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ABSTRACT 

INVESTIGATIONS INTO THE STEREOCHEMICAL AND 

GLUTAMATERGIC MECHANISMS OF “BATH SALTS” SYNTHETIC 

CATHINONE COMPOUNDS MEPHEDRONE AND MDPV IN RATS 

 

Ryan A. Gregg 

 

Doctor of Philosophy 

 

Temple University School of Medicine, 2015 

 

Doctoral Advisory Committee Chair: Scott M. Rawls, PhD 

 

Synthetic cathinones, commonly referred to as “bath salts”, are a subgroup of 

novel psychoactive substances that have seen a dramatic rise in abuse worldwide over the 

past decade. These compounds are synthesized by clandestine drug manufacturers using 

basic medicinal chemistry techniques, and marketed as “legal high” alternatives to illicit 

psychostimulants (ie. cocaine and MDMA). Two of the most common synthetic 

cathinones since the emergence of this class of drugs are 4-methylmethcathinone 

(mephedrone, MEPH) and 3,4-methylenedioxypyrovalerone (MDPV).  The novelty of 

these compounds in the illicit drug marketplace has limited the current understanding of 

synthetic cathinone neuropharmacology. Our studies, as outlined in this dissertation, 

aimed to further characterize the neuropharmacology of MEPH and MDPV, specifically 
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evaluating the contributions of stereospecific mechanisms in the monoaminergic systems, 

as well as the role of the glutamatergic system in mitigating reward, reinforcement, and 

relapse to drug seeking. 

We first evaluated MEPH’s ability to produce behavioral sensitization (detailed in 

Chapter 2), a hallmark behavior of psychostimulants involving repeated, intermittent drug 

administration, followed by a period of drug abstinence, and a subsequent drug challenge. 

This evaluation of MEPH’s ability to produce behavioral sensitization was conducted 

across multiple treatment and dosing paradigms, withdrawal time point intervals, and 

drug administration contexts. A 7-day, variable-dose administration paradigm (Days 

1+7= 15 mg/kg, Days 2-6= 30 mg/kg) and a 5-day, constant-dose administration 

paradigm (15 mg/kg) both induced enhancement of repetitive movements (i.e. 

stereotypy), but not ambulatory activity, during a challenge dose following 10 days of 

drug abstinence. Additionally, with the 7-day variable-dose design, sensitization of 

repetitive movements was observed following a shorter (2-day) abstinence interval, and 

before the initiation of MEPH abstinence on Day 7 of MEPH treatment. This 

sensitization was observed in both context-independent and context-dependent dosing 

schedules. A lower dose of MEPH (5 mg/kg) in the 5-day constant dose paradigm 

produced no sensitization of repetitive movements following 10 days of abstinence. 

Lastly, in all sensitization paradigms employed, no sensitization of ambulatory activity 

was observed. These data indicate that MEPH produces preferential sensitization of 

repetitive movements across multiple treatment paradigms, preferentially over 

ambulatory activity. Our findings suggest that MEPH is a unique stimulant displaying 
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weak sensitizing properties with both amphetamine-like properties, as well as distinctive 

properties relative to both amphetamine and cocaine.  

Abusers of synthetic cathinones are often polydrug abusers who seek out 

compounds like MEPH as a replacement for other psychostimulants that are commonly 

detected on drug screenings. We investigated interactions of MEPH with cocaine (COC) 

and methamphetamine (METH), specifically testing the hypothesis that prior MEPH 

exposure enhances the locomotor-stimulant effects of COC and METH, and vice versa 

(detailed in Chapter 3). For cocaine experiments, rats were conditioned with saline, 

cocaine (15 mg/kg), or MEPH (15 mg/kg) for 5 days were given a cocaine challenge (15 

mg/kg) after 10 days of drug abstinence. For METH experiments, rats conditioned with 

saline, METH (2 mg/kg), or MEPH (15 mg/kg) were given a METH challenge (2.0 

mg/kg) after 10 days of drug absence. Cocaine challenge produced greater locomotor 

activity in rats conditioned with cocaine or MEPH than those conditioned with saline. 

METH challenge produced greater locomotor activity in METH-conditioned rats than 

saline-conditioned rats; however, locomotor activity in rats conditioned with MEPH or 

saline and then challenged with METH (0.5 or 2.0 mg/kg) was not significantly different. 

The locomotor response to MEPH (15 mg/kg) was not significantly affected by 

conditioning with cocaine (15 mg/kg) or METH (0.5, 2 mg/kg). The present 

demonstration that cocaine-induced locomotor activation is enhanced by prior MEPH 

exposure suggests that MEPH cross-sensitizes to cocaine and increases cocaine-evoked 

locomotor activity. Interestingly, MEPH cross-sensitization was not bidirectional and did 

not extend to METH, suggesting that the phenomenon is sensitive to specific 

psychostimulants. 
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Similar to other cathinone and amphetamine-related compounds, MEPH has a 

chiral center at its alpha carbon, and exists stably as two enantiomers. To further explore 

enantiomer-specific MEPH neuropharmacology, individual MEPH enantiomers R-MEPH 

and S-MEPH were examined for their behavioral and neurochemical effects (detailed in 

Chapter 4). We analyzed both enantiomers in rat brain synaptosome neurotransmitter 

release assays and investigated each MEPH enantiomer for their acute ambulatory 

activity and repetitive movements, ability to produce behavioral sensitization, and 

rewarding properties. Both enantiomers displayed similar potency as substrates (i.e. 

releasers) at dopamine transporters, but R-MEPH was much less potent than S-MEPH at 

serotonin (5-HT) transporters. Locomotor activity was evaluated after acute 

administration of each enantiomer, with R-MEPH producing greater repetitive 

movements than S-MEPH across multiple doses. Pretreatment with the 5-HT2C antagonist 

SB242084 significantly increased S-MEPH locomotor activity, indicating 5-HT receptor 

activation is involved in suppressing S-MEPH locomotor activation. In repeated drug 

administration paradigms, R-MEPH, but not S-MEPH, produced sensitization of 

repetitive movements. R-MEPH also produced a conditioned place preference whereas S-

MEPH produced no place preference at the doses tested. Lastly, R-MEPH and S-MEPH 

produced biphasic profiles in an assay of intracranial self-stimulation (ICSS), but R-

MEPH produced greater ICSS facilitation than S-MEPH. Our data were the first to 

demonstrate stereospecific effects of MEPH enantiomers and suggests that the 

predominant dopaminergic actions of R-MEPH (i.e. the lack of serotonergic actions) 

render this stereoisomer more stimulant-like when compared to S-MEPH.  
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Following the increased clinical presence of MDPV over MEPH in the United 

States, and reports from abusers detailing intense cravings to re-dose during drug 

administration sessions, our studies shifted focus onto the neuropharmacology of MDPV. 

The first investigation of MDPV evaluated the effects of non-contingent MDPV 

administration on the glutamate system (detailed in Chapter 5). To date, all 

pharmacological studies on MDPV have focused on monoaminegic systems, leaving a 

critical void in the literature. The glutamate system has been extensively studied with 

psychostimulants with similar monoamine mechanisms to MDPV, and glutamatergic 

dysregulation is an underlying component in behavioral sensitization and relapse to drug 

seeking. Two important regulators of glutamate homeostasis are the enzyme glutamate 

carboxypeptidase II (GCPII) and the glutamate transporter subtype 1 (GLT-1), which 

contribute to the synthesis and extrasynaptic reuptake of glutamate, respectively. 

Ceftriaxone (CEF), a beta-lactam activator at the glutamate transporter subtype 1 (GLT-

1), has shown preclinical promise in attenuating the rewarding and reinforcing properties 

of cocaine. We provide the first investigation of the effects of MDPV on GLT-1 and 

GCPII expression in the reward center, and the role of GLT-1 in MDPV behavior. MDPV 

effects on GLT-1 and GCPII expression at multiple withdrawal time points following 

MDPV or saline administration in a 7-day variable-dose paradigm via Western blot. 

Compared to saline controls, MDPV-treated rats had decreased expression of GLT-1 

from Withdrawal Day 2 to Withdrawal Day 10 in the nucleus accumbens, while no 

changes in GLT-1 expression were observed in the prefrontal cortex. GCPII expression 

was decreased in MDPV treated rats compared to saline controls at Withdrawal Day 0 in 

the nucleus accumbens, as well as Withdrawal Day 0 to 10 in the prefrontal cortex. The 
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effects of repeated CEF treatment on acute MDPV locomotor activity was also evaluated 

across multiple doses of MDPV, and no differences were observed. To evaluate 

behavioral sensitization, MDPV or saline was administered to rats in a 7-day variable-

dose paradigm. Rats in the CEF group received CEF (200 mg/kg IP) for four days prior 

to MDPV treatment, and received CEF 30 minutes prior to each MDPV injection. 

Following 10 days of MDPV abstinence, a challenge dose (0.5 mg/kg MDPV) was 

administered and locomotor activity was recorded. Sensitization of repetitive movements 

was observed with repeated administration of MDPV, and this sensitization was 

attenuated in rats pretreated with CEF. MDPV’s reward was evaluated using a 4-day 

conditioned place preference model. MDPV (2.0 mg/kg IP) produced significant place 

preference compared to saline, and this effect was attenuated with pretreatment with 

CEF. These data indicate that repeated MDPV exposure decreases GLT-1 and GCPII 

expression in the mesolimbic reward center, and that pharmacological activation of GLT-

1 may be a viable target for developing therapeutics to attenuate the rewarding effects 

MDPV.  

To further expand on the role of GLT-1 in MDPV abuse liability, CEF and the 

cysteine-glutamate antiporter (xCT) substrate N-acetylcysteine (NAcetyl) were evaluated 

in operant intravenous self-administration (IVSA) models, including fixed-ratio 1 (FR-1) 

self-administration and reinstatement to drug seeking (detailed in Chapter 6). The first 

experiment assessed CEF and NAcetyl treatment when administered after MDPV IVSA 

had cease (i.e. during extinction procedures). Rats were trained to self-administer MDPV 

(0.056 mg/kg/infusion) in daily 2 hours sessions for 14 days, during which ultrasonic 

vocalizations (USVs) were recorded.  Following acquisition of MDPV self-
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administration, rats were pretreated daily with either saline, CEF (200 mg/kg) or NAcetyl 

(100 mg/kg) 30 minutes prior to extinction procedures for 10 days. One day after 

extinction, rats underwent cue-induced reinstatement procedures in the absence of 

CEF/NAcetyl, followed 24 hours later by a cue+MDPV-primed reinstatement 

procedures, where a non-contingent MDPV injection (0.5 mg/kg) was administered 

immediately prior to the reinstatement session. Neither CEF nor NAcetyl altered the rate 

of extinction of MDPV drug seeking, nor did either treatment attenuate cue- or 

cue+MDPV-primed reinstatement.  

After observing no differences in treatment with CEF or NAcetyl during 

extinction of MDPV drug seeking, our second experiment explored CEF and NAcetyl 

against the acquisition of MDPV self-administration, as well as the effects of CEF and 

NAcetyl administered throughout acquisition on reinstatement. Rats were treated with 

either saline, CEF (200 mg/kg) or NAcetyl (100 mg/kg) daily for 10 days prior to the 

start of acquisition of MDPV IVSA. Rats continued saline/CEF/NAcetyl daily treatment 

30 minutes prior to acquisition of MDPV self-administration for 14 days. After 

acquisition, rats underwent 10 days of extinction procedures in a drug-free state and 

reinstatement procedures identical to the first experiment. Pretreatment with CEF, but not 

NAcetyl, resulted in significantly less active lever presses and reinforcers throughout 

acquisition, as well as an increase in latency of active lever pressing (i.e. an increase in 

time spent between reinforcers) during the early load-up phase across the second week of 

acquisition. Neither treatment was efficacious in attenuating cue- or cue+MDPV-primed 

relapse to MDPV seeking.  
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Further characterization of the rewarding and reinforcing properties of MDPV 

were performed during cocaine self-administartion by quantifying positive affective 

ultrasonic vocalizations (USVs) in rats self-administering MDPV versus cocaine. After 

rats acquired IVSA, rats self-adminstering MDPV (0.056 mg/kg/infusion) produced a 

greater calling rate and slower decay of 50 kHz calls per infusion, compared to cocaine 

(0.56 mg/kg/infusion). Latency to active lever pressing was lower in MDPV rats 

compared to cocaine, indicating that rats self-administering MDPV wait a smaller amount 

of time between doses than cocaine.  

 In summary, the experiments described in this dissertation aimed to highlight 

various aspects of the neuropharmacology of MEPH and MDPV; two pharmacologically 

distinct synthetic cathinones that are both commonly abused and serve as a 

pharmacological template for the development of second generation synthetic cathinones. 

MEPH produces locomotor behaviors similar to that of pharmacologically similar 

psychostimulants, as well as bi-phasic cross-sensitization with cocaine. Locomotor and 

reward behaviors observed with MEPH administration are stereospecific, with the R-

enantiomer of MEPH possessing the more dopaminergic and stimulant like profile. 

Repeated MDPV administration and withdrawal induces depletions in GLT-1 and GCPII 

in the reward center, and pharmacologically targeting GLT-1 with CEF attenuates MDPV 

sensitization, reward, and reinforcement. Despite evaluating CEF and NAcetyl in 

multiple paradigms of administration, neither compound was found to be efficacious in 

attenuating relapse to MDPV seeking. MDPV self-administration produces a greater 

positive affective status, compared to cocaine, throughout the latter parts of acquisition of 
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IVSA. These studies have identified crucial differences in the behavioral profile and 

neuroadaptations expressed during and after MDPV versus cocaine.  

In conclusion, our studies have expanded the neuropharmacology knowledge base 

of these two synthetic cathinones, MEPH and MDPV, and provide a strong foundation 

for future investigations into the neuropharmacology of this constantly-evolving class of 

drugs. The stereoselectivity of MEPH enantiomers towards the more rewarding R- 

enantiomer, compared to the S- enantiomer possessing a more serotonergic and less 

stimulant-like profile indicates that the change in steric orientation around the chiral 

carbon at MEPH is critically involved in dopaminergic and rewarding activity. This 

observation may be useful in the development of future pharmacotherapies aimed at 

targeting pathologies with a mixed monoaminergic substrate activity, similar to the 

cathinone bupropion. Additionally, our studies with MDPV have identified MDPV as a 

highly reinforcing and rewarding psychostimulant, with notable potency differences 

compared to cocaine. While our efforts to attenuate reinstatement of MDPV-seeking the 

promising compounds CEF and NAcetyl were unsuccessful, the lack of efficacy in these 

reinstatement studies continue to underlie the importance of investigating 

pharmacotherapies against MDPV reinstatement. The conclusions in this dissertation 

should be used as foundation for future studies investigating both MEPH and MDPV, as 

well as second-generation cathinones that continue to emerge as the problem of novel 

psychoactive substances evolves and persists.  

  



xii 

 

 

 

 

 

 

 

 

 

 

 

DEDICATION 

 In memory of my grandfather, Lauren “Bud” Gregg, one of the two most 

important men in my life. For all the lessons, stories, and memories that I will always 

carry with me. While he isn’t able to see this journey come to a close, I’m sure he’s 

looking down from the great beyond with a whiskey sour and an ear-to-ear grin. 

 

  



xiii 

ACKNOWLEDGMENTS 

Throughout my tenure in CSAR and Temple University, I have been blessed to 

have had the support of many fantastic peers in science. Managing to maintain both 

sanity and productivity during my dissertation work was made possible by these men and 

women, and I give them my sincere and heartfelt thanks.  

I would like to thank the members of my graduate thesis committee. First, I’d like 

to thank my mentor Dr. Scott Rawls for accepting me into his lab, providing an 

environment where I could succeed, and for the years of patience and support. I’d like to 

thank the remainder of my committee, Dr. Ellen Unterwald, Dr. Lynn Kirby, Dr. Sara 

Jane Ward and Dr. Barrie Ashby. My committee has provided very insightful comments 

and critiques of my work, and their guidance through the more turbulent times of my 

research is greatly appreciated. Lastly, I’d like to thank my outside reader, Dr. Mike 

Baumann, for his support of me both at various academic conferences, as well as 

agreeing to serve on my committee.  

I’d like to express my gratitude to several members of the labs I have worked with 

since starting at CSAR. My thanks to Chris Tallarida, who has not only been an excellent 

colleague and peer, but a great friend and counselor. To my fellow graduate students, Jae 

Kim and Helene Philogene, for their support, friendship, and humor throughout this crazy 

journey. I’d like to thank Dr. Lucas Watterson, a fine scientist and finer man, for his 

patience and wisdom throughout our work together. My thanks to Alex Vouga for his 

selflessness and dedication in supporting my projects. I’d like to thank Taylor Gentile and 

Steve Simmons for helping make the last year of my dissertation work both possible and 

enjoyable through their help. Lastly, I’d like to thank Paul Nucero, Menahem Doura, 



xiv 

John Palma, Nicole Enman, Jahan Marcu, and Zach Reichenbach for all the laughs and 

memories, however hazy some may be. This group of people made CSAR a fun place to 

be and I’m incredibly grateful for that.  

Additionally, I’d like to thank the faculty and staff of CSAR and the Department 

of Pharmacology for all of their support throughout my graduate education. My thanks to 

Dr. Dianne Langford as well for allowing me to train in her lab, as well as being a great 

friend and mentor. I’ve also been fortunate to collaborate with many outstanding 

scientists outside Temple University, and I’d like to specifically thank Allen Reitz, Chris 

McCurdy, Missy Peet, and Steve Negus for their willingness to partner up in our 

research.  

Lastly and most importantly, I’d like to thank all of my friends and family who 

have been beside me these past 4 years. To my “Paul’s Balls” crew Dish, Chris, Kelsy, 

Dave, Keil, Lindsey and Whitney, for putting up with my absurd hours at work, and 

always being there beside me through the victories and defeats. To my Four Horseman 

brothers Marshall, Luke, and Darby for always being a phone call or text message away, 

and for all the visits and trips to keep our southern roots strong.  To my wonderful 

girlfriend Tina, for her unwavering support and unbelievable patience through my stress-

filled times. My biggest thanks all of my family, for not giving me too much grief when I 

crossed the Mason-Dixon, for making every time I came home a wonderful and long-

awaited occurrence, and for the immeasurable love and support that comes with being a 

Gregg.  

 Thank you all.  

  



xv 

TABLE OF CONTENTS 

 Page 

ABSTRACT ....................................................................................................................... iii 

DEDICATION ................................................................................................................... xi 

ACKNOWLEDGMENTS ................................................................................................ xii 

LIST OF FIGURES ...........................................................................................................xx 

LIST OF ABBREVIATIONS ........................................................................................ xxiii 

 

CHAPTER 

1. GENERAL INTRODUCTION ......................................................................................1 

Scientific Rationale ..................................................................................................1 

The Rise of New Psychoactive Substances and Synthetic Cathinones ....................2 

Mephedrone: Neuropharmacology and Behavioral Effects .....................................6 

MDPV: Neuropharmacology and Behavioral Effects ...........................................10 

Glutamate: Signaling and Pharmacology...............................................................15 

Glutamate Signaling in Psychostimulant Addiction ..............................................18 

Psychostimulants and Glutamate Transporters ......................................................23 

General Summary of Objectives ............................................................................29 

2. MEPHEDRONE (4-METHYLMETHCATHINONE), A PRINCIPAL 

CONSTITUENT OF PSYCHOACTIVE BATH SALTS, PRODUCES 

BEHAVIORAL SENSITIZATION IN RATS ............................................................31 

Introduction ............................................................................................................31 

Materials and Methods ...........................................................................................32  



xvi 

Animals and drugs .....................................................................................32 

Dosing schedules and behavioral experiments ..........................................32 

Statistical analyses .....................................................................................34 

Results ....................................................................................................................34 

Repeated MEPH exposure produces sensitization of repetitive 

movements .................................................................................................34 

 

MEPH challenge after repeated, intermittent MEPH exposure 

elicits sensitization of repetitive movements across different dosing 

schedules and abstinence intervals .............................................................35 

 

Discussion ..............................................................................................................39 

3. MEPHEDRONE INTERACTIONS WITH COCAINE AND 

METHAMPHETAMINE: PRIOR EXPOSURE TO THE ‘BATH SALT’ 

CONSTITUENT ENHANCES COCAINE-INDUCED LOCOMOTOR 

ACTIVATION IN RATS ............................................................................................42 

Introduction ............................................................................................................42 

Materials and Methods ...........................................................................................42  

Animals and drugs .....................................................................................42 

Dosing schedules, cross-senstization paradigms, and assessment of 

locmotor activity ........................................................................................43 

 

Statistical analyses .....................................................................................44 

Results ....................................................................................................................44 

Effects of MEPH and COC on locomotor activity ....................................44 

 

Effects of MEPH and METH on locomotor activity .................................45 

 

Discussion ..............................................................................................................45 



xvii 

4. STEREOCHEMISTRY OF MEPHEDRONE NEUROPHARMACOLOGY: 

ENANTIOMER-SPECIFIC BEHAVIORAL AND NEUROCHEMICAL 

EFFECTS IN RATS ....................................................................................................50 

Introduction ............................................................................................................50 

Materials and Methods ...........................................................................................52  

Animals and drugs .....................................................................................52 

In vitro transporter assays ..........................................................................52 

 

Locomotor experiments: acute and repeated, intermittent dosing 

regiments ....................................................................................................53 

 

Conditioned place preference assays .........................................................54 

 

Intracranial self-stimulation assays ............................................................55 

Statistical analysis ......................................................................................58 

Results ....................................................................................................................59 

R-MEPH acts more selectively on DA transporters than S-MEPH ...........59 

 

Acute R-MEPH produces greater repetitive movements than acute 

S-MEPH .....................................................................................................59 

 

Pretreatment with SB242084 enhances S-MEPH ambulatory 

activity and repetitive movements .............................................................60 

 

R-MEPH, but not S-MEPH, produces sensitization of repetitive 

movements .................................................................................................60 

 

R-MEPH, but not S-MEPH, produces dose-dependent place 

preference ...................................................................................................61 

 

R-MEPH produces greater ICSS facilitation than S-MEPH ......................61 

 

Discussion ..............................................................................................................68 



xviii 

5. NON-OPERANT MDPV ADMINISTRATION EFFECTS ON 

LOCOMOTOR AND REWARD BEHAVIORS: THE ROLE OF 

GLUTAMATE TRANSPORTERS AND ENZYMES ...............................................73 

Introduction ............................................................................................................73 

Materials and Methods ...........................................................................................76  

Animals and drugs .....................................................................................76 

GLT-1 expression: Dosing regimens, extraction and Western blot 

procedures ..................................................................................................77 

 

Acute and repeated, intermittent dosing paradigms for locomotor 

activity studies ...........................................................................................78 

 

Conditioned place preference paradigm ....................................................80 

 

Statistical analysis ......................................................................................81 

Results ....................................................................................................................82 

Repeated MDPV decreases GLT-1 expression in the NAcc, but not 

the PFC, during withdrawal .......................................................................82 

 

Repeated MDPV decreases GCPII expression in the PFC 

throughout withdrawal, and in the NAcc prior to withdrawal ...................82 

 

Pretreatment with CEF attenuates MDPV sensitization of repetitive 

movements, but not acute repetitive movements or ambulatory 

activity........................................................................................................87 

 

Pretreatment with CEF attenuates MDPV place preference ......................88 

 

Discussion ..............................................................................................................88 

6. MDPV SELF-ADMINISTRATION AND REINSTATEMENT OF DRUG 

SEEKING: GLUTAMATE TRANSPORTER INFLUENCES AND 

COMPARISONS WITH COCAINE ...........................................................................98 

Introduction ............................................................................................................98 



xix 

Materials and Methods .........................................................................................103 

Animals and drugs ...................................................................................103 

Jugular vein catheterization surgery and recovery ...................................103 

 

Self-administration apparatus ..................................................................104 

 

Operant intravenous self-administration ..................................................105 

 

Acquisition Phase...............................................................................105 

Extinction Phase.................................................................................106 

Reinstatment Phase: Cue and Cue+MDPV-Primed 

Reinstatement of MDPV-seeking ......................................................106 

 

CEF and NAcetyl dosing paradigms for reinstatement of MDPV 

seeking experiments .................................................................................107 

 

Experiment 1- CEF/NAcetyl against the expression of 

reinstatement of MDPV-seeking ........................................................107 

 

Experiment 2- CEF/NAcetyl against MDPV acquisition of 

IVSA, and resintatement of MDPV-seeking .....................................108 

 

50 kHz USVs during IVSA: recording and analysis ...............................108 

 

Data analysis and statistics.......................................................................110 

 

Results ..................................................................................................................110 

  

CEF and NAcetyl administered during the Extinction Phase do not 

affect the rat of extinction, or attenuate cue- or cue+MDPV-primed 

reinstatement ............................................................................................111 

 

CEF, but not NAcetyl, decreases active lever presses and 

reinforcers throughout the Acquisition Phase ..........................................111 

 

CEF pretreatment increases latency to MDPV reinforcement from 

active lever availability during the second week of the Acquisition 

Phase ........................................................................................................114 

 

CEF and NAcetyl administered during the Acquisition Phase do 

not affect the rate of extinction, or attenuate cue- or cue+MDPV-

primed reinstatement ................................................................................114 



xx 

MDPV IVSA produces greater 50 kHz USV calling frequency and 

shortened latency to reinforcement compared to cocaine ........................120 

 

Discussion ............................................................................................................124 

GENERAL DISCUSSION ..............................................................................................131 

REFERENCES ................................................................................................................137 

  



xxi 

LIST OF FIGURES 

 

Figure Page 

 

1.1 Chemical structures of first- and second generation synthetic cathinones….…......8 

1.2 Dopaminergic mechanism of action of MEPH and MDPV……………………....11 

1.3 Core structure and functional groups of MDPV………….……………………....12 

1.4 Glutamine-glutamate cycle in CNS neurons and glia.………….…………...…....16 

1.5 Reward neurocircuitry dysregulation involved in the transition  

from sporadic to habitual drug taking………….……………………………..…..21 

2.1 Effects of repeated MEPH exposure on (a) repetitive movements and  

(b) ambulatory activity………….…………………………………………..…….36  

2.2 Effects of repeated, intermittent MEPH exposure across different  

abstinence intervals, dosing patterns and injection contexts ………….………....37  

3.1 Effects of mephedrone and cocaine exposure on locomotor activity …………....47  

3.2 Effects of mephedrone and methamphetamine exposure on locomotor 

activity…..…..…………………………………………………………………....48 

4.1 R-MEPH acts more selectively on dopamine transporters than S-MEPH.…….....62 

4.2 Acute R-MEPH produces greater repetitive movements than acute S-MEPH.......63 

4.3 Pretreatment with the 5-HT2C antagonist SB242084 enhancer  

SB242084 enhances S-MEPH ambulatory activity and repetitive movements…..64 

4.4 R-MEPH, but not S-MEPH, produces sensitization of repetitive movements…....65 

4.5 R-MEPH, but not S-MEPH, produces dose-dependent place preference………...66 

4.6 R-MEPH produces greater ICSS facilitation than S-MEPH.…………………......67 



xxii 

5.1 Expression of GLT-1 in the nucleus accumbens following repeated, 

intermittent MDPV.…………………....................................................................84 

5.2 Expression of GLT-1 in the prefrontal cortex following repeated, 

intermittent MDPV.…………………....................................................................85 

5.3 Expression of GCPII in the nucleus accumbens following repeated, 

intermittent MDPV.…………………....................................................................86 

5.4 Expression of GCPII in the prefrontal cortex following repeated, 

intermittent MDPV.…………………....................................................................87 

5.5 Repeated CEF pretreatment against acute MDPV locomotor activity…...............90 

5.6 CEF attenuates the development of repeated MDPV-induced sensitization  

of repetitive movements.…………………............................................................91 

5.7 CEF attenuates the development of MDPV CPP .…………….............................92 

6.1 IVSA Experiment 1- Effects of CEF and NAcetyl treatment on  

extinction rate.……………..................................................................................113 

6.2 IVSA Experiment 1- CEF and NAcetyl treatment during the Extinction  

Phase did not affect cue- or cue+MDPV-primed reinstatement 

of MDPV-seeking.……………...........................................................................114 

6.3 IVSA Experiment 2- Pretreatment with CEF, but not NAcetyl, decreases  

active lever presses and reinforcers during acquisition of MDPV IVSA ...…....116 

6.4 IVSA Experiment 2- No treatment group differences were observed  

with inactive lever presses or non-reinforced active lever presses……………..117 



xxiii 

6.5 IVSA Experiment 2- CEF pretreatment increases latency to reinforcement 

from active lever availability during the second week of the Acquisition 

Phase of MDPV IVSA.…………………...........................................................118 

6.6 IVSA Experiment 2- CEF and NAcetyl treatment prior to and  

throughout the Acquisition Phase do not affect extinction rate.…………….....119 

6.7 IVSA Experiment 2- CEF and NAcetyl treatment prior to and  

thoughout the Acquisition Phase did not affect cue-reinstatement or  

cue+MDPV-primed reinstatement or cue+MDPV-primed reinstatement of 

MDPV seeking.………………….......................................................................120 

6.8 MDPV self-administration elicits more 50 kHz calls in the early  

dose-loading phase during the second week of the Acquisition Phase.………..122 

6.9 MDPV and COC latency to reinforcement during load-up.……………............123 

6.10 MDPV active lever presses and reinforcers during Week 2 of the  

        Acquisition Phase………………………………………………………...…...124 

  

 

 

  



xxiv 

LIST OF ABBREVIATIONS 

4-MEC   4-methyl-N-ethylcathinone 

5-HT    5-hydroxytryptamine, serotonin 

AAoPC   American Association of Poison Control Centers 

Alpha-PVP Alpha-pyrrolindinopentiophenone 

AMPA-R α-amino-3-hydroxy-5-methyl-4-isoazolepropionic acid 

receptor 

ANOVA   Analysis of variance 

CEF    Ceftriaxone 

CNS    Central nervous system 

COC    Cocaine 

CPP    Conditioned place preference 

DA    Dopamine 

DAT    Dopamine transporter 

DEA    Drug Enforcement Agency 

DSM-V   Diagnostic and Statistical Manual of Mental Disorders 

FR-1    Fixed-ratio 1 schedule 

GCPII    Glutamate carboxypeptidase II 

GLT-1    Glutamate transporter subtype-1 

ICSS    Intracranial self-stimulation 

IVSA    Intravenous self-administration 

LgA    Long-access self-administration 

MCR    Maximal control rate 

MDPV    3,4-methylenedioxypyrovalerone 

MDMA   3,4-methylenedioxymethamphetamine 

MEPH    Mephedrone (4-methylmethcathinone) 

METH    Methamphetamine 

mGluR    Metabotropic glutamate receptors 

NMDA-R   N-methyl-D-aspartate receptors 

R-MEPH   R-(+, d)-mephedrone  

S-MEPH   S-(-, l)-mephedrone 

NAAG    N-acetylaspartylglutamate 

NAcc    Nucleus accumbens 

NAcetyl   N-acetylcysteine 

NE    Norepinephrine 

NET    Norepinephrine transporter 

NIDA    National Institute on Drug Abuse 

NMDAR   N-methyl-D-aspartic acid receptor 

NPS    Novel psychoactive substances 

PFC    Prefrontal cortex 

PR    Progressive ratio schedule 

SERT    Serotonin transporter 

ShA    Short-access self-administration  

STR    Striatum 

USV    Ultrasonic vocalizations  

VTA    Ventral tegmental area 



xxv 

xCT    Cystine-glutamate antiporter 

 

 



1 
 

CHAPTER 1 

GENERAL INTRODUCTION 

Scientific Rationale 

 Illicit drug use, addiction and dependence are significant social and public health 

concern that have impacted the United States since its inception. Recent reports from the 

National Survey on Drug Use and Health in 2013 suggest that over 24 million people 

aged 12 or older, equating to 9.4% of the population, have used illicit drugs in the past 

month (SAMHSA, 2013). Among the variety of illicit drugs abused, cocaine (COC), 3,4-

methylenedioxymethamphetamine (MDMA, ‘Ecstasy’), and methamphetamine (METH) 

have traditionally been the more commonly abused illicit psychostimulants. One of the 

newer issues that has precipitated out of the law enforcement crackdown on illicit 

psychostimulants and the popularity of drug screening practices is the rise in use of “legal 

high” drug alternatives. “Legal high” psychostimulants are designed and marketed as 

having both the subjective effects of illicit psychostimulants and the advantage to the user 

of being absent on common drug schedules or urinalysis screenings. A twenty-fold 

increase in reported human exposures to new “legal high” designer drug alternatives was 

reported between 2010 to 2011 (American Association of Poison Control Centers 2011, 

Deluca et al., 2009, James et al., 2011). Among these new “legal high” drugs are the 

synthetic cathinones, a group of β-ketone amphetamine compounds popularized as “legal 

high” alternatives for COC, MDMA, and METH (Schifano et al., 2011, Winstock et al., 

2011 and 2011a). Two of the more popular synthetic cathinones since the inception of 

this class of drugs are 4-methylmethcathinone (mephedrone, MEPH) and 3,4-
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methylenedioxypyrovalerone (MDPV), commonly referred to by their street name “bath 

salts”.  

 The novelty of MEPH and MPDV both inn the illicit drug marketplace and in 

clinical presentations limits the current understanding of the pharmacological 

mechanisms of MEPH and MDPV. To further expand on the pharmacological 

understanding of these novel compounds, the following specific aims were devised to 

address this void in the literature:  

1. To examine the locomotor activating effects of MEPH in repeated 

administration paradigms, as well as in cross-sensitization paradigms with 

commonly abused psychostimulants.  

2. To examine the stereospecific neurochemical and behavioral effects of MEPH  

3. To explore the involvement of glutamate transporters and synthesizing 

enzymes in the effects of non-contingent MDPV administration  

4. To identify if pharmacological activation of glutamate transporters and 

antiporters affects MDPV reinforcement and relapse to drug seeking 

Together, these experiments further elaborate on the monoaminergic and 

glutamtergic mechanisms of these novel synthetic cathionones. The data presented here 

identify specific changes in neurotransmitters systems mitigating the rewarding and 

reinforcing mechanisms of synthetic cathinones, and can serve as the basis for further 

investigation into emerging second and third generation cathinones structurally analogous 

to MEPH or MDPV.  

The Rise of New Psychoactive Substances and Synthetic Cathinones 
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New psychoactive substances (NPS) is a broad term given to new compounds 

specifically marketed and sold as new substances of abuse designed to mimic the effect 

of substances scheduled under the Controlled Substances Act. NPS includes a wide array 

of constantly evolving sub-genres with diverse pharmacological mechanisms, including 

synthetic cannabinoids, hallucinogenic phenethylamines, synthetic opiates, piperazine 

stimulants, and synthetic cathinones. According to the United Nations Global Synthetic 

Drugs Assessment from 2013, a total of 348 NPS have been identified from worldwide 

clinical presentations and drug seizures, 97 of which were new to the year 2013, and 25% 

of the total number of NPS being classified synthetic cathinones (United Nations Office 

on Drugs and Crime, 2014).  

The origin of synthetic cathinones derives from the parent compound cathinone, 

the active stimulant in the khat plant, native to eastern Africa and the Arabian peninsula 

(Carroll et al., 2012). Like the coca plant in South America, the khat plant has been a 

staple of many African cultures, where it is chewed recreationally for its stimulant 

properties. This practice has been traced back as far as the tenth century, and persists 

throughout Africa today (Kalix, 1986, Patel, 2015, Valente et al., 2014). Cathinone was 

identified as one of the primary psychoactive components of the khat plant in 1930, and 

subsequently lead the first recorded synthesis of the MEPH analogue methcathinone in 

1928, MEPH itself in 1929, and MDPV in 1967 (German et al., 2014a). 

The scope and severity of synthetic cathinone abuse in the United States has seen 

a dramatic increase since the first reports of “bath salts” as synthetic cathinones in 2008. 

Street drug terms like “bath salts” and “plant food”, as well as specific cathinone 

formulation brand names like “Ivory Wave”, “White Lightning” and “MCAT”, have been 
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coined by illicit drug manufacturers as a way to circumvent law enforcement by labeling 

synthetic cathinones as “not for human consumption” (Baumann et al., 2013a, Spiller et 

al., 2011). Distinguishing these compounds as “not for human consumption” prevents 

regulatory and customs agencies in the USA and worldwide from providing oversight of 

“bath salt” manufacturing and distribution. In addition, the “not for human consumption” 

labeling specifically targets a subsection of the Controlled Substances Act called the 

Federal Analogue Act (99th Congress, 1986). The Federal Analogue Act was added as an 

amendment to the Controlled Substances Act to allow the Drug Enforcement Agency 

(DEA) to distinguish any chemical “substantially similar” to a controlled substance listed 

in Schedule I or II to be given the same distinction, with an exception being made for 

those substances not intended for human consumption. 

“Bath salts” were originally popularized via heavy Internet-based marketing as 

“legal high” alternatives, and have been (and in some regions and mediums, still are) 

available for purchase in head shops and on popular “dark-net” drug bazaars like Silk 

Road and Evolution. Synthetic cathinones also saw a rise in use as a result of the rise in 

abuse of “molly”, a street name typically believed to be associated with highly pure 

crystalline powder form of MDMA (Winstock et al., 2011a). After becoming aware of 

the overlapping intoxicant effects of certain synthetic cathinones with MDMA, illicit 

drug manufacturers often used this knowledge to dilute the quality MDMA products with 

synthetic cathinones when limited MDMA was available, or even falsely advertise their 

synthetic cathinone compounds as MDMA (Brunt et al., 2011, Deluca, 2009, Winstock et 

al., 2011a).  
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In 2011 at the start of the rise in reports of “bath salts” use, 78% of all synthetic 

cathinones encountered in the United States by law enforcement were either MEPH or 

MDPV (DEA Public Affairs, 2011). Abuse of MEPH and MDPV has had a significant 

clinical impact, with the American Association of Poison Control Centers reporting 

10,721 human exposures from 2011-Augusts 2015 (American Association of Poison 

Control Centers, 2015). Several published case reports of various toxicities from MEPH, 

MDPV, and “bath salts” ingestion have been published, and often include examples of 

bizarre and violent behavior. Serious adverse events reported due to ingestion of MEPH, 

MDPV, or “bath salts” in general include psychosis, aggression, hyperthermia, suicidal 

thoughts or actions, intense cravings to redose or “binge” dose, vivid hallucinations, 

myocardial infarction, rhabdomyolysis, acute kidney toxicity, serotonin syndrome, and 

death (Adebamiro and Perazella, 2012, Garrett and Sweeney, 2010, Miotto et al., 2013, 

Mugele et al., 2012, Murray et al., 2012a, Spiller et al., 2011). These reports identified 

“bath salts” as a danger to public health and safety, and as a result, the DEA placed an 

emergency Schedule I ban on MEPH, MDPV and the cathinone analogue of MDMA 

(methylone) in October 2011, eventually leading to a permanent Schedule I distinction 

via the Synthetic Drug Abuse Prevention Act in July 2012 (DEA Public Affairs 2012, 

112th Congress 2012). 

Since the scheduling of MEPH and MDPV, a significant decrease in reported 

human exposures has been observed (American Association of Poison Control Centers, 

2015). Despite this observed reduction in exposures, MEPH and MDPV are still abused 

worldwide, often being sold under new “legal high” brand titles (Brandt et al., 2010a and 

2010b, McElrath and O’Neill, 2011). MEPH in particular remains popular in the United 
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Kingdom, having gained a foothold in the “rave” scene since its emergence as a drug of 

abuse (Elliott and Evans, 2014). Important confounds of the epidemiological data 

collected on synthetic cathinone abuse are 1) the overwhelming majority of drug testing 

still do not include any synthetic cathinones on their panels, 2) data collected from 

clinical reports and poison control centers often only include street names that are either 

outdated or do not include enough street names to accurately represent synthetic 

cathinone abuse, and 3) some cathinones will produce false positives on urinalysis panels 

for other illicit psychostimulants (eg. MDPV produces false positive on immunoassay 

screenings for PCP)(Penders et al., 2012). Considering these confounds, it is likely that 

our current understanding of the popularity of synthetic cathinones abuse may 

underrepresent the actual popularity of these drugs.  

Additionally, both MEPH and MDPV have served as structural templates for the 

synthesis of second-generation cathinones such as 4-methyl-N-ethylcathinone and alpha-

pyrrolindinopentiophenone, respectively (see Figure 1.1 for a detailed map of first and 

second generation cathinone structures). Considering the early and continued prevalence 

of MEPH and MDPV, and their pharmacological importance in predicting the 

neuropharmacological profiles of newer generation cathinones, our investigations into 

MEPH and MDPV remain highly relevant with synthetic cathinone abuse in 2015.  

Mephedrone: Neuropharmacology and Behavioral Effects 

The overlapping empathogenic effects reported between MEPH and MDMA can 

be attributed to commonalities in their mechanisms of actions. In vitro synaptosome 

transporter assay experiments with MEPH have categorized MEPH as a non-specific 

monoamine transporter substrate that causes transporter-mediated extracellular release of 
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dopamine (DA), serotonin (5-HT), and norepinephrine (NE) at a similar potency to 

MDMA (Baumann et al., 2012, Lopez-Arnau et al., 2012, Eshleman et al., 2013, Opacka-

Juffry et al. 2014)(see Figure 1.2). Upon entering the presynaptic neuron, MEPH also 

acts as a low-potency releaser at the vesicular monoamine transporter compared to 

MDMA in vitro, and has weak potency as a 5-HT2A and 5-HT2C receptor antagonist (Pifl 

et al., 2015). In vivo, MEPH administration produces increases in extracellular DA and 5-

HT in the nucleus accumbens (NAcc), with preferential increases in 5-HT over DA being 

observed (Baumann et al., 2012). Increases in extracellular DA in the NAcc following 

MEPH administration is greater than that observed with MDMA, while 5-HT increases 

were comparable to MDMA (Kehr et al., 2011).  

Binge dosing paradigms in preclinical models (eg. one or three days of 4x 25 

mg/kg MEPH) designed to mimic the binge-like MEPH administration often reported in 

human users have yielded inconsistent toxicity results. Reports suggest that MEPH 

administered alone only causes depletion of monoamine transporters at elevated ambient 

temperatures, while MEPH administered in combination with METH, amphetamine or 

MDMA enhances dopaminergic and serotonergic neurotoxicity (Hadlock et al., 2011, 

Angoa-Perez et al., 2013a and 2013b, Angoa Perez et al., 2014, den Hollander et al., 

2013). MEPH neurotoxicity may be related to age as well, as adolescent rats binge-

treated with MEPH show depletions in DA, 5-HT, tryptophan hydroxylase and tyrosine 

hydroxylase (Lopez-Arnau et al., 2015).  

Behavior observed following administration of MEPH shares some similarities 

with traditional psychostimulants. MEPH is a weak psychomotor stimulant that produces  
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Figure 1.1: Chemical structures of first- and second-generation synthetic 

cathinones. First generation synthetic cathinones include Mephedrone and MDPV. 

Second-generation synthetic cathinones include Mephedrone analogues Methedrone, 

Flephedrone, 4-methyl-N-ethylcathinone (4-MEC) and Pentedrone, as well as MDPV 

analogues alpha-Pyrrolidinopentiophenone (Alpha-PVP), alpha-Pyrrolidinohexiophenone 

(Alpha-PHP), and Naphyrone. 

 

 

 

 

 

 



9 
 

dose-dependent increases in locomotor activity in rats and mice, with a relatively rapid 

onset and short duration (Lisek et al., 2012, Martinez-Clemente et al., 2012, Marusich et 

al., 2012, Motbey et al., 2012, Shortall et al., 2012). This locomotor activation is 

attenuated by pretreatment with D1 receptor antagonist SCH23390 and the 5-HT2A 

receptor antagonist ketanserin, and enhanced by pretreatment with D2 receptor antagonist 

sulpiride or increases in ambient temperature (Miller et al., 2013). The few preclinical 

studies reporting on the rewarding and reinforcing effects of MEPH have expanded on 

the current perspective on MEPH abuse liability. MEPH’s rewarding properties are 

indicated by the ability to produce conditioned place preference (CPP) in rats and 

invertebrates, lower intracranial self-stimulation (ICSS) thresholds in mice and rats 

(Robinson et al., 2012, Bonano et al., 2013), and exhibit significant reinforcing properties 

in short-access (ShA) and long-access (LgA) intravenous self-administration (IVSA) 

studies (Aarde et al., 2013a, Motbey et al., 2013).  

MEPH is self-administered by rats in greater quantities under fixed-ratio 1 (FR-1) 

schedules compared to the similarly entactogenic stimulants MDMA and methylone 

(Vandewater et al., 2015). IVSA intake of MEPH under fixed-ratio 1 (FR-1) schedule of 

reinforcement is greater at higher ambient temperatures (Hadlock et al., 2011), greater in 

Wistar rats compared to Sprague-Dawley rats (Aarde et al., 2013), and greater in female 

rats compared to males (German et al., 2014b, Creehan et al., 2015). Only a single study 

by German et al., (2014b) has been published showing efficacious pharmacological 

antagonism of MEPH IVSA, specifically by pretreating with the neurotensin-1 agonist 

PD149163 prior to each IVSA session. In drug discrimination assays, MEPH fully 

substitutes for the discriminative stimulus of cocaine, and cocaine partially substitutes for 
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the discriminative stimulus of MEPH (Gatch et al., 2013, Varner et al., 2013). In the 

context of our current understanding of psychostimulant addiction, these studies validate 

MEPH as a compound that produces a behavioral phenotype similar to established 

psychostimulants, and suggest an abuse liability that justifies its scheduling under the 

Controlled Substances Act.  

MDPV: Neuropharmacology and Behavioral Effects 

In contrast to MEPH, MDPV displays a mechanism of action more in line with of 

COC than any of the abused amphetamines. MDPV acts as both a highly selective and 

highly potent monoaminergic transporter reuptake inhibitor, with preferential activity at 

DA transporter (DAT) and NE transporter (NET) compared to weak activity 5-HT 

transporter (SERT) in vitro (Baumann et al., 2013b)(see Figure 1.2). The action of 

MDPV on DAT and NET in vitro displays a 10-fold greater potency than both cocaine 

and methylphenidate, and an over 100-fold greater potency than the cathinone 

pharmacotherapy bupropion (Simmler et al., 2013). Quantification of DA in vivo via 

microdialysis also demonstrates a 10-fold greater potency at increasing extracellular DA 

with MDPV compared to cocaine and methylone (Baumann et al, 2013b; Schindler et al, 

2015). MDPV and MEPH synergistically elevate extracellular DA compared to the drugs 

alone, as a result of MEPH’s faster kinetics causing DA release, followed by MDPV 

slower kinetics preventing said DA reuptake (Cameron et al., 2013).  

A critical study into specific contributions of different MDPV functional groups 

to the mechanism of MDPV as a reuptake inhibitor was performed by Kolanos et al. 

(2013). This “deconstruction” study assessed the changes in outward currents of human 

DAT-transfected Xenopus oocyte cells (increases in outward currents are associated with  
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Figure 1.2: Dopaminergic mechanism of action of MEPH and MDPV. Both MEPH 

and MDPV increase concentrations of dopamine in the synaptic cleft. MEPH (Panel A) 

acts as a DA substrate, entering the presynaptic neuron through DAT to cause disruption 

of DA vesicular packaging and the reversal of DAT to release DA into the synaptic cleft. 

MDPV (Panel B) acts as a DAT reuptake inhibitor, binding to DAT in a conformation 

that prevents DAT from transporting DA from the synaptic cleft into the presynaptic 

neuron. Adapted from De Felice et al., 2014.  
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Figure 1.3: Core structure and functional groups of MDPV. Structure of 3,4-

methylenedioxypyrovalerone, with specific functional groups circled. A study by 

Kolanos et al. (2013) ranked the functional groups by overall contribution to MDPV 

reuptake inhibition activity at cells transfected with the human dopamine transporter. 

Ranking of functional groups; extended alkyl group (blue) > tertiary amine (orange) > 

carbonyl group (red) >>> methylendioxy group (green). Chiral center (same locus to 

MEPH chiral center that confers MEPH enantiomer orientation in Chapter 4) is labeled 

with pink arrow.  
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inhibition of reuptake) as a function of the removal of specific MDPV functional groups 

(see Figure 1.3 for MDPV structure details). The extended alkyl group was found to be 

the most important in conferring human DAT reuptake inhibition, followed by the 

tertiary amine group and the carbonyl group, while the methoxy group made a minimal 

contribution. Interestingly, all of the functional groups deemed vital to producing DAT 

reuptake inhibition are all substituted to a chiral carbon, suggesting that differences in 

efficacy and potency at DAT may be observed with specific enantiomers (for a more 

information on stereospecificity with synthetic cathinones, see the Introduction section in 

Chapter 4).  

Like MEPH, MDPV produces many common stimulant-like behaviors. MDPV 

administration robustly increases locomotion in both rats and mice, with a 10-fold greater 

efficacy in total distance traveled and stereotypic movements dose-response curves with 

MDPV compared to cocaine, as well as a longer duration of ambulation compared to both 

cocaine and methamphetamine (Aarde et al., 2013b, Baumann et al., 2013b, Fantegrossi 

et al., 2013, Gatch et al., 2013). These observed increases in locomotor activities and 

stereotypy following MDPV administration are strongly correlated with MDPV levels in 

the striatum (STR) and bloodstream, and are attenuated by systemic pretreatment with D2 

receptor antagonist haloperidol (Anizan et al., 2014, Novellas et al., 2015). MDPV 

produces CPP, in both males and females, that is more efficacious in dose-response 

studies than both amphetamine and MEPH in mice (Karlsson et al., 2014). Acute MDPV 

facilitates ICSS thresholds to a greater extent and for a longer period of time than MEPH 

or methylone (Bonano et al., 2013, Watterson et al., 2014). In both male and female rats, 
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MDPV produces conditioned taste avoidance. Conditioned taste avoidance is a non-

operant Pavlovian conditioning procedure used to identify what, if any, aversive effects a 

drug has by pairing administration of a drug with a contextual unique sucrose solution. 

Sex and age differences are observed specifically with conditioned taste avoidance, with 

heightened in effects in females and decreased effects in adolescents (Merluzzi et al., 

2014, King et al., 2015a, King et al., 2015b). Decreases in taste avoidance is common 

with adolescent populations, an especially troubling observation considering the 

relatively young age of designer drug abusers (Weaver et al., 2015).    

IVSA is observed with MDPV in both Wistar and Sprague-Dawley rats, with 

binge-like behavior (i.e. ≥8 infusions in a given 5 minute interval) being observed in over 

60% of the rats tested during the early phases of IVSA (Aarde et al., 2013b, Aarde et al., 

2015). Dose substitution studies of MDPV self-administration display an inverted U-

shape dose-effect curve, similar to what is observed with cocaine, albeit with a 10-fold 

greater potency (Schindler et al., 2015). Higher doses of MDPV were found to greater 

motivation to continue self-administration in a progressive-ratio (PR) model, and dose-

substitution studies in IVSA PR models indicate that MDPV possesses greater potency 

and efficacy than METH in producing higher breakpoints (Watterson et al., 2014). IVSA 

escalation studies also reveal that MDPV produces escalation in drug taking over 

multiple IVSA sessions at doses similar to those producing escalation of METH drug 

taking (Watterson et al., 2014). The emergence of escalation of self-administration 

bridging from short-access to long-access models of IVSA are believed to represent the 

transference of sporadic drug use to habitual, compulsive drug taking supporting the 

addiction phenotype (Ahmed 2011, American Psychiatric Association 2013). MDPV 
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fully substitutes for the discriminative stimulus of both cocaine and methamphetamine in 

rat drug discrimination assays (Gatch et al., 2013). These studies of MDPV-induced 

behaviors highlight an alarming abuse liability, and provide credibility to the “Super 

Coke” street name that has been popularized by manufacturers and abusers of MDPV 

alike.  

Glutamate: Signaling and Pharmacology 

Glutamate is a nonessential amino acid that serves as the primary excitatory 

neurotransmitter in the mammalian central nervous system (CNS) and is responsible for 

up to 70% of synaptic transmission in the brain. Under non-pathological conditions, the 

blood-brain barrier prevents glutamate entrance into the CNS. Synthesis of CNS 

glutamate is derived largely from glutamine, but also from Kreb cycle intermediates or 

recycled brain protein (eg. glutamate synthesis from catabolism of n-

acetylaspartylglutamate by the enzyme glutamate carboxypeptidase II)(Smith, 2000). The 

process of glutamine-derived glutamate synthesis, release and reuptake in neurons and 

glial cells is known as the glutamate-glutamine cycle (Niciu et al., 2012)(see Figure 1.4). 

This cycle begins when glutamine in the presynaptic neuron is converted into glutamate 

by the mitochondrial enzyme glutaminase, followed by packaging into vesicles via 

vesicular glutamate transporters. Vesicular glutamate is trafficked to the extracellular 

membrane after an action potential and released by exocytosis into the synaptic cleft, 

where it binds to glutamate receptors. There are two major classes of glutamate receptors; 

ionotropic glutamate receptors (N-methyl-D-aspartate (NMDA-R), α-amino-3-hydroxy-

5-methyl-4- isoazolepropionic acid (AMPA-R) and kainate receptors), and metabotropic 

glutamate receptors (mGluR1-8). Glutamate is cleared from the synaptic cleft by high-  
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Figure 1.4 Glutamine-glutamate cycle in CNS neurons and glia. Glutamate (Glu) is 

synthesized from gluatamine (Gln) by glutaminase, packaged into vesicles through the 

vesicular glutamate transporter (vGluT) and released into the synaptic cleft via SNARE-

mediated exocytosis. Glutamate can bind to ionotropic glutamate receptors on the post-

synaptic neuron or metabotropic receptors (mGlu) on glial cells or presynaptic neurons. 

Glutamate is removed from the synaptic cleft by excitatory amino acid transporters 

(EAAT), leading to conversion of glutamate to glutamine for transport into the 

presynaptic neuron or trafficking back into the synapse through the cystine-glutamate 

antiporter (XC-). Figure is adapted from Niciu et al., 2012.  
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affinity excitatory amino acid transporters. There are 5 known subtypes of excitatory 

amino acid transporters, the most abundant subtype being the excitatory amino acid 

transporter-2, referred to in rodents as the glutamate transporter subtype-1 (GLT-1). 

GLT-1 is predominantly expressed on astrocytes and is responsible for over 90% of 

glutamate reuptake (O’Shea, 2002). As part of the glutamine-glutamate cycle, astrocytic 

glutamate is converted into glutamine by glutamine synthetase, trafficked through the 

extracellular space back into the presynaptic neuron by glutamine transporters, and 

reconverted into glutamate by glutaminase. Alternatively, glutamate stored in glial cells 

can be trafficked back into the synaptic cleft, in exchange for a cystine, by the cystine-

glutamate antiporter (xCT) (McBean, 2002). Disregulation of extracellular glutamate 

levels can occur after failure of any of these processes, and can lead to excitotoxicity. 

Reversing or preventing glutamatergic excitotoxicity, and the accompanied oxidative 

stress, remains a common target for development of several neurodegenerative 

pathologies pharmacotherapies.   

    Although activated by the same ligand, ionotopic and metabotropic glutamate 

receptors mediate different actions in the CNS based on their different conformations. 

NMDA-R and AMPA-R are tetrameric complexes that, upon glutamate binding, generate 

an excitatory post-synaptic potential by opening up a pore for the crossing of monovalent 

cations. The millisecond speed of this process allows NMDA-R and AMPA-R to 

facilitate long-term potentiation; a change in synaptic plasticity occurring at the cellular 

level evoked after repeated signaling increases synaptic strength and post-synaptic 

current amplitudes. Long-term potentiation is a crucial process for conferring changes in 

synaptic plasticity, and is generally understood to be the primary mechanism mediating 
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operant learning, memory formation and storage (Andrzejewski et al., 2013, Lisman et 

al., 2012). Metabotropic glutamate receptors (mGluR) are G-protein coupled receptors 

whose activation occurs through slow modulatory transmission tied to Gi, G0, or Gq 

signaling cascades depending on the specific group of mGluRs. There are 3 distinct 

groups of mGluRs; Group I (mGluR1 and mGluR5), Group II (mGluR2 and mGluR3), 

and Group III (mGluR4-8)(Kim et al., 2008). Activation of presynaptic Group II and III 

receptors either by endogenous glutamate or exogenously administered agonists have 

been found to decrease both glutamatergic and GABAergic transmission, an observation 

that has fueled research into the development of pharmacotherapies specifically targeting 

mGluR II/III to treat various neuropsychiatric conditions associated with dysregulated 

glutamate (Moussawi and Kalivas, 2010, Nicoletti et al., 2011, Pinheiro and Mulle, 

2008).  

Glutamate Signaling in Psychostimulant Addiction 

Drug addiction has been classically defined as a chronically relapsing 

neurological and behavioral disorder characterized by both compulsive drug taking and 

the inability to consciously limit drug intake, despite adverse consequences (Koob et al, 

1998). The initiation and development of psychostimulant addiction has been linked to 

the hedonic and reinforcing effects predominantly facilitated by the mesocorticolimbic 

DA pathway. This pathway involves DA afferents projecting from the ventral tegmental 

area (VTA) into the NAcc, amygdala, and prefrontal cortex (PFC)(Berridge and 

Robinson, 1998; Feltenstein and See, 2008). The VTA→NAcc DA pathway is a common 

pathway among both natural (ie. food, water, sex) and drug reinforcers. Elevation of 

extracellular DA in the NAcc with drugs of abuse produces prolonged and pathological 
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reinforcement, often expressed as total loss of control over drug intake and compulsive 

use, despite adverse consequences (Koob and Le Moal, 1997, Feltenstein and See, 2008). 

While activation of mesocorticolimbic DA pathways is particularly important in initiating 

and driving early drug use, a substantial amount of research has identified glutamate 

signaling as an important mediator in various phases of the addiction cycle. In particular, 

investigations using preclinical animal models of psychostimulant addiction have 

identified several glutamatergic pathways as role players in the development and 

expression of addiction related behaviors, including compulsive drug use and motivation 

to relapse during drug abstinence (Kalivas et al, 2009; Kalivas et al, 2005a; Kalivas and 

Volkow, 2005b; Knackstedt and Kalivas, 2009).  

One important glutamtergic pathway in the development of addiction is the 

mesocorticolimbic glutamate pathway. Glutamatergic neurons projecting from the PFC to 

the VTA are activated by administration of drugs of abuse, resulting in elevated 

extracellular glutamate in the VTA in vivo, with even a single injection of COC 

producing glutamate-dependent long-term potentiation in VTA DA neurons (Xue et al., 

1996, Kalivas and Duffy, 1998, Ungless et al., 2011). Repeated administration of COC 

and amphetamine induces a number of presynaptic glutamatergic plasticity changes on 

VTA DA neurons, including increased AMPA-R1 subunit expression and enhanced 

AMPA-R-mediated DA firing (Fitzgerald et al., 1996, Zhang et al., 1997). Stimulation of 

glutamatergic afferents into the VTA are involved in the development of many behaviors 

associated with psychostimulant addiction, including behavioral sensitization and the 

initiation of COC IVSA (Schenk and Snow, 1994, You et al., 2007). Taken together, 

synaptic changes following psychostimulant-induced activation of glutamate neurons 
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projecting onto VTA DA neurons seem to contribute to the development of compulsive 

psychostimulant drug taking.  

A central element in the pathogenesis of addiction is the transition from sporadic 

or consciously-controlled drug use to compulsive and habitual drug use. This transition is 

associated with glutamate activity in the NAcc core and shell from afferents originating 

in areas like the PFC and amygdala (Bossert et al., 2005, Kalivas et al., 2009, Knackstedt 

et al., 2009). In the drug-naïve brain, motivationally relevant stimuli activate 

corticolimbic glutamate circuits in the PFC, amgydala, NAcc core and shell interact and 

send relevant environmental information through the NAc to mesostriatal circuits in the 

dorsal STR (Watterson et al., 2013). The convergence of signaling from all these 

pathways mediates goal-directed behaviors, and is a central point of the glutamatergic 

dysfunction observed in drug addiction. After repeated drug reinforcement, control of 

goal-directed behaviors mediated by PFC→NAcc circuits weakens, while mesostriatal 

glutamatergic transmission in the dorsal STR strengthens. This transition of 

glutamatergic circuit influence results in drug taking becoming habitual, and shifts the 

focus of corticolimbic glutamate to processing other relevant environmental stimuli 

during drug taking (Jog et al, 1999; Kalivas, 2008).  

Basal levels of glutamate in the NAcc during drug abstinence play a significant 

role in mediating several behaviors associated with craving and compulsion to relapse. 

Extracellular glutamate in the NAcc is decreased following repeated COC administration 

and subsequently increased in animals behaviorally sensitized with a challenge dose of 

COC, as well as animals exhibiting reinstatement of COC seeking in IVSA reinstatement 

models (Pierce et al., 1996, Reid and Burger, 1996, McFarland et al., 2003).  
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Figure 1.5 Reward neurocircuitry dysregulation involved in the transition from 

sporadic to habitual drug taking. Sagittal view of glutamatergic (blue arrows) and 

dopaminergic (red arrows) pathways in the reward circuitry dysregulated as a result of 

repeated drug taking. In the drug-naïve brain, goal-directed choice behaviors involve 

mesolimbic signaling ( ) from the prefrontal cortex (PFC) and amygdala to the nucleus 

accumbens (Nac). After repeated drug-taking, signaling in the mesolimbic pathway 

diminishes, and signaling in the mesostriatal ( ) pathway from the PFC to the dorsal 

striatum increases. This leads to the habitual drug taking phenotype associated with 

addiction. Figure adapted from Gardoni and Bellone, 2015.  
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This phenomenon involves the influence environmental stimuli processed by the 

PFC→NAcc core glutamate circuit, specifically conditioned drug-related environmental 

cues that elicit reinstatement of drug seeking in abstinent drug users (Everitt and Robbins, 

2005). The surge in extracellular glutamate levels that present during IVSA reinstatement 

models are not found in food reinstatement models, indicating that normalization of 

NAcc extracellular glutamate levels pharmacologically could be an advantageous 

therapeutic mechanism to inhibit drug reinstatement, while having no effect on natural 

reinforcers (McFarland et al., 2003).  

 Plasticity changes in NAcc core and shell AMPA-R are also observed following 

repeated COC, including elevated AMPA/NMDA ratios and increased NAcc dendritic 

spines throughout the reward center (Kolb et al., 2004, Robinson and Kolb, 2004, 

Kourrich et al., 2007). Increasing dendritic spines expressing these AMPA and NMDA 

receptors is indicative of long-term potentiation, a long-lasting increase in neuronal 

transmission associated with increased synaptic strength (Cooke and Bliss, 2006). 

Targeted inhibition of AMPA-R in the NAcc core attenuates behavioral sensitization of 

COC, as well as cue- and COC-primed reinstatement of COC seeking (Pierce et al., 1996, 

Cornish and Kalivas, 2000, McFarland and Kalivas, 2001, McLaughlin and See, 2003). 

Reinstatement of COC seeking can also be augmented by activating PFC afferents into 

the NAcc. Attenuation of COC drug seeking is observed following targeted PFC afferent 

knockout by tetrodotoxin, as well pharmacological inhibition by intra-NAcc or systemic 

pretreatment with mGluR2/3 agonists (Baptista et al., 2004, Peters and Kalivas, 2006). 

Given the attenuation of multiple facets of relapse to drug seeking accomplished with 
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glutamatergic ligands targeting the corticolimbic pathway, further investigations into 

developing pharmacotherapies to normalize glutamatergic signaling during drug 

abstinence are warranted.   

Psychostimulants and Glutamate Transporters 

Regulating extracellular glutamate levels in the CNS is vital for proper brain 

function, and at the forefront of maintaining glutamate homeostasis are the glutamate 

transporters. Activity of glutamate transporters is associated with preserving the local 

integrity of excitatory synaptic transmission, as well exerting control over changes in 

synaptic plasticity through control of extracellular glutamate levels (Marcaggi and 

Attwell, 2004, Pita-Almenar et al., 2006).  In terms of psychostimulant abuse, glutamate 

transporters are responsible for clearing drug-induced extracellular glutamate from the 

synaptic cleft.  

Since GLT-1 is involved in the majority of extrasynaptic glutamate clearance in 

the CNS, identifying changes in functionality and expression of GLT-1 both during and 

after cessation of drug taking has been of particular importance. GLT-1 expression in the 

NAcc is decreased after self-administration of COC, with greater decreases observed 

following LgA IVSA compared to ShA IVSA, as well as decreased GLT-1 expression at 

more prolonged withdrawal intervals (ie. 40-45 days) versus short-term withdrawal (1-

day). These changes in GLT-1 expression are also regionally specific to subregions of 

NAcc, with decreases observed in the NAcc core, but not the NAcc shell (Fischer Smith 

et al., 2012). Decreases in both expression and functionality (ie. reduction in glutamate 

uptake) of GLT-1 were also observed in the NAcc 3 weeks following COC IVSA, 
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although no distinction was made between the core and shell of the NAcc in that study 

(Knackstedt et al., 2010).  

While COC abuse is widely understood to decrease GLT-1 expression, 

modulation of GLT-1 induced by amphetamines remains relatively unclear. After 5 days 

of 5 mg/kg amphetamine administration, followed by 24 hours withdrawal, there were no 

changes in GLT-1 expression in the NAcc, STR or PFC (Sidiropoulou et al., 2001). 

Interestingly, while no changes in GLT-1 expression were observed in the study by 

Sidiropoulou et al., pharmacological activation of GLT-1 attenuates development of 

amphetamine sensitization of ambulation and stereotypy (Rasmussen et al., 2011). Only 

two studies have evaluated the effects of MDMA on GLT-1. A single binge 

administration of MDMA (15 mg/kg, three times per day) produced no changes in 

glutamate uptake in ex vivo rat brain synaptosomes (Bogen et al., 2003). Repeated, 

intermittent administration of MDMA in adolescent male rats (3 x 1 mg/kg or 3 x 5 

mg/kg per day, every 7th day for 4 weeks) produced a dose-dependent decrease in 

cingulate cortex GLT-1 mRNA, but not the caudate or hippocampus (Kindlundh-

Hogberg et al., 2008).  

GLT-1 modulation by METH has been investigated in both in vitro and in vivo 

experiments. METH effects on in vitro GLT-1 protein and mRNA expression are specific 

to the types of in vitro preparations. METH treatment of striatal synaptosomes result in 

no change in glutamate uptake, while METH treatment of astrocyte cultures result in 

astrocytic activation and decreased GLT-1 mRNA (Kokoshka et al., 1998, Cisneros and 

Ghorpade, 2012). This is consistent with the reports of GLT-1 being expressed primarily 

on astrocytes, as well as an extensive literature describing astrocytic activation and 
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neuroinflammatory responses associated with METH (Loftis and Janowsky, 2014). 

Activated astrocytes have decreased GLT-1 protein and mRNA expression, which may 

account for the reductions in GLT-1 observed with METH in vitro. Repeated 

administration of METH in an in vivo CPP assay produced increased levels of GLT-1 in 

the medial PFC and hippocampus in an oxytocin-dependent manner (Qi et al., 2012, Han 

et al., 2014). Overexpression of GLT-1 with recombinant adenovirus administration in 

the NAcc shell attenuates METH CPP (Fujio et al., 2005), while no current studies have 

evaluated the NAcc core GLT-1 expression. While COC and the amphetamines differ in 

their effects on GLT-1 expression in the reward circuity reported in the literature, 

pharmacological targeting of GLT-1 with COC, METH, and amphetamine has been 

successful in attenuating rewarding and reinforcing behaviors of these psychostimulants.  

Ceftriaxone (CEF) is a beta-lactam antibiotic that has been found to both increase 

activity and expression of GLT-1 through interaction with the NF-κB signaling pathway. 

CEF activates NF-κB, resulting in NF-κB binding to the GLT-1 promotor region leading 

to increased transcription (Lee et al., 2008). This process requires repeated treatment with 

CEF (for >5 days) to observe a significant increase GLT-1 expression in the NAcc or 

PFC (Rao and Sari, 2014). After identifying CEF as a GLT-1 activator, several studies 

have investigated the effects of CEF on psychostimulant-induced locomotor activity, 

reward and reinforcement. In both mice and rats, CEF blocks the development and 

expression of COC behavioral sensitization (Sondheimer and Knackstedt, 2011, Tallarida 

et al., 2013). CEF is efficacious in attenuating cue- and cue+COC-induced relapse of 

COC seeking in IVSA reinstatement models when administered either during extinction 
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procedures, or as a pretreatment 5 days prior to and throughout acquisition of COC IVSA 

(Knackstedt et al, 2010; Sari et al, 2009; Sondheimer et al, 2011).  

Extinction procedures in preclinical reinstatement models mimic cue exposure 

therapy, a behavioral paradigm employed by clinicians that repeatedly exposes drug users 

to drug-related stimuli in the absence of drug availability (Conklin and Tiffany, 2002, 

Havermans and Jansen, 2003, Myers et al., 2011). This process attempts to decrease 

relapse by attempting to “break” associations between drug craving, use, and drug-related 

environmental stimuli. In rat extinction-reinstatement models, pressing of the active lever 

during acquisition results in drug infusions with associated cues (eg. illumination of a 

light above the active lever, removal of the house light, a specific frequency tone) that 

becomes an environmentally-associated drug cue as drug taking stabilizes (Epstein et al., 

2006). In extinction procedures, both the infusions of drugs and cues are removed, 

leading to a reduction in active lever presses over time as the animal learns that the active 

lever is no longer reinforced (Bouton 2004, Bouton and Moody, 2004).  

During extinction of COC IVSA, 5 days of CEF administration restores basal 

glutamate levels in the NAcc core and decreases excitatory post synaptic currents during 

reinstatement (Trantham-Davidson et al., 2012). This study led to the discovery of 

repeated CEF increasing xCT expression ex vivo, expanding on in vitro literature that had 

previously identified CEF as increasing xCT transcription in vitro (Lewerenz et al., 2009, 

Rao et al., 2014). Activation of both GLT-1 and xCT systems may explain the efficacy of 

CEF across multiple time points of administration, where CEF can decrease drug-induced 

hyperglutamatergic states throughout drug taking via GLT-1 activity, and rectify  

hypoglutamatergic states through extrasynaptic glutamate contributions by xCT. While 
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CEF shows promising preclinical efficacy in COC addiction, its antibiotic activity, 

gastrointestinal side effects, and poor blood-brain barrier penetrability prevents CEF from 

consideration as a viable therapeutic in humans (Spector, 1987).  

Limited information is available investigating the effects pharmacological 

activation of GLT-1 on reward and reinforcing behaviors of amphetamines. CEF 

attenuates reinstatement of METH CPP when administered during extinction, and 

attenuates behavioral sensitization of amphetamine (Rasmussen et al., 2011, Abulseoud 

et al., 2012). MS-153, another GLT-1 activator, dose-dependently blocks the 

development both COC and METH CPP, with no effects on acute locomotor activation 

by either drug (Nakagawa et al., 2005). To date, no GLT-1 activators have been 

investigated for efficacy in IVSA reinstatement paradigms with any of the abused 

amphetamines.   

Another glutamate transporter of interest in psychostimulant addiction is xCT, the 

catalytic subunit of the cystine-glutamate antiporter. xCT is widely expressed in several 

CNS cell subtypes, including astrocytes, fibroblasts, neurons, and is expressed throughout 

the reward center (Burdo et al., 2006, La Bella et al., 2007). Its primary function in terms 

of glutamatergic signaling is to regulate nonsynaptic glial release of glutamate in 

response to hypoglutamatergic states. Additionally, xCT-induced glutamate release 

causes indirect activation of presynaptic mGluR2/3 receptors, which decreases vesicular 

glutamate release (Moran et al., 2003, Bridges et al., 2012). N-acetylcysteine (NAacetyl) 

has been identified as a pharmacological activator of xCT, specifically through its pro-

drug metabolism into cystine driving the uptake of synaptic cystine and release of 

glutamate.  



28 
 

Neuroadaptations in xCT function have been observed in the context of 

psychostimulant abuse. COC self-administration decreases xCT activity ex vivo, with 

those decreases in activity directly resulting in decreased extracellular glutamate in the 

NAcc during COC withdrawal (Baker et al., 2003). Activation of xCT by NAcetyl 

administration directly into the NAcc core reduces the amplitude of evoked presynaptic 

glutamatergic synaptic currents through interaction with mGluR2/3 and mGluR5 

(Kupchik et al., 2012). Animals trained to self-administer COC under both ShA and LgA 

conditions showed COC-primed reinstatement that was dose-dependently attenuated by 

pretreatment with N-acetylcysteine (100 mg/kg, IP) both immediately before 

reinstatement testing or pretreatment before each COC IVSA acquisition session 

(Madayag et al., 2007, Kau et al., 2008). Pretreatment with N-acetylcysteine prior to each 

COC acquisition session also show reductions specifically in COC seeking, but not 

taking (ie. active lever presses vs. drug reinforcers), in both early- and late-stages of 

acquisition of COC IVSA (Murray et al., 2012b). In LgA, but not ShA IVSA, animals 

pretreated during acquisition with N-acetylcysteine also showed a decreased escalation of 

drug taking (Amen et al., 2011). N-acetylcysteine administered during extinction 

procedures or home cage COC abstinence dose-dependently attenuated cue- and 

cue+COC reinstatement, with greater efficacy observed when N-acetylcysteine treatment 

is paired with extinction procedures (Reichel et al., 2011, Reichel and See, 2012). In 

addition to its reported preclinical therapeutic efficacy, N-acetylcysteine has also shown 

mixed efficacy in human clinical trials (Deepmala et al., 2015). While the measured 

outcomes in these trials are promising, deeper exploration through more complex and 
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thorough trial designs are necessary to give a more definitive answer on the human 

therapeutic potential of N-acetylcysteine.  

Decades of research has led our collective understanding of the neurological 

mechanisms governing psychostimulant addiction. The novelty of the synthetic cathinone 

abuse problem has left significant voids in the neuropharmacology literature pertaining to 

mechanisms of actions of cathinones. Applying the insight gained from investigations 

into drugs like cocaine and methamphetamine, our studies sought to expound on our 

neuropharmacological understanding of synthetic cathinones. Employing neurochemical 

techniques and behavioral assays, these studies herein focus on filling critical gaps of 

knowledge in the constantly-changing landscape of designer drugs of abuse.  

General Summary of Objectives 

 Synthetic cathinones are one of the more popular classes of novel psychoactive 

substances, with the scope and severity of synthetic cathinone abuse growing 

exponentially in the past decade. The novelty of synthetic cathinone abuse as a public 

health concern hasn’t allowed ample time for researchers to fully develop the 

neuropharmacological profiles of all the commonly abused cathinones, including MEPH 

and MDPV. Experts studying the neuropharmacology of emerging synthetic drugs have 

identified synthetic cathinones as a class of drugs that may require targeted intervention 

in the future, specifically sighting MEPH and MDPV as those at the forefront of the 

problem (Glennon, 2014). Exploration into the mechanisms of action of MEPH and 

MDPV are necessary to fully characterize the abuse liability of synthetic cathinones and 

to provide a knowledge base necessary for the development of thereapeutics targeting 

synthetic cathinone addiction.  
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 The studies presented in this dissertation address a number of knowledge gaps in 

the current understanding of MEPH and MDPV neuropharmacology. The effects of 

repeated, intermittent MEPH administration on behavioral sensitization, as well as cross-

sensitization with commonly abused psychostimulants, are addressed in detail. The 

contributions of individual enantiomers to the neurochemical and behavioral profile of 

MEPH will be discussed, providing further explanation into the stereospecific 

mechanisms of MEPH. The role of the glutamate system in the actions of synthetic 

cathinones will be discussed, specifically highlighting MDPV-induced alterations in 

glutamate transporter expression and the effects of glutamate transporter activation on 

MDPV reward and reinforcement behaviors. Together, these studies address a 

considerable void in the synthetic cathinone literature, and provide a foundation for 

further research into MEPH, MDPV and second-generation cathinone analogues.   
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CHAPTER 2  

MEPHEDRONE (4-METHYLMETHCATHINONE), A PRINCIPAL 

CONSTITUENT OF PSYCHOACTIVE BATH SALTS, PRODUCES 

BEHAVIORAL SENSITIZATION IN RATS 

Gregg RG, Tallarida CS, Reitz A, McCurdy C, Rawls SM. 

Mephedrone (4-methylmethcathinone), a principal constituent of psychoactive bath salts, 

produces behavioral sensitization in rats. Drug and Alcohol Dependence 133(2): 746-750. 

Introduction 

Mephedrone (4-methylmethcathinone) (MEPH) is a constituent of psychoactive 

“bath salts” that continues to gain a foothold in the illicit drug market, best demonstrated 

in a recent survey of drug users in the United Kingdom where MEPH was the sixth most 

frequently used drug of abuse (Winstock et al., 2011a and 2011b). MEPH acts as a 

substrate of plasma membrane monoamine transporters, acting as a weak locomotor 

stimulant in rats compared to psychostimulants like METH (Angoa-Perez et al., 2012, 

Baumann et al., 2012, Motbey et al., 2012). MEPH increases extracellular dopamine 

(DA) and serotonin (5-HT) in the NAcc, with preferential elevation of 5-HT over DA, 

and produces inward depolarizing currents at the DA transporter similar to DA-releasing 

agents, such as amphetamine and METH (Kehr et al., 2011, Cameron et al., 2012). 

Consistent with its reported psychoactive properties, MEPH produces conditioned place 

preference (CPP) in rats and mice and is self-administered by rats that are maintained on 

a fixed-ratio schedule of reinforcement (Hadlock et al., 2011, Lisek et al., 2012, Ramoz et 

al., 2012). The ability of repeated, intermittent MEPH administration to produce 

sensitization to the stimulant effects of acute MEPH challenge has not been extensively 
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investigated (Lisek et al., 2012, Shortall et al., 2012). Behavioral sensitization is 

produced by psychostimlant drugs and involves repeated administration of the drug, an 

abstinence interval in which the drug is not administered, and reintroduction to the drug 

(Steketee and Kalivas, 2011). Sensitization is present when motor activity produced by 

repeated drug exposure exceeds that produced by initial exposure (Kalivas and Stewart, 

1991, Paulson et al., 1991, Vezina 2004). On the basis of its structural and 

pharmacological similarities to commonly abused amphetamine derivatives, we 

hypothesized that repeated exposure to MEPH would elicit behavioral sensitization in 

rats. 

Materials and Methods 

Animals and drugs 

Male Sprague-Dawley rats (260-290 g) (Harlan Laboratories, Indianapolis, IN) 

were housed 2 per cage and maintained on a 12-hour light-dark cycle. Food and water 

were provided ad libitum. Animal use procedures were conducted in accordance with the 

NIH Guide for the Care and Use of Laboratory Animals and institutional Guidelines for 

the Care of Animals. MEPH was synthesized by Drs. Allen Reitz and Christopher 

McCurdy and dissolved in physiological saline and injected intraperitoneally (ip). 

Dosing schedules and behavioral experiments 

Two sensitization paradigms were used. One was a variable-dose paradigm 

adapted from Kalivas and Duffy (1998) as follows: day 1 (15 mg/kg MEPH or saline); 

days 2-6 (30 mg/kg MEPH or saline); day 7 (15 mg/kg MEPH or saline); and 15 mg/kg 

MEPH after 2 or 10 days of drug abstinence. Activity was measured following acute 
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MEPH exposure on day 1, after 7 days of repeated MEPH exposure, and following 

MEPH challenge after 2 and 10 days of drug abstinence. The second paradigm was a 

constant-dose model in which rats were injected with 15 mg/kg MEPH or saline for 5 

days and then challenged with 15 mg/kg MEPH after 10 days of drug abstinence 

(Rasmussen et al., 2011). Activity was measured following MEPH challenge. Injections 

were conducted in home cages except for days on which activity was measured. For 

behavioral experimentation, rats were placed individually into activity chambers and 

allowed to acclimate for 60 min. Basal activity was recorded for 60 min prior to MEPH 

or saline injection, followed by recording of activity for 90 min post-injection. The 

Digiscan DMicro system (Accuscan, Inc., Columbus, OH) was used to measure 

ambulatory activity and repetitive movements (Lisek et al., 2012; Rasmussen et al., 

2011). The chambers consisted of transparent plastic boxes (45 cm × 20 cm × 20 cm) set 

inside metal frames equipped with 16 infrared light emitters and detectors. The beam 

height was 4.5 cm, and the space between beams was 2.5 cm. The number of photocell 

beam breaks was recorded by a computer interface. Ambulatory activity was recorded as 

consecutive beam breaks resulting from horizontal movement. Non-ambulatory activity 

was recorded by repetitive-beam breaks. Movement resulting from repetitive-beam 

breaks does not identify specific stereotypic behavior, rather repeated breaks of the same 

beam are indicative of a stationary animal engaged in a repetitive behavior. Thus, we 

designated horizontal-beam breaks as ambulatory activity and repetitive-beam breaks as 

repetitive movement.                                                                                                                                                   

 Two additional experiments were conducted for comparative purposes. One 

experiment tested a lower dose of MEPH (5 mg/kg) using a constant-dosing schedule 
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(i.e., 5 mg/kg MEPH injected for 5 days and challenged with 5 mg/kg MEPH after 10 

days of no injections). The second experiment combined the variable-dosing schedule 

with a context-dependent design in which all injections were performed in the activity 

chambers. 

Statistical Analysis 

Eight rats were used per experimental group. Data were analyzed using repeated-

measures ANOVA (within-subjects, Fig. 2.1) or two-way ANOVA with pretreatment and 

treatment as variables (between-subjects, Figs. 2.2). In cases of a significant ANOVA, a 

Bonferroni test was used to identify differences between groups. p < 0.05 was considered 

statistically significant. 

Results 

Repeated MEPH exposure produces sensitization of repetitive movements 

Activities produced by acute (day 1) and repeated (day 7) MEPH exposure are 

presented in Fig. 2.1. Repetitive movement is presented in Fig. 2.1A as the total number 

of repetitive-beam breaks in the 90 min following MEPH (or saline) injection (time-

course data are shown in box). Significant effects on treatment [F(1, 14) = 66.69, p < 

0.0001], time [F(1, 14) = 10.19, p < 0.01], and interaction [F(1, 14) = 5.60, p < 0.01] 

were identified. Post-hoc analysis indicated that 7 days of repeated MEPH produced 

greater repetitive movement than acute MEPH exposure (day 1) (p < 0.001). For 

ambulatory activity (Fig. 2.1B), an effect of treatment [F(1, 14) = 84.89, p < 0.0001], but 

not time [F(1, 14) = 0.77, p > 0.05] or interaction [F(1, 14) = 3.48, p > 0.05], was 

identified. 
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Repeated, intermittent MEPH exposure elicits sensitization of repetitive movement across 

different dosing schedules and abstinence intervals 

Repetitive and ambulatory activities produced by MEPH challenge in rats 

exposed to chronic MEPH exposure under variable- and constant-dosing designs are 

presented in Fig. 2.2. The MEPH abstinence interval and injection contexts were also 

varied. For clarity, Fig. 2.2 data were obtained from rats exposed to the following 

parameters (Fig: parameters): (2.2A-B: variable dose, context-independent, 2-day 

withdrawal); (2.2C-D: variable dose, context-independent, 10-day withdrawal); (2.2E-F: 

variable dose, context-dependent, 10-day withdrawal); and (2.2G-H: constant dose, 

context-independent, 10-day withdrawal). 

For the variable-dosing design (Figs. 2.2A-F), the MEPH abstinence interval (2 or 

10 days) and context in which MEPH injections were administered (i.e., independent or 

dependent) were varied. For repetitive movement in the 2-day abstinence group (Fig. 

2.2A), significant effects on treatment [F(1,14)= 5.24, p < 0.05] and time [F(18,266)= 

9.48, p < 0.0001] were identified, and a significant interaction was detected [F(18,266)= 

3.59,p < 0.001]. Post-hoc analysis indicated that MEPH challenge produced greater 

repetitive movement in MEPH-pretreated rats than in previously MEPH-naïve rats (p < 

0.001, 10 min post-injection and p < 0.01, 15 min post-injection). For repetitive 

movement in the 10-day abstinence group (Fig. 2.2C), significant effects on treatment 

[F(1, 14) = 14.08, p < 0.001] and time [F(18, 266) = 12.62, p < 0.0001] were identified, 

but a significant interaction was not detected [F(18, 266) = 0.74, p > 0.05]. Post-hoc 

analysis indicated that repetitive movements following MEPH challenge was greater in  
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Figure 2.1. Effects of repeated MEPH exposure on (a) repetitive movements and (b) 

ambulatory activity. Rats were treated with 15 mg/kg MEPH or saline (SAL) on day 1, 

30 mg/kg MEPH or SAL on days 2-6, and 15 mg/kg MEPH or SAL on day seven. 

Repetitive movements (A) and ambulatory activity (B) were measured on days 1 and 7. 

Data are expressed as cumulative counts ± S.E.M for the 90 minutes after MEPH or SAL 

injection, or as a time course (box). N=8 rats/group. ***p<0.001 compared to day 1 

exposure.  
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Figure 2.2. Effects of repeated, intermittent MEPH exposure across different 

abstinence intervals, dosing patterns, and injection contexts. (2.2A-F) Variable dose: 

Rats were treated with 15 mg/kg MEPH on day 1, 30 mg/kg MEPH on days 2-6, 15 

mg/kg MEPH on day 7 in context-independent (2.2A-D) or context-dependent (1.2E and 

F) designs. Following 2 days (2.2A and B) or 10 days (2.2C-F) of no injectiosn, rats were 

challenged with MEPH and activity was measured for 90 minutes. (2.2G and H) Constant 

dose: Rats were treated with 15 mg/kg MEPH for 5 days and challenged with MEPH (15 

mg/kg) after 10 days of drug abstinence. In all cases, time course data following MEPH 

challenge are presented as counts ± S.E.M. N=8 rats/group. * p<0.05, **p<0.01 or 

***p<0.001 in repeated administration groups compared to respective acute MEPH 

group.   
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MEPH-pretreated rats than in rats previously naïve to MEPH (p < 0.05, 5 min post-

injection). For context-dependent experiments (i.e., all MEPH injections were given in 

the activity chambers) (Fig. 2.2E), significant effects of treatment [F(1, 14) = 37.42, p< 

0.0001] and time [F(18, 266) = 10.72, p < 0.0001], but not interaction [F(18, 266) = 

1.33, p > 0.05]), were identified. Post-hoc analysis indicated that MEPH challenge 

produced greater repetitive movement in MEPH-pretreated rats than in previously 

MEPH-naive rats (p < 0.05, 20 min post-injection. For ambulatory activity (Figs. 2.2B, 

2.2D, 2.2E), significant treatment effects were not observed under any of the conditions 

for the variable-dosing design (p > 0.05). 

For the constant-dose paradigm (10 days of MEPH abstinence, context-

independent) (Fig. 2.2G), effects on treatment [F(1, 14) = 33.19, p < 0.0001], time [F(18, 

266) = 16.76, p < 0.0001], and interaction [F(18, 266) = 2.85, p < 0.0001] were 

identified. MEPH challenge produced greater stereotypical activity in MEPH-pretreated 

rats than in previously MEPH-naïve rats [20 min (p < 0.05), 25 min (p < 0.001), 30 min 

(p < 0.05), 35 min (p < 0.05)]. Ambulatory sensitization was not detected (p > 0.05) (Fig. 

2.2H). In rats treated with a lower dose of MEPH (5 mg/kg × 5 days) or saline (5 days) 

under the same conditions (i.e., constant-dose, 10 days of MEPH abstinence, context-

independent), repetitive and ambulatory activities produced by MEPH (5 mg/kg) 

challenge following 10 days of drug abstinence were not significantly different (p > 0.05) 

(data not shown). 

Discussion 

Repeated MEPH exposure produced sensitization to repetitive movement caused 

by acute MEPH. The effect was consistent across multiple paradigms (i.e., constant-



40 
 

dosing and variable dosing schedules, 2- and 10-day MEPH abstinence intervals, and 

context-independent and context-dependent designs). Commonalities between 

sensitization produced by MEPH and established psychostimulant drugs (e.g. COC, 

METH, MDMA) included the presence of sensitization before and after a  

fixed period of drug abstinence and following short (2 day) and longer (10 day) drug 

abstinence periods (Kalivas et al., 1998, Ball et al., 2006).  

Sensitization produced by MEPH was preferentially expressed as an increase in 

repetitive movement; sensitization of ambulatory activity was not detected in any 

paradigm. The preferential sensitization of repetitive movement may be related to 

multiple factors, including magnitude of dose, frequency of dosing, and duration of 

MEPH abstinence. For example, in the case of COC and commonly abused amphetamine 

derivatives, extension of the drug abstinence interval following repeated exposure results 

in more robust behavioral sensitization (Kalivas and Duffy, 1993). In cases of higher 

doses or more frequent dosing, detectable sensitization is even more dependent on longer 

drug abstinence periods (Paulson et al. 1991; Kalivas and Duffy 1993). We speculated 

that the relatively high doses of MEPH (15, 30 mg/kg) used here contributed to the 

preferential sensitization of repetitive movement. Since these doses of MEPH fall on the 

high-end of the dose-response curve, they might be more apt to stimulate repetitive 

movement rather than ambulation. Lower doses of MEPH (e.g. between 3 and 10 mg/kg) 

do enhance ambulatory activity (Lisek et al., 2012,  Kehr et al., 2011). When a lower 

dose of 5 mg/kg was tested here, the sensitization of repetitive movement that was 

observed at higher dosing schedules was not detected. Furthermore, sensitization of 

ambulatory activity was still not detected with the lower dose. We also speculated that 
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the context of MEPH administration impacted the quality (repetitive- versus horizontal-

beam breaks) and magnitude of behavioral sensitization (Ball et al., 2011). For MDMA, 

sensitization in paired rats (i.e., those injected in activity chambers) was expressed as an 

increased repetitive movement whereas sensitization in unpaired rats (i.e., those injected 

in home cages) was expressed as enhanced ambulation (Ball et al., 2011). To control for 

effects of context, we conducted an additional experiment in which MEPH injections 

were always paired with the activity chamber. Results from the context-dependent 

paradigm were similar to context-independent findings; that is, rats displayed a weak, 

transient sensitization of repetitive movement.  

In summary, the major finding of the present study is that MEPH produces 

relatively weak behavioral sensitization. A consistent finding across multiple dosing 

schedules and patterns was preferential sensitization of repetitive movement; 

sensitization of ambulatory activity was not detected in the paradigms used here. While it 

is evident that considerable overlap exists between sensitization produced by COC and 

commonly abused amphetamine derivatives, it is equally apparent that the behavioral 

stimulant profile of MEPH cannot be simply extrapolated from previous findings with 

established psychostimulant drugs. 
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CHAPTER 3 

MEPHEDRONE INTERACTIONS WITH COCAINE AND 

METHAMPHETAMINE: PRIOR EXPOSURE TO THE ‘BATH SALT’ 

CONSTITUENT ENHANCES COCAINE-INDUCED LOCOMOTOR 

ACTIVATION IN RATS  

Gregg RG, Tallarida CS, Reitz AB, Rawls SM (2013).  

Mephedrone interactions with cocaine: prior exposure to the ‘bath salt’ constituent enhances cocaine-

induced locomotor activation in rats. Behav Pharmacology 24(8): 684-688. 

Introduction 

Mephedrone (MEPH) shares structural and pharmacological features with abused 

psychostimulants and is highly popular among recreational drug users, especially in the 

UK, where it was recently identified as the sixth most frequently used drug of abuse 

(Winstock et al., 2011a). MEPH produces locomotor activation in rats, but possesses a 

weaker locomotor stimulus than methamphetamine (METH)(Baumann et al., 2013a, 

Huang et al., 2012). MEPH increases extracellular dopamine and serotonin (5-HT) in the 

rat nucleus accumbens, with greater augmentation of 5-HT (Kehr et al., 2011, Baumann 

et al., 2012). Consistent with its reported psychoactive properties, MEPH produces 

conditioned place preference (CPP) (Lisek et al., 2012), is self-administered (Hadlock et 

al., 2011, Aarde et al., 2013a), and displays weak locomotor sensitizing properties (Gregg 

et al., 2013) in laboratory animals. Polydrug abuse is commonly practiced among those 

taking MEPH with greater than 80% of MEPH users reporting the use of COC, 

amphetamine derivatives, alcohol, tobacco, and cannabis (Prosser and Nelson, 2012). 

Materials and Methods 
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Animals and drugs 

Male Sprague-Dawley rats (260-290 g) (Harlan Laboratories, Indianapolis, IN) 

were housed 2 per cage and maintained on a 12-hour light-dark cycle. Food and water 

were provided ad libitum. Animal use procedures were conducted in accordance with the 

NIH Guide for the Care and Use of Laboratory Animals and Institutional Guidelines for 

the Care of Animals. Racemic MEPH (4-methylmethcathinone) was synthesized by Dr. 

Allen Reitz using previous described methods (Gregg et al., 2013). COC hydrochloride 

and METH were provided by NIDA. Drugs were dissolved in saline and injected 

intraperitoneally (ip).  

Dosing schedules, cross-sensitization paradigms, and assessment of locomotor activity 

Doses, dosing schedules, and experimental paradigms were based on our previous 

work (Gregg et al., 2013; Kovalevich et al., 2012). To investigate effects of prior MEPH 

exposure on COC efficacy, rats were injected for 5 days with saline, COC (15 mg/kg), or 

MEPH (15 mg/kg) and challenged with COC (15 mg/kg) 10 days later. To examine 

effects of prior COC exposure on MEPH efficacy, rats were injected for 5 days with COC 

(15 mg/kg) or saline were challenged with MEPH (15 mg/kg) 10 days later. 

MEPH/METH interactions were investigated in separate experiments. To investigate 

effects of prior MEPH exposure on METH efficacy, rats were injected with saline, 

METH (2 mg/kg), or MEPH (15 mg/kg) and challenged with METH (2 mg/kg) 10 days 

later. Effects of METH exposure on MEPH efficacy were investigated by injecting rats 

with saline or METH (0.5 or 2 mg/kg) for 5 days and then challenging with MEPH (15 

mg/kg) 10 days later. 
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Locomotor activity was measured following psychostimulant challenge on the last 

day of injections. Rats were placed individually into activity chambers and allowed to 

acclimate for 60 min. Basal activity was then recorded for 30 min, followed by drug 

injection and recording of activity for at least 60 min. The Digiscan DMicro system 

measured ambulatory activity as consecutive beam breaks resulting from horizontal 

movement and non-ambulatory activity as repetitive-beam breaks, which were summated 

into total activity counts (Lisek et al., 2012). Eight rats per group were used.  

Statistical analysis 

Temporal data were analyzed with a two-way ANOVA (treatment, time) or 

Student’s t-test. Cumulative data were analyzed by a one-way ANOVA or Student’s t-

test. Group differences were identified with a Bonferroni or Dunnett’s test. p < 0.05 was 

considered statistically significant. 

Results 

Effects of MEPH and COC on locomotor activity  

Effects of MEPH or COC exposure on COC -induced locomotor activity are 

shown in Fig. 3.1A. Treatment [F(2, 21) = 23.52, p < 0.0001] and time [F(12, 273) = 

32.67, p < 0.0001] effects, and a significant interaction [F(24, 273) = 3.39, p < 0.0001] 

were identified for temporal data. A main effect [F(2, 21) = 6.65, p < 0.01] was identified 

for cumulative data (30 min post-injection) (Fig. 3.1A, box). Post-hoc analysis of 

cumulative data indicated that COC produced greater locomotor activity in MEPH- (p < 

0.05) or COC - (p < 0.01) exposed rats compared to previously drug-naïve rats; further, 

no difference in COC -induced locomotor activity was detected between rats previously 
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treated with COC or MEPH (p > 0.05). Similar effects were observed for time-course 

data in that MEPH- or COC -exposed rats displayed enhanced locomotor activation 

following COC challenge compared to saline-pretreated controls. Results of the converse 

situation (prior COC exposure on MEPH efficacy) are presented in Fig 3.1B, and analysis 

of temporal and cumulative data revealed that locomotor activity induced by MEPH 

challenge was not different in rats pretreated with saline or COC (p > 0.05).          

Effects of MEPH and METH on locomotor activity                          

Effects of METH/MEPH interactions are shown in Fig. 3.2A-B. For effects of 

prior MEPH or METH exposure on METH-induced hyperlocomotion (Fig. 3.2A), 

treatment [F(2, 21) = 177.9, p < 0.0001] and time [F(18, 399) = 9.85, p < 0.0001] effects, 

and a significant interaction [F(36, 399) = 1.80, p < 0.01], were identified. For 

cumulative data (60 min post-injection) a significant main effect [F(2, 21) = 27.52, p < 

0.0001] was identified (Fig. 3.2A, box). Post-hoc analysis indicated METH produced 

greater locomotor activity in previously METH-treated rats than in rats previously treated 

with MEPH or saline (p < 0.001). Locomotor activity induced by METH challenge was 

not different following pretreatment with MEPH or saline (p < 0.05). For the converse 

situation (prior METH exposure on MEPH efficacy) (Fig 3.2B), analysis of temporal and 

cumulative data indicated that locomotor activity induced by MEPH challenge (15 

mg/kg) was not different following pretreatment with saline or METH (0.5, 2 mg/kg) (p 

> 0.05). 

Discussion 



46 
 

 Our study revealed that prior MEPH exposure enhances the locomotor-stimulant 

properties of COC and MEPH cross-sensitizes to COC. Behavioral cross-sensitization 

has been established between several psychostimulants, including COC and amphetamine 

(Brandon et al., 2001), methylphenidate and amphetamine (Itzhak et al., 2003), and 

methylphenidate and COC (Achat-Mendes et al., 2003). The mechanism underlying 

MEPH cross-sensitization with COC is unclear. A general explanation for two drugs that 

cross-sensitize is that they act through overlapping mechanisms, but the phenomenon, 

even for established psychostimulants, is poorly understood. COC itself displays strong 

behavioral sensitizing properties (Pierce et al., 1996; Steketee and Kalivas, 2011) 

whereas MEPH possesses weaker motor-sensitizing properties, with preferential effects 

on stereotypical activity, that are nonetheless consistent across multiple doses, dosing 

schedules and contexts (Gregg et al., 2013). MEPH and COC enhance brain stimulation 

reward to similar extents (Robinson et al., 2012). In drug discrimination studies, MEPH 

fully substitutes for the discriminative stimulus effects of COC (Gatch et al., 2013), and 

COC partially substitutes for the discriminative stimulus effects of MEPH (Varner et al., 

2013). One explanation for the locomotor cross-sensitization observed here is that COC 

and MEPH produce overlapping increases in extracellular dopamine but through 

separable mechanisms (Kehr et al., 2011); MEPH is a substrate of plasma membrane 

monoamine transporters that produces depolarizing currents at the dopamine transporter 

similar to dopamine-releasing agents (eg. METH) whereas COC is a dopamine uptake 

blocker (Cameron et al., 2012). Additive, or synergistic, drug-drug interactions are often 

most pronounced in cases in which individual drugs administered in combination produce 

qualitatively similar effects but through distinguishable pharmacological mechanisms  
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Figure 3.1. Effects of mephedrone and cocaine exposure on locomotor activity. (a) 

Rats pretreated for 5 days with saline (SAL), cocaine (COC; 15 mg/kg), or mephedrone 

(MEPH, 15 mg/kg) were challenged with COC (15 mg/kg) 10 days later. (b) Rats 

pretreated with SAL or COC (15 mg/kg) were challenged with MEPH (15 mg/kg). 

Temporal data are expressed as activity counts ± S.E.M. following (a) COC or (b) MEPH 

injection (arrow). Cumulative data (box) are expressed as total activity counts ± S.E.M. 

following COC (0-30min) or MEPH (0-90min) injection. N=8 rats/group. ***p<0.001, 

**p<0.01, or *p<0.05 compared with SAL/COC; +p<0.05 compared with COC/COC. 
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Figure 3.2. Effects of mephedrone and methamphetamine exposure on locomotor 

activity. Effects of mephedrone (MEPH) and methamphetamine (METH) exposure on 

locomotor activity. (a) Rats pretreated with saline (SAL), METH (2 mg/kg), or MEPH 

(15 mg/kg) were challenged with METH (2 mg/kg). (b) Rats pretreated with saline or 

METH (0.5, 2 mg/kg) were challenged with MEPH (15 mg/kg). Temporal data are 

expressed as activity counts ± S.E.M following (a) METH or (b) MEPH injection 

(arrow). Cumulative data (box) are expressed as total activity counts following METH 

(0-90min) or MEPH (0-90min) injection. N=8 rats/group. ***p<0.001, **p<0.01, or 

p<0.05 compared with SAL/METH; +++ p<0.001 compared with METH/METH.  
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(Tallarida, 2012). Thus, in the present case, a synergistic increase in dopamine 

transmission following combined administration of a dopamine-releaser (MEPH) and 

dopamine-uptake blocker (COC) may have facilitated MEPH cross-sensitization with 

COC. 

 Counter to our hypothesis, MEPH and METH did not display cross sensitization. 

The reason for the lack of locomotor interaction is unknown, but it should be noted that 

MEPH’s neuropharmacological profile is often compared with MDMA (ecstasy), and 

that crossover effects of MDMA with COC are more consistent than with amphetamine 

derivatives (Modi et al., 2006). For example, MDMA pretreatment enhances behavioral 

responses to COC (Kalivas et al., 1998; Itzhak et al., 2003; Achat-Mendes et al., 2003; 

Fletcher et al., 2001; Morgan et al., 1997). Crossover between MDMA and 

amphetamines is more variable, with no effect (Modi et al., 2006; Cornish et al., 2003; 

Cole et al., 2003) and positive (Callaway and Geyer, 1992) effects both reported in the 

literature. The lack of interaction may be related to the fact that MEPH and METH are 

both dopamine transporter substrates, as opposed to the combination of MEPH and COC 

that consists of dopamine releaser and uptake blocker.  Finally, the most parsimonious 

explanation may be that cross-sensitization studies are highly dependent on dose, dosing 

schedule, experimental paradigm (e.g. repeated exposure interval, withdrawal period, 

administration context), and species/strain. The identification of behavioral crossover, 

such as that observed between COC and MEPH, can indeed provide a foundation for 

studying underlying mechanism. Conversely, despite the use of relatively equi-effective 

doses of MEPH and METH, and testing of low and high doses of METH, the possibility 
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that different doses or paradigms might have yielded a different outcome cannot be 

excluded. 
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CHAPTER 4 

STEREOCHEMISTRY OF MEPHEDRONE NEUROPHARMACOLOGY: 

ENANTIOMER-SPECIFIC BEHAVIORAL AND NEUROCHEMICAL EFFECTS 

IN RATS 

Gregg RA, Baumann MH, Partilla JS, Bonano JS, Vouga A, Tallarida CS, Velvadapu V, 

Smith GR, Peet MM, Reitz AB, Negus SS, Rawls SM (2015).  

Stereochemistry of mephedrone neuropharmacology: enantiomer-specific behavioral and 

neurochemical effects in rats. British Journal of Pharmacology 172(3): 883-894. 

Introduction 

Synthetic cathinones are novel psychoactive substances that have made an impact on 

the United States and worldwide drug culture over the past decade. Often referred to as 

“bath salts,” synthetic cathinones are a group of β-ketone amphetamine compounds 

related to the parent compound cathinone (Carroll et al., 2012). These compounds rapidly 

entered the illicit drug market as substitutes for established drugs of abuse following 

decreasing purity and availability of abused psychostimulants. Illicit drug manufacturers 

popularized cathinones as “legal” high alternatives to illegal psychostimulants with heavy 

Internet-based marketing labeling synthetic cathinones as “not for human consumption” 

(Deluca 2009, Brandt et al., 2010, Schifano et al., 2011, Brunt et al., 2011). Mephedrone 

(4-methylmethcathinone, MEPH) is a commonly abused synthetic cathinone, with users 

reporting stimulant properties similar to COC and empathogenic properties similar to 3,4-

methylenedioxymethamphetamine (MDMA, ‘ecstasy’)(Winstock et al., 2011a and 

2011b, Motbey et al., 2012). Legislation passed in the US, UK and several European 

countries have made MEPH illegal, and while some data suggest a concurrent reduction 
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in MEPH use, MEPH is still abused worldwide despite its illegality, often still being sold 

under “legal high” brand titles (McElrath and O’Neill, 2011).  

Similar to other amphetamines and cathinones, MEPH has a chiral center at the α-

carbon, and stably exists as two enantiomers, R-mephedrone (R-MEPH) and S-

mephedrone (S-MEPH). All preclinical studies investigating the effects of MEPH use 

have examined racemic MEPH. Racemic MEPH is a nonspecific monoamine transporter 

substrate that acts on the dopamine (DA) and serotonin (5-HT) transporters to cause 

reuptake inhibition and promote extracellular release (Lopez-Arnau et al., 2012, 

Baumann et al., 2012, Eshleman et al., 2013). This action on monoamine transporters 

increases extracellular DA and 5-HT in the nucleus accumbens of rats (Kehr et al., 2011). 

Racemic MEPH increases locomotor activity following acute exposure and produces 

sensitization of repetitive movements following repeated exposure (Shortall et al., 2012, 

Wright et al., 2012, Gregg et al., 2013a and 2013b, Motbey et al., 2013). In addition, 

racemic MEPH produces conditioned place preference (CPP), lowers intracranial self-

stimulation thresholds at high brain stimulation frequencies, and is self-administered in 

rats (Hadlock et al., 2011, Lisek et al., 2012, Motbey et al., 2013, Bonano et al., 2013). 

Taken together, these effects illustrate that racemic MEPH produces behavioral and 

neurochemical effects that are consistent with a psychostimulant-type profile.   

Stereospecific effects of amphetamines and cathinones structurally similar to MEPH 

have been studied. R-cathinone is three times more potent than S-cathinone in causing 

DA release in the central nervous system, while S-MDMA displays 30-fold greater 

affinity for the DA transporter than R-MDMA (Kalix 1986, Setola et al., 2003). R- and S-

methcathinone produce neurotoxicity in DA neurons but only S-methcathinone produces 
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5-HT neurotoxicity (Sparago et al., 1996). S-methcathinone has a 3-fold greater potency 

as a discriminative stimulus substituting for COC compared to R-methcathinone in rats 

and S-MDMA and racemic MDMA are more consistently reinforcing in self-

administration than R-MDMA in rhesus monkeys (Glennon et al., 1995, Wang and 

Woolverton, 2007).  The structural similarities of MEPH to these amphetamines and 

cathinones exhibiting stereospecific behavioral and neurochemical effects suggest that 

MEPH may exhibit similar properties. 

Materials and Methods 

Animals and drugs 

Male Sprague-Dawley rats (260-290 g; Harlan Laboratories, Indianapolis, IN) 

were housed 2 per cage and maintained on a 12-hour light-dark cycle for all ambulatory 

activity/repetitive movements and CPP experiments. Food and water were provided ad 

libitum. Animal use procedures were conducted in accordance with the NIH Guide for the 

Care and Use of Laboratory Animals and Temple University Guidelines for the Care of 

Animals. Racemic MEPH (50/50 combination of R-MEPH and S-MEPH), R-MEPH and 

S-MEPH were synthesized by Dr. Allen Reitz at the Fox Chase Chemical Diversity and 

dissolved in physiological saline. The 5-HT2C antagonist SB242084 was purchased from 

Tocris Bioscience (Ellisville, MO) and dissolved in saline at 75°C. All injections were 

done intraperitoneally (ip). 

In vitro transporter assays 

Male Sprague-Dawley rats were euthanized by CO2 narcosis and brains were 

processed to yield synaptosomes as previously described (Rothman et al., 2011 and 
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2003). For uptake inhibition assays, 5 nM [3H]DA, 10 nM [3H]NE, and 5 nM [3H]5-HT 

were used to assess transporter activity at DAT, NET and SERT, respectively. The 

selectivity of uptake assays was optimized for a single transporter by including unlabeled 

blockers to prevent the uptake of [3H]transmitter by competing transporters. Reuptake 

inhibition assays were initiated by adding 100 μl of tissue suspension to 900 μl Krebs-

phosphate buffer (126 mM NaCl, 2.4 mM KCl, 0.83 mM CaCl2, 0.8 mM MgCl2, 0.5 mM 

KH2PO4, 0.5 mM Na2SO4, 11.1 mM glucose, 0.05 mM pargyline, 1 mg/ml bovine serum 

albumin, and 1 mg/ml ascorbic acid, pH 7.4) containing test drug and [3H]transmitter. 

Reuptake inhibition assays were terminated by rapid vacuum filtration through Whatman 

GF/B filters, and retained radioactivity was quantified by liquid scintillation counting. 

For release assays, 9 nM [3H]MPP+ was used as the radiolabeled substrate for DAT and 

NET, while 5 nM [3H]5-HT was used as a substrate for SERT. All buffers used in the 

release assay methods contained 1 μM reserpine to block vesicular uptake of substrates. 

The selectivity of release assays was optimized for a single transporter by including 

unlabeled blockers to prevent the uptake of [3H]MPP+ or[3H]5-HT by competing 

transporters. Synaptosomes were preloaded with radiolabeled substrate in Krebs-

phosphate buffer for 1 h (steady state). Release assays were initiated by adding 850 μl of 

preloaded synaptosomes to 150 μl of test drug. Release was terminated by vacuum 

filtration and retained radioactivity was quantified as described for uptake inhibition. 

Locomotor experiments: acute and repeated, intermittent dosing regiments  

Three experiments were performed to assess ambulatory activity and repetitive 

movements following exposure to MEPH enantiomers. In the first experiment, rats (n=8 

per group) were administered a single dose of R- or S-MEPH and activity was measured. 
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In the second experiment, rats (n=8 per group) were pretreated with either saline or 5-

HT2C antagonist SB242084 (0.5 mg/kg) 30 minutes prior to treatment with either saline 

or S-MEPH (10 mg/kg). 10 mg/kg was chosen as the dose for S-MEPH due to it being the 

last acute dose tested at which there were no differences observed in total repetitive 

movements or ambulatory activity between R- and S-MEPH. In the third experiment, rats 

(n=8 per group) were given a variable-dose sensitization paradigm that was previously 

shown to produce sensitization of repetitive movements with racemic MEPH (Gregg et 

al., 2013a and 2013b). Saline, R-MEPH or S-MEPH was given for 7 days using the 

following doses; day 1 (15 mg/kg R-MEPH/S-MEPH or saline), days 2-6 (30 mg/kg R-

MEPH/S-MEPH or saline), day 7 (15 mg/kg R-MEPH/S-MEPH or saline). Following 10 

days of drug abstinence, all groups were injected with 15 mg/kg R- or S-MEPH and 

activity was measured. Injections were conducted in home cages except for days on 

which activity was measured. 

For all behavioral experimentation, rats were placed individually into activity 

chambers and acclimated for 60 minutes, during which basal activity was recorded. 

Activity post-drug injection was recorded for 90 minutes using a Digiscan DMicro 

(Accuscan, Inc., Columbus, OH) (Lisek et al., 2012, Gregg et al., 2013a and 2013b). 

Chambers consisted of transparent plastic boxes (45 cm x 20 cm x 20 cm) set inside 

metal frames equipped with 16 infrared light emitters and detectors. The number of 

photocell beam breaks was recorded by a computer interface and expressed as counts. 

Ambulatory activity was recorded as consecutive beam breaks resulting from horizontal 

movement. Non-ambulatory activity resulting in repetitive beam breaks was recorded as 

repetitive movements. 
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Conditioned place preference assays 

CPP experiments (n=7-8 per group) were conducted using a counterbalanced, biased 

design. CPP chambers (45 cm x 20 cm x 20 cm) consisted of two compartments, 

separated by a removable door. Each compartment was environmentally distinguishable, 

with one compartment consisting of black walls and textured floor, and the other having 

white walls with vertical black stripes and a smooth floor. Each rat’s preference toward 

one side of the CPP chambers was assessed during a 30 minute pre-conditioning session 

in which rats were allowed access to both compartments and the time spent on each side 

was recorded. A rat was considered to be in a compartment if all forelimbs were in the 

compartment. The drug-paired side was designated as the non-preferred side during the 

pre-conditioning session.  

The 4 day conditioning phase began the day after pre-conditioning and at the same 

time of day for each rat. Rats received two conditioning sessions per day, one with an 

injection of R- or S-MEPH (for specific dosages, see Results section) and the other with 

an injection of saline. Following drug or saline administration, rats were confined to the 

drug-paired or saline-paired compartment for 30 minutes. This confinement time was 

chosen to ensure proper levels of MEPH were available in vivo based off the half-life of 

MEPH being 62min in vitro (Khreit et al., 2013). Drug and saline injections were 

conducted 4 hours apart and rats in the saline control group received saline on both sides 

of the chamber. One day after the final conditioning session, rats were evaluated for place 

preference by allowing free exploration of both sides of the chamber in a drug-free state 

for 30 minutes, during which time spent on each side was recorded and expressed as a 

preference score. 
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Intracranial self-stimulation assays 

Six adult male Sprague-Dawley rats (Harlan, Frederick, MD) weighing 342-366g at 

the time of surgery were individually housed and maintained on a 12h light/dark cycle. 

Rats were kept in a facility accredited by the Association for the Assessment and 

Accreditation of Laboratory Animal Care and had free access to food and water except 

during testing. Animal maintenance and research were in compliance with the National 

Institutes of Health guidelines on care and use of animal subjects in research. All animal 

use protocols were approved by the Virginia Commonwealth University Institutional 

Animal Care and Use Committee. 

During surgeries, rats were maintained under isoflurane (2.5-3% in oxygen; Webster 

Veterinary, Phoenix, AZ) anesthesia during bipolar electrodes implantation (Plastics One, 

Roanoke, VA). The cathode was implanted into the left medial forebrain bundle at the 

level of the lateral hypothalamus (2.8mm posterior to bregma, 1.7mm lateral to 

midsagittal suture, 8.8mm ventral to skull) using a stereotaxic device. Three screws were 

placed in the skull, and the anode was wrapped around the posterior screw to serve as a 

ground. The screws and electrode were secured to the skull with orthodontic resin. 

Ketoprofen (5mg/kg) was used for post-operative analgesia. Animals were allowed to 

recover for ≥7 days before ICSS training.  

Experiments were conducted in sound-attenuating boxes containing acrylic test 

chambers (29.2 x 30.5 x 24.1cm) equipped with a response lever (4.5cm wide, 2.0cm 

deep, 3cm high), three stimulation lights, a 2-W house light, and an ICSS stimulator 

(Med Associates, St. Albans, VT). Electrodes were connected to the stimulator by a 

swivel commutator (Model SL2C, Plastics One, Roanoke, VA). The stimulator, along 
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with programming parameters and data acquisition, was controlled by Med-PC IV 

computer software. 

Rats were trained under a fixed-ratio 1 (FR 1) schedule of electrical brain stimulation 

using a behavioral procedure identical to that previously described (Bonano et al., 2013). 

Each lever press resulted in delivery of a 0.5s train of square wave cathodal pulses. 

During training, stimulation frequency was set at 126Hz and intensity was adjusted for 

each rat to the lowest intensity that sustained a high reinforcement rate (>30 

stimulations/min). This intensity (100-160µA) was then held constant throughout the 

study and frequency manipulations were introduced. Sessions involving frequency 

manipulations consisted of three 10min components. During each component, a 

descending series of 10 frequencies ranging from 158 to 56Hz was presented. Each 

frequency trial began with a 10s time-out during which responding had no scheduled 

consequences. Five non-contingent “priming” stimulations were delivered during the last 

5s of the time-out to signal the stimulation frequency available during that trial. Non-

contingent stimulation was followed by a 50s “response” period. Training continued until 

rats reliably responded at high rates for the first 3-5 frequency trials of each component 

over a period of ≥3 consecutive training days. 

Test sessions lasted 90min and consisted of three 10min “baseline” components, a 

30min time-out during which test compounds were administered, and three 10min “test” 

components. R-MEPH (1.0-10 mg/kg), S-MEPH (1.0-10 mg/kg), or saline was 

administered 30min before initiation of test components. Doses and pretreatment time 

were based on previous studies (Bonano et al., 2013). Test sessions were completed on 

Tuesdays and Fridays, and training sessions were conducted on all other weekdays. 



58 
 

Testing and dose order with MEPH enantiomers was counterbalanced across rats for each 

enantiomer. 

Statistical analysis 

Statistical analysis for all assays employed determined significance as p< 0.05. 

For synaptosome assays, IC50 values for inhibition of uptake and EC50 values for 

stimulation of release were calculated based on non-linear regression analysis and 

compared with one-way ANOVA. For the acute ambulatory activity/repetitive 

movements experiment and SB242084 + S-MEPH acute ambulatory activity/repetitive 

movements experiment, counts were summated for 90min post-drug injection and 

analyzed by two-way ANOVA with Bonferonni post-hoc tests. For the variable-dose 

sensitization experiment, data was analyzed as a time course, with counts summated in 

5min intervals and analyzed using two-way ANOVA, with Bonferonni post-hoc tests.  

In CPP experiments, a preference score was determined by subtracting time spent 

on the non-preferred (drug-paired) side pre-conditioning from the time spent on the non-

preferred side post-conditioning and analyzed with one-way ANOVA and Bonferonni 

post-hoc tests. For ICSS experiments, the primary dependent variable was reinforcement 

rate in stimulations per minute during each frequency trial. To normalize this data, raw 

reinforcement rates from each trial in each rat were converted to percent maximum 

control rate (%MCR), with MCR defined as the mean of the maximal rates observed 

during the second and third baseline components for any given rat in any given session. 

Thus, %MCR values were calculated as %MCR= (reinforcement rate during a frequency 

trial ÷ maximum control rate) x 100. For each experimental manipulation, data from all 

three test components were averaged within each rat and then across rats to yield mean 
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test curves. Results were analyzed by two-way ANOVA, with ICSS frequency and drug 

dose as factors, followed by a Holm-Sidak post hoc test. The total number of stimulations 

per component was calculated as the sum of stimulations delivered across all 10 

frequency-trials for each component. Test data were then normalized to individual 

baseline data using the equation %baseline stimulations = (mean total stimulations per 

test component ÷ mean total stimulations per baseline component) x 100 averaged across 

rats. Peak changes produced in this summary measure by R-MEPH/S-MEPH were 

compared by t-test. 

Results 

R-MEPH acts more selectively on DA transporters than S-MEPH 

R-MEPH, S-MEPH, and racemic MEPH’s ability to produce DA and 5-HT 

release in vitro is presented in Fig. 4.1A-B. At SERT, S-MEPH EC50 value was 

significantly lower than R-MEPH (p<0.01), but not racemic MEPH. No significant 

differences were observed at DAT. Activity of MEPH enantiomers selectively on 

dopamine or serotonin systems was evaluated with DAT/SERT ratio comparisons. R-

MEPH was found to have a DAT/SERT ratio of 47, while S-MEPH had a DAT/SERT 

ratio of 0.8. 

Acute R-MEPH produces greater repetitive movements than acute S-MEPH 

Activities produced by acute exposures to doses of R-MEPH or S-MEPH are 

presented in Fig. 4.2A-B. Total repetitive movement and total ambulation are presented 

in Fig. 4.2A-B as the summated counts + SEM following R-MEPH or S-MEPH injection 

at 5, 10, 20 or 30 mg/kg. Significant effects of treatment [F (1,56)=30.36, p<0.0001] and 
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dose [F (3,56)=8.97, p<0.001] were observed for total repetitive movement while only a 

significant effect of dose [F (3,56)=7.49, p=0.0003] was observed for total ambulation. R-

MEPH produced significantly higher total repetitive movements than S-MEPH at 20 and 

30 mg/kg (p<0.001). No significant differences were observed for total ambulation.  

Pretreatment with SB242084 enhances S-MEPH ambulatory activity and repetitive 

movements 

 Total acute ambulatory activity and repetitive movements following pretreatment 

with saline/SB242084 prior to saline/S-MEPH are presented in Figure 4.3A and B. Two-

way ANOVA found a significant effect for ambulatory activity (4.3A) with pretreatment 

[F(2,28)= 10.32, p< 0.01], treatment [F(2,28)= 28.34, p< 0.001], and a significant 

interaction [F(2,28)= 13.89, p<0.001]. Bonferonni post-hoc tests on show a significant 

effect of SB242084 pretreatment with S-MEPH (p< 0.001) but not saline. Two-way 

ANOVA also found significant effects for repetitive movements (4.3B) with treatment 

[F(2,28)= 11.01, p< 0.01], and a significant interaction [F(2,28)= 5.348, p<0.05], but had 

no overall significance with pretreatment [F(2,28)= 3.662, p > 0.05]. Bonferonni post-hoc 

tests found a significant effect of SB242084 pretreatment with S-MEPH (p<0.05), but not 

saline. 

R-MEPH, but not S-MEPH, produces sensitization of repetitive movements 

 Activities produced by repeated, intermittent R-MEPH/S-MEPH followed by 10 

days of drug abstinence and a drug challenge are presented in Figure 4.4A and B. The 

three-way ANOVA found a significant effect for ambulatory activity [F(17,476) = 2.51, 

P < 0.001] but not repetitive movements [F(17,476) = 0.94, P = 0.53]. When analyzed 

with two-way ANOVA to determine if sensitization was present, an overall effect was 
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observed with treatment [F(4, 76) = 145.65, P < 0.0001] and time [F(19, 84) = 19.52, P < 

0.0001] for repetitive movements (4.4A). Increases in repetitive movements in rats given 

repeated, intermittent doses of R-MEPH compared with acute R-MEPH were observed at 

40 min (P < 0.01) and 50 min (P < 0.05), while S-MEPH produced no sensitization of 

repetitive movements at any time point. For ambulatory activity (4.4B), an overall effect 

was also observed with treatment [F(4, 84)= 71.51, P < 0.0001] and time [F(19, 84) = 

28.92, P < 0.001]. No significant differences were observed between acute and repeated 

dosing paradigms for ambulatory activity for either R-MEPH or S-MEPH. 

 R-MEPH, but not S-MEPH, produces dose-dependent place preference 

MEPH enantiomers were evaluated following a 4-day biased-design paradigm for 

the ability to produce place preference. Data is represented as a preference score + SEM. 

Fig. 4.5A presents a direct comparison of MEPH enantiomers and racemic MEPH at the 

first dose that R-MEPH and S-MEPH produced significantly different repetitive 

movement counts. R-MEPH, but not racemic MEPH, produced a greater preference score 

compared to both saline and S-MEPH (p<0.05). To further investigate MEPH enantiomer 

producing place preference, dose-response experiments were performed with each 

enantiomer at 5, 15, and 30 mg/kg doses. R-MEPH (Fig. 4.5B) at 30 mg/kg produced a 

greater preference score than saline or 15 mg/kg R-MEPH (p<0.05). S-MEPH (Fig. 4.5C) 

did not produce significant place preference at any doses tested. 

R-MEPH produces greater ICSS facilitation than S-MEPH 

For the six rats in this study, the mean±SEM baseline maximal control rate 

(MCR) was 58.1 ± 3.7 stimulations per trial, and the mean±SEM baseline number of 

stimulations per component was 238.0 ± 22.1.  Figure 4.6A-D shows effects of R- and S- 
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Figure 4.1. R-MEPH acts more selectively on dopamine transporters than S-MEPH. 

Drug concentration-response effects of R-MEPH, S-MEPH or racemic MEPH on 

facilitating monoamine release of [3H]-MPP+ (4.1A) and [3H]-5-HT (4.1B) in vitro. 

Concentration–response curves (n = 3 per dose) were constructed by incubating rat brain 

synaptosomes preloaded with tritiated substrate in increasing concentrations of each 

MEPH enantiomer with synaptosomes preloaded with tritiated substrate. 
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Figure 4.2. Acute R-MEPH produces greater repetitive movements than acute S-

MEPH. Following drug injection, rats (n=8 per group) were monitored for 90 min for 

repetitive movements and ambulatory activity. Data presented as a time course in 5 min 

batches (4.2A-D) or as total counts over 90 min ± S.E.M. (4.2E-F). For total repetitive 

movements and ambulatory activity analyses, ***p<0.001 compared to saline controls.  
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Figure 4.3. Pretreatment with the 5-HT2C antagonist SB242084 enhances S-MEPH 

ambulatory activity and repetitive movements. Rats (n=8 per group) were pretreated 

with either saline or 0.5 mg/kg SB242084 30min prior to either saline or S-MEPH (10 

mg/kg) treatment. Data presented as total counts over 90 min ± S.E.M following saline/S-

MEPH treatment for total ambulatory activity (A) or total repetitive movements (B). 

*p<0.05 compared to saline and SB242084 controls, ***p<0.001 compared to saline and 

SB242084 controls.  
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Figure 4.4. R-MEPH, but not S-MEPH, produces sensitization of repetitive 

movements. Rats (n=8 per group) were given either saline or a repeated, variable-dose of 

R-MEPH or S-MEPH for 7 days, followed by a 10 day abstinence interval. After the 

abstinence interval, rats were challenged with either 15 mg/kg R-MEPH or S-MEPH. 

Repetitive movements (4.4A) and ambulatory activity (4.4B) were monitored in 5 min 

bins and expressed as counts + S.E.M. *p< 0.05 and **p< 0.01 comparing rats given 

repeated R-MEPH to acute R-MEPH as determined by two-way ANOVA with 

Bonferonni post hoc tests.  
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Figure 4.5. R-MEPH, but not S-MEPH produces dose-dependent place preference. 

Rats (n=7-8 per group) underwent a bias-design conditioned place preference assay. Data 

are presented as a preference score (seconds on drug-paired side post-conditioning minus 

pre-conditioning)(s) + S.E.M. Each panel represents a cohort of animals with every panel 

having its own saline control group. Dose-response curves for R-MEPH (4.5B) and S-

MEPH (4.5C), as well as a comparison with MEPH enantiomers and racemic MEPH at 

20 mg/kg (4.5A), were performed. *p< 0.05 compared with saline control or indicated 

doses.  



67 
 

 

Figure 4.6. R-MEPH produces greater ICSS facilitation than S-MEPH. Left panels 

(4.6A, C) show MEPH effects on full frequency-rate ICSS curves. Abscissae: frequency 

of electrical brain stimulation in log Hz. Ordinates: % maximum control reinforcement 

rate (%MCR). Drug doses indicated in keys are in units of mg/kg. Solid symbols 

represent frequencies at which reinforcement rates were statistically different from 

vehicle rates as determined by two-way ANOVA followed by Holm-Sidak post hoc test 

(p< 0.05). Right panels (4.6B,D) show MEPH effects on a summary measure of ICSS 

performance. Abscissae: drug dose in mg/kg. Ordinates: % baseline number of 

stimulations per component (% baseline ICSS). Arrows indicate statistically significant 

increases (up arrows) and/or decreases (down arrows) in ICSS relative to vehicle at any 

frequency as determined from full frequency-rate curves. All data show mean ± S.E.M. 

for six rats.  
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MEPH (1.0-10 mg/kg) on ICSS. Left panels show effects on full frequency-rate curves. 

For R-MEPH (Fig. 4.6A), two-way ANOVA indicated a main effect of frequency 

[F(9,45)=33.45, p<0.0001], but not of dose [F(3,15)=1.536, p=0.2463], and an interaction 

[F(27,135)=11.79, p<0.0001]. R-MEPH produced exclusive rate-increasing ICSS effects 

at 1.0 and 3.2 mg/kg, whereas 10 mg/kg produced biphasic effects that included both 

increases in low ICSS rates maintained by low brain-stimulation frequencies (1.75-1.95 

log Hz) and decreases in high ICSS rates maintained by high frequencies (2.05-2.2 log 

Hz). For S-MEPH (Fig. 4.6C), two-way ANOVA revealed main effects of frequency 

[F(9,45)=26.33, p<0.0001] and dose [F(3,15)=3.377, p=0.0464], and a frequency x dose 

interaction [F(27,135)=5.500, p<0.0001]. S-MEPH also produced exclusive rate-

increasing effects at 1.0 and 3.2 mg/kg, albeit to a lesser extent and across a narrower 

range of frequencies than R-MEPH.  The higher dose of 10 mg/kg S-MEPH produced 

exclusive depression of ICSS. Summary data show that peak facilitation of ICSS was 

produced by 3.2 mg/kg of both R-MEPH (143±10.3%) and S-MEPH (107±14.4%) (Fig. 

4.6B and D). Maximum ICSS facilitation was greater for R-MEPH vs. S-MEPH 

[t(5)=3.54, p=0.016]. 

Discussion 

Our results indicate similarities and differences in neurochemical and behavioral 

actions of MEPH enantiomers compared to other amphetamines and cathinones, as well 

as to each other. Neurochemical experiments revealed that R-MEPH and S-MEPH 

produce different effects in DA and 5-HT effects in synaptosomes. Using the DAT/SERT 

ratio, a metric that defines preference for action on the DA system over the 5-HT system, 

R-MEPH displayed a 50-fold greater preference for the DA system than S-MEPH. This 
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greater preference of the R-enantiomer towards DA is also seen with R-cathinone, which 

causes a 3-fold greater release of DA from nerve terminals (Kalix, 1986). Interestingly, 

for amphetamine, METH, methylenedioxyamphetamine (MDA) and MDMA, the S-

enantiomers produce greater synaptosomal DA release than the R-enantiomers (Arnold et 

al., 1997, Johnson et al., 1986, Hiramatsu and Cho, 1990, McKenna et al., 1991, 

Rothman et al., 2001). Although unexpected, this observation of greater R-MEPH 

selectivity at DAT than S-MEPH is supported by our behavioral data. Further studies 

using microdialysis will identify if our in vitro findings correlate to in vivo drug 

administration.  

 The increase in ambulatory and repetitive movements following administration of 

MEPH suggests stereospecific effects as well. R-MEPH produced greater total repetitive 

movements at doses of 20 and 30 mg/kg than S-MEPH, while no differences in 

ambulatory movements were detected. This preference for repetitive movements versus 

ambulation after MEPH enantiomer administration is similar to previously published 

results with racemic MEPH (Gregg et al., 2013a and 2013b). Additionally, in the 

variable-dosing schedule employed in our experiments, only R-MEPH produced 

behavioral sensitization. While the observed sensitization of R-MEPH repetitive 

movements is limited to specific 5min intervals (40min and 50min) and not an overall 

effect, this is also similar to what is observed with racemic MEPH. The finding that R-

MEPH is more potent than S-MEPH in producing repetitive movements again differs 

from other amphetamines and cathinones. S-MDMA and S-methcathinone produce 

greater locomotor activity than R-MDMA and R-methcathinone in mice, while in rats, S-

cathinone is more potent than R-cathinone at increasing locomotor activity (Gugelmann 
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et al., 1985, Glennon et al., 1995, Sparago et al., 1996). Coupled with the DA and 5-HT 

reuptake inhibition and release assays data, MEPH demonstrates a neurochemical and 

behavioral profile with R-MEPH being more potent than S-MEPH, contrary to 

observations with several similarly structured compounds.  

 CPP is an assay that is used to investigate rewarding effects of abused drugs, 

including psychostimulants (Tzschentke, 2007). Our previous studies have shown that 

racemic MEPH produces CPP at 30 mg/kg (Lisek et al., 2012). In the present CPP 

experiments, our first comparison examined R-MEPH, S-MEPH, and racemic MEPH at 

20 mg/kg, the lowest dose at which significant differences in repetitive movements were 

detected following acute administration. This initial experiment was followed by 

investigating each MEPH enantiomer across multiple doses. At a dose of 20 mg/kg, R-

MEPH produced greater preference scores than S-MEPH and saline. Dose-response 

experiments showed that R-MEPH also produces CPP at 30 mg/kg whereas S-MEPH 

failed to produce CPP at any of the doses tested. Few studies have directly compared 

enantiomers of psychostimulants for their rewarding or reinforcing effects. Amphetamine 

and MDMA have been evaluated in a CPP paradigm similar to the one employed here, 

and S-amphetamine produced significantly greater CPP than R-amphetamine, while no 

differences between R-MDMA and S-MDMA were observed (Timar et al., 1996, Meyer 

et al., 200). Our data provides evidence to support that R-MEPH produces dose-

dependent increases in CPP at doses higher than that for COC, while S-MEPH produces 

no CPP at the doses tested.  

 Some studies have suggested that drugs producing preferential increases of 5-HT 

over DA produce less locomotor activating or rewarding effects in animal models such as 



71 
 

CPP and exhibit less motivation for drug taking in models like intravenous self-

administration. Following up on this hypothesis, we examined the selective 5-HT2C 

antagonist SB242084 as a pretreatment to an acute dose of S-MEPH. Pretreatment with 

SB242084 significantly increased both ambulatory activity and repetitive movements in 

animals given S-MEPH, with no effects observed in saline or SB242084 controls. One of 

the mechanisms thought to be involved in those behavioral differences is activation of 5-

HT2 receptor subtypes that lower extracellular levels of DA in the nucleus accumbens 

and striatum (De Deurwaerdere et al., 2004, Navailles et al., 2008, Huang et al., 2011). 

DA levels in the nucleus accumbens have been implicated in the rewarding effects of 

psychostimulants and are important in producing motivated behaviors (Roberts et al., 

1980, Ikemoto and Panksepp, 1999). Aside from being the hypothesized primary 

mechanism behind our observed locomotor effects, this also may explain why the more 

DA-selective enantiomer R-MEPH produces a place preference while the more 5-HT-

selective S-MEPH produces no CPP. Self-administration studies are necessary to 

elaborate on if the differences in reward properties of MEPH enantiomers observed in 

locomotor activity place preference assays with R-MEPH and S-MEPH correlates similar 

stereospecificity on MEPH enantiomer reinforcing properties. 

 In ICSS experiments, racemic MEPH potentiates brain stimulation reward 

threshold in mice, and increases low ICSS rates and depresses high ICSS rates to a degree 

less than methcathinone and MDPV in rats (Robinson et al., 2012, Bonano et al., 2013). 

Previous studies have reported that effects of monoamine releasers on ICSS correlates 

pharmacological selectivity to release DA vs. 5-HT (Bauer et al., 2013). Thus, DA-

selective releasers (eg. amphetamine or methcathinone) facilitate ICSS across a broad 
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range of doses, whereas 5-HT-selective releasers (eg. fenfluramine) only depress ICSS. 

Relatively non-selective releasers like MDMA or racemic MEPH produce mixed-effects 

on ICSS that typically include both increases in low ICSS rates maintained by low brain-

stimulation frequencies. The main finding of this study was that R-MEPH produced 

greater ICSS facilitation than S-MEPH, consistent with its greater selectivity for DA over 

5-HT.  

 Understanding how stereochemistry influences the mechanism of action of MEPH 

is an essential step in defining its neuropharmacological profile and better identifying 

health risks posed by designer cathinones. The illicit manufacturing of synthetic 

cathinones like methcathinone and MEPH often involve chemical reactions that result in 

one enantiomer being synthesized in larger quantities than the other, such as what is 

observed with methcathinone primarily being synthesized into S-methcathinone (Sparago 

et al., 1996). To date, no investigations of the constitution of MEPH enantiomers in 

illegally-available synthetic cathinone products have been done. Considering the 

observations reported here with R-MEPH and S-MEPH, and the prevalence of abuse of 

MEPH worldwide, it is important these studies be done to better understand the 

mechanism of action of the MEPH taken by abusers. We provide evidence here to 

support that MEPH enantiomers exhibit stereospecific effects on neurochemistry and 

behavior uniquely compared to drugs like amphetamine and MDMA. Future studies will 

characterize these stereospecific mechanisms in detail and provide valuable information 

on MEPH interactions with monoamine systems. 



73 
 

CHAPTER 5  

NON-OPERANT MDPV ADMINISTRATION EFFECTS ON LOCOMOTOR 

AND REWARD BEHAVIORS: THE ROLE OF GLUTAMATE TRANSPORTERS 

AND ENZYMES 

Submitted pending review in Neuropharmacology 

Introduction 

One of the more popular classes of new psychoactive substances emerging on the 

illicit drug scene are synthetic cathinones, commonly referred to as “bath salts”. 

According to the United Nations Global Synthetic Drugs Assessment from 2013, a total 

of 348 new psychoactive substances have been identified from worldwide clinical 

presentations and drug seizures, 97 of which were new to the year 2013, and 25% of the 

total number of new psychoactive substances being identified as synthetic cathinones 

(United Nations, 2014). Synthetic cathinone abuse has increased in the past decade, both 

in the number of synthetic cathinones exposures, and the number of unique compounds 

identified in illicit drug preparations as synthetic cathinones (DEA Public Affairs, 2011; 

Elliott and Evans, 2014). In response to this increase, 10 synthetic cathinones and 19 

positional isomers of synthetic cathinones have been designated Schedule I in the United 

States (DEA Office of Diversion Control, 2015). One of the most popular Schedule I 

synthetic cathinones since the rise in “bath salts” use is 3,4-methylenedioxypyrovalerone 

(MDPV). MDPV was the most commonly abused “bath salts” compound in 2011, and 

while abuse of MDPV decreased following its scheduling in 2013, MDPV is still abused 

and available on illicit drug markets (NMS Labs, 2015; Seely et al., 2013). Additionally, 
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MDPV has served as a pharmacological template for designing second-generation, 

pyrrolidine ring-substituted synthetic cathinones like alpha-PVP. Considering the 

persistence of MDPV abuse, and its role as a progenitor for replacement cathinones, 

characterizing MDPV neuropharmacology and abuse liability is a necessary step in better 

understanding the public health concern of synthetic cathinones.  

The mechanism of action and abuse liability of MDPV has been investigated almost 

entirely in the context of monoamine neurotransmitters. MDPV acts as a highly selective 

and potent reuptake inhibitor at monoamine transporters, with preferential activity at the 

dopamine and norepinephrine transporters, compared to weak activity at serotonin 

transporters (Baumann et al., 2013). MDPV is 10-fold more potent reuptake inhibitor at 

DAT and NET in vitro compared to COC and methylphenidate, and has a 10-fold greater 

potency at increasing extracellular dopamine compared to COC and the synthetic 

cathinone methylone in vivo (Schindler et al., 2015). MDPV administration robustly 

increases locomotion in both rats and mice, with a 10-fold greater increase in both 

distance traveled and stereotypic movements with MDPV compared to COC, as well as a 

longer duration of ambulation compared to COC and METH (Aarde et al., 2013; 

Baumann et al., 2013; Fantegrossi et al., 2013; Gatch et al., 2013; Marusich et al., 2014). 

In drug reward assays, MDPV is more efficacious at producing conditioned place 

preference (CPP) than amphetamine and MEPH in mice, and produces dose-dependent 

CPP in both male and female rats (Karlsson et al., 2014; King et al., 2015a; King et al., 

2015b). Intracranial self-stimulation (ICSS) experiments have also characterized MDPV 

reward, with acute MDPV facilitating ICSS thresholds to a greater extent than MEPH and 

methylone (Bonano et al., 2013; Watterson et al., 2014). MDPV is highly reinforcing in 
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self-administration paradigms, where MDPV displayed greater potency as a reinforcer 

than COC and METH in fixed-ratio acquisition schedules (Aarde et al., 2013; Watterson 

et al., 2014; Schindler et al., 2015). Taken together, these data describe MDPV as a 

highly potent psychomotor stimulant with a significant abuse liability. 

While the neurochemical effects of MDPV on monoaminergic systems have been 

described, no studies to date have investigated the effects of any synthetic cathinone on 

the glutamate system.  Mesolimbic glutamate signaling, as well the observed decreases in 

basal extracellular glutamate observed in withdrawal, have been identified as key 

components in psychostimulant reward, reinforcement, and relapse to drug-seeking 

(Kalivas and Volkow, 2005; Kalivas et al., 2009; Knackstedt and Kalivas, 2009). Two 

particular glutamatergic targets of interest in the context of psychostimulant abuse are the 

glutamate transporter subtype-1 (GLT-1) and the enzyme glutamate carboxypeptidase-II 

(GCPII). GLT-1 is membrane-bound transporter predominately expressed in astrocytes, 

and is responsible for over 90% of glutamate reuptake in the brain (O’Shea, 2002). 

Disregulation of glutamate reuptake through GLT-1 is observed with COC. GLT-1 

expression and functionality is decreased in the nucleus accumbens (NAcc) following 

self-administration of COC, both in short- and long-access paradigms, and in short- and 

long-term withdrawal (Knackstedt et al., 2010; Fischer-Smith et al., 2012). GCPII is a 

zinc metalloenzyme expressed in both neuronal and glial cell types, and acts to convert 

N-acetylaspartylglutamate (NAAG) into glutamate and N-acetylaspartate. Decreases in 

GCPII activity correspond with increases in NAAG, which activates Group II 

metabotropic glutamate receptors to decrease glutamate release, and decreases in 

extracellular glutamate (Zhou et al., 2005). Expression and enzymatic activity of GCPII 
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has not been directly measured as a result of drug taking or withdrawal with any 

particular psychostimulant, but GCPII antagonism has been a target of investigation with 

COC. Pretreatment with GCPII antagonist 2-PMPA or GPI-5693 has been found to block 

the development of COC behavioral sensitization and CPP, as well as decrease relapse to 

COC seeking (Shippenberg et al., 2000, Slusher et al., 2001, Peng et al., 2010, Xi et al., 

2010). 

Ceftriaxone (CEF) is a beta-lactam antibiotic that has been investigated in several 

neurological diseases due to increased GLT-1 reuptake activity and expression observed 

after repeated administration (Rothstein et al., 2005; Lee et al., 2008; Miller et al., 2008). 

These observations led to investigations of the effects of CEF treatment on COC -induced 

locomotor activity, reward, and reinforcement. Pretreatment with CEF blocks the 

development of behavioral sensitization of both COC and amphetamine (Rasmussen et 

al., 2011; Sondheimer and Knackstedt, 2011; Tallarida et al., 2013). Repeated CEF also 

is efficacious in self-administration models, slowing acquisition of COC self-

administration in mice, and attenuating cue- and COC -induced relapse of drug seeking in 

rats (Sari et al., 2009; Knackstedt et al., 2010; Sondheimer and Knackstedet, 2011; Ward 

et al., 2011). These observations with CEF effects on COC indicate that GLT-1 plays a 

role in COC-induced locomotor activation, reward and reinforcement, and serves as the 

basis for our investigations with MDPV. 

Materials and Methods 

Animals and drugs 
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Male Sprague-Dawley rats (270-300 g; Harlan Laboratories, Indianapolis, IN, 

USA) were housed two per cage and maintained on a 12 hour light/dark cycle. Food and 

water were provided ad libitum, except during locomotor testing or CPP conditioning and 

testing. Animal use procedures were conducted in accordance with the NIH Guide for the 

Care and Use of Laboratory Animals and Temple University Guidelines for the Care of 

Animals. (±)-MDPV (synthesized by Dr. Allen Reitz) and ceftriaxone (APP 

Pharmaceuticals, Schaumburg, IL) were dissolved in physiological saline and all 

injections were done intraperitoneally. 

GLT-1 expression: Dosing regimens, extraction and Western blot procedures  

To determine what effect repeated, intermittent administration of MDPV has on GLT-

1 expression, rats (n=6-7/group) were administered either saline or a variable-dose 

MDPV administration paradigm for 7 days (Days 1 and 7: 0.5 mg/kg MDPV, Days 2-6: 

1.0 mg/kg MDPV). This variable-dose administration paradigm was adapted from a 

behavioral sensitization paradigms employed with COC and the synthetic cathinone 

MEPH (Gregg et al., 2014; Gregg et al., 2013a, Gregg et al., 2013b; Kalivas and Duffy, 

1998). Following 7 days of saline/MDPV treatment, brains were processed for Western 

blotting either 2 hours (Withdrawal Day 0), 2 days (Withdrawal Day 2), 5 days 

(Withdrawal Day 5), or 10 days (Withdrawal Day 10) after the last saline/MDPV 

injection.  

On each group’s withdrawal day, rats were anaestitized with CO2, sacrificed by 

decapitation, and the PFC and NAcc tissues were rapidly dissected on ice. Tissues were 

prepared by sonicating tissue in a 1% (gm/100mL) sodium dodecyl sulfate solution 

containing 1mM sodium fluoride and 1mM sodium vanadate, boiled for 5 minutes after 
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proper homogenization, and stored at -80°C. Equal amounts of protein (20 µg per loading 

sample, as determined using a Thermo Scientific NanoDrop 2000 spectrometer) were 

loaded onto 7.5% Mini Protean Precast gels (Bio-Rad, Hercules, CA) for separation and 

transferred onto nitrocellulose membranes (Life Technologies, Carlsbad, CA). 

Membranes were blocked for 1 hour at room temperature in Odyssey Blocking Buffer 

(Li-Cor Biosciences, Lincoln, NE), followed by overnight incubation with the GLT-1 

(1:100,000, polyclonal guinea pig, Millipore, Billerica, MA) or GCPII (1:5,000, 

monoclonal mouse, GeneTex, Irvine, CA)primary antibody at 4°C. The following day, 

membranes were washed with Tween-Tris Buffered Saline (TTBS) 3 times for 8 minutes, 

followed by a 90 minute incubation with β-tubulin loading control primary antibody at 

room temperature (1:800,000, monoclonal mouse, Cell Signaling, Danvers, MA). 

Membranes were then washed again 3 times for 8 minutes with TTBS, and incubated for 

1 hour at room temperature with IRDye 800-conugated donkey anti-guinea pig and 

IRDye 680-conjugated goat anti-mouse secondary antibodies (1:10,000 each, Li-Cor 

Biosciences). After secondary antibody incubation, membranes were washed 3 times with 

TTBS and proteins were detected and quantified using the Odyssey infrared imaging 

system (Li-Cor Biosciences). Relative density of each sample (GLT-1/β-tubulin optical 

densities) were determined and averaged for each group, and data is represented as a 

percent of saline control + S.E.M. 

Acute and repeated, intermittent dosing paradigms for locomotor activity studies 

For all behavioral experimentation where locomotor activity was measured, rats were 

placed individually into activity chambers and allowed to acclimate for 60 minutes. Basal 

activity was recorded for at least 30 minutes prior to the first injection in both acute and 
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repeated, intermittent paradigms, followed by recording of locomotor activity for 90 

minutes after the saline/MDPV dose. Activity was recorded using a Digiscan DMicro 

System (Accuscan, Inc., Columbus, OH)(Gregg et al., 2013a; Gregg et al., 2013b; Gregg 

et al., 2014). Activity chambers consisted of transparent plastic boxes (45 cm x 20 cm x 

20 cm) set inside metal frames equipped with 16 infrared light emitters and detectors. 

The number of photocell beam breaks was recorded by a computer interface and 

expressed as counts. Locomotor activity was divided into two specific types of activity. 

Ambulatory activity was recorded as consecutive beam breaks resulting from horizontal 

movement. Non-ambulatory activity resulting in repetitive beam breaks was recorded as 

repetitive movements, a measured indicative of a stationary animal engaged in a 

repetitive, stereotypic behavior.  

 For acute locomotor activity experiments, rats (n=8/group) were treated with 

either saline or CEF (200 mg/kg) for 4 days prior to test day. Dose of CEF was chosen 

based off previously effective dosing with cocaine (Sari et al., 2009, Sondheimer et al., 

2011) On test day, rats received either saline or CEF (200 mg/kg) 30 minutes prior to 

receiving saline or varying doses of MDPV (0.5, 1.0, or 3.0 mg/kg). After saline or 

MDPV injection, activity was monitored for 90 minutes and summated into total counts. 

Repeated, intermittent administration paradigms were divided into 4 phases; 

pretreatment, conditioning, abstinence, and challenge. Injections were performed in the 

home cage during the pretreatment and conditioning phase, and in the locomotor 

chambers during the challenge phase. For pretreatment, rats received either saline of CEF 

(200 mg/kg) daily for 4 days. The following day, rats received saline or CEF (200 mg/kg) 

30 minutes prior to either saline or the variable-dose administration paradigm of MDPV 
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(see section 2.2) for 7 days. After conditioning, all rats were put into a 10 day abstinence 

period during which they received no injections. One day following the abstinence phase, 

rats were placed into activity chambers for 60 minutes to acclimate and challenged with 

either saline or MDPV (0.5 mg/kg) and activity was recorded. Data is represented as a 

time course of averaged counts across rats in each group in 5 minute bins. 

Conditioned place preference paradigm 

CPP experiments (n=7-8 per group) were conducted using a 4-day biased design 

(Gregg et al., 2014). CPP chambers (45 cm x 20 cm x 20 cm) consisted of two 

compartments, separated by a removable door. Each compartment was environmentally 

distinguishable, with one compartment consisting of black walls and textured floor, and 

the other having white walls with vertical black stripes and a smooth floor. Prior to 

starting conditioning, rats received either saline of CEF (200 mg/kg) daily for 4 days. 

Each rat’s initial CPP compartment preference was assessed during a 30-minute pre-

conditioning test, during which rats were allowed access to both compartments in a drug-

free state and the time spent in each compartment was recorded. For rats in CEF+Saline 

and CEF+MDPV groups, the 4th and final pre-conditioning CEF injection was 

administered 1 hour after the pre-conditioning test. A rat was considered to have entered 

a compartment when all forelimbs crossed the compartment threshold. Time in each 

compartment was recorded manually by technicians blinded to individual animal 

treatments. The drug-paired compartment during conditioning was designated as the non-

preferred side during the pre-conditioning session.  

The 4 day conditioning phase began the day after pre-conditioning test and at the 

same time of day for each rat. Pretreatment during conditioning consisted of an injection 
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of saline or CEF (200 mg/kg) 30 minutes prior to confinement in the drug-paired 

compartment. Rats received two conditioning sessions per day. The first session involved 

an injection of saline/CEF 30 minutes prior to an injection of saline (for Saline+Saline 

and CEF+Saline group) or MDPV (2.0mg/kg for Saline+MDPV and CEF+MDPV 

groups), administered immediately before confinement in the drug paired side. The 

second session involved an injection of saline prior to confinement in the preferred side. 

Rats were confined to each compartment for 30 minutes. This confinement time was 

chosen to ensure proper levels of MDPV were available in vivo based on the quick onset 

of MDPV levels in the brain and the elimination half-life of MDPV being 61min ex vivo 

(Novellas et al., 2015). The dose of 2 mg/kg MDPV was chosen based off both pilot 

experiments in our lab, and previously published results with a similar CPP paradigm 

(King et al., 2015b). Conditioning sessions were conducted 4 hours apart and rats in the 

saline control group received saline on both sides of the chamber. Rats underwent a post-

conditioning test one day after the last conditioning session, where rats were evaluated 

for place preference by allowing free exploration of both sides of the chamber in a drug-

free state for 30 minutes, during which time spent on each side was recorded. Data are 

presented as a preference score, calculated by taking the total time spent in the drug-

paired compartment during the post-conditioning test minus the time in the drug-paired 

(non-preferred) compartment during the pre-conditioning test. 

Statistical analyses 

Statistical significance for all assays were set a p< 0.05. For GLT-1 expression 

assays, relative densities of saline and MDPV-treated animals were converted into a 

percent of saline control, and compared with a Student’s t-test. In the acute MDPV 



82 
 

locomotor activity experiments, summated total counts over 90 minutes were analyzed 

with two-way ANOVA, with pretreatment and MDPV dose as factors, and Bonferonni 

post hoc tests. For the repeated, intermittent MDPV administration paradigm, time-course 

data was analyzed with two-way ANOVA with treatment and time as factors, and 

Bonferonni post hoc tests. In the CPP experiment, preference scores of treatment groups 

were compared with two-way ANOVA with drug and pretreatment as factors, and 

Bonferonni post hoc tests. 

Results 

Repeated MDPV decreases GLT-1 expression in the NAcc, but not the PFC, during 

withdrawal  

Because withdrawal from repeated COC has been found to decrease GLT-1 

expression, changes in the expression of GLT-1 following repeated saline versus MDPV 

treatment were evaluated in the NAcc (see Figure 5.1A-D) and PFC (see Figure 5.2A-D) 

at multiple time points during withdrawal. MDPV treatment decreased GLT-1 expression 

in the NAcc at Withdrawal Day 2 (t10= 2.309, p=0.0436), Withdrawal Day 5 (t11= 2.630, 

p=0.0234) and Withdrawal Day 10 (t12= 3.231, p=0.0072), but not Withdrawal Day 0 

(t11= 2.057, p=0.0642). In the PFC, GLT-1 expression was not significant at Withdrawal 

Day 0 (t10=2.030, p=0.0698), Withdrawal Day 2 (t11=0.5883, p=0.5682), Withdrawal Day 

5 (t11=0.9916, p=0.3427) or Withdrawal Day 10 (t11=0.4037, p=0.6942). 

Repeated MDPV decreases GCPII expression in the PFC throughout withdrawal, and in 

the NAcc prior to withdrawal.  
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Figure 5.1- Expression of GLT-1 in the nucleus accumbens following repeated, 

intermittent MDPV. Animals were treated with saline or the variable-dose paradigm of 

MDPV for 7 days. Expression of GLT-1 was measured in the nucleus accumbens 2 hours 

(A), 2 days (B), 5 days (C) and 10 days (D) after the last MDPV injection. GLT-1 (50 

kDa) expression was normalized compared to a β-tubulin (52 kDa) control protein to 

obtain a relative density. Data is shown as percent of saline control + SEM (n=6-

7/group). MDPV-treated rats showed decreased GLT-1 expression at 2 days (p<0.05), 5 

days (p<0.05), and 10 days (p<0.01) of withdrawal, while no significant changes in GLT-

1 expression were observed 2 hours (p=0.0642) after the last MDPV injection. (E) 

Representative protein bands from withdrawal time point treatment groups. 
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Figure 5.2- Expression of GLT-1 in the prefrontal cortex following repeated, 

intermittent MDPV. Expression of GLT-1 was measured in the nucleus accumbens 2 

hours (A), 2 days (B), 5 days (C) and 10 days (D) after the last MDPV injection. GLT-1 

(50 kDa) expression was normalized compared to a β-tubulin (52 kDa) control protein to 

obtain a relative density. Data is shown as percent of saline control + SEM (n=6-

7/group). No significant changes in GLT-1 expression were observed at any withdrawal 

time point. (E) Representative protein bands from withdrawal time point treatment 

groups. 
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Figure 5.3- Expression of GCPII in the nucleus accumbens following repeated, 

intermittent MDPV. Expression of GCPII was measured in the nucleus accumbens 2 

hours (A), 2 days (B), 5 days (C) and 10 days (D) after the last MDPV injection. GCPII 

(95 kDa) expression was normalized compared to a β-tubulin (52 kDa) control protein to 

obtain a relative density. Data is shown as percent of saline control + SEM (n=6-

7/group). MDPV-treated rats showed decreased GCPII expression at Withdrawal Day 0 

(p<0.05), but no significant differences were observed at any other time points of 

withdrawal. (E) Representative protein bands from withdrawal time point treatment 

groups. 
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Figure 5.4- Expression of GCPII in the prefrontal cortex following repeated, 

intermittent MDPV. Expression of GCPII was measured in the nucleus accumbens 2 

hours (A), 2 days (B), 5 days (C) and 10 days (D) after the last MDPV injection. GCPII 

(95 kDa) expression was normalized compared to a β-tubulin (52 kDa) control protein to 

obtain a relative density. Data is shown as percent of saline control + SEM (n=6-

7/group). MDPV-treated rats showed decreased GCPII expression at all time points 

measured in withdrawal (Day 0 p<0.05, Day 2 p<0.05, Day 5 p<0.05, Day 10 p<0.05), 

(E) Representative protein bands from withdrawal time point treatment groups. 
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Following up on the changes in GLT-1 expression following repeated MDPV treatment, 

expression changes in GCPII were also determined in saline versus MDPV treatment, 

both in the NAcc (see Figure 5.3A-D) and PFC (see Figure 5.4A-D) at multiple time 

points during withdrawal. MDPV treatment decreased GCPII expression in the NAcc at 

Withdrawal Day 0 (t12=2.862, p=0.0143), but no changes were observed at Withdrawal 

Day 2 (t12=1.741, p=0.1073), Withdrawal Day 5 (t12=0.3975, p=0.6980), and Withdrawal 

Day 10 (t12=1.926, p=0.0782). In the PFC, MDPV treatment significantly decreased 

GCPII expression at Withdrawal Day 0 (t12=2.219, p=0.0466), Withdrawal Day 2 

(t12=2.833, p=0.0163), Withdrawal Day 5 (t10=2.455, p=0.0340), and Withdrawal Day 10 

(t12=2.496, p=0.0281).  

Pretreatment with CEF attenuates MDPV sensitization of repetitive movements, but not 

acute repetitive movements or ambulatory activity  

The effects of CEF pretreatment on acute MDPV-induced ambulatory activity and 

repetitive movements are presented in Figure 5.5A-B. CEF pretreatment prior to a single 

injection of MDPV at multiple doses was recorded as counts and summated over 90 

minutes. Two-way ANOVA and Bonferonni post hoc tests on acute MDPV total 

ambulatory activity (Figure 5.5A) found a significant effect of MDPV dose 

[F(3,56)=17.68, p<0.001], but no effect of CEF pretreatment [F(1, 56)=0.08, p=0.7782] 

and no differences between pretreatment groups with post hoc tests. A similar result was 

found with acute MDPV total repetitive movements (Figure 5.5B), with a significant 

effect of MDPV dose [F(3,56)= 43.83, p<0.001] but not CEF pretreatment [F(1,56)= 

0.07, p=0.7889] nor differences between pretreatment groups with post hoc tests.  
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 A time course of ambulatory activity and repetitive movements produced by an 

MDPV challenge dose 10 days after repeated, intermittent MDPV dosing is shown in 

Figure 5.6A-B. Two-way ANOVA on ambulatory activity (Panel A) found a significant 

effect of treatment [F(3,588)= 29.00, p<0.001] and time [F(20,588)= 7.99, p<0.001], but 

no differences were observed between Repeated MDPV and Repeated MDPV+CEF 

groups with post hoc tests. Two-way ANOVA on repetitive movements (Figure 4b) 

found a significant effect of treatment [F(3,588)= 103.83, p<0.0001] and time 

[F(20,588)= 3.80, p<0.0001]. Bonferonni post hoc tests identified significant 

sensitization of repetitive movements between acute MDPV and repeated MDPV at from 

15-40min (p<0.05), 60-65min (p<0.01), and 75-90min (p<0.05). CEF pretreatment 

significantly decreased repetitive movements produced by repeated MDPV, as measured 

by Bonferonni post hoc tests (Repeated MDPV vs Repeated MDPV+CEF), at 15min 

(p<0.01), 20 min (p<0.001), 30-35min (p<0.01), 40-45min (p<0.05), 60-65min (p<0.05), 

85min (p<0.05), and 90 min (p<0.001). 

Pretreatment with CEF attenuates MDPV place preference 

The effects of CEF pretreatment on MDPV CPP using our 4 day design are 

described in Figure 5.7. Data are represented as preference score + SEM. A significant 

main effect of was observed with MDPV [F(1,36)=39.37, p<0.0001] and a strong 

interaction trend was observed [F(1,36)=4.00, p=0.0532], while no overall effect was 

observed with CEF [F(1,36)=2.23, p=0.1442]. Post hoc tests revealed a significant place 

preference with MDPV compared both saline and CEF controls (p<0.0001), and that CEF 

pretreatment significantly decreased place preference produced by MDPV (p<0.05). 

Discussion 
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Figure 5.5- Repeated CEF pretreatment against acute MDPV locomotor activity. 

Rats (n=8/group) were treated with saline or CEF (200 mg/kg) for 4 days. A day later, 

rats received either saline of CEF (200 mg/kg) 30 minutes prior to varying doses of 

MDPV. Ambulatory activity (Panel A) and repetitive movements (Panel B) were 

monitored for 90 minutes and data is presented as mean total counts + SEM. Total counts 

were analyzed with two-way ANOVA and Bonferonni post hoc tests, and no differences 

were observed with the treatment groups. 
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Figure 5.6- CEF attenuates the development of repeated MDPV-induced 

sensitization of repetitive movements. Rats (n=8/group) were pretreated for 4 days with 

either saline or CEF (200 mg/kg) prior to 7 days of saline/variable-dose MDPV 

administration. After 10 days of drug abstinence, rats were challenged with saline or 

MDPV (0.5 mg/kg). Time-course data are expressed as activity counts for ambulatory 

activity (Panel A) or repetitive movements (Panel B) (mean + SEM) in 5 minute 

intervals. Boneferonni post hoc tests determined significance between Acute MDPV 

versus Repeated MDPV (significance indicated by +). Post hoc tests also evaluated 

Repeated MDPV and Repeated MDPV+CEF groups (significance indicated by *) were 

performed to identify differences in ambulatory activity or repetitive movements as a 

result of CEF pretreatment. +* p<0.05,  ++**p<0.01 compared to Repeated MDPV+CEF, 

+++***p<0.001 compared to Repeated MDPV+CEF. 
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Figure 5.7- CEF attenuates the development of MDPV CPP. Rats (n=8-10/group) 

were pretreated with either saline or CEF (200 mg/kg, IP) for 4 days prior to the start of 

conditioning. During conditioning, rats were pretreated with saline or CEF 30 minutes 

prior to conditioning with saline or MDPV (2.0 mg/kg, IP) for 4 days. Data presented as a 

preference score (seconds on the drug-paired side post-conditioning minus pre-

conditioning)(s) + SEM. Two-way ANOVA and Bonferonni post hoc tests determined 

saline and CEF controls produced no preference, while MDPV produced a significant 

preference (p<0.001). Pre-treatment with CEF attenuated MDPV place preference 

(p<0.05). 
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Our studies are the first to investigate the role of the glutamate system in the 

neurochemical and behavioral effects of a synthetic cathinone. Our data indicate that 

repeated MDPV treatment produces decreased GLT-1 expression in the NAcc, but not 

the PFC, while GCPII is decreased in the PFC throughout withdrawal and in the NAcc 2 

hours after the last MDPV treatment. Pharmacological activation of GLT-1 with repeated 

CEF modulates MDPV-induced behaviors characteristic of psychostimulants. 

Pretreatment with CEF attenuates MDPV-induced sensitization of repetitive movements 

and CPP, while having no effects against acute MDPV repetitive movements or 

ambulatory activity. In total, our data demonstrates both similarities and differences of 

MDPV’s GLT-1 driven mechanism compared to established psychostimulants like COC.  

 MDPV and COC share similar effects of decreased GLT-1 expression in the 

NAcc following chronic drug exposure. We observed decreases in GLT-1 expression in 

the NAcc, but not the PFC, following a 7-day, non-contingent MDPV administration 

paradigm in rats. In mice, 14 days of repeated, non-contingent administration of COC 

was found to decrease GLT-1 expression in the NAcc at 30 days of withdrawal 

(Kovalevich et al., 2012). This depletion in GLT-1 was normalized by 30 days of 

treatment with CEF after COC, but not when CEF was administered as a pretreatment to 

COC.  While no current studies in rats have evaluated GLT-1 expression after systemic, 

non-contingent dosing, several operant COC self-administration studies have identified 

both dosing- and withdrawal interval-specific effects on GLT-1 expression. Following 

self-administration of COC, GLT-1 expression is decreased in the NAcc, with greater 

decreases observed following long-access (6 hour) self-administration compared to short-

access (2 hour) self-administration, as well as decreased expression at longer withdrawal 
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intervals (ie. 40-45 days) versus short-term withdrawal (1-day)(Fischer-Smith et al., 

2012). Decreases in both expression and functionality (ie. reduction in glutamate uptake) 

of GLT-1 were also observed in the NAcc 3 weeks following COC self-administration 

(Knackstedt et al., 2010). Compared to our administration paradigm with MDPV 

evaluating withdrawal at a maximum of 10 days, these studies with COC involved rats 

receiving much higher concentrations of drug and more prolonged withdrawal intervals. 

Future studies will evaluate GLT-1 expression following an MDPV self-administration 

paradigm and extend the withdrawal time course, to determine if MDPV-induced 

depletions in GLT-1 expression are observed further into withdrawal like what’s seen 

with COC.  

 While pharmacologically blocking enzymatic activity of GCPII has shown 

efficacy in attenuating COC reward and relapse to drug seeking, no investigations have 

identified if GCPII expression is augmented as a result of COC administration. We 

provide the first evidence that repeated, intermittent administration of a psychostimulant, 

specifically MDPV, reduces GCPII expression in the PFC and NAcc. The precursor 

compound NAAG is the most highly expressed neurotransmitter in the brain, and is 

found in co-packaged into vesicles with glutamate in pyramidal neurons in the prefrontal 

cortex (Farooqui et al., 2008). The metabotropic glutamate receptor-3 (mGluR3) is 

activated by NAAG, and highly expressed in the PFC and NAcc (Burnet et al., 2008). 

Should MDPV produce increases in NAcc extracellular glutamate throughout drug taking 

like COC, hyperglutamatergic negative feedback on GCPII during drug taking (i.e. 

Withdrawal Day 0) may explain our observed decreased in NAcc GCPII. Additionally, if 

MDPV produces a hypoglutamatergic state during withdrawal like COC, this could 
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explain our GCPII findings with MDPV during Withdrawal Days 2-10 through a 

normalization of GCPII activity providing increases in extracellular glutamate through 

decreases NAAG-mediated mGluR2/3 activation. This also corresponds with the GCPII 

antagonist 2-PMPA being efficacious via an mGluR2/3-dependent mechanism when 

administered into the NAcc, as mGluR2/3 receptors are hypersensitized during COC 

withdrawal due to decreases in extracellular glutamate and NAAG (Xi et al., 2010). The 

expression and activity of GCPII in the PFC during or following COC use, or any other 

psychostimulant drug of abuse, remains unstudied. Further characterizing of extracellular 

NAAG or glutamate levels in the PFC during and after MDPV administration is 

necessary to accurately elaborate on the mechanism driving the PFC GCPII deficits we 

observed.  

 Increases in locomotor activity following administration of MDPV produces 

preferential increase in repetitive movements over ambulatory activity, in the acute and 

repeated, intermittent paradigms we employed. This finding parallels our previously 

published findings with the synthetic cathinone MEPH, despite MEPH acting as a 

monoamine transporter substrate and MDPV acting as a transporter blocker (Baumann et 

al., 2013; Gregg et al., 2014). In our experiments, pretreatment with CEF prior to varying 

acute doses of MDPV did not affect MDPV-induced increases in total repetitive 

movements or ambulatory activity. Pretreatment with CEF attenuates both acute COC- 

and amphetamine-induced increases in ambulatory activity and stereotypy in rats, and 

decreases COC -induced total locomotor activity dose-dependently in mice. (Rassmussen 

et al., 2011, Tallarida et al., 2013, Barr et al., 2015). This difference in CEF efficacy with 

MDPV and COC acute locomotor activity may be due to the total number of CEF 
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treatments, as the study by Tallarida et al. and Barr et al., gave 10 days of CEF 

pretreatments versus 5 days in our studies. Although 5 days of CEF treatment is able to 

normalize glutamate homeostasis in rats with prior history of COC self-administration 

and decrease total distance traveled following acute COC (Sondheimer et al., 2011, 

Trantham-Davidson et al., 2012), efficacies observed with CEF in our sensitization and 

place preference experiment occurred after 11 or 8 treatments with CEF through the 

course of the study. This may indicate that a greater number of CEF treatments may be 

necessary for efficacy against MDPV behaviors. Follow-up studies will evaluate if CEF 

efficacy against MDPV locomotor activity is dependent on total CEF dosing by adopting 

a similar 10-day pretreatment paradigm as those in the literature demonstrating efficacy 

against acute COC locomotor activity.  

  Treatment with CEF prior to, as well as throughout MDPV conditioning, in our 

locomotor sensitization paradigm significantly attenuated MDPV sensitization of 

repetitive movements. Sensitization was limited to repetitive movements, again 

paralleling observations observed with MEPH (Gregg et al., 2013a). The challenge dose 

of MDPV (0.5 mg/kg) was a sub-threshold dose, displaying no differences in repetitive 

movements or ambulatory activity when administered acutely compared to saline. CEF 

pretreatment similar to our paradigm attenuates COC sensitization of total distance 

traveled at Withdrawal Day 0 in rats (i.e. increases in total distance traveled at Day 1 and 

Day 7 of injection) and locomotor activity at Withdrawal Day 30 in mice (Sondheimer et 

al., 2011, Tallarida et al., 2013). CEF treatment prior to COC also attenuated the effects 

of repeated COC exposure on synaptic glutamate release and glutamate clearance kinetics 

produced by a COC challenge after 10 days of withdrawal (Parikh et al., 2014). It is 
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hypothesized that CEF attenuates behavioral sensitization to COC through normalizing 

elevations in extracellular glutamate produced by a COC challenge via increased capacity 

for GLT-1-mediated glutamate reuptake (for a review on neuroadaptations observed with 

COC behavioral sensitization, see Vanderschuren and Kalivas, 2000). While similar 

efficacies with CEF on COC and MDPV sensitization suggest similar normalizations of 

withdrawal-induced glutamate signaling dysfunctions, further studies are necessary to 

elucidate the extent of in vivo extracellular glutamate deficits and neuroadaptations in 

NMDA/AMPA receptor sensitivity following MDPV administration.  

The rewarding effects of MDPV measured by CPP were attenuated by 

pretreatment with CEF, while no preference was observed with either saline of CEF 

controls.  Place preference in our paradigm corresponds with other studies into MDPV 

reward in a place preference paradigm (King et al., 2015a, King et al., 2015b). Our data 

suggests that activating GLT-1 pharmacologically with CEF prior to and throughout 

conditioning is involved in decreasing MDPV reward. While CEF was investigated in our 

experiments due to its activity at GLT-1, recent findings have recognized CEF treatment-

induced alterations in dopaminergic signaling. CEF pretreatment decreases COC-evoked 

extracellular dopamine through a non-GLT-1 mediated mechanism, as well as decreases 

in NAcc tyrosine hydroxylase and phosphorylated α-synuclein expression (Barr et al., 

2015). Therefore, reductions in MDPV-evoked extracellular dopamine following CEF 

treatment may be involved in the attenuation of MDPV place preference. Signaling 

contributions from both glutamate and dopamine are likely to contrinbute to the overall 

development of CPP, as both glutamatergic and dopaminergic signaling are involved in 

the development of COC place preference (Cervo et al., 1995). Additional investigations 
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selectively targeting the contributions of dopamine versus glutamate into MDPV place 

preference are necessary to fully understand the underlying mechanism of MDPV reward. 

In conclusion, our studies have demonstrated an interaction of MDPV 

administration and both GCPII and GLT-1. We have identified similarities in the effects 

of repeated COC and MDPV on NAcc GLT-1 expression. Activation of GLT-1 by 

repeated CEF administration has identified both similarities and differences between 

COC and MDPV behaviors. Pretreatment with CEF attenuates MDPV sensitization of 

repetitive movements and place preference, with no effects on acute MDPV ambulatory 

activity or repetitive movements. These effects provide evidence justifying subsequent 

investigations into the effects GLT-1 activators and GCPII antagonists against other 

MDPV-induced behaviors, such as reinforcement or relapse to MDPV seeking. 
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CHAPTER 6 

MDPV SELF-ADMINISTRATION AND REINSTATEMENT OF DRUG-

SEEKING: GLUTAMATE TRANSPORTER INFLUENCES AND 

COMPARISONS WITH COCAINE 

Introduction 

 Synthetic cathinones have emerged as a popular subgenre of novel psychoactive 

substances over the past decade. A critical focus of the preclinical research literature has 

been characterizing the abuse liability of the more commonly abuse cathinones. The gold 

standard technique for determining abuse liability in rodent behavioral pharmacology is 

intravenous self-administration (IVSA), an operant conditioning paradigm that utilizes 

different schedules of reinforcement to ascertain specific aspects of a drug’s abuse 

liability (Dworkin and Pitts, 1994). Fixed-ratio (FR) models of IVSA explore the 

acquisition and maintenance of drug taking on schedules where rodents receive drug 

infusions contingent upon a finite number of drug-associated lever presses (eg. FR-1 

schedules involve one active lever press producing one drug infusion). Progressive-ratio 

(PR) models of IVSA measure the motivation to continue drug taking by requiring 

rodents to produce a progressively-increasing number of operant responses on the drug-

associated lever to receive a drug infusion. Responding continues until animals reach a 

“break point”, or the last ratio successfully completed before responding ceases 

(Richardson and Roberts, 1996). These paradigms serve as the primary behavioral 

measure of a drug’s the reinforcing properties.   
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 The novelty of synthetic cathinone abuse, coupled with dynamic fluctuations in 

the worldwide- and US-specific popularities of unique cathinone compounds, have 

limited the number of studies evaluating cathinones using IVSA models. MDPV has been 

investigated entirely in FR and PR schedule paradigms, with only a few direct 

comparisons of cathinone IVSA to IVSA of commonly abuse psychostimulants. MDPV 

is robustly self-administered in short-access (ShA, 2 hours/session) FR-1 and FR-5 

paradigms at doses from 0.01-0.5 mg/kg/infusion in both Sprague-Dawley and Wistar 

male rats (Aarde et al., 2013, Watterson et al., 2014, Schindler et al., 2015). A more 

detailed analysis of MDPV self-administration has been conducted specifically in Wistar 

rats, where the total number of MDPV infusions per session on an FR-5 schedule were 

negatively correlated with dose and infusion rate (i.e. latency between infusions) over the 

course of the sessions. A “binge-like” profile of MDPV IVSA (i.e. ≥8 infusions in a 

given 5 minute interval) was observed in 60% of Wistar rats given access to a wheel 

running task, with the majority of binge behavior being observed in the first 30 minutes 

of the session (Aarde et al., 2015b). Stereotypy (“repetitive behaviors including biting, 

sniffing, and licking”) was observed upon completion of MDPV self-administration 

sessions in rats receiving more than 0.6 mg/kg/hour during the session, as well as dose-

dependent increases in stereotypy following a non-contingent MDPV injection in a 

separate cohort (Aarde et al., 2013). MDPV produces dose-dependent increases in break 

points during PR studies, with peak lever presses and highest final ratio completed being 

observed between 0.1-0.2 mg/kg/infusion depending on the rat strain (Aarde et al., 

2013b, Watterson et al., 2014).  
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 Other IVSA comparisons of MDPV with both traditional psychostimulants (eg. 

COC, METH) and other synthetic cathinones have been reported. METH and MDPV 

produce similar FR-5 acquisition, with MDPV only producing a greater number of 

reinforcers at the lowest dose compared (0.01 mg/kg/infusion)(Aarde et al., 2013). In 

Sprague Dawley rats, MDPV and METH IVSA escalated during long-access sessions, 

with no differences observed in the rate of escalation (Watterson et al., 2014). Escalation 

of drug taking like what was observed by Watterson et al., is a phenomena in preclinical 

IVSA models associated with drug intake patterns of compulsive drug-seeking often 

found in human addicts (Ahmed, 2011).  

In FR-1 dose-substitution studies, MDPV and COC both produce an inverted-U 

total infusion dose-response curve, with the peak MDPV infusion dose (i.e. the dose of 

MDPV that produces the highest number of total infusions in the ShA session) being 10-

fold lower than the peak COC infusion dose. (Schindler et al., 2015). MDPV and the 

MDPV analogue α-pyrrolidinopentiophenone (Alpha-PVP) produced similar FR-1 

acquisition curves through two weeks of acquisition, with greater Alpha-PVP infusions 

during the third week of acquisition, and equipotent PR  “break points”.(Aarde et al., 

2015). Collectively, these studies denote a unique profile of reinforcement for MDPV, 

with both commonalities and differences in the IVSA profile of MDPV and other illicit 

psychostimulants.  

 A number of case reports involving consumption of “bath salts” products 

confirmed to contain MDPV have reported patients relapsing following inpatient 

psychiatric care (Brandt et al., 2010a, Lajoie et al., 2012, Sadeg et al., 2014, American 

Psychiatric Association, 2015,). To date, no studies investigated the propensity of 
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synthetic cathinones to produce relapse to drug seeking during drug abstinence.  

Reinstatement paradigms of IVSA are used to identify environmental and neurological 

contributions toward relapse to drug seeking, often employing drug-associated cues or 

non-contingent drug injections to elicit drug-associated operant responding after self-

administration procedures have cease (Epstein et al., 2006). Standard reinstatement 

paradigms allow animals to stably acquire IVSA of the drug of interest under an FR 

schedule, followed by a period of drug abstinence, and a subsequent reintroduction of the 

drug or drug-associated cues eliciting reinstatement of drug-associated operant 

responding (for a detailed review on different reinstatement of drug seeking 

methodologies, see Shaham et al., 2003). Fully characterizing the totality of 

neuroplasticity changes present during reinstatement of drug seeking is essential in 

developing pharmacotherapies that can successfully reverse the underlying mechanisms 

that mitigate drug relapse and prevent reinstatement of drug seeking (Koob et al., 2009).  

 Glutamate signaling in the CNS has been widely studied in the context of 

reinstatemented drug seeking. Several sites of dysregulation in mesocorticolimbic 

glutamate pathway are involved in the pathogenesis of reinstated COC seeking, including 

decreases in NAcc extracellular glutamate, strengthening of glutamate-driven habit 

circuitry, and insufficient regulation of glutamate homeostasis by NAcc glutamate 

transporters (McFarland and Kalivas, 2001, Everitt and Robbins 2005, Fischer et al., 

2013). Two glutamate transporters in particular, the glutamate transporter subtype-1 

(GLT-1) and the cystine-glutamate antiporter xC (xCT), have been identified as potential 

therapeutic targets to attenuate cue- and COC-primed reinstatement of drug seeking.  
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N-acetylcysteine (NAcetyl), an xCT activator, and ceftriaxone (CEF), a GLT-1 

and xCT activator, both have displayed efficacy at attenuating cue- and COC-primed 

reinstatement. CEF and NAcetyl efficacy is observed across multiple treatment 

paradigms, including as a pretreatment throughout acquisition of COC IVSA and 

treatment during extinction procedures following cessation of COC IVSA (Knackstedt et 

al., 2010, Sari et al., 2009, Sondheimer and Knackstedt, 2011, Kau et al., 2008, Madayag 

et al., 2007, Murray et al., 2012b, Reichel and See, 2012). Our findings detailed in 

Chapter 5 with CEF blocking MDPV sensitization of repetitive movements and CPP, 

combined with the overlapping decreases in GLT-1 expression after repeated treatment 

with COC and MDPV, justify an investigation into efficacy of CEF and NAcetyl at 

attenuating MDPV reinstatement of drug seeking.  

 Our studies are the first to employ an IVSA reinstatement paradigm with MDPV, 

and the first to target the glutamate system in an MDPV IVSA model.  We administered 

CEF and NAcetyl at the highest tolerated doses reported in the literature to attenuate 

COC-reinstatement (200 mg/kg CEF, 100 mg/kg NAcetyl). To further contrast MDPV 

and COC IVSA, 50 kHz ultrasonic vocalizations (USVs) were recorded and quantified 

during FR-1 IVSA with COC and MDPV. USV calls made by rats occur in different 

frequencies, with specific frequency ranges being indicative of different mood states 

(Brudzynski 2013). The 50 kHz frequency is indicative of a positive or appetitive mood 

state. Increases in 50 kHz calling rate is observed in response to natural and drug-related 

stimuli, including during elevations of NAcc dopamine and the early dose-loading period 

of COC IVSA (Barker et al., 2014). Quantifying 50 kHz calls throughout dose-loading of 

both MDPV and COC will expound on the rewarding properties of each drug in the 
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context of an operant conditioning paradigm. All together, these studies advance the 

understanding of MDPV reinforcement and relapse to drug seeking 

Materials and Methods 

Animals and Drugs 

A total of 94 adult male Sprague-Dawley rats (300-350 g; Harlan Laboratories, 

Indianapolis, IN, USA) were housed two per cage on arrival and maintained on a reverse 

12-hour light/dark cycle. Rats were allowed one week to acclimate to the reverse 

light/dark cycle before surgery and all behavior was performed in the active (dark) cycle. 

Following jugular vein catheterization, rats were singly housed. Food and water were 

provided ad libitum, except during self-administration sessions. Animal use procedures 

were conducted in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals and Temple University Guidelines for the Care of Animals. (±)-3,4-

methylenedioxypyrovalerone (MDPV) was synthesized by Dr. Allen Reitz at the Fox 

Chase Chemical Diversity Center, while (±)cocaine hydrochloride was generously 

supplied by the NIDA Drug Supply (Bethesda, MA). Meloxicam, gentamicin sulfate, and 

heparin were purchased from the veterinary supply at Temple University School of 

Medicine. COC and MDPV were dissolved in physiological saline in solutions used for 

intravenous infusion. Ceftriaxone (APP Pharmaceuticals, Schaumberg, IL) and N-

acetylcysteine (Tocris Bioscience, Ellisville, MO) were dissolved in physiological saline 

and adjusted to pH=7.4. All injections of CEF, NAC, COC and MDPV were performed 

intraperitoneally.  

Jugular vein catheterization surgery and recovery 
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 After 7 days of acclimation, rats had catheters implanted into the left jugular vein 

using previously described methods (Watterson et al., 2014). Rats were anesthetized with 

isoflurane (5% induction, 2-3% maintenance) vaporized oxygen at a flow rate of 2 L/min. 

A 2.5-cm longitudinal incision was made between the scapulae for implantation of a 

threaded vascular access port (Plastics One, Roanoke, VA, USA). A mesh collar attached 

to the port was sutured underneath the surrounding tissue within the incision. Access 

ports were sealed with a piece of Tygon tubing and protective cap. Rats received 5 days 

of post-operative care including daily 0.2 mL infusions of a heparinized 

saline/gentamycin solution (1:1:8 solution of 100USP/mL heparin and 1 mg/kg 

gentamicin dissolved in physiological saline) to protect against infection and ensure 

catheter patency. Additionally, rats received a subcutaneous injection Meloxicam (1 

mg/kg) immediately after surgery and for 3 days after surgery to provide relief from post-

surgical discomfort. After 5 days of recovery, catheter flushing solutions contained only 

heparinized saline (10 USP/mL) at the same volume. Catheters were flushed daily (0.2 

mL total volume) in experiments involving a pre-acquisition treatment regiment, and 

throughout self-administration (0.1 mL immediately before and after each self-

administration session). Rats were allowed at least 5 days to recover from surgery before 

starting self-administration procedures.  

Self-administration apparatus 

  Operant behavior was measured in 16 ventilated chambers contained within 

sound-attenuating cubicles (Med Associates, St. Albans, VT). Each chamber was 

equipped with two retractable levers with a circular light above each lever and a house 
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light on the opposite side of the chamber. Intravenous infusions were delivered from a 20 

mL syringe placed into a computer- controlled infusion pump and connected to a swivel 

and tether system fitted to the rodents’ catheter port.  

Operant intravenous self-administration  

Acquisition Phase 

The Acquisition Phase of each experiment involved daily, 2-hour sessions for 14 

consecutive days on a fixed-ratio 1 (FR-1) schedule of reinforcement. Sessions were 

initiated by extension of both levers, and thereafter responses on the active lever were 

reinforced with delivery of a drug infusion (0.056 mg/kg/infusion MDPV or 0.56 

mg/kg/infusions COC). Infusions were administered through activation of an infusion 

pump delivering the drug (0.06 mL total volume/infusion) over 3 seconds, accompanied 

by simultaneous activation of a cue light (above the active lever) and tone (2,900 Hz) for 

3 seconds. After 3 seconds, a 20-second timeout period began, during which the house 

light was off and responses on the active lever were recorded, but yielded no 

consequences (non-reinforced active lever responses). Responses on the inactive lever 

were recorded, but yielded no consequences. Rats were designated as having acquired 

self-administration after 3 consecutive days of >10 drug infusions in each 2-hour session 

and 80% discrimination between responses on the active vs. inactive lever. Self-

administration data measured during the Acquisition Phase is presented either as the 

average number of active lever presses, non-reinforced active lever presses, inactive lever 

presses and reinforcers, for each treatment group, per session. 
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Latency from Active Lever Availability (measured in seconds) was measured 

after rats met acquisition criteria (Days 8-14) during the early dose-loading phase of each 

acquisition session (Infusion #1-20). Latency data indicate the timespan from when the 

active lever is first extended into the chamber at the start of the session until the timepoint 

of each infusion (i.e. when the active lever is pressed to elicit a reinforcer during drug 

availability periods). Data are represented as an average latency per reinforcer across 

experiment groups throughout Days 8-14 of the Acquisition Phase. 

Extinction Phase 

The next day after the Acquisition Phase, rats underwent daily 2-hour extinction 

training. During extinction training, responses on both the active and inactive lever did 

not yield an infusion of drug or elicit any cue light or tone.  Extinction training active 

lever responding in the last three sessions reached the criterion of < 25% of baseline 

(average of lever presses on Acquisition Days 13 and 14) active lever responding. 

Extinction procedures were conducted for 10 consecutive days, during which all 

treatment groups reached extinction criteria either prior to or on Day 10.  

Reinstatement Phase: Cue and Cue+MDPV-Primed Reinstatement of MDPV-seeking 

 Reinstatement tests began one day after completion of the Extinction Phase. 

These tests lasted 2 hours and were conducted on consecutive days. Cue-induced 

reinstatement tests were performed under conditions where responses on the active lever 

resulted in the presentation of MDPV-paired cues (eg. presentation of the cue light and 

tone, house light going off following cue light/tone presentation) but not MDPV 
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reinforcement. In the Cue+MDPV-primed reinstatement test, rats were injected with 

MDPV (0.5 mg/kg) and placed immediately into the chamber. Cue+MDPV-primed 

reinstatement tests were also performed under conditions were responses on the active 

lever resulted in the presentation of MDPV-paired cues, but yielded no reinforcement. No 

treatment with CEF or NAcetyl was administered on the day of either reinstatement test. 

Data from the Extinction Phase and Reinstatement Phase is converted to within-subject 

percent of baseline (average of active lever presses of Acquisition Day 13 and 14) and 

represented as an average of each treatment group. 

CEF and NAcetyl dosing paradigms for reinstatement of MDPV-seeking experiments 

IVSA Experiment 1- CEF/NAcetyl against the expression of relapse to MDPV-seeking 

 In this experiment (n=11-12/group, total n=36), CEF and NAcetyl were 

investigated to determine if treatment during the Extinction Phase would attenuate 

MDPV reinstatement of drug seeking. After completing the Acquisition Phase, rats were 

randomized into treatment groups so that the average number of active lever presses and 

reinforcers across Acquisition Day 13 and Day 14 were not significantly different 

between the treatment groups (Average Total Active Lever Presses/Reinforcers: Saline= 

57.7/30.2, CEF=67.2/38.2, NAcetyl=65.8/39.0). Rats were given either saline, CEF (200 

mg/kg) or NAcetyl (100 mg/kg) 30 minutes prior to each session in the Extinction Phase, 

for a total of 10 treatment doses. Treatment doses in this experiment were the highest 

concentration of doses reported in the literature to attenuate COC cue- or COC-primed 

reinstatement of COC-seeking (Trantham-Davidson et al., 2012, Knackstedt et al, 2010; 

Sari et al, 2009; Sondheimer et al, 2011, Reichel et al, 2011; Reichel and See, 2012, 
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Madayag et al, 2007, Murray et al., 2012b). A total of 3 rats (8.3% of total) either 

experienced a catheter block or did not meet acquisition criteria and were removed from 

the experiment and dataset.  

IVSA Experiment 2- CEF/NAcetyl against MDPV acquisition of IVSA, and reinstatement 

of MDPV-seeking 

In this experiment (n=9-11/group, total n=34, CEF and NAC were investigated to 

determine if treatment prior to and throughout the Acquisition Phase would affect MDPV 

IVSA acquisition behavior and reinstatement of MDPV-seeking. Either saline, CEF (200 

mg/kg) and NAcetyl (100 mg/kg) was administered once daily for 10 days prior to the 

start of the Acquisition Phase and 30 minutes prior to the start of each acquisition session, 

for a total of 24 treatment doses. Ten days of pretreatment was chosen from observations 

with non-contingent MDPV behavior paradigms in Chapter 5, as well as recent data with 

COC, where 10 days of daily CEF treatment attenuates COC-evoked dopamine in the 

NAcc (Barr et al., 2015). No treatment was administered during the Extinction Phase. A 

total of 4 rats (12% of total) either experienced a catheter block (n=2) or did not meet 

acquisition criteria (n=2) and were removed from the experiment and dataset. 

50 kHz USVs during self-administration: recording and analysis 

Ultrasonic vocalizations (USVs) were recorded during self-administration of 

MDPV (0.056 mg/kg/infusion, n=9 from Experiment 1) and COC (0.56 mg/kg/infusion, 

n=9 from separate cohort). Parameters described in the Acquisition Phase section above 

were employed for the MDPV and COC cohorts. Recordings took place during the 
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second week (Days 8-14) of the Acquisition Phase, once rats had already acquired the 

self-administration behavior. The 10-fold difference in infusion doses of MDPV and 

COC were chosen to parallel the 10-fold greater increases in NAcc DA produced by 

intravenous MDPV compared to COC (Baumann et al., 2013). All rats in the USV 

cohorts met acquisition criteria and did not experience catheter blockage at any stage in 

the acquisition process.  

To record USVs, electret condenser microphones (CM16/CMPA UltraSoundGate 

[Avisoft Bioacoustics; Berlin, Germany], UltraMic200K [Dodotronic; Pavia, Italy]) were 

suspended above a crevice in the ceiling of MedAssociates self-administration chambers 

to allow auditory signal transmission. Signals were recorded at 192-kHz and were 

subsequently digitized, amplified, and written to “.wav” files after application of a fast 

Fourier transform. Laptops running recording software (Avisoft SAS LabPro [Avisoft 

Bioacoustics; Berlin, Germany], RavenPro [Cornell Lab of Ornithology, Bioacoustics 

Research Program; Ithaca, New York] were used for all USV recordings. Fifty-kHz 

USVs were analyzed offline by blinded, trained experimenters using spectrogram 

analysis software (RavenPro [Cornell Lab of Ornithology, Bioacoustics Research 

Program; Ithaca, New York]) or by automated template-matching detection software 

(Barker et al. 2014). USVs were verified by visual and auditory inspection, and 

frequency, duration, and bandwidth were extracted and computed for analyses. Data are 

represented as 50 kHz USVs per second during the first 9 infusions. USVs at the “0” 

infusion, deemed “anticipatory USVs”, were recorded during a 5-minute interval prior to 

the start of each acquisition session, during which the house light was off and the levers 

hadn’t extended.  
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Data analysis and statistics  

  Statistical significance for all assays were set a p< 0.05. For Experiment 2, CEF 

and NAcetyl treatment effects on active lever presses, reinforcers, inactive lever presses, 

and non-reinforced active lever presses were analyzed with one-way ANOVA and 

Bonferroni post-hoc tests. This one-way ANOVA was performed over Acquisition Days 

5-14, once rats had reached acquisition criteria. Latency from active lever availability 

was analyzed with two-way ANOVA, with pretreatment and infusion number as factors, 

and Bonferonni post hoc tests. For Experiment 1 and 2, Extinction Phase data from across 

the 10 sessions were compared with one-way ANOVA and Bonferonni post hoc tests. 

Cue- and Cue+MDPV-primed reinstatement tests in both Experiments were converted to 

percent of baseline at Acquisition D13/14, and percentages of baseline at Acquisition 

D13/14, Extinction D10, Cue-Reinstatement, and Cue+MDPV-primed Reinstatement 

were analyzed by two-way ANOVA, with treatment and day as factors, and Bonferonni 

post hoc tests. Additionally, one-way ANOVAs with Bonferonni post hoc tests were 

conducted on cue- and cue+MDPV-primed data to evaluate overall differences between 

treatment groups during each reinstatement test. USVs frequency per session over the 

first 10 infusions with MDPV and COC were compared with two-way ANOVA, with 

drug and infusion number as factors, and Bonferonni post hoc tests.  

Results 

CEF and NAcetyl administered during the Extinction Phase do not affect the rate of 

extinction, or attenuate cue- or cue+MDPV primed reinstatement 
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 After the Acquisition Phase, rats underwent 10 days of extinction training prior to 

reinstatement (Figure 6.1). One-way ANOVA found no overall effect of treatment on 

percent of baseline active lever presses [F(2,30)=0.6525, p=0.5280] and post hoc tests 

identified no differences in treatment groups at any particular day of the Extinction 

Phase. Two-way ANOVA comparisons of percent of baseline active lever presses across 

the all phases (Figure 6.2) identified a significant effect of day [F(3,121)= 18.91, 

p<0.0001], but not treatment [F(2,121)= 0.02, p=0.9824]. One-way ANOVA analyses 

and post-hoc tests showed no effect of treatment in both cue-reinstatement [F(2,30)= 

0.03483, p=0.9658] or cue+MDPV-primed reinstatement [F(2,31)= 0.02310, p=0.9772], 

and no differences were observed with post hoc tests.  

CEF, but not NAcetyl, decreases active lever presses and reinforcers throughout the 

Acquisition Phase 

 The effects of CEF and NAcetyl pretreatment prior to and throughout the 

Acquisition Phase of MDPV self-administration is shown in Figures 6.3A-B. One-way 

ANOVA on active lever presses (Panel A) identified a significant overall effect of 

treatment [F(2,27)= 25.56, p<0.001], with post hoc tests revealing a significant decrease 

in active lever presses with CEF pretreatment compared to both saline and NAcetyl 

pretreatment (p<0.001). A significant overall effect of treatment was also observed with 

reinforcers (Panel B)[F(2,27)= 21.81, p<0.001], and with a significant reduction in  
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Figure 6.1 IVSA Experiment 1- Effects of CEF and NAcetyl treatment on extinction 

rate. After completion of the Acquisition Phase, rats (n=11-12/group) were randomized 

to treatment groups and received 10 days of CEF or NAcetyl prior to each extinction 

session. Data are represented as a percent of Baseline Active Lever Presses, determined 

by the average number of active lever presses during Acquisition Day 13 and Day 14. 

Neither CEF nor NAcetyl accelerated the rate of extinction of MDPV, nor were any 

treatment differences observed with post hoc tests on any Extinction Day.  
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Figure 6.2 IVSA Experiment 1- CEF and NAcetyl treatment during the Extinction 

Phase did not affect cue- or cue+MDPV-primed reinstatement of MDPV seeking. 

After completion of the Acquisition Phase and receiving 10 days of CEF or NAcetyl 

treatment in the Extinction Phase, rats (n=11-12/group) underwent cue- and cue+MDPV-

primed reinstatement tests on consecutive days. Data are represented as a percent of 

Baseline Active Lever Presses, determined by the average number of active lever presses 

during Acquisition Day 13 and Day 14. One-way ANOVA analyses and post-hoc tests 

showed no effect of treatment in either cue-reinstatement or cue+MDPV-primed 

reinstatement, and no differences between treatment groups were observed with post hoc 

tests.  
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reinforcers identified by post hoc tests with CEF pretreatment compared to saline and 

NAcetyl pretreatment (p<0.001).  

Inactive lever presses and non-reinforced active lever presses were also compared 

to identify any contributions of treatment towards indiscriminate lever pressing or 

stereotypy-induced increases in lever pressing (see Figure 6.4A-B). No overall effect was 

observed with treatment with both inactive lever presses (Panel A)[F(2,27)= 0.3654, 

p=0.6973] or non-reinforced active lever presses [F(2,27)=3.037, p=0.0646], and post 

hoc tests for both measures yielded no differences between treatment groups.  

CEF pretreatment increases latency to MDPV reinforcement from active lever 

availability during the second week of the Acquisition Phase 

 The ability for CEF pretreatment to prolong latency to MDPV reinforcement upon 

active lever availability across the first 20 infusions is depicted in Figure 6.5. Two-way 

ANOVA found an overall effect of pretreatment [F(1,300)=70.79], p<0.0001] and 

infusion number [F(19,300)=70.66, p<0.0001], and a significant interaction 

[F(19,300)=1.75, p=0.0280]. Bonferonni post hoc tests found CEF treatment prolonged 

latency from Infusion 16-18 (p<0.05) and Infusions 19 and 20 (p<0.01) 

CEF and NAcetyl administered during the Acquisition Phase do not affect the rate of 

extinction, or attenuate cue- or cue+MDPV-primed reinstatement 

After treatment during the Acquisition Phase, rats entered the Extinction Phase 

followed by reinstatement testing. One-way ANOVA found no effect of treatment on 

percent of baseline active lever presses [F(2,30)=0.1667, p=0.8473] and post hoc tests  
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Figure 6.3 Experiment 2- Pretreatment with CEF, but not NAcetyl, decreases active 

lever presses and reinforcers during acquisition of MDPV IVSA. Rats (n=9-11/group) 

were given CEF or NAcetyl daily for 10 days prior to the start of the Acquisition Phase, 

and as a pretreatment before all Acquisition Days (total doses=24). One-way ANOVA 

and Bonferonni post hoc tests found CEF treated rats had significant fewer active lever 

presses (Panel A, p < 0.001) and reinforcers (Panel B, p < 0.001) throughout the course 

of Acquisition Day 5-14. No significant effects were observed with NAcetyl treatment. 

A) 

B) 
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Figure 6.4 IVSA Experiment 2- No treatment group differences were observed with 

inactive lever presses or non-reinforced active lever presses. To verify that treatment 

effects observed during acquisition weren’t due to incorrect lever-discrimination or 

stereotypy, inactive lever presses (Panel A) and non-reinforced active lever presses 

(Panel B, lever presses occurring during the time-out period) were recorded. One-way 

ANOVA and Bonferonni post hoc tests found no differences between treatment groups in 

either measure.  

A) 

B) 
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Figure 6.5 IVSA Experiment 2- CEF pretreatment increases latency to 

reinforcement from active lever availability during the second week of the 

Acquisition Phase of MDPV IVSA. The ability for CEF pretreatment to prolong latency 

to MDPV reinforcement upon active lever availability across the first 20 infusions (n=7-

10/group). Latency measurement (s) is the time between the presentation of the MDPV-

paired lever at the start of the acquisition session to the time of a specific reinforcer. 

Latency was recorded throughout Week 2 once all rats had already reached acquisition 

criteria. Two-way ANOVA found a significant overall effect of CEF pretreatment 

(p<0.001), and post hoc tests identified reinforce-specific increases in latency from 

Infusion 16-20. * p<0.05, **p<0.01 
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                                 Extinction of MDPV Drug-Seeking
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Figure 6.6 IVSA Experiment 2- CEF and NAcetyl treatment prior to and 

throughout the Acquisition Phase do not affect extinction rate. After completing the 

Acquisition Phase, rats underwent 10 days of extinction training. Data are represented as 

a percent of Baseline Active Lever Presses, determined by the average number of active 

lever presses during Acquisition Day 13 and Day 14. No CEF or NAcetyl treatment 

occurred during the Extinction Phase. One-way ANOVA found no effect of treatment on 

percent of baseline active lever presses and post hoc tests identified no differences in 

treatment groups at any particular day during the Extinction Phase.  
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Figure 6.7 IVSA Experiment 2- CEF and NAcetyl treatment prior to and 

throughout the Acquisition Phase did not affect cue-reinstatement or cue+MDPV- 

primed reinstatement of MDPV seeking. Rats (n=9-11/group) were pre-treated with 

CEF or NAcetyl for 10 days prior to and throughout the Acquisition Phase, followed by 

10 days of extinction training. The day after the final extinction session, rats underwent 

cue- and cue+MDPV-primed reinstatement tests on consecutive days. Data are 

represented as a percent of Baseline Active Lever Presses, determined by the average 

number of active lever presses during Acquisition Day 13 and Day 14. One-way ANOVA 

analyses and post-hoc tests showed no effect of treatment in either cue-reinstatement or 

cue+MDPV-primed reinstatement, and no differences between treatment groups were 

observed with post hoc tests. 
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identified no differences in treatment groups at any particular day during the Extinction 

Phase (Figure 6.6). Two-way ANOVA comparisons of Percent of Baseline active lever 

presses across the all phases (Figure 6.7) identified a significant effect of day [F(3,103)= 

21.97, p<0.0001], but not treatment [F(2,103)= 0.09, p=0.9158]. One-way ANOVA 

analyses and post-hoc tests showed no effect of treatment in both cue-reinstatement 

[F(2,25)= 1.276, p=0.2968] or cue+MDPVprimed reinstatement [F(2,26)= 0.2960, 

p=0.7463] and no post hoc tests treatment differences were observed.  

MDPV self-administration produces greater 50 kHz USV calling frequency and 

shortened latency to reinforcement compared to cocaine 

Positive affective 50 kHz USV calling rate (n= 7-10/group) and latency to drug 

infusion data collected during the second week of the Acquisition Phase of COC (0.56 

mg/kg/infusion) versus MDPV (0.056 mg/kg/infusion) self-administration are shown in 

Figure 6.7. Two-way ANOVA analyses on 50 kHz USV calling rate per drug reinforcer 

found a significant overall effect of drug [F(1,155)= 37.25, p<0.0001] and infusion 

number [F(9,155)= 9.42, p<0.001], as well as a significant interaction [F(9,155)=2.89, 

p=0.0035]. Bonferonni post hoc tests identified significant increases 50 kHz calling rats 

with MDPV compared to COC at Reinforcer 2 (p<0.01), Reinforcer 3 (p<0.001), 

Reinforcer 4 (p<0.01) and Reinforcer 5 (p<0.05).  

Latency to reinforcement from active lever availability (Figure 6.9) across the 

first 10 reinforcers analyzed by two-way ANOVA found an overall effect of drug 

[F(1,153)=16.09, p<0.0001] and infusion number [F(9,153)=35.42, p<0.0001], but no 

significant interaction was observed [F(9,153)=0.34, p=0.9610]. No individual  
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Figure 6.8- MDPV self-administration elicits more 50 kHz calls in the early dose-

loading phase during the second week of the Acquisition Phase. Positive affective 

calls at 50 kHz (n=7-10/group) elicited after rats had met acquisition criteria (Days 8-14) 

with COC and MDPV were quantified and plotted as a frequency of calls per reinforcer. 

Two-way ANOVA found an overall increase in calling rate with MDPV over COC 

(p<0.001), and post hoc tests found significantly greater calling rates with MDPV over 

COC from Reinforcer 2-5. * p<0.05, **p<0.01, ***p<0.001 
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Figure 6.9 MDPV and COC latency to reinforcement during load-up. Latency 

measurement (s) is the time between the presentation of the drug-paired lever at the start 

of the acquisition session to a specific reinforcer. Latency was recorded throughout Week 

2 once all rats had already reached acquisition criteria. Two-way ANOVA found a 

significant overall decrease in latency with MDPV compared to COC (p<0.001), but no 

differences were observed in post hoc tests. The latency to the very first active lever press 

(inset figure) was isolated and a significant decrease in latency was found between 

MDPV and COC by a Student’s t-test (p<0.05).   
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Figure 6.10 MDPV active lever presses and reinforcers during Week 2 of 

Acquisition Phase. Active lever presses (Panel A) and reinforcers (Panel B) during 

acquisition of rats COC and MDPV to determine were compared by two-way ANOVA 

and Bonferonni post hoc tests. No overall effects or post hoc test significance was 

observed with active lever presses. A significant overall increase with reinforcers with 

COC compared to MDPV (p=0.0218). While a trend towards an increase in reinforcers 

was observed between Acquisition Days 12 and 14, Bonferonni post hoc tests between 

COC and MDPV reinforcers did not reach significance (p>0.05) 
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differences between COC and MDPV latencies were identified at specific infusions by 

post hoc tests. One of the most alarming observations in the comparisons with COC and 

MDPV was the latency to the very first active lever press at the start of the session 

(Figure 6.9, inset figure), where a Student’s t-test identified a 4-fold decrease in latency 

to press the active lever with MDPV versus COC (p<0.05).  

Active lever presses (Figure 6.10A) and reinforcers (Figure 6.10B) were also 

compared with rats self-administering COC and MDPV. Two-way ANOVA analysis 

identified an overall effect of Acquisition Day [F(7,125)=2.29, p=0.0316], but no 

significant drug [F(1,125)=0.78, p=0.3777], interaction [F(7,125)=0.94, p=0.4792] or 

individual treatment differences in post hoc tests were observed. With reinforcers, an 

overall effect was observed with both drug [F(1,126)=5.40, p=0.0218] and Acquisition 

Day [F(7,126)=2.47, p=0.0210], but interaction didn’t reach significance [F(7,126)=1.14, 

p=0.3430]. While a trend towards an increase in reinforcers was observed between 

Acquisition Days 12 and 14, Bonferonni post hoc tests between COC and MDPV 

reinforcers did not reach significance (p>0.05). 

Discussion 

Results from our IVSA studies have further characterized MDPV as a highly 

reinforcing compound that is robustly self-administered under FR schedules of 

reinforcement.  Acquisition and extinction criteria set in our study mirrored similar 

paradigms employed during investigations with COC, and rats self-administering MDPV 

across both Experiments met acquisition and extinction criteria within the set time 

intervals. Our investigations are the first to report that MDPV produces cue- and drug-

primed reinstatement, a finding that certainly came as no surprise considering the clinical 
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reports of patients relapsing to synthetic cathinone use after hospitalization for 

dependence or overdosing (Brandt et al., 2010a, Lajoie et al., 2012, Sadeg et al., 2014, 

American Psychiatric Association, 2015,).  

 Our treatment administration paradigms with CEF and NAcetyl were adapted 

from previously reported paradigms that successfully attenuated cue- and COC-primed 

reinstatement (Trantham-Davidson et al., 2012, Knackstedt et al, 2010; Sari et al, 2009; 

Sondheimer et al, 2011, Reichel et al, 2011; Reichel and See, 2012, Madayag et al, 2007, 

Murray et al., 2012b). Interestingly, neither CEF nor NAcetyl was able to attenuate cue- 

or cue+MDPV-primed reinstatement of MDPV in either Experiment. Both MDPV and 

COC produce decreases in NAcc GLT-1 during withdrawal from repeated drug treatment 

and CEF attenuates the development of sensitization to both MDPV and COC. Combined 

with our observations of CEF blocking the development of MDPV CPP (see Chapter 5), 

these data indicate a degree of overlap in the glutamatergic neuroadapations following 

repeated treatment with COC and MDPV. 

The lack of efficacy in attenuating MDPV reinstatement with CEF and NAcetyl 

treatment compared to COC reinstatement paradigms similar to ours could be due to a 

number of contributing factors. Supplementing GLT-1 and xCT activity with CEF and 

NAcetyl normalizes glutamate homeostasis during COC reinstatement, by preventing 

spikes in extracellular glutamate signaling occurring following COC-associated cues or 

COC injection prior to the reinstatement. This is accomplished through both xCT-derived 

extrasynaptic glutamate decreasing glutamate reelease via mGluR2/3 activation, and 

GLT-1-mediated clearance of synaptic glutamate (Kupchik et al., 2012). Both CEF and 

NAcetyl effects at attenuating cue- and COC-primed reinstatement are both dependent on 
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increases in GLT-1 expression during (Sari et al., 2009, Sondheimer et al., 2011, Reissner 

et al., 2015). While CEF and NAcetyl have been shown to increase GLT-1 expression in 

drug-naïve and COC treated animals, it is unknown whether CEF treatment following 

chronic MDPV treatment is able to increase GLT-1 expression.  GLT-1 expression 

decreases in the NAcc during withdrawal from repeated MDPV suggests a concomitant 

reduction in extracellular glutamate. Unfortunately, the current body of literature 

assessing in vivo NAcc changes in extracellular neurotransmitters with MDPV provides 

no insight toward confirming if decreases in GLT-1 and extracellular glutamate with 

MDPV mirror findings with COC (Baumann et al., 2013b, Schindler et al., 2015). None 

of the in vivo microdialysis studies performed with MDPV have quantified extracellular 

glutamate. Quantifying changes in extracellular glutamate in drug-naïve rats compared to 

MDPV IVSA rats during and after self-administration is an essential follow-up. These 

studies will provide more information to contrast the neuroplasticity changes with 

following MDPV and COC IVSA in the context of our reinstatement findings.  

Pretreatment prior to and throughout the MDPV IVSA Acquisition Phase with 

CEF, but not NAcetyl, decreases both active lever pressing and reinforcers compared to 

saline pretreatments. CEF pretreatment also significantly prolongs overall latency to 

reinforcement after active lever availability, with post hoc tests identifying the strongest 

effect between Reinforcers 15-20. These finding suggests that CEF is affecting both 

MDPV drug-taking and drug-seeking in our IVSA paradigm after rats have already 

acquired the self-administration behavior. Across the entire 2-hour spectrum of session in 

the Acquisition Phase, MDPV produced a similar titration curve to those described by 

Aarde et al., (2013b) despite a strain difference in study rats. Our latency measurements 
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were conducted during the load-up phase, a phase occurs as animals rapidly titrate their 

dosing at the very beginning of the session. Increasing the latency to respond on the 

MDPV-paired lever for a reinforcer with CEF pretreatment indicates a slower titration of 

drug taking. While our studies don’t meet the “binge” criteria set by Aarde et al. (>8 

infusions in 5 minutes, observed in 60% of Aarde cohort, while our cohort average 

latency to 8th infusion: Saline- 16 minutes, CEF- 10 minutes) our latency measures 

included all rats in our saline and CEF pretreated IVSA cohorts. All treatment groups 

rapidly responded on the drug-associated lever in a binge-like pattern during load-up, and 

CEF pretreated rats titrated their intake slower over the course of load-up compared to 

saline pretreated rats.  

Combining our lack of effect with CEF/NAcetyl against reinstatement with the 

significant effect of decreasing drug taking during the Acquisition Phase suggests that 

CEF might be acting through other non-GLT-1 mechanisms. An extensively studied 

pathway known to mitigate acquisition of psychostimulant IVSA is DA signaling from 

the VTA to the NAcc (Wise et al., 1995, Feltenstein and See, 2008, Kalivas and O’Brian, 

2008). A recent study from Barr et al. (2015) found that repeated CEF treatment affects 

the DA system in the midbrain. Pretreatment with CEF for 10 days attenuated acute 

COC-evoked extracellular DA in the NAcc through a non-GLT-1-dependent mechanism. 

This decrease in DA was associated with concomitant decreases in tyrosine hydroxylase 

and DAT expression. Data from this study might explain the Acquisition Phase effects 

only being observed with CEF and not NAcetyl, as no effects of NAcetyl treatment on 

the DA system have been reported. Additionally, CEF-mediated decreases in MDPV DA 

correlate with the time course observed with our USV and latency studies. A peak 
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decrease in COC-evoked DA was observed at 30 and 45 minutes after COC injection 

(CEF pretreatment 30 minutes before COC, peak DA decreases 1 hour after CEF). Our 

studies employed a 30-minute CEF pretreatment and studies have reported IV MDPV-

evoked increases in NAcc DA also peak at 30 minutes (Baumann et al., 2013). Latency 

analyses show the strongest CEF treatment effects at infusions 15-20, which occur 

between 30-45 minutes after the start of the session (See Figure 6.5). Together with the 

overall decrease in active lever presses and reinforcers during MDPV IVSA, these 

latency data may indicate that CEF pretreated animals take less MDPV and titrate their 

dosing more slowly due to a decrease in MDPV-evoked extracellular DA. Future studies 

will investigate the specific contributions of glutamate and DA mechanisms of CEF on 

MDPV IVSA through targeted antagonism with dihydrokainate and D2/D3 receptor 

antagonists, like haloperidol or SB-277011. 

 Like COC, rats undergoing MDPV IVSA elicit 50 kHz USVs at a high frequency 

during the early load-up phase of the Acquisition Phase sessions. Our studies comparing 

COC (0.56 mg/kg/infusion) and MDPV (0.056 mg/kg/infusion) were conducted using a 

10-fold higher dose of COC compared to MDPV. These doses were chosen from in vivo 

microdialysis studies showing MDPV is 10-times more potent at increasing NAcc DA 

compared to COC, and both the MDPV and COC doses correspond to a similar position 

on the descending limb of the dose-response curve with ShA total reinforcers  (Baumann 

et al., 2013, Schindler et al., 2015) Administration of drugs that increase extracellular DA 

in the NAcc robustly stimulate 50 kHz calls (Thompson et al., 2006, Burgdorf et al., 

2011). MDPV IVSA produced a greater frequency of 50-kHz calls through the first 9 

infusions compared to COC, and the decay in 50 kHz calls with increasing number of 
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reinforcers was slower with MDPV than COC. Decay of 50 kHz calls after COC infusion 

mirror those previously reported in the literature (Barker et al., 2014). These USV data 

indicate that rats maintain a greater and more prolonged positive affective state through 

MDPV IVSA compared to COC. Latency comparisons between MDPV and COC reveal 

that latency to active lever pressing is shorter with MDPV, especially with latency for the 

first active lever press. Interestingly, although there was no difference in USV calling rate 

frequency during the “anticipatory” phase (See Figure 6.8, Infusion ‘0’ on x-axis), rats 

operantly responded at the start of the Acquisition Phase session to receive MDPV much 

quicker than COC (Figure 6.8, inset figure). The latency data and USV data suggest that 

while MDPV and COC produce a similar appetitive state when rats are exposed to a 

drug-associated context, rats undergoing MDPV IVSA act on the compulsion to begin 

drug taking quicker than COC IVSA.   

Our studies with MDPV and COC USVs provide a foundation for future 

experiments to truly identify the underlying causes of the 50 kHz USVs. While DA levels 

are strongly associated with producing 50 kHz calls, activation of glutamate, 5-HT, and 

opioid receptors increase 50 kHz calls as well (Fu et al., 1994, Costa et al., 2015, Hahmed 

et al., 2015, Wohr et al., 2015). Studies with COC-elicited anticipatory USVs suggest that 

anticipatory USVs decrease over the time of self-administration (Ma et al., 2010). Future 

studies will identify dose-related effects on MDPV and COC USVs, both in non-

contingent administration and self-administration, to identify if a linear or U-shaped 

curve relationship is observed. Contributions of different neurotransmitter systems will 

be identified through targeted antagonism of receptors in the glutamate, DA, and 5-HT 



130 
 

system. Additionally, follow-up studies will evaluate if there is a difference in the 

temporal decay of anticipatory USVs over self-administration between MDPV and COC.  

In conclusion, our studies found that pretreatment with CEF prior to and 

throughout acquisition of MDPV IVSA decreases drug taking, while having no effect on 

MDPV reinstatement of drug seeking. Contrasts in the positive appetitive states occurring 

during IVSA of MDPV and COC found MDPV produced a greater and more prolonged 

frequency of 50 kHz USVs than COC. Our studies further characterize MDPV in regards 

to mechanistic similarities and differences with COC, and provide further evidence of the 

high abuse liability and propensity for reinstatement of drug seeking associated with 

MDPV.  

 

 


