor activity, and

(d) increased catalepsy (muscle rigidity), where the four components are assessed

sequentially after a single administration of the compound. Psychoactive CB1R

agonists increase antinociception and catalepsy and decrease locomotion and body

temperature in these tests. To minimize the occurrence of false positives, the

importance of including all four components in the screen has been

emphasized [13].

4.2 Drug Discrimination

Compared to the tetrad, drug discrimination is more elaborate and pharmacologi-

cally specific, but also is a more time-consuming approach for assessing CB1R

activation [14]. The approach is based on the idea that drug effects can serve as a

stimulus or cue to guide choice behavior in a manner similar to that of sensory

events such as sound or light. For example, a food restricted rat is injected with a

training drug (e.g., THC) or with vehicle, and is placed into an operant box with the

task of selecting one of two levers to gain access to food. If the rat was injected with

the training drug, pressing one lever (e.g., left) will deliver food; conversely, if the

rat was injected with vehicle, pressing the other (right) lever will deliver food.

Repeated pairings of the two training conditions and associated differential

responding required to access food are the basis for stimulus control of the choice

behavior, i.e., the presence/absence of the training drug effects guides the subjects’
choice performance. After asymptotic performance is reached, new chemicals can

be tested for generalization/substitution. If the new chemical mimics the pharma-

cological effects of the training drug, the subject will press the drug-associated

lever; if not, the vehicle-associated lever will be chosen. Co-administration of a

presumed receptor blocker with the training drug will evaluate antagonism [15, 16].
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4.3 Drug Discrimination and “Spice”

Using cannabinoids (primarily THC) as the training drug, discriminative control

over choice behavior has been studied in various species (pigeons, gerbils, mice,

rats, monkeys, and humans) [17]. Several synthetic “Spice” compounds have been

found to mimic the effects of THC in drug discrimination in rodents, as evidenced

by full substitution for THC [5, 6, 18–24]. Additionally, CB1R mediation has been

verified by reversal of the THC-like effects of synthetic cannabinoids with

rimonabant, a selective CB1R antagonist/inverse agonist. More recent studies

have employed synthetic cannabinoids from the initial waves of clandestine offer-

ings such as JWH-018 (also known as AM-678) as discriminative stimuli in

monkeys and rodents [25, 26]. Cross-substitution with THC has been demonstrated

in these studies. Given the rapid proliferation of “Spice” chemicals, more

cannabimimetic drugs have been tried by humans than have been tested in preclin-

ical studies in animals. So far, drug discrimination studies in animals have validated

the general cannabimimetic nature of “Spice” compounds without exception. Of

course, that does not mean that “Spice” compounds are more or less safe than

THC/marijuana. It only means that activation of CB1R is a shared mechanism of

action in producing the in vivo “high.”

5 Logistical Issues

5.1 “Spice” Toxicity

As summarized previously, e.g. [27, 28], the use of “Spice” compounds has resulted

in increased cannabinoid-related calls/visits to emergency room (ER) facilities and

sometimes has been associated with life-threatening medical consequences. Given

the unregulated “Spice” market, the exact amounts of biologically active compo-

nents contained in the “herbal incense” products are unclear. Although independent

chemical analysis of samples of two “Spice” drugs (JWH-018 and JWH-073)

purchased from China were of reasonable purity [29], the degree to which these

samples represent the bulk of material contained in “Spice” products is unknown.

Consideration should be given to possible impurities remaining from the synthesis

process, as well as residual organic solvents, as contributors to toxicity of “Spice”

concoctions. In addition, the sequence of events required to mix bulk chemicals

with plant material to prepare products for sale is unregulated and often not known.

The limited pharmacological/toxicological data gathered thus far do not seem to

implicate any particular feature of synthetic cannabimimetic drugs that distinguish

them from THC/marijuana, except potency and efficacy. Generally, most “Spice”

compounds are full agonists at CB1R (as well as CB2R) compared to THC, which is

a partial agonist. Given the abundance of CB1R in brain and the putative role of the

ECS in fine-tuning neurotransmission and homeostasis, it should be no surprise that
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global activation of CB1R will have ripple effects across the nervous system with

consequences for regulatory control of the body [30].

5.2 Metabolism

Another potentially significant difference between THC and “Spice” drugs con-

cerns their metabolism. Whereas metabolism of THC essentially yields only one

major psychotropic metabolite (i.e., 11-OH-THC) before excretion [31, 32], the

metabolism of, e.g., JWH-018/AM-678 yields more biologically active intermedi-

aries before elimination [33]. Furthermore, depending on the specific synthetic

cannabinoid in question, there may also be differences between THC and “Spice”

(as well as among “Spice” molecules) regarding metabolic pathways as well as

interactions with potassium, nicotinic, and serotonin receptors, in addition to CB1R

[34–36]. For example, based on the metabolite profiles, it has been observed that the

major human cytochrome P450 enzymes (liver and recombinant) involved in the

oxidative metabolism of AB-CHMINACA differ when compared to those that are

involved in the biotransformation and elimination of JWH-018/AM678

[34, 37]. This could be important as the degrading enzymes involved with

AB-CHMINACA are also involved in the metabolism of several marketed medi-

cations as well as hormones [34].

5.3 Mode of Administration

Members of the hashish eaters club took hashish by eating it in the form of a paste,

which is less common today. Rather, inhalation as smoke or vapor of cannabis

products is currently the preferred way of consuming the intoxicant. Inhalation is

also the most common route of administration for “Spice” compounds. Delivery

through the lungs allows the user to titrate the dose compared to oral intake, as

absorption of THC through the digestive system is quite variable [31]. Furthermore,

inhalation [as well as intravenous (i.v.) infusion] will circumvent first-pass metab-

olism in the liver and delivers the drug directly to the brain. Few studies have

compared the effects following inhalation of “Spice” with the more commonly used

intraperitoneal (i.p.) injection procedure in rodents. One study involving JWH-018

suggested comparable results in the tetrad [38], whereas another study [39] noted

absence of catalepsy after inhalation of the “Spice” compounds JWH-073 and

JWH-018 as well as THC. The authors of the latter study speculated that the

different outcomes might be due to a lack of active metabolites after inhalation of

the cannabinergics compared to the i.p. route. Additionally, as a cursory note,

combustion due to heating may change drug composition, as heat apparently

converts some of the parent compound AM-2201 into the closely related

JWH-018/AM-678 and JWH-022 “Spice” compounds [40]. The two latter
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“Spice” molecules, especially JWH-018/AM-678, also exhibit higher potency

compared to THC in drug discrimination using rodents [5, 6, 21, 26, 39, 41] and

monkeys [25, 42]. Further research is needed to better delineate the details and

generality of such findings.

5.4 Methodological/Procedural Considerations

For the most part, cannabinergics are not water soluble and therefore require

organic solvents as carriers in order to prepare suspensions suitable for parenteral

administration. A common vehicle for injecting ligands acting at CB1R in exper-

imental animals consists of ethanol:cremophor:saline in the proportion of 1:1:18.

However, there are many variations of this scheme and comparisons regarding

efficiency in uptake and distribution of the injected materials are scant, making

comparisons of results across laboratories more difficult [17]. Regarding inhalation

(smoke, vapor) of cannabinergics, scientists have designed their own delivery

devices. Hence, there are no uniform standards, although such devices have been

shown to deliver sufficient concentrations of cannabinergics to the organism to

produce relevant pharmacological outcomes, e.g., [43]. As animals have not vol-

untarily inhaled the combustion products, the consequences of the imposed restraint

necessary for the exposure may by itself alter subsequent test performance; see,

e.g., [39].

The injection-to-test interval is an important consideration, as some exogenous

cannabinergics such as HU-210 have a slow onset as well as an extended duration

of action in pigeons, rats, and monkeys [44, 45]; for other examples of

cannabinergics with similar in vivo time-course profile, see [46–48]. The slow

onset of certain cannabimimetic drugs may initially be miscued as low potency,

and more material will be ingested to achieve the “high.” Under such circum-

stances, when the effect of the drug finally kicks in, a much stronger than desired

effect may occur. Such delayed onset of effect has also been described for edible

marijuana [49]. As HU-210 was present in some early confiscated batches of

“Spice,” it is now a Schedule I drug in the USA.

When dealing with live experimental animals, environmental and procedural

factors can have profound effects on responsiveness to drugs. It has been argued

that the effects of exogenous cannabinergics and endogenous cannabinoid-like

signaling molecules may be particularly susceptible to such influences given the

purported involvement of the ECS in the regulatory modulation of emotion and

cognition processes [50]; see also [51]. In essence, this boils down to the impor-

tance of the concepts of “set” (the state of the organism at drug exposure) and

“setting” (the prevailing external conditions surrounding the drug experience).
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6 Drug Reinforcement

Drugs considered to have high abuse potential in humans oftentimes also serve as

reinforcers for animals, as examined mostly in laboratory rodents and monkeys.

Thus, animals press a lever to get access to i.v. infusions of opioids (e.g., heroin),

psychomotor stimulants (e.g., cocaine), and other drugs (self-administration, SA);

they display preference (or aversion) for distinct environments associated with

positive drug effects (conditioned place preference, CPP); and they exhibit facili-

tation (or not) of intra-cranial electrical stimulation (ICSS). These are the three

most common techniques in experimental animals for assessing abuse liability of

drugs in vivo.

6.1 SA and Cannabinergics

Early attempts to establish THC as a reinforcer in animals met with limited success

using the SA paradigm [52]. However, more recent developments have suggested

that i.v. infusions of WIN 55,212-2, an aminoalkyl indole that is chemically related

to many “Spice” compounds, may sustain SA in rodents; for review, see [53]. In

agreement with non-human primate data (see below), the endogenous ligand 2-AG

seemed to maintain robust SA in rats [54] whereas similar infusion protocols

applied to rodents responding for the “Spice” aminoalkyl indole JWH-018/AM-

678 produced more variable SA performances [55], more akin to SA performances

seen with WIN 55,212-2 [53]. However, other indole cannabinergics (JWH-073,

JWH-081, and JWH-210) as well as THC did not serve as reinforcers using SA

protocols in mice [56].

An intriguing finding from one laboratory was that when THC was substituted

for the maintenance drug WIN 55,212-2, responding for i.v. infusions stopped,

suggesting that infusions of THC are less rewarding than infusions of WIN 55,212-

2 [57]. Using a relatively unconventional choice procedure, Braida et al. [58, 59]

found biphasic functions for THC as well as the potent cannabinergic CP-55,940,

i.e., there was an increased rate of responding after low doses and a decrease after

higher doses, where the drugs were delivered by an intracerebroventricular route of

administration.

Using squirrel monkeys, THC as well as anandamide and its longer acting

analog methanandamide and 2-AG as well as the putative anandamide transporter

ligand AM-404 have all been found to serve as reinforcers, exhibiting the typical

inverted dose-response function, with middle doses producing the highest response

rate; for reviews, see [52, 60, 61]. As a cautionary note, there are no published

replications of these findings with monkeys from other laboratories except to note

that rhesus monkeys did not self-administer THC when THC was presented alone to

these animals, originally trained to self-administer heroin [62].
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Based on above examples as well as other studies reviewed elsewhere [63], it

seems clear that cannabinergics can serve as reinforcers for experimental animals.

However, the many reported failures of finding SA with cannabinergics, especially

THC, also suggest that the conditions under which SA occurs with cannabinergics

are more limited compared to abused drugs like cocaine or heroin [64, 65]. Given

the more positive findings with WIN 55,212-2, and the observation that THC

suppressed responding in rats maintained on WIN 55,212-2 SA, might suggest

that cannabinergics may differ in their reinforcing effects and hence in their

capacity to subserve maintenance of SA. Fast onset and a relatively short duration

of action for most of the cannabinergic “Spice” indoles may be contributing factors.

6.2 CPP and Cannabinergics

The CPP procedure may be used for assessing the valence of drug effects (pre-

ferred, neutral, or non-preferred) in rodents. The hedonic value is inferred by

measuring the relative time spent in two contextually distinct compartments after

explicit repeated pairings of the drug effects with one of the two contexts. Often the

two environments are separated by a smaller box from which the two distinct

compartments can be accessed (start-area) [66, 67]. It is imperative that a range

of doses be examined as the window of detecting hedonia (reinforcing effects) can

be quite limited as seems to be the case with cannabinergics. Such studies have been

reviewed elsewhere [53] and the authors emphasized that dose, time of testing,

rodent strain, and other variables are all critical determinants for the outcome of

CPP studies. For example, 2–4 mg/kg doses of THC resulted in a place preference

in rats at the 24 h post-injection test exposure whereas an aversion occurred when

examined 48 h post-injection, i.e., animals spent more time in the alternate com-

partment compared to controls [68]. Familiarity with the drug effects may facilitate

detecting hedonic or reinforcing effects of the drug in question. Thus, priming with

an administration of THC the day before the first drug-context pairing resulted in

context-preference with lower doses of THC as opposed to non-primed animals,

which exhibited only context-aversion with the same doses; higher doses resulted in

non-preference irrespective of priming or not [69]. Genetic variants may include

“spontaneously” hypertensive rats, as they exhibited preference as adolescents in a

CPP protocol with doses of WIN 55,212-2 which produced context/place aversion

in controls [70]. This genetic pre-disposition has been proposed as a rodent model

for human attention deficit disorder. As such, it may point to a possible

pre-dispositional vulnerability in developing drug abuse disorders.

Thus, traditionally examined cannabinergics (THC, WIN 55,212-4, CP-55,940

as well as HU-210) may exhibit hedonic valence in rodents in the CPP model of

reinforcement but appear to do so under more limited conditions compared to

heroin and cocaine.

Studies employing “Spice” compounds do not indicate any major shift in our

understanding of outcomes of cannabinergics and CPP. For example, a history of
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pre-exposure to THC facilitated detection of place preference with one early

“Spice” compound (JWH-018/AM-678) at the lower dose range whereas

non-primed rodents displayed aversion [71]. Additional studies indicated that

JWH-175, a weaker but chemically related compound, resulted in place preference

in mice without pre-exposure [72]. Additional related “Spice” chemicals

(JWH-073, JWH-081, and JWH-210) demonstrated preference at lower doses and

aversion at higher doses [56]. Hence, dose is a crucial factor in CPP studies

examining cannabinergic compounds detected in “Spice” products.

6.3 ICSS and Cannabinergics

Like drug self-administration, ICSS is an operant procedure whereby pressing a

lever, or by other means, animals can deliver electrical currents through electrodes

implanted in brain areas associated with pleasure. The neural circuitry sustaining

ICSS is referred to as medial forebrain bundle and involves brain areas connecting

ventral tegmentum, lateral hypothalamus, nucleus accumbens, and surrounding

areas with further projection(s) into the pre-frontal cortex [73].

Traditionally studied cannabinergics such as THC, CP-55,940, and WIN 55,212-

2 have produced mixed outcomes [53]. It seems fair to conclude that the

cannabinergics studied thus far have not reliably produced a facilitation of brain

thresholds in comparison to the facilitation more robustly seen with heroin and

cocaine [73]. Whether “Spice” drugs will pose a challenge to this general consensus

is an open question.

7 Tolerance, Dependence, and Withdrawal

Upon repeated administration, tolerance to the effects of cannabinergics is likely to

occur [74]. The extent and rate of tolerance development is dependent upon a

variety of factors, including the endpoint being examined. For example, attenuation

of hypothermia in rodents is marked and swift, occurring within days of repeated

drug exposure [75]. Tolerance development to the effects of cannabinergics is

primarily due to pharmacodynamic, rather than pharmacokinetic changes, e.g.,

[76]. Proposed neural mechanisms underlying the adaptation are receptor

downregulation and/or receptor desensitization, i.e., reduced expression of recep-

tors and/or a diminished responsiveness of the receptors to their ligands [77–

79]. Published case reports suggest that profound tolerance can develop with

repeated exposure to “Spice” cannabimimetics and that this tolerance may lead to

an escalation of consumption of the drug in order to achieve desired effects.

Adjustment to high “Spice” doses likely will be accompanied by withdrawal

reactions upon termination of drug ingestion. Experimental animals also display

withdrawal phenomena after continuous exposure to cannabinergics; for references,
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see [80]. Tolerance and cross-tolerance to and between “Spice” drugs (JWH-018/

AM-678 and JWH-073) and THC suggested rapid tolerance development to hypo-

thermia and cross-tolerance between “Spice” and THC in mice. As measured, drug-

induced locomotor suppression did not indicate tolerance development for any of

these three compounds. The extent by which the distinction between full and partial

agonism is helpful in explaining these outcomes was discussed [81]; for further

elaboration on this topic, see also [78].

8 “Spice”: Neurological and Sensomotor Aspects

Published case reports indicate that “Spice” products are associated with increased

incidences of severe psychiatric and neurological reactions, rarely seen after intake

of cannabis preparations [82, 83]. Given the paucity of information related to safety

issues about “Spice” chemicals, there are many unknowns. For example, are certain

chemical/structural features more linked to severe reactions? An article about an

acute delirium outbreak in users exposed to the chemical AB-CHIMNACA might

suggest such a possibility [28]. Alternatively, can such an outbreak be understood

basically in terms of excessive cannabinoid receptor stimulation, resulting in

homeostatic collapse(s) leading to physiological dysregulation and organ failure

(s)? [30]. Science has only recently begun to address such questions and thus far

only limited data are available.

Examining a variety of more recently appearing “Spice” cannabimimetics,

Banister and colleagues [7, 8] observed dose-related hypothermia and bradycardia

in mice – though duration of action differed among compounds. Another study [83]

examined effects of halogenated derivatives of JWH-018/AM-678 and found that

the derivatives appeared to exhibit a more benign side-effect profile compared to

the parent compound. Whereas administration of JWH-018/AM-678 was associ-

ated with a high incidence of seizures, myoclonia, and hyperreflexia, the bromo

analog exhibited much reduced or no such effects at all; the chloro analog showed

intermediate activity. All compounds, including THC, produced a typical constel-

lation of cannabinergic behavioral effects (decreased locomotion, hypothermia, and

catalepsy). All effects were attenuated by chemical CB1R antagonist blockade with

AM-251. A related study [82] examined sensomotor functions (visual, auditory,

and tactile) as well as neurological changes (convulsion, myoclonia, and

hyperreflexia), comparing the effects of THC and JWH-018/AM-678. At lower

doses, both drugs produced similar effects. At higher doses, JWH-018/AM-678

stood out as it resulted in pronounced neurological changes and marked decreases

in sensomotor functions. All effects, including those of THC, were prevented by

administration of the CB1R antagonist/inverse agonist AM-251. The related

cannabimimetic indoles JWH-081 and JWH-210 dose-dependently affected loco-

motor activity and rotarod performance; unlike the indoles described above, con-

vulsion was absent although no direct comparison with above indoles was made;

tremor, however, was noted [84]. Histological analysis of hippocampal tissue
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suggested histopathology although no changes in overt performance in the Morris

water maze task were reported [84]. Another study, examining JWH-081 reported,

however, that the drug negatively affected performance in a Y-maze task, accom-

panied by molecular changes in hippocampal activity. Higher doses of this ligand

impaired object recognition in an open-field test and interfered with spontaneous

alternation in the Y-maze test [85]. These results were observed only in wild-type,

but not in CB1R knock-out mice, hence implicating CB1R mediation and perhaps

also absence of an involvement of “off-target” effects in generating these outcomes.

Although above findings do not allow for a general conclusion about the potential

toxicity of “Spice” products, they represent initial efforts by the scientific commu-

nity to assist society in its challenge to deal with this relatively recent phenomenon

of “high-jacking” science for unregulated commercial endeavors [86].

The previous quote from Moreau mentioned in the introduction contains a final

sentence which reads: “Fortunately, his fears were promptly replaced by the wildest

kind of joy.” (p. 83, English version). However, based on the findings presented in

this chapter, tripping with synthetic “Spice” cannabinoids is no laughing matter.
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Pharmacology and Toxicology

of N-Benzylphenethylamine (“NBOMe”)

Hallucinogens

Adam L. Halberstadt

Abstract Serotonergic hallucinogens induce profound changes in perception and

cognition. The characteristic effects of hallucinogens are mediated by 5-HT2A receptor

activation. One class of hallucinogens are 2,5-dimethoxy-substituted phenethylamines,

such as the so-called 2C-X compounds 2,5-dimethoxy-4-bromophenethylamine

(2C-B) and 2,5-dimethoxy-4-iodophenethylamine (2C-I). Addition of an N-benzyl
group to phenethylamine hallucinogens produces a marked increase in 5-HT2A-

binding affinity and hallucinogenic potency. N-benzylphenethylamines (“NBOMes”)

such as N-(2-methoxybenzyl)-2,5-dimethoxy-4-iodophenethylamine (25I-NBOMe)

show subnanomolar affinity for the 5-HT2A receptor and are reportedly highly potent

in humans. Several NBOMEs have been available from online vendors since 2010,

resulting in numerous cases of toxicity and multiple fatalities. This chapter reviews the

structure–activity relationships, behavioral pharmacology, metabolism, and toxicity

of members of the NBOMe hallucinogen class. Based on a review of 51 cases of

NBOMe toxicity reported in the literature, it appears that rhabdomyolysis is a

relatively common complication of severe NBOMe toxicity, an effect that may be

linked to NBOMe-induced seizures, hyperthermia, and vasoconstriction.

Keywords Head twitch response • Locomotor activity • Psychedelic • Research

chemical • Serotonin syndrome
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1 Introduction

Serotonergic hallucinogens, also known as classical hallucinogens or psychedelics, pro-

duce marked alterations of perception, mood, and cognition (reviewed by Halberstadt

[1] and Nichols [2]). Indoleamines and phenylalkylamines are the two main structural

classes of hallucinogens. The phenylalkylamines can be divided into two categories:

phenethylamines, including mescaline and the 2C-X compounds 2,5-dimethoxy-4-

bromophenethylamine (2C-B) and 2,5-dimethoxy-4-iodophenethylamine (2C-I), and

phenylisopropylamines (“amphetamines”) such as 2,5-dimethoxy-4-bromoamphetamine

(DOB) and 2,5-dimethoxy-4-methylamphetamine (DOM). In contrast to indoleamine

hallucinogens, which are relatively nonselective for serotonin (5-HT) receptors, phenyl-

alkylamine hallucinogens are highly selective for 5-HT2 sites.

The characteristic effects of serotonergic hallucinogens are believed to bemediated

by activation of 5-HT2A receptors. Pretreatment with the 5-HT2A antagonist ketan-

serin blocks the hallucinogenic effects of psilocybin and the botanical hallucinogen

ayahuasca in human volunteers [3–5]. Similarly, most of the behavioral effects of

hallucinogens in laboratory animals are linked to 5-HT2A activation [1]. There is also a

significant correlation between 5-HT2A affinity and hallucinogen potency [6, 7].

Although designer drugs are not a new phenomenon, the number and availability of

new psychoactive substances (NPS) are unprecedented and have increased dramati-

cally over the last 5 years. At least 299 different NPS were available across Europe in

2013, with an additional 101 new drugs appearing in 2014 [8]. The four main classes

of NPS are cannabinoids, psychostimulants, opioids, and hallucinogens. Cannabinoids

and psychostimulants are the most commonly abused NPS, but hallucinogenic NPS

are also very popular and their proliferation is causing a significant public health problem.

Internet vendors have been marketing a class of hallucinogens known as N-
benzylphenethylamines (NBOMes) as NPS since 2010 [9, 10]. N-(2-methoxybenzyl)-

2,5-dimethoxy-4-iodophenethylamine (25I-NBOMe) was the first NBOMe to appear on

the illicit market, followed byN-(2-methoxybenzyl)-2,5-dimethoxy-4-bromophenethylamine
(25B-NBOMe) and N-(2-methoxybenzyl)-2,5-dimethoxy-4-chlorophenethylamine

(25C-NBOMe) [11, 12]. Numerous other NBOMes have now been detected [13–15].

The most common method of NBOMe distribution is on blotter paper, but pow-

dered material, solutions, and pills are also available. 25I-NBOMe is reportedly a

highly potent hallucinogen in humans, with typical doses ranging between 0.5 and
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1 mg. NBOMes are reportedly not active orally and are usually taken sublingually

or buccally.

2 Structure–Activity Relationships of NBOMe

Hallucinogens

For phenylalkylamine hallucinogens, N-alkyl substitution results in a marked reduc-

tion of 5-HT2A affinity and behavioral potency (Fig. 1). For example, 2,5-dimethoxy-

4-methylamphetamine (DOM;Ki¼ 100 nM) has higher affinity thanN-methyl-DOM

(Ki ¼ 414 nM) for 5-HT2A sites labeled by [3H]ketanserin in rat frontal cortex homo-

genates [17]. When tested in rats trained to discriminate DOM (1.0 mg/kg, IP) from

saline [18], N-methyl-DOM (ED50 ¼ 3.99 mg/kg, IP) was found to be ninefold less

potent than DOM (ED50 ¼ 0.44 mg/kg, IP). It has also been reported that addition of

an N-methyl group to DOM produces a tenfold reduction of hallucinogenic potency

in humans [19]. The presence of a longer alkyl group is apparently even more de-

trimental; compared to 2,5-dimethoxy-4-bromoamphetamine (DOB; Ki ¼ 63 nM;

[17]), N-propyl-DOB has much lower affinity for 5-HT2A sites (Ki¼ 1,930 nM [16]).

Surprisingly, however, the presence of an N-benzyl group can actually increase
5-HT2A affinity. Glennon first reported in 1994 [20] that N-benzyl-2,5-dimethoxy-4-

bromophenethylamine (25B-NB; Ki ¼ 16 nM vs. [3H]ketanserin) has higher binding

affinity than the unsubstituted parent compound 2,5-dimethoxy-4-bromophenethylamine

(2C-B; Ki ¼ 36 nM) for 5-HT2A receptors labeled with [3H]ketanserin (see Fig. 2).

Although Glennon et al. did not report functional data, further work, published in

abstract format, confirmed that N-benzylphenthylamines act as potent 5-HT2A ago-

nists [21, 22].

Nichols and colleagues subsequently conducted a detailed investigation of the

effects of N-benzyl substitution on the 5-HT2A receptor-binding affinity and efficacy

of phenylalkylamine hallucinogens [23]. These investigations revealed several im-

portant findings. First, although N-benzyl substitution consistently increases the

5-HT2A affinity of phenethylamine hallucinogens, compounds having low-to-mod-

erate affinity tend to be the most sensitive to the substitution. For example, for

Fig. 1 Effect ofN-alkyl substitution of the binding affinity of 2,5-dimethoxy-4-methylamphetamine

(DOM) and 2,5-dimethoxy-4-bromoamphetamine (DOB) for 5-HT2A receptors labeled with [3H]

ketanserin in rat brain homogenates [16, 17]
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2,5-dimethoxyphenethylamine (2C-H), which binds to 5-HT2A sites with moderate

affinity, the addition of an N-benzyl group increased affinity five- to tenfold (see

Table 1). By contrast, the effect of N-benzylation on the affinity of 2,5-dimethoxy-

4-iodophenethylamine (2C-I), which has relatively high affinity for 5-HT2A sites, is

comparatively modest. Second, addition of an N-benzyl group with an oxygenated

substituent at the ortho position results in an even greater increase in 5-HT2A af-

finity. As shown in Table 1, 25I-NBOMe, 25I-NBOH, and 25I-NBMD have higher

5-HT2A affinity than 25I-NB.

Homology modelling [23] indicates that the presence of an N-benzyl moiety

increases 5-HT2A receptor affinity because the benzyl ring is stabilized by aro-

matic stacking with Phe339 in transmembrane domain 6 (TM6). Indeed, mutagen-

esis of Phe339 does not normally alter the binding affinity of 5-HT2A agonists [24]

but does detrimentally affect the affinity and agonist activity of 25I-NBOMe and

other N-benzyl-substituted phenethylamines [23]. Replacement of the N-benzyl
ring in 25B-NBOMe with an electron-deficient heterocyclic ring (e.g., N-pyridinyl)
reportedly produces a marked reduction in 5-HT2A affinity (see Fig. 3), which is

consistent with the evidence that electron-deficient ring systems produce relatively

weak aromatic stacking interactions [27]. One explanation proposed to account for

the effect of an oxygenated N-benzyl ring on affinity is that it may serve as a

hydrogen-bond (H-bond) acceptor. Indeed, in silico homology models predict that

the 2-position oxygen can form a H-bond with Tyr370 in TM7 [28, 29]. Some attempts

to investigate the predicted interaction, however, have yielded conflicting findings.

For example, according to an unpublished study, mutation of Tyr370 to Phe (which

cannot form a H-bond) does not significantly alter the affinity of 25I-NBOMe

[30]. Other studies indicate that Tyr370 plays a general role in 5-HT2A signal

transduction [24] and is unlikely to interact directly with the N-benzyl moiety. As

an alternative to Tyr370, the 2-position oxygen may interact with a different H-bond

donor, e.g., with an amine moiety in the protein backbone.

In rodents, 5-HT2A receptor activation induces the head twitch response (HTR), a

rapid paroxysmal head rotation [31–33]. The HTR is widely used as a behavioral

proxy in rodents for hallucinogen effects in humans and is one of the few behaviors

that can reliably be used to distinguish hallucinogenic and non-hallucinogenic 5-HT2A

agonists [34]. Although the HTR is usually assessed by direct observation, we have

Fig. 2 Comparison of the affinities of N-benzyl-2,5-dimethoxy-4-bromophenethylamine (25B-NB)

and 2,5-dimethoxy-4-bromophenethylamine (2C-B) for 5-HT2A receptors labeledwith [3H]ketanserin

in rat frontal cortex homogenates [20]
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developed a magnetometer coil-based system for recording head movements that can

detect the behavior with high sensitivity and reliability [33]. The HTR detection

Table 1 Effect of N-benzyl substitution of the 5-HT2A affinity (Ki, nM) of phenethylamine

hallucinogens at 5-HT2A receptors labeled with [125I]DOI or [3H]ketanserin

Ligand name Structure

Rat 5-HT2A Human 5-HT2A Human 5-HT2A

[125I]DOI [125I]DOI [3H]ketanserin

2C-H O

O

NH2

227 377 1,999

25H-NB O

O

H
N

17.5 68.1 184

2C-I O

O
I

NH2

0.62 0.73 4.52

25I-NB O

O

H
N

I

0.31 0.25 0.28

25I-NBOMe O

O

H
N

I
O

0.087 0.044 0.15

25I-NBOH O

O

H
N

I
OH

0.12 0.061 0.068

25I-NBMD O

O

H
N

I
O

O

0.19 0.049 0.21

Data from Braden et al. [23]
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system has been used to assess the HTR induced by a variety of hallucinogens and

analogs [35–39].

We have used the HTR to assess whether N-benzyl substitution alters the

behavioral pharmacology of phenethylamines. Our experiments demonstrated that

25I-NBOMe produces a robust HTR in C57BL/6J mice [37]. After subcutaneous

(SC) administration, 25I-NBOMe induced the HTR with an ED50 of 78 μg/kg
(0.17 μmol/kg), making it slightly less potent than LSD, which induces the HTR

with an ED50 of 53 μg/kg (0.13 μmol/kg; [33]). Additionally, as shown in Fig. 4,

25I-NBOMe has tenfold higher potency than 2C-I (ED50 ¼ 830 μg/kg; 2.42 μmol/

kg), which is consistent with their relative binding affinities at 5-HT2A receptor sites

(Table 1). According to another study, 25B-NBOMe induces the HTR in mice with

similar potency to that of 25I-NBOMe [40]. Pretreatment with M100907, a 5-HT2A

receptor antagonist that is highly selective versus 5-HT2C sites, produced a dose-

dependent blockade of the HTR induced by 25I-NBOMe [37]. Hence, the results of

our studies are consistent with anecdotal evidence that 25I-NBOMe acts as a hallu-

cinogen in humans with potency approaching that of LSD. 25I-NBMD also induces

the HTR but its potency (ED50¼ 1.13 mg/kg; 2.36 μmol/kg) is not as high as would

be anticipated based on its 5-HT2A affinity.

There appear to be strict steric and positional constraints on the N-benzyl moiety in

NBOMes. As shown in Fig. 5, the effect of the N-benzyl ring H-bond acceptor on

5-HT2A affinity depends on its position. Moving the ortho-methoxy group in

25I-NBOMe to the meta position (25I-NB3OMe) or the para position (25I-NB4OMe)

progressively reduces 5-HT2A affinity [39]. H-bond formation is dependent on the

distance between acceptor and donor; hence, the diminished 5-HT2A affinities of the

meta and para isomers of 25I-NBOMe are consistent with the methoxy group on the N-
benzyl ring being moved away from a H-bond donor in the binding pocket. However,

steric factors may also contribute to the reduction of 5-HT2A affinity that occurs with

para-methoxy substitution. Substitution of bromine in the para position in the N-benzyl
ring (25I-NB4Br) produces a >tenfold reduction in affinity compared with substitution

in the ortho (25I-NB2Br) or meta (25I-NB3Br) positions (see Fig. 5) [39]. These find-

ings indicate that the region of the binding pocket proximal to the para position of theN-
benzyl ring may be sterically constrained. The existence of such steric constraints may

Fig. 3 Comparisonof the 5-HT2A affinities ofN-(2-methoxybenzyl)-2,5-dimethoxy-4-bromophenethylamine
(25B-NBOMe) [25] and its 3-pyridinyl analog [26]. Affinity was assessed at human 5-HT2A recep-

tors labeled with [3H]ketanserin
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explain why replacement of the N-benzyl group in 25I-NB with a bulky N-naphthyl
group reduces 5-HT2A affinity by a factor of ten- to 20-fold [23].

We have compared the behavioral potencies of the compounds shown in Fig. 5 us-

ing the HTR assay [39]. For the methoxy-substituted regioisomers, moving the meth-

oxy group from the ortho position (25I-NBOMe) to the meta position (25I-NB3OMe)

produced a significant drop in potency (ED50 ¼ 4.34 mg/kg; 9.36 μmol/kg), whereas

the para isomer (25I-NB4OMe) was inactive at doses up to 30 mg/kg SC. Although it is

not clear why the potency of the meta regioisomer 25I-NB3OMe is so low compared to

25I-NBOMe, 25I-NB3OMewas observed to have a relatively brief duration of action in

mice (data not shown), meaning the clearance rate of 25I-NB3OMe in mice may limit

Fig. 4 Head twitch

response (HTR) induced by

2C-I (top) and 25I-NBOMe

(bottom) in male C57BL/6J

mice. Data are

mean � SEM. *p < 0.01

vs. vehicle control group.

Redrawn from Halberstadt

and Geyer [37]
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the magnitude of its behavioral response. Nevertheless, the relative potencies of the

methoxy-substituted regioisomers (ortho > meta > para) are consistent with their re-

lative 5-HT2A affinities. According to studies with the bromine-substituted regioisomers,

the ortho-bromo isomer 25I-NB2Br is active (ED50 ¼ 2.31 mg/kg; 4.50 μmol/kg)

but no HTR was observed with the meta- or para-bromo isomers (25I-NB3Br and

25I-NB4Br, respectively) at doses up to 30 mg/kg.

Differences exist between the structure–activity relationships (SAR) of hallucino-

gens in the NBOMe and phenylalkylamine classes. First, there is a difference in the

effect of α-methyl substitution. Compared to their α-desmethyl congeners, phenyl-

isopropylamine hallucinogens have higher intrinsic activities at 5-HT2A, which is

thought to be the reason why the phenylisopropylamines have higher potency in vivo

[41, 42]. With NBOMes, however, the presence of an α-methyl group reduces in-

trinsic activity and 5-HT2A affinity [23]. According to Braden et al., adding an α-methyl

group to 25I-NBOMe reduced its efficacy (Emax) from 78% to 43% and produced a

12-fold reduction of affinity for rat 5-HT2A receptors labeled with [125I]DOI.

Second, compared to phenylalkylamine hallucinogens, NBOMes are less sensi-

tive to the loss of an oxygenated five-position substituent. It is well established that

2,5-dimethoxy substitution is optimal for activity in phenylalkylamine hallucino-

gens. The 5-methoxy group is believed to interact with Ser239 in TM5 of the 5-HT2A

receptor [43]. Based on the results of mutagenesis studies performed by Braden and

Nichols, it appears that Ser239 donates a H-bond to the 5-methoxy in DOM. Indeed,

removal of the 5-methoxy group in DOM produces a 28-fold reduction in 5-HT2A

affinity and a 130-fold reduction in agonist potency [43]. Interestingly, however,

removal of the 5-methoxy group from 25B-NBOMe produces only a tenfold reduc-

tion in 5-HT2A affinity and does not appreciably alter agonist potency [44]. Hence,

the 5-methoxy group in NBOMes may not play an essential role in 5-HT2A binding

and activation.

Fig. 5 Comparison of the binding affinities of the regioisomers of 25I-NBOMe (top row) and
25I-NB2Br (bottom row) at human 5-HT2A receptors labeled with [3H]ketanserin [39]
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3 Discovery of NBOMes That Are Selective for 5-HT2A

Vs. 5-HT2C Receptors

5-HT2A and 5-HT2C receptors display parallel structure–affinity relationships for

ligand binding [20, 45, 46]. Hallucinogens display nonselective agonist activity at

5-HT2A and 5-HT2C receptors [46, 47]. The cloning of rat and human 5-HT2A and

5-HT2C receptors [48, 49] revealed that these 5-HT receptor subtypes exhibit sig-

nificant sequence homology, especially in the α-helical regions where the ligand-

binding sites are located. Depending upon the species examined, the seven trans-

membrane domains of 5-HT2A and 5-HT2C receptors display between 79 and 80%

sequence conservation. Because of the high degree of structural homology shared

by 5-HT2A and 5-HT2C receptors, it is not surprising that most ligands that bind to

5-HT2A sites are also capable of interacting with 5-HT2C sites.

Similar to other classes of hallucinogens, NBOMes act as 5-HT2C receptor

agonists and are relatively nonselective for 5-HT2A vs. 5-HT2C sites [39]. Given

their high affinity and efficacy at 5-HT2A receptors, NBOMes have been developed as

5-HT2A agonist radioligands [50] and as PET tracers [51, 52]. Such work has also

encouraged development of NBOMes exhibiting selectivity for 5-HT2A receptors

compared with 5-HT2C sites. In contrast to other phenylisopropylamines, 2,5-dimethoxy-

4-cyanoamphetamine (DOCN, Fig. 6) exhibits moderate (22-fold) selectivity for human

5-HT2A (Ki ¼ 45.7 nM) vs. 5-HT2C (Ki ¼ 1,011 nM) sites labeled with [125I]DOI [46],

indicating that 4-cyano substitution represents a potential strategy to augment 5-HT2A
selectivity. Applying this strategy to the NBOMe class led to the discovery of N-
(2-hydroxybenzyl)-2,5-dimethoxy-4-cyanophenethylamine (25CN-NBOH), which is

reportedly 100-fold selective for 5-HT2A receptors (Ki ¼ 1.3 nM vs. [3H]ketanserin)

compared with 5-HT2C receptors (Ki ¼ 132 nM vs. [3H]mesulergine) [25]. However,

according to a more recent investigation using the same antagonist radioligands, 25CN-

NBOH is only 23-fold selective for 5-HT2A receptors (Ki¼ 2.2 nM) relative to 5-HT2C
sites (Ki ¼ 49.8 nM) [38]. Although the selectivity of 25CN-NBOH may be less than

was initially believed, it still exhibits moderate 5-HT2A selectivity. Importantly, we

have confirmed that SC administration of 25CN-NBOH induces the HTR in mice with

moderate potency (ED50 ¼ 0.36 mg/kg; 1.03 μmol/kg [38]). Another group has

confirmed that the HTR induced by 25CN-NBOH is blocked by pretreatment with

0.01 mg/kg M100907 [53]. The latter study also showed that pretreatment with 25CN-

NBOH produces a dose-dependent blockade of the HTR induced by R-(�)-2,5-

Fig. 6 Structures of the

4-cyano-substituted

phenylalkylamines DOCN

and 25CN-NBOH
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dimethoxy-4-iodoamphetamine (R-(�)-DOI), indicating that 25CN-NBOH acts as a

partial agonist.

NBOMes exhibit a high degree of conformational flexibility and could potentially

adopt a range of active binding poses. In order to identify the active conformation,

Nichols and colleagues synthesized a series of rigid analogues of 25B-NBOMe [54]. Of

the nine structurally constrained compounds tested, (�)-trans-DMBMPP (Fig. 7) was

the most potent, binding to human 5-HT2A receptors with a Ki of 5.3 nM. Interestingly,

the affinity of (�)-trans-DMBMPP for human 5-HT2C sites is significantly lower in

comparison, making it 98-fold selective for 5-HT2A receptors. The (S,S) enantiomer of

DMBMPP, resolved by derivatization with a chiral auxiliary, has even higher 5-HT2A

affinity (Ki ¼ 2.5 nM) and is reportedly 124-fold selective for 5-HT2A vs. 5-HT2C
receptors. By contrast, (R,R)-DMBMPP has μM affinity for 5-HT2A receptors (Fig. 7).

It appears that the structural configuration of (S,S)-DMBMPP closely mirrors the active

binding conformation of NBOMes.

4 Other Behavioral Studies with NBOMes

Our previous studies have shown that phenylalkylamine hallucinogens produce dose-

dependent effects on locomotor activity in C57BL/6J mice, increasing activity at

low-to-moderate doses and reducing activity at higher doses [55, 56]. For example,

DOI and DOM increase locomotor activity at 1 mg/kg and reduce activity at 10 mg/

kg [32, 56]. The hyperactivity produced by DOI and other phenylalkylamines is

blocked by M100907 and is absent in 5-HT2A knockout mice, indicating mediation

by 5-HT2A receptors [55, 56]. To determine whether 25I-NBOMe produces similar

effects on locomotor activity, we conducted dose-response studies in C57BL/6J mice

after IP and SC administration. Administration of 25I-NBOMe by the IP route had no

effect on locomotor activity (Fig. 8a), although there was a trend toward a main effect

of drug treatment (F(5,54) ¼ 2.08, p < 0.09) and a significant interaction between

drug treatment and time block (F(25,270) ¼ 2.22, p < 0.001). By contrast, when

Fig. 7 Structures of racemic trans-2-(2,5-dimethoxy-4-bromobenzyl)-6-(2-methoxyphenyl)piperi-

dine (�-trans-DMBMPP) and its S,S and R,R enantiomers. Binding affinities were assessed at human

5-HT2A and 5-HT2C receptors labeled with [3H]ketanserin and [3H]mesulergine, respectively [54]
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administered SC as in all the HTR experiments, 25I-NBOMe produced effects on

locomotor activity that mimicked those induced by phenylalkylamine hallucinogens

(drug effect: F(5,52)¼ 5.16, p < 0.001; drug� time: F(25,260) ¼ 2.26, p < 0.001).

As shown in Fig. 8b, 0.1 mg/kg 25I-NBOMe increased locomotor activity during

Fig. 8 Effect of 25I-NBOMe on locomotor activity after intraperitoneal (IP) (a) or subcutaneous

(SC) (b) administration. Male C57BL/6J mice (n ¼ 9–11, 60 total in experiment a; n ¼ 8–10,

58 total in experiment b) were treated with vehicle or 25I-NBOMe (0.03, 0.1, 0.3, 1, and 3 mg/kg)

and activity recorded in the mouse behavioral pattern monitor for 60 min. Data are presented as

group means� SEM for successive 10-min intervals, or group means� SEM for the entire 60-min

test session (inset histograms). *p < 0.05, **p < 0.01, significant difference from vehicle control

group
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time blocks 2 and 5 (p< 0.01, 0.05, Tukey’s test), and 3 mg/kg 25I-NBOMe reduced

locomotor activity during blocks 1, 2, 3, and 4 (p < 0.01, 0.05, Tukey’s test). In
summary, the effects of 25I-NBOMe on locomotor activity in mice mirror those pro-

duced by phenylalkylamine hallucinogens, but 25I-NBOMe appears to be unusually

potent in comparison.

5 Toxicity of NBOMe Hallucinogens

Since their appearance in 2010, NBOMe hallucinogens have caused numerous cases

of toxicity, sometimes with fatal consequences [11, 57]. The first incidents of toxicity

linked to NBOMe use occurred in Richmond, Virginia [58], and in Grand Rapids,

Michigan [59] in 2012. One hundred and forty-eight cases of NBOMe toxicity were

reported to the National Poison Data System between September 2012 and September

2014 [60]. According to theUSDrug EnforcementAdministration (DEA), 19 fatalities

were linked to 25I-NBOMe between March 2012 and August 2013 [61]. Incidents of

NBOMe use and toxicity have been reported worldwide, including cases from Europe

[57], the UK [62], Australia [63], New Zealand [64], Hong Kong [65], and Japan

[66]. The features of 51 NBOMe toxicity cases reported in the literature are described

below.

Cases 1–4 As noted above, the first reports of 25I-NBOMe exposure appeared in 2012

[59]. Four adult males presented to an EDwith tachycardia, hypertension, agitation, and

hyperglycemia. Three (Nos. 2–4) experienced protracted seizures, necessitating intu-

bation, mechanical ventilation, and pharmacological therapy. One of the cases (No. 4)

developed rhabdomyolysis (creatine kinase (CK) level 30,000 U/L) and renal failure,

necessitating hemodialysis. The presence of 25I-NBOMe in biological specimens col-

lected from the patients was confirmed by LC-MS analysis.

Cases 5–14 Hieger and colleagues described ten other cases of 25I-NBOMe exposure

from 2012 [67]. Effects included tachycardia (9/10), hypertension (9/10), hyperglyce-

mia (9/10), leukocytosis (7/10), agitation (7/10), hallucinations (5/10), and seizures

(2/10). The most severely affected case (No. 5) experienced status epilepticus, multiple

intracerebral hemorrhages, and acute renal injury. The presence of 25I-NBOMe was

only confirmed in one of the cases (No. 6) – an 18-year-old male who was admitted to

the ED after jumping out of a moving car [68]. The initial examination showed severe

agitation, tachycardia (>150 bpm), and hypertension (150–170/100 mmHg). Treat-

ment included physical restraint and continuous infusion of lorazepam. Symptoms im-

proved over 48 h although lorazepam and dexmedetomidine had to be administered on

the second day of hospitalization due to continuing episodes of agitation. 25I-NBOMe

was detected (LC-MS/MS) in serum at a concentration of 0.76 μg/L.

Cases 15–21 Hill described seven cases of 25I-NBOMe toxicity that occurred in the

UK in January 2013 [62]. The first case (No. 15) was a 29-year-old male who injected

an unknown quantity of 25I-NBOMe intravenously. The initial examination showed
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agitation, aggression, self-harm, seizures, tachycardia (160 bpm), hypertension

(187/171 mmHg), tachypnea (58 breaths/min), low oxygen saturation (94%), and

hyperthermia (39.0�C). He also presented with leukocytosis (WBC 23.5� 109/L),

respiratory and metabolic acidosis (pH 7.20, PaCO2 66 mmHg), rhabdomyolysis

(CK 15,424 U/L), and impaired renal function. Treatment included intubation, me-

chanical ventilation, sedation/neuromuscular blockade, and administration of fluids

and antibiotics. He subsequently developed anuria and renal impairment, and there

was evidence of pulmonary injury. Normalization of renal and pulmonary function

required 43 days of hospitalization, including ICU admission for 38 days where he

received hemodialysis. In the second case (No. 16), a 20-year-old-male collapsed and

had convulsions after ingesting a powder containing 25I-NBOMe. In addition to

agitation, he exhibited tachycardia (126 bpm), hypertension (170/90 mmHg), hyper-

thermia (38.8�C), tachypnea (24 breaths/min), low oxygen saturation (92%), and

urinary retention. He was anesthetized, intubated, and artificially ventilated. Sustained

clonus and ocular clonus were noted 5 h after ED admission, necessitating treatment

with cyproheptadine. His CK level was initially elevated (peak value of 550 U/L) but

renal function was restored by fluid replacement. He was extubated 3 days after ad-

mission and discharged on the fifth day. The clonus was likely due to serotonin syn-

drome; the patient had a history of depression and was being treated with fluoxetine.

The third case (No. 17, a 19-year-old male) insufflated a powder containing 25I-

NBOMe. He became agitated and violent, with tachycardia (110 bpm) and hyperten-

sion (138/100 mmHg). He also exhibited leukocytosis (WBC 18.9 � 109/L). Recov-

ery occurred after treatment with diazepam. The fourth case (No. 18) was a 22-year-

old male who insufflated 25I-NBOMe and then had a tonic-clonic seizure. When he

arrived at the ED he was agitated and aggressive and had to be sedated with diazepam.

He presented with mild tachycardia (104 bpm) and elevated CK levels, peaking at

633 U/L. Recovery occurred without further intervention and he was discharged from

the hospital on the same day he was admitted. The other three cases (Nos. 19–21) were

young adult males who experienced more moderate symptoms after insufflating or

ingesting 25I-NBOMe. In addition to visual and auditory hallucinations, all three

cases exhibited tachycardia and hypertension. One of those cases (No. 19) exhibited

agitation and aggressive behavior severe enough to require sedation; he also showed

hyperthermia (38.4�C) and elevated CK levels (598 U/L). Another case (No. 20) had

inducible ankle clonus. LC-MS/MS analysis of plasma samples confirmed that all the

individuals had taken 25I-NBOMe.

Case 22 In another reported case of 25I-NBOMe overdose, an 18-year-old female

became confused and agitated and had a grand mal seizure after taking an unknown

amount of the drug sublingually at a party [69]. The initial examination revealed

tachycardia (145 bpm) and hypertension (145/100 mmHg). Hyperreflexia was also

present. Her condition normalized after administration of intravenous fluids and

lorazepam. LS-MS/MS analysis of a urine sample confirmed the presence of 25I-

NBOMe and suspected O-desmethyl metabolites, as well as small amounts of 25H-

NBOMe and 2C-I.
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Case 23 Umemura described the case of a 17-year-old female who died after

ingesting blotter paper containing 25I-NBOMe [70]. She was hospitalized with status

epilepticus and subsequently developed hyperthermia, metabolic acidosis, rhabdomy-

olysis, and kidney injury. The patient survived for 7 days, but brain death occurred due

to cerebral edema. The presence of 25I-NBOMe in whole blood collected antemortem

was confirmed by LC-TOF-MS. Therapeutic levels of lithium were also present in the

blood sample.

Cases 24–25 Another two deaths linked to 25I-NBOMewere reported byWalterscheid

and colleagues [71]. In both cases, the decedents began to “flail about” before becoming

unresponsive. The first victim (No. 24, a 21-year-oldmale) became violent while driving,

damaging the interior of the vehicle. Cardiopulmonary recitation was attempted but was

unsuccessful. The second victim (No. 25, a 15-year-old female) had ingested a liquid

containing 25I-NBOMe; death occurred due to cardiac failure soon after arriving at the

ED. Hyperthermia was noted in the second victim (39.9�C). 25I-NBOMe was detected

in heart blood and urine collected from both decedents. Analysis also revealed evidence

of marijuana use in both individuals.

Case 26 A behavioral fatality linked to 25I-NBOMe has been reported [72]. In that

case, a 19-year-old male ingested blotter paper containing “acid.” The man exhibited

bizarre behavior prior to falling multiple stories from an apartment balcony. 25I-

NBOMe was detected (LC-MS/MS) in samples of heart blood (410 ng/L), peripheral

blood (405 ng/L), and brain tissue (2,780 pg/g) collected 7 h postmortem.

Case 27 A 15-year-old male had multiple seizures and lost consciousness after

ingesting hallucinogenic mushrooms in combination with a liquid containing 25I-

NBOMe [73]. He developed renal and liver failure. Death ultimately occurred fol-

lowing cardiopulmonary arrest. An antemortem blood sample contained 0.76 μg/L
25I-NBOMe.

Case 28 A 16-year-old male was found dead after consuming 25I-NBOMe on a

piece of blotter paper [74]. There was evidence that his death was preceded by

violent behavior (broken glass was found at the scene and the decedent had multiple

contusions and abrasions). Analysis of heart blood collected postmortem revealed

19.8 μg/L 25I-NBOMe.

Case 29 Another death linked to 25I-NBOMe was described by Keuppers and

Cooke [63]. In that case, a 23-year-old female insuffulated a powder purported to be

“synthetic LSD.” She soon became severely agitated and aggressive, and then had a

seizure before collapsing. Cardiopulmonary resuscitation (CPR) was attempted but

was unsuccessful. 25I-NBOMe (28 μg/L), 25H-NBOMe (1 μg/L), and 25C-NBOMe

(0.7 μg/L) were detected in aortic blood postmortem. Methamphetamine (0.39 mg/L)

and THC (3.4 μg/L) were also present.

Case 30 An unsuccessful suicide attempt following 25I-NBOMe ingestion has been

reported [75]. After taking “two hits of acid” sublingually, the 18-year-old male had a

panic attack, and stabbed himself in the throat and chest. A serum sample, collected

~11 h post-ingestion, contained 34 ng/L 25I-NBOMe (LC-MS/MS).
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Case 31 Tang described one case [65] where a 17-year-old male was hospitalized in

a confused and agitated state. He had a seizure after being admitted to the ED. Other

effects included hypertension (215/94 mmHg), tachycardia (140 bpm), hyperthermia

(38.4�C), and diaphoresis. Examination also showed sinus tachycardia. He was ini-

tially treated with intravenous fluids and diazepam. Later, he was intubated and ad-

mitted to the pediatric ICU, where he was given sedatives/neuromuscular blockade

and treated with cyproheptadine. After the patient regained consciousness, he admit-

ted ingesting a pill containing an “NBOMe.” LC-MS/MS analysis of the patient’s
urine confirmed the presence of 25B-NBOMe.

Case 32 Another case reported by Tang involved a 31-year-old male who presented

with confusion, agitation, hypertension (160/123mmHg), sinus tachycardia (162 bpm),

hyperthermia (39.6�C), and diaphoresis [65]. Troponin I (0.38 ng/L) and lactate

(8.6 mmol/L) were also elevated. Treatment included administration of fluids and lor-

azepam, as well as cooling measures. He subsequently developed rhabdomyolysis

(CK levels peaked at 11,066 U/L), impaired renal function, and altered liver function.

Rhabdomyolysis was treated with fluids and bicarbonate. The patient left the hospital

on day 3 against medical advice. Prior to release, he admitted sublingual use of a drug

called “Holland film.” His urine was positive for 25B-NBOMe and 25C-NBOMe.

Case 33 A 19-year-old male who had taken 25B-NBOMe subsequently had gener-

alized grand mal seizures and became unresponsive [76]. Examination showed

hyperthermia (40�C), tachycardia (152 bpm), hypertension (145/90 mmHg), agita-

tion, diaphoresis, and respiratory distress. He was intubated and mechanically ven-

tilated; sedatives and a neuromuscular blocking agent were administered to control

agitation and seizures. Laboratory values indicated hyperglycemia (286 mg/L),

leukocytosis (WBC 26.1 � 109/L), and respiratory and metabolic acidosis (pH 6.9,

pCO2 89 mmHg, HCO3
� 19.3 mEq/L, base deficit 13 mmol/L). The patient subse-

quently developed signs of rhabdomyolysis, with CK levels peaking at 11,645 U/L.

Recovery required 6 days of ICU treatment. Serum from the patient contained

180 ng/L 25B-NBOMe.

Case 34 Isbister described the case of a 15-year-old male who ingested blotter paper

purportedly containing LSD [77]. He had three seizures before arriving at the ED and

one following admission. He presented with acute respiratory acidosis (venous pH

6.93, PvCO2 120 mmHg, base excess �7 mEq/L). Seizures were treated with mid-

azolam; he was intubated, ventilated, sedated and paralyzed, and transferred to the

ICU. Examination in the ICU showed leukocytosis (WBC 16.3� 109/L). On day 2, he

began to show signs of rhabdomyolysis; his CK level peaked at 34,778 U/L on day

3. He recovered and was discharged on day 5. Analysis of blood collected 22 h post-

dosing confirmed the presence of 25B-NBOMe at 0.089 μg/L.

Case 35 Yoshida recounted the case of a male, approximately 20 years old, who

exhibited violent behavior and convulsions after ingesting blotter paper containing

25B-NBOMe [66]. He was hospitalized in a comatose state; other effects included

tachycardia (156 bpm), tachypnea (48 breaths/min), hyperthermia (41.5�C), and systolic
hypotension (90 mmHg). He also presented with thrombocytopenia, rhabdomyolysis,
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acidosis, and multi-organ failure. Myoclonus and tendon hyperreflexia were also ob-

served. Despite supportive therapy, the patient died 3 days later. A plasma sample

collected when the man was admitted to the hospital (2–3 h after drug intake) contained

3.15 μg/L 25B-NBOMe and 0.433 μg/L 25C-NBOMe, as well as benzodiazepines.

Case 36 An 18-year-old man died after consuming two squares of blotter paper

containing 25B-NBOMe [74]. His death was preceded by destructive behavior and

loss of consciousness. Autopsy revealed pulmonary edema and aspiration of gastric

contents. 25B-NBOMe (1.59 μg/L) and cannabinoids were present in postmortem

heart blood.

Case 37 Laskowski described a 15-year-old male who became agitated ~6 h after

sublingual administration of blotter paper impregnated with 25B-NBOMe [78].

After ED admission, the patient had multiple tonic-clonic seizures, which were

treated with IV lorazepam. He also exhibited hypertension (177/93 mmHg), tachy-

cardia (111 bpm), diaphoresis, and mild hyperthermia (37.7�C). Laboratory tests

showed hyperglycemia (224 mg/dL), leukocytosis (WBC 17� 109/L), and acidosis

(HCO3
� 13 mEq/L, lactate 7.3 mmol/L). Additionally, CK levels were elevated

(429 U/L). He recovered after being transferred to the pediatric ICU and was

discharged <48 h after drug intake. Serum collected from the patient when he ar-

rived at the ED contained 1.2 μg/L 25B-NBOMe (LC-MS/MS).

Cases 38–47 Gee reported ten cases where recreational use of 25B-NBOMe re-

sulted in adverse effects [64]. Agitation, hallucinations, tachycardia, and hyper-

tension were present in all of the cases. Diaphoresis occurred in eight cases and

hyperthermia in four cases. The toxicity was not severe in nine of the cases; two of

those patients recovered with limited medical intervention and the other seven

required only physical restraint and/or sedation with benzodiazepines. The toxicity

was more severe in the remaining case – a 24-year-old male (No. 47) who snorted

an unknown amount of 25B-NBOMe. He was hospitalized due to agitation and self-

injurious behavior. The patient continued to struggle despite physical restraint and

administration of haloperidol and a large dose of midazolam. Heart rate, blood

pressure, and temperature peaked at 175 bpm, 200/90 mmHg, and 38.5�C, respec-
tively. He was eventually anesthetized in the ED, intubated, and transferred to the

ICU. CK and troponin I levels peaked at 18,361 U/L and 399 ng/L, respectively.

The patient gradually improved after being anesthetized; he was discharged from

the hospital 60 h after admission. Three of the patients, including No. 47, reportedly

exhibited inducible clonus; one of the other cases exhibited tremor and hyper-

reflexia. According to LC-MS/MS analysis, plasma levels of 25B-NBOMe in the

ten patients ranged from 0.7 to 10.7 μg/L.

Case 48 In one case reported by Grautoff and Kähler [79], a 19-year-old male had a

generalized seizure and lost consciousness 2 h after snorting 2 mg of 25C-NBOMe

(identity confirmed by GC-MS). Other presenting features included tachycardia

(120 bpm) and hypertension, as well as low oxygen saturation (50%), which neces-

sitated intubation and mechanical ventilation. Despite supportive care, the patient

developed rhabdomyolysis (CK levels peaked at 5,533 U/L), renal failure, pulmonary
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hypertension, and evidence of lung injury. He required hemodialysis and adminis-

tration of multiple antihypertensive agents. The patient remained in the ICU for 13 days

before making a full recovery.

Case 49 A 24-year-old woman became confused and agitated 30 min after consum-

ing three squares of blotter paper impregnated with 25C-NBOMe [80]. Examination

revealed tachycardia (140 bpm), tachypnea (32 breaths/min), and skin that was “moist

and hot to the touch.” After being physically restrained, she was given intravenous

fluids and lorazepam. Full recovery occurred within 10 h. The identity of the drug was

confirmed by LC-TOF/MS.

Case 50 A fatality due to 25C-NBOMe has also been described [81]. A 22-year-old

man snorted an unknown amount of 25C-NBOMe. Over the next few hours he acted

agitated and incoherent. He had lost consciousness by the time an ambulance arrived.

The initial examination showed low oxygen saturation (80%) and generalized

seizures, so he was intubated and treated with multiple sedatives and neuromuscu-

lar blockade. When he arrived at the ED 30 min later he exhibited hyperthermia

(40�C), tachycardia (140 bpm), bleeding from mucous membranes, rhabdomyo-

lysis, respiratory and metabolic acidosis (pH 6.69, PaCO2 78 mmHg, lactate

28 mmol/L), hyperkalemia, and low BP. His CK and troponin I levels eventually

peaked at >42,670 U/L and 3,513 ng/L, respectively. Although the patient was

placed in a medically induced coma and cooling measures were attempted, he died

of multi-organ failure approximately 12 h after drug intake. A blood sample

collected antemortem contained 0.81 μg/kg 25C-NBOMe (LS-MS/MS).

Case 51 A 16-year-old female was hospitalized due to tonic-clonic seizures and

altered mental status after sublingual use of blotter paper purportedly containing

25I-NBOMe [78]. She presented with hypertension (130/73 mmHg) and tachycardia

(146 bpm). There was also evidence of hyperglycemia (glucose 170 mg/dL), hyper-

natremia (serum Na+ 149 mEq/L), leukocytosis (WBC 19 � 109/L), and acidosis

(HCO3
� 11 mEq/L, anion gap 21 mmol/L). Seizures were treated with intravenous

lorazepam. Ankle clonus was observed when the patient was examined in the pedi-

atric ICU. CK levels were elevated, peaking at 47,906 U/L on the third day in the

hospital. Her mental status normalized 24 h after drug intake and she was discharged

7 days later. Analysis of serum confirmed the presence of 25C-NBOMe; no 25I-NBOMe

was detected.

As noted elsewhere, cases of NBOMe toxicity can be divided into two general

categories based on their severity [57, 82]. Hallucinations, agitation, confusion, dia-

phoresis, hypertension, and tachycardia are common features of NBOMe toxicity.

These symptoms usually resolve spontaneously or with minimal medical intervention.

Twenty-four of the cases described above fall into the less severe category. By contrast,

the features associated with severe cases of NBOMe toxicity include seizures, rhab-

domyolysis, metabolic acidosis, renal failure, multi-organ failure, and coma. Death

may occur, especially in the absence of supportive care. Twenty-three of the cases were

of the latter type (see Table 2).
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5.1 Mild Cases of NBOMe Toxicity

The features of the less severe cases are not unique to NBOMes and are also induced

by other serotonergic hallucinogens. Serotonergic hallucinogens can cause confusion,

agitation, and panic attacks, especially during “bad trips” or after administration of

high doses [83, 84]. LSD, DOM, mescaline, DMT, and psilocybin produce hyper-

tension, tachycardia, and diaphoresis in humans [85–91]. The hypertension induced

by DOI is mediated in the periphery by activation of vascular 5-HT2A receptors,

which produces vasoconstriction [92–95].

5.2 Moderate-to-Severe Cases of NBOMe Toxicity

The progression from rhabdomyolysis to metabolic acidosis and renal failure is a

common complication of severe NBOMe toxicity. Of the 23moderate-to-severe cases

listed in Table 2, 14 had at least one of these features, and three others showed

subclinical features such as elevated creatinine kinase (CK) levels (indicating that

rhabdomyolysis may have developed in the absence of medical treatment). Rhabdo-

myolysis is caused by skeletal muscle damage, for example by prolonged muscle

activity or compression of muscles. Ischemic muscle tissue produces lactic acid,

resulting in metabolic acidosis. The disintegration of striated myocytes releases their

intracellular contents, including CK, myoglobin, and potassium, into plasma. Myo-

globin release can produce acute renal failure due to tubule obstruction, whereas

hyperkalemia increases the risk of cardiac failure.

Increased muscle activity due to seizures appears to be the primary cause of

rhabdomyolysis in cases of NBOMe toxicity, although agitation, hyperthermia, and

ischemia due to peripheral vasoconstriction may also contribute. A similar constella-

tion of factors (muscle hyperactivity due to agitation or seizures, hyperthermia, and

vasoconstriction) are thought to underlie cocaine-induced rhabdomyolysis [96]. Sei-

zures can induce rhabdomyolysis [97–101]. Seizure activity was present in 12/14

(85.7%) of the NBOMe toxicity cases featuring rhabdomyolysis (CK levels �
1,000 U/L), metabolic acidosis, or renal failure (Table 2). Seizures did not always

result in rhabdomyolysis but in many of the non-progressing cases the patients re-

ceived medications that would minimize muscle tissue damage (e.g., benzodiaze-

pines, anesthetics, or paralytic agents).

Similar to NBOMes, phenylalkylamines such as 2C-I, 2C-T-7, 2C-T-21, DOB, DOC,

and bromo-dragonfly (1-(8-bromobenzo[1,2-b;4,5-b0]difuran-4-yl)-2-aminopropane)

can also induce seizures [102–108]. Srisuma et al. [60] compared the clinical features

of 148 cases of NBOMe exposure and 193 cases of 2C-X hallucinogen exposure

reported to the National Poison Data System, a database of poison exposures. The

features of NBOMe and 2C-X toxicity were virtually identical, with the exception of

single-episode seizures, which were significantly more likely to occur with NBOMes

(8.8% of cases) than with phenethylamines (3.1% of cases). Although it is not clear
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why NBOMes are more likely to induce seizures compared with other phenethyl-

amines, this propensity may increase the likelihood of severe NBOMe toxicity. In

contrast to phenylalkylamines and NBOMes, it is uncommon for LSD to induce

seizures, even following massive overdoses [109], but reports of LSD-induced sei-

zures have appeared in the literature [110–112].

Hyperthermia may contribute to the development of severe NBOMe toxicity. The

hyperthermia produced by serotonergic hallucinogens is thought to reflect sympathet-

ically mediated cutaneous vasoconstriction, which reduces heat dissipation [113]. Ac-

tivation of 5-HT2A receptors in the CNS increases sympathetic outflow by exciting

bulbospinal neurons [114]. More than half of the severe cases (12/23) – including the

four cases that did not feature seizure activity – showed evidence of hyperthermia

(Table 2). Elevated body temperature is known to exacerbate the muscle tissue damage

underlying rhabdomyolysis [115, 116]. However, hyperthermia was also reported to

occur in many of the less severe cases that resolved spontaneously. Therefore, in con-

trast to seizures, the presence of hyperthermia does not reliably predict that NBOMe

toxicity will result in serious physiological sequelae or death.

Direct effects onmuscle tissue may also play a role in NBOMe-induced damage to

myocytes. 5-HT2A activation releases Ca2+ from the endoplasmic reticulum in cells

including myocytes, increasing the intracellular concentration of Ca2+. Additionally,

5-HT2A receptor activation causes vascular smooth muscle contraction and reduces

peripheral blood flow [117–120]. Phenylalkylamine hallucinogens can cause signif-

icant peripheral vasoconstriction and vasospasm, occasionally resulting in limb is-

chemia [121–123].

In summary, NBOMes produce several direct and indirect effects (hyperthermia,

ischemia due to vasoconstriction, hyperactivity) that would likely exacerbate mus-

cle tissue injury. Such effects would increase the likelihood that seizure activity

would produce severe muscle damage. Hence, the high incidence of seizures with

NBOMes compared to other hallucinogens may translate into an elevated risk for

rhabdomolysis.

The features of serotonin syndrome were not present in most cases of NBOMe

toxicity. The most important diagnostic criteria for serotonin toxicity is the pres-

ence of clonus [124]. In the absence of clonus, the co-occurrence of hyperreflex-

ia and tremor is also evidence of serotonin toxicity. Clonus, or hyperreflexia and

tremor, was rarely noted in cases of NBOMe toxicity (9/51 total cases), even in the

most severe cases (5/23 cases). In at least one case of NBOMe toxicity where clonus

occurred (No. 16), the patient had also taken the selective serotonin reuptake

inhibitor (SSRI) fluoxetine. SSRIs are a known risk factor for serotonin toxicity

and it is possible that combined use of NBOMes and SSRIs increases the risk for

serotonin excess. Co-abuse of multiple substances is extremely common and it is

possible that use of other recreational substances with serotonergic effects was a

contributing factor in some of the cases featuring clonus or hyperreflexia. Although

it is possible that symptoms of serotonin toxicity were present but undetected in

other cases, the generally low rate at which such features occurred indicates that

NBOMe toxicity is not due to serotonin excess. Indeed, classical serotonergic

hallucinogens rarely produce serotonin toxicity.
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6 Biotransformation of NBOMe Hallucinogens

NBOMes are extensively metabolized. Caspar et al. tentatively identified 37 phase I

and 31 phase II metabolites of 25I-NBOMe in rat and human urine [125]. The primary

metabolites of 25I-NBOMe are 2-O-desmethyl-25I-NBOMe, 5-O-desmethyl-25I-

NBOMe, 25I-NBOH, and their glucuronic acid conjugates [125–128]. Similar find-

ings have been reported for 25B-NBOMe and 25C-NBOMe [128–130]. CYP3A4 is

the major cytochrome P450 isoenzyme responsible for the biotransformation of 25I-

NBOMe, with CYP2C9 and CYP2C19 potentially also contributing [125, 126].

As noted above, NBOMes are reportedly inactive after oral administration. Leth-

Petersen et al. assessed the microsomal stability of NBOMes and found that they have

much higher clearance rates than the corresponding 2C-X phenethylamine halluci-

nogens [131]. For example, 2C-I has an intrinsic clearance rate of 0.20 L/kg/h,

whereas the clearance rate for 25I-NBOMe is 4.1 L/kg/h. Because 25I-NBOMe

clearance exceeds the hepatic blood flow rate (1.2 L/h/kg [132]), Leth-Petersen

concluded that it is subject to extensive first-pass metabolism, potentially explaining

why NBOMes are not active orally. In our locomotor studies, 25I-NBOMe altered

activity in mice when administered SC but not IP, which is consistent with first-pass

metabolism. CYP3A4, the CYP isoenzyme primarily responsible for metabolizing

25I-NBOMe, is expressed heavily in the gut and liver.

It is also possible that oral administration increases the N-dealkylation of

NBOMes to their parent phenethylamines, which are generally an order of magnitude

less potent. N-dealkylation of 25I-NBOMe to 2C-I is normally a relatively minor

route of biotransformation [69, 127, 128]. For example, a urine specimen collected in

a case of sublingual 25I-NBOMe exposure (case No. 22) contained 7.5 ng/mL of

25I-NBOMe and 1.8 ng/mL 2C-I [69]. The N-dealklyation route, however, may be

more prominent after oral administration. Grumann reported a clinical case where a

man inadvertently ingested a “sip” of a liquid containing 2.8 mg/mL 25I-NBOMe

[133]. Analysis of serum from the patient showed that the level of 2C-I (290 ng/mL)

greatly exceeded that of 25I-NBOMe (2.6 ng/mL). Because 2C-I is significantly less

potent than 25I-NBOMe, N-dealkylaion after oral administration would produce a

marked reduction of hallucinogenic potency, potentially contributing to the perceived

inactivity of NBOMes when administered by that route.

Another unresolved question is whether metabolites contribute to the toxicity of

NBOMes. The major metabolites of NBOMes are their 2- and 5-O-desmethyl deriv-

atives. The O-desmethyl derivatives of 2,5-dimethoxy-substituted phenylalkylamine

hallucinogens are known to be pharmacologically active [134, 135]. However, the 2-

and 5-O-desmethyl derivatives of 25I-NBOMe, 25B-NBOMe, and 25C-NBOMe are

rapidly conjugated with glucuronic acid [130], limiting their systemic exposure. A

plasma sample collected 30 min after IV administration of 2 mg 25B-NBOMe to a

Danish landrace pig contained 87 nM 5-O-desmethyl-25B-NBOMe glucuronide but

only 0.63 nM 5-O-desmethyl-25B-NBOMe [130]. There may be a region of bulk

tolerance associated with the five-position of 2,5-dimethoxy-substituted phenylalkyl-

amines. The affinity of the 5-benzyloxy analog of DOB for the rat 5-HT2A receptor
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(Ki ¼ 140 nM [136]) is only slightly lower than the affinity of DOB (see Fig. 1).

Although substitution of bulky isopropoxy or 2-methoxyethoxy groups in the 5-

position of 25B-NBOMe significantly reduces 5-HT2A affinity, those ligands still

bind to the receptor with affinities in the 10�9 M range [44]. If the 5-O-desmethyl

NBOMe glucuronide conjugates bind the 5-HT2A receptor with nM affinity then they

would likely contribute to the in vivo response.

7 Conclusions

The hallucinogenic effects induced by LSD, mescaline, and related substances are

mediated by activation of 5-HT2A receptors. The 5-HT2A receptor affinities of phen-

ethylamine hallucinogens from the 2C-X class are markedly increased by addition of

an N-benzyl group. Likewise, the presence of an N-benzyl group increases the

behavioral potency of phenethylamine hallucinogens in laboratory animals. Anecdotal

reports from recreational users confirm that N-benzylphenethylamines such as 25I-

NBOMe and 25B-NBOMe are potent hallucinogens, active at sub-milligram doses.

Unfortunately, use of NBOMe hallucinogens has been linked to cases of severe tox-

icity. Potential complications of NBOMe use include hyperthermia, seizures, meta-

bolic acidosis, rhabdomyolysis, organ failure, and death. Prompt treatment is required

to manage cases of NBOMe toxicity.
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Clinical Pharmacology of the Synthetic

Cathinone Mephedrone

Esther Papaseit, José Moltó, Robert Muga, Marta Torrens, Rafael de la

Torre, and Magı́ Farré

Abstract 4-Methyl-N-methylcathinone (mephedrone) is a popular new psychoac-

tive substance (NPS) that is structurally related to the parent compound cathinone, the

β-keto analogue of amphetamine. Mephedrone appeared on the street drug market as

a substitute for 3,4-methylenedioxy-N-methylamphetamine (MDMA, ecstasy) and

was subsequently banned due to the potential health risks associated with its use.

Nevertheless, mephedrone continues to be widely consumed among specific

populations, with unique patterns of misuse. To date, most information about the

biological effects ofmephedrone comes from user experiences, epidemiological data,

clinical cases, toxicological findings, and animal studies, whilst there are very few

data regarding its human pharmacodynamics and pharmacokinetics. This chapter

reviews the available published data on patterns of mephedrone use, its acute and
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chronic effects, and its pharmacokinetic properties.More human research is needed to

elucidate the safety, toxicity, and addiction potential of mephedrone and related NPS.

Keywords 3,4-Methylenedioxy-N-methylamphetamine (MDMA ecstasy) • 4-

Methyl-N-methylcathinone (4-MMC mephedrone) • New psychoactive substance

(NSP) • Synthetic cathinones
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1 Synthetic Cathinones and Mephedrone

Synthetic cathinones are man-made derivatives of the parent compound cathinone,

a naturally occurring psychostimulant found in the khat plant, Catha edulis.
Cathinones are phenethylamine derivatives, structurally and pharmacologically sim-

ilar to amphetamine, 3,4-methylenedioxy-N-methylamphetamine (MDMA, ecstasy),

and other related substances [1]. All cathinones possess a β-keto substituent in their

chemical structure, which defines the properties of this class of compounds [2]. The

most relevant compounds of the group areN-methylcathinone (ephedrone), 4-methyl-

N-methylcathinone (mephedrone, 4-MMC) – considered to be the prototypical ring-

substituted synthetic cathinone derivative, 3,4-methylenedioxypyrovalerone (MDPV,

bath salts), and α-pyrrolidinovalerophenone (α-PVP, flakka) [3]. Synthetic cathinones
represent the second largest group of new psychoactive substances (NPS) in the street

drug market [4–6].

Mephedrone, initially described in 1929 by Saem de Burnaga, remained in

obscurity for decades. In the early 2000s, however, clandestine chemists began

altering the chemical structure of the cathinone template to synthesize unscheduled

compounds [7], and mephedrone was rediscovered and first reported online in 2003.

In subsequent years, the popularity of mephedrone increased due to a number of

factors including competitive pricing, widespread online availability, and perceived

low potential for harm, together with the shortage of MDMA [8, 9]. As a conse-

quence, mephedrone rapidly became a replacement for MDMA and was marketed

as a ‘legal high’ [10]. In this scenario, mephedrone was sold openly on the grey

market (online vendors from surface and deep websites) and in head shops as a

number of authentic commercial products. It was typically marketed and sold as

‘bath salts’, ‘incense’, and ‘plant food/fertilizer’, and advertised as ‘not for human

consumption’ to circumvent potential legislative control [8, 11–13].

In 2008, mephedrone was first identified on internet web sites and in products

confiscated by law enforcement [14]; soon after, the misuse of mephedrone became
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a particularly widespread and problematic concern in Australia, the United States

(USA), and several European countries. For example, during 2009–2010 in the

United Kingdom (UK), the distribution and consumption of mephedrone experi-

enced a rapid increase which exceeded even that of ecstasy [3, 15, 16]. The higher

prevalence of use was associated with reports of numerous hospital admissions and

related overdose deaths. As a consequence of media attention and an official risk

assessment, mephedrone was made illegal in the UK and classified as a Class B

substance under the Misuse of Drugs Act on April 16, 2010. Subsequently, other

European countries and the USA also adopted control measures [5, 17], and it was

banned in 2010 and 2011, respectively.

2 Patterns of Use

In 2009–2010, a non-representative internet survey investigating mephedrone use

among readers ofMixMag, a UK clubbers’magazine, estimated a 42% life-time use

and a 34% past-month use (2,295 respondents) [18]. One year later, life-time and

past-month use of mephedrone increased to 61% and 51%, respectively (2,560

respondents) [16]. Immediately after mephedrone was banned, estimated overall

rates of use remained low but stable, ranging from 0 to 6.3% life-time prevalence

depending on age and country (Table 1). Nevertheless, mephedrone consumption

among certain subgroups including drug users, club scene participants, readers of

music and clubbing magazines, and the gay community continued to be consider-

able and much greater in comparison to the general population. In 2011–2012, past-

year use of mephedrone was 19.5% among the UK MixMag survey respondents,

and 30% in a subset of regular clubbers [19]. Mephedrone was the 11th most

prevalent drug amongst clubbers, in terms of life-time use, when it was legal

(42%), moving up to 4th place (61%) after being banned. In spite of the legislative

ban on mephedrone, 42% of the respondents to an online survey of mephedrone

users reported still trying to obtain it, and 53% said that the ban had not affected

availability in their area [20]. Immediately after its prohibition in the UK,

mephedrone had become the most popular drug in London among men who have

sex with men, with over half the clubbers having tried it [12].

To date, the latest official epidemiological data indicate that mephedrone con-

tinues to be one of the most relevant NPS used in recreational nightlife settings

according to indirect estimations. It is remarkable that mephedrone is currently

involved in 50% of all hospital emergency presentations related to NPS misuse in

Europe [5, 21], particularly in England where the number of individuals requiring

treatment for mephedrone has more than doubled from 953 in 2010–2011 to 2,024

in 2014–2015 [22]. With respect to fatalities, in 2015 the number of cases in which

mephedrone was implicated (n ¼ 34, 1.5%) was comparable to that of MDMA

(n¼ 28, 1.2%). According to these recent data, all mephedrone-associated deaths in

2015 were in men, 68% of whom were men who had sex with other men [23].
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Furthermore, from the total amount of mephedrone seized in the European Union,

almost all of it was in the UK in accordance with historically high estimates of its

use in that country [5, 24].

Over the past few years, forensic evidence from confiscated drug products shows

that mephedrone is typically available as a fine white, off-white or yellowish

powder, or as tablets and capsules with a very high purity (around 99%). The

powder can be directly taken by the intra-nasal route, or it can be easily dissolved in

Table 1 National estimates of mephedrone use in the general population in European countries

from 2010 to 2015

Year Country

Prevalence

(%)

Life-

time

Previous

year

Previous

month

Source

Age of

population Total Total Total

2010 Slovakia 15–64 0.0 0.10 0.0 Annual report questionnaire

15–19 1.7 n/a n/a 2011 National Report to

EMCDDA

2010 Spain 14–18 0.4 0.3 0.2 ESTUDES 2010

2010/

2011

Ireland 15–64

15–34

2

4.3

1.1

2.2

0.1

0.1

Drug Prevalence Survey

2010/2011: Regional Drug

Task Force and Health and

Social Care Trust

2010/

2011

United

Kingdom

16–59 n/a 1.3 n/a 2010/2011 Crime Survey for

England and Wales16–24 n/a 4.4 n/a

Malta 15–16 3.5 5.0 2.0 Annual report questionnaire

2011 Spain 15–64 0.1 0.0 0.0 EDADES 2011

15–24 0.3 0.2 0.0

Hungary 16 6 n/a n/a Annual report questionnaire

2011/

2012

United

Kingdom

16–59 n/a 1.0 n/a 2011/2012 Crime Survey for

England and Wales16–24 n/a 3.3 n/a

2012 Spain n/a 0.5 0.3 0.2 ESTUDES 2012

2012 Croatia n/a 0.3 1.5 n/a 2012 National Report to

EMCDDA

2012/

2013

United

Kingdom

16–59 1.9 0.5 n/a 2012/2013 Crime Survey for

England and Wales16–24 4.5 1.6 n/a

2013 Australia �14 n/a 0.4 n/a National Drug Strategy

Household Survey 2013

2013 Spain 15–64 0.1 0.6 0.0 EDADES 2013

15–24 0.1 0.0 0.0

2013/

2014

United

Kingdom

16–59 2.3 0.6 n/a 2013/2014 Crime Survey for

England and Wales16–24 6.3 1.9 n/a

2014 Spain 14–18 0.5 n/a n/a ESTUDES 2014

2014/

2015

United

Kingdom

16–59

16–24

2.2

5.3

0.5

1.9

0.2

0.5

2014/2015 Crime Survey for

England and Wales

n/a not available
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water for oral/rectal use and intravenous/intramuscular injection. Although

mephedrone can be administered by any of these routes, it is predominantly

consumed intra-nasally, orally, and by intravenous injection [12, 25]. Nasal insuf-

flation (‘snorting’) is a common route of administration, but unwanted effects

including nasal burning, clogging of nasal passages, nasal dripping, and nasal

bleeding have led some users to switch to oral ingestion [26]. By the oral route,

mephedrone is typically swallowed by ‘dabbing’ with a moistened finger or ‘bomb-

ing’ wrapped in thin cigarette paper, or ingested directly as tablets and capsules.

The combination of both routes, nasal and oral, has been frequently reported as an

alternative to avoid undesirable local reactions whilst maintaining sustained psy-

choactive effects [27, 28].

Mephedrone injection has become a common pattern of use among high-risk

drug users, mainly experienced intravenous drug consumers, and more recently,

among some sub-groups of men who have sex with men [4, 5, 29]. A new trend,

known as ‘slamming’, consists of the intravenous injection of a combination of

mephedrone with methamphetamine, gamma-hydroxybutyric acid (GHB), cocaine

or sildenafil during the so-called chemsex parties which can last for many hours. The

drug cocktail is injected as a means to sustain and enhance sexual experiences [30–

32]. Consequently, intravenous mephedrone use in conjunction with unprotected

sexual activity is associated with a highly elevated risk of blood-borne and sexually

transmitted diseases, in addition to adverse effects of the drug itself [4, 33]. Anec-

dotally, other routes of administration such as intrapulmonary (smoking), rectal

(‘booty bumping’ or ‘plugging’), subcutaneous, and intramuscular have also been

described [14, 34–36].

Based on recreational user reports, mephedrone is initially consumed in single

doses although repeated doses (re-dosing or ‘bingeing’), in a similar manner to

MDMA, is common practice in order to maintain pleasurable effects [37]. A typical

drug use session lasts for approximately 8–10 h during which 5–6mephedrone doses

are taken, equivalent to a total median dose of 1–1.9 g [18, 36, 37]. Mephedrone oral

dosage ranges from 15 to 300 mg, whereas nasal insufflation dosage is somewhat

lower and ranges from 5 to 200 mg. Intravenous/intramuscular injection has been

reported at approximately half or one-third of oral dosage, whilst 100 mg is

described as a usual rectal dose [26, 38]. The initial impact is felt by recreational

users approximately 30min after oral ingestion, with effects lasting for 2–5 h [39]; in

contrast, intravenous and rectal administration produce earlier onset of action and

shorter duration [40]. Like other classical drugs of abuse, intravenous injection

produces the most intense acute pleasurable effects, which are characterized by an

initial rush of approximately 5 min followed by euphoric effects which can last for

60 min [9].
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3 Pharmacodynamics of Mephedrone in Human Subjects

Mephedrone, like other amphetamines and MDMA, has a chiral centre in its

structure, so exists as two enantiomers, R-mephedrone and S-mephedrone. Impor-

tantly, racemic mephedrone is the most common form of the substance available in

the street drug market [41]. The molecular mechanism of action for mephedrone is

most comparable to MDMA. Like MDMA, mephedrone is a non-selective releaser

and reuptake inhibitor at monoamine transporters in the brain and periphery [42–

45]. Another chapter of this volume is focused on the mechanism of mephedrone

and other synthetic cathinones at human monoamine transporters (see [46]).

Preclinical studies performed in rodents and invertebrate models have evaluated

acute mephedrone effects [39, 47]. In rats, mephedrone induces locomotor hyper-

activity, increases in blood pressure and heart rate, and changes in temperature [48–

52]. There is a paucity of data on the pharmacodynamics of mephedrone after

administration to humans in laboratory conditions, with the exception of a recently

published study from our group [53]. Most information regarding psychological

and subjective effects related to mephedrone is based on user reports posted on

internet web sites and blogs, surveys and questionnaires, whilst data concerning

acute clinical toxicity has been provided from emergency department cases and

toxicological consultations [37, 54, 55].

Our group had the opportunity to evaluate the pharmacodynamics effects of

mephedrone for the first time in humans in a randomized, double-blind, crossover,

and placebo-controlled trial [53], where a single oral dose of 200 mg mephedrone

was compared to 100 mg MDMA and placebo. The mephedrone dose was selected

after a series of pilot studies, which tested doses ranging from 50 to 200 mg

[56]. The administration of mephedrone by the oral route at a dose of 200 mg

produced significant increases in arterial blood pressure and heart rate, a modest

increase in pupil diameter, and slight changes in oral temperature. These effects

were similar in intensity to those induced by 100 mg MDMA, except for mydriasis

that was lower with mephedrone. Mephedrone induced subjective feelings of

euphoria, wellbeing, pleasure, stimulant-like effects and mild changes in percep-

tion, but not hallucinations or psychotic symptoms, these effects were similar in

magnitude to those induced by MDMA. Both substances were well tolerated and no

serious adverse events were presented [53]. Under laboratory conditions, physio-

logical and subjective effects produced by 200 mg of oral mephedrone started at

30–45 min and lasted 2–3 h, in the case of 100 mg of MDMA the effects started at

45 min–1 h and lasted 3–5 h. As a summary, the pharmacological effects of

mephedrone were similar to MDMA but with a more rapid onset and a shorter

duration of effects, probably related to its brief half-life (see Sect. 4). Mephedrone

impaired short-term memory in a similar manner to MDMA, while it improved

critical tracking tasks but did not change reaction times or divided attention tasks in

laboratory tests assessing driving-related skills [57].
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According to consumers’ experiences and preferences, mephedrone effects are

characterized by sympathomimetic, psychostimulant, and empathogen–entactogen

reactions that resemble MDMA, amphetamines, and cocaine [14, 20, 36, 58, 59]. In

spite of the differences in doses and routes of administration employed, recreational

mephedrone consumers (according to surveys, questionnaires, interviews, forums, etc.)

consistently describe pleasurable effects such as euphoria, increased energy, mood

enhancement, talkativeness, increase music sensitivity, empathy, sociability, sensory

enhancement, moderate sexual arousal, and perceptual distortions ([8, 11, 12, 14, 60,

61]). In contrast, the undesirable effects include jaw clenching, bruxism, body sweats,

palpitations, anxiety, tremor in extremities, blurred vision, shortness of breath, head-

ache, cold or numb extremities, nausea and vomiting, agitation, anxiety, aggressive-

ness, paranoia, and panic [37, 59, 60], most of which are slight or moderate and do not

require medical assistance. Post-drug recovery effects include craving, decreased

appetite, lack ofmotivation, paranoia, insomnia, and irritability, all ofwhich ameliorate

after a few days (‘feeling normal’ after 4 � 2 days) [37, 60]. Such symptoms concur

with those self-reported in counselling services and emergency department admissions.

Acute toxic effects induced by mephedrone include the enhancement of cardio-

vascular response and neuropsychiatric effects and, in some cases, life-threatening

reactions requiring medical assistance/hospitalization. In this respect, multiple

cases have been reported of hypertension, cardiac arrhythmia, chest pain, paranoia,

psychosis, hallucinations, agitation, aggressive behaviour, and suicidal ideation

attributed to mephedrone use ([62–70]; Sivagnanam et al. 2013), although only a

few cases have had the presence of mephedrone confirmed by forensic analysis

(Table 2).

Upon administration of mephedrone in controlled clinical settings or self-

administration in recreational settings, mephedrone effects are characterized by a

rapid onset and a short-lasting duration. The pharmacodynamic response to

mephedrone reported after experimental administration in humans could partially

justify the pattern of use among mephedrone consumers in real-life conditions [60].

Regarding the possible long-term toxicity of mephedrone, the fact that the drug

possesses structural and pharmacological similarities to MDMA, amphetamines,

and cathinone suggests the likelihood that repeated and/or prolonged use produces

similar consequences on neurochemical and neuropsychological function. From the

limited results to date, it should be pointed out that repeated mephedrone admin-

istration in experimental animals has not shown evidence of neurotoxicity to

monoaminergic systems in the brain [42, 88–91]. It should be kept in mind that

further research with mephedrone in humans is required to first establish safety

aspects, and the potential for long-term toxicity remains an important research

question.
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Table 2 Mephedrone concentrations in blood from human subjects based on findings from human

performance, toxicological assessments, and postmortem cases

Subjects Concentration of mephedrone Reference

N ¼ 1 0.5 mg/L, 198 mg/L (urine) [71]

N ¼ 1a 0.15 mg/L (serum) [68]

N ¼ 1

(Case 2)

3.3 mg/L, 4.2 ng/mg, and 4.7 ng/mg (hair) [72]

N ¼ 1

(Case 1)

22 mg/L

N ¼ 1 13.2 μg/g (antemortem), 8.4 μg/g (postmortem) [73]

N ¼ 10 26.8 ng/mg (0.2–313.2) (hair) [74]

N ¼ 1 193 mg/L [75]

N ¼ 1

(Case 1)

0.98 mg/L [64]

N ¼ 1

(Case 2)

2.24 mg/L

N ¼ 1

(Case 3)

0.13 mg/L

N ¼ 1

(Case 4)

0.23 mg/L

N ¼ 1

(Case 1)

51 μg/kg, 560 μg/kg (urine) [76]

N ¼ 1

(Case 2)

28 μg/kg

N ¼ 1

(Case 3)

29 μg/kg

N ¼ 1

(Case 1)

1 μg/kg

N ¼ 1 0.5 mg/L, 14.8 mg/L (urine), 38 mg/L (gastric), 1.9 mg/L (bile) [77]

N ¼ 36b 1.586 mg/L (<0.01–22 mg/L) [78]

N ¼ 1 21.11 pg/mg [79]

N ¼ 32 0.21 mg/L (0.01–0.74) [80]

N ¼ 9 0.27 mg/L (0.08–0.66)

Case 2 2.1 mg/L

Case 6 1.94 mg/L

N ¼ 1 5,500 and 7,100 ng/mL (vitreous humor) [81]

N ¼ 6 161 ng/mL (39–370 ng/mL) [82]

N ¼ 1 1.33 mg/L, 144 mg/L (urine), 4.52 mg/L (gastric), 1.29 mg/L (bile),

0.89 mg/L (brain), 0.25 ng/mg (hair)

[83]

N ¼ 1

(case 2)

412 ng/mL [84]

N ¼ 2 50–59 pg/mg (hair) [85]

N ¼ 5c 1,774 ng/mL (13–5,500) [86]

(continued)
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4 Pharmacokinetics of Mephedrone in Humans

Most of the information concerning the pharmacokinetics of mephedrone in humans

has arisen from toxicological cases, been extrapolated from preclinical pharmacoki-

netic and toxicokinetic data, or come from in vitro and in vivo metabolism findings

[92]. There are very few data available related to human mephedrone pharmacokinet-

ics under controlled conditions. It is noteworthy that there is no widely available

commercial test to rapidly determine the presence of mephedrone or other cathinones

in urine and blood. However, there are sophisticated analytical methods, such as

gas/liquid chromatography coupled to mass spectrometry, for the determination of

mephedrone concentrations in human tissue specimens for toxicological services,

drugged driving cases in police departments, and clinical case reports [93]. Among

the suspected cases of mephedrone exposure (case reports, driving under the influence

of drugs, and fatalities) the dose, purity, route of administration, pattern of use, and

concentrations leading to intoxications or fatal clinical consequences are usually

unknown (Table 2).

There are some exceptions, for example, in reports of fatalities directly attributed to

mephedrone toxicity, and impaired driving cases with high mephedrone concentrations

[80, 87]. These mephedrone-associated events occurred mainly in recreational drug

users who had usedmephedrone in combinationwith alcohol or other recreational drugs

(cocaine, amphetamine, or MDMA) and among intravenous drug users combining

mephedrone with heroin. Lately, confirmed mephedrone fatalities have been detected

in combination with other drugs among men who have sex with men due to the

widespread chemsex phenomenon. The collective evidence indicates that mephedrone

is only directly implicated as a principal cause in a limited number of deaths, though it

undoubtedly plays a role in fatalities secondary to poly-drug exposures.

Since saliva, sweat, and hair samples can be more easily obtained as alternatives

to blood or urine, reliable analytical methods have been developed in these matrices

to detect a number of drugs such as MDMA, amphetamines, and certain NPS.

Mephedrone concentrations from recreational users have been determined in hair,

whilst published analysis methods for its detection in saliva have not yet been

Table 2 (continued)

Subjects Concentration of mephedrone Reference

N ¼ 1 2,600 ng/mL

N ¼ 1 692 ng/mL

N ¼ 1 52 ng/mL

N ¼ 1 13 ng/mL

N ¼ 4 1.7 mg/L (0.19–3.30) [87]

N ¼ 8 1.34 mg/L (0.07–2.24)
a4 g (200 mg by oral and 3.8 g by intramuscular injection)
b2009–2011
c2012–2014
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applied to human specimens [94–97]. Mephedrone is a weak base with a relatively

low molecular weight, which results in easy diffusion across cell membranes before

incorporation into hair. In fact, after repeated consumption in a similar manner to

amphetamines, mephedrone concentrations in hair have been detected in the range

of nanogram per milligram [79, 85], in agreement with the amounts of the drug

detected in other biological matrixes from intoxications and fatalities [72, 74, 83]

(Table 2).

Regarding experimental studies in humans, we recently carried out the first

controlled clinical trial to evaluate mephedrone pharmacokinetic parameters in

humans [53]. The administration of an oral dose of 200 mg in 12 healthy male

recreational drug users produced a mean maximal plasma concentration (Cmax)

value of 134.6 ng/mL (range 51.7–218.3 ng/mL). Concentrations decreased to

one-half at 2 h and were undetectable at 24 h post-administration (Fig. 1). In spite

of high inter-individual variability observed after oral administration, peak plasma

concentration (Tmax) was attained at 1.25 h, earlier than most psychostimulant drugs.

Mean elimination half-life (T1/2) was 2.15 h, significantly faster than MDMA,

amphetamine, and methamphetamine (T1/2 of 8, 10–12, and 15 h, respectively),

and more similar to cathinone (T1/2 of 4 h). The clinical pharmacokinetic data

obtained after controlled mephedrone administration are congruent with the rapid

onset and short duration of effects described after oral mephedrone use in recrea-

tional settings.

In same clinical trial mentioned above, urine samples were collected over a 4-h

period after mephedrone administration to characterize the human metabolism of

mephedrone [98]. These new in vivo data provide an important comparison to previous

analyses performed in post-mortem samples [76] and in vitro models [99]. The findings

confirmed the involvement of threemain hepatic pathways of mephedronemetabolism:

(1) N-demethylation to form 4-methylcathinone (nor-mephedrone), (2) phenyl ring

hydroxylation to form 4-hydroxytolylmephedrone (4-OH-mephedrone), and (3) β-keto

0 1 2 3 4 5 6 7 8 9 10 11 12
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Fig. 1 Time course of

plasma mephedrone

concentrations after

controlled administration of

an oral dose of 200 mg in

one study participant [53]
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reduction to form dihydro-mephedrone. All of the identified phase I metabolites are

reported to act as non-selective substrates at plasma membrane transporters for dopa-

mine, norepinephrine, and serotonin, similar to mephedrone. Importantly, dihydro-

mephedrone is a much weaker transporter substrate in comparison to nor-mephedrone

and 4-OH-mephedrone [100]. In vitro studies suggest that mephedrone metabolic

disposition (phase I) is regulated mainly by cytochrome P450 isoenzyme 2D6

(CYP2D6) [76]. For instance, human polymorphisms in CYP2D6, as well as

co-administration of mephedrone with specific drugs also metabolized through

CYP2D6 (or inhibitors), could increase potential risk of toxicity. At present, no studies

have examined the interaction of mephedrone with other susceptible drugs commonly

used among recreational drug users [e.g. MDMA, antiretroviral drugs, selective seroto-

nin reuptake inhibitors (SSRIs)]. In contrast to the various metabolites reported in

animals [101, 102], a number of unique phase I and phase II metabolites are found in

humans including N-desmethyl-mephedrone-3 carboxylic acid, hydroxylmephedrone-

3-O-glucoronide, N-succinyl nor-mephedrone, and hydroxyl nor-mephedrone-3-O-
glucoronide (Fig. 2).

In forensic cases, nor-mephedrone and dihydro-mephedrone have been detected

in blood and urine, whilst 4-OH-mephedrone, the most abundant mephedrone

metabolite, has only been reported in urine. Taken together with in vitro data, it

has been suggested that nor-mephedrone possesses lipophilic properties that may

allow it to penetrate through the blood–brain barrier and act on the central nervous

system, similar to the parent compound. In fact, in vivo studies in rats have

confirmed that nor-mephedrone is the only bioactive mephedrone metabolite to

exert effects on extracellular dopamine and locomotion [100]. Currently, the

potential role of nor-mephedrone and other metabolites on human mephedrone

effects is unknown and, consequently, more research on this topic is warranted.

Overall, the initial results regarding the human pharmacology of mephedrone under

controlled administration confirmprevious extrapolation fromnon-experimental human

data and preclinical studies. However, it is still unclear whether the pharmacokinetics

and/or metabolism of mephedrone, including its active metabolites, might have impli-

cations in the particular susceptibility of some subjects to develop acute mephedrone

intoxication.

Fig. 2 Proposed pathways of mephedrone metabolism in humans
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5 Abuse Liability

Predictions about the human abuse liability of mephedrone are based on user experi-

ences, clinical reports, and extrapolation of preclinical studies, and have been recently

confirmed by the first clinical trial described above [53]. To date, the potential abuse

liability of mephedrone has been assessed in experimental models through a number of

approaches and direct comparison with other well-known drugs of abuse (MDMA,

amphetamine, cocaine) and/or NPS such as 3-methyl-N-methylcathinone (3-MMC),

MDPV, methylone, naphyrone, flephedrone, and butylone [51, 103–109]. Systemic

administration of mephedrone in laboratory animals produces elevations in the extra-

cellular concentrations of dopamine, serotonin, and norepinephrine leading to self-

administration, place preference, and locomotor hyperactivity [39, 43, 52, 110,

111]. Furthermore, mephedrone shares with other stimulant drugs of abuse the ability

to activate the mesolimbic dopamine reward circuit as a main mechanism involved in

the positive-reinforcing effects produced (euphoria, pleasure, well-being, happiness).

At the same time, feelings of euphoria and stimulation can lead to high abuse liability

similar inmagnitude to that observed after controlled administration ofMDMA, one of

the drugs preferred by users in recreational settings.

In humans, data about the pharmacology of mephedrone are scant and findings are

variable depending on the route of administration used. Evidence from questionnaires,

online-surveys and even some case reports related to long-term mephedrone con-

sumption have indicated addiction potential and dependency symptoms, cravings, and

withdrawal syndromes [34, 37, 60, 112–115]. Some epidemiological data highlight

the prevalence of self-reported tolerance, impaired control, continued mephedrone

consumption despite physical and psychological problems, strong urges, and bingeing

[36, 37, 60, 112], whilst tiredness, insomnia, nasal congestion, and impaired concen-

tration are described as the most common withdrawal-related effects. Intranasal users

considered mephedrone to be more addictive than cocaine [60]. The transition from

nasal to injection route, and intravenous injection use, is associated with a compulsive

consumption pattern. Hence, mephedrone addicts commonly report re-injecting of the

drugwith excessive binge use over long periods of time [9, 114, 116]. The potential of

mephedrone for cravings, compulsive re-dosing, and uncontrollable binge use have

been attributed to its self-reported high and short duration effects [8, 117]. For

intranasal and/or intravenous administration, no human clinical trials have been

conducted. As previously explained in other sections, relative mephedrone abuse

liability has been assessed in a double blind, double dummy, placebo, and positive

comparator controlled and crossover clinical trial [53]. Mephedrone produced similar

effects to MDMA on standardized questionnaires developed to measure abuse poten-

tial in humans ([118]; Visual Analog Scale, 49-item Addiction Research Center

Inventory-ARCI, and Evaluation of Subjective Effects of Substances with Abuse

Potential questionnaire-VESSPA-SEE), but with a faster onset of the desired high

and shorter duration of action [53]. Even though preclinical and human clinical

findings are limited, overall data suggest that the shorter half-life and duration of
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effects induced by mephedrone may lead to more compulsive drug-taking behaviour

in order to maintain euphoria.

6 Summary

To conclude, mephedrone is perhaps the most representative synthetic cathinone in

the recent NPS phenomenon. The misuse of mephedrone in recreational settings has

been related to serious medical problems which have negative impacts on global

public health, especially after binge use, intravenous administration or in the

context of chemsex scenarios. The known effects of mephedrone on dopamine

and serotonin systems in the brain confer psychostimulant-like effects that resemble

those of other amphetamine-compounds and MDMA. Further human clinical

pharmacology research focused on pharmacodynamics and pharmacokinetics is

essential to better understand mephedrone effects, as well as the potentially life-

threatening medical complications associated with its consumption, in order to

provide more effective interventions.
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Application of a Combined Approach

to Identify New Psychoactive Street

Drugs and Decipher Their Mechanisms

at Monoamine Transporters

Felix P. Mayer, Anton Luf, Constanze Nagy, Marion Holy, Rainer Schmid,

Michael Freissmuth, and Harald H. Sitte

Abstract Psychoactive compounds can cause acute and long-term health problems

and lead to addiction. In addition to well-studied and legally controlled compounds

like cocaine, new psychoactive substances (NPS) are appearing in street drug markets

as replacement strategies and legal alternatives. NPS are effectively marketed as

“designer drugs” or “research chemicals” without any knowledge of their underlying

pharmacological mode of action and their potential toxicological effects and obvi-

ously devoid of any registration process. As of 2016, the knowledge of structure–

activity relationships for most NPS is scarce, and predicting detailed pharmacological

activity of newly emerging drugs is a challenging task. Therefore, it is important to

combine different approaches and employ biological test systems that are superior to

mere chemical analysis in recognizing novel and potentially harmful street drugs. In

this chapter, we provide a detailed description of techniques to decipher the molec-

ular mechanism of action of NPS that target the high-affinity transporters for dopa-

mine, norepinephrine, and serotonin. In addition, this chapter provides insights into a
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combined approach to identify and characterize new psychoactive street drugs of

unknown content in a collaboration with the Austrian prevention project “checkit!.”

Keywords Amphetamine • Analytical identification • Bath salts • Cocaine •

Dopamine • Monoamine transporters • New psychoactive substances •

Norepinephrine • Psychostimulants • Research chemicals • Serotonin
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1 Introduction

An emerging problem in recent years is the increasing abuse of new psychoactive

substances (NPS) – the so-called legal highs, bath salts, or research chemicals avail-

able on street drug markets. NPS are mostly distributed over the Internet and comprise

failed pharmaceuticals, like the bath salt 3,4-methylenedioxypyrovalerone (MDPV,

“cloud nine”) [1], or synthetic substances of novel structure. The latter are based on

known chemical structures that target receptors or transporters for neurotransmitters in

the nervous system [2]. However, due to chemical modification of the parent drugs,

NPS evade current drug control legislation [3]. A major challenge associated with

NPS is the flexibility of vendors to adapt to changes within legislative boundaries. For

instance, JWH-018, a former unregulated cannabinoid receptor agonist, was found to

be an active ingredient of the “legal high” product “Spice.” Only 4 weeks after the

legislative ban on JWH-018, the unregulated analogue JWH-073 began appearing in

“Spice” preparations [1, 4]. The replacement of JWH-018 with JWH-073 represents a

perfect example of the often-cited “cat-and-mouse game” [1, 3] whereby the ban of a
given substance inevitably results in the appearance of novel and uncontrolled sub-

stances as a replacement strategy. Strikingly, the number of NPS (in total: 251 in

2012) has already overtaken the number of controlled substances (in total: 234)

(World drug report 2013; https://www.unodc.org/unodc/secured/wdr/wdr2013/World_

Drug_Report_2013.pdf). The alarming increase in NPS available on recreational drug

markets prompted the United Nations Office onDrug and Crime (UNODC) to launch an
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early warning advisory system on NPS in 2013 (UNODC 2013; https://www.unodc.org/

unodc/en/press/releases/2013/September/unodc-early-warning-system-records-

rapid-increase-in-legal-highs-in-2013.html) to provide a variety of up-to-date informa-

tion on an international scale.

Unfortunately, knowledge about the pharmacology of most NPS is limited, if not

missing altogether [5]. Moreover, high-dose or chronic exposure to NPS may result

in severe medical conditions, including psychosis, tachycardia, and even death [5–

8]. NPS satisfy a broad spectrum of individual demands for recreational drugs [9],

a spectrum which ranges from legal alternatives for cannabinoids and hallucinogens

to stimulants.

Stimulant-like NPS exert amphetamine- or cocaine-like pharmacological effects by

interfering with monoaminergic signaling pathways [5, 6]. Simplified, psychostimu-

lants come in two flavors as (1) cocaine-like uptake inhibitors or (2) amphetamine-like

releasers. The first mentioned class, including cocaine and methylphenidate, exerts its

effects by inhibiting the high-affinity monoamine transporters (MATs) for dopamine

(dopamine transporter, DAT), norepinephrine (norepinephrine transporter, NET), and

serotonin (serotonin transporter, SERT). As a consequence, the monoamine concen-

tration increases in the synaptic cleft and activates pre- and postsynaptic receptors

[10]. The second mentioned class, including amphetamine and its analogues like

3,4-methylenedioxymethamphetamine (MDMA, “ecstasy”), triggers a transporter-

mediated reverse transport of monoamines from the cytoplasm into the extracellu-

lar space [11]. It is currently believed that releasers are transported as substrates by

DAT, NET, and SERT and reverse the normal direction of transport flux [12]. Con-

sequently, releasers elevate the extracellular concentration of monoamines inde-

pendently from vesicular release events [13].

Nevertheless, MATs at the plasma membrane operate in concert with vesicular

monoamine transporters (VMATs) to refill the vesicular storage pools [14]. In addi-

tion to their actions at MATs, amphetamine-like drugs (releasers) have been shown to

interact with VMATs [15] and to release monoamines from synaptic vesicles into the

cytosol [13]. The concomitant availability of monoamines for reverse transport, and

the inverted direction of flux for plasmalemmal MATs, has been hypothesized to be

crucial for the actions of amphetamine-like drugs [12, 16]. Most importantly, a link

between amphetamine-like drugs and neurotoxicity has been established [5, 17,

18]. Hence, to assess the potential risk of psychostimulant NPS on neuronal function

and overall health status, it is imperative to decipher their molecular mode of drug

action at MATs.

Structure–activity relationship (SAR) studies have evolved from providing useful

representations of docked molecules to – in many cases – promising tools to shape

and form our understanding of the molecular mechanism of action of drugs, as these

studies shed light onto the molecular determinants of these actions. Certainly, this

evolution has been triggered by the development of more reliable (and biochemically

verified) homology models [19] and the availability of more and more structures of

bacterial transporter homologs [20, 21] and even structures derived from drosophi-

la [22] and human species [23]. However, as of 2016, only a few SAR studies on

psychostimulant NPS exist [24–27]. Future studies should be based and designed on
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the current state-of-the-art techniques and approaches to enhance our understanding

of drug actions at MATs. This could certainly also help to bypass the tedious and

time-consuming intermediate step of biological evaluation of each of the compounds

found on the illicit drug market.

As a result of the current dynamics of the drug markets, society is flooded with a

variety of modified substances. Previous studies reveal that chemical modifications of

psychostimulants might switch their activity from amphetamine-like to cocaine-like

or MDMA-like drugs [26]. Consequently, the structural modifications of known

substances may result in ineffective or even toxic substances. A major threat for

the physical and mental health of drug users is that NPS are rarely sold under their

real name or in their pure form on the street.

To identify potential harmful substances, i.e., adulterants or drug combinations,

the City of Vienna in Austria launched the prevention project known as “checkit!.”

Without the risk of criminalization, drug users can have their drugs anonymously

tested for active ingredients and adulterants. In addition to a permanent location

based in Vienna, “checkit!” offers “on-site” analysis [28]. To reach out to people at

rave parties and music festivals, a mobile laboratory has been installed in a bus.

This unique project not only reduces the occurrence of severe intoxications and of-

fers harm reduction information, but also provides valuable insights into the cur-

rent street drug market situation and allows for documenting market entries of NPS.

The drug user provides a few milligrams of his/her purchased product, which is then

analyzed by high-performance liquid chromatography coupled with mass spectro-

metry (HPLC-MS). Immediately after analysis by “checkit!,” the user receives in-

formation on the content of the drug sample. If the analysis yields inconclusive

results, the content is classified as “unknown” [29]. A combined approach of high-

resolution mass spectrometry (HRMS) and biological activity assays performed in

heterologous expression systems described herein can be used to identify the con-

tent of “unknown” test drugs and the underlying pharmacological activity profile

[30]. On a monthly basis, “checkit!” publishes detailed warning lists, which are also

forwarded to the European Drug Monitoring Centre for Drugs and Drug Addiction

(EMCDDA; http://www.emcdda.europa.eu/edr2015) in Lisbon, Portugal. These lists

contain information on high-dose drug preparations or adulterated and combined

drug mixtures that should be handled with special care.

Recently, collaboration between the Sitte research group and the “checkit!” pro-

gram has shed light on the reason for the ubiquitous use of levamisole as adulterant

in cocaine. In addition to its bitter taste, a metabolite of levamisole, aminorex, exerts

amphetamine-like effects at MATs [31]. In this chapter, we discuss techniques that

have been established and successfully applied to identify substances that target

MATs and experimental approaches to discriminate amphetamine-like drugs from

non-transported inhibitors. Furthermore, we discuss the application of the described

techniques to identify street drugs of unknown content.
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2 Methods for Assessing Drug Actions at Transporters

2.1 HEK293 Cell Culture

Human embryonic kidney cells (HEK293) are cultured in 10-cm cell culture dishes

(Sarstedt, Germany) in Dulbecco’s modified Eagle’s medium (DMEM; high glu-

cose 4,500 mg/L), sodium bicarbonate, and L-glutamine (Sigma Aldrich, St. Louis,

MO, USA), supplemented with 10% fetal bovine serum (FBS). To maintain the

cells in a sub-confluent state, the cells are washed with phosphate-buffered saline

(PBS) every 4 days and exposed to 1 mL of trypsin for 2–3 min at room temper-

ature. After establishing a monocellular suspension by trituration, 0.7–1.0 � 106

cells are transferred into a new 10-cm dish and DMEM supplemented with FBS is

added to a final volume of 10 mL. In the case of HEK293 cells stably expressing the

desired MATs, the selection process is maintained by adding the appropriate anti-

biotics according to the protocol of the vector-supplying company. If needed, the

cell culture medium may be further supplemented with penicillin (100 IU/100 mL)

and streptomycin (100 μg/100 mL).

Transfection of HEK293 cells with the MAT of interest can be achieved by

application of the CaPO4 method [32], which is reliable and inexpensive. Prior to

transfection, the cells should reach a confluency of 35–45%. This can be achieved by

seeding 1.8 � 106 cells into a 10-cm dish 24 h prior to transfection. For each 10-cm

dish, mix 20 μL of DNA (1 μg/μL) with 480 μL of 0.26 M CaCl2 in H2O. Subse-

quently, transfer the DNA-containing mixture into 500 μL of Hepes-buffered saline

(HEBS) and let the mixture sit for 6 min at room temperature. After 6 min, a fine-

grained DNA-Ca2+ precipitate should be visible. Add the solution with the DNA-

precipitate dropwise onto the cells. Let cells sit for 3.5–6 h at 37�C, with exposure

to 5% CO2. Afterwards, aspirate the transfection medium and add 1 mL of glycerol

(10 vol%) to the cells and remove it immediately. Wash the cells with 7.5 mL of PBS

and add 10 mL of DMEM, supplemented with FBS. If MAT-cDNAs are used that

carry a fluorescent protein tag such as green fluorescent protein (GFP) or any other

fluorescent protein, expression can be monitored the next day by use of a fluorescence

microscope. If the transfected MATs do not carry a tag allowing visual assessment of

expression, perform a single-point uptake of tritiated substrate in absence and pres-

ence of specific inhibitors to verify correct MAT expression at the plasma membrane.

To generate cell lines stably expressing theMAT of choice, add the antibiotic listed

in the datasheet of the applied expression vector 48 h after transfection. Maintain a

high-selection pressure for up to 5 days until only viable single cells are present. To

establish monoclonal cell lines, pick one to ten individual cells with a sterile 200 μL
pipette tip. Expand the clones in individual cell culture dishes and repeat this step 2–3

times. Finally, test each individual clone for its transport characteristics, i.e., KM and
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Vmax, for reference substrates (endogenous MAT substrates or MPP+) [33]. For the

uptake inhibition experiments, monocellular suspensions of HEK293 cells expressing

the desiredMAT are seeded at 40,000 cells per well onto poly-D-lysine-coated 96-well

plates (Sarstedt) in a final volume of 200 μL/well 24 h prior to the experiment. For

release experiments, poly-D-lysine-coated glass coverslips (5 mm in diameter) are

placed into 96-well plates. Subsequently, 40,000 cells per well are seeded onto the

glass coverslips in a final volume of 200 μL/well 24 h prior to the experiment.

2.2 Uptake Inhibition Assays

Sodium bicarbonate buffer containing DMEM is removed from the cells and re-

placed with Krebs-HEPES buffer (KHB, 25 mM HEPES, 120 mM NaCl, 5 mM

KCl, 1.2 mM CaCl2, and 1.2 mMMgSO4, 5 mM D-glucose, pH adjusted to 7.3 with

NaOH) at a final volume of 200 μL/well. Subsequently, cells are exposed to KHB

containing various concentrations of test drug for 5 min to achieve equilibration.

Afterwards, tritiated substrate ([3H]-MPP+ at a final concentration of 20 nM for

DAT and NET or [3H]-5-HT at a final concentration of 100 nM for SERT) is added.

The uptake incubation is terminated after 180 (DAT and NET) or 60 s (SERT) by

removing the tritiated substrate and washing the cells with 200 μL of ice-cold KHB.

Finally, the cells are lysed with 1% SDS (100 μL/well) and transferred into counting
vials filled with 2 mL of scintillation cocktail. Uptake of tritiated substrate is de-

termined with a beta-scintillation counter. Nonspecific uptake via DAT, NET, or

SERT is assessed in the presence of 10 μM mazindol, desipramine, or paroxetine,

respectively, and subtracted from all data to yield specific uptake. Uptake in the

absence of test drugs is defined as 100% and uptake in the presence of drugs is

expressed as a percentage of control uptake. The half-maximal inhibitory con-

centration is determined by nonlinear regression fits according to the equation

[Y ¼ Bottom + (Top � Bottom)/(1 + 10^((LogIC50-X)*HillSlope))].

2.3 Release Assays

2.3.1 Dynamic Superfusion Assay

MAT-mediated reverse transport is assessed by use of a dynamic superfusion

apparatus as described in detail elsewhere [34]. In brief, MAT-expressing cells

grown on 5-mm glass coverslips are exposed to 0.1 μM [3H]-MPP+ (DAT and NET)

or 0.4 μM [3H]-5-HT (SERT) at 37�C for 20 min. Subsequently, the cells are

transferred into 12 individual small cylindrical chambers (8 mm in diameter; vol-

ume 200 μL) and superfused with KHB at a flow rate of 0.7 mL/min for 40 min to

establish a stable basal release of tritiated substrate. To ensure that the experiment is

conducted at a constant temperature, the tubes delivering KHB to the individual
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chambers are placed into a water bath set to 25�C. After a 40-min wash-out phase,

three 2-min fractions are collected which represent the untreated (i.e., basal) re-

lease. Afterwards, the cells are exposed to monensin (10 μM) or vehicle for four

fractions, prior to the addition of test drugs in the presence or absence of monensin

for five fractions (the reason for the addition of monensin will be discussed in detail

below). Finally, the cells are superfused with 1% SDS for another three fractions

and total radioactivity present in each fraction is determined by a beta-scintillation

counter (Perkin Elmer, Waltham, MA, USA). For analysis, the release of preloaded

substrate is expressed as fractional rate, i.e., the amount of released radioactivity

per fraction is expressed as percentage of total radioactivity present in the cells at

the beginning of that fraction [35].

2.3.2 Static Batch Release Assay

Originally described by Rudnick and coworkers for MAT-expressing cells in 1995,

the static batch release assay serves as a technique to identify substrate-induced

efflux [36]. HEK293 cells expressing the MAT of interest are preloaded with tri-

tiated substrate (0.05 μM in KHB, 100 μL/well) for 20 min (37�C). Subsequently,
the cells are washed three times with KHB (200 μL/well) at room temperature to

rinse away any tritiated substrate free in solution, which improves the signal-to-

noise ratio. Finally, the test drugs (in KHB, 100 μL/well) are added at a concentra-

tion that inhibits uptake via the respective MAT by 50%, and test drugs are always

compared to an established MAT substrate, e.g., (+)amphetamine. To determine the

specificity of drug-induced reverse transport, controls are performed in the presence

of selective MAT inhibitors, e.g., 10 μM of mazindol for DAT and NET and 10 μM
of paroxetine for SERT. After 10 min, the supernatant is transferred into liquid

scintillation counting vials. The cells are lysed in 100 μL of 1% SDS and transferred

into independent counting vials. Total radioactivity present in the supernatant and

the cell lysate is set as 100%, and the amount of [3H]-substrate present in the su-

pernatant is expressed as percentage of the total.

3 Interpreting Data from Transporter Assays

3.1 Uptake Inhibition Assays

Drugs that target MATs inhibit the uptake of their cognate neurotransmitter substrates

in a dose-dependent manner (Fig. 1). The apparent IC50 values may vary with expres-

sion levels and the cell system used (see below, Sect. 5). Hence, cocaine may be applied

as an internal reference drug for comparison to the potencies of the test compounds un-

der scrutiny. Figure 1 depicts the effects of cocaine and MDPV on DAT- and SERT-

mediated uptake in HEK293 cells. As described previously [37, 38], MDPV inhibits
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DAT-mediated uptake with much higher potency than cocaine (IC50 values of 0.015

vs. 0.36 μM forMDPV and cocaine, respectively). On the contrary, MDPV is strikingly

less potent than cocaine as an inhibitor at SERT (IC50 ~6 μM forMDPV as compared to

0.22 μM for cocaine). As a negative control, one might examine the effects of test drugs

at the GABA transporter [30]; this transporter should be essentially unaffected by any

given MAT substrate or inhibitor.

Uptake inhibition assays allow for the identification of drugs that counteract

MAT-mediated uptake. However, this assay lacks the ability to differentiate

amphetamine-like substrates from non-transported inhibitors [37, 39]. Aside from

triggering reverse transport, amphetamine-like drugs, i.e., drugs that act as “releasers”

similar to (+)amphetamine, bind to the orthosteric site on transporters and are subse-

quently transported as substrates. However, it is worth mentioning that some drugs that

share structural features with (+)amphetamine do not trigger transporter-mediated

efflux and act as non-transported inhibitors, with methylphenidate being the most

prominent example [12]. Hence, drugs acting as transporter substrates compete for

the orthosteric binding sites with the natural neurotransmitter substrates, and engender

dose-dependent reductions in uptake of tritiated substrate. As shown in Fig. 2, the

former legal high and MAT substrate mephedrone [37, 39] inhibits DAT-mediated

uptake with increasing concentrations.

The non-transported inhibitor MDPV and the MAT substrate mephedrone share

a similar profile of activity in uptake inhibition assays. This illustrates that assays

dedicated to reveal drug-induced reverse transport are needed to identify the precise

mode of action for drugs which target transporters. Nevertheless, uptake inhibition

assays provide a fast and reliable tool to identify the compounds that interact

with MATs.

Fig. 1 Effects of MDPV and cocaine on DAT- and SERT-mediated uptake in HEK293 cells. The

human isoforms of DAT (left) and SERT (right) were stably expressed in HEK293 cells, and

incubated with increasing concentrations of cocaine or MDPV. Uptake of [3H]-MPP+ by DAT or

[3H]-5-HT by SERT is expressed as a percentage of uptake in the absence of inhibitors. Nonspe-

cific uptake is determined in the presence of 10 μM mazindol or paroxetine for DAT or SERT,

respectively
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3.2 Release Assays

The major advantage of the dynamic superfusion experiments is the elimination of

back-and-forth movements of substrates by diffusion [40]. The constant flow rate

ensures that released substrates are cleared from the cellular vicinity. This prevents

transporter-mediated reuptake or diffusion events that might counteract reverse trans-

port induced by test drugs. Additionally, and contrary to static release assays, the

temporal resolution of superfusion enables deciphering the time course of effects for

each drug. Monoamine transporters of the SLC6 family utilize the preexisting sodium

gradient across cell membranes as a driving force [41]. Application of the selective Na+/

H+ ionophore monensin [42] dissipates the sodium gradient by allowing sodium entry

into the cytosol. As a result, the increase in intracellular sodium fosters MAT-mediated

reverse transport and selectively augments substrate-induced reverse transport. As a

consequence, only efflux triggered by “true” substrates is sensitive to enhancement by

monensin, while the effects of non-transported inhibitors remain unaffected [27]. A

representative experiment showing the effect of monensin on transporter-mediated

efflux is given in Fig. 3. The addition of the MAT substrate para-chloroamphetamine

(PCA, 3 μM) robustly elevates the basal release of tritiated substrate via SERT. The

presence of monensin (10 μM) further augments PCA-triggered reverse transport. In

striking contrast, application of the SERT inhibitor paroxetine (3 μM) does not result in

tritium outflow, and no difference between paroxetine plus monensin or vehicle can be

observed.

As exemplified in Fig. 3, only the effects of transporter substrates are sensitive to

the presence of monensin. This property precludes the misinterpretation of “pseudo”-

efflux events. Previous studies have shown that MAT inhibitors can unmask a basal

Fig. 2 Effects of

mephedrone and cocaine on

DAT-mediated uptake in

HEK293 cells.

DAT-expressing HEK293

cells were incubated with

the indicated concentrations

of cocaine or mephedrone

(MEPH). Uptake of [3H]-

MPP+ is expressed as

percent of uptake without

inhibitors present, and

nonspecific uptake is

defined in the presence of

mazindol (10 μM)
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loss of tritiated substrate from the preloaded cells [35]. Despite the advantages of su-

perfusion methods, limited yet measurable amounts of tritiated substrate can leak from

cells via simple diffusion. This leak process is normally counteracted by the activity of

MATs in transfected cells. However, in the presence of MAT inhibitors, the reuptake

of extracellular substrates is precluded. Thus, the presence of MAT inhibitors can

elevate the amount of tritiated substrate in the superfusate and might be interpreted as

drug-induced efflux. As shown in Fig. 4a, by magnification of the Y-axis, the addition
of MDPV elevates the basal release of [3H]-MPP+ from HEK293 cells stably ex-

pressing human DAT. Considered in isolation, it might be interpreted that MDPV acts

as a weak amphetamine-like substrate, although the effect is rather modest and does

not reach statistical significance. By contrast, when compared to the effects of PCA in

Fig. 3, the presence of monensin reveals that MDPV does not induce reverse transport

via the sodium-dependent DAT (Fig. 4b), which is in line with previous studies that

conclusively substantiated that MDPV acts as non-transported inhibitor at DAT

[37, 38].

This example highlights that observing the effects of test drugs in the absence and
the presence of monensin is a direct and effective strategy to distinguish between

drugs which act as MAT substrates and those which act as non-transported inhibitors.

Fig. 3 The impact of monensin on SERT-mediated reverse transport in HEK293 cells. HEK293

cells stably expressing human SERT were preloaded with [3H]-MPP+ and superfused.

Pretreatment with monensin (MON, 10 μM) augments the reverse transport triggered by para-

chloroamphetamine (PCA, 3 μM) vs. the vehicle-pretreated condition. Application of the SERT

inhibitor paroxetine (PAROX, 3 μM) does not result in elevated [3H]-MPP+ outflow and is

insensitive to pretreatment with monensin. The presence of monensin, vehicle, PCA, and

PAROX is indicated by black boxes
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However, it is important to stress potential pitfalls associated with the use of

monensin. As a Na+/H+ ionophore, monensin dissipates sodium gradients but also

alters the intracellular pH. Monoamine neurotransmitters (i.e., dopamine, norepine-

phrine, and 5-HT) are weak bases with pKa values greater than 8. Consequently,

alterations in the intracellular concentration of H+ ions can affect the ratio between

protonated and unprotonated forms of these amines. In 2000, Scholze and coworkers

demonstrated that the addition of monensin alone elevated the amount of tritium in

superfusates when [3H]-5-HT was used to preload HEK293 cells in the absence of any

plasmalemmal transporter expression [40]. The increase in preloading time up to 1 h

was enough to efficiently load the cells with tritiated 5-HT by a non-transporter-

related mechanism. A likely explanation for this observation is that elevation of in-

tracellular pH by monensin increases the unprotonated and more lipophilic form of

5-HT, and facilitates diffusion of 5-HT across cellular membranes [43]. Regarding the

“pseudo-efflux” described by Scholze et al. [40] and Sitte et al. [35], the elevation of

tritiated substrates in the superfusate by MAT blockers could be misinterpreted as the

effect of an amphetamine-type releasing agent, as outlined above. If the results

obtained with [3H]-5-HT are unclear, the use of [3H]-MPP+ is an effective coun-

termeasure. The permanent charge of [3H]-MPP+ prevents passive diffusion across

cellular membranes to a large extent. Therefore, MPP+ reveals only transporter-

mediated translocation events.

It is also noteworthy that transporter-mediated release induced by amphetamine-

like substrates results in a bell-shaped dose–response curve. As extensively studied

by Seidel and colleagues [44], high concentrations of test drugs may counteract

transporter-mediated reverse transport, if the applied concentration of the drug of

interest exceeds the determined IC50 by severalfold. Therefore, uptake inhibition

assays not only serve as a tool to identify potential candidate drugs for further

analysis but also provide the basis to identify the correct concentration range for

Fig. 4 Effects of MDPV in the absence and presence of monensin on DAT-mediated reverse

transport in HEK293 cells. HEK293 cells stably expressing human DAT were preloaded with [3H]-

MPP+ and superfused. (a) Addition of MDPV slightly elevates the basal release of tritiated substrate.

(b) The presence of monensin (MON) does not augment the modest effect of MDPV. The addition of

substances is indicated by black bars and arrows
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superfusion studies, i.e., the half-maximal inhibitory concentration for MAT-mediated

uptake.

A major disadvantage of dynamic superfusion experiments is that large amounts

of buffer and substance are required. To bypass this obstacle – if only small amounts

of test drugs are available – two possibilities exist: (1) electrophysiological investi-

gations, which are well suited to discriminate substrates from inhibitors [27]; the

electrogenic uptake process mediated by MATs clearly identifies substrates based on

drug-induced inward sodium currents while non-transported inhibitors fail to induce

such currents; (2) an alternative assay that requires only minute amounts of the drug

under scrutiny – the static batch release assay. Analogous to the dynamic superfusion

experiments, the experimental strategy in the static batch assay is based on the fact

that MAT-mediated transport can run in reverse. Hence, MAT-expressing cells are

preloaded with tritiated substrate and incubated with buffer containing the drug of

interest. Subsequently, the amount of radioactivity present in the incubation buffer is

determined and expressed as percentage of total radioactivity present (i.e., in cells

and in buffer), as determined by disintegrating the cells with 1% SDS. The effect of

test drugs needs to be determined in the presence and absence of specific MAT

inhibitors. Specific MAT inhibitors markedly reduce the amount of tritium in the

supernatant if the cells are incubated with substrate-type drugs (Fig. 5). On the con-

trary, the effects of drugs that act as non-transported inhibitors are insensitive to the

presence of other MAT inhibitors. Even though the dynamic superfusion assay yields

results of higher quality, the static batch assay provides a reliable readout to identify

substrate-type drugs targeting MATs.

Another limitation of dynamic superfusion systems is that determining the half-

maximal stimulatory concentration for release is cumbersome and time consuming.

Initial characterization of the underlying pharmacology, i.e., inhibitor versus sub-

strate, followed by dose-dependent release assays performed in rat brain synapto-

somes as described in various publications by Baumann and coworkers [37–39], has

proven to be a reliable and time-efficient strategy. Moreover, assays conducted in

native tissues serve as an important physiologically relevant comparator system,

since the preparations closely reflect the natural MAT environment; apart from syn-

aptosomes, this also includes slice preparations from brain tissue [45, 46].

4 Biological Assays to Identify Street Drugs of Unknown

Content

To identify the mechanism of action for purchased stimulants that were classified

as “unknown” by “checkit!,” pharmacological “fingerprints” for well-established

reference compounds were first generated. These reference fingerprints include

concentration-response curves for AMPH, MDMA, D-fenfluramine, methamphet-

amine, mephedrone, MDPV, and cocaine, obtained from uptake inhibition exper-

iments performed with HEK293 cells expressing the human isoforms of MATs.
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Each substance reveals a unique profile of selectivity for uptake inhibition at DAT,

NET, and SERT (Fig. 6). For example, the data in Fig. 6 demonstrate that meth-

amphetamine displays potent inhibition of uptake at DAT and NET but not SERT,

whereas methylone is much less selective in this regard. For the initial evaluation of

an unknown compound, the test drug is examined for its ability to inhibit uptake in a

dilution series covering six orders of magnitude. In addition to human DAT, NET,

and SERT, rat GABA transporter 1 (rGAT1) is included in the experimental series.

rGAT1 serves as negative control since amphetamines do not function as substrates

at this member of the neurotransmitter: sodium symporter family [44]. Data on

uptake inhibition reveal the selectivity of test drugs for the individual MATs. Com-

paring the profile of activity for an unknown drug with the various reference “finger-

print” drugs allows for identifying the drug under investigation, or at least narrowing

down the choice of potential candidate drugs. If amphetamine-like transporter sub-

strates are suspected, static batch release assays are performed to verify substrate-like

activity at MATs. Similar to the uptake inhibition experiments, each drug is charac-

terized for its ability to serve as a substrate at DAT, NET, and SERT. The combination

Fig. 5 Effect of AMPH in the absence and presence of mazindol on NET-mediated reverse

transport in HEK293 cells in the static batch release assay. HEK293 cells stably expressing human

NET were exposed to 50 nM of [3H]-MPP+ for 20 min. After washing the cells with buffer, the

cells were exposed to buffer containing AMPH (2 μM) in the presence or absence of mazindol

(MAZ, 10 μM) for 10 min. Subsequently, the cells were lysed in 1% SDS. For analysis, ra-

dioactivity present in the supernatant and the cell lysate was determined by liquid scintillation

counting. “Release” is expressed as percentage of total radioactivity present within one well, i.e.,

the sum of radioactivity present in the supernatant and the cell lysate. Data are shown as modified

version of Rosenauer et al. [30]

Application of a Combined Approach to Identify New Psychoactive Street Drugs. . . 345



of uptake inhibition and release experiments provides the basis to identify drugs based

on their pharmacological fingerprints.

5 Choosing the Appropriate Expression System

Heterologous expression systems provide a powerful strategy to investigate MATs

in vitro. These systems bypass the possible impact of vesicular storage mechanisms

and presynaptic autoreceptors on the effects of test drugs. Furthermore, native tissue

preparations normally contain more than one MAT. Hence, the use of specific inhib-

itors is a prerequisite to eliminate “off-target” effects of test drugs when using tissue

preparations. Consequently, expression of MATs in heterologous systems ensures that

the chosen MATmediates the observed effects per se. However, it is noteworthy that a

reduction in Na+/K+-ATPase levels in nonneuronal cells and different membrane

compositions can bias transporter function. Another important issue is choosing

between stable and transient expression. Stable expression systems display constant

expression levels. However, expression levels correlate with the relative potencies of

test drugs [47] and high expression levels have been shown to result in steep dose–

response curves [48]. To exclude data misinterpretation, it is critical to assess the

kinetic parameters (KM and Vmax) of the chosen cell lines. Additionally, the inclusion

of internal standard drugs with known pharmacology (e.g., cocaine) is a necessary step

when estimating the relative potencies of new drugs.

Fig. 6 Uptake-inhibition profile of reference compounds in HEK293 cells expressing human

monoamine transporters. HEK293 cells stably expressing the human isoforms of DAT, NET, and

SERT were incubated with increasing concentrations of methamphetamine (a) or methylone (b)

and tritiated substrate (SERT: 0.03 μM [3H]-5-HT; DAT and NET: 0.05 μM [3H]-MPP+). The

synopsis of the dose–response curves at each MAT reveals a unique profile of selectivity for each

substance. Data are shown as modified versions of Rosenauer et al. [30]
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6 Discussion

Various methodologies have been employed to assess the mechanism of action of drugs

at MATs. These include electrophysiological recordings [27]; efflux of preloaded [3H]

substrates in static batch release assays [36] and native tissue preparations [39, 49]; and

dynamic superfusion experiments [35]. The ultimate goal of applying these various

methods is to identify the precise molecular mechanism of action for drugs interacting

at MATs: uptake inhibitors versus substrates. Drug-induced carrier-mediated release

events have been observed and studied for over five decades [50]. However, the exact

mechanism and subsequent intracellular cascades involved in transporter-mediated

release are far from being fully understood. Amphetamine-like transporter substrates

can cause internalization events [51], alter the activity of kinases [52], and even affect

second messengers [53] and the transcriptome [54]. Hence, it is of tremendous impor-

tance to unravel the mode of action of NPS at plasmalemmal transporters as they serve

as a gateway to the intracellular compartment. Once located in the cytosol, NPS po-

tentially trigger a variety of additional effects. For instance, a major target of

amphetamine-like drugs appears to be VMAT2. Neurotoxicity of drugs can be

linked to their substrate-like activity at the plasmalemmal and vesicular MATs

[18]. After deciphering the mode of drug action at DAT, NET, and SERT, sub-

strates can be tested for their activities at VMAT2. The current problem with NPS

is that the drug markets are flooded with substances of unknown pharmacolo-

gy. The rapid emergence and disappearance of NPS complicate long-term studies

about their toxicity in vivo. Studies that examine the mode of action of psycho-

stimulant NPS in vitro provide the basis to estimate the potential threat of in-

dividual drugs to public health. The techniques outlined in this chapter enable fast

and reliable identification of MAT substrates that require further analysis in more

depth. Most importantly, the combination of biological assays and chemical iden-

tification by HPLC-MS by “checkit!” is of tremendous clinical relevance. The

current volatility of the street drug markets makes it cumbersome and challenging

for medical professionals to treat adverse effects when the underlying pharmacol-

ogy of ingested drugs is unknown. Maintaining an up-to-date database on the

pharmacology and toxicology of newly emerging drugs is essential for formulat-

ing effective responses to the problem of NPS. As outlined above, street drugs are

rarely sold in their pure form. The current “checkit!” warning system collects

information on adulterants and potentially harmful drug combinations. In addi-

tion, elucidating the chemical nature and pharmacological fingerprints for new

drugs provides the fundamental knowledge required to regulate and ban problem-

atic drugs of abuse before they become well-established members of the drug

market.
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NPS: Medical Consequences Associated

with Their Intake

Fabrizio Schifano, Laura Orsolini, Duccio Papanti, and John Corkery

Abstract Over the last decade, the ‘traditional’ drug scene has been supplemented –

but not replaced – by the emergence of a range of novel psychoactive substances

(NPS), which are either newly created or existing drugs, including medications, now

being used in novel ways. By the end of 2014, in excess of 500 NPS had been

reported by a large number of countries in the world. Most recent data show,

however, that synthetic cathinones, synthetic cannabinoids, and psychedelics/

phenethylamines account for the largest number of NPS.

The present chapter aims at providing an overview of the clinical and pharma-

cological issues relating to these most popular NPS categories. Given the vast range

of medical and psychopathological issues associated with the molecules here

described, it is crucial for health professionals to be aware of the effects and toxicity

of NPS. A general overview of the acute management of NPS adverse events is

provided as well, although further studies are required to identify a range of

evidence-based, index molecule-focused, treatment strategies. The rapid pace of

change in the NPS online market constitutes a major challenge to the provision of

current and reliable scientific knowledge on these substances.
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1 Introduction

Over the last decade, the ‘traditional’ drug scene has been supplemented – but not

replaced – by the emergence of a range of psychoactive substances, which are either

newly created or existing drugs, including medications, now being used in novel

ways. These molecules are referred to as ‘new/novel psychoactive substances’
(NPS). Commonly, the term ‘legal high’ has been used to describe such substances.
However, this is misleading since often these molecules are already subject to

regulation. Moreover, because they are ‘legal’ they are incorrectly assumed to

be safe.

The speed with which NPS emerge onto the drug market(s) has been accelerat-

ing over this period. The United Nations Office for Drugs and Crime (UNODC)

suggests that between 2009 and 2014 the number of NPS reported increased from

126 to 450. By the end of 2014, 541 substances had been reported by 95 countries

through the global Synthetics Monitoring: Analysis, Reporting and Trends

(SMART) programme [1]. Data from the European Centre for Drugs and Drug

Addiction (EMCDDA) provides a more complete assessment of these trends. The
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agency has been systematically monitoring NPS since 2005. Their latest report [2]

shows that of the 101 NPS identified during 2014, 31 were cathinones and 30 were

synthetic cannabinoids; these, together with phenethylamines, account for the

largest number of NPS. In line with UNODC data, by 1st February 2016 the number

of NPS notified to the agency was 561. At present, we see no reason why this

situation of increasing availability of NPS should change in the immediate future.

This is a reason of concern, since there is a general lack of information on newly

created molecules and the possibility of serious health risks (physiological and

mental) is typically based only on analogy with remaining chemically related

molecules/drugs.

The present chapter aims to provide an overview of the clinical and pharmaco-

logical issues relating to the most popular NPS categories, with a particular focus on

the medical and psychopathological issues associated with their ingestion.

2 Synthetic Cannabimimetics

Synthetic cannabimimetics (SC) were first detected in Europe toward the end of

2008 and, at the time of writing, constitute the largest group of substances (about

30%) monitored by the EMCDDA [3]. This situation probably reflects the overall

demand for cannabis within the region, as well as the rapidity with which manu-

facturers can produce and supply new cannabimimetics to avoid ever-changing

drug controls [2]. ‘Spice’ preparations are composed by both a dried plant base, to

mimic the ‘grass effect’ of female cannabis dried inflorescences, and a mixture of

SC, which is sprayed onto the plant material. SC dispersed in the grass preparation

look like hashish, with capsules and e-liquid formulations being available as well.

SC have also been found in tablets and sprayed on cannabis joints [3].

2.1 Market and Use

SC can be found on the web (e.g. both the surface-web and the deepweb/darknet),

either as wholesale or retail products, but also from ‘head-shops’, gas stations, and
from an ever expanding range of other outlets [4]. SC can be acquired as well as

street drugs [5]. Apart from curiosity and the wish to get high – motivations

frequently mentioned in the context of illicit drug use – legal availability is

considered an important motivation for consumption [6]. Many users, on the

other hand, do not seem to be aware of the serious adverse effects related to SC

misuse, since these compounds are being perceived to be somehow equivalent to

marijuana and hence ‘safe’ and ‘natural’ [7]. Many of the hundreds of SC have been

synthesized for research purposes, but most had never been tested in animals/

humans prior to being identified in products confiscated from human users [8].
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The intake of SC usually occurs by inhalation from a joint/bong/pipe or utilizing

a vaporizer. Other ways of intake include insufflation, oral ingestion, rectal admin-

istration, and injection [9]. Users are often young males, choosing Spice instead of

cannabis for its low cost, easy availability, and undetectability in routine urine

screening tests [10–12]. Generally, highly refined analytical techniques are needed

to detect the presence of even small amounts of SC in Spice products, or to identify

the presence of their metabolites in the body fluids [13]. The fact that SC are not

detected by standard toxicology screens makes these substances an attractive

alternative to marijuana for sub-populations undergoing regular drug tests

(e.g. patients of: forensic wards, withdrawal clinics, residential treatments for

substance use disorders, and acute psychiatric wards; prisoners/clients on proba-

tion), and for those subjected to workplace testing such as military personnel, mine

workers, athletes, and driving license re-granting candidates [14].

2.2 Neuropharmacology

SC include compounds with diverse chemical structures, presenting with distinct

physical properties, potency, pharmacokinetics, and pharmacodynamics when

compared to the cannabis phytocannabinoid Δ9-tetrahydrocannabinol (THC).

THC is a partial agonist at cannabinoid receptor subtypes, CB-1 and CB-2, but

the ‘cannabis high’ is associated with the binding to CB-1 site. With respect to THC

itself, SC contained in Spice products are typically full-efficacy agonists with very

high affinity for the CB-1 and CB-2 receptors, hence they elicit maximal activity at

those receptors. Furthermore, the effects of THC in cannabis are modulated/damp-

ened by the presence of other natural compounds such as cannabidiol and

cannabivarin [15], but no such ‘modulating’ compounds are generally detected in

Spice products [16]. Several SC have been found to interact with a range of

non-cannabinoid receptors, including: 5-HT, nicotinic acetylcholine, glycine,

and/or ionotropic glutamate (NMDA), and it is possible that these

non-cannabinoid receptors contribute to the complex effects the synthetic sub-

stances [16–18].

Spice products are almost always laced with multiple SC in a single preparation

[9]. As such, there is a potential for drug–drug interaction between multiple SC in a

single product, and this may contribute to the abuse-related and dangerous syner-

gistic effects of these compounds. Some SC metabolites display high affinity and

efficacy for CB-1 receptors, thus prolonging and intensifying receptor activation,

and contributing to the toxicity of the products [19]. A number of SC compounds

incorporate indole-derived moieties, as components of the structure or as substitu-

ents [20]. Indoles are structurally similar to 5-HT, hence they can activate 5-HT

receptors, which are typically associated with the effects of indoleamine halluci-

nogens such as dimethyltryptamine [21]. From this point of view, it could be argued

that ingestion of indole SC compounds may be associated with significant levels of

activation of 5-HT receptors [22]. It has been suggested that, at high doses, SC
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compounds may also possess some monoamine oxidase inhibitory properties

[23]. These complex pharmacodynamic actions may further increase the risk of

serotonin syndrome in SC misusers [14, 15]. The recent trend of SC fluorination,

commonly applied in medicinal chemistry, may increase the compounds’
lipophilicity, hence promoting the absorption through biological membranes/

blood brain barrier [24, 25], possibly enhancing the SC overall toxicity [19].

Other factors potentially contributing to negative side effects associated with use

of SC include: the pharmacological activity of further molecules, other than SC,

sprayed on the plant mixtures [15], the presence of contaminants, side-products,

and solvents [14], the total lack of product quality control leading to significant

differences in concentration (‘hot-spots’) of SC present in herbal incenses or

e-liquids [22, 26], and the increased vulnerability to adverse effects due to

pre-existing conditions of drug users, or concomitant intake of other psychoactives

[19, 27].

2.3 Desired Effects

Although the ‘cannabimimetic high’ induced by SC presents with some similarities

to that of cannabis, the effects of Spice products have been anecdotally described by

users as intense and euphoric, with hallucinatory experiences at higher levels of

intake [15]. In comparison with cannabis, use of SC may be associated with quicker

‘kick off’ effects, significantly shorter duration of action, larger levels of hangover

effects, and more frequent/intense paranoid feelings [28]. Other Spice effects

include: feelings of well-being, calmness, relaxation, increased creativity, mild

perceptual alterations, and mild memory/attentional impairments [29].

2.4 Adverse Effects

At lower dosages, SC intake seems to be associated with anxiolytic effects, whilst at

higher doses the effects are anxiogenic and associated with a propensity for

continued ingestion [30]. Adverse side effects associated with SC use are more

severe than observed after marijuana, and the related acute toxicity/intoxication

seems to be similar to the one seen with the use of stimulant/sympathomimetic

recreational drugs [11, 31, 32]. It has been suggested that the effects of SC are more

significant in individuals with lower levels of previous exposure to cannabis, and

especially those who are drug naı̈ve [33].

The acute SC intoxication is characterized by a short-standing clinical picture

with reported signs/symptoms of elevated heart rate/blood pressure levels, visual/

auditory hallucinations, mydriasis, agitation/anxiety, hyperglycaemia, dyspnoea/

tachypnea, and nausea/vomiting [9, 33, 34].

NPS: Medical Consequences Associated with Their Intake 355



Other psychiatric and neurological effects include: suicidal ideation/self-

injurious behaviour, aggressive behaviour, panic attacks, thought disorganization,

psychosis, agitated/excited delirium, nystagmus, seizures, hyperemesis, encepha-

lopathy, coma, and stroke [27, 35–39].

Severe cardiotoxic effects have been described as well, including: dysrhythmias,

cardiac arrest, chest pain, and myocardial infarction [9, 11, 40]. Other potentially

serious effects such as hypokalaemia, toxic hepatitis/liver failure, acute kidney

injury, rhabdomyolysis, hyperthermia, and serotonin syndrome have been reported

[9, 37, 40–46]. A chronic cough has been described in habitual SC users [47, 48],

with pneumothorax, pneumomediastinum, and diffuse pulmonary infiltrates having

been reported as well [47, 49].

Tolerance and dependence related to SC use have been described [29, 48]. Long-

term SC misuse may also be associated with a severe prolonged withdrawal

syndrome, characterized by drug craving, tachycardia, tremor, profuse sweating,

diarrhoea, nightmares/insomnia, headache, anxiety/irritability, mood swings, feel-

ings of emptiness/depressive symptoms, and somatic complaints [9, 50]. Natural

cannabis has been reported to be associated with an increased risk of developing

psychosis in users, depending on both the THC concentration and frequency of use

[51, 52]. Similarly, the intake of SC has been associated with a range of psychoto-

mimetic disturbances (e.g. paranoia, delusions, and hallucinations), the occurrence

of florid/acute transient psychosis, relapse/worsening of a pre-existing psychosis,

and persistent psychotic disorder/‘Spiceophrenia’ [27]. In association with Spice

use, a range of further psychopathological disturbances have been described,

including: behavioural dyscontrol and agitation [53], dysphoria, mood swings,

suicide attempts/suicidal ideation [54], manic-like symptoms [55], and relapse of

a pre-existing bipolar disorder [56, 57]. Four completed suicides following SC

intake have been described [58–61]. Finally, a number of deaths have been related

to SC ingestion, either on their own or in combination with other substances, in

analytically confirmed reports [9, 40, 62].

3 Clinical and Adverse Effects of Synthetic Cathinones

3.1 Pharmacology/Neuropharmacology

Synthetic cathinones, such as ethylone and methylone, are β-keto-phenethylamines

structurally similar to amphetamines (including methamphetamine and

3,4-methylenedioxymethamphetamine, or MDMA) and catecholamines, with sub-

tle variations that alter their chemical properties, potency, pharmacokinetics, and

pharmacodynamics [9]. Some cathinones used recreationally are analogues of

pyrovalerone, e.g. 3,4-methylenedioxypyrovalerone (MDPV); naphyrone;

3,4-methylenedioxy-α-pyrrolidinobutiophenone (MDPBP); and α-pyrrolidino-
valerophenone (α-PVP) [63]. Mephedrone and methylone are monoamine releasers

356 F. Schifano et al.



and possess similar abilities to release dopamine (DA) and 5-HT, hence presenting

with patterns of drug abuse akin to those of MDMA [64]. Conversely,

methcathinone (ephedrone) selectively generates a release of DA greater than

5-HT. MDPV is a DA selective uptake inhibitor, but selectively blocks the uptake

of DA greater than 5-HT, and presents with high abuse potential [65]. Similar to

cocaine, MDPV inhibits monoamine uptake at the DA transporters (DAT) and

norepinephrine (NE) transporters (NET) [66, 67]. Simmler et al. [68] have proposed

classifying cathinones into three categories (Table 1).

Whilst mephedrone and MDPV have behavioural effects, respectively, similar to

methamphetamine and cocaine, methylone’s effects are closer to those of MDMA

[69]. Individual cathinones have variable effects and potency levels on the DA, NE,

and 5-HT pathways, but all typically possess sympathomimetic and/or

amphetamine-like effects [70, 71]. The potency of different molecules to inhibit

at DAT and NET levels corresponds to the human recreational dosage whilst their

potency at SERT level does not [68]. However, the amphetamine-type subjective

effects produced by these agents in humans appear to be more correlated with their

potency in releasing NE rather than DA, therefore suggesting that NE may contrib-

ute to the profile of stimulants effects [72]. Mephedrone, methcathinone, MDPV,

and naphyrone are potent NET inhibitors. Whilst increased brain NE levels are not

associated with the intoxicant effect of such molecules, they could contribute to

peripheral sympathomimetic effects leading to undesired side effects and even fatal

cardiovascular consequences [73].

Mephedrone is metabolized in a similar way to ring-substituted amphetamines.

Its half-life is as short as 1 h, hence the re-dosing risk [74]. MDPV is thought to

have a half-life of 3–5 h.

3.2 International Control and Therapeutic Uses

In addition to cathinone and cathine, the only cathinones under international control

(United Nations Convention on Psychotropic Substances 1971) are amfepramone,

mephedrone, methcathinone, and pyrovalerone. Methcathinone, first synthesized

prior to 1928 [75], was patented as an analeptic [76]. Mephedrone

Table 1 Classification of synthetic cathinones [68]

Category Examples

Substrates for DAT, SERT, and NET with

MDMA-like profiles

Benzedrone, butylone, ethylone,

4-methylethcathinone (4-MEC)

Monoamine transporter substrates with

DAT-selective profiles similar to amphet-

amine and methamphetamine

Cathinone, methcathinone, flephedrone.

Naphyrone and 1-naphyrone have very high

potencies and some degree of selectivity for

DAT

Non-substrate transporter inhibitors MDPV

DAT dopamine transporter, SERT serotonin transporter, NET norepinephrine transporter
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(4-methylmethcathinone) appears to have been first synthesized in 1929 [77]. First

synthesized in 1964, pyrovalerone was marketed as an appetite suppressant and for

treating chronic fatigue; it was subsequently withdrawn due to abuse and depen-

dency issues [78]. MDPV was first synthesized in 1969 [79]. Amfepramone

(diethylcathinone) is also used as an appetite suppressant. Methylone has been

patented as an antidepressant and anti-Parkinsonian agent. Bupropion has been

licensed for use as an antidepressant and for treating nicotine dependence. Further-

more, its analogues were also tested as potential pharmacotherapies for cocaine in

preclinical studies in rodents [80]. Bupropion inhibits the reuptake of DA, 5-HT,

and NE, but both bupropion and its metabolites also substitute in amphetamine-

trained animals [81]. It elicits a cocaine-like cue [82].

The large number of seizures of synthetic cathinones by EU law enforcement

agencies reflects the demand for stimulants in the region, with many of them not

only being employed as replacements for amphetamine, cocaine, and ecstasy

(MDMA), but also used in conjunction with such substances [2]. At the time of

writing, synthetic cathinones are the second largest group of substances (18%)

monitored by the EMCDDA, after having first appeared in 2008 [83]. Their rapidly

growing popularity was driven by the lack of availability, or the poor purity of

‘traditional’ drugs combined with little, if any, legal restrictions [9].

Of the nearly 100 cathinones notified so far to the EMCDDA, perhaps the

principal ones of concern, based on adverse health effects, hospital admissions,

and deaths are: 4-MEC, alpha-PVP (α-pyrrolidinopentiophenone), flephedrone,
MDPBP, MDPV, mephedrone, methedrone, methylone, naphyrone, pentedrone,

and pyrovalerone.

3.3 Administration

Typically, synthetic cathinones are sold as pills, capsules, and powders. They are

commonly insufflated (snorted/sniffed), ingested orally by ‘bombing’ (swallowing
the powder wrapped in a cigarette paper), mixed in a drink, or injected intrave-

nously (see also below). MDPV has also been administered sub-lingually, intra-

muscularly, rectally, by smoking, and through vaporization (inhalation) [84].

3.4 What Else Is Being Used with Individual Cathinones
and Why?

Internet user fora often discuss the use of other substances to enhance the effects of

specific drug molecules or to reduce their harmful effects. For example, Coppola

and Mondola [84] describe, with respect to MDPV, that users report ingesting:

alcohol, propranolol, and other beta-blockers to counteract tachycardia, GHB/GBL
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as an aphrodisiac, zopiclone to produce visual hallucinations, kratom/Mitragyna

speciosa, hallucinogens, and amphetamines to enhance stimulant and entactogenic

effects, pregabalin, omeprazole, and domperidone to treat stomach pain, and

benzodiazepines and cannabis to reduce anxiety.

Several different cathinones are often used together. This may cause synergistic

effects, e.g. as with mephedrone and MDPV [73]. Based on mortality data from the

UK, Hungary and Italy collated as part of the EU-MADNESS project (www.

eumadness.eu), it is clear that synthetic cathinones are often present in post-mortem

toxicology and/or implicated in deaths involving NPS. Other stimulants such as

amphetamine, methamphetamine, cocaine, and MDMA are often used, as are

piperazines (especially BZP). Central nervous system depressants such as alcohol,

benzodiazepines, and opioids are not uncommon. In some sub-populations

GHB/GBL and ketamine are used as well.

3.5 Desired and Adverse Effects

Consumers of synthetic cathinones use them for a variety of reasons including

euphoria, stimulation, increased energy, empathy, openness, mood enhancement,

mental clarity, hallucinogenic experiences, and increased libido.

Whereas cardiac, psychiatric, and neurological signs are some of the adverse

effects reported by synthetic cathinone users, the most common symptom identified

from medical observations is agitation, ranging from mild agitation to severe

psychosis [85]. Patients under the apparent influence of mephedrone have also

shown that synthetic cathinones present similar sympathomimetic effects (includ-

ing tachycardia and hypertension as well as psychoactive effects) to amphetamine

derivatives. More than half of those in a student survey who had taken mephedrone

reported adverse effects associated with the central nervous, nasal/respiratory, and

cardiovascular systems [86]. Abdominal pain, flushing, sweating, chills, restless-

ness, and anxiety can be observed as well [9, 70, 71, 87, 88]. Additional reported

serious effects include hyperthermia, rhabdomyolysis, renal failure, and seizures.

Cathinone-related psychoactive effects include increased alertness, euphoria,

excited delirium, hallucinations, agitation, and aggression, associated with tachy-

cardia, hypertension, and dilated pupils. Mood disturbances and paranoid ideation

have been observed in chronic users of cathinones, both natural and synthetic [87–

90].

A large proportion of users of synthetic cathinones reports tolerance, depen-

dence, and withdrawal symptoms [91]. The potential risk for long-term psychiatric

problems is suggested by some abstinent methcathinone users presenting with

decreased striatal DA transporter density on positron emission tomography

scans [92].
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3.6 Morbidity/Clinical Issues: Cathinones’ Injecting Issues

An increasing area of concern in Europe is the injecting of NPS, especially

synthetic cathinones, at a time when injection of heroin is falling in some countries.

The self-injection of synthetic cathinones has emerged among specific segments of

the population in Austria, Belgium, the Czech Republic, France, Germany, Ireland,

Poland, Romania, Spain, and the United Kingdom [93]. In some parts of Europe

(e.g. Graz in Austria and Bucharest in Romania), users injecting cathinones account

for more than half of all drug injectors, with problem drug users now switching

from heroin. The intake of cathinones may be associated with a high frequency of

injection (up to 10–20 times per day). Mephedrone, MDPV, and 4-MEC are all

reported to be injected. The injection of MDPV by problem drug users has been

reported in a number of countries, including Hungary, Finland, and Romania,

including those transitioning from amphetamine [1, 93]. A more recent develop-

ment is the injecting of α-PVP in Ireland [94]. A death resulting from injecting

α-PVP has been reported from Australia [95].

Behavioural data show that half (48%) of those currently injecting NPS reported

sharing syringes [96], hence increasing public health risks [93]. Cathinones may act

in concert with HIV, leading to glial and neuronal toxicity more significant than the

neurotoxicity observed with either the cathinones or HIV individually [97].

Within the Chemsex context (e.g. performing sexual activities while under the

influence of drugs, often involving group sex or a high number of partners in one

session), synthetic cathinones/mephedrone, either on their own or together with

methamphetamine and/or GHB/GBL, were frequently identified as possessing a

significant influence on the men who have sex with men (MSM) risk-taking

behaviour. Some men appeared to describe drugs as having ‘myopic’ properties,
in that they altered their ability to perceive the wider consequences of their actions

[98]. Consequently, this form of use is associated with a highly elevated risk of the

spread of blood-borne and sexually transmitted diseases [96]. An increased number

of sexual partners may also increase the risk of acquiring other sexually transmitted

infections. Data from service users suggest an average of five sexual partners per

session, with unprotected sex being the norm [99, 100]. Mephedrone injecting

within the male gay community is also increasing in cities like London [99].

3.7 Deaths

Deaths have been associated with a range of synthetic cathinones, including:

mephedrone [87, 88, 90, 101, 102], methylone and butylone [103], ethylone

[104], bupropion [82], α-PVP [95, 105, 106], MDPV [93, 107–109], and

methedrone [110].

In England andWales, 83 deaths involving cathinones had been registered by the

end of 2014 (ONS 2015); 15 such deaths were registered between 1 January 2013
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and 30 June 2015 in Northern Ireland, together with 14 in Scotland (unpublished

data, EU-MADNESS project). The majority of these involved mephedrone. Up to

the end of 2014, 63 mephedrone-related deaths were registered in England and

Wales (ONS 2015), 12 in Scotland (unpublished data, National Records of Scot-

land), and 13 mephedrone/cathinone deaths in Northern Ireland [111].

Up to 41% of hangings or other mechanical suicides examined by one forensic

agency between 2010 and 2012 involved cathinones [112]. This confirms other UK

reports of suicides involving hangings by mephedrone users [87, 88].

Unpublished data from Hungary collated for the EU-MADNESS project cover-

ing the period 1 January 2014 to 30 June 2015 indicates 16 deaths where α-PVP was

found in the post-mortem toxicology; of these, only one was exclusively considered

to have involved the drug on its own. However, many others were deemed to be

drug intoxication/overdose. In many instances, benzodiazepines such as alprazolam

and clonazepam were also present. In some cases, other α-PVP analogues, such as

α-PVT (α-pyrrolidinopentiothiophenone) and α-PHP (α-pyrrolidinohexiophenone),
were identified. Some of these fatalities had occurred after injecting. There were

also 11 deaths involving pentedrone, including injectors. The circumstances of

α-PVP and pentedrone deaths resembled those relating to mephedrone described

in the UK, e.g. falls from heights, drowning, hangings, as well as overdoses [87].

4 Clinical and Adverse Effects of Synthetic Hallucinogens

The class of drugs known as hallucinogens are able to alter consciousness by both

distorting the perception of time, motion, colour, sound and self, and by inducing

sensory and perceptual disturbances. Hallucinogens may induce hallucinations

(i.e. perceptions in the absence of external stimuli), illusions (i.e. perceptual dis-

tortion of normal environmental stimuli), and ‘pseudo-hallucinations’ (hallucina-
tions recognized by the patient not to be the result of external stimuli) [113–115],

together with intense emotional responses and thoughts that may influence the

human psyche [116].

Hallucinogens are also called ‘psychedelics’ (a term also describing the ‘classi-
cal hallucinogen’ such as LSD (N,N-diethyl-D-lysergamide) and psilocybin, ‘psy-
chotomimetics’ (a term emphasizing their effects that mimic psychotic symptoms),

and ‘entheogens’ (due to the mystical-type experiences these drugs may induce;

[117]).

In general, the term classical ‘hallucinogen’ is used to connote all drugs acting as
agonists at the 5-HT2A receptor. Beyond these, we include the ‘synthetic halluci-
nogens’, mostly belonging to the NPS category (Table 2).

Along with the classical hallucinogens, other drug molecules (Table 3) may

produce some hallucinogenic effects, even though they are not classified as ‘sero-
tonergic hallucinogens’.
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4.1 Pharmacology/Neuropharmacology

From a pharmacological point of view, classical hallucinogens share the ability to

function as full agonists or partial agonists at 5-HT2 receptors (particularly 5-HT2A

and/or other 5-HT2 receptors; [21, 113, 118]). LSD display high affinity for various

5-HT receptor subtypes including 5-HT1B, 5-HT1D, 5-HT7, 5-HT6, and 5-HT2A

[119, 120]. However, the pharmacological potency of LSD and other hallucinogens

mainly depends on their affinity for the 5-HT2A receptors [21, 113], with mescaline

characterized by the lowest potency and LSD being the most potent hallucinogen.

Importantly, the NBOMe and ‘Fly’ series of drugs, which recently emerged in the

online recreational market, are considered to possess a higher potency compared to

remaining hallucinogens [2].

A number of studies have implicated non-5-HT receptors in the actions of

hallucinogens, including sigma-1, NMDA, μ-opioid, muscarinic, and DA subtypes

[120–123].

4.2 Prevalence of Use

The overall prevalence of use of hallucinogenic mushrooms and LSD in Europe has

been generally low and stable for a number of years. Users of hallucinogens are

typically young adults (15–34 years) who use a wide repertoire of other ‘club-

Table 3 Classification of remaining hallucinogens

Category Examples

Synthetic cannabinoids

MDMA and MDMA-related drugs

Dissociative

anaesthetics

Ketamine, PCP (phencyclidine; aka ‘angel dust’, ‘amp’, ‘embalming

fluid’, ‘boat’, ‘zoom’, ‘belladonna’, ‘amoeba’)

Psychoactive

mushrooms

Amanita muscaria, Amanita pantherina

Herbal highs Salvia divinorum

Table 2 Classification of synthetic serotonergic hallucinogens

Category Examples

Lysergamides LSD, LSA, 1P-LSD, ALD-52, ETH-LAD, Pro-LAD, AL-LAD, LSZ and

LSD-like structures, etc.

Tryptamines Psilocybin, Psilocin, DMT, αMT, 5-MeO-DALT, DiPT, 5-MeO-DiPT,

Ibogaine, etc.

Phenethylamines Mescaline, 2C-series and their derivatives, DOx series and their derivatives,

tetrahydro-diphenyl compounds like 2C-B-Fly, Bromo-DragonFly, etc.
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drugs’ [124]. Moreover, from the anecdotal discussions on online fora/blogs,

‘psychonauts’ are more likely to use hallucinogens, especially in combination

with novel stimulants [124]. National surveys report last-year prevalence estimates

of less than 1% for hallucinogens [2]. The use of hallucinogens appears to be of

particular concern among youngsters. According to the ‘Monitoring the Future

Study’ [125], the lifetime prevalence in hallucinogen use is about 2%, 5%, and

6.30%, respectively, among the 8th, 10th, and 12th graders. In particular, lifetime

prevalence of LSD use ranged from 1.10% to 3.70%. Moreover, according to the

National Survey on Drug Use and Health [126], the prevalence trend for halluci-

nogens use was around 2.50% (aged 12–17), 16.60% (aged 18–25), and 16.20%

(aged >26).

4.3 Administration

Hallucinogens are typically ingested orally, sometimes through small blotter paper

saturated with drug (i.e. ‘tabs’) held in the mouth to allow absorption through the

oral mucosa. Other routes of administrations include insufflation, smoking, rectal,

and injection (intravenous and intramuscular). The route of administration may

influence the effects, their onset, and duration.

4.4 Desired and Adverse Effects

In some cultures, and particularly where shamanic practices are popular, halluci-

nogens are important tools used to enhance spiritual experiences [127, 128]. The

experience of an altered state of consciousness facilitates a belief that a person is

able to see beyond the boundaries of reality.

Hallucinogens are usually taken in combination with stimulant drugs, cannabis,

cocaine, amphetamines, alcohol, prescribed drugs, and other NPS (www.erowid.

org, accessed 16 Nov 2015). In general, reported effects include euphoria, mild

stimulation, enhanced appreciation of music/light, visually appealing distortions,

intensification of sensual/sexual feelings, and altered sense of time and space.

However, each hallucinogen has distinct characteristics, and a large variability in

multiple sensory and emotional dimensions has been described [123]. Furthermore,

non-pharmacological variables such as expectations, personality, environment, and

emotional state appear to have a much greater influence on the effects of halluci-

nogens than with other drugs [129]. The effects of hallucinogens are usually dose-

dependent, highly context-dependent, and user-specific [119, 130]. Some of these

molecules are ingested in order to reach a particular ‘religious’/‘spiritual’/intro-
spective/meditation state [128].

Short-term hallucinogenic effects are associated with an increase in blood

pressure, heart rate, body temperature, dizziness, sleeplessness, loss of appetite,
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dry mouth, sweating, impulsiveness, rapid emotional shifts from fear to euphoria,

numbness, weakness, and tremors. Long-term effects may include the onset of a

persistent psychosis (i.e. visual disturbances, disorganized thinking, paranoia, and

mood disturbances) and/or of a hallucinogen-persisting perception disorder

(HPPD). HPPD is a syndrome characterized by prolonged or recurring perceptual

symptoms, reminiscent of acute hallucinogenic effects. The symptomatology

mainly includes visual disorders (i.e. geometric pseudo-hallucinations, halos,

flashes of colours/lights, motion-perception deficits, after-images, micropsy, and

more acute awareness of floaters), at times associated with depressive symptoms

and thought disorders.

4.5 Lysergamides

Lysergamides are polycyclic amides which possess both the phenethylamine and

tryptamine groups embedded within their structure. Amongst these, LSD (aka

‘acid’, ‘A-tab’, ‘Blotter’, ‘Geltabs’, ‘Windowpane’, and ‘Microdots’) is the most

popular [131]. Its effects appear approximately 1 h after oral ingestion. LSD is

currently a Schedule I drug under the Controlled Substances Act of 1970 [132].

A range of LSD derivatives have recently become Class A drugs in the

UK. These molecules include: LSZ (lysergic acid 2,4-dimethylazetidide); 1-P-

LSD (1-propionyl-D-lysergic acid diethylamide hemitartrate) [133]; LSA

(D-lysergic acid amide, sold as ‘Morning Glory seeds’/‘Hawaiian baby wood rose
seeds’; [134]); ALD-52 (1-acetyl-N,N-diethyllysergamide, previously known as

‘Orange Sunshine Acid’); ETH-LAD (6-ethyl-6-nor-lysergic acid diethylamide);

PRO-LAD (6-propyl-6-nor-lysergic acid diethylamide); and AL-LAD (6-allyl-6-

nor-lysergic acid diethylamide) [2]. They produce effects similar to those of LSD

and present with a similar pharmacological profile by acting on 5-HT2A-receptors,

even though they may possess different potencies, onset, and duration of effects.

4.6 Tryptamines

These include a number of different substances that are derivatives of the controlled

tryptamines and are designed to have predominantly hallucinogenic effects

[113, 119]. Some tryptamines are compounds naturally produced by humans;

these include 5-HT and melatonin (N-acetyl-5-methoxytryptamine), as well as a

range of psychoactive methylated tryptamines whose biological functions remain

unclear. These include: bufotenin (N,N-dimethylserotonin, or 5-OH-DMT, or

5-hydroxy-N,N-dimethyltryptamine), DMT (N,N-dimethyltryptamine), and

5-MeO-DMT [135–137]. Many of the tryptamines are psychoactive hallucinogens

naturally found in plants, fungi, or animals: DMT and 5-MeO-DMT have been

identified in some Delosperma plant species, psilocin (4-OH-DMT, 4-hydroxy-N,
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N-dimethyltryptamine) and psilocybin (O-phosphoryl-4-hydroxy-N,N-dimethyl-

tryptamine) are found in certain fungi (aka ‘magic shrooms’ or ‘mushies’), whilst
bufotenin and 5-hydroxy-indolethylamines are common constituents of the venoms

from members of the genera Hyla, Leptodactylus, Rana, and Bufo [138–

142]. Finally, other tryptamines have been synthesized for pharmaceutical/medical

purposes (e.g. sumatriptan and zolmitriptan for migraine) [143]. Details on the

synthesis and effects of 55 tryptamine-related compounds have been made

available [123].

The use of psilocybin became widespread in the late 1950s in the USA [144], but

synthetic tryptamines appeared in the illicit drug markets only during the 1990s.

Tryptamine derivatives dominated the online drug market until 2007, when they

were listed as ‘narcotics’ or ‘designated substances’ and were quickly replaced by

cathinones, phenethylamines, and piperazines [2, 145].

Nevertheless, according to recent reports [146–148], a range of novel trypt-

amines continue to appear on the online drug market as ‘legal highs’; these include:
5-MeO-DALT (N,N-diallyl-5-methoxytryptamine), AMT (alpha-

methyltryptamine), 5-MeO-AMT (5-methoxy-α-methyltryptamine), 4-HO-DALT

(N,N-Diallyl-4-hydroxytryptamine), and 5-IT (5-(2-aminopropyl)indole)

[2, 149]. In 2013, around 2% of seizures of NPS reported to the EU Early Warning

System were classified as tryptamine compounds [2].

DMT, psilocin, bufotenin, and DET (N,N-diethyltryptamine) were originally

listed as Class A drugs in Part 1(a) of Schedule 2 of [150]. As esters and ethers of

Class A drugs are also controlled, 5-MeO-DMT (5-methoxy-N,N-dimethyltrypta-

mine) and psilocybin (the phosphate ester of psilocin) were also put under control

(Drugs Act [150] c.17) together with AMT, 5-MeO-DALT, and etryptamine (alpha-

ethyl tryptamine; AET).

Tryptamines are likely to be metabolized by monoamine oxidase (MAO)

[151, 152]. The predominant clinical effects produced by tryptamine exposure

consist of visual hallucinations, mediated by agonism at 5HT1A, 5HT2A, and

5HT2C receptors [113, 120, 153], although they exhibit smaller levels of selectivity

and affinity for 5HT2A receptors if compared to phenethylamines [119]. Other

transporters/receptors implicated in the effects of tryptamines include the vesicular

monoamine transporter 2 (VMAT2), σ-1 receptors, serotonin transporter (SERT),

and trace amine-associated receptors (TAAR) [151, 153–156].

Visual hallucinations are common for all tryptamines, whilst for DiPT (N,N-
diisopropyltryptamine) auditory hallucinations are predominantly reported ([123];

www.erowid.org). Other clinical effects vary depending on the index compound

and may include alterations in sensory perception, intensification of colours, dis-

tortion of body image, depersonalization, marked mood lability, euphoria, relaxa-

tion, entactogenic properties, and anxiety, ranging from mild apprehension to panic

disorder ([123]; www.erowid.org; [157]). Untoward effects include agitation,

tachyarrhythmia, hyperpyrexia, serotonergic neurotoxicity, and death

[151]. There are small numbers of confirmed post-mortem toxicology reports on

tryptamines rising from 1 in 2009 to 4 in 2013. AMT has the highest number of
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fatalities recorded in the UK to date, with 4 reported in 2012 and 3 in 2013

(NPSAD 2014).

Natural tryptamines are commonly available in preparations of dried or brewed

mushrooms, while tryptamine derivatives are usually sold in capsules, tablets,

powders, or in liquid formulations. Tryptamines are generally swallowed, sniffed,

smoked, or injected. Street names for some tryptamines include ‘Foxy-Methoxy’
(5-MeO-DIPT, 5-methoxy-N,N-diisopropyltryptamine), ‘alpha-O’, ‘alpha’ and ‘O-
DMS’ (5-MeO-AMT), ‘5-MEO’ (5-MeO-DMT), ‘spice’ or ‘changa’ (DMT), ‘T-9’
(DET) (www.erowid.org; www.bluelight.com, accessed 22 Nov 2015).

DMT (N,N-dimethyltryptamine, aka ‘Dimitri’) was first synthesized in 1931, but
occurs naturally as well in many species of plants which are used in several South

American shamanic practices. Ayahuasca and Yagé are decoctions that include

DMT-containing plants together with B. caapi, containing a monoamine oxidase

inhibitor which in turn allows DMT to be orally bioavailable. DMT has strong

psychedelic properties, producing effects similar to those of LSD. Since DMT is

inactive after oral administration, it is usually injected, snorted, or smoked. It can

produce powerful entheogenic experiences, intense visual hallucinations, and

euphoria. If DMT is smoked, peak effects last for a short period of time

(5–30 min). The onset after inhalation is very fast (less than 45 s) and peak effects

are reached within a minute.

Bufotenin (also known as cinobufotenine, mappin, N,N-dimethylserotonin,

DM5-HT, 5-OH-DMT), a positional isomer of psilocin, is found in the skin of

various species of the toad Bufo genus, in mushrooms such as Amanita, in plants

such as Anadenanthera peregrina and Piptoderma peregrina [158]. Its

psychoactivity is mainly due to its enzymatic conversion to 5-MeO-DMT

[159]. It acts on 5-HT2A receptors, as suggested by in vitro studies [160]. Its use

has been reported to occur mainly by smoking crystals obtained by drying the liquid

extracted from the frogs. It is also reported an intravenous use of bufotenin (www.

bluelight.com).

Recently identified synthetic tryptamines include MET (N-methyl-N-
ethyltryptamine, structurally related to DMT), and associated ring-substituted sub-

stances such as 4-AcO-MET (4-acetoxy-N-methyl-N-ethyltryptamine), 4-OH-MET

(4-hydroxy-N-methyl-N-ethyl tryptamine), and 5-MeO-MET (N-ethyl-5-methoxy-N-
methyltryptamine); 5-MeO-DALT; 5-MeO-MALT (N-[2-(5-methoxy-1H-indol-3-yl)

ethyl]-N-methyl-prop-2-en-1-amine); 2-MeO-DMT (N,N-dimethyl-2-(2-methyl-1H-

indol-3-yl)ethanamine); 5-MeO-EIPT (N-ethyl-N-isopropyl-5-methoxytryptamine);

5-IT (5-(2-aminopropyl)indole); 4-AcO-DPT (4-acetoxy-N,N-dipropyltryptamine);

AMT; 5-MeO-NiPT (N-[2-(5-methoxy-1H-indol-3-yl)ethyl]-propan-2-amine);

5-MeO-AMT; and many others [2].
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4.7 Hallucinogenic Phenethylamines

In the current drug market, the most recent and popular phenethylamines with

hallucinogenic properties include both the so-called 2C series (i.e. 2C-B/‘Nexus’;
2C-I; 2C-E) [161–163] and the NBOMe series drugs [2]. In 2013, around 8% of

seizures of NPS reported to the EU Early Warning System were phenethylamines

[2]. Overall, a range of serotonergic and sympathomimetic toxic effects can be

observed after intake of these drugs, including tachycardia, hypertension, metabolic

acidosis, convulsions, coma, rhabdomyolysis, mydriasis, vomiting/diarrhoea, and

thrombocytopenia, while acute renal failure and hyperthermia are a reason for

particular concern [9, 91, 164].

The 2C-hallucinogens are phenethylamines with methoxy substitutions at the 2-

and 5-positions, structurally related to mescaline, producing psychological and

somatic effects common to serotonergic hallucinogens. Most 2C-series compounds

are usually ingested as MDMA substitutes, and show affinity for 5-HT2A receptors

[161–164], whilst some of them inhibit the reuptake of DA/NE/5-HT as well (for a

thorough review, see [164]).

2C-B (aka ‘Nexus’/‘Bees’/‘Venus’/‘Bromo Mescaline’/‘BDMPEA’) is a ring-

substituted phenethylamine which was first synthesized by Shulgin in 1974 and

then marketed as an MDMA replacement after its schedule in 1985. Its structural

features are associated with stimulant and hallucinogenic activities. It is considered

to be somewhat ‘smoother’ than LSD, being less frequently associated with panic

attacks/‘bad trips’ at recreational dosages. Typically reported effects include

intense body sensations (e.g. pleasurable energy, ‘sense of being in the body’,
and unpleasant ‘buzzing’). Untoward effects include gastrointestinal distress, anx-

iety, frightening thoughts, and visual perceptual disturbances. Other popular com-

pounds of this class include 2C-D (2,5-dimethoxy-4-methylphenethylamine), 2C-E

(2,5-dimethoxy-4-ethylphenethylamine), 2C-N (2,5-dimethoxy-4-nitrophenethy-

lamine), 2C-H (2,5-dimethoxyphenethylamine), andN-ethyl-2C-B (N-ethyl-2C-B) [2].
All NPS belonging to the so-called fly series (the term is used to connote their

molecular structure resembling an insect), and particularly 2C-B-Fly (8-bromo-

2,3,6,7-benzo-dihydro-difuran-ethylamine), and ‘Bromo-DragonFly’/‘B-fly’
(1-(4-Bromofuro[2,3-f] [1]benzofuran-8-yl)propan-2-amine), have been described

as powerful and long lasting drugs, with effects lasting for up to 3 days and

including: hallucinations, mood elevation, paranoid ideation, confusion, anxiety,

and flashbacks [165].‘B-fly’ has been associated with a number of acute intoxica-

tions and fatalities in the EU [165].

NBOMe compounds, originally synthesized in 2003 to aid in the mapping of

5-HT receptors in the brain, started to be used recreationally in 2010 [9, 71]. The

NBOMe market has recently increased in parallel with the declining availability of

LSD. These molecules produce similar effects to LSD, but possessing a higher

potency [2, 148]. NBOMes have been detected in Europe, North America, and

Japan [148, 166, 167]. A growing number of related fatalities and hospitalizations,

both in the UK and internationally [2, 168–171], have been described.

NPS: Medical Consequences Associated with Their Intake 367



The 25X-NBOMe series include the N-methoxybenzyl substituted 2C-class of

hallucinogens, initially synthetized for research purposes [172]. They act at a range

of receptors, although they show a significantly higher affinity at the 5-HT2A

receptor level [173]. A few of them are amphetamine analogues; they are typically

sold in ‘blotters’, powder or in liquid form. They are labelled as ‘Bomb’, ‘Smiles’
and are distributed, like LSD, in a colourful and painted bottle [174]. Their main

routes of administration include sub-lingual/buccal and insufflation. The effects

start within 15 min after oral intake, with the onset being even faster after insuffla-

tion. Desired effects include mental and physical stimulation, increase in associa-

tive and creative thinking, increased awareness, and appreciation of music, spiritual

experiences, and euphoria (www.erowid.org).

There are several reports of related acute toxicity events, most being related to

25I-NBOMe (2-(4-iodo-2,5-dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]

ethanamine; [175–177]). 25I-NBOMe shares some structural similarity with 2C-I

(2,5-dimethoxy-4-iodophenethylamine). It is a partial agonist at 5-HT2A receptors

[9, 70]. Its effects are powerful and unpredictable, including mood lift, euphoria,

colour shifts, brightening, erotic/sexual thoughts and sensations, feelings of love/

empathy, mydriasis, confusion, nausea, insomnia, paranoia, vasoconstriction,

peripheral numbness, and swelling (www.erowid.org). A number of 25I-NBOMe-

related fatalities and hospitalizations have been reported (Shanks et al. 2014;

[2, 175–177]). Overall, the most commonly reported symptoms of acute toxicity

include tachycardia (85%), hypertension (65%), agitation/aggression (85%), and

seizures (40%). The most common abnormalities in laboratory tests include ele-

vated level of creatinine kinase (45%), leucocytosis (25%), and hyperglycaemia

(20%; [178]).

Other molecules of this class include 25B-NBOMe (2-(4-bromo-2,5-dimethoxy-

phenyl)-N-[(2-methoxyphenyl)methyl]ethanamine) and 25C-NBOMe ((2-(4-chloro-

2,5-dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]ethanamine)) [174, 179]. A

case of fatal intoxication following the use of 25B-NBOMe has been reported as

well [180]. The effects of 25C-NBOMe (aka ‘N-Bomb’ or ‘Pandora’) include

aggression, unpredictable violent episodes, dissociation, and anxiety.

5 Treatment Options: Physical and Psychiatric

5.1 Acute Management of Adverse Events

Consumers of NPS may present to the Accident and Emergency Departments

without providing information about the substances(s) ingested and it is likely

that standard drug tests will show negative results. Indeed, it is problematic to
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draft a good-for-all NPS treatment/management plan to cope with the behavioural

and psychopathological disturbances related to the intake of the virtually few

hundreds of substances currently available [70, 91]. Those individuals presenting

with less severe symptoms should be assessed and managed as for any other users of

psychoactive substances, and may simply need reassurance, support, and observa-

tion. When a medication may be needed, given the complex/unknown pharmacol-

ogy of the substances arguably ingested, benzodiazepines may be the agents of

choice [9, 70]. They may, however, need frequent re-dosing to achieve adequate

sedative effect, and this may be a problem whilst in presence of alcohol. Benzodi-

azepines may be particularly useful for the treatment of the stimulant/synthetic

cathinone-related agitation [181–183]. This approach may be useful as well to stop

seizures [184, 185]. Where patients cannot be controlled with benzodiazepines

alone, propofol and/or antipsychotics may be considered, although drugs such as

haloperidol, olanzapine, or ziprasidone can lower seizure thresholds, limit the

levels of heat dissipation [185], and contribute to dysrhythmias [186]. People

with underlying cardiac, neurological, and psychiatric conditions, especially those

on medication, are likely to be at greatest risk of serious adverse events [187]. For

coronary ischaemia following the use of stimulants, consideration should be given

to conventional treatment with nitroglycerin, morphine, and antiplatelet drugs

[186]. Conversely, beta-blockers should be avoided as they could exacerbate

symptoms, including worsening coronary vasoconstriction and hypertension

[186]. Hyperthermia needs to be evaluated and treated aggressively, and this

typically involves cooling measures and i.v. fluid administration for rhabdomyol-

ysis concern. Appropriate sedation paralysis and assisted ventilation may at times

be needed [185]. The intake of serotonergic drugs (e.g. phenethylamines, halluci-

nogens, NBOMe compounds, etc.) may be associated with the occurrence of the

serotonin syndrome, to be managed using both benzodiazepines and

cyproheptadine [9].

5.2 Longer Term Therapeutic Psychological and Harm
Reduction Approaches

Little is known about the potential neurotoxicity or long-term consequences of

mephedrone misuse, so only common sense advice about the use of any psychoac-

tive stimulant can been provided [187, 188]. This may include taking small dosages

per session, avoiding regular use to delay developing tolerance, not using the drug

in combination with other stimulants or large amounts of alcohol and other depres-

sants, not insufflating/injecting the drug, remaining well hydrated when using the

drug, and avoiding becoming overheated. Both a brief motivational intervention

and appropriately adapted psychosocial intervention have been suggested to treat

mephedrone addiction [187].
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6 Concluding Remarks

The rapidly evolving NPS phenomenon represents a challenge for medicine, and

especially so for emergency physicians and mental health professionals. Indeed,

NPS intake is typically associated with the imbalance of a range of neurotransmitter

pathways/receptors, and consequently with a significant risk of psychopathological

disturbances [9]. Vulnerable subjects, including both children/adolescents and

psychiatric patients, may be exposed to a plethora of pro drug web pages, from

which unpublished/anecdotal levels of knowledge related to the NPS are typically

provided by the ‘e-psychonauts’ (e.g. drug fora/blog communities’ members;

[124]).

Although current general population surveys suggest relatively low levels of

NPS use, at least if compared with classical scheduled substances such as THC,

cocaine, and heroin, this may change. Indeed, future studies should provide better

levels of NPS-clinical pharmacological-related knowledge, so that better tailored

management/treatment strategies and guidelines can be made available.

Because of the large range of medical and psychopathological issues associated

with the NPS intake here described, it is crucial for health professionals to be aware

of the effects and toxicity of NPS, and especially the most popular ones here

discussed, e.g. SC, synthetic cathinones, and the most recent hallucinogenic

drugs. Finally, future approaches should consider the role of web-based preventa-

tive strategies in targeting youngsters/vulnerable individuals at risk of approaching

the NPS market.

Acknowledgements/Funding Statements This paper was supported in part by grants of the

European Commission (Drug Prevention and Information Programme 2014-16, contract

no. JUST/2013/DPIP/AG/4823, EU-MADNESS project). Further financial support was provided
by the EU Commission-targeted call on cross border law enforcement cooperation in the field of

drug trafficking – DG Justice/DG Migrations and Home Affairs (JUST/2013/ISEC/DRUGS/AG/

6429) Project EPS/NPS (Enhancing Police Skills concerning Novel Psychoactive Substances;

NPS).

References

1. UNODC (United Nations Office on Drugs and Crime) (2015) World Drug Report. https://

www.unodc.org/documents/wdr2015/World_Drug_Report_2015.pdf. Accessed 30 Nov

2015

2. EMCDDA (European Monitoring Centre for Drugs and Drug Addiction) (2015) New psy-

choactive substances in Europe - an update from the EU Early Warning System. Publications

Office of the European Union, Luxembourg. http://www.emcdda.europa.eu/publications/

2015/new-psychoactive-substances. Accessed 15 Nov 2015

3. EMCDDA (European Monitoring Centre for Drugs and Drug Addiction) (2015) Synthetic

cannabinoids in Europe. http://www.emcdda.europa.eu/topics/pods/synthetic-cannabinoids.

Accessed 29 Nov 2015

4. Daly M (2013) Streets legal. Druglink 28:17

370 F. Schifano et al.

https://www.unodc.org/documents/wdr2015/World_Drug_Report_2015.pdf
https://www.unodc.org/documents/wdr2015/World_Drug_Report_2015.pdf
http://www.emcdda.europa.eu/publications/2015/new-psychoactive-substances
http://www.emcdda.europa.eu/publications/2015/new-psychoactive-substances
http://www.emcdda.europa.eu/topics/pods/synthetic-cannabinoids


5. Shlosberg D, Zalsman G, Shoval G (2014) Emerging issues in the relationship between

adolescent substance use and suicidal behavior. Isr J Psychiatry Relat Sci 51:262–267

6. Auwarter V, Dargan PI, Wood DM (2013) Synthetic cannabinoid receptor agonists. In:

Dargan PI, Wood DM (eds) Novel psychoactive substances classification, pharmacology

and toxicology. Elsevier, London, pp 317–343

7. Schifano F, Corazza O, Davey Z, Di Furia L, Farre M, Flesland L, Mannonen M, Pagani S,

Peltoniemi T, Pezzolesi C, Scherbaum N, Siemann H, Skutle A, Torrens M, Van Der Kreeft P

(2009) Psychoactive drug or mystical incense? Overview of the online available information

on Spice products. Int J Cult Ment Health 2:137–144

8. Thomas BF, Wiley JL, Pollard GT, Grabenauer M (2014) Cannabinoid designer drugs:

effects and forensics. In: Pertwee RG (ed) Handbook of cannabis. Oxford University Press,

Oxford, pp 710–729

9. Schifano F, Orsolini L, Papanti GD, Corkery J (2015) Novel psychoactive substances of

interest for psychiatry. World Psychiatry 14:15–26

10. Martinotti G, Lupi M, Acciavatti A, Cinosi E, Santacroce R, Signorelli MS, Bandini L,

Lisi G, Quattrone D, Ciambrone P, Aguglia A, Pinna F, Calò S, Janiri L, di Giannantonio M
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