S-MEPHEDRONE: PRECLINICAL INVESTIGATION OF A SYNTHETIC
CATHINONE AGAINST BEHAVIORAL AND NEUROCHEMICAL EFFECTS
OF COCAINE AND MDPV

A Dissertation
Submitted to
the Temple University Graduate Board

In Partial Fulfillment
of the Requirements for the Degree
DOCTOR OF PHILOSOPHY

By
Helene L. Khalid

May, 2017

Examining Committee Members:

Scott M. Rawls, PhD, Advisory Chair, Department of Pharmacology
Barrie Ashby, PhD, Department of Pharmacology

Ellen M. Unterwald, PhD, Department of Pharmacology

Lynn Kirby, PhD, Department of Anatomy and Cell Biology

Allen Reitz, PhD, External Member, Fox Chase Chemical Diversity Center



©
Copyright
2017

by
Helene L. Khalid

AllRights Reserved



ABSTRACT

Synthetic cathinones are an emerging class of novel psychoactive substances
whose rising rates of abuse have made them a significant public health issue. Recently,
synthetic cathinones have emerged as popular drugs of abuse in the United States and
Europe. lllicit drug dealers have synthesized stable analogues of cathinones and marketed
them via the Internet as “legal high” alternatives to commonly abused psychostimulants.
Some adverse effects of synthetic cathinone intoxication include depression, anxiety,
myocardial infarction, cardiac dysrhythmias, pulmonary edema, renal failure, stroke and
death. Two synthetic cathinones that have gained popularity over the past decade are 4-
methylmethcathinone (mephedrone, MEPH) and 3,4-methylenedioxypyrovalerone
(MDPV).

Analogous to other amphetamines and cathinones, MEPH is a chiral molecule
with two enantiomers, R-MEPH and S-MEPH. Pharmacological differences can exist
between enantiomers. Given the enantiomeric specificity that exists between the
enantiomers of MEPH, the overall goal of this dissertation was to investigate potential
therapeutic effects of S-MEPH and to determine the reinforcing effects and potential
abuse liability of each enantiomer of MEPH. To date, there are no approved medications
for psychostimulant abuse despite high rates of relapse even with treatment. The lack of
pharmacotherapies suggests that new approaches for psychostimulant abuse remain to be
identified. Further exploration into the stereochemistry of MEPH will characterize a new
approach to manage psychostimulant abuse during acute withdrawal that causes anxiety

and relapse.



The first experimental chapter of this thesis (Chapter 2) evaluated the effects of S-
MEPH on cocaine and MDPV withdrawal-induced anxiety- and depression-like behavior
in the elevated plus maze (EPM) and forced swim test (FST), respectively. EPM and FST
were used to test the hypothesis that S-MEPH reduces anxiety-like and depression-like
behaviors in rats withdrawn from a 10-day chronic binge cocaine paradigm (10 mg/kg,
3x/day in 1-hr intervals) or binge MDPV paradigm (1 mg/kg, 3x/day in 1-hr intervals).
Control animals received saline injections. Both cocaine and MDPV induced heightened
anxiety-like behavior on the EPM compared to saline controls. Rats withdrawn from
chronic cocaine exposure received treatment with 10 mg/kg S-MEPH (COC SM 10). S-
MEPH increased the percentage of time spent on the open arms compared to treatment
with saline (COC SAL). Similar efficacy was observed for 10 mg/kg of S-MEPH where
rats withdrawn from chronic MDPV exposure and treated with S-MEPH during the drug-
free period (MDPV SM 10) increased the percentage of time spent on the open arms
compared to treatment with saline (MDPV SAL). Treatment with a higher dose of S-
MEPH (30 mg/kg) also produced an increase in time spent on the open arms for rats
withdrawn from either cocaine (COC SM 30) or MDPV (MDPV SM 30). However,
treatment with 30 mg/kg S-MEPH by itself (SAL S-MEPH) caused a slight, but
significant, decrease in time spent on the open arms compared to saline controls (SAL
SAL). Cocaine and MDPV withdrawn rats spent more time in the immobile state,
indicative of depression-like behavior in the FST compared to saline controls. Subsequent
treatment with 10 mg/kg S-MEPH (COC SM 10), following withdrawal from chronic
cocaine exposure, reduced the time spent in the immobile state compared to treatment

with saline (COC SAL). Similar efficacy was observed for 10 mg/kg of S-MEPH where



rats withdrawn from chronic MDPV exposure and treated with S-MEPH during the drug-
free period (MDPV SM 10) decreased the time spent in the immobile state compared to
treatment with saline (MDPV SAL). Treatment with a higher dose of S-MEPH (30
mg/kg) also produced a decrease in immobile state for rats withdrawn from either cocaine
(COC SM 30) or MDPV (MDPV SM 30). However, treatment with 30 mg/kg S-MEPH
by itself (SAL S-MEPH) caused a reduction in time spent in the immobile compared to
saline controls (SAL SAL). The present data suggest S-MEPH has therapeutic potential
during early withdrawal from psychostimulant abuse and may be a possible structural and
pharmacological template to develop maintenance therapy for psychostimulant abuse.
Although dopamine (DA) and serotonin (5-HT) release is the primary mechanism
of action of S-MEPH, in vitro studies assessed the receptor binding and activity of S-
MEPH to elucidate a possible secondary mechanism that could contribute to the clinical
effects of S-MEPH. Indeed, standard antidepressants (e.g. fluoxetine) have a dual
mechanism of action, and not only increase 5-HT levels, but also block 5-HT2C receptors
that help to prevent the initial onset of anxiety reported by patients. Binding and
functional assays were performed at the National Institute of Mental Health Psychoactive
Drug Screening Program (PDSP). For radioligand binding, S-MEPH was screened at 10
uM for binding to a battery of receptors including a range of 5-HT, DA, sigma, kappa
opioid, adrenergic, muscarinic, and nicotinic receptor subtypes. It was found that S-
MEPH binds to 5-HT2 receptors (2A, 2B, 2C) but showed negligible binding for
dopaminergic, adrenergic and nicotinic receptors. Functional assays revealed S-MEPH
has no agonist activity. These results suggest that S-MEPH may be a possible structural

and pharmacological template to develop a maintenance therapy for addicts with acute



anxiety and depression during early withdrawal by enhancing the release of 5-HT and/or
through 5-HT2 receptor interactions.

Chapter 3 investigated whether S-MEPH can reinstate drug-seeking behavior in
rats with a history of cocaine exposure. Using the drug intravenous self-administration
(IVSA) model, rats were trained to self-administer cocaine (0.375 mg/kg/infusion) under
FR-1 schedule of reinforcement during daily 2-hour sessions for 12 days. Following
acquisition of cocaine self-administration, rats were subject to daily 2-hour extinction
sessions. After meeting extinction criteria (less than 15 active lever presses), rats
underwent drug-primed reinstatement, where non-contingent injections of R-MEPH (10
mg/kg), S-MEPH (10, 20, 30 mg/kg), or cocaine (10 mg/kg) were administered prior to
the reinstatement session. S-MEPH (10, 20, 30 mg/kg) prior to the reinstatement session
was not efficacious in producing drug-seeking behavior. R-MEPH-prime injection
reinstated cocaine-seeking behavior. Rats reinstated responding after cocaine-prime
injection.

After observing differences in priming injections with R-MEPH and S-MEPH
during reinstatement to cocaine-seeking (Chapter 3), we further examined the reinforcing
effects and potential for abuse of S-MEPH in Chapter 4. Fixed-ratio 1 (FR-1)
(acquisition) and progressive-ratio (motivation) schedules of reinforcement were used to
determine the rewarding properties and motivational incentive for R-MEPH, S-MEPH as
well as racemic MEPH. Rats were trained to self-administer MEPH (0.5 mg/kg/infusion)
under a fixed ratio (FR-1) schedule in daily 2-hour sessions for 14 days. After
acquisition, rats underwent dose substitution to examine effects of R-MEPH (0.5

mg/kg/infusion) and S-MEPH (0.25, 0.5, 2. mg/kg/ infusion). Dose-substitution studies
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revealed the lowest (0.25 mg/kg/ infusion) and middle (0.5 mg/kg/ infusion) dose of S-
MEPH significantly increased the number of reinforcers earned, while the highest (2.0
mg/kg/ infusion) dose decreased the number of reinforcers earned during the two hour
sessions compared to acquisition of MEPH. Following the observations that rats readily
acquire S-MEPH when a history of MEPH administration is already established, in a
separate cohort of rats, acquisition of S-MEPH self-administration was studied using
three doses of S-MEPH (0.25, 0.5, 2.0 mg/kg/infusion) and R-MEPH (0.5
mg/kg/infusion) on a fixed-ratio 1 (FR-1) and progressive-ratio schedule of reinforcement
using drug naive rats. In this cohort, 50-kHz ultrasonic vocalizations (USVs) were
recorded during FR-1 sessions to assess potential stereospecific differences in drug-
associated positive affect. Rats were trained to self-administer R-MEPH (0.5 mg/kg/
infusion) or S-MEPH (0.25, 0.5, 2.0 mg/kg/ infusion) for 10 days followed by
progressive-ratio for 10 days to determine motivation for drug taking. Rats readily self-
administer both enantiomers of MEPH under a FR-1 schedule. Equivalent doses of R-
MEPH and S-MEPH did not significantly differ in number of infusions and active lever
presses. Self-administration of R-MEPH elicited greater rates of 50-kHz USVs compared
to S-MEPH. Progressive-ratio studies determined that R-MEPH- trained rats had
significantly higher breakpoints than that of S-MEPH- trained rats, indicating an increase
in motivation to work for reinforcer. These data suggest that escalation of S-MEPH
intake occurred when a previous history of MEPH was established; rats exposed to
MEPH are compensating with escalating their intake of S-MEPH to reach the previous
euphoric state during acquisition of MEPH. These findings indicate that rats readily

acquire both enantiomers of MEPH, which signify an abuse liability for these drugs.
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However, these data suggest that R-MEPH, rather than the S-MEPH, is responsible for
the rewarding and reinforcing effects seen with the racemic form of MEPH, due to the
lack of motivation to work for the S-enantiomer.

In conclusion, during early withdrawal from chronic cocaine or MDPV, rats
demonstrated heightened anxiety-like behavior on the EPM and increased depression-like
behavior in FST. Binding and functional assays indicate affinity for the 5-HT2 receptors
(2A, 2B, 2C) and no agonist activity of S-MEPH. Results show R-MEPH reinstates
cocaine-seeking behavior and S-MEPH does not reinstate cocaine-seeking. Furthermore,
R-MEPH and S-MEPH both have reinforcing effects, with R-MEPH having significantly
greater reinforcing strength compared to S-MEPH. These studies identified unique
differences in the behavioral profile of MEPH enantiomers. This data not only expands
the body of literature on the stereospecific effects of MEPH, but also developing the
pharmacological profile of MDPV in the context of dependence and addiction. Continued
research is needed profiling MEPH and MDPV to develop efficacious

pharmacotherapeutics for treating psychostimulant abuse to reduce relapse rates.
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CHAPTER 1
GENERAL INTRODUCTION
Scientific Rationale
Drug abuse in the United States is a major public health concern that has significant
negative consequences on the judicial system (increased crime associated with drug use)
and healthcare system (specialized treatment, ED visits, illnesses, and prolonged hospital
stays), as well as a profound economic burden (approximately $200 billion). Drug
addiction is a frequently relapsing disorder that is regarded as the compulsion to seek and
take drugs despite negative consequences. Addiction leads to dysfunction of
neurotransmitter systems that leads to biological, psychological, social and/or spiritual
characteristic manifestations. In 2013, there were approximately 24.6 million current
illicit drug users in the United States aged 12 or older, of which 1.5 million were cocaine
users [SAMHSA, 2013]. Cocaine, methamphetamine (METH), and 3,4-
methylenedioxymethamphetamine (MDMA, ‘Ecstasy’) are among the traditionally
abused illicit psychostimulants. Psychostimulants are highly addictive and eventually
lead to tolerance and dependence. The common routes of administration for optimal
effects are injection, snorting, or smoking. Users may experience, euphoria, increased
alertness, elevated mood, anxiety, elevated heart rate, elevated blood pressure, irregular
heart rate, chronic insomnia, uselessness, seizures, aggression, psychosis, heart failure,
and/or paranoia, especially when used in high doses or repeatedly. In recent years, an
unprecedented rise in use of “legal high” alternatives to scheduled drugs such as cocaine
and METH has been observed. “Legal high” alternatives are designed to mimic the

intoxicating effects of commonly abused illicit drugs [Meyers et al., 2015]. Among the



recreational drugs that are being synthesized are synthetic cathinones, widely known as
“bath salts”, which are beta-ketone amphetamine derivatives [Winstock et al., 2011,
German et al., 2014; Meyers et al., 2015]. Two synthetic cathinones that have gained
popularity in the U.S. and Europe are mephedrone (4-methylmethcathinone, MEPH) and
3,4-methylenedioxypyrovalerone (MDPV). Relapse is common among addicts; most
addicts (between 80-90%) will relapse within 12 months following drug abstinence
[Hendershot et al., 2011]. Physical withdrawal symptoms are manageable but the
psychological withdrawal effects make it difficult to treat. A combination of therapies
may need to be instituted such as cognitive-behavioral therapy, self-help support groups,
other behavioral therapies, and/or change in environment. There is currently no approved
medication to treat psychostimulant addiction to cocaine and the designer cathinones
MEPH and MDPV [Sofuoglu et al., 2013]. Given the severe consequences of
psychostimulant addiction, new approaches to manage psychostimulant abuse during
withdrawal and relapse need to be identified.

To identify stereospecific behavioral effects associated with individual MEPH
enantiomers, the reinforcing properties and potential for abuse liability of each MEPH
enantiomer will be determined. To further expound on the mechanisms of MEPH
enantiomers, the behavioral and neurochemical effects of S-MEPH in animal models of
cocaine-induced and MDPV-induced anxiety, depression, and relapse will be
characterized. We hypothesize that S-MEPH will reduce both cocaine- and MDPV-
induced anxiety and depression and prevent relapse during withdrawal through

normalization of dopamine (DA) and serotonin (5-HT) dysfunction, but produce no



significant reinforcement by itself. The following aims were designed to address this
hypothesis:

1. To characterize the effects of S-MEPH on preclinical indicators of anxiety and

depression.

2. To characterize the effects of S-MEPH on prime-induced relapse to cocaine

seeking and test for any reinforcing effects of S-MEPH itself.

3. To investigate the effects of S-MEPH administration on DA and 5-HT systems.
This work involves characterizing a new approach to developing an anti-craving and anti-
relapse therapeutics for psychostimulant addiction, and developing the pharmacological
profile of a novel and prevalent psychostimulant (MDPV) in the context of dependence
and addiction.

Cocaine

Currently, cocaine is one of the most widely abused recreational drugs. It can be
consumed by multiple routes of administration that include inhalation, nasal insufflation,
and intravenous injection. Physiological effects include constricted blood vessels, dilated
pupils and increased body temperature, heart rate and blood pressure, vertigo and/or
muscle twitches. This can cause a variety of severe medical consequences including
neurological effects (stroke, seizure, headaches, and coma), gastrointestinal
complications (abdominal pain and nausea) and cardiovascular complications such as
ischemic stroke and myocardial infarction [Pomara et al., 2012, Zimmerman, 2012]. The
effects can last between five to ninety minutes depending on the route use to administer
and the doses taken [Zimmerman, 2012]. Cocaine abuse leads to acute withdrawal

behaviors characterized by restlessness, irritability, anxiety, depression, paranoia,



tremors, and development of tolerance from repeated use, due to the uncontrollable
pattern of use.

The rewarding and stimulating effects of cocaine are largely due to the effects of
cocaine on the brain’s nigrostriatal and mesolimbic dopamine pathways. Normally,
dopamine is released into the synapse, where it can bind to a dopamine transporter and
then recycled back for later use. However, with cocaine present, dopamine builds up in
the synapse. Cocaine blocks the normal DA uptake process and DA activates dopamine
receptors [Di Chiara and Imperato, 1988; Tanda et al., 2005]. This contributes to the
rewarding and behavioral effects of cocaine. Cocaine also binds to serotonin and
norepinephrine transporters, increasing extracellular levels of serotonin and
norepinephrine by inhibiting the reuptake of serotonin and norepinephrine as well [Ritz et
al., 1990; Andrews and Lucki, 2001]. To date, there are no FDA-approved medications
available to treat cocaine addiction, despite many years of researching new approaches to
reducing cocaine’s rewarding effects. Currently, the predominant form of treatment is
behavioral therapy in combination with medications to treat symptomatic withdrawal
effects. Some pharmacotherapeutics that have been tested for cocaine addiction include
creating vaccines with cocaine-specific antibodies, agonist-replacement therapies in
particular monoamine releasers, and mixed mechanism agents that target multiple
neurotransmitters like dopamine, serotonin, norepinephrine, gamma-aminobutyric acid
(GABA), and glutamate [Shorter et al., 2015; Kosten and Domingo, 2013; Cai et al.,
2013]. Consequently, new approaches and targets need to be identified to better treat

psychostimulant addiction.



Cathinones
In recent years, new psychoactive substances (NPS) have emerged on the international
drug market at an alarming rate. NPS is a term used for unregulated substances that
mimic the effects of controlled substances [United Nations, 2013]. NPS includes a variety
of drug classes, including hallucinogenic drugs, sedatives, synthetic cannabinoids,
synthetic opiates, synthetic cathinones, and “other substances.” In 2015, 75 new
substances were identified on the international drug market [United Nations, 2016].
Years prior, synthetic cannabinoids had the largest number of new substances identified.
However in 2015, synthetic cathinones had the highest number of substances identified
[United Nations, 2016].

Synthetic cathinones are analogues and derivatives of cathinones. Cathinones are
the naturally occurring active stimulant in the khat (Catha edulis) plant [De Felice et al.,
2014]. Khat is native to Arabian Peninsula and in some regions of Eastern Africa. The
leaves are commonly chewed or brewed in teas for their stimulant effects. The
recreational use of khat is common among the native populations in these regions and
these practices have been occurring for decades. In recent years, the use of synthetic
cathinones has increased dramatically since early 2008. Designer drugs with
psychostimulant properties known as “bath salts” became prevalent in America early
2009 [Rosenbaum et al., 2012; Spiller et al., 2011]. The American Association of Poison
Control Centers reported a 20-fold increase in calls reported to poison control centers
from 2010 to 2011 regarding adverse effects from “bath salts” exposure [AAPCC, 2013].

Due to this unprecedented rise in synthetic cathinone use, in early September 2011, the



U.S. classified three synthetic cathinones and their analogues as Schedule I drugs [D. E.
A. United States Department of Justice, 2011a].

“Bath salts” have gained popularity worldwide with psychostimulant-like effects.
Users report subjective effects similar to those of cocaine, 3,4-
methylenedioxymethamphetamine (MDMA, ‘ecstasy’), and methamphetamine (METH)
[Prosser and Nelson, 2012; Spiller et al., 2011]. These compounds were sold through the
Internet, smoke shops, and “head shops™ as “plant food” or “bath salts” and labeled “not
for human consumption” to evade drug laws. They are often considered legal high
alternatives and sold under hundreds of different brand names including “meow meow”,
“bliss”, “blue silk”, “white rush”, “ivory wave”, and “MCAT” [Laurent et al., 2015;
Prosser and Nelson, 2012; Karch, 2015]. They are typically sold in gram quantities in
powders, pills, and liquids and are usually snorted, smoked, or injected.

Three synthetic cathinones, mephedrone (MEPH), methylone, and
methylenedioxypyrovalerone (MDVP), became particularly widespread and popular in
the United States and have been very problematic since early 2009 [Karch, 2015; D. E.
A. United States Department of Justice, 2011b]. Although synthesis of these synthetic
cathinones dates back for decades (MEPH in 1929, methylone in 1996, and MDPV in
1967), they were not popularized until the early 2000’s [German et al., 2014]. The use of
these drugs have led to many published reports of toxicity, agitation, hyper arousal,
psychotic behavior, excited delirium, and death [Karch, 2015; Miotto et al., 2013;
Rosenbaum et al., 2012; Spiller et al., 2011]. After years of consistent prevalence of
MEPH, methylone and MDPV, and reports of adverse effects associated with these

drugs, these three compounds were emergency scheduled in late 2011, which eventually



led to permanent scheduling (Schedule I) [Spiller et al., 2011; D. E. A. United States
Department of Justice, 2011a]. Scheduling of MEPH, methylone and MDPV has
significantly reduced consumption and access of these first generation synthetic
cathinones [Stogner and Miller, 2013], however second generation synthetic cathinones
have emerged as replacements [Brandt et al., 2010; Marinetti and Antonides, 2013]
(Figure 1). It will be important to develop the pharmacological profile of these prevalent
psychostimulants to help elucidate the mechanisms of more synthetic cathinones (i.e.
multiple generations) that are likely to emerge as replacements of the first generation

synthetic cathinones.
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Figure 1.1: Chemical structures of first and second-generation synthetic cathinones.
First-generation synthetic cathinones are mephedrone, methylone and MDPV.
Second-generation synthetic cathinones are 4-methyl-N-ethylcathinone (4-MEC),
4-methyl-a-pyrrolidinopropiophenone (4-MePPP), butylone, pentylone,
a-pyrrolidinovalerophenone (a-PVP), and a-pyrrolidinobutiophenone (a-PBP), which
appeared following the scheduling of the first-generation synthetic cathinones. Image
from De Felice et al., 2014.



Chirality

The term “chiral” means asymmetry in such a way that the structure and its mirror image
are not superimposable. Frequently used in reference to molecules, tetrahedral carbons
with four unalike elements are the molecules most commonly found. Most often these
configurations are referred to as being “Right-handed” or “Left-handed”. However, there
are a number of ways to designate the configuration of a chiral molecule. These methods
are absolute configuration (R/S) and optical rotation (+/-).

(t)and () vs Rand S

Optical rotation, also known as optical activity or the (+/—) naming convention is one
naming system used for enantiomers. The direction polarized light is rotated determines
its labeling (+/-). If a compound rotates light in a clockwise direction, it will be labeled
(+). When a compound rotates light in a counter-clockwise direction, it is labeled (-).
Another naming convention utilized to differentiate enantiomers is R/S, which has no
relation to the previously described naming system. Absolute configuration, also known
as the R/S naming convention, remains one of the better-understood naming conventions
for chiral molecules. In this convention, the “R” stands for “Rectus”, the Latin word
meaning “Right”, while the “S” stands for “Sinister”, a Latin word meaning “Left”. The
chiral center of these molecules, the carbon, is denoted with an “R” for a right-handed
configuration, or an “S” for a left-handed configuration, based on each element’s priority
(atomic number) and the clockwise, or counter-clockwise, spin from priority 1 to priority
4 (Figure 2). An easy way to read a tetrahedral carbon for its configuration is to first
number the attached elements by priority, then place the lowest priority element (4)
facing away from you. In this position, it is easy to connect the elements in a clockwise

or counter-clockwise direction. Furthermore, given a “Right-handed” or “Left-handed”



chiral molecule, switching any two groups on the molecule in the chiral opposite. The
R/S naming system does not always translate to the (+)/(-) system, and for that reason
R/S is the preferred system used to differentiate between compounds, for consistency in

the literature.

Figure 1.2: Mephedrone enantiomers structural composition: Chemical structures of
MEPH enantiomers, MEPH chiral center produces asymmetrical orientations (e.g. R-
MEPH (left panel) S-MEPH (right panel)). Image from
www.Mephedrone_Enantiomers_Structural_Formulae.png

Enantiomer Stereochemistry

Stereospecific differences such as differences in mechanism of action, differences in
potencies, or inactivity of one enantiomer versus the other can exist between enantiomers.
Stereospecific differences have been explored investigating behavioral and
neurochemical differences of amphetamines and cathinones. Adderall ®, a widely
prescribed stimulant for attention deficit disorder, uses a 3:1 ratio of S:R amphetamine
salts to both lower the abuse liability and optimize the pharmacokinetic profile [Heal et
al., 2013]. Methamphetamine enantiomers have different bioavailabilities and therapeutic
potentials, where the R-enantiomer is a common component found in the nasal

decongestant Vick’s Vapor Inhaler, the S-enantiomer is the more potent and addictive

form of the two [Li et al., 2010]. Similarly, in vivo studies conducted with MDMA have



shown S-MDMA displays stimulant-like effects, whereas R-MDMA display
hallucinogen-like effects in mice [Fantegrossi et al., 2003; Murnane et al., 2009].
Behavioral and physiological studies in mice and rats indicate that the S-enantiomer of
MDPV mediates the biologic effects, including increasing locomotor activation, blood
pressure and heart rate; although both enantiomers fully substituted for cocaine [Gannon
et al., 2016; Schindler et al., 2016]. Another study showed that S-MDPV is more potent
than racemic MDPV and R-MDPV as an inhibitor of DAT and NET, and S-
MDPV produced greater intracranial self-stimulation (ICSS) facilitation than racemic
MDPV which indicates that the abuse-related effects of racemic MDPV reside primarily
with its S enantiomer; on the other hand R-MDPV failed to alter ICSS at doses up to 100
times greater than the lowest effective dose of S-MDPV [Kolanos et al., 2015]. Studies
with MEPH have reported that although both enantiomers display similar potency as
substrates at DA, each enantiomer has a distinct stereospecific mechanism [Gregg et al.,
2015; Vouga et al., 2015]. These examples of varying contributions of enantiomers
warrant further study across multiple paradigms to better understand enantiomeric
specificity.

MEPH: Mechanism of Action and Behavioral Effects
MEPH was among the three synthetic cathinones that were investigated preclinically for
it behavioral and neurochemical effects. In vitro assays have suggested that MEPH acts
similar to amphetamine. A study with oocyte expressing hDAT showed that MEPH
produce an inward current, a depolarizing effect, acting as a substrate (monoamine
releaser) [Cameron et al., 2013]. In vitro synaptosomal release assays revealed that

MEPH acts as a nonselective monoamine transporter substrate with similar potency and
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selectivity to MDMA [Baumann et al., 2012; Simmler et al., 2013; Opacka-Juffry et al.
2014]. In addition, MEPH readily enters the brain. This was confirmed in vitro, showing
MEPH has very high blood brain barrier (BBB) permeability [Simmler et al., 2013]. In
vivo studies by Kehr et al. (2011) showed that MEPH increases extracellular DA levels in
nucleus accumbens (NAcc) in rats comparable to amphetamine, whereas the increase in
5-HT levels in NAcc are comparable to MDMA. Other in vivo studies demonstrated that
MEPH increases extracellular DA and 5-HT levels in the rat NAcc, with greater effects
observed on 5-HT levels [Baumann et al., 2012].

MEPH produces relatively weak locomotor activation, causes anxiolytic-like
effects, induces conditioned place preference (CPP), facilitates ICSS, substitutes for
abused drugs, and maintenances self-administration. MEPH produces dose-dependent
hyper locomotion in rodents [Baumann et al., 2012; Lépez-Arnau et al., 2012; Marusich
et al., 2012; Fantegrossi et al., 2013; Pail et al., 2015]. MEPH treated mice spent
significantly more time in the open arms in the elevated plus-maze compared to controls
[Pail et al., 2015]. Preclinical studies investigating the rewarding effects of MEPH report
MEPH’s ability to elicit CPP in rats, mice and invertebrates [Vouga et al., 2015; Gregg et
al., 2015; Karlsson et al., 2014; Lisek et al., 2012; Ramoz et al., 2012]. In ICSS studies,
MEPH increases response rates and reduces thresholds [Robinson et al., 2012; Gregg et
al., 2015; Nguyen et al., 2016a; Bonano et al., 2014]. There are few published studies
investigating the discriminative effects of MEPH. Drug discrimination studies in rodents
show that MEPH substitutes for the discriminative stimulus effects of cocaine, MDMA
and METH [Gatch et al., 2013; Varner et al., 2013; Harvey and Baker, 2016]. In terms of

reinforcing effects, MEPH maintains abuse-related behavioral properties in self-
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administration under multiple paradigms, such as fixed-ratio schedule and progressive
ratio schedule [Hadlock et al., 2011; Aarde et al., 2013b; Nguyen et al., 2016b;
Vandewater et al., 2015; Creehan et al., 2015; Motbey et al., 2013].

MEPH exists as two enantiomers: R-mephedrone (R-MEPH) and S-
mephedrone (S-MEPH). Stereochemistry impacts the neuropharmacological profile of
MEPH. Few investigations into the neuropharmacological effects of the individual
enantiomers of MEPH exist; however, results are consistent in showing that R-MEPH
seems to be the more potent psychostimulant responsible for the addictive effects
observed in racemic MEPH [Gregg et al., 2015; Vouga et al., 2015]. The adverse effects
of MEPH were separated from potential therapeutic effects in invertebrates. S-MEPH
abolished cocaine environmental place conditioning (EPC), S-MEPH attenuated the
reduction in motility caused by cocaine withdrawal, racemic MEPH, R-MEPH, and S-
MEPH increase stereotypy; however, S-MEPH is less potent and efficacious than racemic
MEPH and R-MEPH, and S-MEPH does not produce EPC, whereas racemic MEPH and
R-MEPH produced EPC [Vouga et al., 2015]. R-MEPH and S-MEPH in vitro and in vivo
studies indicated that both enantiomers have similar potencies for DAT as releasers,
however, S-MEPH is 50-fold more selective for SERT in promoting 5-HT release. R-
MEPH produces greater hyper locomotive activity than S-MEPH in rats, and R-MEPH
has the ability to produce CPP in rats. Lastly, R-MEPH reduces ICSS thresholds to a
greater extent than S-MEPH in rats [Gregg et al., 2015].

The stereochemistry and neuropharmacology of these enantiomers are related to
their capacity to influence the rewarding and reinforcing effects observed in racemic

MEPH. Overall, the pharmacological effects of MEPH are similar to established
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psychostimulants, and understanding the stereospecific properties of MEPH in vitro and
in vivo will provide greater insight into the underlying abuse liability associated with
racemic MEPH.

MDPV: Mechanism of Action and Behavioral Effects
MDPV is an analogue of pyrovalerone, a psychoactive drug with stimulant effects,
structurally similar to methcathinone (“Mcat”) and MDMA [Murray et al., 2012].
Although over the past decade MDPV has become a major public health concern, there is
only limited information available about the mechanism of action and biologic effects. In
vitro assays have suggested that MDPV shares similar functional mechanisms to cocaine.
Like cocaine, MDPV is a monoamine transporter blocker; it does not induce release of
monoamines [Cameron et al., 2013; Simmler et al., 2013]. In contrast to cocaine, MDPV
is a very potent and selective DAT and NET inhibitor, at least 10 times more potent than
cocaine, with weak activity at SERT [Baumann et al., 2013; Simmler et al., 2013]. A
study with oocyte expressing hDAT showed that MEPH produces outward currents, a
hyperpolarizing effect, acting as an inhibitor (monoamine inhibitory blocker) [Cameron
et al., 2013]. MDPV has two primary metabolites that were identified, 3,4-
dihydroxypyrovalerone (3,4-catechol-PV) and 4-hydroxy-3-methoxypyrovalerone (4-
OH-3-MeO-PV) using human and rat urine and plasma [Strano-Rossi et al., 2010; Meyer
et al., 2010a; Anizan et al., 2014]. Similar to MEPH, MDPV has high BBB permeability
[Simmler et al., 2013]. Consistent with in vitro findings, MDPV is at least 10 times more
potent than cocaine at increasing extracellular DA in the NAcc [Baumann et al., 2013;

Schindler et al., 2016].
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MDPV produces stimulant-like effects in both humans and rodents. When
consumed in low doses, MPDV produces euphoria, alertness, increased libido, and
elevated blood pressure. However, when consumed at high doses, MPDV can lead to
sympathomimetic toxicity, psychotic episodes, sedation, agitation, violent behavior,
hallucinations, tachycardia and even death in humans [Spiller et al., 2011; Murray et al.,
2012; Penders and Gestring 2011; Froberg et al., 2015]. MDPV neurotoxicity may be
related to the potent DA and NE effect [Simmler et al., 2013]. In rodents, MDPV
produces time-dependent and dose-dependent increases of locomotor activity [Baumann
et al., 2012; Fantegrossi et al., 2013; Marusich et al., 2012; Gatch et al., 2013; Nguyen et
al., 2016a]. A locomotor study conducted in mice tested MDPV, methylone, mephedrone,
naphyrone, flephedrone and butylone, and found that MDPV and MEPH produce similar
locomotor stimulant effects. MDPV effects lasted much longer [Gatch et al., 2013].
Another study in rats, also comparing MDPV, MEPH, methylone, methedrone, 3-
fluoromethcathinone, 4-fluoromethcathinone, COC, and METH, showed that all the
drugs tested induced hyper locomotion, with MDPV having the greatest potency
[Marusich et al., 2012].

MDPV also has potent reinforcing effects in rats [Watterson et al., 2012, 2014;
Aarde et al., 2013a, 2015; Schindler et al., 2016]. 60% of rats exhibit a binge-like pattern
(defined as >8 infusions in a given 5-min interval) during the initiation of self-
administration [Aarde et al., 2015]. Similar to cocaine, MDPV self-administration was
readily acquired, and dose substitution studies displayed an inverted U-shape dose-effect
curve similar to cocaine [Schindler et al., 2016]. Self-administration acquisition

of MDPV and cocaine were comparable under fixed ratio schedule, while MDPV was
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approximately 10 times more potent and 3 times more effective at maintaining self-
administration in progressive-ratio (PR) schedule [Gannon et al., 2017]. Long access

(6 hours/day) sessions were conducted to assess escalation of drug intake, which revealed
that MDPV led to escalation in drug taking similar to escalation patterns of METH
[Watterson et al., 2014]. There is not much literature investigating drug discrimination
effects of MDPV. One laboratory found that MDPV, MDMA, and METH fully
substituted for the MDPV training dose in mice [Fantegrossi et al., 2013]. MDPV fully
substitutes in rats trained to discriminate cocaine and METH [Gatch et al., 2013].

MDPV produces rewarding effects that were evaluated in both ICSS and CPP
paradigms. MDPV produces a dose-dependent increase in response rates and reduces
thresholds for ICSS in rats [Bonano et al., 2014; Watterson et al., 2014; Kolanos et al.,
2015]. MDPV produces CPP in rats and mice [Karlsson et al., 2014; Gregg et al., 2016;
Hicks et al., 2017; King et al., 2015a, 2015b]. The rewarding effects induced by MDPV
were attenuated by pretreatment with ceftriaxone, a GLT-1 activator, N-
acetylaspartylglutamate (NAAG), an endogenous mGIluR2/3 agonist and 2-
phosphonomethyl-pentanedioic acid (2-PMPA), a GCPII (glutamate carboxypeptidase 1)
inhibitor [Hicks et al., 2017; Gregg et al., 2016]. MDPV has the ability to produce greater
CPP compared to amphetamine and MEPH in mice [Karlsson et al., 2014]. Sex
differences did not influence CPP, but did in fact alter conditioned taste avoidance
(CTA). CTA is used to assess the aversive effects of a drug of abuse. Female rats showed
a weaker avoidance response compared to male rats despite having similar preferences
[King et al., 2015a]. Age differences can also affect conditioned taste avoidance;

adolescent rats have weaker aversions that develop at a slower rate compared to adult rats
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[Merluzzi et al., 2014]. These studies indicate that MDPV possesses an abuse liability
and a potential for addiction and needs to be investigated further to understand the
pharmacology of these emerging drugs of abuse.

Dopamine Neurotransmission
DA is a catecholaminergic neurotransmitter that is synthesized from the amino acid
tyrosine. Tyrosine is converted to L-3,4-dihydroxyphenylalanine (L-DOPA) by tyrosine
hydroxylase (TH), which creates dopamine via decarboxylation of DOPA [Cooper et.
al., 2003]. Following synthesis, DA is stored in vesicles then released into the synaptic
cleft after a nerve impulse. Once DA is released from the presynaptic neuron, DA binds
and activates DA receptors. There are five known DA receptors that exist which are G
protein—coupled receptors (GPCRS). They are divided into two major classes, namely
D1- like receptors (D1 and D5) and D2-like receptors (D2, D3 and D4) [Neve et al.,
2010; Beaulieu and Gainetdinov, 2011]. Although similarities exist between the
receptors, there are also vast differences, which allows them to propagate unique
intracellular signaling events. Distinguishing factors includes neuronal distributions,
dopamine affinity, and specificity for G protein signaling and coupling [Neve et al., 2010,
Cooper et al., 2003]. D1-like receptors couple to Gas/olf family of G-proteins, which
stimulate adenylyl cyclase, and cause an increase in CAMP production [Beaulieu and
Gainetdinov, 2011]. In addition to cAMP-regulated signaling, D1 receptors can also
couple to Gaq subunits to stimulate phospholipase C, leading to the production of inositol
trisphosphate and diacylglycerol; inositol trisphosphate lead to intracellular calcium
mobilization and diacylglycerol activate protein kinase C [Beaulieu and Gainetdinov,

2011]. D2-like receptors are coupled to Gai/o family of G-proteins, inhibit adenylyl
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cyclase resulting in a reduction of cAMP production [Beaulieu and Gainetdinov, 2011].
D1-like receptors are found exclusively postsynaptically, while D2-like receptors are
expressed both postsynaptically on non-dopamine cells and presynaptically on dopamine
neurons [Beaulieu and Gainetdinov, 2011]. The D1 receptor is the most highly expressed
DA receptor and high mRNA levels are expressed within the frontal cortex, nucleus
accumbens, caudate putamen, substantia nigra, hypothalamus, and olfactory bulb [Rankin
et al., 2010]. D2 receptors are expressed in all four DA pathways (nigrostriatal,
mesolimbic, mesocortical, and tuberoinfundibular), with the highest MRNA expression in
the nucleus accumbens, striatum, and olfactory tubercule [Bouthenet et al., 1991]. In
addition, D3 receptor distribution is most abundant in the ventral striatum (nucleus
accumbens and the olfactory tubercle) and is restricted to the limbic areas of DA
projections [Bouthenet et al., 1991]. The mRNA for this receptor shows a restricted
pattern of expression in the central nervous system. Significant levels of

MRNA expression of the D4 receptor were found in the olfactory bulb, hypothalamus,
thalamus, and frontal cortex [O’Malley et al., 1992]. Lastly, D5 receptors are localized in
the substantia nigra, striatum, hypothalamus, cerebral cortex, nucleus accumbens, and
olfactory tubercle [Khan et al., 2000].

DA neurons have an essential role in CNS functions such as reward, memory,
learning, locomotion, and attention [Beaulieu and Gainetdinov, 2011]. There are four
major dopaminergic pathways [Fuxe, 1965]. The four major pathways of DA signaling
are: nigrostriatal, mesolimbic, mesocortical, and tuberoinfundibular pathway (Figure 3).
The nigrostriatal pathway is the primary source of DA neurons, where cell bodies

originate in the substantia nigra and project to the caudate-putamen. This pathway is
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involved in locomotor function and loss of innervation of this pathway causes motor
deficits, which lead to the symptomatic effects of Parkinson’s disease [Barbeau 1962].
The mesolimbic pathway neurons project from the ventral tegmental area (VTA) mainly
to the NAcc, prefrontal cortex, and other limbic areas such as amygdala, septum and
olfactory tubercule [Oades and Halliday, 1987]. This pathway plays an important role in
reward, motivation, and pleasure. The mesocortical pathway is involved in cognition,
emotions, and affect; while dopaminergic neurons also originate in the VTA but instead
project to the prefrontal cortex. Finally, dopaminergic neurons in the tuberoinfundibular
pathway consist of projections from the periventricular nuclei in the hypothalamus to the
median eminence, which controls prolactin release from the anterior pituitary gland
[Weiner and Ganong, 1978]. DA neurons can also be found in the periphery and regulate

cardiovascular and renal functions [Beaulieu and Gainetdinov, 2011].
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Figure 1.3. Circuitry of dopaminergic pathways. Yellow lines represent mesocortical
pathway with dopaminergic projections from the VTA to PFC. Blue lines represent
mesolimbic pathway projecting from the VTA to NAcc. Orange lines represent
nigrostriatal pathway send DA projections from the substantia nigra to the caudate
nucleus and putamen. Red lines represent tuberoinfundibular pathway the periventricular
nuclei in the hypothalamus send major outputs to the median eminence. Image

from https://www.pinterest.com/pin/477311260487137717/
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Dopamine and Addiction
Dopamine (DA) has a well-established role in mediating feelings of reward and
pleasure. Cocaine increase extracellular DA in the nucleus accumbens by blocking DA
reuptake via blockade of dopamine transporter [Di Chiara and Imperato, 1988]. Cocaine
acts as a monoamine reuptake inhibitor at DA, norepinephrine (NE) and serotonin (5-HT)
transporters [Ritz et al., 1987]. In animal studies, in addition to cocaine, DA reuptake
inhibitors such as GBR 12909, mazindol, methylphenidate and nomifensine are self-
administered in animal models [Bergman et al., 1989]. In humans, cocaine-induced high
correlates with the degree of DAT occupancy [Volkow et al., 1997]. There is an
extensive body of literature that suggests the reinforcing effects of drugs of abuse are
primarily mediated through the dopamine mesocorticolimbic pathway. The limbic
regions (hippocampus, amygdala, and prefrontal cortex) that influence emotion,
motivation, cognition, and behavior send glutamatergic outputs to the nucleus accumbens
(NAcc) [Pierce and Kumaresan, 2006].

The mesolimbic DA pathway (VTA to NAcc) is well established as the reward
pathway, linking midbrain DA neurons in mediating the rewarding effects of drugs of
abuse [Fibiger and Phillips, 1986; Koob, 1992]. In vivo microdialysis assays have been
used to characterize the neurochemical effects produced by drugs of abuse measuring
monoamine levels in the NAcc, a major output in the mesolimbic pathway. Intracerebral
microdialysis, in combination with high performance liquid chromatography (HPLC) and
electrochemical detection, can be used to recover and measure endogenous extracellular
monoamines from distinct brain regions in animals [Zetterstrom et al., 1983]. Early

microdialysis studies on neurochemical effects of various drugs of abuse reported drugs
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that are rewarding (e.g., amphetamine, cocaine, opiates, ethanol, nicotine) in both humans
and animals increase DA levels in the mesolimbic pathway, specifically in the NAcc [Di
Chiara and Imperato, 1988].

Drug self-administration (IVSA) and intracranial self-stimulation (ICSS) have
been used to access the abuse liability of drugs. These assays are sensitive and selective
in detecting the abuse potential of abused drugs. In drug self-administration, subjects are
implanted with intravenous catheters, and operant responses result in the delivery of a
drug. Cocaine is reliably self-administered by animals and when D2-like agonist is
substituted for cocaine, animals maintain responding, suggesting D2-like agonist have
reinforcing effects [Caine et al., 1999]. In ICSS, experimental subjects are implanted with
intracranial electrodes that target specific brain regions, and pulses of electrical brain
stimulation maintain lever presses. Abuse-related effects induced by drugs of abuse
facilitate low rates of responding or lower threshold for responding [Negus and Miller,
2014]. Amphetamine, a monoamine releaser, facilitate ICSS, an abuse related effect
[Bauer et al., 2013]. Another method to assess the rewarding effects of drugs of abuse is
conditioned place preference (CPP). CPP allows rodents to receive multiple pairings of
drug or saline in two environmentally distinguishable compartments during the
conditioning phase, followed by a preference test where rodents access compartments in
a drug-free state. Increased time in the drug-paired compartment may imply a heightened
motivation associated with the rewarding effects from the drug pairings [Mueller &
Stewart, 2000]. Systemic administration of D1-like but not D2-like antagonists attenuate
cocaine CPP [Nazarian et al., 2004]. Consistent with D1-like antagonist findings, D1-like

agonists were able to produce CPP [Abrahams et al., 1998].
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In addition to CPP and self-administration, cocaine induces locomotor activation
and behavioral sensitization. While cocaine induces locomotor activation [Sorg et al.,
2004], D1-like and D2-like antagonist inhibit hyperactivity induced by cocaine [Adams et
al., 2001; Chausmer and Katz, 2001]. Behavioral sensitization results from repeated
administration of a psychostimulants, abstinence period, and reintroduction of the drug
[Steketee and Kalivas, 2011]. D1-like and D2-like antagonists attenuate the increase in
cocaine-induced locomotor activity [Mattingly et al., 1994]. Although D1-like agonists
did not produce a sensitized locomotor response to methamphetamine or cocaine treated
rats [Ujike et al., 1990], pretreatment with D1-like agonist reversed established cocaine
sensitization [Li et al., 2000]. However, D2-like agonists did produce a sensitized
locomotor response to methamphetamine or cocaine treated rats [Ujike et al., 1990].

Serotonin Neurotransmission
Serotonin (5-HT), a monoamine neurotransmitter, is primarily found in
the gastrointestinal tract (Gl tract) and blood platelets, with only about 2% of serotonin
found in the central nervous system (CNS) [Hoyer et al., 2002; Cooper et al., 2003]. 5-
HT modulates cognition, mood, emotion, appetite, addiction as well as motor function
[Frazer and Hensler, 1999]. 5-HT is synthesized via conversion of tryptophan to 5-
hydroxytryptophan by tryptophan hydroxylase, which is converted to serotonin via
aromatic acid decarboxylase [Cooper et al., 2003]. At least fourteen serotonin receptor
subtypes have been identified which are subdivided into seven receptor families. 5-HT
receptor families (5-HT1-7) are divided based on molecular, pharmacological and
functional diversity. All the 5-HT receptor families are GPCRs, with the exception of 5-

HT3, which is a ligand-gated ion channel [Hoyer et al., 2002]. In the brain, 5-HT neurons
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are primarily located within the raphe nuclei, and 5-HT neurons project from the raphe
nuclei to the forebrain [Steinbusch, 1981]. 5-HT receptor distribution and localization has
extensively been studied. 5-HT1 receptor family is comprised of 5 receptor subtypes: 5-
HT1A, 5-HT1B, 5-HT1D, 5-HT1E and 5-HT1F, which share 40-63% sequence
homology, and are coupled to Gis to inhibit adenylyl cyclase and decrease

cAMP formation [Hoyer et al., 1994]. 5-HT2 receptor family is comprised of 3 receptor
subtypes: 5-HT2A, 5-HT2B, and 5-HT2C that share 50% sequence homology, and are
coupled to Gg11 stimulation activates inositol triphosphate (IP3) leading to intracellular
calcium mobilization. 5-HT2A and 5-HT2C receptors are widely distributed throughout
the CNS, whereas 5-HT2B is found mainly in the periphery (Figure 4) [Quesseveur et al.,
2012]. 5-HT3 receptors are localized in the hippocampus, with the CA1 pyramidal cell
layer, nucleus of the solitary tract, and the area postrema [Laporte et al., 1992]. Lastly,
HT4, HT6, and HT7 receptors all couple to the Gas family of G-proteins, resulting in the

stimulation of adenylyl cyclase and increase CAMP production.
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Figure 1.4: Distribution of the 5-HT2A, 5-HT2B and 5-HT2C receptors in the brain.
White dots represent 5-HT2A receptors. Gray dots represent 5-HT2B receptors. Black
dots represent 5-HT2C receptors. Abbreviations: AMY: Amygdala; Cx: Cortex; DR:
Dorsal raphe; Hi: Hippocampus; HYP: Hypothalamus; LC: Locus coeruleus; NAc:
Nucleus accumbens; Th: Thalamus; VTA: Ventral tegmental area. Image from
Quesseveur et al., 2012.
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Functional interactions between various monoamine systems exist (Figure 5). DA
and 5-HT systems interact in multiple capacities such as, motor functions [Fink et al.,
1979; Gerson and Baldessarini, 1980], thermoregulation [Grabowska et al., 1973;
Yamawaki et al., 1983], neurochemical effects [Balsara et al., 1979; Carter and Pycock,
1978; Waldmeier and Delini-Stula, 1979], and various disorders [Koob, 1992; Fibiger,
1995]. The specific nature of these interactions is difficult to explain, however 5-HT
receptor subtypes may contribute to the excitatory and inhibitory roles of 5-HT on DA
release. For example, 5-HT2A receptors facilitate the release of DA upon activation
[Pehek et al., 2001, 2006; Bowers et al., 2000]. 5-HT2A receptors antagonism attenuate
DA release [Pehek et al., 2001, 2006]. Furthermore, 5-HT2C receptors inhibit DA release
through the activation of GABAergic interneurones in the VTA [Pessia et al., 1994; De
Deurwaerdeére et al., 2004]. 5-HT2C receptors exert tonic inhibitory regulation of DA
release primarily through the nucleus accumbens shell [Navailles et al., 2006]. In
addition, the involvement of 5-HT2C receptors expressed into both the VTA and nucleus
accumbens contribute to the phasic inhibitory control exerted by 5-HT2C receptors
within the mesoaccumbens DA pathway [Navailles et al., 2006, 2008]. Taken together,
the crosstalk between the 5-HT and DA systems may provide a pharmacological
approach to develop new pharmacotherapeutics to treat drug abuse and neuropsychiatric

disorders.
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Figure 1.5: Functional interactions of monoaminergic neurons. Direct and indirect
interactions between NE, 5-HT and DA neurons are mediated through various receptor
types. Image from Hamon and Blier, 2013.

Serotonin and Addiction
The serotonin system is commonly implicated in the regulation of mood, anxiety,
depression, and drug addiction. Many psychostimulants such as cocaine,
methamphetamine, and MDMA interact with multiple neurotransmitter systems,
including 5-HT. Many substances like cocaine and methamphetamine predominantly
exert their effects by increasing dopamine. Both systemic injections and local
infusions of cocaine dose-dependently produce increases in extracellular levels of DA
and 5-HT levels in the nucleus accumbens, with greater increase in DA [Andrews and
Lucki, 2001]. Cocaine increases extracellular DA in the nucleus accumbens, however 5-
HT uptake inhibitors attenuate the reinforcing effects of cocaine, suggesting elevating 5-

HT can attenuate the reinforcing effects of cocaine [Czoty et al., 2002]. Consequently,
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cocaine withdrawal significantly decreases levels of extracellular 5-HT in the nucleus
accumbens [Parsons et al., 1996]. In contrast, MDMA predominantly increases 5-HT
and its empathogenic effects are mediated through the 5-HT system [Hysek et al.,
2012]. MDMA stimulates monoamine release, with preferential release of 5-HT
compared to the release of other monoamines though the respective transporters with
greater affinity for the serotonin transporter compared to the dopamine transporter
[Verrico et al., 2007]. MDMA and other substances that preferentially increase 5-HT
are also associated with toxicity including serotonin syndrome, hyperthermia,
hyponatremia, and seizures [Simmler et al., 2011; Liechti et al., 2003, 2005].
MDMA facilitates both low ICSS rates and depressed high ICSS rates, while
fenfluramine, a 5-HT-selective releaser, exclusively depresses ICSS [Bauer et al., 2013].
These results elucidate a role to discriminate abuse-related and abuse-limiting drug
effects, and selectivity to promote DA vs. 5-HT release correlates with abuse-related
effects.

Several 5-HT receptor subtypes that are most implicated in addiction are 5-HT1A,
5-HT1B, 5-HT2A, 5-HT2C and 5-HT3 [Di Matteo et al., 2008]. Blocking or stimulating
these receptor subtypes can alter the neurochemical and behavioral effects of a drug.
Specifically, 5-HT2 receptors have been implicated in addiction. For example, several
studies indicate that 5-HT2A and 5-HT2C receptors have opposite effects. In rats, 5-
HT2A antagonists or 5-HT2C agonists reduce cocaine self-administration and cue- and
cocaine- primed reinstatement of extinguished drug seeking behaviors [Nic Dhonnchadha
et al., 2009; Pockros et al., 2011; Fletcher et al., 2003, 2007], whereas 5-HT2C

antagonists increase responding for cocaine [Fletcher et al., 2002]. Additionally, 5-HT2A

25



and 5-HT2C receptors also have opposing effects on impulsivity. Infusion of a selective
5-HT2A antagonist into the nucleus accumbens significantly decreased impulsivity. In
contrast, a selective 5-HT2C antagonist into the nucleus accumbens dose-dependently
increased impulsivity [Robinson et al., 2008]. Another group showed that 5-HT2A
receptor antagonists attenuate cocaine-induced hyperactivity, while 5-HT2C receptor
antagonists increase cocaine-induced hyperactivity [Fletcher et al., 2002]. Likewise,
administration of 5-HT2C receptor agonists attenuated cocaine conditioned place
preference (CPP), cocaine-induced hyperactivity and development of behavioral
sensitization [Craige and Unterwald, 2013]. Activation of 5-HT2A receptors leads to
anxiolytic-like effects [Onaivi et al., 1995; Petit-Demouliere et al., 2009]. Conversely,
activation of 5-HT2C receptors leads to anxiogenic-like effects [Fone et al., 1996;
Rodgers et al., 1992]. In rodent studies, blockade of 5-HT2C receptors produce
anxiolytic-like effects [Dekeyne et al., 2008, Millan et al., 2005]. Mice withdrawn from
chronic cocaine exhibited increased anxiety-like behavior; 5-HT2C receptor antagonist,
SB 242084 attenuated the anxiety-like behavior produced by cocaine withdrawal [Craige
et al., 2015]. Overexpression of 5-HT2C receptors in mice leads to elevated anxiety-like
behavior [Kimura et al., 2009] but 5-HT2C receptor knockout mice [Heisler et al., 2007].
Taken together, 5-HT2A and 5-HT2C receptors have opposing effects on DA
neurotransmission. Stimulation of the 5-HT2A receptor activates the mesolimbic DA
pathway whereas the 5-HT2C receptor inhibits the mesolimbic DA pathway.

General Summary of Objectives
Synthetic cathinones have emerged on the drug market in the United States and UK over

the past decade at an unprecedented rise. Synthetic cathinones also known as “bath salts”
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are amphetamine-like or cocaine-like compounds that are found in the khat plant. Two of
the more popular “bath salts” that are found on international drug markets are MEPH and
MDPV. MEPH acts as a monoamine releaser similar to amphetamine, while MDPV is a
potent monoamine transporter reuptake inhibitor with cocaine-like effects [Novellas et
al., 2015; Baumann et al., 2012; Simmler et al., 2013]. Similar to other amphetamines
and cathinones, MEPH has a chiral center and two enantiomers exists, R-mephedrone (R-
MEPH) and S-mephedrone (S-MEPH). Stereospecific effects of enantiomers can impact
there neuropharmacology. Investigations into the stereochemistry of MEPH are limited.
Gregg et al (2015) have shown S-MEPH has a preferential serotonin component over
dopamine compared to R-MEPH, and that R-MEPH produces significantly greater place
preference and locomotor activity compared to S-MEPH. “Bath salts” at low doses have
been reported to enhance mood and increase alertness, while high doses or chronic use
leads to violent behaviors, psychosis, hyperthermia, agitation, tachycardia and sometimes
death [Spiller et al., 2011; Dargan et al., 2011; Prosser & Nelson, 2012]. Despite the
adverse effects to users and the health risk psychostimulant use poses, there is still no
FDA approved pharmacotherapy to date. Consequently, new approaches and targets need
to be identified to treat psychostimulant addiction. Given the emergence of synthetic
cathinones and the significant negative impacts on global public health, the studies in this
dissertation investigated: (1) the role of S-MEPH as potential template to develop an anti-
anxiety and antidepressant pharmacotherapy during psychostimulant (cocaine and
MDPV) withdrawal, (2) investigate the effect of S-MEPH on relapse to cocaine seeking
using the self-administration model, and (3) assess any reinforcing effects of S-MEPH.

This work provides insight into the neurochemical and behavioral profiles of each MEPH
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enantiomer. Additionally, our investigations will involve characterizing a new approach
to developing an anti-craving and anti-relapse therapeutic for psychostimulant addiction
and developing the pharmacological profile of a novel and prevalent psychostimulant

(MDPV) in the context of dependence and addiction.
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Introduction
Psychostimulants of the designer cathinone class (i.e., beta-ketone amphetamines) are
known colloquially as “bath salts” [Karch et al., 2015; Kerrigan et al., 2016].
Mechanistically, synthetic cathinones have been classified according to two distinct
actions on the monoamine system. One class is comprised of substrate-type releasers,
such as mephedrone (4-methylmethcathinone, MEPH), that enter the presynaptic neuron
and promote transporter-mediated release of dopamine (DA) and serotonin (5-HT)
[Baumann et al., 2012; Eshleman et al., 2013; Lopez-Arnau et al., 2012; Opacka-Juffry
etal., 2014]. In vivo microdialysis studies have shown that the substrate action of MEPH
increases extracellular DA and 5-HT in the nucleus accumbens of rats [Baumann et al.,
2012; Kehr etal., 2011]. MEPH also increases locomotor activity in rats and mice
following acute exposure and produces locomotor sensitization following repeated,
intermittent exposure [Gatch et al., 2013; Gregg et al., 2013; Lopez-Arnau et al., 2012;
Motbey et al., 2012; Shortall et al., 2012; Wright et al., 2012]. In preclinical rat models of
abuse liability, MEPH facilitates intracranial self-stimulation (ICSS), is self-
administered, and produces conditioned place preference (CPP) that is dependent on
active dopamine D1 receptors [Bonano et al., 2014; Hadlock et al., 2011; Lisek et al.,
2012; Motbey et al., 2013].

A second class of synthetic cathinones is comprised of monoamine transport
blockers, such as 3,4- methylenedioxypyrovalerone (MDPV), that prevent cellular
reuptake of monoamines through a cocaine-like mechanism [Baumann et al., 2013].
Relative to cocaine, MDPV is a 10-fold more potent monoamine transport blocker and

shows preferential selectivity for dopamine transporters (DAT) and norepinephrine
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transporters (NET) with weak inhibition at 5-HT transporters (SERT) [Baumann et al.,
2013; Simmler et al., 2013]. MDPV produces cocaine-like behavioral effects, but
displays greater potency than cocaine in fixed-ratio and progressive-ratio self-
administration paradigms, as well as in locomotor studies [Aarde et al., 2013a; Schindler
et al., 2016]. MDPV is short acting, so users have a frequent desire to re-dose (binge-like
patterns of consumption) [Novellas et al., 2015]. MDPV and MEPH have provided
templates for the design and synthesis of newer generation synthetic cathinone
compounds, such as a-PVP, 4-MEC, naphyrone, and pentedrone, which differ in
structure from MDPV and MEPH by simple functional group substitutions.

The stereochemistry of enantiomers allows us to separate the addictive and
potential therapeutic effects of a drug, as each enantiomer can produce different CNS
effects. For example, amphetamine salt (Adderall ®), a widely prescribed drug for
attention deficit disorder, uses a 3:1 mixture of S:R amphetamine salts to optimize the
pharmacokinetic profile and lower the abuse liability [Heal et al., 2013].
Methamphetamine has enantiomers with different pharmacokinetics where the S-
enantiomer (Desoxyn) is more potent and addictive than the R-enantiomer, while the R-
enantiomer is used in the nasal decongestant Vick’s Vapor Inhaler [Li et al., 2010].
Research also shows divergent behavioral and physiological effects with the two
enantiomers of MDPV (Gannon et al., 2016; Schindler et al., 2016). Although both R-
and S-MDPV fully substituted for cocaine, only the S-enantiomer dose-dependently
increased locomotor activity, blood pressure and heart rate [Gannon et al., 2016;

Schindler et al., 2016].
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Stereochemistry also influences the behavioral and neurochemical profiles of
MEPH [Gregg et al., 2015; Vouga et al., 2015]. MEPH has a chiral center at the a-carbon
and exists as two enantiomers (R- and S-), which are sufficiently stable to racemization to
allow for their independent in vitro and in vivo evaluation. Gregg et al. (2015) showed
that both enantiomers (R- and S-) of MEPH display similar potency as substrates at DAT,
however, S-MEPH is about 50-fold more potent than R-MEPH in promoting 5-HT
release by its substrate action at SERT. Dose-response experiments using ICSS to
compare rewarding effects demonstrated that R-MEPH (1-10 mg/kg) produces greater
maximal facilitation of ICSS than equivalent doses of S-MEPH [Gregg et al., 2015]. In
CPP studies, R-MEPH (5, 15 and 30 mg/kg) produces place preference whereas
equivalent doses of S-MEPH do not have rewarding effects [Gregg et al., 2015].
Additionally, R-MEPH (5, 10, 20 and 30 mg/kg) induces greater locomotor activity than
S-MEPH (5, 10, 20 and 30 mg/kg).

During the early withdrawal phase, human cocaine abusers report heightened
anxiety and depression [Elman et al., 2002; Gawin and Kleber, 1986], both of which are
observed in animal studies using validated behavioral assays [Erb et al., 2006; Perrine et
al., 2008]. At the neurochemical level, discontinuation of chronic cocaine exposure
produces 5-HT deficits, including decreases in extracellular 5-HT in the nucleus
accumbens during early withdrawal [Parsons et al., 1996]. Given that S-MEPH is a potent
5-HT releaser and lacks significant rewarding effects in CPP and ICSS assays [Gregg et
al., 2015], we hypothesized that it would reduce anxiety- and depression-like behaviors
during withdrawal following repeated cocaine or MDPV exposure. We characterized the

effects of S-MEPH on withdrawal-induced anxiety- and depression-like behavior using
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the elevated plus maze (EPM) and forced swim test (FST), respectively. Both are well
established and validated rodent tests of emotional behaviors [Walf et al., 2007,
Estanislau et al., 2011], and known anxiolytics (e.g. diazapem) and anti-depressants (e.g.
fluoxetine and bupropion) produce significant effects in these models [Paine et al., 2002;
Liu et al., 2010; Jesse et al., 2010]. Although 5-HT release is the primary mechanism of
action of S-MEPH, we also screened S-MEPH against a battery of receptors in binding
and functional assays to determine the degree of affinity and interaction between S-
MEPH and a range of receptor targets. By correlating the in vitro binding results with the
behavioral effects of S-MEPH, we aimed to elucidate a possible secondary mechanism
that may contribute to its clinical relevance.
Materials and methods

Animals and compounds
Adult male Sprague-Dawley rats (250-300 g; N=108; Harlan Laboratories, Indianapolis,
IN) were used in all experiments. Animals were housed two per cage in a humidity-
controlled vivarium, maintained on a 12-h light/dark cycle with lights turning on daily at
7:00AM. Rats were provided with ad libitum food and water access except during
experimental testing. All procedures and animal care was conducted in accordance with
the NIH Guide for the Care and Use of Laboratory Animals and Temple University’s
Institutional Animal Care and Use Committee guidelines.

Cocaine hydrochloride was obtained from Sigma Aldrich (St. Louis, MO, USA,
while MDPV and S-MEPH were synthesized according to published methods [Gregg et

al., 2015]. All drugs were dissolved in physiological saline (0.9%) and injected
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intraperitoneally (i.p.) at a volume of 1 ml/kg. Equivalent injections of saline were given
for control conditions.

Experimental Procedures

For both experiments, we used a binge-like paradigm in which saline, cocaine (10
mg/kg), or MDPV (1 mg/kg) was administered 3x/day for 10 days in 1-h intervals during
the morning hours (~10:00AM-12:00PM) [Anneken et al., 2015; Craige et al., 2015].
Rats were randomized into 9 treatment groups (N=6 per treatment group): 1) Saline
control, 2) Saline + S-MEPH 10 mg/kg, 3) Saline + S-MEPH 30 mg/kg, 4) Cocaine +
Saline, 5) Cocaine + S-MEPH 10 mg/kg, 6) Cocaine + S-MEPH 30 mg/kg, 7) MDPV +
Saline, 8) MDPV + S-MEPH 10 mg/kg, and 9) MDPV + S-MEPH 30 mg/kg. The doses
of S-MEPH were chosen based on Gregg et al. (2015) who showed that R-MEPH (5, 15
and 30 mg/kg), but not S-MEPH (5, 15 and 30 mg/kg), dose-dependently increased place
preference.

Elevated plus maze (EPM) experiments

Twenty-four hours after the last injection of cocaine, MDPV, or saline, rats (N=54) were
injected with saline or S-MEPH (10 or 30 mg/kg) 2x/day for 2 days 6-h apart
(~10:00AM-4:00PM) due to the relatively short half-life of racemic MEPH. Twenty-four
hours after the last treatment with saline or S-MEPH (10 or 30 mg/kg), anxiety-like
behavior was evaluated using the EPM test. EPM testing was conducted in the afternoon
(~1:00PM-5:00PM). The apparatus consisted of four equal-sized runways (19” by 4”)
that were elevated 20” off the ground in the shape of a plus sign. Two of the arms were
enclosed by walls (13” high) on three sides (“closed arm”), while the other two arms

were without walls (“open arm”). Rats were tested using adjusted lighting with the open
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arm illuminated to 200 lux, while the center was set to 160 lux. Arm entry was
considered when a rat’s head, shoulder, and two front limbs moved into the arm. The
apparatus was thoroughly cleaned with 70% ethanol and allowed to dry between each
session. Individual rats were first placed in the center of the maze and allowed to roam
for 10min. The session was recorded, and the time on the open and closed arms was later
scored by an experimenter blinded to treatment conditions. The amount of time spent on
the open arms was determined and reported as a percentage of the entire session time.

Open arm entries were also calculated.

Forced swim test (FST) experiments

Depression-like behavior was assessed in the FST using a separate cohort of rats (N=54).
Following the 10-day binge injections of cocaine or MDPV, animals were returned to
their home cages for 2 days before behavioral testing. Behavioral testing occurred on a
varying schedule: day 1 swim sessions were conducted from ~1:00PM-5:00PM, whilst
day 2 swim sessions were run from ~1:00PM-3:00PM. Rats were placed individually into
a glass cylinder (18” high, 8 diameter) filled with 10” of water (25°C) [El Hage et al.,
2012]. Two swim sessions were performed to test for immobility. A 15 min pretest,
during which no behaviors were recorded, served as habituation and was conducted 48-h
into withdrawal. This was followed 24-h later by a 5 min test, during which the behaviors
were recorded. Immediately after the first test, rats were dried and returned to their home
cages and then treated with S-MEPH (10 and 30 mg/kg, i.p.) or saline. Two subsequent
treatments were given 4-h and 30 min prior to a second swim session. The dosing
paradigm was chosen to achieve the maximal pharmacological effect (Castagne et al.

2010). Time spent in the immobile state was manually scored after testing by an

35



experimenter blinded to treatments. Immobility was defined as no additional movements
other than those necessary to keep the rat’s head above water, and was expressed as a

percentage of the total session time.

Binding and Functional Assays

Binding and functional assays were performed at the National Institute of Mental Health
Psychoactive Drug Screening Program (PDSP), which is directed by Dr. Bryan Roth at
the University of North Carolina. For radioligand binding, S-MEPH was screened at 10
uM for binding to the following receptors: 5-HT (5-HT1ag,p, 5-HT2a-c, 5-HT3, 5-HTs, 5-
HT7); DA (D1, D2, D3, D4, Ds); sigma (sigma-1); kappa opioid; adrenergic (o1a, 018, 01D,
a2a, 028, 02c, P1, B2, B3); muscarinic (M1-Ma); and nicotinic (02B2; a2P4; azp2; 03Pa; oaP2;
a4Pa; 07). 5-HT receptor subtypes were screened because 5-HT receptor activity
influences DA transmission during cocaine addiction [Vazquez-Gomez et al, 2014].
Nicotinic receptors were screened because S-MEPH is structurally similar to the
cathinone derivative bupropion (Wellbutrin), which inhibits monoamine reuptake and
nicotinic receptors [Arias et al., 2009; Filip et al., 2006]. Sigma receptors and sodium
channels were examined for comparison to the mechanism of action of cocaine. For
targets that had more than 50% inhibition, Ki values were obtained, and then moved to
functional assays. Functional assays used measurements of intracellular calcium
mobilization for Gg/11-coupled targets performed on serotonin receptors: 5-HT2a, 5-
HT2g, 5-HT2c. For a detailed description of the protocol, refer to the supplementary
material.

Statistical analysis

A two-way ANOVA was used to analyze time spent on the open arm and number of open
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arm entries during EPM testing, as well as immobility time in the FST. The two between-
subject factors were “chronic treatment” and “treatment”. “Chronic treatment” was
defined as the binge-like paradigm of cocaine, MDPV or saline. “Treatment” referred to
the administration of two doses of S-MEPH (10 or 30 mg/kg) or saline following
discontinuation of the binge-like paradigm. In the case of a significant overall ANOVA,
Bonferroni post-hoc tests were used to determine group differences. All analyses were
conducted using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA) with statistical
significance set at P < 0.05.

Results
S-MEPH reduces anxiety-like behavior during psychostimulant withdrawal
(Fig. 2.1) Data are presented as percentage of time spent on the open arms (N=6 per
treatment group). A two-way ANOVA indicated a significant overall effect of chronic
treatment [F(2, 45) = 3.86, P < 0.05] and treatment [F(2, 45) = 6.76, P < 0.05], as well as
a significant interaction [F(4, 45) = 8.04, P < 0.05]. Bonferroni analysis showed that rats
withdrawn from chronic cocaine exposure (COC SAL) or MDPV (MDPV SAL) spent
less time on the open arms compared to drug-naive control rats (SAL SAL) (P < 0.05). In
rats withdrawn from chronic cocaine exposure, subsequent treatment with 10 mg/kg S-
MEPH (COC SM 10) increased the percentage of time spent on the open arms compared
to treatment with saline (COC SAL) (P < 0.05). Similar efficacy for 10 mg/kg of S-
MEPH was observed in rats withdrawn from chronic MDPV exposure, as treatment with
S-MEPH during the drug-free period (MDPV SM 10) enhanced the percentage of time
spent on the open arms compared to treatment with saline (MDPV SAL) (P < 0.05).

Treatment with a higher dose of S-MEPH (30 mg/kg) also increased the percentage of
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time spent on the open arms for rats withdrawn from either cocaine (COC SM 30) (P <
0.05 versus COC SAL) or MDPV (MDPV SM 30) (P < 0.05 versus MDPV SAL);
however, treatment with 30 mg/kg S-MEPH by itself (SAL S-MEPH) caused a slight, but
significant, decrease in time spent on the open arms compared to drug-naive control rats
(SAL SAL) (P < 0.05). The mean number of open arm entries for each treatment
condition (N=6 per treatment group) are presented in Figure 1B. A two-way ANOVA
indicated a significant overall effect of treatment [F(2, 45) = 4.06 , P < 0.05] but not
chronic treatment [P > 0.05], as well as a significant interaction effect [F(4, 45) = 5.99 ,
P < 0.05]. Bonferroni post-hoc tests indicated that withdrawal following chronic cocaine
(COC SAL) or MDPV (MDPV SAL) exposure caused a significant reduction in the
number of open arm entries compared to drug-naive control rats (SAL SAL) (P < 0.05).
This effect was reversed after S-MEPH treatment in both cocaine (COC SM 10, 30) (P <
0.05 versus COC SAL) and MDPV (MDPV SM 10, 30) (P < 0.05 versus MDPV SAL)
exposed animals.

S-MEPH reduces depression-like behavior during psychostimulant withdrawal
(Fig. 2.2)

Data are presented as the percentage of time spent in the immobile state (N=6 per
treatment group, except in group Saline + S-MEPH 10mg/kg with N=5 due to one rat
dying during the binge injections). Analysis with two-way ANOVA showed effects of
chronic treatment [F(2, 44) = 3.64, P < 0.05] and treatment [F(2, 44) = 72.37, P < 0.05],
as well as a significant interaction [F(4, 44) = 5.26, P < 0.05]. Bonferroni analysis
indicated that rats withdrawn from chronic cocaine exposure (COC SAL) or MDPV

(MDPV SAL) exposure spent more time in the immobile state compared to drug-naive
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control rats (SAL SAL) (P <0.05). In rats withdrawn from chronic cocaine exposure,
subsequent treatment with 10 mg/kg S-MEPH (COC SM 10) reduced the time spent in
the immobile state compared to saline treatment (COC SAL) (P < 0.05). Similar efficacy
for 10 mg/kg of S-MEPH was observed in rats withdrawn from chronic exposure to
MDPV, as treatment with S-MEPH during the drug-free period (MDPV SM 10) reduced
the time spent in the immobile state compared to treatment with saline (MDPV SAL) (P
< 0.05). Treatment with a higher dose of S-MEPH (30 mg/kg) also decreased time spent
in the immobile state for rats withdrawn from cocaine (COC SM 30) (P < 0.05 versus
COC SAL) or MDPV (MDPV SM 30) (P < 0.05 versus MDPV SAL); however,
treatment with the higher dose of S-MEPH by itself (30 mg/kg) (SAL S-MEPH) reduced
time spent in the immobile state compared to drug-naive control rats (SAL SAL) (P <
0.05).

S-MEPH interacts with 5-HT2 receptors

At 1 uM, S-MEPH inhibited radioligand binding to 5-HT2a, 5-HT2g, 5-HT2c, and sigma-
1 receptors Dy more than 50%. Ki values for receptors were then determined by competitive
inhibition of radioligand binding: 5-HT2a (Ki = 1.3 uM), 5-HT2g (Ki = 0.857 uM), 5-
HT2c (Ki = 3.9 uM), and sigma-1 (Ki = 1.5 uM). Functional assays using measurements
of intracellular calcium mobilization performed on serotonin receptors revealed that
there was no stimulation up to 100 puM, suggesting that S-MEPH acted as an antagonist at
these receptors. In addition, at a concentration of 1 uM, S-MEPH did not inhibit more
than 50% of radioligand binding at the following receptors: 5-HT (5-HT1ag,p, 5-HT3, 5-
HTe, 5-HT7); DA (D1, D2, D3, Da4, Ds); kappa opioid; adrenergic (a1a, a1, 01D, 024, 028,

azc, PB1, P2, B3); muscarinic (M1-My); and nicotinic (02f32; a2ps; 03P2; 03Pa; asf2; aaPa; o7).
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Discussion

Synthetic cathinones are noted for their psychoactive effects and categorized as
Schedule I drugs in the United States; however, one older cathinone derivative,
bupropion (Wellbutrin), is a frequently prescribed antidepressant and smoking cessation
therapy. This paradox between newer synthetic cathinones (i.e., ones appearing within
the past decade) and bupropion suggests that cathinones possess adverse and therapeutic
properties that are dependent on factors such as structure and stereochemistry [Heal et al.,
2013; Li et al., 2010]. We demonstrated previously that stereochemistry influences the
neuropharmacological profile of MEPH and the R-enantiomer is primarily responsible for
rewarding properties of MEPH [Gregg et al., 2015; Vouga et al., 2015]. The S-
enantiomer is a potent 5-HT-releasing agent (50-fold stronger than R-MEPH) that does
not produce rewarding effects in CPP and ICSS studies [Gregg et al., 2015; Vouga et al.,
2015]. S-MEPH is structurally similar but mechanistically distinct from bupropion, with
S-MEPH acting as a monoamine substrate to release 5-HT and bupropion acting as a
DAT/NET blocker with minimal effects at SERT. Our original work with S-MEPH
provided rationale for the present study in which we demonstrated efficacy for S-MEPH
against psychostimulant withdrawal behaviors. The major findings of the present study
were that: 1) MDPV, a synthetic cathinone and monoamine transport blocker, produced
cocaine-like withdrawal behaviors in the EPM and FST; 2) S-MEPH, given to rats during
the drug-free period following cocaine or MDPV, attenuated anxiety- and depression-like
behaviors resulting from psychostimulant withdrawal; and 3) S-MEPH displayed affinity
and interactions with 5-HT> receptors but no agonist activity.

In our behavioral experiments, S-MEPH counteracted anxiety- and depression-
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like behaviors in rats withdrawn from a chronic cocaine or MDPV regimen when given
during the drug-free period following psychostimulant exposure. In both the EPM and
FST, S-MEPH displayed efficacy at 10 and 30 mg/kg. Although neither dose of S-MEPH
is rewarding in the rat CPP assay [Gregg et al., 2015; Vouga et al., 2015], both doses
produce some locomotor activation, especially ambulation, but not to the magnitude or
duration of the R-enantiomer. Evidence that S-MEPH produces locomotor activation has
to be considered in the interpretation of its efficacy in EPM and FST experiments. In the
case of the EPM results, behavioral testing was conducted 24-h after the last treatment
with S-MEPH, well after locomotor activation produced by acute S-MEPH subsides
[Gregg et al., 2015]. Therefore, the ability of S-MEPH to increase time spent on the open
arms in cocaine- or MDPV-withdrawn rats is more likely due to an anxiolytic-like effect
than to locomotor activation resulting from acute S-MEPH exposure.

In the FST experiments, behavioral testing was conducted 30 min after the last S-
MEPH injection, so hyperlocomotion caused by acute S-MEPH exposure may have
exerted a more significant influence on behavioral outcomes. We chose the 30 min
interval between the last S-MEPH injection and onset of behavioral testing based on the
temporal profile of S-MEPH locomotor activation [Gregg et al., 2015]. In that study, 10
mg/kg of S-MEPH produced an increase in locomotor activity that returned to baseline
levels 30-35 min post-injection, which was the time frame of FST experimentation here,
and remained at baseline activity levels for the remainder of the 90-min observation
period [Gregg et al., 2015]. Since 10 mg/kg of S-MEPH did not decrease time spent in
the immobile state in drug-naive control rats, the most parsimonious explanation for its

efficacy in cocaine- or MDPV-abstinent rats is a reduction in depression-like behavior, as
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opposed to an increase in locomotor activity. However, with 30 mg/kg of S-MEPH,
locomotor activation likely contributed to the efficacy of S-MEPH in the FST, as this
higher dose decreased time spent in the immobile state in drug-naive control rats and is
associated with a more protracted increase in locomotor activation that persists for at
least 90 min post-injection [Gregg et al., 2015]. Nonetheless, since the lower dose of 10
mg/kg was efficacious in the FST, we posit that S-MEPH is capable of reducing
depression-like behavior accompanying psychostimulant withdrawal. Future studies will
better examine S-MEPH for baseline anxiolytic and antidepressant effects, especially
since acute administration of racemic MEPH produces both of these effects [Pail, 2015].
S-MEPH was screened against multiple receptor subtypes (5-HT, DA,
adrenergic, kappa opioid, muscarinic, nicotinic, and sigma) in binding assays to provide a
measure of interactions and degree of affinity (weak, strong, or no connection) between
S-MEPH and receptor targets. Results showed that S-MEPH has moderate affinity for 5-
HT. receptors but little to no interaction with the other receptors tested. Functional assays
revealed that S-MEPH did not display agonist activity at 5SHT> receptors, but exhibited
some antagonist activities. Although identification of mechanism by correlating in vitro
binding results with behavioral outcomes and pharmacokinetic data is challenging, it is
interesting to note that Ki values obtained in the binding assays for 5-HT. receptors were
in the micromolar range [5-HT2a (Ki = 1.3 uM); 5-HT2g (Ki = 0.857 uM); 5-HT2c (Ki =
3.9 uM)]. Pharmacokinetic data indicate that racemic MEPH freely crosses the blood
brain barrier and shows considerable distribution throughout the brain, which is reflected
by its brain/plasma ratio of 1.85 [Martinez-Clemente et al., 2013]. A plot of locomotor

activity versus racemic MEPH concentrations over time shows a direct concentration—
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effect relationship [Martinez-Clemente et al., 2013]. This model provided by Martinez-
Clemente and colleagues (2013) reveals a mean in vivo ECso value of 0.86 uM for MEPH
that is in fairly close agreement with in vitro results showing that racemic MEPH inhibits
monoamine uptake at concentrations below 1 uM [Gregg et al., 2015; Lopez-Arnau et al.
2012]. According to Martinez-Clemente et al. (2013), the peak plasma concentration of
racemic MEPH (HCI salt) after oral administration is 1.55 puM (331.2 ng/ml). In this
study, we used i.p. injection of 10 mg/kg and 30 mg/kg S-MEPH. Assuming similar
bioavailability following i.p. and oral administration, S-MEPH at 30 mg/kg (i.p.) would
have significant occupancy at 5-HT2a and 5-HT2g and, to a lower extent, 5-HT2¢
receptors. Therefore, actions of S-MEPH on one or more of these 5-HT> receptors may
have contributed to its in vivo pharmacological effects, even though DAT and SERT are
the primary targets of it actions with ECso values of 70.2 nM and 60.9 nM for releasing
DA and 5-HT, respectively.

Preclinical studies have identified roles for 5-HT2aand 5-HT2c receptors in
regulating anxiety-induced cocaine withdrawal. Anxiety-like behavior is blocked by a 5-
HT2a receptor antagonist, MDL 11,939, but enhanced by a 5-HT2a receptor agonist,
TCB-2 [Clinard et al., 2015]. 5-HTc receptor antagonism attenuates anxiety-like
behavior [Craige et al., 2015; Martin et al., 2002] whereas a 5-HT2c receptor agonist
produces anxiogenic effects [Cornelio et al., 2007; Moya et al., 2011]. One potential
mechanism that contributed to the ability of S-MEPH to reduce anxiety-like behavior
during psychostimulant withdrawal is 5-HT2c receptor blockade, which could reduce the
activity of GABA interneurons and promote downstream elevation of extracellular DA in

the nucleus accumbens. Interestingly, 5-HT2c receptor antagonism is thought to be a
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reason that fluoxetine (Prozac) does not produce the degree of anxiety during initial
dosing that often plagues other selective serotonin reuptake inhibitors (SSRIs) [Palviméki
et al., 1996]. Thus, S-MEPH may work through a dual 5-HT-based mechanism to
mitigate psychostimulant withdrawal, with a 5-HT2c receptor block underlying its
anxiolytic efficacy and an increase in 5-HT release through its monoamine substrate
actions underlying its antidepressant effect [Baumann et al., 2012; Eshleman et al., 2013;
Gregg et al., 2015; Lépez-Arnau et al., 2012; Opacka-Juffry et al., 2014]. A role for 5-
HT. receptors in the antidepressant effects of S-MEPH is also possible because 5-HT2a
and 5-HTxc receptors facilitate depressive-like behavior in preclinical studies [Diaz and
Maroteaux, 2011; Patel et al., 2004]. Although selective serotonin reuptake inhibitors are
used as antidepressants, their effects are not directly related to acute effects on the
serotonin system. It takes at least two weeks of repeated administration for the
antidepressant effects to be manifested, which has been attributed to upregulation of
brain-derived neurotrophic factor (BDNF) and BDNF-associated neurogenesis. It is
possible that the behavioral effects of repeated administration of S-MEPH demonstrated
in this study are also related to neuroplasticity.

In conclusion, we demonstrate that the S-enantiomer of MEPH, at doses that are
not rewarding in CPP and ICSS rat experiments, may attenuate psychostimulant
withdrawal, perhaps through both 5-HT transporter and receptor interactions. Our results
suggest S-MEPH may be a potential structural and pharmacological template to develop
maintenance therapy for psychostimulant dependence. However, it will be important in
future studies to compare the therapeutic efficacy of S-MEPH against approved

antidepressant and/or anxiolytic drugs such as diazepam, fluoxetine or bupropion. Our
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current design enabled us to simultaneously compare the effects of multiple doses of S-
MEPH against two psychostimulants using behavioral measures of anxiety- and
depression-like behavior, which did not allow for testing against known approved
antidepressant and/or anxiolytic drugs. An advantage of the S-MEPH template is a rapid
onset of action, whereas a disadvantage is its short duration of action and potential for in
vivo racemization. It will be important to further assess the abuse liability of S-MEPH
using rat self-administration assays, and to determine if S-MEPH can antagonize deficits

in extracellular monoamine levels that occur during psychostimulant withdrawal.
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Fig 2.1. S-MEPH reduces cocaine and MDPV withdrawal-induced anxiety-like
behavior in the EPM assay. Rats withdrawn from chronic treatment with saline (SAL),
cocaine (COC) or MDPYV were then treated with SAL, S-MEPH (10 mg/kg) (SM 10), or
S-MEPH (30 mg/kg) (SM 30) during the drug-free period. A) Data are presented as
percentage of time spent on the open arms + S.E.M. (N=6). B) Data are presented as open
arm entry + S.E.M. (N=6). “P < 0.05 compared to respective chronic treatment group
(SAL, COC or MDPV). "P < 0.05 compared to drug-naive saline control (SAL SAL).
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Fig 2.2. S-MEPH reduces cocaine and MDPV withdrawal-induced depression-like
behavior in the FST. Rats withdrawn from chronic treatment with saline (SAL), cocaine
(COC) or MDPV were then treated with SAL, S-MEPH (10 mg/kg) (SM 10), or S-MEPH
(30 mg/kg) (SM 30) during the drug-free period. Data are presented as the percentage of
time spent in the immobile state (% immobility) + S.E.M. (N=5-6). P < 0.05 compared
to respective chronic treatment group (SAL, COC or MDPV). *P < 0.05 compared to
drug-naive saline control (SAL SAL).
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Supplementary Materials

General Procedures: Radioligand binding assays and functional assays were conducted
by the Psychoactive Drug Screening Program, which is directed by Dr. Bryan Roth of the
University of North Carolina and supported by the National Institute of Mental Health.
For more details on the experimental procedure for the radioligand binding and functional
assays, refer to the website at https://pdspdb.unc.edu/pdspWeb/?site=assays.

Table 2.1: Inhibition (%) of binding of radioligands to receptors by 10 uM S-
MEPH. Experiments were performed with a ligand and membranes of cells transfected
with its pharmacological target.

Experimental Procedure:

A solution of S-MEPH and a positive control was prepared in a 1 mg/ml stock.
Radioligand for each receptor was diluted in Standard Binding Buffer. S-MEPH, the
positive control, radioligand and membranes were dispensed into a 96-well plate and
incubated for 1.5 hours at room temperature and protected from light. The reactions were
terminated by rapid filtration, washed 4 times, and the filters allowed to dry overnight.
On the following day, scintillant was melted onto filters, and the radioactivity on the filter
was counted by scintillation counting [Roth et al., 2012.]. For the pharmacological targets

that S-MEPH inhibited more than 50% of radioligand binding, binding was performed
with a range of concentrations and Ki values determined.

Radioligand Receptor % Inhibition

[ 3H]8-OH-DPAT (0.5 nM) 5-HT1A receptor 19.9

[ 3H]GR127543 (0.3 nM) 5-HT1B, 5-HT1D receptors 41.2,24.8

[ 3H]Ketanserin (0.5 nM) 5-HT2A receptor 73.7

[ 3H]LSD (1 nM) 5-HT2B receptor 79.9

[ 3H]Mesulergine (0.5 nM) 5-HT2C receptor 55.0

[ 3H]LY?278584 (0.3 nM) 5-HT3 receptor -7.1

[ 3H]LSD (1 nM) 5-HT6 receptor 1.9

[ 3H]LSD (1 nM) 5-HT7 receptor 34.7

[ 3H]SCH233930 (0.2 nM) D1, D5receptors | e

[ 3H]N-methylspiperone (0.2 nM) | D2, D3, D4 receptors | mmmmmemmmmmememe

[ 3H]U69593 (0.3 nM) kappa opioid receptor | memeememeemes

3H]Muscimol (1 nM) GABAA receptor 3.6

[ 3H]Prazosin (0.7 nM) alA, alB adrenergic receptors | mmmmmmmemmemoeoee-

[3H]Clonidine (1 nM) a2A, 2B, 02C adrenergic receptors | = ---m-mm-mmmm-mo--e-

[ 1251]lodopindolol (0.1 nM) B1, B2, B3 adrenergic receptors | =mmmmmmmmmmmomoee-

[ 3H]QNB (0.5 nM) M1, M2, M3, M 4 muscarinic | = smmmmmmmmemmeeeee-
receptors

[ 3H]Epibatidine (0.5 nM) 02B2, a2p4, a3p2, a3p4, a4p2, ad4p4 -1.0,-0.1,3.9,9.1,45
nicotinic receptors

3H]Pentazocine (3 nM) sigma-1 receptor 50.6

48




Table 2.2: Functional assays conducted to test for agonist/antagonist activity of S-MEPH

Experimental Procedure:

For receptors that S-MEPH showed significant affinities (5-HT2A, 2B, 2C), S-MEPH
was tested for agonist and antagonist activity at 10 uM. For agonist activity, the positive
control was set at 100% and basal activity at 0%. For antagonist activity, the basal
activity was set at 100%. We found that S-MEPH at 10 uM showed potential antagonist
activity. Subsequently, full concentration-response experiments were performed to
determine 1Cso values against ECso to ECgo concentrations of a known agonist in the same

class.
Targets Receptor Response Antagonist 5-HT ECso
plCso
Gg/11- 5-HT2A, 5- intracellular -6.5, -5.0, -6.6 -8.5,-8.8,-9.4
Coupled HT2B, 5-HT2C calcium
mobilization
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CHAPTER 3
EFFECTS OF MEHEDRONE ENANTIOMERS ON REINSTATEMENT OF

COCAINE SEEKING IN RATS

Introduction
Synthetic cathinones are psychoactive substances that have gained popularity over recent
years, under the assumed name of “bath salts™. Cathinones are chiral molecules that exist
as two enantiomers. Mephedrone (4-methylmethcathinone, MEPH) is one of the synthetic
cathinones that has been marketed as a ‘legal high’ alternative to bypass law
enforcement. The two enantiomers specific to MEPH are R-mephedrone (R-MEPH) and
S-mephedrone (S-MEPH), both exhibiting stereochemistry specific influences on the
pharmacological profile of MEPH. Although both R-MEPH and S-MEPH display similar
potencies in increasing dopamine (DA) and norepinephrine (NE) release at dopamine
transporters (DAT) and norepinephrine transporters (NET), S-MEPH is approximately 50
times more potent than R-MEPH in promoting serotonin (5-HT) release at serotonin
transporters (SERT) [Gregg et al, 2015]. S-MEPH was screened against multiple
receptors and receptor subtypes using binding assays. The binding assays revealed that S-
MEPH displayed affinity for 5-HT2a, 5-HT2g, and 5-HTc receptors and showed
negligible affinity for dopaminergic, adrenergic and nicotinic receptors. Further,
functional assays conducted at 5-HT2a, 5-HT2g, and 5-HTc receptors showed that S-
MEPH displayed no agonist activity at SHT receptors, however displayed some
antagonist activities [Chapter 2]. The rewarding effects of R and S-MEPH enantiomers

have been previously examined in rodents using a conditioned place preference (CPP)
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and intracranial self-stimulation (ICSS) paradigms. In comparative dose-dependent
experiments, R-MEPH but not S-MEPH produced CPP compared to saline controls
[Gregg et al, 2015]. Moreover, R-MEPH produced greater ICSS facilitation than S-
MEPH [Gregg et al, 2015]. These findings suggest S-MEPH may exhibit less reinforcing
efficacy then the R-enantiomer.

Relapse is common among drug abusers even after prolonged abstinence, and can
be triggered by key mediators such as drug re-exposure, drug-associated environmental
cues or stressors [Everitt et al, 2002; Grimm et al, 2003; Gipson et al, 2013]. In rodents,
the reinforcing effects and abuse liability of drugs are commonly assessed using an
intravenous self-administration (IVSA) paradigm [Dworkin et al, 1994; O'Connor et al,
2011]. In this paradigm, various reinstatement tests can be used to measure relapse to
drug seeking, which have proven to be useful in identifying potential anti-relapse
therapeutics for abused drugs such as alcohol and nicotine [Plosker et al, 2015; Hall et al,
2015; Randall et al, 2015]. In drug-primed reinstatement, a small amount of the
previously self-administered drug is injected to elicit drug-seeking behavior.

Mesolimbic DA is important for the reinforcing effects and reinstatement of
cocaine [Self and Nestler, 1998; Spealman et al, 1999]. DA receptor agonists and
antagonists alter drug-primed reinstatement. Specifically, D1-like agonists and
antagonists both attenuate drug-primed reinstatement of cocaine seeking [Self et al,
1996; Alleweireldt et al, 2003; Schenk and Gittings, 2003]. D1, D2, and D3 antagonists
have the ability to attenuate cocaine reinstatement [Cervo et al, 2003; Ciccocioppo et al,
2001]. On the other hand, D2-like agonists enhance cocaine reinstatement by mimicking

the effects of cocaine [Self et al, 1996; De Vries et al, 2002]. In contrast, D2-like
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antagonists attenuate cocaine-primed reinstatement [Schenk & Gittings, 2003; Khroyan et
al, 2000]. Taken together, these findings indicate that there is dissociation between the
effects of D1-like and D2-like receptors upon activation.

5-HT also plays an important role in modulating cocaine-induced reinstatement.
Cocaine blocks reuptake of 5-HT [Warner et al, 1993], and several studies have shown a
role for 5-HT receptors in reinstatement of cocaine seeking. The 5-HT system is very
complex. There are 7 distinct classes of receptors that have different structure and
functional roles in the CNS [Hoyer et al, 2002]. The 5-HT receptor has been implicated
in cocaine reinstatement. MEPH displays relevant receptor binding at 5-HT2a and 5-HT2c
receptors [Simmler et al, 2013]. Antagonism of 5-HT2a receptors suppresses both cue-
induced and cocaine-primed reinstatement [Fletcher et al, 2002; Nic Dhonnchadha et al,
2009]. Antagonism of 5-HTac receptors results in enhanced cocaine-primed reinstatement
[Fletcher et al, 2002; Nic Dhonnchadha et al, 2009], while activation of the 5-
HT.c receptor attenuates both cue-induced and cocaine-primed reinstatement [Fletcher et
al, 2002; Neisewander and Acosta, 2007]. Furthermore, 5-HT2a antagonists and 5-HT2c
agonists display synergistic suppression of cocaine-induced hyperactivity, impulsivity, as
well as cue-induced and cocaine-primed reinstatement of cocaine-seeking [Cunningham
et al, 2012]. The results indicate 5-HT2a and 5-HT2c receptor antagonists can have
differential effects on cocaine-seeking behavior and may have different therapeutic
advantages in suppressing cravings and relapse.

The present study employed a rodent IVSA paradigm to examine R-MEPH and S-
MEPH-induced prime reinstatement to cocaine seeking behavior in rats. Given the role of

5-HT in cocaine relapse, and the strong 5-HT component of S-MEPH, we looked to see
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whether rats with a history of cocaine exposure would reinstate their drug-seeking
behavior in response to a priming injection of S-MEPH. We also tested R-MEPH and
cocaine as “positive controls”.

Methods and Materials
Animals
Male Sprague-Dawley rats weighing between 275-300g (N=16; Harlan Laboratories)
were initially housed two per cage and allowed to acclimate to the facility conditions
prior to surgery. After surgery, rats were individually housed. The room was temperature
and humidity-controlled and maintained on a 12-hour reverse light/dark cycle (lights on
at 9:00 A.M.). Food and water were available ad libitum, except during experimental
sessions. All experiments were conducted in accordance with the NIH Guide for the Care
and Use of Laboratory Animals and Temple University Institutional Animal Care and
Use Committee.
Drugs
R-MEPH and S-MEPH were synthesized by Dr. Allen Reitz (Fox Chase Chemical
Diversity Center). Cocaine hydrochloride was provided by the National Institute on Drug
Abuse. All drugs were dissolved in physiological saline (0.9%). Cocaine was delivered
through intravenous injection at 50 pL/infusion volume. Body weights were averaged
across rats to calculate corrected concentration for cocaine. Following preparation of
drug, cocaine was filtered for the self-administration sessions. For prime reinstatement
test cocaine, R-MEPH and S-MEPH were administered by intraperitoneal (i.p.) injection

at a volume of 1 ml/kg.
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Catheter Implantation

Catheter implantation was performed as previously described [Simmons et al, 2016].
Briefly, rats were anesthetized using vapor anesthesia (isoflurane/oxygen mixture) with
isoflurane at 5% induction, and maintained at 2-3% during surgery. The rats were
prepared for surgery with indwelling jugular vein catheter (Plastics One) and given a
preoperative intraperitoneal (i.p.) injection of meloxicam (1 mg/kg, i.p.) analgesia. Rats
were given analgesia for 2 days post-surgery. Small incisions were made at the midline of
the animal’s back and right side of the animal’s neck to subcutaneously pass the catheter
tubing and insert into the jugular vein. Using suture thread, the tubing was secured with a
double knot around the jugular vein. All wounds were secured with 9-mm surgical
staples. Post-surgery, the rats were individually housed and allowed to recover for 1 week
prior to beginning cocaine self-administration. All catheters were flushed daily with 0.3
ml of heparinized saline and a cap was placed over the catheter port.

Cocaine Self-Administration

Rats were trained in sound attenuating operant chambers (Med-Associates) on a fixed
ratio-1 (FR-1) schedule of reinforcement to self-administer cocaine (0.375
mg/kg/infusion). The chambers were equipped with a house light, two retractable levers,
and a ventilation fan that provided masking noise. At the beginning of each session, rats
were placed into the chamber and the infusion tubing, which was enclosed in a spring
leash attached to the operant, was attached to the catheter back-mount of each animal.
Animals were trained to lever press for a drug infusion during daily 2-hour sessions for

12 days. During sessions, a response on the active lever resulted in the delivery of one
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drug infusion and the activation of a cue+tone stimulus complex above the active lever.
There was a 20-s time out period between each infusion to avoid an accidental drug
overdose. Responses on the inactive lever were recorded but had no scheduled
consequences.

Extinction

Following completion of cocaine self-administration, rats began extinction training.
During extinction sessions, rats were placed in the chambers for 2-hours during which
responding on either the active or inactive lever had no scheduled consequences.
Extinction criterion was set to a minimum of seven extinction sessions and rats
maintained < 15 presses on the active lever over two consecutive days. Reinstatement of
cocaine seeking was conducted the day after rats met the extinction criterion.
Reinstatement Test

A series of drug-primed reinstatement tests, with R-MEPH (10 mg/kg, i.p.) or S-MEPH
(10, 20, 30 mg/kg, i.p.) injection, were used to test reinstatement to drug seeking. The
order of the reinstatement tests was counterbalanced using a within subjects Latin square
design. All rats (N=9) went through cocaine-primed reinstatement after completing the
Latin square series. The drug-primed injections were given immediately prior to testing.
During reinstatement tests, number of active lever presses (non-reinforced) and inactive
lever presses were recorded. Between each reinstatement test, rats were subjected to
extinction sessions until they met the extinction criterion as previously described.

Data Analysis

Data were analyzed using GraphPad Prism5 software. Self-administration data for

number of active lever pressing during extinction and reinstatement testing were analyzed
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using two-way within-subjects ANOVA (treatment x session) followed by Bonferonni
post hoc secondary analysis. The quantities of each enantiomer were limited. Therefore,
animals were excluded prior to the reinstatement test for the following reasons - if stable
acquisition was not reached (minimum of 15 infusions for 3 consecutive session) or if
Latin square was not completed. Statistical significance was set at p < 0.05.

Results

Rats readily established active lever responding for cocaine (0.375 mg/kg/infusion)
during the 12-day self-administration training. This behavior was extinguished during 7
days of extinction training (Figure 3.1). R-MEPH (10 mg/kg) and cocaine (10 mg/kg)
treatment induced cocaine seeking behavior, as reflected by increase in number of lever
presses that was previously associated with cocaine infusion (Figure 2). On the other
hand, none of the doses of S-MEPH (10, 20 or 30 mg/kg) was able to elicit cocaine
seeking (Figure 3.2). Two-way ANOVA showed a significant interaction [F(4, 80) =
13.94, P<0.0001], treatment [F(4, 80) = 12.13, P<0.0001] and session (i.e. extinction vs.
reinstatement) [F(1, 80) = 22.43, P<0.0001]. Bonferroni post hoc tests revealed that
number of active lever presses were significantly higher for the reinstatement session
compared to the last extinction session in rats that were primed with R-MEPH or cocaine,
while there were no significant differences in lever pressing in S-MEPH-primed rats
between the sessions. Furthermore, responding was significantly higher in the R-MEPH
and cocaine-primed reinstatement groups compared to all dose tested with S-MEPH (p <

0.001).

56



100+

604 - 4

40+ 4

Active Lever Presses

20

SA 1 2 3 4 5 6 7 8 9 10 11 12 EXT 1 2 3 4 5 6 7

Figure 3.1. Cocaine Acquisition and Extinction sessions. Each data point represents
mean + S.E.M. of active lever presses (N=9). Rats were trained to self-administer
cocaine (0.375mg/kg/ infusion) for 12 sessions for 2 hours daily. Following acquisition,
extinction sessions were conducted for minimum of 7 sessions.
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Figure 3.2 R- and S-MEPH-primed reinstatement. Each bar represents mean + S.E.M.
of last extinction session and reinstatement test (N=9). Following successful completion
of extinction training rats, previously maintained by cocaine self-administration,
underwent R- MEPH-primed (10 mg/kg, i.p.), S-MEPH-primed (10, 20, 30 mg/kg, i.p.),
and cocaine-primed (10 mg/kg, i.p.) reinstatement sessions. R-MEPH reinstated cocaine
responding in animals with a history of cocaine self-administration. S-MEPH at doses
tested failed to reinstate cocaine responding. Significant differences between last
extinction session vs. R-MEPH- and cocaine-primed reinstatement session are indicated
by *** (p<0.001). Significant differences between reinstatement of R-MEPH group vs.
S-MEPH group are indicated by ### (p<0.001). Significant differences between
reinstatement of cocaine group vs. S-MEPH group are indicated by $$$ (p<0.001).

Discussion
The purpose of this study was to determine if the S-enantiomer of MEPH has the ability
to induce reinstatement to cocaine seeking after extinction of responding. Our studies
include the first evaluations of R- and S-enantiomers of MEPH in reinstatement of

cocaine seeking behavior. We showed that rats trained to self-administer cocaine (0.375

mg/kg/inf.) under FR-1 schedule of reinforcement readily acquired self-administration.
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Studies have shown rats reliably reinstated their drug seeking behavior following a period
of extinction in response to a cocaine-prime (10 mg/kg) injection. Dose of cocaine was
chosen based on previously published data that produced significant reinforcing
properties on an FR-1 schedule of reinforcement, as well as published data on cocaine-
prime reinstatement [Enman et al, 2015; Nair et al, 2013; Ogbonmwan et al, 2015;
Gabriele et al, 2011; McFarland et al, 2003]. The similar effect was observed with R-
MEPH prime injection. 10 mg/kg R-MEPH reinstated responding similar to that of
cocaine-prime, but not higher than cocaine. In contrast, all doses of S-MEPH (10, 20, 30
mg/kg) tested failed to induce reinstatement to cocaine seeking. These data suggest that
R-MEPH is responsible for the rewarding and reinforcing effects seen with the racemic
form of MEPH.

DA plays an important role in mediating cocaine-seeking behaviors [Bachtell et
al, 2005; Schmidt et al, 2006]. The magnitude of cocaine-induced reinstatement is
dependent on the level of increase in DA in the nucleus accumbens [Madayag et al,
2010]. Pretreatment with either selective D1 receptor agonists, antagonists or selective
dopamine D2 receptor antagonists attenuate cocaine seeking in animal models elicited
by cocaine-prime injections [Alleweireldt et al, 2003; Self et al, 1996; Khroyan et al,
2000; Anderson et al, 2004]. Cocaine (10 mg/kg) reinstates drug seeking behavior,
however D1-like receptor agonists, SKF-81297 and SKF-82958, attenuated the drug
seeking behavior [Khroyan et al, 2000]. Selective D1-like antagonist, SCH 23390, and
D2-like antagonists, eticlopride, dose-dependently decreased cocaine-primed
reinstatement [Sun et al, 2005]. Despite seemingly conflicting reports of the roles that

these subtypes of DA receptors play, activity of DA receptors appears to be a key
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component in the neural mechanism involved in induction of reinstatement to cocaine
seeking.

Similar to cocaine, a priming injection of R-MEPH reinstated drug-seeking
behavior in rats with a history of cocaine. However, S-MEPH did not induce
reinstatement. This supports the work by Gregg (2015) and Vouga (2015) who compared
the stereochemistry and neuropharmacology of MEPH. These studies report that R-
MEPH produced rewarding effects in rats and planarian using environmental place
conditioning (EPC), CPP and ICSS paradigms [Gregg et al, 2015; Vouga et al, 2015]. In
rats, R-MEPH produced CPP, but S-MEPH was ineffective at all doses (5, 15, 30 mg/kg)
[Gregg et al, 2015]. Furthermore, R-MEPH was greater than S-MEPH in producing
facilitation of ICSS [Gregg et al, 2015]. In planarian, racemic MEPH and R-MEPH
produce EPC, on the other hand, S-MEPH did not produce significant EPC [Vouga et al,
2015]. Interestingly, others have also found contrasting reinforcing effects with the
different MDMA enantiomers. Racemic MDMA and S-MDMA induce reinstatement of
responding for amphetamine, whereas priming injections of R-MDMA and fenfluramine
did not reinstate amphetamine self-administration in rhesus monkeys [McClung et al,
2010]. Consistent with our findings, priming injections of the selective 5-HT releaser,
fenfluramine (1 or 3 mg/kg), did not reinstate extinguished amphetamine responding
[McClung et al, 2010]. The differences in effects observed with these enantiomers may
be due to DA mediated effects of S-MDMA. S-MDMA has a greater affinity for DAT
compared to R-MDMA and racemic MDMA [Verrico et al, 2007]. Our results are in

agreement with other reports showing differentiated effects based on stereochemistry.
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Cocaine is a triple reuptake inhibitor of DA, 5-HT and NE. Therefore, 5-HT
pathways are also involved in altering cocaine reinstatement [Sawyer et al, 2012].
Despite R-MEPH and S-MEPH having similar potency on DA release, S-MEPH’s
potency to cause 5-HT release is 50 times greater than R-MEPH [Gregg et al, 2015].
While the surge in DA may have enabled R-MEPH to trigger reinstatement, in the case of
S-MEPH, the concurrent release of 5-HT may have counteracted the effects of S-MEPH
triggered DA release. S-MEPH displays relevant receptor binding at 5-HT2a, 5-HT2g and
5-HTc receptors and has weak antagonist activity. Antagonism of 5-HT2a and 5-HT2c
receptors have been shown to give opposite outcomes on cocaine-primed reinstatement
[Nic Dhonnchadha et al, 2009; Fletcher et al, 2002; Pockros et al, 2011; Burmeister et al,
2004; Murnane et al, 2013; Filip et al, 2005]. Antagonism of 5-HT.a receptors has been
shown to suppress cocaine-primed reinstatement [Fletcher et al, 2002; Nic Dhonnchadha
et al, 2009], while antagonism of 5-HTxc receptors results in enhanced cocaine-primed
reinstatement [Fletcher et al, 2002; Nic Dhonnchadha et al, 2009]. A study showed that
ketanserin, 5-HT2asc receptor antagonist, has the ability to attenuate cue-
evoked reinstatement, but failed to attenuate cocaine-prime reinstatement [Burmeister et
al, 2004]. Given that 5-HT2aand 5-HT2c receptor antagonists exert opposite effects in
cocaine-primed drug-seeking, it may be possible that reinstatement induced by drug-
prime is mediated through the 5-HT2a receptor. Acute and chronic SSRI treatment exert
different effects on abuse-related effects of cocaine; however they have limited success in
clinical trials for cocaine abuse due to the neurobiological changes that occur during
chronic administration [Grabowski et al, 1995; Schmitz et al, 2001; Winstanley et al,

2011]. A nonhuman primate study showed suppression of both cocaine induced
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reinstatement and cocaine elicited DA surge, and proposed 5-HTa receptor
desensitization as the potential mechanism. To further strengthen the utility of 5-HT
antagonists as potential treatment for cocaine relapse, they also showed that the effects of
chronic treatment lasted after six weeks [Sawyer et al, 2012].

In conclusion, our studies are the first to investigate R-MEPH and S-MEPH in
reinstatement of cocaine seeking behavior. We found that R-MEPH prime injection
induced reinstatement of cocaine-seeking behavior similar to that elicited by cocaine
prime injection, demonstrating abuse potential of R-MEPH. In contrast, S-MEPH had no
significant influences on reinstatement of cocaine seeking behavior. MEPH’s dual DA
and 5-HT releasing mechanism of action may explain the differences in the profiles of its
enantiomers. Although additional studies are needed to assess S-MEPH ability to
attenuate cocaine prime-induced reinstatement, it is possible that S-MEPH pretreatment
maybe able to reduce the magnitude of cocaine-reinstatement. These enantiomers need to

be further investigated for therapeutic efforts for preventing cocaine relapse.
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CHAPTER 4
STEREOSELECTIVE EFFECTS OF MEPHEDRONE UNDER FIXED RATIO
(FR) AND PROGRESSIVE RATIO (PR) SCHEDULES OF REINFORCEMENT

IN RATS

Introduction

The recreational use of synthetic cathinones (‘bath salts’) has significantly increased
worldwide since 2009. Mephedrone (4-methylmethcathinone, MEPH) is among the class
of synthetic cathinone (i.e. beta-ketone amphetamines) [Winstock et al, 2011; Simmler et
al, 2013]. Although MEPH is now a controlled substance (Schedule 1), these compounds
rapidly entered the drug market, and were heavily sold via the Internet labeled as ‘not for
human consumption’ and sold as “plant food,” “bath salts,” and “research chemicals”
aiming to bypass drug laws with new “legal” high alternatives [Laurent et al, 2015;
Valente et al, 2014; Prosser et al, 2012].

Ultrasonic vocalizations (USVs) are vocal calls emitted by rodents that, in addition to
their intraspecies communicative function, associate with positive and negative affective
states based on emission frequency. Specifically, reward and approach behavior associate
with 50-kHz USVs whereas distress and avoidance behavior associated with 22-kHz
USVs [Brudzynski et al, 2005; Covington and Miczek, 2003; Burgdorf et al, 2010].
Drugs of abuse readily elicit 50-kHz USVs in rats whereas 22-kHz USVs are often
observed during drug withdrawal [Wright et al, 2010; Panksepp and Burgdorf, 2000;
Wintink and Brudzynski et al, 2001; for review, see Barker, Simmons, West, 2015].

Mesolimbic dopamine (DA) transmission seems to have a key role in the initiation of 50-
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kHz calls. For example, infusions of amphetamine into the nucleus accumbens (NAcc), a
major terminal site of mesolimbic DA projections, induced 50 kHz calls; manipulating
DA transmission also affects call rates elicited by amphetamine [Thompson et al,

2006]. Further, optical stimulation of DA terminals within NAcc from VTA projection
neurons transiently evokes 50-kHz USVs [Scardochio et al, 2015]. Thus, USVs serve as a
measure of subjective affective state in models of substance use disorders, and
mesolimbic DA transmission contributes to the production of positively-valenced 50-kHz
USVs.

MEPH produces empathogenic effects in humans, analogous to those reported in 3,4-
methylenedioxymethamphetamine (MDMA, ‘Ecstasy’) users. This similarity may be due
to increased levels of serotonin (5-HT) over DA in the nucleus accumbens [Baumann et
al, 2012; Kehr et al, 2011]. Preclinical studies in rats using conditioned place preference
(CPP) and self-administration paradigms have shown that MEPH produces rewarding and
reinforcing effects by enhancing monoamine transmission [Lisek et al, 2012; Hadlock et
al, 2011]. Pharmacologically, MEPH is also similar to MDMA and acts as a non-selective
monoamine transporter substrate and monoamine releaser of DA, 5-HT and
norepinephrine (NE) [Baumann et al, 2012; Eshleman et al, 2013; Simmler et al, 2013].
Moreover, MEPH has a chemical composition that includes R and S enantiomers, which
are found in other controlled substances including methamphetamine (METH), cocaine
and MDMA. S-MEPH potency and selectivity for the serotonin transporter (SERT) is
greater than R-MEPH, however, both R-MEPH and S—-MEPH are similar in potency for
the dopamine transporter (DAT) [Gregg et al, 2015]. In one study, S-METH was 25-fold

more potent than R-METH in rats trained in a drug discrimination paradigm [Bondareva
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et al, 2002]. Similarly, the cocaine enantiomer S-methcathinone has been shown to have a
three-fold greater potency for substituting for a cocaine discriminative stimulus compared
to R-methcathinone in rats [Glennon et al, 1995] and S-MDMA and racemic MDMA are
more consistent positive reinforcers than R-MDMA in a rhesus monkey model of self-
administration [Wang et al, 2007].

Somewhat surprisingly, the stereospecific effects of MEPH on self-administration
have not been investigated. Racemic MEPH has been shown to maintain self-
administration behavior under multiple paradigms, including the fixed-ratio (FR)
schedule and progressive-ratio (PR) schedules of reinforcement [Hadlock et al, 2011;
Aarde et al, 2013]. The present study examined the stereospecific reinforcing effects of
MEPH in a rat model of self-administration. These findings will expand our
understanding of the comparative reinforcing effects exhibited by psychostimulants that
are structurally similar. Understanding this phenomenon of stereospecific reinforcing
abuse liability will help determine the relative risks compared with other
psychostimulants.

Methods and Materials
Animals
Male Sprague-Dawley rats (initial weight 275-300 g, N=48) from Harlan Laboratories
(Indianapolis, IN) were housed two per cage and maintained in a controlled environment
on a reverse 12-h light/dark cycle (lights on at 9:00AM). Animals were individually
housed after catheter implantation. Food and water were provided ad libitum, except
during experimental procedures (drug self-administration, extinction, and reinstatement

testing). All animal procedures were conducted in accordance with the NIH Guide for the
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Care and Use of Laboratory Animals and Temple University guidelines for Animal Care
and Use.

Drugs

Racemic MEPH and (R/S)-MEPH were synthesized by Dr. Allen Reitz (Fox Chase
Chemical Diversity Center, Doylestown, PA). Racemic MEPH and (R/S)-MEPH were
dissolved in physiological saline (0.9%). Drugs were delivered by intravenous injection
at a volume of 50 pL/infusion. Body weights were averaged across rats to calculate

required concentration for drug solution.

Surgery

Rats were anesthetized with isoflurane/oxygen vapor mixture (isoflurane 5 percent
induction, 2-3 percent maintenance) and prepared for surgery with indwelling jugular
vein catheter (Plastics One). Prior to surgery, rats were injected with an analgesic
(meloxicam, 1 mg/kg). The catheter tubing was subcutaneously passed from the back to
the right shoulder of the animal, then inserted into the right jugular vein. The tubing was
secured with tied suture thread. 9-mm surgical staples were used to close the incisions.
Following surgery, rats were placed into individual cages to recover, then transferred to a
clean home cage where they remained individually housed. Rats had ~7 days of recovery
before self-administration sessions began. Catheters were flushed with 0.3 ml of
heparinized saline daily to maintain catheter patency.

MEPH Self-Administration

Acquisition

Sound-attenuating rat operant chambers (Med-Associates) were used to conduct all drug

self-administration experiments. The rat was placed in the chamber, and the catheter
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located on the animal’s back was connected to the tubing enclosed in the protective
spring leash attached to the operant chamber. To begin each session, house lights were
turned on and two retractable levers extended into the chamber. Rats were trained on a
fixed ratio-1 (FR-1) schedule to lever press for drug infusions during daily 2-hour
sessions. During the sessions, a response on the right lever (active lever) resulted in a
drug infusion and simultaneous light cue+tone stimulus complex. Responses on the left
lever (inactive lever) had no consequences, but were recorded to monitor for non-specific
motor behavior. A 20 second time out period followed each infusion to limit the
possibility of overdose. Data collection and drug delivery were controlled from MED-PC
IV software (Med Associates). The first experiment used an established dose of racemic
MEPH (N=16, 0.5 mg/kg/inf) as a training dose for 14 days that could reliably support
self-administration (Hadlock, 2011). Upon completion of acquisition, MEPH trained-rats
received either R-MEPH (0.5 mg/kg/inf) or S-MEPH (0.25, 0.5, 2.0 mg/kg/inf) varied
across animals using a within-subjects latin square design. Doses were given in blocks of
6 consecutive sessions. For the second experiment (N=32), we evaluated using three
doses of S- MEPH (0.25, 0.5, 2.0 mg/kg/inf) and a comparative dose of R-MEPH (0.5
mg/kg/inf) during daily 2-hour sessions for 10 days to establish enantiomeric MEPH self-
administration.

Progressive-Ratio Schedule

Following acquisition of R- and S-MEPH self-administration (as described in experiment
2), the paradigm for drug infusion changed to a Progressive-Ratio (PR) schedule of
reinforcement for each enantiomer. The rats in all four groups remained on the same dose

schedule they were subjected to during acquisition. PR sessions, consisting of 4

67



hours/session, terminated after 30 min of inactivity, were conducted for 10 days.
Following the first drug infusion, all subsequent infusions were contingent upon the
progressively increasing response requirement after each drug-paired lever response; the
sequence of increasing response ratio is described by Richardson and Roberts
[Richardson, 1996]. Breakpoint was defined as the final ratio completed to obtain a
reinforcement before the session ended.
Ultrasonic Vocalization (USV) Recording and Analysis

Ultrasonic emissions were detected via UltraMic200K aluminum condenser
microphones (Dodotronic; Italy) with integrated digital-to-analog conversion which
suspended above Plexiglas self-administration chambers. Audio was sampled at 192-kHz
and was recorded in “.wav” file format using RavenPro software (Cornell Lab of
Ornithology, Bioacoustics Research Program; Ithaca, NY, USA) on a nearby personal
computer. Recording sessions were initiated on single days during the first (days 3-5) and
second (days 8-10) weeks of fixed-ratio self-administration. Analysis was conducted
offline by trained experimenters, and putative USVs were collected after verification
based on spectrographic appearance and audio playback. Only USVs with mean
frequency between 38- and 80-kHz and with duration > 15 ms were included in analysis.
Data Analysis
All statistical analyses were conducted using GraphPad Prism5. Data are expressed as
mean + SEM. Analysis was conducted on number of infusions, number of correct lever
presses and breakpoints. In experiment 1, cumulative data was analyzed using a one-way
ANOVA. For experiment 2, acquisition data was analyzed using two-way ANOVA with

session and dose as within-subject factors. Breakpoints were analyzed using two-way
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ANOVA, with the enantiomer and drug dose as factors. Significance was considered p <
0.05 and main effects were followed by post hoc analysis using Bonferroni or Dunnett’s
comparisons. Total 50-kHz ultrasonic vocalizations (USVs) across two-hour self-
administration sessions were analyzed using one-way ANOVAs with Drug Group as
independent variable (R-MEPH, S-MEPH 0.25, S-MEPH 0.50, S-MEPH 2.00) for Week
1 and Week 2. When main effects were observed, Bonferroni-corrected contrasts
comparing R-MEPH to all doses of S-MEPH were conducted. Familywise was
established at 0.05.

Results
Experiment 1: Acquisition of racemic MEPH & Dose-response of enantiomers
Acquisition
Rats were trained with an initial dose of 0.5 mg/kg/inf MEPH for 14 days. The mean
number of infusions, active lever presses, and inactive lever presses from the training
phase are presented in Figure 4.1. Two-way ANOVA analysis of lever pressing indicated
that there was a significant main effect of interaction [F(13, 420) = 16.58, P < 0.001]. The
increase in drug infusion (Fig 4.1A) and active lever responses (Fig 4.1B) indicate that all
animals acquired MEPH self-administration. There was a significant effect examining
active lever presses and inactive lever presses with MEPH training dose which revealed a
significant main effect of number of lever presses [F(1, 420) = 629.4, P<0.0001]. There
was also a significant effect of session [F(13, 420) = 14.88, P<0.0001]. Bonferroni post
hoc analysis confirmed that active lever presses was significantly higher than inactive

lever presses for sessions 4-14.
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Figure 4.1. Acquisition of racemic MEPH Rats were trained to self-administer racemic
MEPH (0.5 mg/kg/inf) during 2-hour daily sessions (N =16) for 14 days. Data shows the
number of infusions (A) and active vs inactive lever presses (B). Data represents mean +
S.E.M. during initial 14 days of acquisition. *P< 0.05, **P<0.01, ***P<0.001 compared
to inactive levers.

R and S-MEPH Dose-substitution

Following acquisition of racemic MEPH, dose-substitution studies were conducted using
a with-in subject latin square design to test R-MEPH (0.5 mg/kg/inf) and S-MEPH (0.25,
0.5, 2.0 mg/kg/inf). These data are represented in Figure 4.2. Results indicated that there

was no significant interaction effect between the four drugs, and that there was no

significant effect of session. However, there was a significant effect of treatment group
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[F(5, 450) = 68.83, P<0.0001]. Post hoc comparisons confirmed there were dose-related
differences associated with the number of infusions. Specifically, rats administered S-
MEPH 0.25 and 0.5 mg/kg/inf. had a greater number of infusions compared to those
given S-MEPH 2.0 mg/kg/inf. Furthermore, responding was significantly higher in the S-

MEPH 0.25 and 0.5 mg/kg/inf. groups compared to R-MEPH (p < 0.001).
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Figure 4.2. R and S-MEPH Dose-substitution

Rats previously trained to self-administer racemic MEPH (0.5 mg/kg/inf) (N =16)
underwent dose substitution with R and S-MEPH. The number of infusions during dose
substitution are graphed. Infusions one week prior to dose-substitution and one week
after dose-substitution sessions are also included for comparison. All data are represented
as mean + S.E.M. **P<0.01, ***P<0.001 compared to MEPH number of infusions.
Experiment 2: Dose-response on fixed-ratio & progressive-ratio schedule of
reinforcement

Fixed-ratio 1

The mean number of infusions, active lever presses, and inactive lever presses for rats

trained on R-MEPH (0.5 mg/kg/inf, N=8) or S-MEPH (0.25, 0.5, 2.0 mg/kg/inf,
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N=8/group) for 10 days is shown in Figure 4.3. Two-way ANOVA confirmed there was a
significant effect of treatment group [F(3, 280) = 20.10, P<0.0001] and session day [F(9,
280) = 20.26, P<0.0001] for infusions acquired (Fig 4.3A). There was no significant
effect of interaction. S-MEPH produced an inverted U-shaped curve at the doses tested.
Analysis of active lever presses during acquisition (Fig 4.3B) revealed there was a
significant main effect of treatment group [F(3, 280) = 1.389, P<0.0001] and day of
sessions [F(9, 280) = 15.05, P<0.0001]. Post hoc comparisons confirmed there were
dose-related differences associated with active lever presses. A low and high dose of S-
MEPH (0.25 and 2.0 mg/kg/inf) decreased the number of active lever presses (P<0.05)
Compared to moderate dose of S-MEPH (0.5 mg/kg/inf). A moderate dose of S-MEPH
(0.5 mg/kg/inf) increased the number of active lever presses. Inactive lever presses (Fig
4.3C) results showed there was a significant effect of treatment group [F(3, 280) = 10.20,
P<0.0001]. There was no significant difference between days of session and there was no

significant interaction of treatment group and day of session.
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Figure 4.3. Acquisition of R- and S-MEPH

Rats were trained to self-administer either R-MEPH (0.5 mg/kg/inf) or S-MEPH (0.25,
0.5, 2.0 mg/kg/inf) during 2-hour daily sessions (N = 8). The number of infusions (A),
active lever presses (B), and inactive lever presses (C) are shown. Data represents mean +
S.E.M. during 10 days of acquisition. Significant differences between S-MEPH (0.25
mg/kg/inf) and S-MEPH (0.5 mg/kg/inf) groups vs. S-MEPH (2.0 mg/kg/inf) group are
indicated by ** (p<0.01), *** (p<0.001). Significant differences between S-MEPH (0.25
mg/kg/inf) and S-MEPH (2.0 mg/kg/inf) groups vs. R-MEPH (0.5 mg/kg/inf) group are
indicated by # (p<0.05), ## (p<0.01), ### (p<0.001).

Progressive-ratio with R and S-MEPH

Following acquisition of R-MEPH (0.5 mg/kg/inf) and S-MEPH (0.25, 0.5, 2.0
mg/kg/inf), rats were tested on PR schedule of reinforcement for 10 days (Fig 4.4).
Analysis of the active lever presses (Fig 4.4A) confirmed there were significant
differences between the treatment groups [F(3, 280) = 23.64, P<0.0001]. Post hoc
comparisons of the treatment groups revealed S-MEPH (low dose, days 4, 7, 8, 10,
p<0.01; moderate dose, days 7, 8, 10, p<0.05) active lever presses significantly decreased

compared to R-MEPH. Analysis of the inactive lever presses (Fig 4.4B) confirmed there
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were significant differences between the treatment groups [F(3, 280) = 34.44, P<0.0001],
day of session [F(9, 280) = 2.721, P=0.0047], and treatment by session interaction [F(27,
280) = 3.510, P<0.0001]. Post hoc comparisons of the treatment groups revealed S-
MEPH (low dose, day 3, p<0.001; moderate dose, days 3, 6, p<0.05; high dose, days 3, 5,
p<0.05) inactive lever presses significantly decreased compared to R-MEPH. Breakpoints
achieved under a PR schedule were also analyzed (Fig 4.4C). Two-way ANOVA
confirmed significant effects of the treatment group [F (3, 280) = 26.50, P < 0.0001]. Post
hoc analysis confirmed a significantly higher breakpoint was achieved for R-MEPH (0.5
mg/kg/inf) compared to S-MEPH (low dose, days 4, 6, 7, 8, 10, p<0.05; moderate dose,

days 4, 6, 7, 8, p<0.05).
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Figure 4.4. Progressive Ratio with R and S-MEPH

The reinforcing effects of R and S-MEPH were evaluated using a progressive ratio
paradigm. The data shows the number of active lever presses (A), inactive lever presses
(B), and the breakpoint (C). Data represents mean + S.E.M. during 10days of progressive
ratio schedule of reinforcement. Significant differences between S-MEPH groups vs. R-
MEPH group are indicated by * (p<0.05), ** (p<0.01), *** (p<0.001).
Self-administration of R-MEPH elicits greater 50-kHz USVs compared to S-MEPH
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A one-way ANOVA examining total 50-kHz USVs by Drug Group during Week 1 of
fixed-ratio self-administration did not reach statisticalsignificance [F(3, 13) = 2.83,p =
0.08] (Figure 4.5, upper panel). During Week 2, a significant main effect of Drug Group
was observed [F(3, 13) = 4.54, p < 0.05] and contrasts revealed that R-MEPH 0.50
elicited significantly more 50-kHz USVs compared to S-MEPH 0.50 [|t(7)] =3.33, p <

0.05] and S-MEPH 2.00 [|t(5)| = 3.10, p < 0.05] (Figure 5, lower panel).
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Figure 4.5. Characterization of 50-kHz USVs during self-administration of S- and R-
MEPH. Session sums are indicated in left panels and USVs across 2-hour sessions
indicated in right panels for Weeks 1 (upper) and 2 (lower). * p <0.05 compared to R-
MEPH.
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Discussion

Rats with a history of racemic MEPH (0.5 mg/kg/inf) acquired consistent levels
of drug infusions and high levels of active lever presses. R-MEPH (0.5 mg/kg/inf) drug
intake was comparable to racemic MEPH. S-MEPH (0.25, 0.5, 2.0 mg/kg/inf) dose-
dependently maintained self-administration behavior that was greater than racemic
MEPH, and R-MEPH (figure 2). Escalation of S-MEPH intake occurred in rats with
previous exposure to racemic MEPH. These findings suggest rats with previous exposure
to MEPH may escalate drug intake to a greater magnitude when self-administering S-
MEPH to compensate for a decrease in reinforcement related to that specific enantiomer.
These findings suggest rats with previous exposure to MEPH may escalate drug intake
because the dose of S-MEPH is less rewarding than the dose of racemic MEPH rats were
previously trained up on. An alternative explanation for the escalation of S-MEPH intake
is behavioral sensitization. A drug that produces behavioral sensitization after repeated
administration causes an increase in response greater than the initial exposure [Steketee
and Kalivas, 2011]. Repeated exposure to drug of abuse leads to further drug use, which
evolves into compulsive drug-seeking and drug-taking, resulting in the loss of control,
and emerges into addiction. Previous psychostimulant exposure and dose have been
shown to enhance acquisition of self-administration. For example, rats that have been
previously sensitized to cocaine acquire cocaine self-administration faster and took more
infusions compared to saline controls [Zhao et al, 2010]. In rats, pretreatment with
amphetamine produced sensitization and accelerated escalation of cocaine intake during
self-administration [Ferrario et al, 2007]. Additionally, pre-exposure to cocaine promotes

faster cocaine self-administration in rats [Childs et al, 2006]. Our results are consistent
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with previous studies demonstrating psychostimulant exposure promotes acquisition of
drug intake.

Similar to MDMA, no differences in acquisition of self-administration were
observed in equivalent doses of MEPH enantiomers [Fantegrossi et al, 2002, 2008]. Here,
we found no particular distinctions in reinforcing effects between MEPH enantiomers
following 10 days of self-administration. In nonhuman primates, racemic MDMA and its
enantiomers show no differences in responding during the early phase of intermittent
MDMA exposure [Fantegrossi, 2008]. USV recordings were conducted to further
characterize the subjective effects following self-administration of MEPH enantiomers
and are the first demonstration that positive affect is experienced following MEPH self-
administration. Positively-valenced USVs (emitted around 50-kHz) were observed
following self-administration of R- and S-MEPH with significantly greater abundance
observed following R-MEPH infusions. Our findings are consistent with other groups
which have shown the elicitation of 50-kHz USVs following systemic and self-
administration of cocaine and amphetamine [Wintink and Brudzynski, 2001; Mu et al,
2009; Ahrens et al, 2009; Barker et al, 2014]. Recently, our team demonstrated that the
synthetic cathinone 3,4-methylenedioxypyrovalerone (MDPV), which blocks DA and NE
uptake with approximately 10-fold greater potency compared to cocaine yet has
negligible affinity at SERT, elicits a strong bout of 50-kHz USVs following self-
administration [Simmons et al, 2016]. Additionally, Simmons and colleagues (2016)
reported that MDPV-elicited 50-kHz USV's were more persistent relative to cocaine-
elicited USVs, but that USVs decreased to near-zero levels following load-up (i.e. initial

infusions in beginning of session) of either compound. Results from the present study
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support that positive affect is experienced following initial infusions of MEPH but,
similarly to other psychostimulants, is relatively sparse after rats titrate to high drug
levels. Our results additionally support the idea that augmented DA transmission from
self-administered R-MEPH likely underlies the positive subjective response experienced
during load-up. Self-administration of S-MEPH, which more strongly blocks 5-HT
reuptake, elicited fewer 50-kHz USVs most notably at higher doses. Taken together,
these findings suggest that the 5-HT system may have minor influence on drug taking
behavior, and that DA transmission underlies in larger part drug-seeking behavior and the
experience of positive affect following reward receipt. Future studies should address
whether augmented 5-HT transmission, as is observed most closely with S-MEPH self-
administration, may dampen the efficacy of DAT blockade and in turn diminish positive
affect and attenuate drug-seeking behavior.

In PR studies, R-MEPH produced significantly greater active lever presses and
breakpoints compared to S-MEPH. Given that R-MEPH induces CPP in rats, and S-
MEPH did not induce CPP at a dose as high as 30 mg/kg [Gregg et al, 2015], it was not
surprising we observed significantly higher breakpoints to further support evidence of R-
MEPH being more rewarding. Interestingly, our finding parallels published enantiomeric
effects that are seen with MDMA. For example, a study with Rhesus monkeys examined
MDMA and its enantiomers using PR schedule. It was found that reinforcing strength of
racemic MDMA and S-MDMA was substantially higher than R-MDMA [Wang and
Woolverton, 2007]. In addition, S-MEPH had a dose-dependent increase in motivation to
work for infusions during PR testing but not greater than R-MEPH. Studies suggest there

is a negative relationship between the serotonergic activity and reinforcing effects of

78



psychostimulants [Wee et al, 2005; Roberts et al, 1999]. Wee (2005) examined if 5-HT
activity affect reinforcing efficacy of amphetamine analogs that had similar potencies in
vitro as DA releasers but varied in 5-HT releasing potency. Under a PR schedule of
reinforcement, PAL 313, PAL 314, PAL 303, PAL 353, d-amphetamine were positive
reinforcers. PAL 313, the most potent 5-HT releaser, was still less potent than d-
amphetamine, the least potent 5-HT releaser. Taken together, there is a correlation
between the DA/5-HT releasing potency and reinforcing potency, suggesting that the dual
DAJ/5-HT actions of a compound determines its potency as a reinforcer. Consistent with
our findings, the decrease in responding observed with the S-enantiomer may be due to 5-
HT releasing potency greater than DA. Interestingly, S-MEPH produce greater 5-HT
release compared to R-MEPH, S-MEPH displays a 50-fold greater preference for the 5-
HT system than R-MEPH [Gregg et al, 2015]. Furthermore, S-MEPH up to a dose of 30
mg/kg were inactive in the CPP assay, whereas R-MEPH produces CPP [Gregg et al,
2015]. Based on these findings, it is reasonable to conclude that R-MEPH is mediating
the reinforcing strength of racemic MEPH.

In summary, our results show that pre-exposure to a psychostimulant can have
different effects on acquisition of self-administration. Rats pre-exposed to racemic
MEPH caused an increase in S-MEPH consumption, where no prior training acquisition
of S-MEPH generated a typical inverted U-shaped curve. This study indicates the
importance of environmental factors and provides evidence supporting the notion that
behavioral sensitization is involved during the early stages of drug addiction and provide
insight into the rapid progression of addiction. Furthermore, progressive-ratio revealed

that R-MEPH-trained rats motivation to work for reinforcer was significantly greater than
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S-MEPH-trained rats at any dose of S-MEPH tested. It is possible that R-MEPH is
responsible for the rewarding and reinforcing effects observed in racemic MEPH. This
phenomenon of stereospecific reinforcing properties provides greater insight into the

addictive properties of MEPH.
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CHAPTER 5

GENERAL DISCUSSION

The overall goal of this dissertation was to characterize the behavioral and neurochemical
effects of S-MEPH in animal models of cocaine-induced and MDPV-induced anxiety,
depression, and relapse. Although S-MEPH does not produce conditioned place
preference (CPP), which suggests that it is not rewarding, we also investigated its
potential abuse liability using contingent rat self-administration studies. Three specific
aims were investigated in this dissertation. Aim 1 was to characterize the effects of S-
MEPH on preclinical indicators of anxiety and depression. Aim 2 was to determine the in
vitro receptor pharmacology of S-MEPH, specifically on the 5-HT receptors. Aim 3 was
to determine the reinforcing properties of MEPH enantiomers by rat intravenous self-
administration and characterize the effects of S-MEPH on reinstatement to cocaine
seeking. The specific aims were addressed by implementing various in vitro and in vivo
experiments. In vitro radioligand binding and functional assays were conducted to
examine the receptor pharmacology of S-MEPH. In vivo behavioral studies comprised of
anxiety models such as the elevated plus-maze (EPM), depression models such as the
forced swim test (FST), and addictive-related models using intravenous self-
administration and drug-primed reinstatement paradigms.

EPM and FST serve as preclinical assays to test for anxiety and depression. Both
are validated rodent models to test for anxiety-like and depression-like behaviors [Walf et
al., 2007; Estanislau et al., 2011]. Self-administration assays are used to model human

addiction in animals to assess the abuse liability and reinforcing strength of drugs. Self-
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administration is the “gold standard” to model addiction because animals can mimic
addictive behaviors observed in users through contingent delivery of a drug. Fixed ratio
schedule of reinforcement is used to evaluate drug taking behavior and progressive ratio
schedule of reinforcement is used to evaluate the reinforcing strength of the drug.
Reinstatement test can be used to measure relapse to drug seeking behavior.

Major Findings
The studies in this dissertation have provided a comprehensive in vitro receptor
pharmacological profile of S-MEPH and expand on the impact stereochemistry has on the
neuropharmacological profile of the individual MEPH enantiomers. Furthermore, based
on our findings, S-MEPH is a structural and pharmacological template that may lead to
the development of pharmacotherapies aimed to prevent cocaine and MDPV withdrawal.
The major findings from each chapter are summarized below. Rats withdrawn from
chronic cocaine or MDPV showed heightened anxiety- and depression-like behaviors that
was antagonized by treatment with S-MEPH (10, 30 mg/kg). The present study is the first
to evaluate if the reinforcing effects of MEPH are stereospecific. We showed that rats
readily acquire self-administration of both enantiomers of MEPH when a history of
racemic MEPH administration is already established. Drug naive rats also show
consistent self-administration of MEPH enantiomers, although the reinforcing strength of
R-MEPH is significantly greater than S-MEPH. Self-administered R-MEPH elicited
greater rates of 50-kHz USVs versus S-MEPH. Breakpoints for R-MEPH were
significantly higher than S-MEPH using a progressive-ratio schedule of reinforcement
indicating an increase in motivation to work for R-MEPH. The data suggest similarities

and differences in the effects of R-MEPH and S-MEPH on acquisition and motivation of
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drug intake. Furthermore, S-MEPH does not appear to be reinforcing due to the lack of
motivation to work for the S-enantiomer.

Stereochemistry is a useful technique to separate the pharmacological and
behavioral effects of a compound. Stereochemistry plays an important role in the
neuropharmacology of a compound. Specific enantiomeric proportions can be used to
separate potential therapeutic effects. For example, to minimize potential side effects,
amphetamine salt (Adderall ®), a widely prescribed medication for attention deficit
disorder, uses a 3:1 mixture of S: R amphetamine salts to optimize the pharmacokinetic
profile and to lower the abuse liability [Heal et al., 2013]. An example of a drug with
different pharmacokinetic profiles is methamphetamine. The S-enantiomer (Desoxyn ®)
is the more potent and addictive enantiomer, and the R-enantiomer is used in Vick’s
Vapor Inhaler [Li et al., 2010]. From a drug discovery perspective, separation of specific
enantiomers may be useful in identifying novel replacement therapies.

Amphetamine, a monoamine releaser, increase monoamine concentrations in the
synaptic cleft through drug-evoked neurotransmitter release into the synapse. MEPH
function similarly to amphetamine as a monoamine releaser [De Felice et al., 2014].
Amphetamine and methcathinone are selective monoamine releasers at DAT and NET,
whereas MEPH and MDMA are non-selective monoamine releasers [Baumann et al.,
2013]. MEPH releasing capability is similar at DAT, NET, and SERT [Baumann et al.,
2013]. Cocaine, a monoamine reuptake inhibitor, increase monoamine concentrations in
the synaptic cleft by competitively binding to the transporters. MPDV function similarly
to cocaine as a reuptake inhibitor [De Felice et al., 2014]. When compared to cocaine,

MDPV was 50 times more potent at DAT, 10 times more potent at NET, and 10 times
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less potent at SERT as a transporter blocker [Araujo et al., 2015]. In contrast to MEPH,
MDPV is a potent DAT and NET inhibitor with very low affinity for SERT.
Stereospecific effects of amphetamines and cathinones structurally similar to
MEPH have been explored. Our lab has previously shown stereoselective effects within
the enantiomers of MEPH. S-MEPH is a more potent releaser of 5-HT at SERT
compared to R-MEPH and S-MEPH did not produce place preference, whereas R-MEPH
produces place preference and sensitization of repetitive movements [Gregg et al., 2015].
S-methcathinone is about four times more potent than R-methcathinone in producing
locomotor hyperactivity in mice; in enantiomers substitute for cocaine and amphetamine,
however, S-methcathinone was three times more potent than R-methcathinone [Glennon
et al., 1995]. Furthermore, R-methcathinone and S-methcathinone produce
neurotoxic effects in DA neurons but only S-methcathinone produce neurotoxic effects in
5-HT neurons [Sparago et al., 1996]. No differences between R-MDMA and S-MDMA
to maintain self-administration behavior, but there were differences in capacity for each
enantiomer to induce reinstatement of responding previously maintained by self-
administration [Fantegrossi, 2008; McClung et al., 2010]. Priming injections of S-
MDMA induced amphetamine seeking behavior, while R-MDMA failed to reinstate
drug-seeking behavior [McClung et al., 2010]. S- MDPV is three times more potent than
R- MDPV as a DAT and NET inhibitor, the S-enantiomer cause greater increases in
locomotor activation, blood pressure and heart rate compared to R-MDPV [Gannon et al.,

2016; Schindler et al., 2016; Kolanos et al., 2015].
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Chapter 2: S-mephedrone reduces anxiety- and depressant-like effects in cocaine- or
MDPV-abstinent rats

In Chapter 2, the effects of S-MEPH were tested in preclinical models of psychostimulant
withdrawal using EPM and FST by examining anxiety-like and depression-like behaviors
associated with psychostimulant withdrawal. We found that MDPV produces a cocaine-
like decrease in percent time in the open arms, which indicates a degree of anxiety
produced by psychostimulant withdrawal. When S-MEPH was administered following
the discontinuation of chronic drug administration (cocaine and MPDV), the anxiety-like
effects were reversed. In the FST, time spent immobile can be used as an index of despair
[Estanislau et al., 2011]. The data show MDPV or cocaine withdrawn animals displayed
depression-like behavior. When S-MEPH is administered, we are able to antagonize the
depression-like effects indicating S-MEPH has antidepressant effects during
psychostimulant withdrawal. Similar to fluoxetine and bupropion, S-MEPH significantly

reduced immobility time in FST [Roni et al., 2015; Jesse et al., 2010].

Based on evidence showing 5-HT2A and/or 5-HT2C can have anxiolytic and
antidepressant activity, binding and functional receptor screening of S-MEPH was
essential to expound on a possible secondary mechanism that could contribute to its
clinical relevance. By screening S-MEPH against a battery of receptors, we found that S-
MEPH has a binding affinity for 5-HT 2 receptors (2A, 2B, 2C) and has minimal affinity
for DA, adrenergic and nicotinic receptors. Functional assays revealed S-MEPH has no
agonist activity. Taken together, S-MEPH can act as both a 5-HT antagonist and a 5-HT
releaser, with a blockade of the 5-HT2C receptor underlying its anxiolytic efficacy and an

increase in 5-HT release through its monoamine substrate actions underlying its
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antidepressant effect. Similar to fluoxetine, an antidepressant, it has a dual mechanism of
action, and not only increases 5-HT levels, but also blocks 5-HT2C receptors that help to
attenuate the initial onset of anxiety reported by patients. These effects may explain the
therapeutic potential we observed in EPM and FST. Psychostimulant withdrawal is
causing deficits in 5-HT levels and S-MEPH has the ability to normalize those deficits by
increasing 5-HT levels.
Chapters 3 and 4: Reinforcing effects of MEPH enantiomers and the effects of
S-MEPH on drug-induced relapse to cocaine
There is limited data regarding the reinforcing effects of sterecisomers of synthetic
cathinones. It has been shown that rats will readily self-administer MEPH (0.125-
2.5 mg/kg/infusion) [Hadlock et al., 2011; Nguyen et al., 2016b; VVandewater et al., 2015;
Creehan et al., 2015; Aarde et al., 2013b; Motbey et al., 2013]. While MEPH reinforcing
effects has been investigated, the contribution of each enantiomer has not been
determined. As described in chapters 3 and 4, we showed first evaluations into the
reinforcing effects of R- and S-MEPH enantiomers. Non-contingent priming injections of
S-MEPH failed to reinstate cocaine responding; in contrast R-MEPH priming injections
significantly reinstated responding (Chapter 3) and both R- and S-MEPH are effective
reinforcers, however, R-MEPH’s reinforcing strength was significantly greater than S-
MEPH’s (Chapter 4). The results suggest that MEPH’s rewarding and reinforcing effects
are mediated by R-MEPH.

Chapter 3 investigated whether or not S- MEPH induces reinstatement to cocaine
seeking after extinction. Results showed that S-MEPH (10, 20, 30 mg/kg) priming

injection failed to reinstate cocaine-seeking behavior. In contrast, cocaine (10 mg/kg)
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priming injection induced reinstatement of cocaine-seeking behavior. Similar effects
were observed with R-MEPH prime injection. Chapter 4 determined if rats exposed to
intravenous R-MEPH and S-MEPH will acquire self-administration behavior and if
responding will differentiate under a progressive ratio schedule of reinforcement. The
results indicated rats acquire R-MEPH and S-MEPH self-administration behavior, and
during acquisition no significant difference exists between the enantiomer at equivalent
doses. Despite no observed differences between the enantiomers to maintain self-
administration behavior, R-MEPH elicited significantly greater rates of 50-kHz USVs
compared to S-MEPH. Moreover, S-MEPH trained rats responded significantly less than
R-MEPH trained rats under a progressive ratio schedule of reinforcement. The data
suggest there are similarities and differences in the effects of R-MEPH and S-MEPH on
acquisition and motivation of drug intake, and that R-MEPH is responsible for the
rewarding and reinforcing effects seen with racemic MEPH.

Implications
Despite many years of research, to date there is no FDA-approved drug to treat
psychostimulant addiction. There has been much effort to identify and develop
medications, with several promising leads including, vaccines, monoamine modulators,
and drugs with dual mechanisms of action to target multiple neurotransmitters like
serotonin, norepinephrine, gamma-aminobutyric acid (GABA), and glutamate [Shorter et
al., 2015; Kosten and Domingo, 2013; Cai et al., 2013; Kimishima et al., 2016].
Immunotherapy using active vaccines to treat cocaine addiction has been promising in
clinical trials. Clinical data demonstrates that following vaccination with cocaine vaccine

(TA-CD), participants reported blunted subjective and euphoric effects of smoked
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cocaine; the production of cocaine-specific antibodies attenuated the rewarding effects of
cocaine [Martell et al., 2005; Haney et al., 2010]. Vaccines require high binding affinity
for the drug and some cocaine abusers develop low affinity antibodies, which is a
limitation to the effectiveness of vaccinations and likely to limit their efficacy in the
clinic. Antiepileptic drugs that increase GABA activity have shown promise because
GABA inhibitory effects inhibit dopamine release. Tiagabine, an antiepileptic drug,
increases cocaine-free urine samples in cocaine-dependent methadone-treated patients
compared to placebo patients [Gonzalez et al., 2003]. Another study using topiramate,
antiepileptic drug, found that topiramate-treated patients had more cocaine-free urine
samples, and had greater improvement rates to abstain from cocaine than placebo
[Kampman et al., 2004]. Serotonin also inhibits DA transmission and may be a possible
target to reduce cocaine dependence. A clinical trial study found that depressed cocaine-
dependent patients taking sertraline, a SSRI for anxiety and depression, had significantly
less cocaine-positive urine samples than those taking placebo [Mancino et al., 2014].
Although there are promising therapeutic candidates for cocaine dependence, none have
received regulatory approval for treatment.

Due to the lack of pharmacological interventions for psychostimulant abuse, new
approaches need to be identified. Rapidly acting therapeutic effects is desirable for the
development of a medication to manage acute cocaine withdrawal. S-MEPH would be an
advantage template for the development of maintenance therapies due to its rapid onset of
action versus SERT blockers, such as the SSRIs, which have a delayed onset of
antidepressant effects. Traditional SSRIs take several weeks to months to achieve their

antidepressant effects. Additionally, S-MEPH can act as both a 5-HT antagonist and a 5-
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HT releaser. By blocking the 5-HT2C receptors, it limits the onset of anxiety upon initial
dosing and reduce anxiety during psychostimulant withdrawal. Another potential
advantage is S-MEPH could lead to the development of a medication that lacks the abuse
liability associated with agonist-replacement medications for opioid dependence. The
characterization of S-MEPH should be used as a foundation for future studies to perform
comprehensive in vitro and in vivo characterization of the newer “second-generation”

analogs.

Future Directions and Limitations
Relapse is common among drug abusers even after prolonged abstinence. The fact that
relapse is caused by multiple triggers, including presentation of the drug itself, a cue
previously associated with the drug, and stress, complicate the development of
efficacious pharmacotherapies. Stress is a key major trigger for relapse. The mechanisms
and brain regions involved in causing anxiety and depression following abstinence from
illicit drugs still need to be understood. Withdrawal from chronic cocaine exposure
produces 5-HT deficits, including a decrease in extracellular 5-HT in the nucleus
accumbens during early withdrawal [Parsons et al., 1996]. Chronic SSRI treatment have
limited success in clinical trials for cocaine abuse due to the neurobiological changes that
occur during chronic administration [Grabowski et al, 1995; Schmitz et al, 2001;
Winstanley et al., 2011]. Chronic S-MEPH treatment may also cause neurobiological
changes. Furthermore, due to the strong 5-HT releasing component, serotonin syndrome
may occur. Acute and repeated administration of MEPH was tested in rats and both
regimens showed no significant differences in extracellular DA and 5-HT in the striatum,

prefrontal cortex and hippocampus [Shortall et al., 2013]. Given that S-MEPH increases
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extracellular 5-HT, it may be capable of decreasing anxiety and depression during
cocaine or MDPV withdrawal by blocking cocaine and MDPV actions. Clinical use of S-
MEPH will be limited despite its therapeutic potential due to MEPH currently listed as a
Schedule I drug. However, there are drugs including amphetamine and buprenorphine
that have been rescheduled and research is currently be conducted using hallucinogens to
treat cocaine, alcohol, and nicotine addiction [Bogenschutz et al., 2015; Dos Santos et al.,
2016; Johnson et al., 2017; de Veen et al., 2017; D. E. A. United States Department of

Justice, 2017].

Reduction in 5-HT neurotransmission may contribute to the dysfunction of 5-HT
receptors leading to anxiety and depression. Several studies have demonstrated a role for
5-HT2 receptors in anxiety and depression. There is supporting preclinical evidence
implicating a role for 5-HT2A and/or 5-HT2C receptor antagonists as potential effective
anxiolytics and antidepressants [Giorgetti and Tecott, 2004; Millan, 2005; Di Giovanni et
al., 2006]. For example, in the mouse, (+/-)-1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropane, (DOI), a 5-HT2A agonist produced anxiolytic-like effects using EPM
[Onaivi et al., 1995], while DOI in the FST assay produced depressive-like behaviors
[Diaz and Maroteaux, 2011]. This suggests that 5-HT2A receptor antagonists might
produce antidepressant-like activity. Hence, EMD281014, a 5-HT2A receptor antagonist
decreases time spent immobile in FST [Patel et al., 2004]. SB-242084, 5-HT2C receptor
antagonist, produced anxiolytic-like activity [Martin et al., 2002]. Moreover, 5-HT2C
receptor antagonist, S32006 produced antidepressant-like effects [Dekeyne et al., 2008].

S-MEPH’s ability to attenuate cocaine and MDPV withdrawal-induced anxiety

and depression indicates that it may be a potential structural and pharmacological
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template to develop maintenance therapy for psychostimulant dependence. It will be
important in future studies to correlate the potency and efficacy of S-MEPH with
clinically available antidepressant and anxiolytics such as diazepam, fluoxetine, and
bupropion (structurally similar cathinone, used for smoking cessation and depression).
Inclusion of known anxiolytics or antidepressants would provide additional information
about the therapeutic efficacy and potential of S-MEPH. While EPM and FST are well-
established and widely used assays of anxiety- and depression-like behavior [Walf et al.,
2007; Estanislau et al., 2011], future studies will examine the anxiety- and
antidepressant-like effects of S-MEPH using other established models such as the open
field test, social interaction test, sucrose preference test, and novelty-induced hypophagia
to gain more insight into the mechanism of S-MEPH.

Both clinical and rodent studies reveal notable sex differences in cocaine abuse.
Women acquire cocaine dependence earlier and more rapidly, show increased craving
and severity of cocaine use, and relapse to cocaine more rapidly as compared with men
[Kosten et al., 1993; Robbins et al., 1999; Becker and Hu, 2008]. In addition, women
report more depression and anxiety disorders after prolonged cocaine use [Griffin et al.,
1989]. Several measures of cocaine dependence are greater in female rodents, including
self-administration, drug seeking, higher progressive ratio breakpoints, and reinstatement
of extinguished cocaine seeking [Lynch and Taylor, 2004; Kippin et al., 2005; Feltenstein
etal., 2011; Zhou et al., 2012]. The biological mechanisms for these sex differences
remain unclear. Sex studies need to be conducted to examine if S-MEPH efficacy will
vary between sexes. A recent study found sex differences in conditioned taste avoidance

assay but not in CPP assay. MDPV produced CPP in both males and females with no
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significant difference; however, females displayed a weaker avoidance than males in the
conditioned taste avoidance assay [King et al., 2015a]. Sex differences may serve as a
predictive measure in determining a particular gender’s susceptibility to abuse a

particular substance.

Multiple brain circuits are modulated which promote behavioral changes
following cocaine and most likely MDPV use. The in vitro binding and functional assays
provided a basis for a possible secondary mechanism that may contribute to S-MEPH’s
clinical relevance. Follow up studies using western blot analysis should be conducted to
detect what chronic psychostimulant exposure will do to DA and 5-HT systems. Up or
downward trends in expression of monoamine transporter protein levels can elucidate
how hypodopaminergic and hyposerotonergic conditions associated with drug
administration affect the overall homeostasis of the DA/5-HT systems. We hypothesize
that S-MEPH will increase 5-HT and restore the tone of the receptors during early
withdrawal. By identifying the role of 5-HT receptors in regulating dopamine and
serotonin systems, which leads to anxiety during MDPV withdrawal, this will be a
potential target to intervene during withdrawal- induced anxiety and depression.

Studies on the pharmacokinetics of synthetic cathinones is limited.
Pharmacokinetic data indicate that MEPH freely crosses the blood brain barrier and
widely distributes throughout the brain [Martinez-Clemente et al., 2013]. Six phase | and
four phase 11 MEPH metabolites were present when tested in humans and rats but none
are active [Meyer et al., 2010b; Khreit et al., 2013; Martinez-Clemente et al.,

2013; Pedersen et al., 2013]. MDPV has two phase | metabolites, and the metabolites

may be inactive and cannot cross the blood-brain barrier [Anizan et al., 2016]. The
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inactive metabolites may explain the relatively short half-life and duration of action of
MEPH and MDPV. In contrast, fluoxetine a widely used SSRI has an active

metabolite norfluoxetine, which contributes to its therapeutic effects [Fuller et al., 1992].
Both fluoxetine and norfluoxetine freely cross the blood-brain barrier [Qu et al., 2009].
Norfluoxetine extend fluoxetine efficacy, fluoxetine half-life is between 1-3 days [Qu et
al., 2009]. The cathinones lack of active metabolites may be an indication into their short
duration of action.

It will be important to measure 5-HT release patterns in brain reward regions.
Psychostimulants elevate levels of extracellular DA and 5-HT in the nucleus accumbens
[Andrews and Lucki, 2001; Di Chiara and Imperato, 1988]. Analyzing extracellular
levels of DA and 5-HT in brain reward circuits following acute and chronic R- and S-
MEPH treatments warrant further studies. Based on previously published literature with
R-MEPH having a greater DA/5-HT ratio compared to S-MEPH [Gregg et al., 2015], we
hypothesize that S-MEPH will significantly elevate levels of extracellular 5-HT greater
than R-MEPH, while R-MEPH will significantly elevate levels of extracellular DA
greater than S-MEPH. These studies are necessary to identify a potential neurochemical
mechanism of action for each enantiomer that can be compared to racemic MEPH.
Finally, there are many factors (stress, environment, and drug) that play a role in relapse.
Future studies should test S-MEPH against a variety of relapse triggers, such as, cue-
induced reinstatement (re-exposure to drug-associated cues) and stress-induced
reinstatement. One limitation of our studies is that we were unsuccessful in our efforts to
induce stress following cocaine and MDPV self-administration. Therefore, we were not

able to investigate the effects of S-MEPH on stress-induced reinstatement following
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cocaine and MDPV self-administration. To investigate the effect of S-MEPH on drug
prime reinstatement to cocaine or MDPV, rats will be trained to acquire 0.375 mg/kg/inf
cocaine or 0.0375 mg/kg/inf MDPV under a fixed ratio (FR-1) schedule of reinforcement,
then subjected to extinction sessions. Once extinction criteria are reached, rats will be
injected with saline or S-MEPH 2x/day for 2 days 6-h apart to maintain dosing
consistency with EPM experiments. Reinstatement test will be conducted the day after
last S-MEPH injection. For drug-primed reinstatement test, cocaine (10 mg/kg, i.p.) or
MDPV (10 mg/kg, i.p.) will be used to test reinstatement to drug seeking. The drug-
primed injections will be given immediately prior to testing. We hypothesize that rats
pretreated with saline will lead to robust responding on the previously reinforced lever,
while pretreatment of S-MEPH will attenuate prime-induced reinstatement of drug
seeking.
Conclusion

New therapeutic interventions for psychostimulant addiction are desperately needed.
Cathinones that are structurally analogous to the most popularly abused synthetic
cathinones today have previously displayed stereoselective actions. We evaluated
MEPH’s stereoselectivity, and found both enantiomers acquire self-administration
behavior, but R-MEPH has significantly greater reinforcing strength compared to S-
MEPH. Furthermore, self-administered R-MEPH elicited greater rates of 50-kHz USVs
versus S-MEPH. Notably, S-MEPH displayed therapeutic potential in EPM and FST
assays.

We provided a strong foundation into the individual enantiomers of MEPH, to better

understand the abuse liability and clinical implications of these drugs. S-MEPH enhances
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the release of 5-HT and was efficacious during acute cocaine and MDPV withdrawal that
caused anxiety and depression. S-MEPH may be useful in developing pharmacotherapies
that enhance release of 5-HT, DA and/or NE, similar to the cathinone bupropion. We
provide a comprehensive assessment of the impact of S-MEPH on cocaine- and MDPV-
induced withdrawal. Our studies developed the pharmacological profile of a novel and
prevalent psychostimulant (MDPV) in the context of dependence and addiction relative
to cocaine. Our research findings serve as a pharmacological template to characterize the
newer “second-generation” synthetic cathinones. In conclusion, our studies identify a
favorable structural and pharmacological profile to develop an effective treatment to

reduce or prevent anxiety and depression during early cocaine or MDPV withdrawal.
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