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ABSTRACT

Globally, addiction to stimulants such as methanghee (METH) remains a
significant public health problem. Despite decanle®search, no approved anti-relapse
medications for METH or any illicit stimulant exigtnd current treatment approaches
suffer from high relapse rates. Recently, syntheditiinones have also emerged as
popular abused stimulants, leading to numerousl@mdes of toxicity and death.
However, contrary to traditional illicit stimulantgery little is known about their
addiction potential. Given the high relapse rateg lack of approved medications for
METH addiction, chapters 2 and 3 of this dissestaissessed three different glutamate
receptor ligands as potential anti-relapse medinatfollowing METH intravenous self-
administration (IVSA) in rats. In chapters 4 thrbug using both IVSA and intracranial
self-stimulation (ICSS) procedures, experimentesssd abuse liability of the popular
synthetic cathinones 3,4-Methylenedioxypyrovaler@M®PV) , methyloneg-
pyrrolidinovalerophenonex{PVP) and 4-methylethylcathinone (4-MEC). Resulosif
these seminal studies suggest that these drugegsosisnilar abuse potential to
traditional illicit stimulants such as METH, cocajrand 3,4-
methylenedioxymethamphetamine (MDMA). Finally, sasgdoutlined in chapter 8
assessed the potential neurotoxic or adverse cogeitfects of METH and MDPV
following IVSA procedures for the purpose of idéyig potential novel
pharmacotherapeutic targets. However, resultsesfeliinal studies did not reveal
neurotoxic or adverse cognitive effects when usinglar IVSA procedural parameters
that were sufficient for establishing addictiongtal, suggesting that these parameters
do not allow for sufficient drug intake to prodwsieilar neurotoxicity or cognitive



deficits reported in humans. Thus, these modelslmapadequate for fully modeling the
adverse neural and psychological consequencesraflant addiction. Together, these
studies support the notion for continued researtththe abuse liability and toxicity of
METH and synthetic cathinones and suggest thateefents to traditional IVSA models
are needed for both more effective assessmenttehpal cognitive and neural deficits
induced by these drugs and screening of potentétycally efficacious

pharmacotherapeutics.
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CHAPTER 1
GENERAL INTRODUCTION

The Costs of Drug Addiction

Drug addiction is a chronically relapsing disorgancipally characterized by the
uncontrollable drive to obtain and failure to lirthie use of drugs despite adverse, often
severe, consequences. In addition, there is a caitenat loss of interest in engagement in
other activities such as work, school, dependemt, @nd social gatherings, to name a
few (Kalivas, Volkow, & Seamans, 2005; Koob, Sanh&loom, 1998). Addiction casts
a wide net of consequences, adversely affectingusothe health and well-being of
individual users, but devastating families, stragnhealthcare resources, significantly
damaging environments, and imparting a signifiemanomic and medical burden to
society as a whole (Ericson, 2001). Globally, tee af addictive drugs is responsible for
nearly 10% of the total disease burden (Harwoodo&idhery, 2004). When factoring in
the influence of treating drug-related health peofd, crime, loss of productivity due to
disability and withdrawal from the workforce, anemature death, the economic burden
of drug addiction to the US is estimated to exdeaia trillion dollars annually
(Substance Abuse and Mental Health Services Adinatisn, 2011). In 2011, 21.6
million persons in the U.S. aged 12 or older meea for substance dependence or
abuse. However, only 2.3 million received treatmenih the other 19.3 million
declining help largely because of the costs andnaenience of treatment (Substance
Abuse and Mental Health Services Administratior, 20 Currently, the prevailing
treatment approaches consist of traditional coggitiehavioral therapies, self-help and
social support programs, adjunctive treatment agproved medications (when
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applicable), and/or some combination thereof. Hawegonly a small number of
approved addiction pharmacotherapeutics existpahdfor nicotine, opioid, and alcohol
addiction (Sofuoglu, DeVito, Waters, & Carroll, Z)1For addiction to
psychostimulants such as cocaine, methamphetaandenewer “legal high” designer
stimulants, there are currently no approved meidisat(Sofuoglu, 2010). To make
matters worse, even with the best treatment inteimes, most individuals (up to 90%
for some drugs) will relapse within 12 months cfadintinuing drug use (Brandon,
Vidrine, & Litvin, 2007; Hendershot, Witkiewitz, &ege, & Marlatt, 2011). Given these
severe conseguences to users, families and sottietigrge number of individuals
declining much needed treatment, and high rateslapse even with treatment, there is a
significant demand for more effective treatmerditetgies designed to limit abuse and
decrease the probability of relapse. Thus, theagtismendous need for research aimed
at finding new pharmacotherapeutic targets, dewetpmore effective anti-relapse
medications, employing more effective behaviorahtment strategies, or some
combination of these approaches.
Methamphetamine

Methamphetamine (METH) is a highly addictive psystimaulant with potent
effects on the central nervous system (Shrem & iHglR008) that can lead to severe
adverse neurological and physical effects (Darkeyek McKetin, & Duflou, 2008; Scott
et al., 2007). According to the most recent WortddpReport published by the United
Nations Office on Drugs and Crime, the use of artash@e-type stimulants (ATS),
which includes amphetamine, 3,4-methylenedioxymatiteetamine (MDMA), and
METH, has reached epidemic levels globally andicoes to increase in most regions of

2



the world (United Nations, 2013). METH accountstioth the majority (71%) of all
ATS use, and is primarily responsible for the cmunéid global increase in use, since
general amphetamine use has held steady and th& giee of MDMA (i.e. “ecstasy”) is
in decline (United Nations, 2013). Furthermore bgllancreases are primarily driven by
crystalline METH (i.e. crystal METH). In the UndeStates, this increased use of METH
has translated into an increase in individuals isgetkeatment for primary METH
addiction (Maxwell & Brecht, 2011). However, ewgith treatment, approximately 70-
90% of METH users will relapse within three yedvicKetin et al., 2012). In addition to
the adverse physical and psychological effectsadividual users, METH use also
imparts a significant economic burden to societd#en factoring in the costs of
treatments, excessive health care utilization ¢cést$ productivity, crime, child
endangerment, and consequences of METH manufatherennual cost to the U.S. is
estimated to be around 23.5 billion dollars (Dob&iiicosia, 2009; Nicosia, 2009).
Given the severe consequences of METH use to locibtyg and individual users, the
continued increase in global use, the high rateslapse even with treatment, and lack
of any approved anti-relapse medications, theeetiemendous need for basic research
focused on developing more effective pharmacotleerags for the treatment of METH
(and other psychostimulant) addiction as well dsmdating the neurotoxic and adverse
cognitive effects of meth use in order to find riaerapeutic targets.
Synthetic Cathinones

In recent years, there has been an unprecedestethrihe availability of new
psychoactive substances (NPS) on international avardcets. NPS is a catch-all term
that describes new substances of abuse that azgulated yet mimic the effects of other
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controlled substances (United Nations, 2013). h32@51 NPS were identified on
international drug markets, exceeding the numb&4)@f substances under international
control for the first time in history (United Natis, 2013). While NPS encompass a
variety of drug classes, novel designer stimul&ntavn as synthetic cathinones
(comprising ~23% of all NPS) have emerged as arguakl most problematic in terms
of adverse effects to users as evidenced by a a@e bnd growing body of case reports
highlighting bizarre and violent behaviors, toxyciand death (Prosser & Nelson, 2012;
Spiller, Ryan, Weston, & Jansen, 2011).

The use of synthetic cathinones has escalated ticathain the western world
since first appearing in Europe in the mid-200@ais] subsequently in the United States
in 2009 (Rosenbaum, Carreiro, & Babu, 2012; Spéteal., 2011); Concomitant with
this escalated use has been an unprecedentedsednethe variety of these substances
now available in drug markets (Rosenbaum et allREXxperts predict that many more
designer stimulants (i.e. multiple generations)liwady to emerge as replacements once
popular (i.e. older generation) analogues are lhbgeegulatory agencies, a pattern that
has already been reported (Baumann, Partilla, &ke2013; Brandt, Sumnall,
Measham, & Cole, 2010; D. E. A. United States Depant of Justice, 2013b; Baumann
et al., 2013; Brandt et al., 2010; D. E. A. Unitatdtes Department of Justice, 2013b). Of
the many synthetic cathinones reported in drug etarknethylenedioxypyrovalerone
(MDPV), mephedrone, and methylone, initially corspd the majority (98%) of all
synthetic cathinones encountered by law enforcemgercies (D. E. A. United States
Department of Justice, 2011c). Use of these dnagded to numerous published reports
of bizarre and violent behavior, multi-organ toiciand death (Rosenbaum et al., 2012;
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Spiller et al., 2011), forcing regulatory agen@ash as the United States Drug
Enforcement Administration (DEA) to institute emengy bans citing serious hazards to
public health and safety (D. E. A. United Statep&#ément of Justice, 2011b). Despite
the increasing popularity of these drugs, verieliscientific data exists regarding their
abuse liability and toxicity from long-term usedagven scarcer information exists for
clinicians regarding effective treatments for satith cathinone abuse. Given these facts,
the scientific study of designer stimulant abuse¥etcbn liability is of the utmost
importance for (a) providing targets for pharmaamlidevelopment (b) evidence-based
information to healthcare experts charged withtingeabusers of these drugs, (c)
guiding government agencies responsible for remgdahese substances, and (d)
informing the public about the potential risks btigae of and dependence on synthetic
cathinones.

Given the significant negative impacts that METHI agnthetic cathinone use
have on both individual users and society, incoteptbaracterization of their neurotoxic
and adverse cognitive effects, and the generaldaekailable treatments, the studies in
this dissertation have collectively focused on:tfl® assessment of novel glutamatergic
agents as potential anti-relapse medications fol MBddiction; (2) assessing the abuse
liability of newer synthetic cathinones, and (3)aefenining the potential neurotoxic and
adverse cognitive effects following chronic, volamt intravenous self-administration of
these psychostimulants.

In chapter 2, we present experimental data revg#tiat the metabotropic
glutamate receptor 5 (MGIuR5) negative allostermdutator (NAM) fenobam decreases
relapse-like behavior to both METH-prime and METsés@aciated cue-prime
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reinstatement procedures. Prior to starting th&peranent, research had shown that
similar mGlur5 NAMs were effective at decreasing MEseeking across various animal
models of addiction. In contrast to the other m@WMMSs, fenobam had several
advantageous, the most important of which was arédle safety profile in humans.
However, as shown in our results, fenobam displayedspecific effects on both
sucrose- and food-seeking behavior during cue-mriremstatement procedures,
prompting us to discontinue studies assessing fanaks a potential
pharmacotherapeutic treatment.

In chapter 3, we review the published literatureatieg efficacy ofa-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPAceptor positive allosteric
modulators (PAMS) as extinction / cue-exposureapgradjunctive
pharmacotherapeutics, a class of drugs which hewrsipositive effects across a wide
range of neuropsychiatric disorders. Next, we predata showing that the two novel
AMPA PAMs CX1837 and CX1739 both facilitate extiioct following METH self-
administration procedures, but ultimately failedlaxrease relapse-like behavior in
METH cue-primed reinstatement procedures. As iregrgent 2, as a result of
disappointing effects in reinstatement procedwebsequent extinction studies using
AMPA PAMs were discontinued in our laboratory.

In chapters 4 and 5, we present the first publigtedies detailing reinforcing
and rewarding effects of MDPV and methylone, twdéh&f most popular synthetic
cathinones to emerge as “legal high” psychostintslan international drug markets.
Specifically, in chapter 4, potent MDPYV reinforciagd rewarding effects in rats are
shown as robust intravenous self-administratior5@Y and decreases in intracranial
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self-stimulation thresholds, suggesting a high ettzh potential similar to illicit
stimulants such as METH. In chapter 5, using alndesttical procedures, we also reveal
reinforcing and rewarding effects of methylone. Koer, in contrast to MDPV, lack of
robust escalation in long access (LgA) IVSA andklatsignificant ICSS threshold
decreases suggest that methylone does not poksessntpulsive abuse potential of
MDPV or other illicit psychostimulants (METH or caiae) with known high abuse
liability.

In chapter 6, we shown thatpyrrolidinovalerophenonex{PVP) and 4-methyl-n-
ethylcathinone (4-MEC), two synthetic cathinonest targely replaced MDPV and
methylone on international markets following goveent bans, also possess potent
rewarding effects as revealed by significant thoégklecreases in ICSS procedures
nearly identical to those used in chapters 4 arRESults from these experiments suggest
that newer second-generation synthetic cathinoatgues likely have similar addiction
potential as their first generation counterparts.

In chapter 7, we conducted several MDPV behavsgakitization and cross-
sensitization experiments (MDPV + METH) motivateddvidence suggesting that (1)
MDPYV abuse is still prevalent despite governmebéais, (2) that MDPV users are
typically previous users of illicit amphetaminesdg3) that previous amphetamine use
appears to increase the potential adverse effett &V suggesting similar
neurochemical effects. Results from these expetisnm&vealed that behavioral
responsivity, as shown by increased locomotor biehag increased in rats following
repeated exposure to MDPV when compared to raeategly treated with saline
vehicle. Interestingly, repeated exposure to MET¢Hmbt increase behavioral
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responsivity to a subsequent low-dose MDPV chabllesgggesting that sensitization
between MDPV and METH is not entirely bi-directibribogether, results from chapter 7
corroborate human studies suggesting that expésireth MDPV and METH may
increase the potential for addiction or adverseogaychopathology following abuse of
these drugs.

In chapter 8, as a result of our robust MDPV IV&®Aults in chapter 4 and cross-
sensitization results in chapter 7, we conductetitiathal MDPV IVSA experiments
using similar temporal parameters (2 hr short a&&¢8BA) + 6 hr long access (LgA)) in
chapter 4 to assess whether voluntary administratmuld lead to neurotoxic or adverse
cognitive effects seen in other studies with itlgsychostimulants such as METH and
cocaine. While these IVSA experimental proceduneshiapter 4 revealed potent
reinforcing effects suggestive of high addictiongmaial in humans, they did no produce
evidence of neurotoxicity or adverse cognitive eéeWhen the IVSA experiments from
chapter 8 and those published by others are iegpitogether, psychostimulant IVSA-
induced neurotoxic and adverse cognitive effecpeaponly in IVSA procedures
employing both longer periods of voluntary exposamd protracted withdrawal. Taken
together, results from chapter 4 and 8 togethegesighat while traditional IVSA
procedures are sufficient for establishing abueallty, they do not appear sufficient for
producing a significant level of exposure to pragladverse effects. Thus, as the IVSA
procedures employed in this dissertation do noeapio fully capitulate adverse effects
reported in human abusers, it is recommended titatef research employ IVSA
experiments with sufficiently long exposure periadsnbined with protracted
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CHAPTER 2
ATTENUATION OF REINSTATEMENT OF METHAMPHETAMINE-, §CROSE-,
AND FOOD-SEEKING BEHAVIOR IN RATS BY FENOBAM, A MEABOTROPIC
GLUTAMATE RECEPTOR 5 NEGATIVE ALLOSTERIC MODULATOR
Published in Psychopharmacology, 2012

Methamphetamine (METH) is a highly addictive psystimaulant with potent
effects on the central nervous system (Shrem aidtid€2008). METH use is highly
correlated with various medical and neuropsycluatisorders and has numerous adverse
neurological and other health effects (Darke e2@08; Rusyniak 2011; Scott et al.
2007). In many regions of the U.S., METH use leaently reached epidemic levels, and
the most recent epidemiological data suggest tHatiMuse is again on the rise despite
decreasing trends in use in the mid- to late-2008&gylin et al. 2000; Maxwell and
Brecht 2011; Maxwell and Rutkowski 2008).

METH'’s reinforcing effects are generally attributedts actions as a potent
releaser of monoamines (Cruickshank and Dyer 2R3 2008; Sulzer 2011). These
effects are caused by a displacement of monoarfimesvesicular stores by METH
acting as a substrate for vesicular monoamine piatess (VMAT). This results in
increased cytoplasmic monoamine levels and a subségeversal of plasma membrane
monoamine transporter direction. Attempts at dgvalp pharmacological treatments for
METH addiction have historically focused on compdsimhich modulate the actions of
METH on VMAT, plasma membrane monoaminergic tramtgys, or GABAergic

functioning within mesolimbic brain circuits (Ciaoene 2011; Karila et al. 2010; Vocci



and Appel 2007). However, as of yet there areetiily no medications approved by the
U.S. Food and Drug Administration for METH addictio

Various studies have shown that METH increasesegliular levels of
glutamate in forebrain regions such as the striahippocampus, and prefrontal cortex
(Mark et al. 2007; Rocher and Gardier 2001; Shdb&al. 2003; Stephans and
Yamamoto 1995). However, in other regions of trerbsuch as the nucleus accumbens
and ventral midbrain, it has been shown that ME&H iacrease, have no effect, or even
decrease extracellular levels of glutamate (Ital.€2006; Shoblock et al. 2003; Zhang et
al. 2001). Thus, the effects of METH on extracaiudlutamate appear to be complex,
and likely dependent on brain region, dose, anglieacy of administration. While most
research on METH—induced changes in extracellulaagnate has focused on its role in
excitotoxicity, more recent research has revealpdnaary role for glutamatergic
neurotransmission in mediating the rewarding antdorcing effects of METH (Gass
and Olive 2008). Thus, glutamatergic transmissi@ay fme a novel therapeutic target for
the treatment of addiction to METH (Kalivas and ki 2011; Olive 2009; Olive et al.
2012).

Receptors for glutamate are broadly classifiedastropic (iGIUR) or
metabotropic (MGIuR) receptors. There are 8 mGhrdeptor subtypes (MGIuR1 —
MGIuR8) which are further subclassified into thdestinct families (Group |, 11, or 111)
based upon their pharmacology and signaling trastemumechanisms (Conn and Pin
1997; Pin and Duvoisin 1995). In a seminal stud¥hyamulera and colleagues, it was
shown that mice lacking the mGIuR5 gene did notiaegcocaine self-administration
and were unresponsive to its locomotor stimulafetce$ (Chiamulera et al. 2001). Since
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this study, numerous investigators have shownrtt@uR5 antagonists reduce
intravenous drug self-administration and reinstaetnof drug-seeking in animal studies,
as reviewed elsewhere (Duncan and Lawrence 20T#)\Kand Markou 2004; Olive
2009). We have previously demonstrated that trecieé mGIuR5 NAM 3-((2-methyl-
1,3-thiazol-4-yl)ethynyl)pyridine (MTEP) attenuatesravenous METH self-
administration while exerting no effects on footf-selministration (Gass et al. 2009;
Osborne and Olive 2008). In addition, MTEP alseraiaited reinstatement of METH-
seeking behavior induced by METH-associated cuesate METH exposure, but did
not alter cue-induced reinstatement of food-seekifaken together, these studies
indicate that mGIuRS5 receptors play a key role BT reinforcement and METH-
seeking behaviors, and justify further investigatioto mGIluR5 antagonists as potential
anti-addiction therapeutics.

Fenobam was first developed in the 1970’s as abemzodiazepine anxiolytic for
human use despite unknown pharmacological mecharo$maction (Itil et al. 1978;
Pecknold et al. 1980; Pecknold et al. 1982). InR2@0was revealed that fenobam is a
selective mGIuR5 NAM (Porter et al. 2005), renewimgrest in fenobam as a potential
therapeutic for the treatment of various dysfunctbthe nervous system. Fenobam
possesses antidepressant, analgesic, and anxeffgats in experimental animals (Jacob
et al. 2009; Montana et al. 2009), symptoms th&nodccompany withdrawal from
chronic METH use (Scott et al. 2007). Fenobam aveésl other mGIuR5 NAMs have
recently been tested in clinical trials for a numbiemedical disorders including Fragile
X syndrome and L-dopa induced dyskinesias (Bermgvi§ et al. 2009; Hagerman et al.
2008; Jaeschke et al. 2008). While these clinrcaktshowed that fenobam was
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generally well tolerated with only moderate sidieets, unfortunately, clinical testing of
fenobam was recently discontinued due to someviméet efficacy and large

variability in plasma levels of the drug followingal administration. Nevertheless, since
there is a great need to develop medications ®trdatment of METH addiction,
particularly with compounds that demonstrate sadgiy tolerability in human subjects,
we sought to determine the effects of fenobam enr¢mstatement of METH-seeking
behavior. To examine the potential generalizatibefi@cts on the reinstatement of
seeking of natural reinforcers, we assessed tleetsfbf fenobam on the reinstatement of

sucrose- and food-seeking behavior.

Method

Subjects

Fifty-four male Sprague-Dawley rats (Harlan Lalior@s, Livermore, CA),
weighing approximately 250-275 g, were individudilyused upon arrival. Animals were
maintained on a 12 hr light-dark cycle (lights aff0700 hr) in a temperature and
humidity controlled rodent colony. All experimentat was conducted during the dark
phase of the light-dark cycle, with the exceptib@ d6 hr overnight operant training
session for METH and sucrose self-administratimugs which commenced near the
end of the dark phase (at approximately 1600 ha)camtinued through the light phase
into the following morning (ending at approximat@§00 hr). Rats undergoing METH
and sucrose self-administration procedures werengad libitum access to food and
water during all phases of the experiment excephdurug self-administration and for
12 hr prior to the initial operant training sessiBats undergoing food self-
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administration procedures were maintained at apprately 85% of their free-feeding
bodyweight and received food in their home cagefa hour each day approximately
two hours after operant testing. Rats undergoingrmtor assessment procedures
received ad libitum access to food and water duslhgxperimental phases. Two rats
were eliminated from the study due to cathetermmatéailure. All experimental
procedures were conducted with the approval ohatititional Animal Care and Use
Committee at Arizona State University and in aceot with the Principles of
Laboratory Animal Care and the 8th Edition of theid& for the Care and the Use of
Laboratory Animals (National Research Council, 2011
Surgical Procedures

Prior to arrival, rats undergoing METH self-adrsination procedures were
prepared with intravenous catheters into the jugegan by Harlan Laboratories Surgical
Services. Upon arrival, rats were allowed one dagcolimation before vascular port
implantation. Rats were anesthetized and implawiddvascular access ports (Model
313000BM15, Plastics One, Roanoke, VA, USA) as iasd previously (Gass et al.
2009). Following surgical procedures, rats weregi% days of post-operative care
during which they received daily intravenous intus of 70 U/ml heparin (0.2 ml
volume) to maintain catheter patency and 100 mgéfdzolin (0.1 ml volume) to protect
against infection. Rats also received daily subweas injections of 2.5 mg/ml of
meloxicam (0.15 ml volume) to relieve surgery-rethtliscomfort. During post-operative
care, observation of weight loss on any day reduttea 5 ml subcutaneous injection of
saline to combat dehydration. The surgery site alss treated with topical lidocaine and
triple antibiotic ointments to facilitate healinftbe wound. Rats undergoing locomotor,
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sucrose reinstatement, or food reinstatement prwesdlid not undergo catheter
implantation procedures.
Methamphetamine, Sucrose, and Food Self-Administrat

Self-administration, extinction, and reinstatemests were conducted in operant
self-administration chambers (ENV-008, Med Ass@satt. Albans, VT, USA) as
described previously (Gass et al. 2009). To iret@perant responding for METH and
sucrose self-administration, rats were underweatraght sucrose pellet training
according to a fixed-ratio 1 (FR1) schedule of f@icement as described elsewhere
(Gass et al. 2009). Approximately 24 hr followitg tinitial overnight training session, 2
hr daily self-administration sessions were inittht@hereby presses on the active lever
resulted in delivery of METH (0.05 mg/kg/infusiaelivered in a volume of 0.06 ml
over a 2 sec period) on a FR1 schedule of reinfoece for METH trained animals. Each
active lever press was accompanied by a concuthemination of a stimulus light
located above the active lever, and presentati@m@uditory stimulus (~65 dB, 2900
Hz) for 2 sec. Animals trained to self-administecr®se underwent the same procedures,
except each active lever press resulted in deligégysingle 45-mg sucrose pellet
(TestDiet, Richmond, IN, USA) according to a FRhestule of reinforcement. For food
self-administration procedures, rats did not undext6 hr overnight training session and
began 2 hr self-administration through spontaneagsiisition procedures and active
lever presses resulted in delivery of a single 4bfond pellet (Bio-Serv, Frenchtown,
NJ) according to a FR1 schedule of reinforcemesif-&Iministration sessions were
conducted 7 consecutive days per week. For METHaskhinistration procedures, each
session was preceded by intravenous infusion off®df 70 U/ml heparin, and followed
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by infusion of 0.1 ml of 70 U/ml of heparin and @nl of 100 mg/ml cefazolin.
Stabilization of self-administration was considetedhave been reached when the
average number of active lever presses during 2&ctsession differed by less than 15%
for 2 consecutive days, after a minimum of 8 ddysetf-administration. Self-
administration (SA) data reported represent thesspeenumber of active lever presses
during the final two self-administration session®pto extinction training.
Extinction Procedures

Extinction sessions were 2 hr in length and comrmaérficllowing stabilization of
self-administration. During extinction trainingsponding on the previously active lever
no longer produced any programmed consequencessasbed previously (Gass et al.
2009). Extinction sessions were conducted eacludalythe number of active lever
presses per session was less than 25% of the avenagper of active lever presses
during the final two days of self-administratiospending, and when this level of
pressing was observed for 2 days.
Reinstatement Procedures

Reinstatement test sessions were 2 hr in lengtltaminenced on the day
immediately following the last extinction sessiéor all groups of rats (METH-prime,
METH-cue, sucrose-cue, and food-cue), fenobam bicleewas injected i.p. 20 min
prior to the reinstatement sessions. For the MpfiRhe group, a single METH injection
(0.5 mg/kg i.p.) was given 30 minutes prior to sétlement testing and ten minutes prior
to fenobam administration. Following each reirstatnt test session, animals were
placed into additional 2 hr extinction sessionstistg on the following day. These
additional extinction sessions were carried oull extinction criteria were again met at
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which point another reinstatement test was conduatethe following day. Each group
of rats were subjected to either 3 or 4 reinstatertests, and each rat received 3 or 4 of
the different treatments (vehicle or 3 doses obbam) in a randomized counterbalanced
design. After the final reinstatement test, theras were euthanized by anesthesia with
isoflurane followed by decapitation.

Locomotor Procedures

Locomotor activity was measured as rotational battand recorded by Rotorat
version 1.2 software (Med Associates). Rats wegieqal into stainless steel bowls (40.6
cm diameter x 25.4 cm high; model ENV-500, Med Asates) surrounded by a clear
Plexiglas wall to prevent rats from escaping thegaaptus. Rats were connected to spring
tether secured to the top of the apparatus by sitsenrotational sensor which recorded
activity. A zip-tie collar was placed around thech of the rat and connected to the
spring tether via a stainless steel alligator chfeasurements taken were full (360°
turns) and quarter (90°) turns, in both clockwiad aounter-clockwise directions.

Prior to locomotor assessment rats were placed®itmin daily sessions for two
days for acclimation to the locomotor apparatusloleng acclimation procedures, 6 rats
were randomly assigned to receive either fenobd&m{d/kg, i.p.) or vehicle for the first
locomotor session. The next day, rats that presiyoteceived fenobam were
administered, and vice versa. Locomotor sessiars 80 min in length, and fenobam or
vehicle injections were given 20 minutes prior lacmg rats in the locomotor apparatus.
Drugs

Fenobam (1-(3-chlorophenyl)-3-(3-methyl-5-oxo-4Hidazol-2-yl)urea) was
custom synthesized by Chemir Analytical Servicearfffand Heights, MO, USA).
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Fenobam was suspended in a vehicle consisting3e6 0/v Tween 80 via sonication. For
reinstatement procedures, fenobam was injectetidintraperitoneal (i.p.) route at doses
of 5, 10, or 15 mg/kg in an injection volume of ¥Ykg. These doses were chosen based
on previous reports that they do not produce sicanit signs of sedation or anhedonia
(Cleva et al. 2012; Porter et al. 2005). Fenobadm(fy/kg) was also injected via the i.p.
route prior to locomotor assessment. (+)Methamphieta hydrochloride was obtained
from Sigma-Aldrich (St. Louis, MO, USA) and dissetl’in a sterile saline for
intravenous infusion. For METH-primed reinstatemerttcedures, METH was prepared
at a concentration of 0.5 mg/ml in saline and adgstened i.p. in a volume of 1 ml/kg.
Statistical Analyses

For all groups (METH-prime, METH-cue, sucrose-cameg food-cue),
verification that extinction training produced diftggant decreases in the number of
active lever presses was perfomed by Student'st¢:t&he effects of fenobam on
reinstatement behavior was analyzed by a one-wasated measures ANOVA, with the
number of active or inactive lever presses withedegperimental phase (extinction,
vehicle, 5, 10, and 15 mg/kg) serving as the requeateasures. Holm-Sidak post hoc
tests were used to determine effects of fenobara. dasthermore, one-way repeated
measures ANOVAs were also conducted on the nunfbeactive lever presses as an
indicator of possible motoric side effects. Fardmotor assessment, a repeated
measures ANOVA for full and quarter turns with treant (fenobam 10 mg/kg vs.
vehicle) was conducted. When tests of data norynfalited, a Friedman ANOVA on

ranks was utilized. Level of statistical significanwas set to p < 0.05 for all tests.
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Results

For all groups, extinction training produced angigant reduction in the number
of active lever presses during each session (&kK@:05). During METH-primed
reinstatement (n = 12), a significant main effddeanobam dose/experimental phase on
active lever presses was observed (F[4,32]=4.340.({; see Fig. 1a). Post-hoc
comparisons revealed a reinstatement followingMBE H-prime injection as evidenced
by a significant increase in the number of actexesl presses following vehicle
administration vs. the average of the last 2 ddyxbnction (p<0.05). Fenobam at both
the 10 and 15 mg/kg doses significantly attenuetatstatement as compared to
following vehicle treatment (p<0.05 and p<0.01pexgively). Analysis of inactive
lever presses did not reveal any significant méeces of dose/experimental phase
(p>0.05; Table 1).

During cue-induced reinstatement of METH-seekimg (L0O), a significant main
effect of fenobam dose/experimental phase was wbddor active lever presses
(F[4,36]=6.44, p<0.001; see Fig. 1b). Post-hotstemvealed a significant increase in
active lever presses following vehicle administnatas compared to extinction
responding, indicating that METH-associated cudsited a reinstatement of METH-
seeking behavior. Furthermore, fenobam doses ahti0L5 mg/kg significantly
attenuated cue-induced reinstatement (p<0.01 a@dP%, respectively). For inactive
lever pressing, a repeated measures one-way ANQ@W&dfon tests of normality, and a
Friedman'’s repeated measures ANOVA on ranks regleatagnificant main effect of
fenobam dose/experimental phase on inactive lenesspsy?=26.064, p<0.001).
However, Dunn’s method of multiple comparisons mid reveal any significant
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differences in the number of inactive lever preskesg extinction and any of the
reinstatement tests (p>0.05; Table 1).

During cue-induced reinstatement of sucrose-sedkinf)2), a significant main
effect of fenobam dose/experimental phase was wbddor active lever presses
(F[4,59]=6.653, p=0.001; see Fig. 2a). Post-hetsteevealed a significant increase in
the number of active lever presses during reinstetg tests following vehicle treatment
as compared to extinction values (p=0.005), demmatnsg) reinstatement of sucrose-
seeking in response to sucrose-associated cuess:-h@otests revealed significant
decreases in active lever presses following tH®3nd 15 mg/kg doses of fenobam as
compared with vehicle (p<0.01). A significant maiifiect of fenobam dose/experimental
phase was also found on inactive lever pressess®4.369, p=0.005). However,
post-hoc tests revealed no significant differencgle number of inactive lever presses
between extinction and following vehicle treatmeamtbetween vehicle and all doses of
fenobam tested (p>0.05; Table 1).

During cue-induced reinstatement of food-seekmgl@), a significant main
effect of fenobam dose/experimental phase was wbddor active lever presses
(F[4,59]=8.589, p=0.001; see Fig. 2b). Post-hatsteevealed a significant increase in
the number of active lever presses during reinstate tests following vehicle treatment
as compared to extinction values (p=0.001), dematnsg) reinstatement of food-seeking
in response to food-associated cues. Post-hacrmstaled significant decreases in
active lever presses following the 5, 10 and 15kgngbses of fenobam as compared with
vehicle (p<0.001). For inactive lever pressessigaificant effects were observed
(p>0.05; Table 1).
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For locomotor behavior, repeated measures ANO\@Andit reveal a significant

main effect fenobam dose for full or quarter tufpi's >0.05, Fig. 3).

Discussion

The current study demonstrated that fenobam, aluR®NAM that has been
tested in human subjects for treatment of othericaédonditions, effectively reduced
METH-seeking behavior elicited by either METH-palireues or a METH priming
injection. Specifically, fenobam significantly ettuated reinstatement of METH-seeking
behavior elicited by both METH-associated cuesland METH priming injection at
doses of 10 and 15 mg/kg. However, an attenuatiane-induced reinstatement of
sucrose- and food-seeking behavior was also obs$eanel at each dose tested (5, 10, and
15 mg/kg). These results indicate that fenobake, previously tested mGIuR5 NAMs
such as 3-((2-methyl-4-thiazolyl)ethynyl)pyridind TEP), attenuates METH-seeking in
the reinstatement paradigm (Gass et al. 2009). edewy the reduction in cue-induced
reinstatement of both sucrose- and food-seekinigates that fenobam also affects
seeking of natural reinforcers.

The demonstration that fenobam attenuates METHkusgekder reinstatement
conditions extends previous research showing ilfaregenetic or pharmacological
blockade of mGIuRS5 receptors leads to reductiortsuig reward, reinforcement, and
relapse-like behavior (Duncan and Lawrence 201Red009). While the exact
mechanisms by which fenobam and other mGIluR5 NAddsice drug-seeking or
relapse-like behavior are not completely understadidkely mechanism is by decreasing
glutamatergic transmission in the nucleus accumfi¢Asc) and/or ventral tegmental
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area (VTA). Various studies have revealed thataghattergic transmision in the NAcc
mediates reinstatement of drug-seeking for numeaddsctive drugs, including
amphetamines (Cornish and Kalivas 2000; Di Ciarad.2001; Gass and Olive 2008;
Knackstedt and Kalivas 2009; Lalumiere and Kali2888). Furthermore, while drug-,
cue-, and stress-primed reinstatement of drug-sgekitially engage distinct neural
circuits, these circuits converge onto the regmirthie prefrontal cortex which in turn
send glutamatergic projections to the NAcc. Thafiontal-NAcc connection has been
hypothesized as the final common pathway mediaggstatement of drug-seeking
(Kalivas and McFarland 2003; Kalivas et al. 2005).

With regards to mGIuR5 receptors, these receptuteprs are widely distributed
in many regions of the brain, with the NAcc and V3$howing moderate to high levels of
MGIuURS5 receptor expression (Mitrano and Smith 260mano et al. 1995; Shigemoto
et al. 1993). Bilateral microinfusions of the mGRRAM 2-methyl-6-
(phenylethynyl)pyridine (MPEP) or MTEP into the NAattenuates the reinstatement of
cocaine-seeking elicited by drug priming and drage&iated cues (Backstrom and
Hyytia 2007; Kumaresan et al. 2009) as well asaiggted alcohol-seeking behavior
(Sinclair et al. 2012). Thus, it is likely that ssiic administration of fenobam exerts its
effects on the reinstatement of METH-seeking by uhaiihg the glutamatergic
transmission within these regions. Further studresneeded to confirm this, as well as
the role of these regions in mediating fenobam-tediusuppression of cue-induced
reinstatement of sucrose- and food-seeking behavior

Another possible mechanism through which fenobamy at@nuate METH-,
sucrose-, and food-seeking is via effects on lmaward function. Fenobam, along with
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the prototypic mGIuR5 NAMs MPEP and MTEP, have bgleown to decrease brain
reward functioning as measured by intracranials@tfiulation (ICSS) (Cleva et al.
2012; Harrison et al. 2002; Kenny et al. 2005; Keanhal. 2003). Specifically, doses of
MPEP (1-9 mg/kg) which significantly decrease dseff-administration, also elevates
ICSS thresholds. However, others have found thaERIBoes not alter ICSS thresholds,
nor does MPEP decrease amphetamine-induced pdi@mitd brain stimulation reward
(Gormley and Rompre 2011). A 3 mg/kg dose of theenselective mGIuR5 NAM
MTEP has been shown to decrease cue- and druggprenestatement of METH-
seeking (Gass et al. 2009) and also elevate IC@Shblds (Cleva et al. 2012). However,
only a high dose of fenobam (30 mg/kg, twice thghbst dose tested in the current
study) significantly elevated ICSS thresholds, wlasra 10 mg/kg dose (which
attenuated cue-induced METH-seeking in the custrdty) did not significantly increase
ICSS thresholds (Cleva et al. 2012). Thus, thebittny effects of fenobam to reduce
METH-, sucrose-, and food-seeking are not likelglaied by an anhedonic state
produced by these compounds. In addition, the dheifects of fenobam on inactive
lever presses during reinstatement or locomotavigGtas demonstrated in the present
study, suggest that motor impairing effects of fearo did not likely contribute to its
observed effects on reinstatement. However, tleetsfof fenobam on ICSS thresholds
(Cleva et al. 2012) and locomotor activity haveydmen examined thus far in drug-
naive animals, and fenobam may have differentfaces on brain reward function in
animals with a history of drug self-administratidiis possibility warrants further

investigation.

22



While the 10 and 15 mg/kg doses of fenobam siganifily attenuated the
reinstatement, all doses of fenobam tested attedwsaicrose- and food-seeking.
Although mice lacking mGIuRS5 receptors do not stamwattenuation of food self-
administration (Chiamulera et al. 2001), recerttlyas been shown that mGIuR5-
deficient mice do show an attenuation of food-segkinder reinstatement conditions
relative to wild-type controls (Eiler et al. 2011Jhis finding is not without precedent, as
MGIuRS5 receptors have been implicated in playiegraral role in regulating appetite
(Bradbury et al. 2005) and pharmacological blockaidaGIluR5 receptors has been
shown to decrease responding for food (Patersoriviamkiou 2005). Although we have
previously shown that the selective mGIuR5 NAM MTédes not affect cue-induced
reinstatement of food-seeking (Gass et al. 2009);3specific effects of fenobam may
account for these observations. For example, wberpared to MPEP and MTEP,
fenobam has been observed to exert more non-gpbeifiavioral disruptions in animal
models of anxiety, possibly due to yet to be idediactive metabolites of fenobam
(Porter et al. 2005). In addition, Jacob and cglles (Jacob et al. 2009) revealed
fenobam-induced learning impairments in both therddavater maze and contextual
fear learning paradigms at a dose as low at 10 gndflarthermore, it was previously
shown that in humans, high doses of fenobam exsdet psychostimulant and
psychotomimetic effects in a subset of individy&escknold et al. 1982). Other side
effects of fenobam that have been reported in hgnrartude dizziness, nausea and
sedation (Berry-Kravis et al. 2009). It is therefpossible that such effects may have led
to the observed reductions in sucrose-, food-,MBd H-seeking behavior produced by
fenobam in the current study.
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In summary, we observed that fenobam attenuateethstatement of METH-
seeking behavior induced by acute METH exposumeedisas METH-associated cues.
These findings have important implications for pa¢ential use of fenobam or fenobam-
related compounds as novel treatments for METHdcidah, since studies examining the
effects of pharmacological agents that are safaaatively well-tolerated in humans on
METH-seeking behavior in preclinical studies araayally lacking. However, we also
observed that fenobam also suppressed cue-indaredatement of sucrose- and food-
seeking. Therefore, fenobam may induce a suppressigeneral appetitive behaviors,
and thus optimization of fenobam analogues (Jaesehkl. 2007) may be warranted for

further development of mGIuR5 NAMs as treatmentdM&TH addiction.
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CHAPTER 3
ARE AMPA RECEPTOR POSITIVE ALLOSTERIC MODULATORS HENTIAL
PHARMACOTHERAPEUTICS FOR ADDICTION?
Published in Pharmaceuticals, 2014
“Bottom-up”: Subcortical neuroplasticity drives thdevelopment of habitual drug-
seeking behavior
Addiction begins with controlled, episodic use naated primarily by the positive
reinforcing and rewarding effects of the drug (Bkye & Robinson, 1998). These
hedonic effects, like those of natural reinforcére., food, water, sex, etc.), are
predominantly mediated by increased dopamine (D&)smission from neurons in the
ventral tegmental area (VTA) of the midbrain toe thentral striatum (nucleus
accumbens, NAc) (Berridge & Robinson, 1998). ThisA&Vv-> NAc pathway is generally
considered to be the final common “reward” pathv@yall reinforcers, both drug and
otherwise (Feltenstein & See, 2008). DA transmissgalso increased in other regions
such as the amygdaloid complex (Amyg), ventralighath, hippocampus and prefrontal
cortex (PFC) (Feltenstein & See, 2008), which aelied to play more distinct roles in
executive function, the formation of associationstween drugs and external and
interoceptive cues, and modulation of goal-direcbethaviors (Hyman & Malenka,
2001). With repeated exposure to rewarding orfoeetmg stimuli, DA transmission in
these circuits leads to cellular alterations tlegiufate how the organism behaves in the
presence of motivationally relevant environmentathgli, and mediate the establishment
of adaptive responses necessary for acquiring dutewards or reinforcers (Graybiel,
2008; Spanagel & Weiss, 1999). When a natural réwareinforcer is consumed, DA
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transmission in transiently activated and progkedgi diminishes with repeated
exposure. Over time, neutral stimuli become caowid reinforcers which themselves
increase DA transmission, predicting the eventrantivating the organism to engage in
appropriate behavioral responses (Berridge & Ramind998; Kalivas, 2007). Thus,
mesolimbic DA transmission both (1) initially sigeaghe occurrence of motivationally
relevant events and (2) later predicts the evemh fassociated cues in order to engage in
efficient goal-directed behaviors. With abused drumlike natural reinforcers, increased
DA transmission is robust, long-lasting, apdthologicallyreinforcing (Feltenstein &
See, 2008). With repeated drug use, associatiamsebe the drug and previously neutral
environmental stimuli (cues) becomexceedingly salient conditioned reinforcers
(associative “overlearning”) which can lead to angvand drive subsequent drug-
seeking. Furthermore, with repeatedly reinforcedgeseeking events, this behavior
becomes automatic, prepotent, and compulsive (im&ntal “overlearning”) (Gass &
Olive, 2008). Thus, drugs of abuse “hijack” the suttical systems that subserve normal
motivational learning, and the combination of théseerlearning” processes produce
lasting neuroadaptations in DA transmission thagpssively lead to an escalated cycle
of maladaptive (habitual) drug use (Cleva & Ga®§4,(@.

Historically, researchers have thought that themaroplastic changes mediated
the transition from episodic to compulsive drug asel addiction (Kalivas & O’Brien,
2008; Kalivas, 2002). However, research has shdwah these subcortical neuroplastic
changes alone are not fully capable in mediatiegpitogression to compulsive drug use.
Numerous lines of evidence in the last two decafiles) both human neuroimaging and
preclinical animal studies, have revealed that aguk drug use also disrupts prefrontal
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cortical functioning, resulting in a loss of exaeat functioning and “top-down”
inhibitory control that, under normal circumstancegerrides habitual responding when
exposed to adverse consequences (Goldstein & VoIROW1; Jentsch & Taylor, 1999;
Kalivas et al., 2005; Kalivas & Volkow, 2005). Thudrug addiction develops from a
combination of subcortical alterations that drivéceatic, habitual responding with a
lack of top-down inhibitory control that regulatéghavior in response to negative
consequences. Given that most attempts to devdlapmacotherapeutics for addiction
have predominantly targeted only the subcorticalard systems (attempting to reduce
craving or block rewarding and reinforcing effeotghe drug), it is not surprisingly that
the vast majority of compounds tested have faibeddequately reduce relapse rates, and
only a few approved anti-relapse medications e@at only for nicotine, alcohol, and
opioids).
“Top-down”: Repeated drug-induced insults to preftal cortices impairs executive
functioning

The PFC is responsible for many higher-order dogniprocesses, often
collectively referred to as executive functionsclsuas decision-making, response
inhibition, planning, working memory, and attenti(@®oldstein & Volkow, 2011; Miller
& Cohen, 2001; Sofuoglu et al., 2013). As mentiopesgliously, in addition to increased
DA signaling in the mesolimbic reward pathway, drugf abuse also increase DA
transmission in the PFC (Koob & Volkow, 2010). Eamte suggests that, while acute
drug effects can increase PFC activity and impragnitive functioning, repeated drug
exposure leads to compensatory changes that sudrgbgboth biases attention toward
drug-related stimuli and impairs multiple domaint executive functioning (for a
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comprehensive review of drug-induced impairmentgxacutive function domains, see
(Field & Cox, 2008; Goldstein & Volkow, 2011; Sofgia et al., 2013)). In drug
addiction, impaired functioning in these domaingmbined with attention biased
towards drug-related stimuli, culminates in thebifity of the PFC to effectively exert
“top-down” inhibitory control over habitual drugedng behavior (Kalivas & O’Brien,
2008; Kalivas, 2008). While “bottom-up” DA transssion is responsible for innervating
prefrontal regions, reciprocal “top-down” signalifigm the PFC is mediated by the
excitatory neurotransmitter glutamate (Gass & OIli&H08; Kalivas, LalLumiere,
Knackstedt, & Shen, 2009; Tzschentke & Schmidt,300n recent years, addiction
research has begun to reveal that changes in gitgagic signaling within corticostriatal
and corticolimbic circuits where DA terminals amal®edded are essential in mediating
drug reward, reinforcement, and the transition twlieion (Gass & Olive, 2009;
LaLumiere, Smith, & Kalivas, 2012; Peters, Kalivds,Quirk, 2009; Tzschentke &
Schmidt, 2003), revealing new potential targets daoidiction pharmacotherapeutics
(Cleva, Gass, Widholm, & Olive, 2010; Kalivas & ok, 2011; Olive, Cleva, Kalivas,
& Malcolm, 2012).
Glutamatergic mechanisms in memory formation: afooverview

Glutamate is the main excitatory neurotransmittethe mammalian brain and
responsible for approximately 70% of the chemicahsmission in the central nervous
system (Gass & Olive, 2008). Glutamate binds to twajor classes of receptors;
ionotropic glutamate receptors (N-methyl-D-aspart@iMDA), a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA), and kamaeceptors) which mediate fast
excitatory transmission, and metabotropic glutametgeeptors (MmGIuR1-8) which
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mediate slow modulatory transmission through Geroimediated signaling pathways
(Niciu, Kelmendi, & Sanacora, 2012). At the cellulavel, learning produces changes in
excitatory glutamatergic transmission such as llasging increases in synaptic strength
and postsynaptic current amplitudes, increasingethieacy of communication between
nerve cells. These changes, known as long-termnpaten (LTP), are generally
accepted to be the cellular basis for memory foioma&nd storage (Lisman, Yasuda, &
Raghavachari, 2012). While there is an overwheajnamount of evidence suggesting
that each of the glutamate receptor types playiquenrole in LTP and learning and
memory (Nicoll & Roche, 2013), for the purposesto$ review, focus will be placed on
ionotropic AMPA receptors (for a more comprehensasew on glutamate mechanisms
and LTP, see (Lamprecht & LeDoux, 2004; Niciu et 2D12)). Both early and late
phases of LTP require AMPA receptors. First, diggathrough AMPA receptors is
necessary to slightly depolarize the membrane promately -50 mV, at which point
the Md* block is released from NMDA receptors, allowing’Cins to enter the cell.
While C&* triggers multiple downstream effects including getranscription and
translation mechanisms that results changes itettes of numerous synaptic proteins, it
also causes an immediate non-genomic increase ifPAMeceptor trafficking and
insertion of AMPA receptors into the plasma membrancreasing the size and strength
of postsynaptic responses (P. Chang, Verbich, & Mo&y, 2012). The long-lasting
increase in postsynaptic AMPA receptors is thoughte necessary for the lasting LTP
and memory formation. Thus, ligands that increageasing through AMPA receptors

facilitate LTP, learning and memory (Lynch & G&006).
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As mentioned above, while dopaminergic signalingpeaps necessary for
initiating and reinforcing early drug use (positiveinforcement), glutamatergic
mechanisms within mesocorticolimbic circuits hal®aemerged as primary mediators
of the transition to compulsive drug use (Gass &&)I2008; Kalivas et al., 2009).
Specifically, lasting neuroadaptations in corticasal and corticolimbic glutamatergic
transmission are thought to be largely responsiblethe behavioral hallmarks of
addiction including (1) the impaired ability to tdgte the drive to obtain and use drugs,
even in the face of adverse consequences, andpi@pansity to relapse even after long
periods of abstinence (Kalivas & O’'Brien, 2008; Kak & Volkow, 2005; Kalivas,
2002). In the normal brain, when motivational reletv stimuli are encountered,
corticolimbic glutamatergic circuits, comprised thie PFC, amygdala, NAc core and
shell (NAcc and NAcs), interact and send relevairenmental information through the
NAc to mesostriatal (sensorimotor) circuits invalyithe dorsal striatum, which in turn
communicates with other basal ganglia regions ssciie globus pallidus and substantia
nigra. Together, these circuits process environatestimuli in order to establish
efficient, goal-directed behaviors. Following refgehdrug reinforcement, the influence
of corticolimbic glutamatergic projections from ti#=C and amygdala into the NAc
progressively diminishes, whereas sensorimotoraglatergic transmission to the dorsal
striatum becomes predominant, allowing responsdsetmme automatic (i.e., habitual)
and allowing corticolimbic circuits to process athelevant stimuli (Jog, 1999; Kalivas,
2008). However, if reinforcer contingencies chaage responses fail to yield expected
outcomes, engaged corticolimbic circuits functiorbbth inhibit the prepotent response
and signal the motor cortex to generate new adapagponses (Berridge & Robinson,
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1998; Kalivas, 2002). In other words, following egped drug reinforcement, the
influence of corticolimbic glutamate projection®rn the PFC to the NAc on behavior
progressively diminishes, whereas sensorimotoraglatergic transmission to the dorsal
striatum becomes predominant, resulting in moreraatic and habitual behaviors. Thus,
compulsive drug use develops from a combinatiopadfiologically strengthened “habit”
circuitry combined with impaired corticolimbic cuits, rendering drug addicts with
impaired behavior regulation who are unable tohithdrug-seeking behavior in the face
of adverse consequences (Everitt & Robbins, 20G8iv&s & Volkow, 2005; Kalivas,
2002). Given the pivotal role of excitatory transeion in these circuits, treatments
aimed at rescuing or increasing behavioral reguta@nd/or impairing drug-related
“habit” memories may be promising avenues for n@aggliction treatments.
Extinction / exposure strategies: Rescuing behaviergulation

One therapeutic approach that has shown some su¢akisough moderate at
best) in decreasing relapse by enhancing behaviegailation is cue exposure therapy
(Conklin & Tiffany, 2002; Havermans & Jansen, 2008rlatt, 1990). In this approach,
clinicians attempt to extinguish (i.e., “break™gthssociations between drug craving, use,
and drug-related stimuli (such as drug paraphehaly repeatedly exposing drug users
to the drug-related stimuli in the absence of dxugilability. In preclinical rodent models
of addiction, this process is studied using thénekibn-reinstatement paradigm (Epstein,
Preston, Stewart, & Shaham, 2006). Here, a rodenbohuman primate is allowed to
intravenously self-administer (IVSA) a drug, withug infusions simultaneously paired
with discrete cues such as a light and/or tonelowolg stabilization of drug-taking,
animals undergo either extinction training (ET),emthey are placed in the drug-taking
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context but the drugs is no longer available (dmgs tdrug-cue associations cannot be
further strengthened), or no ET where they renaitneir home cage (forced abstinence)
(Epstein et al., 2006). Subsequently, animals estet for reinstatement (“relapse”) of
drug-seeking by the presentation of drug-associdiecrete cues, a small dose of the
drug, or a stressful stimulus (Epstein et al., 30Bgstorically, a common misconception
about exposure and extinction therapies has beithié resulting decrease in responding
occurs due to a process of “forgetting”. Howewrdence suggests that extinction is
instead a form of new learning that is highly caht@ependent (Bouton, 2004). This is
evidenced by the fact that, despite a loss of mdipg during extinction procedures,
responding will often re-appear spontaneously withe (spontaneous recovery), when
the organism is placed back in the original drdgr@ context(s) (renewal), or exposed
to discrete cues not present during the extingiimtedures (cue-induced reinstatement)
(Bouton, 2002; Crombag, Bossert, Koya, & Shahan()82Rescorla, 2004). These
phenomena suggest that exposure and extincticegiga do not erase the original drug-
seeking memory engram(s), but instead decreasesgeling by strengthening “top-
down” inhibitory control circuits (Cleva et al., 20). However, the inconsistent success
rates of exposure and extinction therapies in henmahkely attributable to due to either
(1) a lack of proper use of extinction procedureg do misunderstandings about the
underlying processes of extinction (i.e., new leagnvs. forgetting), (2) context-
specificity issues (i.e., lack of extinction traigiin the actual drug-taking context(s)), (3)
lack of adequate exposure session time, (4) lackilifation of highly salient drug cues,
or other uncontrolled variables (Conklin & Tiffang002; Taylor, Olausson, Quinn, &
Torregrossa, 2009).
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Despite mixed results at the clinical level, preicial studies show that extinction
training (ET) decreases reinstated drug-seekingnwdwmpared to forced abstinence
procedures where animals simply remain in their édarage for a matched amount of
time (Fuchs, Branham, & See, 2006; Sutton et &Q032 Furthermore, reinstatement
following forced abstinence is primarily mediateg dorsal striatal “habit” circuitry (Di
Ciano, Robbins, & Everitt, 2008), whereas ET engagefrontal glutamate projections
to the NAcs, implying that top-down behavioral riegion circuits are also recruited
(Knackstedt et al., 2010; LaLumiere & Kalivas, 20@8Lumiere et al., 2012; Peters,
LaLumiere, & Kalivas, 2008). Furthermore, similariuman imaging studies that have
shown that cue-induced drug craving is correlateth \anterior cingulate activation
(Childress & Mozley, 1999), the homologous prelimbbrtex in rats (Ongur & Price,
2000), which sends glutamatergic projections toNiA&c, is responsible for initiating
cue-induced drug-seeking (Kalivas & McFarland, 208alivas & O’Brien, 2008;
LaLumiere & Kalivas, 2008; McFarland & Kalivas, Z0McFarland, Lapish, & Kalivas,
2003). In contrast, ET enhances glutamatergic mé&son from the infralimbic cortex
(ILC) to the NAcs, which is a critical locus foralstorage and consolidation of extinction
learning and subsequent inhibition of cue-induceayeeeking (Knackstedt et al., 2010;
LaLumiere, Niehoff, & Kalivas, 2010; LaLumiere dt,2012; Peters et al., 2008). Thus,
these two parallel PFC-NAc projections are funalbndichotomous, and compete for
control of signaling in the NAc to motor circuitsat ultimately guide behavior (Kalivas
& O’Brien, 2008; Kalivas, 2009). In addition, ETalds to persistent changes in various
plasticity-related proteins in the NAc. SpecifigalET upregulates the expression of the
GluR1 and GIuR2/3 subunits of the AMPA receptortie NAcs, indicative of the
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emergence of an LTP-like “up” state in these spe@athways. Corroborating these
effects, viral overexpression of these same subumlgo decreases reinstatement of
cocaine-seeking (Ghasemzadeh, Vasudevan, Muebehe$t, & Mantsch, 2009; Sutton
et al., 2003). Conversely, viral overexpression‘mire-dead” GluR1 subunits in the
NAcc potentiates reinstated cocaine-seeking (Béabteal., 2008; Sutton et al., 2003).
Thus, either potentiation or increasing the numbeAMPA receptors in the NAcs,
antagonism or decreasing the number of AMPA reeepgtothe NAcc, or both, would
theoretically tip the balance of glutamatergic sigmg to the NAc back towards favoring
of ILC-NAcs mediated inhibitory control.
Facilitating ILC-NAcs glutamate signaling

The fact that ET recruits “top-down” glutamatergignaling that mediates and is
responsible for the consolidation of extinction &eébr has led to an increase in research
focusing on these pathways as pharmacotherapawtjets. Recent studies have shown
that various glutamate receptor agonists or PAMsaroe the consolidation of both
extinguished drug-seeking and increase markersia$sd with synaptic plasticity in the
ILC-NAcs pathway (Knackstedt et al., 2010; LaLumieat al., 2010, 2012), suggesting
that pharmacological compounds that enhance activiplasticity in this pathway have
the potential to be novel therapeutic adjuncts ue exposure therapies (Cleva et al.,
2010). One promising class of glutamate liganaied AMPA PAMs (Lynch, 2002,
2006), are small molecules that, while displayingride range of structural differences,
all enhance glutamatergic signaling through positmodulation of AMPA receptors
(Arai & Kessler, 2007). The first AMPA PAMs were \a#doped approximately two
decades ago, and in the time since have been stwoiprove learning, memory and/or
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cognition, in both humans and animal subjects, iaralvariety of experimental designs,
indicating their potential as broad spectrum phawtteerapeutics (Black, 2005; Lynch &
Gall, 2006; Lynch, Palmer, & Gall, 2011; Lynch, Z)Marenco & Weinberger, 2006;
Swanson, 2009). AMPA PAMs work in an activity-degent manner by maintaining
the open-channel state of AMPA receptors after ibhgpdof an endogenous ligand
(glutamate) (Jin et al., 2005). AMPA PAMs decreasker the rate of desensitization or
deactivation of the receptor, thereby increasingpnoainflux into the postsynaptic cell
(ONeill & Bleakman, 2004). However, unlike orthest (competitive) glutamate
receptor agonists which can produce severe unwaitledeffects such as excitoxicity,
AMPA PAMs only enhance endogenous activity and lass prone to adverse side
effects (Christopoulos, 2002) (but see below). &ample, evidence shows that AMPA
PAMs can facilitate learning and memory at doses do not cause excitotoxic damage,
a common occurrence with orthosteric agonists (&datt 2003; Mehta, Prabhakar,
Kumar, Deshmukh, & Sharma, 2013; Olney, 1994; Sialogers, & Lynch, 1994).
However, it has recently been reported that AMPAVIRAmay be more excitotoxic at
effective doses than previously thought (Shafferaét 2013). Nonetheless, most
published studies have reported that AMPA PAMs gahe have a safe profile at
effective doses (Lynch & Gall, 2006; Lynch, 2006).
AMPA PAMs and Addiction: Preclinical Studies

In recent years, a handful of animal studies hasessed the potential use of
AMPA PAMs for the treatment of addiction. In thestistudy of this kind (LaLumiere et
al., 2010), rats were allowed to intravenously -sélfninister (IVSA) cocaine for two
weeks in daily 2-hr sessions using standard opéeaat pressing procedures. Following
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self-administration, rats were first placed inteeb(15 min sessions) extinction sessions
for five days after which intracranial ILC injectis of the AMPA positive modulator 2-
[2,6-difluoro-4-({2-[(phenylsulfonyl)amino]ethyl}tto)phenoxylacetamide (PEPA, 30
ng/side) or vehicle were administered immediatéigrahe extinction session. PEPA is a
GluR3/4 preferring AMPA PAM that primarily exertssieffects through attenuation of
AMPA receptor desensitization (Sekiguchi, Nishikaweoki, & Wada, 2002). Next,
seven additional 2-hr extinction sessions were gotadl, after which no post-session
PEPA infusions were given, in order to assessdtention of extinction learningThe
results showed that ILC injections of PEPA faciéthextinction learning (i.e., decreased
presses on the lever that previously resulted caioe delivery) during the final two 15-
min extinction sessions. Furthermore, PEPA-fat#itl extinction also continued
through the seven 2-hr extinction sessions, asativeesponding was significantly
decreased for all remaining ET sessions.

In a follow-up study by the same research groupd_(inaiere et al., 2012), rats
underwent cocaine self-administration procedure fweeks. Following cocaine IVSA,
rats were again placed into ET for at least 10igessand remained in extinction until
responding decreased to a predetermined crite@& (ever presses in 2 consecutive
sessions). Following extinction procedures, PEPAramjections into the ILC (0.075
nmol/hemisphere) were administered immediately rptim testing for cue-induced
reinstatement. Two reinstatement tests were giwath, rats receiving either PEPA or
vehicle in a randomized, counter-balanced desigine results demonstrated that PEPA
significantly decreased cue-induced reinstatementcaraine-seeking compared to
vehicle. Importantly, this decrease was not duealterations in general locomotor
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activity. In a subsequent experiment in this sfutdyas also shown that PEPA-mediated
decreases in responding were reversed by micréiojec of an AMPA receptor

antagonist into the NAcs. Together, these studiesiashstrate that ILC glutamate
transmission to the NAcs mediates the expressiah @mnsolidation of extinction

behavior in the reinstatement paradigm.

While these studies demonstrate that facilitatihdgegnatergic transmission in the
ILC>NAcs pathway with AMPA positive modulators is pr@mng, there are no
published reports demonstrating tsgstemicadministration of AMPA PAMs, which is
more translationally relevant for the developmehtnewer treatments for addiction,
produces similar promising results. Some AMPA PAMwe been reported to possess
the ability to induce the expression and secretiborain-derived neurotrophic factor
(BDNF) (Lynch & Gall, 2006), a neurotrophin that @ang other things facilitates the
induction and maintenance of LTP (Bramham & Mesdgd005). Thus, AMPA PAMs
can be further characterized into BDNF-inducing lBPAMPA PAM) or non-BDNF-
inducing (non-BDNF AMPA PAM) subtypes(Arai & Kesgle2007; Clarkson et al.,
2011). For example, previous work has revealedesszd motor recovery following
experimental stroke in rats following administratiof the BDNF AMPA PAM CX1837
as compared to the non-BDNF AMPA PAM CX1739 (Clark®t al., 2011), suggesting
that BDNF-inducing AMPA PAMs may have superior #q@eutic potential.

Recently, in collaboration with Cortex Pharmacealtc(Glen Rock, NJ), our
laboratory has collected novel data on the effetBDNF vs. non-BDNF AMPA PAMs
on the extinction and reinstatement of methamphe&useeking behavior. Following
two weeks of methamphetamine self-administratiorats, we systemically administered
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either the BDNF AMPA PAM CX1837 (0.1 and 1 mg/kg.j. Fig. 4a) or non-
BDNFAMPA PAM CX1739 (0.1, 1, and 10 mg/kg i.p., Figp) prior to ET sessions.
Doses of these compounds were based upon recomuogrsdafrom Cortex
Pharmaceuticals and earlier reports of efficaceftects at similar doses (Clarkson et al.,
2011) that do not alter generalized locomotor ba&hraySilverman, Oliver, Karras,
Gastrell, & Crawley, 2013). Results revealed tlygtemic treatment with either CX1837
or CX1739 significantly facilitated extinction leang (reduction in active lever presses)
on the first day of extinction tests (see Fig. fatHbowever, statistical analyses did not
reveal any significant differences during any af tkmaining extinction sessions or any
main effects of drug type (CX1837 vs. CX1739). Rartmore, the reduction in
responding seen during ET sessions unfortunatelydi lead to significant reductions in
cue-induced reinstatement of METH-seeking as seaeniqusly following intra-ILC
central injections of the AMPA PAM PEPA (Fig. 5)

The observed lack of attenuated reinstatement legethAMPA PAMs is
disappointing, especially in light of the aforemened positive results observed with
intra-ILC administration of PEPA following cocaiself-administration and ET. Reasons
for the lack of apparent efficacy of either CX173® CX1839 in attenuating
reinstatement may be attributable to the differedtug reinforcers used
(methamphetamine vs. cocaine), and it is posshdé self-administration of these two
psychostimulants produces differential effects oMP® receptor and/or BDNF
expression that may reduce the pharmacologicattsftdf AMPA PAMs (Bowers, Chen,
& Bonci, 2010; Ghitza et al., 2010). Alternativelsome studies have shown opposing
prelimbic vs. ILC influences on the extinction améinstatement of drug-seeking
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behavior (Willcocks & McNally, 2013), and it posklihat potentiation of AMPA and/or
BDNF signaling in both of these regions simultargpiollowing systemic AMPA PAM
administration negates any effects of either of¢heompounds when acting in either
region alone, as would be achieved by intracereddalinistration. Thirdly, it is possible
that CX1739 and/or CX1837 act on AMPA receptorstaming subunit configurations
that are different than those affected by PEPA R3/4).

Nonetheless, these results do indicate that furésarch is needed to ascertain
the potential therapeutic value of AMPA PAMs in ttreatment of drug addiction.
Specifically, future studies should examine facteush as drug reinforcer, BDNF vs.
non-BDNF AMPA PAM utilized, and selectivity of theg€ompounds for specific AMPA
subunit composition and their neuroanatomical laeéibn. Furthermore, it has recently
been shown that a novel extinction paradigm, kn@asnmemory-retrieval extinction,
leads to a reduction in cocaine, heroin, and alcobiostatement when compared to
standard extinction training (Xue et al.,, 2012; @awillan, Milligan-Saville, &
McNally, 2013). Furthermore, reductions in reinstaént are correlated with an
upregulation of protein kinase M zeta (PKiMan atypical member of the protein kinase
C family that is thought to be necessary and gefiicfor long-term memories and LTP
(Sacktor, 2010), although this has recently beealleged (Lee et al., 2013; Volk,
Bachman, Johnson, Yu, & Huganir, 2013). PK§ once synthesized, remains
persistently active and maintains memories throaghincrease and maintenance of
AMPA receptors in the post-synaptic membrane (Sackt010). Thus, the attenuated
reinstatement observed following memory-retrievatiretion procedures are likely
mediated through upregulated AMPA receptor siggalend further potentiation with
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AMPA PAMs may theoretically confer added benefilthis hypothesis, however,

remains to be tested.

Discussion

Collectively, the results from the studies outlinadove suggest that AMPA
PAMs may have potential as pharmacological adjuncts toittoadl cue-exposure
therapies. However, the data thus far are ratmeitdd, and this suggestion needs to
remain hypothetical at this point until additiomtdta are collected. Further studies with
additional BDNF and non-BDNF AMPA PAMs, utilizingftérent drug reinforcers, and
potentially additional extinction paradigms such eaginction-retrieval, are needed to
provide firmer evidence of a therapeutic value ®fiIlPA receptors in the treatment of
addiction, such as novel pharmacological adjureisue exposure therapy. Nonetheless,
given that the IL&NAcs glutamate pathway has been shown to mediate the
expression and consolidation of learned extinctbdrug-seeking behavior, and AMPA
PAMs exert their effects in an activity-dependerdanmer, a likely mechanism of the
observed effects of AMPA PAM administration is pdtated glutamate transmission in
this pathway. This hypothesis, while currently umfaoned, suggests a facilitation of
“top-down” inhibitory control over drug-seeking kmhor. It is therefore possible that
other AMPA PAM mechanisms may or may not contribistehe potential efficacy of
these compounds in the context of drug addictioril®Vit has been suggested in
previous work that positive effects AMPA PAMs mag/ imediated, in part, by alterations
in neurotrophin (BDNF) signaling (Clarkson et &011; Lauterborn et al., 2009; Lynch
& Gall, 2006; Lynch et al., 2011; Lynch, 1998, 2p06ur results did not reveal
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significant differences between the BDNF AMPA PANKIB37 and the non-BDNF
AMPA PAM CX1739, and thus does not suggest a danit role of BDNF signaling in
the observed facilitated extinction effects. Thessults should be interpreted with
caution however, and additional testing with otBBXNF-inducing compounds is needed
before definitive conclusions can be made.
Conclusions

Extinction-based cue-exposure therapies have shHiowted success decreasing
relapse in humans. However, evidence from prexdinstudies suggests that extinction
training, combined with AMPA PAMs treatment, undgme circumstances, facilitates
and consolidates extinction learning. Furthermaneger some circumstances AMPA
PAM treatment also leads to attenuated cue-indusiedtatement of drug-seeking. These
promising preclinical findings point to the need fature research aimed at assessing
whether adjunct treatment with AMPA PAMSs could pially improve the success rate

of cue-exposure therapies in humans.
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CHAPTER 4
POTENT REWARDING AND REINFORCING EFFECTS OF THE SYNETIC
CATHINONE 3,4-METHYLENEDIOXYPYROVALERONE (MDPV).
Published in Addiction Biology, 2014
In recent years, there has been a dramatic incredlse use of desiger drugs
known as synthetic cathinones in both Europe aadltiited States (Spiller et al., 2011,
Drug Enforcement Administration, 2011a). Use aftletic cathinones has emerged
rapidly, fueled largely by online marketing and esgread availability over the internet
and in smoke shops and convenience stores (Kakiatad. 2010; Vardakou et al.,
2011). These synthetic drugs are derivatives thfitane, a naturally occurring beta-
ketone amphetamine analogue found in k@atlia eduluys a plant that is abused for its
stimulant-like effects (Magdum, 2011) . Typicakynthetic cathinones are sold as “bath
salts”, “plant food”, and other misleading terrard marketed as “legal highs” and
alternatives to traditionally abused stimulantshscmcaine and amphetamines (Drug
Enforcement Administration, 2011a). While many paitd synthetic cathinones exist
and are predicted to emerge as abused substanbesfuture, the analogues most
frequently used at present include mephedrone wyimeethcathinone, 4-MMC), 3,4-
methylenedioxypyrovalerone (MDPV), and methylong{3
methylenedioxymethcathinone, MDMC) (Drug Enforcetm&aministration, 2011a). As
of October 2011, mephedrone, MDPV, and methylone lieen temporarily classified in
the United States as Schedule | controlled subssafizrug Enforcement Administration,
2011b).
Despite the widespread increase in use of thespa@onals, very little scientific
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data exist regarding their reinforcing effects abdse potential. Of the three most
common synthetic cathinones, most scientific ingasibns have focused on
mephedrone, and recently it has been shown tlailitreadily self-administer
mephedrone at a dose of 0.24 mg peplli6fusion (Hadlock et al., 2011). While
mephedrone has been the subject of most populss poxerage and recent scientific
investigations, MDPV use is also common and has besrketed as a replacement
mephedrone in places where it has previously baendd (Durham, 2011; Coppola &
Mondola, 2012) . MDPV is a methylenedioxy analogtipyrovalerone (Yohannan and
Bolenko, 2010), a drug with stimulant-like propestiHolliday et al., 1964) that was
once prescribed to treat chronic fatigue and lgth&Goldberg et al., 1973) before being
shown to possess abuse potential in drug addi@sikpr et al., 1975). Although the
precise mechanism(s) of MDPV is currently unknoiwig possible it acts as a
monoamine uptake inhibitor as pyrovalerone has kseewn to inhibit dopamine and
norepinephrine transporters (DAT and NET, respebt)y and to a lesser extent serotonin
transporters (SERT)(Lancelot et al., 1992)(Mel&geal., 2006)(Kelly, 2011)(Coppola &
Mondola, 2012). MDPYV increases extracellular levd#I®A in the striatum of mice after
oral administration (Fuwa et al., 2009). BehaJigraMDPV leads to dose-dependent
increases in locomotor activity in mice to a greatdent than methamphetamine when
using identical doses (Marusich et al., 2011). €fbgr, these data provide early evidence
that MDPV possesses stimulant-like properties ambborates users reports describing
subjective effects similar to those of methylphamed cocaine, and amphetamines
(Psychonaut WebMapping Research Group 2009a,b).

To our knowledge, there have been no publishedestutirectly exploring the

43



reinforcing and rewarding effects of MDPV. Thegept study addressed this issue by
examining the ability of MDPV to support intraversoself-administration (IVSA) and to
lower thresholds for intracranial self-stimulati@SS). In Experiment 1, the reinforcing
effects MDPV during IVSA were assessed at threesl(8.05, 0.1, and 0.2 mg/kg per
infusion) during three phases of experimentati@p2(hr daily access sessions, (2) a
progressive ratio (PR) schedule of reinforcemeamd, @) short (2 hr daily, ShA) vs. long
(6 hr daily, LgA) sessions. A separate group omahs underwent the same procedures
but self-administered methamphetamine (0.05 mgikggion) as a positive control. In
Experiment 2, MDPV (0.1, 0.5, 1, and 2 mg/kg, iyeags administered acutely to
determine effects on thresholds for ICSS, a weklldshed measure of brain reward

function (Kornetsky & Bain, 1992).

Method

Subjects

All experimental procedures were conducted withapproval of the Institutional
Animal Care and Use Committee at Arizona State ehsity, and according to the Guide
for Care and Use of Laboratory Animals as adopiethe National Institutes of Health
(NIH). Forty-one male Sprague-Dawley rats (Harlaaratories, Livermore, CA),
weighing approximately 250 g, were individually Ised upon arrival. Forty-eight rats
were implanted with jugular vein catheters and ubscaccess ports and underwent
IVSA procedures for Experiment 1. Five non-cathe&at rats underwent ICSS
procedures for Experiment 2. Rats were housedrdicgpto NIH standards on a 12 hr
light-dark cycle and givead libitumaccess to food and water during all experimental
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procedures except during behavioral testing. Aflesnental sessions took place during
the dark phase, with the exception of a 16 hr agetriever-press training sessions and
PR tests which began at 4:00 p.m. and ended tleevioly morning at approximately
8:00 a.m. Throughout the course of experiment®if1Be 48 rats in Experiment 1 were
removed due to catheter patency failure and onleeob rats in Experiment 2 was
removed due to health-related issues.
Drugs and Assessment of Purity

MDPV was obtained through an internet website wesearchchemz.com
(Laboratory Supply USA, San Diego, CA). Ten mg gka® of MDPV were analyzed by
LC-MS for purity at Research Triangle Institute (bam, NC). Samples were analyzed
using a Waters Synapt HDMS quadrupole time of flighTOF) mass spectrometer
interfaced to a Waters Acquity UPLC system. Dagmenracquired using a capillary
voltage of 3 kV, source temperature of 150 °C, bedimn temperature of 500 °C,
sampling cone at 30 V, and extraction cone at F°Me mass spectrometer was externally
calibrated from 50 - 700 Da using a sodium fornsat@tion, and mass shifts during
acquisition were corrected for using leucine enldiphas a lockmass. Liquid
chromatography was performed using a BEid®@Ilumn (2.1 x 50 mm, 1.7 um patrticles)
held at 40°C. Sample identity was confirmed bamedxact mass, retention time, and
fragmentation match to a certified reference steshétam Cerilliant (Round Rock, TX).
MDPV samples were determined to have an appareity o >95%. For all behavioral
studies, MDPV and methamphetamine (Sigma-Aldri¢hl.&uis, MO) were dissolved in

sterile saline. For Experiment 2, MDPV was admamsd i.p. in a volume of 1 ml/kg.
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Experiment 1: Intravenous Self-administration (IYSWcedure
Surgical Procedures

Prior to arrival, rats were implanted with intraeeis catheters into the jugular
vein at Harlan Laboratories. On the day followimgwal, rats were anesthetized with
isoflurane (2% v/v) vaporized oxygen at a flow rat& L/min. A 2.5 cm longitudinal
incision was made between the scapulae for impiantaf a threaded vascular access
port (Plastics One, Roanoke, VA, USA). Threadectwias access ports were attached to
be mesh collar sutured underneath the surroundisge within the incision. Access
ports were sealed with a piece of Tygon tubingeglicat one end and a protective cap. All
rats were given allowed to recover from surgerySalays prior to the initiation of
behavioral testing, and during this time animatenged daily intravenous infusions of
70 U/ml heparin (0.2 ml volume) to maintain cathgtatency and 100 mg/ml cefazolin
(0.1 ml volume) to protect against infection. Matam (2.5 mg/ml s.c.) was
administered for the first 3 days following surdipeocedures to provide additional relief
post-surgical discomfort. In addition, rats weneeg ten 45 mg sucrose pellets in their
homecage four days prior to IVSA procedures to ielate neophobia to sucrose pellets
that could delay acquisition of self-administratauring 16 hr overnight training
sessions.
Apparatus

Drug self-administration sessions were conductegperant self-administration
chambers (ENV-008, Med Associates, St. Albans,¥3A). All self-administration
chambers were located inside sound-attenuatinglesbequipped with a house light and
exhaust fan designed to mask external noise an oalod were interfaced to a PC
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computer. Chambers were equipped with two stairde=s response levers located on
one wall with a 4.2 x 5 cm food pellet receptadbecpd between levers. Each response
lever was located approximately 7 cm above a stsssnsteel grid floor, and positioned
above each lever was a 2.5 cm diameter white stisrlight. Located near the top of the
self-administration chambers was a Sonalert spehképrovided an auditory stimulus
during drug delivery. Outside each chamber wasiagy pump that was interfaced to
the computer and delivered the drug solution \8&ngle-channel liquid swivel mounted
atop the chamber via polyethylene tubing.
Experimental Design: IVSA Procedures

Following recovery from surgical procedures, sslfninistration sessions
commenced. During all self-administration sessiexsept during progressive ratio
training, each press on the active lever delivéinedeinforcer on an FR1 schedule of
reinforcement. Reinforcer delivery was accompamedoncurrent illumination of a
stimulus light and presentation of an auditory stus for two seconds followed by a 20-
sec timeout period during which additional levezgses were recorded but produced no
programmed responses. Inactive lever pressesraeseded but produced no
programmed consequences. Self-administration puvesdvere initiated with a 16 hr
overnight training session whereby active levespes delivered a 45 mg sucrose pellet
(TestDiet, Richmond, IN). Approximately 24 hr folong sucrose training, rats were
separated into one of four groups based upon MD&%¢ @0.05, 0.1, or 0.2
mg/kg/infusion) or as a positive control, methantphene (0.05 mg/kg/infusion). Each
drug infusion was delivered in a volume of 0.06 mlext, daily 2 hr self-administration
sessions were commenced with intravenous MDPV ohangphetamine as the
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reinforcer. MDPV or methamphetamine was delivecethe vascular access port by
polyethylene tubing housed in a stainless ste@hgpether that was attached to the liquid
swivel. Self-administration sessions were condu@tednsecutive days per week, and
each session was preceded and followed by an ertoaxs infusion of 0.1 ml of 70 U/ml
heparin plus 100 mg/ml cefazolin to maintain catheatency. Daily 2 hr self-
administration sessions were conducted for a mimm& 10 days and until stability
criterion was reached (<15% deviation in activeetgwessing for each dose group for
two consecutive days). All groups met stabilityday 10.

Following ten days of 2 hr IVSA sessions, a 1@&Vwernight progressive ratio
(PR) schedule was conducted to assess the remdoeffiicacy of MDPV. During PR
tests, the number of lever presses required taroatsingle infusion of MDPV was
determined by the following the equation: respomseseinforcer delivery = 5 x'gection
number-0.2 5 (i.e., 1, 2, 4, 6, 9, 12, 15, 20, 25, 32,@8,) (Richardson and Roberts,
1996). Breakpoints were considered to be met waendid not emit any lever presses
for 2 hours. Following PR testing, each dose grofupats (0.05, 0.1, or 0.2
mg/kg/infusion of MDPV) was divided into two subggs, such that half of the rats in
each dose group continued with 2 hr daily self-amstriation sessions for ten days (short
access, ShA), while the other half began 6 hr dabsions (long access, LgA) for ten
days. All aspects of the self-administration prchaes were identical except for session
length (2 vs. 6 hr per day). For rats self-admeariag methamphetamine, all rats were
assigned to the LgA group to demonstrate escalafioinug intake.
Experiment 2: ICSS Procedures
Surgical Procedures
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Rats were anesthetized with isoflurane (2% v/v)ovaed oxygen at a flow rate
of 2 L/min and placed into a stereotaxic framest#inless-steel bipolar electrode
(PlasticsOne, Roanoke, VA, USA, 2 mm diameter, lated except at the ventral tip) was
implanted into the medial forebrain bundle (AP 80dm; ML + 1.7 mm, DV -8.3 mm
from dura). Four skull screws and dental cemenewsed to permanently secure
electrodes to the skull. To counterbalance forlagmyispheric differences, half the
animals received electrodes in the left hemisphatkthe other in the right hemisphere.
Following surgery, rats were given 7 days to recdefore beginning ICSS procedures
during which they received daily injections of 2ag/ml meloxicam (0.15 ml volume) to
minimize post-surgical discomfort.

Apparatus

All ICSS testing was conducted in operant cham&rs/-007CT, Med
Associates). Chambers were housed inside sounaliatiag cubicles equipped with an
exhaust fan to mask external noise and odors. Caaiontained a house light on the
back wall and a front wall mounted nose-poke apenvith LED stimulus lights located
inside the access hole (ENV-114M, Med Associaté&$le nose-poke aperture was 2.5 cm
in diameter, located 5 cm above the stainless gtekfloor, and contained an infrared
detector placed 0.64 cm from the front edge ofpidweel for recording responses. Located
outside chambers was a dual programmable ICSS lation(PHM-150B/2, Med
Associates) that was interfaced to a computer ligaeteslectrical current to the electrode.
Chambers were interfaced to a PC computer using®4edV software that controlled
all stimulation parameters, test functions, an@ dallection (Med Associates).
Experimental Design: ICSS Procedures
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The procedure for measuring reward thresholds waedified version of the
discrete trials current-threshold method (Kornetskgl., 1979; Markou and Koob,
1992). During all ICSS phases, stimulation avaligbivas signaled by illumination of
the nose poke aperture by the LED stimulus ligmgiex. Rats initiated training on a
FR1 schedule of reinforcement where nose poke#teesn the delivery of a 200 psec
square-wave cathodal pulses at 100 Hz at a cusfer20 pA. After acquisition criteria
were met (> 600 responses in 30 min for 2 sessiogs) began discrete-trials training
procedures. Each discrete trial began with a frieeutation of 120 pA, followed by a 7.5
second period during which the first responsel(tesponse) yielded an identical
stimulation. Following the trial response, LED lighurned off and subsequent responses
(inter-trial interval (ITI) responses) were recatdbut yielded no stimulation.
Progression through discrete trials training resplirats to meet criterion (>60% of total
response were trial responses) at four ITI len(2h$, 10, and 15 sec). Upon completing
training, rats then began discrete-trials currbnéghold determination procedures. Each
current threshold determination session began Idthpy A of current and progressed
through 4 cycles of ascending and descending dumemsities. At a given current
intensity, trial blocks began with a free stimuwati followed by 7.5 seconds during
which the animal could emit a nose-poke responsedeive an identical stimulation.
Following a single trial response, LED stimulushligiturned off initiating an ITI period
between 7.5 and 15 seconds (mean of 10 secondyepatated trials. Responses during
the ITI interval further lengthened the ITI by 12&conds. When animals emitted
appropriate responses B8 of 5 trials, electrical stimulation decreasedbhiyA for the
next 5-trial block. Block intensities continueddescend until rats responde? out of 5
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trials during a given trial block, at which poihietcurrent intensities reversed into
ascending mode, with increases in current intesssdf5 HA each for the subsequent
block. Thus, the procedure determined the minimomunt of current (threshold) for
which the rat was willing to respond. Thresholdsevealculated by averaging the
midpoint of current intensities between positivesffonses on3 of 5 trials) or negative
(responses of2 of 5) trial blocks. Rats received a minimum ofdeys of baseline
threshold assessment and were required to med Stadeline criteria prior to
administration of MDPV, defined as when the averafgdaresholds for the last 4 days
minus the first 4 days of an 8-day window was tass 10% of the average of the full 8
days. Rats continued to receive baseline testirmgighout the course of the experiment 4
days per week. Rats received vehicle injections0prior to placement in ICSS
procedures. MDPV doses were assigned randomlyrgections given 20 minutes prior
to threshold determination procedures. All ratshwthe exception of one that was
removed halfway through MDPYV testing due to lossrahial implant, underwent 2
determinations of each dose of MDPV, and 5 deteatians of vehicle.
Statistical Analysis

All statistical analyses were conducted using IBRISS Statistics version 19
(Armonk, New York, USA). All data points represeneéan = SEM. A significance
criterion of p<0.05 was used for all analyses. tRerfirst 10 IVSA sessions, the ability of
MDPV to maintain responding was first analyzed safady for each dose of MDPV by a
mixed analysis of variance (ANOVA) with lever (a@ivs. inactive) and session as
factors. Post-hoc one-way ANOVAs were also condltdedetermine the number of
sessions required to obtain lever discriminatidme Total number of MDPV infusions
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obtained per session was analyzed by a mixed AN@NMAMDPYV dose and session as
factors. Holm-Sidak post-hoc tests determined dvdose effects, and one-way
ANOVAs followed by Holm-Sidak post-hoc tests funtltketermined dose effects during
each session. Analysis of the total number of iofus obtained during PR sessions at
different doses of MDPV were analyzed by a one-betyveen subjects ANOVA

followed by Holm-Sidak post-hoc tests. The 0.05kgglose of methamphetamine and
MDPV was analyzed separately by an independentisanypest. For ShA vs LgA IVSA
sessions, the effects of session length (ShA vA) bg total infusions obtained was
analyzed by mixed ANOVA for each dose of MDPV orthaemphetamine. Post-hoc one-
way ANOVAs further explored differences in the nuanbf infusions obtained across
MDPV doses for each session. To determine escalafidrug intake, mixed ANOVAs

for each dose of MDPV or methamphetamine were cctieduwith infusions obtained in
ShAvs. LgA (first 2 hr only) and session as fastétost-hoc tests compared each session
separately. For the 0.1 and 0.2 mg/kg dose graapsated measures ANOVAs were
conducted separately for ShA, LgA, and LgA (firdir to determine if drug intake
escalated across time (session 1 — 10) as detatrhynsignificant increases over the first
session of the ShA vs. LgA phase. For Experimera\®,ICSS current intensity
thresholds (in pA) for all baseline sessions cotetliafter drug-administration tests
began were first compared to vehicle sessionsavittest to assess for potential injection
effects. Next, ICSS current intensity thresholdseaabtained following all doses,
including vehicle, and converted to scores refifegthe percent change from thresholds
obtained following vehicle administration for eael. Threshold measures following
vehicle treatment were calculated by averaging 1€®8&holds obtained across the 5
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vehicle test days. Percentage change scores walyzad by one-way repeated measures
ANOVA.

Results
Experiment 1: Self-Administration of MDPV in 2 faydSessions

For the 0.05 mg/kg dose group, a significant méeceof lever (F[1,13]=8.67,
p<0.01) and session (F[9,153.64, p<0.01) was observed, but a lever x session
interaction was not found. Presses on the actwer iwere significantly greater than
those on the inactive lever for sessions 4 thral@(p<0.01), indicating that rats
successfully learned to discriminate between acakinactive levers after 4
experimental sessions (Fig. 6a).

For the 0.1 mg/kg dose group, a significant mafectfof lever (F[1,13]=6.06,
p<0.05) was observed, but significant effects gssmn or a lever x session interaction
were not observed. Presses on the active leversigamgicantly greater than those on the
inactive lever for sessions 4 through 10 (p<0.01icating that rats successfully learned
discriminate between the active and inactive leaftey 4 experimental sessions (Fig.
6b).

For the 0.2 mg/kg dose group, a significant eftédever (F[1,16]=14.06,
p<0.01), session (F[9,144]=3.872, p<0.001), arelarl x session interaction
(F[9,144]=2.731, p<0.01) were observed. Pressdbheactive lever were significantly
greater than those on the inactive lever for assms (p<0.01), indicating that rats
successfully discriminated between the active aadtive levers (Fig. 6¢). Similar lever
discrimination was observed in rats self-adminisgemethamphetamine (data not
shown).
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When analyzing overall drug intake (number of dnfgsions), significant main
effects of MDPV dose (F[2,24]=6.96, p<0.01), sesgi€[9,216]=3.791, p<0.01), and a
dose x session interaction (F[18, 216]=2.15, p<Ov&re observed. The overall number
of infusion obtained per 2 hr session across aliei€sions was significantly greater in the
0.05 mg/kg dose group as compared to 0.2 mg/kg giaagps (p<0.05) and approached
significance compared to the 0.1 mg/kg dose grpep.07). Post-hoc comparisons
revealed significant differences in the numbeméfisions obtained in the 0.05 vs. 0.1
mg/kg dose groups, and in the 0.05 vs. 0.2 mg/lsg dpoup for sessions 6 through 10
(p<0.05, Fig. 6d)

Progressive Ratio Responding

Under a PR schedule of reinforcement, a signifiedfieict of MDPV dose
(F[2,24]=7.472, p<0.01) was observed for the totahber of infusions obtained prior to
cessation of responding (i.e., breakpoints) (Fjg.Fost-hoc tests revealed that the
number of infusions obtained in the 0.2 mg/kg dp®eip were significantly greater than
those in the 0.05 (p<0.001) and the 0.1 mg/kg (@s)Xdose groups. Thus, there appeared
to be positive relationship between MDPV dose am@kpoints for MDPV
reinforcement. Rats self-administering methamphgtaraxhibited breakpoints that were
similar to those in rats self-administering theS0mdg/kg dose of MDPV and a t-test
revealed no significant difference, p >0.05.

Self-Administration of MDPV during ShA vs. LgA

For the 0.05 mg/kg dose group, no significant effet session or session length
were observed (Fig. 8a). For the 0.1 mg/kg dosamra significant effect of session
length (F[1,7]=18.644, p<0.01) was observed, bu¢ffect of session or a session length
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x session interaction were found. The number afsmns obtained was significantly
greater in LgA vs. ShA groups for all experimergassions (p<0.05). Additionally, a
significant effect of session was observed for ltgs (F[9,27]=2.285, p<0.05), but not
for ShA, such that the number of infusions obtaidedng sessions 8, 9 and10 were
significantly greater than those observed durirsgie® 1 (p <0.05, Fig. 8b).

For the 0.2 mg/kg dose group (Fig. 8c), a significetfect of session length
(F[1,7]=50.209, p<0.001) was observed, but no effésession nor a session length x
session interaction was observed. The number o$ioms obtained was significantly
greater in LgA vs. ShA groups for all experimergassions (p<0.01). A significant effect
of session for LgA rats was observed (F[9,27]=2,288.05), and post-hoc tests
revealed that the number of infusions obtained sigisficantly higher during sessions 4
through 10 as compared to session 1 (p<0.05). Talgather, these results revealed that
rats self-administering the 0.1 or 0.2 mg/kg/infusdose of MDPV under LgA
conditions displayed escalated drug intake acmogsrenental sessions.

Additional analyses were conducted to determimsdalation of intake also
occurred during the first 2 hr of 6 hr LgA sessidne significant increases in the number
of infusions during the first 2 hr of LgA sessiomere evident in rats self-administering
the 0.1 mg/kg dose of MDPV. However, in rats selfaanistering the 0.2 mg/kg dose, a
significant effect of session (F[9,36]=3.924, pG{b) was observed. Post-hoc tests
revealed significant differences in the numbemddisions obtained during the first 2 hr
of LgA during sessions 3 through 10 as compareH sassion 1 (p<0.001). Thus, only
rats self-administering the 0.2 mg/kg dose of MDd#&played escalated drug intake
during the first 2 hr of LgA.
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Rats self-administering methamphetamine under ¢g#ditions (Fig. 8d), a
significant effect of session was observed forrthmber of infusions obtained during the
entire 6 session (F[9,72]=7.413, p <0.001) as a&lluring the first 2 hrs of the LgA
sessions (F[9,72]=6.359, p <0.001) Post-hoc testsaled significant differences in the
number of infusions obtained during the entire ldyAing sessions 5 through 10 as
compared with session 1 (p<0.001), as well as Bogimt differences in number of
infusions obtained in the first 2 hr of LgA duriegssions 6 through 10 as compared with
session 1 (p<0.001).

Experiment 2: Effects of MDPV on Thresholds for$CS

An independent samples t-test revealed no signifiddferences between
baseline and vehicle scores (t[58] = -1.39, p D A significant effect of MDPV dose
(F4,35=11.549, p<0.001) on thresholds for ICSS was olesk(Fig. 9). When compared
to vehicle, ICSS thresholds following MDPV adminggion were significantly lower at

all doses tested (p<0.05).

Discussion

To our knowledge, this is the first systematiafueation of the reinforcing effects
of MDPV in rats. The current study revealed thairmydaily 2 hr IVSA sessions, all
doses of MDPV tested maintained active lever redjmgnacross experimental sessions,
and rats successfully discriminated between aetickinactive levers by thé'4lay of
self-administration. Furthermore, significant de$iects on MDPV intake were
observed as measured by the total number of infssabtained during experimental
sessions. Following stable responding on IVSA pdoces, a PR test revealed a positive
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relationship between MDPV dose and reinforcingceffly, as measured by breakpoints
for MDPV self-administration. Breakpoints for metijgghetamine reinforcement at a
dose of 0.05 mg/kg/infusion were similar to thobéamed for the same dose of MDPV.
Under extended access conditions (6 hr/day), aaslaggm of MDPV intake at the 0.1
and 0.2 mg/kg doses was observed for the entiendgtl access session, and this also
occurred during the first 2 hr of LgA sessionstfoe 0.2 mg/kg dose, but not for other
doses. Extended access to methamphetamine alsacprbdscalation of drug intake.
Finally, a reduction in ICSS thresholds acrosslafles of MDPV following acute
administration was observed, indicating an incréageain reward function.

The IVSA method was chosen for the present stiknghe high degree
correspondence between drugs that can have addpdiential in humans and drugs that
function as reinforcers in IVSA procedures in ansr{&ollins et al., 1983). In order to
establish that a drug functions as a reinforcé¥®A procedures, a number of criteria
need to be met, including higher responding oratttere vs. inactive lever, and
responding must show orderly and differential éffeacross a range of drug doses
(Meisch, 1987). The first criterion was verified@gs the first 10 days of IVSA
procedures during which all MDPV doses maintaingd/a lever pressing while inactive
lever pressing progressively declined. These resuiggest that responding occurred due
to the reinforcing effects of MDPV and not as thsuit of any indirect locomotor or
general response-enhancing effects of MDPV. Thergkcriterion was also met when
results revealed an orderly inverse dose-effed¢otad drug intake (i.e., number of
infusions obtained) such that animals receiveddtest infusions for the 0.2 mg/kg
dose, followed sequentially by the 0.1 and 0.05kapgloses. This inverse pattern
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between dose and drug intake replicates findinggdated stimulants under continuous
schedules of reinforcement, and likely represdmaupper end of the typical inverse U-
shaped pattern typically seen across wider doggesafPanlilio, 2011). In addition, the
results of the present study are strikingly simitaself-administration patterns for
methamphetamine under nearly identical experimeatadlitions and doses (present
study and (Gass et al., 2009). This finding presidvidence of similar potencies
between MDPV and methamphetamine. Together, thedads indicate that MDPV
likely possess a potential for abuse similar td dfanethamphetamine and other
stimulants.

The progressive ratio schedule of reinforcementlie®en used extensively to
evaluate the reinforcing efficacy of drugs of ahwseit is an index of the motivation to
obtain infusions of the drug in the face of inciegdehavioral demand. PR schedules
have consistently shown a positive relationshipveet dose and reinforcer efficacy, and
this relationship has been consistently observéd ether abused stimulants such
cocaine (Roberts et al., 1989), d-amphetamine nagttiamphetamine (Richardson and
Roberts, 1996). The results from the present salsly revealed this positive relationship
between MDPV dose breakpoints for MDPV reinforcemaAs with responding on the
FR1 schedule above, under the same PR scheduléderttical doses (0.1 and 0.2
mg/kg/infusion), breakpoints for MDPV self-admimegion were similar to those we and
others have previously observed for methampheta(@ass et al., 2009; Richardson and
Roberts, 1996) as well as D-amphetamine (RichardadrRoberts, 1996). In addition,
breakpoints for MDPV self-administration under Ridditions at a dose of 0.05
mg/kg/infusion were similar to those observed s self-administering the same dose of
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methamphetamine, further demonstrating methamplie¢alke potency and reinforcing
efficacy of MDPV.

While demonstrating that a drug functions as afoecer is an important first step
in determining abuse liability, such observationsdt unequivocally indicate the
potential for addiction potential in humans (Ahm2@11). One of the defining
characteristics of drug addiction is an escalatiorug use, often due to tolerance to the
reinforcing effects of the drug (American Psych@#ssociation, 2004). As a result, a
common procedure for modeling human patterns imals has been termed the
“escalation model” (Ahmed and Koob, 1998). In thiecedure, animals are given
extended access to the drug (typically 6 — 12 jrédamess sessions) vs. traditionally
employed shorter access (1 — 2 hr/day). As a re$elktended access to the drug,
animals display an escalation in drug intake tlaaaltels intake patterns characteristic of
compulsive drug-seeking and addiction in humansr{édh, 2011). The current study
revealed that, during extended access to MDPVyeaisonding for the two highest doses
of MDPV displayed a significant escalation in ovkedaug intake across the final 10
experimental sessions. Furthermore, this escalatamalso seen during the first 2 hrs of
LgA sessions for the high dose of 0.2 mg/kg. THesbngs are similar to those reported
for other addictive stimulants including cocainéh(®ed and Koob, 1998), D-
amphetamine (Gipson and Bardo, 2009) and methamapiee (Kitamura et al., 2006),
and the present study also demonstrated escat#Htiroethamphetamine intake at a dose
of 0.05 mg/kg/infusion . Unlike these studies, bwoer, our results revealed escalation of
drug intake at higher rather than lower doses. &lgesa suggest that MDPV may possess
some unique reinforcing properties that are ndéecéf/e of other prototypical stimulants
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such as methamphetamine. While additional comparatudies are needed to further
corroborate these findings, the current resulthéirstrengthen the possibility that
MDPV possesses the potential for compulsive useimans.

Olds and Milner first discovered that rats wouhdw a place preference for and
perform an operant task to receive ICSS (Olds arde] 1954), and numerous studies
have revealed that both ICSS and drug reinfordestylactive the same brain reward
circuitry (Wise, 1996). Drug-induced lowering &3S thresholds is generally accepted
to be due to the facilitation of brain reward fuantng, providing a direct measure of the
hedonic and rewarding properties of drugs of aljBsalilio, 2011), and nearly all
abused stimulants including cocaine (Esposito.efiflF8), amphetamine (Horovitz et al.,
1972), and methamphetamine (Sarkar and KornetS®%)llower ICSS thresholds. The
current results reveal that, when using the disetrgdls current threshold procedure,
MDPV lowers ICSS thresholds across a wide rangieés as compared to vehicle.
Thus, these findings both parallel previous findimgth other addictive stimulants and
provide further evidence that MDPV possesses simel@arding properties.

In summary, the current study demonstrates tleasyhthetic cathinone MDPV
possesses potent reinforcing properties and sugygdsgh degree of abuse potential in
humans. The results revealed that MDPV dose-depégdanctions as a reinforcer on a
continuous reinforcement schedule. A positivetieteship between MDPV dose and
reinforcer efficacy was demonstrated in during pesgive ratio testing, and breakpoints
for MDPV reinforcement at the lowest dose testedevaemilar to those for the same dose
of methamphetamine. Extended access to MDPV pestiascalated intake over time for
the two higher doses, indicative of a compulsiviegpa of intake characteristic of
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addiction in humans. Finally, the ability of MDPV¥ lower thresholds for ICSS provides
further evidence of hedonic and rewarding effe€f8IDPV. Taken together, these results
suggest that that MDPV possesses a strong potémtiedmpulsive use and addiction in
humans. These findings have important implicati@nguture research on synthetic
cathinone addiction, as well the development ofeypate drug policies and legislative

measures regarding its status as a controlled anudwest
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CHAPTER 5
THE REINFORCING AND REWARDING EFFECTS OF METHYLONE,
SYNTHETIC CATHINONE COMMONLY FOUND IN “BATH SALTS.”
Published in Journal of Addiction Rresearch and Therapy, 2012

Methylone (3,4-methylenedioxymethcathinone (MDM&)methylamino-1-(3,4-
methylenedioxyphenyl)propan-1-one,li«MDMA) is a member of the designer drug
class known as synthetic cathinones. These emedguys of abuse are derivatives of
cathinone, a beta-ketone amphetamine with knowseapatential (Patel, 2009) and the
primary active alkaloid of th€atha eduligKhat) plant (Magdum, 2011). In recent years,
synthetic cathinones have become increasingly po@d “legal highs” due to online
marketing, media coverage, and availability in camence stores, head shops, and the
internet (D. E. A. United States Department ofidas2011c). While most commonly
sold as “bath salts”, these drugs have been fats#tlyas many different commercial
products such as “plant food”, “room odorizer”, &iféod cleaner”, and typically contain
labels stating “not for human consumption” as amseaf evading regulatory controls (D.
E. A. United States Department of Justice, 201D®sired effects of these drugs include
euphoria, appetite suppression, and increasesnggrfocus, libido, and empathy
(Prosser & Nelson, 2012). However, an increasinmglmer of calls to national poison
control centers (American Association of Poison @@@rCenters, 2012) and numerous
reports of toxicity (Prosser & Nelson, 2012), adeepsychological and behavioral
effects (Spiller et al., 2011), and death (8-10)enlbeen reported. While many synthetic
cathinone analogues have been discovered in diugrss, the three most common are
methylenedioxypyrovalerone (MDPV), methylone, angpimedrone (D. E. A. United
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States Department of Justice, 2011c). In Octobéd 2these three substances were
temporarily classified as Schedule | substancéisarunited States (D. E. A. United
States Department of Justice, 2011b). Interestjirayily mephedrone and MDPV were
permanentlyclassified as Schedule | substances with the 8tiotBrug Abuse
Prevention Act in July 2012 (One Hundred Twelftn@ess of the United States of
America, 2012) while theemporaryschedule | status of methylone was extended until
April, 2013 (D. E. A. United States Department o$tice, 2012). Despite these new
regulatory controls, U.S. Poison Control Centerstionie to receive calls regarding “bath
salts” (American Association of Poison Control &eaf 2012), likely from continued
abuse of mephedrone, MDPV, and methylone along wittheduled structurally similar
analogues

While the rise in abuse of synthetic cathinonesois well documented, little
information exists about the relative abuse li#pihf these compounds and whether
consumption patterns are primardgisodic(i.e., recreational) arompulsive(i.e.,
characteristic of addiction). Given recent permaiseheduling for only mephedrone and
MDPV, it is not surprising that most investigatiarfsabuse potential have focused on
these two synthetic cathinones, and relativelleldattention has been given to methylone.
We have recently shown that rats will dose-depetiglemintain intravenous MDPV
self-administration in short access (ShA, 2 hr/dayavenous self-administration
(IVSA) sessions. We also demonstrated significase effects for reinforcer efficacy
(i.e., breakpoints) between each of the dosesa€8t65, 0.1, and 0.2 mg/kg/infusion) on
a progressive ratio schedule of reinforcement.IFinander long access (LgA, 6 hr/day)
conditions, rats in the two highest dose groups displayed escalated MDPV intake
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suggesting the potential for compulsive use in hsnarhe reinforcing effects of MDPV
were complemented with significant dose-dependahictions in ICSS thresholds,
indicative of hedonic and rewarding properties ({fsbn et al., 2014). With regards to
mephedrone, studies by other investigators havershioat rats will self-administer
mephedrone intravenously under ShA conditions (btadét al., 2011), and in mice
mephedrone elicits conditioned place preferencd?{G@Rd increases in locomotor
activity (Kehr et al., 2011), leads to locomotonsiéization (Lisek et al., 2012), and
lowers ICSS thresholds (J. Robinson, Agoglia, Higlouse, & Malanga, 2012).

The existing behavioral and neurochemical dataesighat methylone may
possess the potential for compulsive use. Behdwtudies have shown that methylone
elicits CPP at doses of 2.5 mg/kg or higher in nliMe/azawa, Kojima, & Nakaji, 2011)
and substitutes for 3,4-methylenedioxymethamphetarfMDMA) in a drug-
discrimination paradigm (Dal Cason, Young, & Glenn®997). Furthermore, methylone
possesses psychomotor stimulant effects in midetobaulesser extent compared to
methamphetamine (Dal Cason et al., 1997; Marusicant, Blough, & Wiley, 2012).

As mentioned above, synthetic cathinones are simmileahemical structure to
amphetamines. Methylone is the benzylic ketonecgnal MDMA and, not surprisingly,
has been shown to have similar neurochemical sffattmonoamine transporters.
Uptake inhibition studies have reported that methglblocks the reuptake of
norepinephrine, dopamine, and serotonin plasma mamliransporters (NET, DAT, and
SERT, respectively) with a profile similar to trdtmethamphetamine and MDMA, but
with greater potency than methamphetamine for SERd three-fold less potency for
SERT compared to MDMA (22,23). Methylone has alserbshown to be a less potent at
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inhibiting the vesicular monoamine transporter 1AT2) compared to
methamphetamine, MDMA (Cozzi et al., 1999), and hesjpone (L6pez-Arnau,
Martinez-Clemente, Pubill, Escubedo, & Camaras&220However, while uptake
assays suggest that methylone functions as a teesplocker, these assays are unable
to discern between drugs that are transporter blsokersus those that are monoamine
releasing agents, as tissue accumulation of rdubtdd transmitters is decreased by both
drug types (Baumann et al., 2012). However, adkfistudies have clarified these
discrepancies and reveal that methylone is a nlmttsee monoamine releaser with
properties similar to MDMA (Baumann et al., 20123ddi, Nonaka, & Satoh Hisashi
Kamimura, 2007). Also, in comparison to MDMA, melthrye produces qualitatively
similar, but less potent, increases in extracallmlanoamine levels in the nucleus
accumbens (Baumann et al., 2012).

These neurochemical effects, along with the fewabial studies outlined
above, suggest that methylone may possess thetipbfencompulsive use. However,
to our knowledge, there are no published reposvsiy that laboratory animals will
acquire intravenous self-administration of methg@an if extended access to methylone
(i.e., 6 hr/day) leads to escalated drug intaleresumption pattern predictive of
compulsive use in humans (Ahmed, 2012). The ptetady examined whether
methylone would support IVSA at doses of 0.05, 0.2, or 0.5 (mg/kg/infusion) under
short (ShA, 2 hr/day) and long (LgA, 6 hr/day) axeonditions. A separate group of
animals was tested for effects of methylone (0.1ab@kg i.p.) on current intensity

thresholds for ICSS.
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Method

Subjects

All experimental procedures were conducted withapproval of the Institutional
Animal Care and Use Committee at Arizona State &hsity and according to the Guide
for Care and Use of Laboratory Animals as adoptethe National Institutes of Health.
Male Sprague-Dawley rats (n=48), weighing approxetya250 g upon arrival, were
implanted with jugular vein catheters at Harlan di@bories (Livermore, CA, USA) and
used for intravenous self-administration procedur®s additional 4 non-catheterized
male Sprague-Dawley rats, weighing approximately @%Harlan Laboratories) were
used for ICSS procedures. Upon arrival, all ragsenndividually housed on a 12-hour
light-dark cycle and provideald libitumaccess to food and water during all procedures,
except during surgical and behavioral testing pilaces. All experimental procedures
were conducted during the dark phase with the diarepf 16 hr overnight progressive
ratio tests which began at approximately 4:00 P&l @mded the following morning at
approximately 8:00 AM.
Drugs

Methylone was synthesized by the Department of ety and Analytical
Sciences at Research Triangle Institute (RTI) hgonal (Research Triangle Park, NC,
USA). Methylone was dissolved in sterile physiotagisaline for intravenous self-
administration and intraperitoneal administration.
Experiment 1: IVSA Procedures

Surgical Procedures
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Following one day of acclimation to housing corafhs, rats were anesthetized
with isoflurane (2% v/v) vaporized oxygen at a floate of 2 I/min. A 2.5-cm
longitudinal incision was made between the scapiadagnplantation of a threaded
vascular access port (Plastics One, Roanoke, VA)UB mesh collar attached to the
port was sutured underneath the surrounding tiasilén the incision. Access ports
were sealed with a piece of Tygon tubing and ptatecap. Rats received one week of
post-operative care including daily infusions ¢f il Timentin (66.6 mg/ml, in 70 U/ml
heparinized saline) to protect against infectiod ansure catheter patency. Meloxicam
(2.5 mg/kg, s.c.) was administered for the firslays following surgery procedures to
provide relief from post-surgical discomfort. Ratso received approximately 8-10
pieces of a sweetened cereal in their home cadred=gcduring the recovery period to
minimize post-surgical weight loss.

Apparatus

Operant drug self-administration sessions were gcted in modular self-
administration chambers (ENV-008, Med AssociatesAbans, VT, USA). All self-
administration chambers were located inside soutaaating cubicles containing a
house light and exhaust fan designed to mask eateaise and odors, and were
interfaced to a personal computer. Chambers gudaiwo stainless steel response
levers located on one wall with a 4.2 x 5 cm foetlgt receptacle placed between the
levers. Response levers were located approximétehy above the grid floor and
positioned above each lever was a 2.5-cm diamétge\stimulus light. Located near
the top of the chambers was a Sonalert speakepithvatied an auditory stimulus during
drug delivery. Syringe pumps were located oute@eh chamber, interfaced to a PC
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computer, and delivered methylone solution vianglstchannel liquid swivel mounted
atop the chambers via polyethylene tubing.
Experimental Design: IVSA Procedures

Following recovery from surgical procedures, raggdmn experimental sessions
and were allowed to spontaneously acquire intrawgiself-administration in 2-hour
daily (ShA) sessions for 21 days. IVSA procedurese conducted 7 days a week as
described elsewhere (13,27). Briefly, active lgu&sses delivered the drug reinforcer
on an FR1 schedule of reinforcement. Methylone aedisered to the vascular access
port by polyethylene tubing housed in a stainlésslspring tether that was attached to a
liquid swivel. Reinforcers were accompanied by\atton of a stimulus light and tone
complex for 2 sec, followed by a 20-sec timeoutqeeduring which additional lever
presses were recorded but produced no consequelneesive lever presses were also
recorded, but produced no programmed responsey éin@e during the experiment.
Rats were randomly assigned to one of four groased upon methylone dose (0.05,
0.1, 0.2, or 0.5 mg/kg per infusion). Each drugigidn was delivered in a volume of 0.06
ml. Both before and after each IVSA session, acpess were flushed with 0.2 mli
Timentin (66.6 mg/ml, in 70 U/ml heparinized sa)ite protect against infection and
ensure catheter patency.

Following 21 days of ShA IVSA, rats were in a Itkernight progressive ratio
(PR) sessions. For PR sessions, methylone wasedsli on a schedule determined by
the following equation: responses per reinforcdivdey =5 x einection number-0.2) 5 j o 1
2,4,6,9, 12, 15, 20, 25, 32, 40, etc.) (N. RhRardson & Roberts, 1996). Breakpoints
were considered to be obtained when rats did ndtasy active lever presses for 2 hr.
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Following PR tests, all rats were placed into &.d# sessions on a FR1 schedule for 10
additional days to assess escalation of drug int&keally, following 10 days of LgA
sessions, rats were placed into an additional BR@eto assess any changes in
reinforcer efficacy following extended access. Both PR and LgA sessions, all aspects
of IVSA sessions were identical except for sestoigth and number of lever presses
required for an infusion.

Based on earlier MDMA self-administration studi{@shenk et al., 2007),
methylone was considered to function as a reinfdareindividual rats when responding
on the active lever exceeded 10 lever pressespsios. Figure 11b shows the
percentage of rats for each dose group that respgpdeater than 10 times on the active
lever for each experimental session.

Experiment 2: ICSS Procedures
Surgical Procedures

Rats were anesthetized with isoflurane (2% v/v)ovened oxygen at a flow rate
of 2 I/min and placed into a stereotaxic framewdsted stainless steel bipolar electrode
(PlasticsOne, Roanoke, VA, USA; 2 mm diameter, latsa except at the ventral tip)
was implanted into the medial forebrain bundle éant-posterior -0.05 mm; medial-
lateral, 1.7 mm, dorsal-ventral, -8.3 mm from danal bregma). Four skull screws and
dental cement were used to permanently secureadiest to the skull. To counterbalance
for any hemispheric differences, half of the ansnaiceived electrodes in the left
hemisphere and the other in the right hemispher#owing surgery, the rats were given

7 days of recovery prior to commencement of ICS®euures, during which they
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received daily injections of 2.5 mg/ml meloxicam1@® ml volume) to minimize post-
surgical discomfort.
Apparatus

All ICSS testing was conducted in modular chamligeréV-007CT; Med
Associates). Chambers were housed inside sounaliatiag cubicles equipped with an
exhaust fan to mask external noise and odors. Caenaiontained front wall mounted
nose-poke aperture with light-emitting diode (LEdDjnulus lights located inside the
access hole (ENV-114M; Med Associates). The nosepplerture was 2.5 cm in
diameter, located 5 cm above the stainless st&kflgor, and contained an infrared
detector placed 0.64 cm from the front edge ofpidweel for recording responses. Located
outside the chamber was a dual programmable I08@lator (PHM-150B/2; Med
Associates) that was interfaced to a PC which dedi electrical current to the electrode.
MED-PC IV software was used to control all stimidatparameters, test functions, and
data collection.
Experimental design: ICSS procedures

The procedures for determination of ICSS threshofals a modified version of
the discrete trials current-threshold method (Ktskyeet al., 1979; Markou & Koob,
1992). For a detailed review of the proceduresl lisge, please see methods in
(Watterson et al., 2014). Briefly, following acqiiisn procedures, reward threshold
training commenced and rats were tested for a nimiraf 10 days until stable baseline
levels of reward thresholds were achieved (defaedhen the average of thresholds for
the last 4 days minus the first 4 days of an 8wlenglow was less than 10% of the
average of the full 8 days). Rats continued to wmléaseline (i.e., no drug
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administration) testing throughout the course qfezdnents every three days. Rats
received vehicle injections 20 min prior to ICS&#8hold determination procedures
every 3 days. Methylone doses (0.1, 0.5, 1, 3n8,1® mg/kg, i.p.) were assigned
randomly and injections given 20 min prior to threlsl determination procedures every
three days. All rats received 4 to 5 threshold mheit@ations at each dose of methylone
and at least 10 threshold determinations follovadginistration of saline vehicle.
Statistical Analysis

All statistical analyses were conducted using SaS8Sion 20 (Armonk, NY,
USA). All data points represent the mean + stath@aror of the mean (SEM). A
significance criterion of p<0.05 was used for alhlyses. For Experiment 1 during the
initial 21 days of self-administration procedureslividual methylone doses were
analyzed by a mixed analysis of variance (ANOVAdwever (active versus inactive) as
between measures factors and session number (ds24¢ repeated measures factor.
Post-hoc one-way ANOVAs were conducted to determinen successful lever
discrimination occurred. The total number of intus obtained during experimental
sessions was also analyzed with a mixed ANOVA witithylone dose (0.05, 0.1, 0.2,
and 0.5 mg/kg) as between measures factors andrsessnber (1-21) as the repeated
measures factor. Holm-Sidak post-hoc tests fudihatyzed dose effects for each
session. The total number of infusions obtainathduPR tests was analyzed in a mixed
ANOVA with dose as the between measures and PR (festore and after LgA) as the
repeated measures with Holm-Sidak post-hoc tésts.LgA sessions, the total number
of infusions obtained during experimental sessigas analyzed with a mixed ANOVA
with methylone dose and session number (1-10)easctbeated measures factor.

71



Furthermore, one-way repeated measures ANOVAs earducted for each dose
separately to analyze for escalation of drug intad®ss experimental sessions. Data
from rats removed from the study due to overdodesw of catheter patency were
removed from statistical analyses. For ExperinZemaw ICSS current intensity
thresholds (in pA) obtained following all doses aetiicle were converted to scores
reflecting the percent change from mean baselioeesmbtained following stabilization
for each rat. Threshold measures following baselangs were calculated by averaging
ICSS thresholds obtained across all baseline adlgsving initial stabilization.

Percentage change scores were analyzed by oneepegted measures ANOVA.

Results

Lever Discrimination During ShA

Throughout the course of the study, 3 of 48 rateewemoved from experimental
procedures due to catheter patency failure. Alsajditional rats in the 0.5
mg/kg/infusion group died on LgA days 7 and 10pessivel, presumably due to
overdose. For the 0.05 mg/kg dose group (as showigi 10a), significant main effects
of lever (F[1,21]=8.54, p<0.01) and session nun{bf20,420]=2.07, p<0.01) were
observed, as well as a significant lever X sessianber interaction (F[20,420]=2.73,
p<0.001). Presses on the active lever were sagmfly greater than on the inactive lever
for sessions 3-21 (p<0.05) indicating that ratth@0.05 mg/kg dose group successfully
discriminated between the active and inactive leadter 3 experimental sessions.

For the 0.1 mg/kg dose group (as shown in Fig),1€lgnificant main effects of
lever (F[1,20]=8.59, p<0.01) and session numbe2dM00]=2.15, p<0.01) were
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observed, as well as a significant lever X sessionber interaction (F[20,400]=2.48,
p<0.001). Presses on the active lever were sagmfly greater than on the inactive lever
for sessions 6—-21 (p<0.05) indicating that rathe0.1 mg/kg dose group successfully
discriminated between the active and inactive lewadter 6 experimental sessions.

For the 0.2 mg/kg dose group (as shown in Fig),Xgnificant main effects of
lever (F[1,20]=6.07, p<0.05) and session numbe2ME00]=3.03, p<0.001) were
observed, as well as a significant lever X sessionber interaction (F[20,400]=4.49,
p<0.001). Presses on the active lever were sagmfly greater than on the inactive lever
for sessions 8-21 (p<0.05) indicating that rathe0.2 mg/kg dose group successfully
discriminated between the active and inactive lewadter 8 experimental sessions.

For the 0.5 mg/kg dose group (as shown in Fig),1€ldgnificant main effects of
lever (F[1,22]=30.42, p<0.05) and session numbgQB40]=6.25, p<0.001) were
observed, as well as a significant lever X sessianber interaction (F[20,440]=7.14,
p<0.001). Presses on the active lever were sagmfly greater than on the inactive lever
for sessions 2-21 (p<0.05) indicating that rathe0.1 mg/kg dose group successfully
discriminated between the active and inactive lewadter 2 experimental sessions.
Infusions During ShA

For overall methylone intake (as determined fromttital number of drug
infusions obtained, Fig. 11a) significant main eféeof methylone dose (F[3,41]=6.477,
p<0.001) and session (F[20,820]=25.67, p<0.001gwéserved, along with a significant
dose X sessions interaction (F[60,820]=4.579, p&D.0 The overall number of
methylone infusions obtained per 2 hr session aath1 sessions was significantly
greater in the 0.5 mg/kg group versus the 0.05 ghgrkup (p<0.01) and the 0.1 mg/kg
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group (p<0.01). Post-hoc tests revealed a greataber of infusions obtained at the 0.5
mg/kg dose versus the 0.05 and 0.1 mg/kg dose doowgays 11-21 (p<0.05).
Progressive Ratio Tests

Analysis of breakpoints (Fig. 12a) during PR sassi@vealed significant main
effects of methylone dose (F[3,37]=9.209, p<0.0f1id PR session (F[1,37]=34.691,
p<0.001). However, a significant dose X PR sessiteraction was not observed
(F[3,37]=1.166, p>0.05). For all doses testedakpeints decreased significantly from
the first PR test (5.93 £ 0.52, mean + SEM) toRIketest following LgA (3.34 + 0.33,
mean + SEM). Post-hoc tests revealed that thértataber of infusions obtained in the
0.5 mg/kg dose group was significantly greater ttiah of the 0.05 mg/kg (p<0.001), 0.1
mg/kg (p<0.001), and 0.2 mg/kg doses (p<0.01). @vhiere were no significant
differences observed among the three lower dosess tlid appear to be a positive
relationship between methylone dose and breakpoints
Assessment of Escalated Intake During LgA

Analysis of the total number of infusions obtairtkaling LgA sessions (Fig. 12b)
revealed a significant main effect of dose (F[3538035, p<0.001). However, there was
no significant main effect of session (p>0.05), ardbse X session interaction only
revealed a trend towards significance (F[27,342)64, p=0.06). Pairwise comparisons
revealed significant overall differences betweaenQ@t05 mg/kg vs. the 0.2 and 0.5 mg/kg
doses (p<0.05 and 0.001, respectively). No othewpse comparisons between doses
were significant. Analysis of escalation for eadse& independently did not reveal
escalated intake across experimental sessionsdd.1 mg/kg and 0.2 mg/kg doses
(p>0.05). Significance was obtained for both tHerg/kg (F[9,81]=2.315, p<0.05) and
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0.05 mg/kg doses (F[9,81]=4.829, p<0.05). Howeker dccurred as a result of reduced
numbers of infusions across the 10 LgA sessioms.tife 0.5 mg/kg dose group, pairwise
comparisons did not reveal significant differenbesveen individual sessions. For the
0.05 mg/kg group, pairwise comparisons revealetthwasignificance occurred only
between day 1 and day 2 (p<0.01). No other pairaidseparisons were significant.
Assessment of ICSS Thresholds

Repeated measures ANOVA did not reveal a signifieffiect of methylone dose
on ICSS thresholds (Fig. 13), however a trend viseved (F[7,163]=1.783, p=0.09).
Evidence of Toxicity

In addition to the IVSA and ICSS results outlindmbee, it is also important to
mention that during LgA sessions, a number of asiveffects of methylone self-
administration were observed. The most commonradweffects were porphyrin
staining and foaming at the mouth that typicallgéde during sessions 3-4 of LgA
conditions. These effects were observed in nedirgnamals in the 0.5 mg/kg and
roughly half of the 0.2 mg/kg group during the miof LgA procedures and, once
manifested, typically continued until completiontbé experiment. Additionally, two
rats in the 0.5 mg/kg group self-administered mietig to the point of seizure (after 114
and 138 total infusions each), and despite beimgehately removed from the self-

administration chamber, died within 20 mins of remlo

Discussion
The present study revealed that methylone servaseisforcer as rats dose-
dependently acquired IVSA of methylone through $gneous acquisition procedures.
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In Experiment 1, during 21 days of 2-hr daily ascesssions, orderly dose-dependent
differences in overall drug intake were observadss groups and rats successfully
discriminated between active and inactive leverddnys 3, 6, 8, and 2 for the 0.05, 0.1,
0.2, and 0.5 mg/kg per infusion groups, respedtivdlhese findings indicate that
responding occurred due to the reinforcing effettmethylone and not from any non-
specific response-enhancing effects of methylofas study further revealed a positive
dose-dependent relationship between methylone aluseeinforcer efficacy as measured
by breakpoints obtained during PR sessions botr fwiand following LgA.

Furthermore, while methylone intake was greatdrgA when compared to asymptotic
responding during ShA sessions, none of the daagpgrdisplayed escalated drug intake
across experimental sessions. Finally, ExperirB@eiealed that methylone did not
significantly decrease ICSS thresholds, suggestilagk of effect on brain reward
function.

To our knowledge, this study is the first to sysaéically verify that methylone
serves as a reinforcer in the IVSA paradigm in émagve animals. To date, discussions
about reinforcing effects and abuse liability ofhetic cathinones have largely come
from its comparison to amphetamine-type stimulantsh as methamphetamine and
MDMA. Most often, methylone has been compared toN#/Ddue to its similar
chemical structure, similar in vitro binding andvivo neurochemical data, and the early
reports that methylone produced subjective effsictslar to MDMA, but lacked the
“unique magic” produced by MDMA (Bossong, Van Dif Niesink, 2005). Given this
precedent, a comparison of the current resultsewigus work with MDMA serves as a
logical starting point. However, it is importantstate from the outset that comparisons
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of the present results with earlier findings musirterpreted with caution, as each of
these studies employed somewhat different expetahprocedures. Initial MDMA
IVSA experiments by multiple investigators thatealed that MDMA functions as a
reinforcer in rats. However, inconsistent and t@aponse rates indicated that MDMA
was a weak-to-moderate reinforcer since only aetulifsanimals acquired self-
administration (Bossong et al., 2005; Cole & Sumr24l03). Additional IVSA studies
with rhesus monkeys and baboons also revealedssimdak-to-moderate reinforcing
properties (Beardsley, Balster, & Harris, 1986;tEgrossi et al., 2004). Later studies by
Schenk and colleagues found that in a subset®fMIDMA could support higher rates
of self-administration than those observed in earieports (Schenk et al., 2007; Schenk,
Colussi-Mas, Do, & Bird, 2012; Schenk, Gittingshdstone, & Daniela, 2003),
corroborating reports in humans that compulsiveisip@ssible in certain individuals
(Jansen, 1999). When compared to the collectivdteeBom these studies of MDMA
self-administration, methylone appears to suppanemobust self-administration
responding than does MDMA, albeit with a rightwaldft in the inverted dose-effect
curve. All methylone doses tested in the presemtyssupported IVSA, and lever-
discrimination occurred for all rats on days 386and 2 for the 0.05, 0.1, 0.2, and 0.5
mg/kg/infusion groups, respectively. Furtherma®revealed in Fig. 11b, while only
about 40-60% of rats pressed the active lever ith@me 10 times a session for the 0.05
mg/kg group between sessions 15-21, the 0.1, 8d20& mg/kg/infusion groups
demonstrated group acquisition percentages tha amproximately 60, 80, and 100%,
respectively. Thus, at the higher doses, a lgzggerentage of rats acquired methylone
IVSA in 2 hr daily sessions than rats self-admanrisitg MDMA in 6 hr daily access
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sessions (i.e., 60% for both the 0.25 mg/kg/infagiad 1 mg/kg/infusion MDMA dose
groups) using nearly identical acquisition criter{e10 lever presses per session)
(Schenk et al., 2007). More recent work by Schemdk colleagues revealed that across
25 days of 2 hr IVSA sessions MDMA (1.0 mg/kg/intug, only 49% (63 of 128 rats)
acquired a total of 90 infusions across experimental sessions (Scéeak, 2012). The
present study revealed that only 5 rats failecctumulate> 90 infusions by the end of
session 21, with 3 of those rats being in the @@3g group, 1 in the 0.1 mg/kg group,
1 in the 0.2 mg/kg group, and 0 in the 0.5 mg/kaugr(data not shown). Together, these
results are also consistent with previous studiesvsg that lower doses of methylone
(>2.5 mg/kg/i.p.) vs. MDMA %9 mg/kg/i.p.) elicit conditioned place preferengemice
(Miyazawa et al., 2011; Robledo, Balerio, Berrengd& Maldonado, 2004; Salzmann,
Marie-Claire, Le Guen, Roques, & Noble, 2003; Testke, 2007)(19,41-43).

In addition, it is also important to mention di#gices in lever pressing behavior
for methylone observed in the present study as eoaapto our previously findings with
MDPV (Watterson et al., 2014), as these are tise thivo published studies to establish
initial dose-effect curves for IVSA of these twalyetic cathinones. Specifically, the
highest methylone dose tested in the present gtulyng/kg/infusion) lead to a
maximum number of lever press of approximately &f#@r roughly twenty 2 hr IVSA
sessions. In our previous MDPV study, the lowestedested (0.05 mg/kg/infusion) lead
to approximately 200 active lever presses aftey salen 2 hr IVSA sessions. Thus,
while future studies must establish full IVSA daféect curves before direct
comparisons can be made between methylone and MBd\hitial results suggest that
MDPV is a much more potent reinforcer than methglon
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While our 2 hr IVSA acquisition data suggest strmigginforcing properties of
methylone compared to MDMA, our PR data appearlaimo those obtained from
previous studies on PR responding for MDMA. Faareple, the total number of
infusions obtained for MDMA doses of 0.25 and 1 @'kg/infusion were approximately
4.5 and 12.5, respectively (Schenk et al., 2007greas our present methylone results
with (0.2 and 0.5 mg/kg/infusion) revealed simitaeakpoints with approximately 5.5
and 9.5 infusions, respectively. When comparedewipus results with MDPV and
prototypical stimulants d-amphetamine and methanaphi@e, and using an identical PR
procedures and doses (0.05, 0.1, and 0.2, mg/kgiorf), methylone breakpoints in the
present study were comparatively much lower (Gasat,e2008; N. R. Richardson &
Roberts, 1996; Watterson et al., 2014). Specifjcatiethylone breakpoints for these
doses were approximately 4, 5, and 5.5, respegtiwdlereas our MDPV breakpoints
were approximately 8, 10, and 15, respectively.sTlloe reinforcer efficacy of
methylone appears to be significantly lower thaat tf MDPV. In addition to the initial
progressive ratio tests following ShA procedurbs,RR tests following extended access
revealed similar dose effects, but compared taailfiR tests, the overall reinforcing
efficacy was lower during the second test. Thigaaent decease in motivation to seek
methylone following LgA is in contrast to previowsrk with cocaine (Paterson &
Markou, 2003) and methamphetamine (Sunmee Wee, Wdaglverton, Pulvirenti, &
Koob, 2007) which have been shown to elicit greRBfemresponding following extended
access. To our knowledge, PR data following LgAmatsbeen reported for MDMA.

These results suggest that methylone likely possesseinforcer efficacy that more
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closely resembles MDMA and is similarly weaker camgal to other prototypic
stimulants (Ahmed, 2012)..

In addition to the results obtained during ShA BRiprocedures, LgA sessions
did not lead to escalated drug intake across exgatial sessions. Our previous findings
of responding for MDPV reinforcement under extendedess conditions revealed
escalated intake across LgA sessions (Wattersaln, @014), similar to previous findings
with cocaine and methamphetamine (Ahmed & Koob818®tamura et al., 2006).
While others have found evidence of escalated MDNtAke (Schenk, 2009), this
phenomenon only occurred with extended testingtamdir knowledge, there are no
reports of escalated MDMA intake across experimdtgA following prior asymptotic
responding on ShA. While none of the doses of nietigytested here led to escalated
intake, it is possible that escalation of intakglmioccur with higher doses of methylone
(i.e., 1.0 mg/kg/infusion), as we have shown thdy diigher doses of the MDPV produce
escalation of intake (Watterson et al., 2014). lirenhore, while these data suggest that
the potential focompulsivause of methylone in humans appears less likely tha
prototypic stimulants, replication of these resultth additional animal experiments, as
well as human studies, are ultimately needed befonelusions about abuse liability can
be made.

Despite our non-significant ICSS results, a treowdards dose-dependent
threshold decreases suggest that methylone maggsesshedonic properties,
corroborating reports of euphoric subjective eanthumans (Spiller et al., 2011;
Warrick et al., 2012). Furthermore, while it colbile argued that higher doses and/or
greater experimental power (observed power in thegnt study was 0.326) may have
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yielded significance, the decrease in reward tholelshproduced by methylone here
appear similar, but slightly weaker in magnituaethtose previously reported for MDMA
(Hubner, Bird, & Rassnick, 1988; Lin, Jackson, AgeChristie, & McGregor, 1997),
and are much less robust than decreases reporteddaine, d-amphetamine,
methamphetamine, and MDPV (Vlachou & Markou, 200htterson et al., 2014). In
the present study, the highest dose of methylo@end/kg) produced threshold
reductions that were smaller (13%) than the lowlese (0.1 mg/kg) of MDPV (16%)
previously tested under identical ICSS procedWwéati{erson et al., 2014). Thus, while
our self-administration data suggests that metteyfonctions as a stronger reinforcer
than MDMA, our ICSS data suggest similar or weakgrarding properties compared to
MDMA. This effect is somewhat surprising in lighitthe more robust self-
administration and stronger rewarding effects ofthylene, as revealed in CPP studies
mentioned above, as compared to MDMA. Thus, reptinaof these findings is needed
before definitive conclusions can be reached.

In addition to the aforementioned measures of abals#ity, rats in the two
higher dose groups showed signs of toxicity inatgdporphyrin staining, foaming at the
mouth, and death. For the two rats in the 0.5 migfigsion group which self-
administered methylone to the point seizure anthddae total infusions obtained during
this session were 114 and 138. Interestingly, bbthese subjects had previously
obtained a higher number of infusions in earlieAlsgssions, the highest being 214 and
198, respectively. Thus, these fatalities appedaetthe result of repeated methylone self-
administration and not necessarily the acute effeta single high dose. These
observations reveal the need for further studigandng the toxic effects of methylone
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that may provide additional information about vagaeports of toxicity and death
associated with methylone use in humans (Cawrak,&012; Pearson et al., 2012,
Warrick et al., 2012).

Overall, these results fit with previous reseatobveng that the ratio of
dopamine-serotonin release induced by psychostimtaila positively correlated with
self-administration patterns, ICSS threshold-lowgmbility, and addiction liability
(Bauer, Banks, Blough, & Negus, 2013a; Rothman &rmBann, 2003; Schenk et al.,
2007; S Wee et al., 2005). Thevitro release data from Baumann (2011) revealed a
DAT/SERT transporter mediated release for methy(dn&?) to be similar to MDMA
(0.97), along with qualitatively similar microdialig release data. In contrast,
methamphetamine and d-amphetamine DAT/SERT rate4%2.0 and 219.5,
respectively (Baumann et al., 2012; S Wee et @052 While our results generally
conform to this hypothesis, the results here atsnahstrate the importance of behavioral
experiments in assessing pharmacological nuandesxpbcitly revealed in
neurochemical assays. Prior to the current stodyhylone was primarily compared to
MDMA and predicted to exert similar effects. Howgwvaur data revealed more robust
self-administration during 2 hr sessions than pmesity shown for MDMA, predictive of
a greater addiction liability and suggestive ofesthossible neurochemical differences
between methylone and MDMA not accounted for invignegs monoamine assays.
Furthermore, given the lack of escalation in Lg#atively weak PR responding, and
weak variable ICSS results, our study demonstthgegnportance of testing beyond

basic self-administration. The lack of escalationmg LgA and weak variable ICSS
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effects may be reflective of lower dopamine-serotoatios and more indicative of lower
compulsive use liability (episodic vs. compulsivae)

Finally, it is also important to mention some liations of the current study. The
primary limitation of the current study is a relaly small number of subjects in both the
IVSA experiments (n=48) and ICSS experiments (n&4)e of the main conclusions
made from the current study is that methylone pxsesea relatively low abuse liability
given the lack of escalation in LgA. While it dasst appear likely that any dose group
would display significant escalated intake, it @spible that with additional subjects,
escalated intake might have been observed in @sabanimals. Further studies are
needed to evaluate this possibility. In additidhSE experiments were performed with
only 4 rats, and it is possible that additionaljeats would have yielded statistical
significance, as only a trend towards significg(.09) was observed. Another
limitation of the current study is that is was coatdd with drug-naive animals. While
demographic information regarding methylone usescarce, it is possible that
individuals with previous experience with illiciimulants may be more sensitized to the
reinforcing properties methylone. These possieditvarrant further investigation.
Finally, it is important to reiterate that whileraesults suggest more potent reinforcing
properties of methylone as compared to MDMA, andkee reinforcing properties
compared to MDPV and other prototypic stimulants, study is the first to demonstrate
methylone IVSA. Thus, replication of our initial BA results, as well as additional
studies directly comparing methylone to MDMA antestpsychostimulants, is needed

before definitive conclusions can be made.

83



In general, the IVSA results from the present sttgeal that MDMA functions
as a moderate reinforcer that appears strongemMitaviA given the more rapid rate and
greater percentage of rats acquiring self-admatisin compared to previous MDMA
self-administration studies. However, the weak B$ponding and lack of escalated
methylone intake in LgA indicate that methylonevisaker than prototypic stimulants.
These results are complimented by our ICSS rewthitsh reveal a trend towards
lowering ICSS thresholds similar to previous stachea MDMA. These results provide
initial evidence which suggests that methylone gssss an abuse liability similar to or
slightly greater than MDMA, but significantly lowether prototypic stimulants. In
humans, MDMA is generally considered to have adaldictionliability as consumption
patterns are generally intermittent rather thanmalsive (De La Garza, Fabrizio, &
Gupta, 2007). This is not without exception, howgas MDMA dependence has been
reported in some individuals (Jansen, 1999). pxleting from our results, one would
predict that methylone dependence may be possitdesubset of individuals, but that
consumption patterns would also generally staymitéent and typically not advance to
compulsive useHowever, this conjecture requires validation framaliional human
experimental and epidemiological research, anchde® conclusions about human
consumption patterns cannot be made at this tirnaetteless, our findings provide an
initial behavioral characterization of the reinfioig and rewarding effects of methylone
and have important implications for future syntbegthinone research, treatment

specialists, and the development of appropriatelaggry policies.
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CHAPTER 6
EFFECTS OF-PYRROLIDINOVALEROPHENONE ¢-PVP) AND 4-METHYL-N-
ETHYLCATHINONE (4-MEC), TWO SYNTHETIC CATHINONES C®IMONLY
FOUND IN SECOND-GENERATION “BATH SALTS”, ON ICSS TRESHOLDS IN
RATS.

Published in International Journal of Neuropsychopharmacology, 2014

For the first time in history, the number of unrieged novel psychoactive
substances on international drug markets now esxdiede under international control
(United Nations, 2013). One of the most problemetasses of novel psychoactive
substances to emerge are synthetic cathinones,risimgpapproximately 18% of all
unregulated substances in international marketgétdNations, 2013). Synthetic
cathinones first appeared in Europe in the mid 2080d in the United States around
2009, and their use led to numerous reports ofgthizarre behavior, toxicity, and death
(Prosser & Nelson, 2012; Rosenbaum et al., 20TBg rise in popularity of synthetic
cathinones is linked to their ease of procuremegat the internet, and in gas stations,
smoke shops, and novelty stores (Spiller et all 120 Synthetic cathinones have been
falsely marketed as numerous products, the mosgrezable being “bath salts”, and are
typically labeled “not for human consumption” opffresearch purposes only” in order
to evade drug laws (N. D. I. C. United States Depant of Justice, 2011). While many
synthetic cathinone derivatives exist, 3,4-methgtBoxypyrovalerone (MDPV),
mephedrone, or methylone initially comprised apprately 98% of all synthetic

cathinones encountered in U.S. drugs seizures.(B. Bnited States Department of
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Justice, 2011a). Citing imminent threats to pubgalth and safety, the U.S. DEA used
their emergency scheduling authority to temporasifssify these three drugs (now often
referred to as first-generation bath salts) as @ded substances in October of 2011 (D.
E. A. United States Department of Justice, 201Ab)of 2013, these first-generation
synthetic cathinones are now permanently class#ge8chedule | substances in the U.S.
(One Hundred Twelfth Congress of the United Statesmerica, 2012; D. E. A. United
States Department of Justice, 2013a).

On January 22, 2013, the U.S. DEA published a r&tgoe information
specifically regarding 8 additional synthetic catimnes, two of the most prominent being
4-methyl-N-ethcathinone (4-MEC) and alppwrolidinopentiophenonax{PVP) (DEA,
2013). Their similarity in chemical structure suggethatn-PVP and 4-MEC likely
emerged as replacements for MDPV and mephedrosgectvely (see Fig. 14).

While literature regarding the neurochemistry, tokbgy, and abuse liability of
first generation synthetic cathinones has emengeddent years (Spiller et al., 2011;
Coppola and Mondola, 2012; Baumann et al., 20iBnter et al., 2013; Watterson et
al., 2013; Watterson and Olive, 2014), relativeyel information exists regarding
second-generation analogues such-8%P and 4-MEC (D. E. A. United States
Department of Justice, 2013b). With regards to aliasbility, the potential for
compulsive use (i.e. addiction) of stimulant drggserally increases as dopamine to
serotonin transporter (DAT/SERT) reuptakesg@alues) and/or release (Evalues)
ratios increase (i.e. synaptic levels of DA areatgethan 5-hydroxytryptamine, 5-HT).
On the other hand, higher SERT/DAT ratios are gaheassociated with more
entactogenic effects and episodic abuse pattemuse(Bet al., 2013a; Rothman &
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Baumann, 2003, 2006). Studies have revealetRMLP is a potent dopamine and
norepinephrine transporter (DAT and NET, respebtjMahibitor, has relatively little
affinity for the serotonin transporter (DAT/SERTs§G781) (Marusich et al., 2014;
Meltzer et al., 2006), increases extracellular dopa (DA) release in the striatum
(Kaizaki, Tanaka, & Numazawa, 2014), and has lodomenhancing properties similar
to MDPV (DAT/SERT IGo~ 806-816) and methamphetamine (DAT/SERT5H10 —
25; DAT/SERT EGo~ 152) (Baumann, Partilla, Lehner, et al., 2013;z&k&i et al., 2014,
Marusich et al., 2014; Rothman & Baumann, 2003)tl@nother handn vitro assays
have shown that 4-MEC inhibits the reuptake of DNET and SERT with
approximately equal affinity, but is also actbadT releaser with a similar DAT/SERT
ratio (DAT/SERT IGop~ 1.85) (lversen et al., 2013; Simmler, Rickli, Heen& Liechti,
2014) to methylone (DAT/SERT kg~ 2; DAT/SERT EGp~ 1.82; Baumann et al.,
2012a) and 3,4-methylenedioxymethamphetamine (MDMAT/SERT EGo~ 0.97;
Baumann et al., 2012a). To our knowledge, the t&ffet4-MEC on locomotor activity
have not been reported. It also is important te here that DAT/SERT ratios differ
slightly between laboratories and/or as a resutietiftypes used (e.g. rat brain
synaptosomes, HEK 293 cells expressing human toatesp, etc.). Thus, despite their
somewhat unique in vitro profiles, these newerlsgtit cathinones appear to exert
effects on monoaminergic signaling, and suggestott®/P will have stimulant effects
and high compulsive abuse potential similar to MEAfd the first generation synthetic
cathinone MDPV (Aarde, Huang, Creehan, Dickersoiaffe, 2013; Watterson et al.,

2014). In contrast, 4-MEC is predicted to have ewigenic effects and relatively lower
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compulsive abuse potential (i.e., episodic use)laino MDMA and the first generation
synthetic cathinone methylone (Watterson et all220

However, there are currently no published belra/studies that have directly
assessed the potential abuse liabilitg-#fVP and 4-MEC. Thus, the current study
sought to determine the effectssoPVP and 4-MEC, along with methamphetamine for
comparison, on thresholds for intracranial selfasiation (ICSS) using a discrete trials
current threshold determination procedure (Markod loob, 1992). The discrete trials
current threshold ICSS task is a commonly empldgesksess abuse liability, with
reductions in ICSS thresholds representing fatibiteof brain reward functioning, and
increases in ICSS threshold representing anhediapigssion-like effects and inhibition

of brain reward function (Markou & Koob, 1992; Viemu & Markou, 2011).

Method

Subjects

All procedures were conducted with the approvadhefinstitutional Animal Care
and Use Committee at Arizona State University ieoadance with the Guide for Care
and Use of Laboratory Animals as adopted by théoNat Institutes of Health (NIH).
Male Sprague-Dawley rats (n=5 i@PVP, n=5 for 4-MEC, and n=4 for METH) were
obtained from Harlan Laboratories (Livermore, C/AA), and weighed approximately
250 g on arrival. Rats were individually housedading to NIH standards on a
reversed 12-hour light—dark cycle (lights off &d®AM) and giverad libitumaccess to
food and water during all experimental proceduegsept during behavioral testing. All
behavioral testing occurred during the dark phatevden 8:00 AM — 6:00 PM.
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Drugs

a-PVP and 4-MEC were both obtained through intewdisites
(NicePriceResearchChems.biz and www.researchchemzrespectively). 10 mg
samples of both drugs were analyzed by liquid clatography—mass spectrometry for
purity and chemical composition at the Researchnglie Institute (Durham, NC, USA).
Samples were dissolved in methanol and analyzex asiWaters Synapt HDMS
(Milford, MA, USA) quadrupole time-of-flight masgsctrometer interfaced to a Waters
Acquity UPLC system. Data were acquired using alleay voltage of 3 kV, source
temperature of 120°C, desolvation temperature 6f@5sampling cone at 30 V and
extraction cone at 3 V. The mass spectrometer wiasnally calibrated from 50 to 700
Da using sodium formate solution, and mass shiftsig acquisition were corrected
using leucine enkephalin as a lockmass. Liquid mlatography was performed using a
BEH C18 column (2.1 X 50 mm, 1.7 um particles) rel@0°C. Sample identity was
confirmed based on exact mass, retention time r@gghfentation match to a certified
reference standard from Cerilliant (Round Rock, USA). Both samples were
determined to have an apparent purity of >95%.afldsehavioral studies,-PVP, 4-
MEC, and methamphetamine hydrochloride (METH, Sidxtthich, St. Louis, MO)
were dissolved in 0.9% sterile saline and admireste&ia the intraperitoneal (i.p.) route
in a volume of 1 ml/kg.
ICSS Surgical Procedures

Rats were anesthetized with isoflurane (2% v/v)ovened oxygen and
unilaterally implanted (right and left hemisphecesinterbalanced across rats) with a
stainless steel bipolar electrode (PlasticsOnenBiaa VA, USA; 2 mm diameter,
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insulated except at the ventral tip) into the miefldigebrain bundle (anterior-posterior -
0.05 mm; medial-lateral £1.7 mm, dorsal-ventraB-8&m from dura) and secured to the
skull with skull screws and dental cement. Ratsewgven 7 days to recover from
surgery before commencement of ICSS proceduremyglwhich they received daily
injections of 2.5 mg/ml meloxicam (0.15 ml volunte)minimize post-surgical
discomfort.
ICSS Apparatus

All ICSS testing was conducted in operant conditigrchambers (ENV-007CT;
Med Associates) housed in sound-attenuating cubeeipped with an exhaust fan to
mask external noise. Chambers were equipped withuae light and a nose-poke
aperture containing a light-emitting diode (LEDstlus light (ENV-114M; Med
Associates). The nose-poke aperture was 2.5 cnameder, located 5 cm above a
stainless steel grid floor, and contained an iefiladetector placed 0.64 cm from the front
edge of the panel for recording responses. Locateside the chambers was a dual
programmable ICSS stimulator (PHM-150B/2; Med Asat®s) interfaced to a computer
to deliver electrical current to the electrode. @bars were interfaced to a PC using
Med-PC IV software that controlled all stimulatiparameters, test functions, and data
collection.
ICSS testing procedures

The discrete-trials current threshold procedureS@Sed in the present study
were identical to those described in previous maltlons from our laboratory (Watterson
et al., 2012, 2014; Watterson, Watterson, et 8l132, also see Markou and Koob, 1992;
Vlachou and Markou, 2011). During all ICSS testangcedures, stimulation availability
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was signaled by illumination of the LED stimulught located within the nose-poke
aperture. Training began by allowing rats to spoataisly acquire nose-poke responses
on an FR1 schedule of reinforcement, which delder@00-ms square-wave cathodal
pulse of 120 pA at 100 Hz. Rats were required grtex minimum of 600 nose-pokes in
a 30 min session for two sessions in order to @gyto discrete trials training. During
discrete trials training, each trial began withieefstimulation of 120 pA, followed by a
7.5-s period during which the LED light remaineduoriil the rat emitted a response that
would yield an identical stimulation. Following tiretial trial, the LED light was turned
off and an inter-trial interval (ITI) was initiateduring which responses were recorded
but yielded no stimulation. Progression througltigite trial training required rats to
meet criterion (> 60% of total (trial + ITI) respses were correct trial responses) at four
ITI lengths (2, 5, 10 and 15 s). Once rats comgleiscrete trials training, discrete trial
current threshold determination procedures begdmligcrete trials current threshold
sessions began with a stimulus intensity of 120ané progressed through four cycles of
ascending and descending blocks of trials. At amgisurrent intensity, 5-trial blocks
began with a free stimulation, followed by a 7.B#erval during which rats could emit a
nose-poke response to receive an identical stitoalafollowing a single trial response,
the LED stimulus light was turned off, initiating &'l period between 7.5 and 15 s
(mean 10 s) that separated trials. Responses dhend| further lengthened the ITI by
12.5 s. When rats emitted an appropriate respams8 out of 5 trials, electrical
stimulation was decreased by 5 YA for the next-fnad block. Stimulation intensities
continued to descend until the rats resporrdedut of 5 trials during a given trial block,
at which point the current intensities reversed edcending mode, with 5 HA increases
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in current intensity for the subsequent blocks.ré&fare, the discrete trial current
threshold procedure determined the lowest amouotiwént intensity (threshold) for
which rat was willing to emit responses. For esession, raw threshold scores were
calculated by averaging the midpoint of curren¢msities between positive (responses
on>3 out of 5 trials) or negative (responses@mout of 5) trial blocks.

Prior to all drug and vehicle testing, rats reedia minimum of 10 days of
baseline threshold assessment and were requireddbstable baseline criteria. These
criteria were determined by threshold means fomtlest recent 8 sessions, as well as
sub-means for the first and last 4 of these sessime difference in sub-means was
divided by the overall mean, and threshold stabiditconsidered to be met if the
resulting percentage was less than 5 (Sidman, 1888gline testing continued
throughout experimentation to monitor stabilitydatrug testing was stopped if animals
no longer displayed stability across baseline stdreall cases, loss of stability either
occurred as a result of loosening or complete tieta@at of the electrode implant from
the skull.

Drugs were administered 20 min prior to placemettt ICSS procedures. Drug
doses were given in a randomized block design thatirats received each dose once
before beginning another block of testing. At tlegibning of experiment, all subjects
were to receive 5 determinations of each dose; hernvéoss of electrode implant or
baseline stability meant some subjects receives] Rats that were administered 4-MEC
received 2 — 5 determinations at each dose amdtalthat were administereePVP
received 1-4 determinations at each dose. A 10@gmipse for 4-MEC and 5 mg/kg
dose fora-PVP were also administered, but only once and falgp subset of rats (N=4
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for a-PVP; N = 3 for 4-MEC) due to apparent aversivees as indicated by robust
ICSS threshold elevations. Because only a subget®feceived these higher doses,
ICSS threshold determinations were not includeithénstatistical analysis. Rats
receiving METH received 2 — 3 determinations ahedase with the exception of the 3
mg/kg dose which was only assessed once in raidealsause of ICSS threshold
increases. However, because all rats received g/l8gndetermination, ICSS thresholds
at this dose for METH were included in statistianhlyses.

Statistical Analyses

All statistical analyses were conducted using Sigloia(Systat Software, Inc. San
Jose, CA, USA). A significance criterion of P €B®was used for all analyses. For each
rat, raw ICSS current intensity thresholds (in f@x)all vehicle and drug sessions
conducted once drug administration began were ctet/éo scores reflecting the percent
change from the mean of baseline thresholds oltafter reaching stabilization. For
each dose, including vehicle, scores reflect thexaye percent change from the baseline
score which immediately preceded its determinaforeach individual animal. In
addition to dose means, corresponding 95% confelertervals (Fig. 2) were calculated
and significance (between individual doses andatehoccurred when the 95%
confidence intervals between individual doses afdale did not overlap (Cardinal and
Aitken, 2006).

In order to perform dose-effect comparisons actiosslifferent drugs tested, for
each animal doses were log transformed and a Islepe (line of best fit) was calculated
on group means for the descending portion of défeetecurves starting with the lowest
dose tested and ending with the dose producintatbest observed mean maximal
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reduction in ICSS thresholds. Linear slopes weea tised to calculate ED50 values for
each drug and animal. Maximal reductions for easial, regardless of dose, were also
calculated. Next, slopes for the log transformagydtoses on the linear portion of the
descending slopes (ED50 values in mg/kg) and madX@&s threshold decreases for
METH, a-PVP, and 4-MEC were compared by a one-way betwabjects ANOVA

with bonferroni post-doc tests. Slope and ED50 eslfiiom previously published data
(Watterson et al.,2012; Watterson et al. 2014) vaése calculated (see Table 2), but

were not compared statistically due to the possitof cohort effects.

Results

For 4-MEC (Fig. 15A), significant reductions in IS$hresholds versus vehicle
was seen in the 10 (M =-11.86) and 30 (M = -15@§)kg dose groups. For a-PVP
(Fig. 15B), significant reductions versus vehiclergiseen in the 0.3 (M =-13.79) and 1
(M =-19.03) mg/kg doses. For METH (Fig. 15C),nsfigant reductions versus vehicle
were seen in the 0.3 (M =-13.40) and 1 (M = -19r@8/kg doses.

Fora-PVP, 4-MEC, and METH, higher doses (5, 100, amag3kg, respectively)
produced elevations in ICSS threshold values, aitly METH producing significant
elevations (mean + 95% GI:PVP, 19.83 = 38.64; 4-MEC, 28.00 £ 31.72; METH,3
+ 69.48%).

The slope, ED50, and maximal effect values are shawable 2. There were no
significant differences in slopes of the lineartfos of the dose-response curves
between the three drugs (F[2,11] = 1.63, p > 0.B8).ED50 values, a significant effect
of drug was observed (F[2,11] = 46.05, p < 0.0@], post-hoc analyses revealed
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significant differences between METH and 4-MEC, MEdndo-PVP, and METH and
4-MEC (all p’'s < 0.001). For comparison purposéspes and ED50 values for MDPV
and methylone were also calculated from previopslylished data(Watterson et
al.,2012; Watterson et al. 2014), but not compatatistically. Finally, there were no
significant differences observed in maximal redutsiin ICSS thresholds (F[2,11] =

1.64, p > 0.05).

Discussion

To our knowledge, there are currently no publissiedlies directly assessing the
potential abuse liability of the second generasignthetic cathinones-PVP or 4-MEC.
The present study revealed that, similar to methatgmine in the present study and to
MDPV and methylone in previous studies (Bonanon@, De Felice, Banks, &
Negus, 2014; Watterson et al., 2012, 2014), he®VP and 4-MEC dose-dependently
decreased ICSS thresholds in a discrete trialectutnreshold procedure. ICSS
threshold reductions are commonly accepted asatidecof facilitated brain reward
function and the interoceptive rewarding effectsliafgs of abuse, and thus provide
evidence of abuse potential in humans (Vlachou &Kda, 2011). At the highest doses
testedo-PVP (5 mg/kg), 4-MEC (100 mg/kg), and METH (3 ngy/kio longer
decreased, but instead produced increased ICSshiids (although these increases
were not significant foa-PVP or 4-MEC). Increases in ICSS thresholds haenb
postulated to indicate decreases in brain rewardtion, aversive effects, and/or
depression-like anhedonia (Vlachou & Markou, 20These higher doses were only
assessed once in the current study and only ibgesof animals receiving 4-MEC and
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a-PVP due to the appearance of apparent aversigetgffand thus were not included in
statistical analyses. However, these observatioggest that high doses of all three of
these psychostimulants may result in the emergehdeficits in brain reward function
and/or aversion and anhedonia.

Fora-PVP, the observed decreases in ICSS thresholdsweey similar those
reported here for METH as well as those previovsported for MDPV (Watterson et
al., 2014). The most robust threshold decreaseroddéora-PVP was ~19% at the 1
mg/kg dose was similar to the 1 mg/kg dose of MEFesented here (~20%) and the 0.5
mg/kg dose of MDPV (~18%) (Watterson et al., 20B9th METH andu-PVP resulted
in significant ICSS threshold reductions at thed&h8 1 mg/kg doses. However, at the 3
mg/kg dose, METH led to an increase in ICSS thrielsh4.39 + 69.48, mean + 95%
Cl), an effect not seen in until a dose of 5 mglkgVP was administered (19.83 + 38.64;
mean x 95% Cl). Although these effect were not jonesly observed with MDPV doses
tested up to 2 mg/kg (Watterson et al., 2014} likely that higher doses of MDPV
would also produce elevations in ICSS thresholticef similar to those observed in the
current study with high doses @fPVP and METH. In addition, slope of the descegdin
portion of the dose-effect curves PVP was most similar to those observed after
METH (-46.70 vs -50.23), along with the maximal E&ireshold reductions (25.76% vs
21.11%) and ED50 values (0.35 mg/kg vs 0.20 mgkg, Table 2). Thugs;PVP and
METH are approximately equipotent in reducing IGB®sholds; however, when
compared to our previously published data on MDie&ximal ICSS threshold
reductions and slopes for batHPVP and METH were approximately half those
produced by MDPV (maximal reduction = 42.03%, slep®6.07) under identical
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experimental procedures (Watterson et al., 2014¢. HD50 dose for MDPV was the
sameu-PVP at 0.35 mg/kg. Again, however, this dose waterminined by maximal ICSS
reductions which were approximately twice as rolboasMDPV (42.03%) as-PVP
(25.76%). Thus, the ability of PVP to reduce ICSS thresholds is most similah&b of
METH but approximately half that of MDPV.

For 4-MEC, the changes in ICSS thresholds obsarnvdte present study closely
resemble those previously observed for methylonat(®son et al., 2012), albeit with a
rightward shift in the dose response curve. Thetmmbust decrease produced by 4-
MEC was at the 30 mg/kg dose (~15%), similar to0l3emg/kg doses af-PVP (~14%)
and (METH (~13%)) in the present study and loweseddBPV (0.1 mg/kg, ~17%)
tested previously (Watterson et al., 2014), andtmadsust, but non-significant,
methylone dose (10 mg/kg, ~13%) previously repoft#dtterson et al., 2012). This
maximal ICSS threshold decrease is also similéhabproduced by MDMA (Hubner et
al., 1988), but significantly less than maximal @eses produced by MDPV and METH
(Watterson et al., 2014). At the 100 mg/kg dosdy(arsessed in a subset of animals, see
Methods), 4-MEC increased ICSS thresholds (28.0084.%3; mean £ 95% CI)
indicative of a biphasic dose-response patternishigpical of other illicit stimulants
(Vlachou and Markou, 2011n addition, neither the slope of the descendingiqo of
the dose-effect curve for 4-MEC (-21.12) nor thexmmeal ICSS threshold decrease
(17.40%) were different fromm-PVP or METH. However, the ED50 value for 4-MEC
was significantly different from-PVP and METH, indicating that 4-MEC is less potent
than these drugs. When compared to our previougdlighed ICSS data for methylone
(Watterson et al., 2012), 4-MEC lead to similar med ICSS threshold reductions (-
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17.40% vs -21.50%), but much higher ED50 value$l(6s. 1.00) and a slightly steeper
slopes (-21.12 vs. -17.59). However, our previppsiblished study on methylone did
not assess doses higher than 10 mg/kg; thuspdasisible that methylone may have led to
greater maximal ICSS threshold reductions at higloses. While the results from the
present study suggest that 4-MEC appears to bebttsat than methylone, yet more
effective in reducing ICSS thresholds, further expentation is needed before definitive
conclusions can be made.

The present study is, to our knowledge, the fostirectly assess the potential
abuse liability of second generation synthetic icathes. These results reveal that, like
the first generation synthetic cathinones now diassas Schedule | substances for their
high abuse potential, replacement synthetic cati@agossess similar rewarding effects
as measured in ICSS procedures, and thus likelsgssssimilar degrees of abuse liability
in humans. Furthermore, as with first generatintlgetic cathinones, these newer
replacement cathinones appear to produce rewaediegts similar to the illicit
stimulants methamphetamine and MDMA (Hubner etl®l88; Vlachou & Markou,
2011). When considering the ICSS data from thegmtestudy, along with data
previously published for MDPV (Watterson et al.12Dand methylone (Watterson et al.,
2012) under identical ICSS experimental conditidhs,rank order potency of these
drugs is MDPV > METHz a-PVP > methylone: 4-MEC.

Synthetic cathinones, like prototypical psychostants, primarily exert their
effects through substrate releasing or plasma mamelransporter blocking effects at
monoaminergic terminals (Ilversen et al., 2013; lezt®& Baumann, 2013; Marusich et
al., 2014; Meltzer et al., 2006; Simmler et al.12) As mentioned previously, numerous
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studies suggest that there is a large degree tdsmondence between ICSS threshold
reductions, propensity for drug self-administratiand the balance between effects on
DA vs. 5-HT transmission in the mesolimbic rewaathpvay (Bauer et al., 2013a; Bauer,
Banks, Blough, & Negus, 2013b; Rothman & Bauma®®32 2006; S Wee et al., 2005).
Specifically, higher DA/5-HT transporter affinitplease ratios correlate with increased
self-administration propensity, more robust deaesas ICSS thresholds, and greater
abuse liability as indicated by a progressively@ased risk for compulsive use.
Alternatively, lower DA/5-HT ratios correlate witkduced propensity for self-
administration, less robust decreases in ICSShibtés, and a lower potential for
compulsive drug intake. When considering all of KB8S data from the present study
along with previously published data on first gextien synthetic cathinones (Watterson
et al., 2012, 2014) and prototypical psychostimidghlubner et al., 1988; Vlachou &
Markou, 2011), these data generally support a gtpmsitive relationship between
differential effects on DA/5-HT signaling and rewanry effects, as revealed by maximal
ICSS thresholds and steepness of slope of the midisgeportion of dose response curve.
However, individual comparisons of threvitro DAT/SERT affinities of all of these
compounds is not appropriate, since some act pityrees presynaptic plasma membrane
transporter blockers (MDPV andPVP), others are transporter substrates and
monoamine releasers (METH, methylone, and MDMA) @ombination of both (4-
MEC). Thus, direct comparison of DAT/SERT data.(il€s values) derived from
inhibition of transporter function as assessecdimpetitive binding assays and data from
monoamine release assays (i.e.sB@lues) is problematic. However, when considering
the aforementioned rank order potency (MDPY¥-PVP > 4-MEC) based on ICSS

99



threshold decreases and slopes of dose respongs euthin the class of monoamine
transporter blockers, this rank order of potenap islose agreement with DAT/SERT
ratios derived from I values obtained in previous in vitro studies (MD@?6-816) >
a-PVP (806) > 4-MEC (1.85) (Baumann et al., 2012aumBann et al., 2013; Marusich et
al., 2014; Simmler et al., 2014). As mentioned pesly, 4-MEC is also a weak 5-HT
releaser (Simmler et al., 2014) which likely funtidecreases its abuse liability. When
considering maximal ICSS threshold decreases ap@slof the dose response curve for
monoamine releasers, their rank-order potency i3 NME methylone, which corresponds
with their DAT/SERT ratios derived from Egvalues obtain in vitro (METH (152) >
methylone (1.82 — 2))(Baumann et al., 2012; Baunedrai., 2013).

Taken together, we predict thaPVP possesses a potential for compulsive abuse
(i.e. addiction) that is roughly similar to thatMETH and MDPV, but much greater than
that of 4-MEC, methylone, and MDMA. Accordinglyevalso predict that 4-MEC will
have a relatively lower potential for compulsives ulsan that of MDPV and METH,
would be most similar to methylone and MDMA (i.pisodic use), and may exert
primarily entactogenic effects.

Finally, it is also important to mention that bdirst and second generation
synthetic cathinones are often sold as mixturescipally, synthetic cathinones
products have been shown to often contain moredharcathinone, as well as other
adulterants including illicit amphetamines, pip@nas, cutting/binding agents, caffeine,
and topical anesthetics (Brandt et al., 2010; Garrebeckenstein, & Hanson, 2014).
Thus, while abuse liability assessment of theseviddal drugs is now emerging,
assessment of the effects and abuse potentiahadbications of these drugs will be more
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difficult, yet should be a central focus of futuesearch. Together, the results of the
present study suggest that second generation syntlaghinones likely possess a similar
potential for abuse as their first generation pcedsors as well as the illicit
amphetamines they are designed to mimic. Furtherntioese findings have important
implications for future research on synthetic aabime abuse, dependence, and legislative

efforts to classify these drugs according to thappr controlled substance schedule
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CHAPTER 7
SENSITIZATION TO THE LOCOMOTOR STIMULANT EFFECTS O, 4-
METHYLENEDIOXYPYROVALERONE (MDPV) AND CROSS-SENSITATION
TO METHAMPHETAMINE IN RATS

Synthetic cathinones, often falsely marketed ash‘salts” or “legal high”
alternatives to illicit psychostimulants such agsmephetamine (METH), cocaine, or
3,4-methylenedioxymethampehtamine (MDMA), are a<laf designer stimulants that
have become increasingly popular drugs of abusecent years. In the United States,
3,4-methylenedioxypyrovalerone (MDPV), mephedrarel methylone initially
emerged as the most prominent “bath salts” cormstig) comprising 98% of all synthetic
cathinones obtained in drug seizures prior to theimanent classification as Schedule |
substances (One Hundred and Twelfth Congress ditited States of America, 2012).
Of these three, MDPV was the most commonly abusélde U.S. (Bonano et al., 2014;
Uralets, Rana, Morgan, & Ross, 2014) and identiiledumerous case reports of
synthetic cathinone related toxicity, bizarre bebes; and death ( Spiller et al., 2011;
Murray et al., 2012; Penders and Gestring, 2015sRtb al., 2012; Penders et al., 2013,
Wright et al., 2013; Wyman et al., 2013).

Despite being permanently classified as a Schddubstance in 2012, MDPV
continues to be abused (NMS Labs, 2014) and reepotts of MDPV addiction have
emerged (Nouredine Sadeg et al., 2014). While MD&l&ted toxicity is now well
established, the scientific assessment of abusiétyas still in its infancy (Watterson et
al., 2013: Gregg and Rawls, 2014). Preclinical aistudies have revealed that MDPV
has potent reinforcing (Aarde et al., 2013; Watsrst al., 2014) and rewarding effects
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(De Felice et al., 2013; Bonano et al., 2014; Wsatte et al., 2014), fully substitutes for
cocaine and methamphetamine in drug discrimindgets (Fantegrossi et al., 2013;
Gatch, Taylor, & Forster, 2013), and elevates lootmmactivity in a manner indicative
of psychostimulants (Baumann et al., 2012; Fanssyret al., 2013; Aarde et al., 2013,
Marusich et al., 2012, 2014) . In humans, conciiuee of MDPV and other illicit
stimulants is prevalent and evidence suggestgti@mtstimulant use enhances severity
of adverse sympathomimetic effects during acute MDBe (Spiller et al., 2011).
However, despite mounting preclinical literaturggesting an abuse potential of MDPV,
and human literature suggesting enhanced vulnésatalMDPYV toxicity with prior
amphetamine use, there are currently no publiskeorts detailing whether MDPV use
alters behavioral sensitivity and responsivenass tiaus potentially abuse vulnerability,
for traditional illicit psychostimulants (e.g. METHConversely, prior research has not
yet established whether use of traditional psychnsants such as METH enhance
behavioral sensitivity and responsiveness anddbuse potential of MDPV. One
method for assessing lasting changes in behaserdaitivity and responsiveness is via
locomotor sensitization, in which repeated exposoii@ drug leads to a progressive and
enduring enhancement of locomotor behavior eliditg@ subsequent drug challenge
(Vanderschuren & Kalivas, 2000).

With regards to synthetic cathinones, it has beeripusly demonstrated that
prior exposure to mephedrone produces sensitizatioats when given a subsequent
mephedrone or cocaine challenge (Lisek et al., 261€gg et al., 2013a, 2013b; Shortall
et al., 2013). Furthermore, repeated oral admatisin of cathinone, the parent
compound of synthetic cathinones and the primayglpsactive alkaloid found i€atha
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edulis also leads to locomotor sensitization in ratsn{Ba et al., 2005; Banjaw and
Schmidt, 2005, 2006)However, to our knowledge, the phenomenon of |aztom
sensitization has not yet been established for MDRWrefore, the purpose of the
present study was to assess the ability of repé@di@dV administration to produce
locomotor sensitization. We also sought to deteenffiicross-sensitization between
MDPYV and METH could be observed.
Method

Subjects

Male Sprague-Dawley rats (Harlan Laboratories, trvare, CA), weighing
approximately 250-275 g upon arrival, were housea humidity- and temperature-
controlled colony, maintained on a 12:12 reversghtAdark cycle and were provided
libitum access to food and water except during locomesimyg procedures. All
experimentation was conducted during the dark pt@ageM — 7 PM). All experimental
procedures were conducted with the approval ofritbgtutional Animal Care and Use
Committee at Arizona State University and in acaoag with the principles of the
National Research Council@uide for the Care and Use of Laboratory Animal31(P)
Drugs

MDPV was purchased from Laboratory Supply USA (Baygo, CA, USA). A
10-mg sample of MDPV was analyzed by liquid chramgeaphy—mass spectrometry for
purity at the Research Triangle Institute (Durh&l@, USA) and determined to have an
apparent purity of >95%, as previously reported téraon et al., 2014). For all
experiments, MDPV and methamphetamine (Sigma-Adi&t. Louis, MO, USA) were
dissolved in sterile saline and administered irdrapneally (i.p.) in a volume of 1 ml/kg.
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Locomotor Testing Procedures

Locomotor activity was assessed using a Rotoraesyapparatus (Med
Associates, Mt. St Albans, VT). This apparatus messsrotational ambulation and
locomotor behavior quantified by quarter turns (8ftations) in a bowl-shaped arena as
previously described in our laboratory (Kufahl ket 2013; Watterson et al., 2013). For
all experiments, drug or vehicle injections werenadstered i.p. immediately prior to
being placed into the arena for 90 minutes. Paalltdrug administration procedures, all
rats received two days of acclimation to the tegséipparatus. On the first acclimation
day, rats were placed into and allowed to freelyl@e the arena for 90 min during
which no locomotor activity was recorded. On theand day, rats were first fitted with
a plastic neck collar. Next, rats received a sahjection immediately prior to being
placed into the arena and allowed to freely expllbecarena for 90 minutes. Locomotor
activity was recorded by a rotating actuator modatiethe top of the arena that was
connected to the rat via a stainless steel speitigget and a metal clamp affixed to the
plastic collar. For all subsequent sessions, lodcomaxtivity was assessed with identical
90 min procedures. Saline was used as vehicldIfexperiments.
Experiments 1a and 1b — MDPV-induced Locomotor iBzstson with 24 hr Inter-test
Intervals

Initial doses of MDPV of 1 and 5 mg/kg were chobased upon previously
published findings by our laboratory and othertowfered thresholds for intracranial
self-stimulation at similar doses (Bonano et @12 Watterson et al., 2014; De Felice et
al., 2014) as well as acute locomotor stimulanpprbes of MDPV (Aarde et al., 2013;
Fantegrossi et al., 2013; Gatch et al., 2013; Malnust al., 2014, 2012). In Experiment
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1a, rats were injected with either MDPV 5 mg/kg<XI8) or vehicle (N=8) and placed
into locomotor chambers for 90-min sessions foolsecutive sessions (24 hours apart:
Sessions 1-5 = Days 1 - 5). Experiment 1b follottexlsame timeline, but rats were
injected with either MDPV 1 mg/kg (N=8) or vehi¢ld=8) for 5 consecutive days (24
hrs apart: Sessions 1-5 = Days 1 - 5) prior togfant into locomotor chambers.
Following a 5 day incubation period, rats with en§/kg or vehicle dosing regimen
history received a 1 mg/kg challenge prior to ihalflocomotor test session. For rats
receiving either 1 mg/kg or vehicle, a challengeadof 0.5 mg/kg was administered prior
to the final locomotor test session.
Experiment 2 - MDPV-induced Locomotor Sensitizatuth 48 hour Inter-treatment
Intervals

For experiment 2, rats received either MDPV 1 md@M&g 10) or vehicle (N=8)
immediately prior to 90 min sessions for five sessi(48 hrs apart: Sessions 1-5 = Days
1-9). Following a 5-day incubation period, @ts regardless of dosing history received
a vehicle injection immediately prior to a 90-m@st session to assess for any residual
non-specific locomotor effects (e.g. context reddtecomotion). The next day, all rats
received a MDPV 0.5 mg/kg challenge dose prioh®final locomotor test session.
Experiment 3 - Cross-sensitization of METH-inducedomotor Sensitization to MDPV

For Experiment 3, rats were treated with either MEITmg/kg (N = 16) or
vehicle (N=16) immediately prior to 90-min sessidmsfive sessions (48 hrs apart:
Sessions 1-5 = Days 1 - 9). The 48 hour interigstval was chosen to be consistent
with Experiment 2. Following a 5-day incubationipdr all rats regardless of dosing
history were received saline immediately prior tiest session to assess for any residual
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non-specific locomotor effects. The next day, alsreceived a MDPV 0.5 mg/kg
challenge dose prior to the final locomotor testssm.
Experiment 4 - Cross-sensitization of MDPV-inducedomotor Sensitization to METH

For Experiment 4, rats were administered either MBHAng/kg (N=6), MDPV 1
mg/kg (N=10) or vehicle (N=8), immediately prior30-min sessions for five sessions
(48 hrs apart: Sessions 1-5 = Days 1 — 9). Theod® inter-test interval was chosen to be
consistent with Experiments 2 and 3 in which serstibn to the locomotor stimulant
effects of MDPV were observed (see Results). Foligva 5-day incubation period, all
rats regardless of dosing history received sahjextion immediately prior to a test
session to assess for any residual non-specifaariotor effects. The next day, all rats
received a METH 0.5 mg/kg challenge dose priohtofinal locomotor test session.
Statistical Analyses

Data analysis was conducted using Prism 5 soft(@raphPad, La Jolla, CA).
For all experiments, the dependent measure wdstataer of quarter turns (sum of
clockwise and counter-clockwise quarter turns) adcg during each of the five 90 min
sessions, as well as during saline and challersgeséssions. For Experiments 1 - 3,
locomotor activity across the five repeated treatinsessions were analyzed with 2 x 5
mixed-model ANOVAs, withdose(vehicle, drug) as the between-subjects factor and
session1-5) as the within-subjects factor. One-way répeéaneasures ANOVAs were
always conducted for vehicle and drug groups imtially with post hogpairwise
comparisons to compare session effects. For Expetidy locomotor activity across the
five repeated treatment sessions was analyzedatk 5 mixed-model ANOVA, with
dose(vehicle, MDPV 1 mg/kg, MDPV 5 mg/kg) as the betwesubjects factor and
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session1-5) as the within-subjects factor. For bothreabnd drug challenge tests,
locomotor activity measures were analyzed with pahelent samples t-tests
(Experiments 1 — 3) and Dunnett’s test (ExperimgnMore specifically, for Experiment
1a, the drug challenge (MDPV 1 mg/kg) sensitizatest between rats with MDPV (5
mg/kg) vs vehicle dosing history was analyzed vaithndependent samples t-test. For
Experiment 1b, the drug challenge (MDPV 0.5 mghey)sitization test between rats
with MDPV (1 mg/kg) vs vehicle dosing history wasalyzed with independent samples
t-test. For Experiment 2, both the saline and ahagjlenge (MDPV 0.5 mg/kg)
sensitization tests between rats with MDPV (1 mplggvehicle dosing histories were
analyzed with an independent samples t-test. Kpefiment 3, the saline and drug
challenge (MDPV 0.5 mg/kg) sensitization tests leetrats with METH (1 mg/kg) vs
vehicle dosing histories were analyzed with an pathelent samples t-test. For
experiment 4, saline and drug challenge sensitigdMETH 0.5 mg/kg) tests were
analyzed with a Dunnett’s multiple-comparison testhe 1 and 5 mg/kg MDPV groups
using vehicle as the common control (C. Dunnetb51#Holson, Freshwater, Maurissen,
Moser, & Phang, 2008). Numerical results are diggadaas mean + SEM, where

appropriate.

Results
Acclimation and Repeated Treatment Sessions
Experiment 1a
For experiment 1la (Fig. 16a) statistical analyseealed a significant difference
in baseline locomotor activity such that rats saoeatly assigned to the saline treatment
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group (874.88 = 148.33 turns) displayed more quawtas than rats subsequently
assigned to the MDPV 1 mg/kg group (468.76 = 91us6s) (t[7]=2.60, p<0.05). For the
five treatment sessions (sessions 1-5; days héetwas a significant main effect of
sessionF[4,56] = 4.30, p <0.05)dose(F]1,14) = 88.05, p<0.001), andlase x session
interaction (F[4,56]=7.49, p<0.05). Post-hoc asay/revealed that total quarter turns
were significantly greater during sessions 1 atithh session 5 (p < 0.05). No other
session differences were observed. No significdfgrdnces were found across sessions
in rats receiving salin€ost hodests also revealed significantly increased lodomo
activity in rats receiving MDPV 1 mg/kg than ragzeiving saline across all treatment
sessions (p<0.05).
Experiment 1b

For experiment 1b (Fig. 16b), statistical analydieésnot reveal a significant
difference in locomotor activity for the initial eanation session such that rats
subsequently assigned to the saline treatment #8889 + 169.21 turns) displayed
similar numbers of quarter turns than rats subsatjuassigned to the MDPV 5 mg/kg
group (640.63 = 85.13 turns, p>0.05). For the fieetdays of testing (sessions 1-5; days
1-5), there was neither a significant main effdct@ssiomor a significantlosex session
interaction. However, there was a significant neffect ofdose(F[1,15] = 21.12, p <
0.001), with rats receiving MDPV 5 mg/kg displayimpre quarter turns (2117.175 £
799.68) than rats receiving saline (642.98 + 104.23
Experiment 2

For experiment 2 (Fig. 17a), statistical analysdsdt reveal a significant
difference in locomotor activity for the initial eanation session such that rats
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subsequently assigned to the saline treatment g&#4p00 + 86.75 turns) or MDPV 1
mg/kg group (510.50 = 75.24). For the five treathrs@ssions (sessions 1-5; days 1-9), a
2-way mixed ANOVA revealed a significant main etfe€sessionF[4,64] = 4.12, p <
0.01),dose(F[1,16] = 87.825, p < 0.001), and a significdase x sessiomteraction
(F[4,64] = 2.75, p < 0.05)Post-hocanalyses revealed a significant differences in
locomotor activity across treatment sessions irMB#V 1 mg/kg group (F[4,36] =
4.35, p < 0.01), with locomotor activity in sessi®significant greater than all other
sessions (p-values < 0.05). Locomotor activityaasson 1 was significantly lower than
that in sessions 2 and 3, but not 4 or 5. No sicamt differences were found across
sessions in rats receiving saline. Furthermorertastor activity in rats receiving MDPV
1 mg/kg was significantly higher than rats receypv#aline across all treatment sessions
(p-values < 0.05).
Experiment 3

For experiment 3 (Fig. 18a), here were no sigarftaifferences in baseline
locomotor activity between rats subsequently agsigo the saline treatment group
(463.00 + 72.30 turns) or METH 1 mg/kg groups (%2t 49.70 turns). For the five
treatment sessions (sessions 1-5; days 1-9), 2awesd ANOVA revealed a significant
main effect ofsession(F[4,120]=3.42, p< 0.055ose(F[1,30]=28.246, p<0.001, and a
significantdose x sessiomteraction (F[4,120]=3.31, p<0.0Bost-hocanalyses revealed
a significant difference across treatment sessioti'e METH 1 mg/kg group
(F[4,60]=4.14, p<0.01), with sessions 1, 2 andi8@dpsignificantly lower than session 5,
and session 2 being significantly lower than sesdid\o significant differences in
locomotor activity were found across sessions s raceiving saline. Rats treated with
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METH 1 mg/kg showed significantly greater activityan rats receiving saline across all
treatment conditions (p-values <0.05).
Experiment 4

For experiment 4 (Fig. 19a), there were no sigaiit differences in baseline
locomotor activity between rats subsequently agsign the saline treatment group
(497.88+ 96.47 turns), MDPV 1 mg/kg group (513.90+62 turns) or MDPV 5 mg/kg
group (529.30 £90.46 turns). For the five treatnsassions (sessions 1-5; days 1-9), 2-
way mixed ANOVA did not reveal a significant maiffieet of sessiorbut did reveal a
significant main effect oflose(F[1,21]=5.07, p<0.05) and a significattdse x session
interaction (F[8,84]=2.614, p<.05). Pairwise comgam revealed significant differences
between the saline and MDPV 1 mg/kg groups as agelletween the saline and MDPV
5 mg/kg groups (p-values < 0.05). One-way ANOVeaaed significant differences
between sessions 1 and 3 (days 1 and 5, respgctivealues < 0.05). For both sessions
(1 and 3), the locomotor activity in the salineatraent group was significantly different
from the MDPV 5 mg/kg group (p-values < 0.05).
Sensitization Tests
Experiment 1a and 1b

The results of sensitization tests following dringleenge are shown in Figure 16.
In Experiment 1a (Fig. 16a), no significant diffieces in locomotor activity following
the MDPV 0.5 mg/kg challenge dose were observeadssi rats with a history of
MDPV 1 mg/kg or saline (see Fig. 16a). In Experitnn (Fig. 16b), rats with a history

of saline treatment showed increased locomotoviictollowing administration of
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MDPV (1 mg/kg) as compared to rats with a histdriMi®PV (5 mg/kg) treatment
(t[7]=2.63, p<0.05, see Fig. 16b).
Experiment 2

In Experiment 2 (Fig. 17b), rats with a historyrepeated treatment with 1 mg/kg
MDPV demonstrated an elevated locomotor respontieetd.5 mg/kg challenge of
MDPV as compared to rats with a history of salmeatment (t[7]= 3.04, p < 0.05). In
contrast, no significant differences between treaiingroups were observed in the
locomotor response to saline challenge (p>0.05Fg&gel7b).
Experiment 3

In Experiment 3 (Fig. 18b), there were no significdifferences in the locomotor
response to the 0.5 mg/kg MDPV challenge betwetsnwigh a history of repeated
METH vs. saline treatment (p>0.05). Furthermorereéhwere no significant differences
in locomotor response to the saline challenge betwats with a history of METH vs.
saline treatment (p>0.05; see Fig. 3B).
Experiment 4

In Experiment 4 (Fig. 19b), Dunnett’s test revedlsat rats with a history of
repeated treatment of 1 mg/kg MDPV exhibited insegblocomotor activity in response
to a 0.5 mg/kg METH challenge as compared to satesed animals (p < 0.05).
However, rats with a history of treatment with 5/kggMDPV did not exhibit increased
locomotor activity in response to the 0.5 mg/kg MDéhallenge (p=0.13). There were
also no significant differences in locomotor resggmfollowing saline challenge between
rats with a history of METH 1 mg/kg vs. saline traant or MDPV 5 mg/kg vs. saline
(see Fig. 4B).
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Discussion

The present study revealed that acute systemimastration of MDPV leads to
increased locomotor behavior when compared toesathicle controls, and that
repeated intermittent (48 hr interval) acute adstration also leads to an enhancement of
locomotor activity when subjects were subsequdetied with a challenge dose of either
MDPV or METH, indicating the development of locorapsensitization and cross-
sensitization to METH, respectively. However, wiDPV treatments were separated
by 24 hrs, sensitization to the locomotor stimuksffécts of an MDPV challenge was not
observed. Furthermore, rats receiving intermit{éBthr interval) administration of
METH did not display cross-sensitization to a sgjoemt MDPV challenge. In all
experiments in which sensitization or cross-sezaion occurred, enhanced locomotor
activity was not observed following saline challenguggesting that augmented
locomotion during drug challenge tests were drugesie and not driven by contextual
conditioning factors such as re-exposure to thngpenvironment. To our knowledge,
this is the first report of locomotor sensitizatimnMDPV, as well as cross-sensitization
to METH, following repeated MDPV administration.

The augmented locomotor response seen followipgated exposure to
psychostimulants is a robust and common phenomebserved in laboratory animals
(T. Robinson & Berridge, 2000, 2001; Steketee &i¥ad, 2011). Thexpressiorof
behavioral sensitization is thought to reflectitagneural adaptations that develop with
repeated drug exposure (i.e. theubationof sensitization) (Vanderschuren & Kalivas,
2000). Furthermore, evidence suggests that thageadaptations may, at least in part,
contribute to the transition to compulsive drug (Sernish & Kalivas, 2001; Robinson
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& Berridge, 2000), as repeated drug exposure nigtppstentiates behavioral
responsivity and sensitivity to the drug, but dls® development of drug self-
administration and reward (Vezina, Lorrain, Arnoddistin, & Suto, 2002; Vezina, 2004,
Zernig et al., 2007). Drug-induced increases imiootor activity are mediated by
increases in extracellular dopamine in limbic aratoncircuits. Similarly, the
progressive increase in locomotor activity chanastie of sensitization is also paralleled
by augmented dopamine neurotransmission in limtcraotor regions such as the
nucleus accumbens (Kalivas & Stewart, 1991; Veeiral., 2002; Vezina, 2004).

The primary mechanism of action of MDPV is simiia cocaine in that it is a
potent inhibitor of presynaptic plasma membraneatdpe and norepinephrine
transporters (DAT and NET, respectively), withldéiteffects on presynaptic plasma
membrane serotonin transporters (SERT) (Baumaah,&013; Baumann et al., 2013;
Eshleman et al., 2013; Simmler et al., 2013). Caegbéo cocaine, however, the potency
of MDPV at inhibiting DAT and NET are 50 and 10 émgreater, respectively
(Baumann, Partilla, & Lehner, 2013; Baumann, Hartilehner, et al., 2013).
Furthermore, like cocaine, MDPV induces outwardo@mpolarizing) electrical currents
in human DAT cells expressedXenopus laevisocytes. Alternatively, inward DAT
currents are produced by other synthetic cathinenek and mephedrone and methylone,
as well as METH (Cameron et al., 2013, 2013). UnNKPDV, these psychostimulants
primarily exert their neurochemical effects as mamme substrate releasers with
varying levels of preference across DAT, NET andR$Es well as vesicular
monoamine transporters (Baumann et al., 2013, 208¥atemic administration of
MDPYV elevates extracellular dopamine levels inribeleus accumbens with at least 10
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times greater potency than cocaine and with mueydpblasting effects (Baumann et al.,
2013; Baumann et al., 2013; Marusich et al., 20idocomotor assays, MDPV is a
powerful locomotor stimulant (Aarde et al., 2013nkegrossi et al., 2013; Gatch et al.,
2013; Marusich et al., 2012, 2014) and it is likélgt these locomotor effects are
mediated by D1 receptors in the nucleus accumbehasbeen shown for other
psychostimulants (Lobo & Nestler, 2011; Smith, Lo8pencer, & Kalivas, 2013). Thus,
consistent with previous studies on cocaine andhatamines, the ability of MDPV to
induce locomotor sensitization is likely mediatgdts ability to augment extracellular
dopamine levels in limbic and motor regions viagmbtDAT inhibition.
Cross-sensitization has been shown to occur with docaine and amphetamines as well
as other drug classes (Akimoto et al., 1990; Kali@ad Stewart, 1991, Fitzgerald et al.,
1996). Although the primary pharmacological mecdsias of action differ across drug
classes, the ability to increase mesolimbic dopangic transmission is common
amongst drugs of abuse and is thought to mediatelttomotor stimulant properties
(Robinson et al., 1988; Kalivas and Duffy, 199Gz&erald et al., 1996). As such, cross-
sensitization is thought to occur when two drugarstoverlapping mechanisms of action,
albeit often differing from their primary mechanigrhaction (Steketee & Kalivas, 2011).
Thus, while MDPYV increases extracellular dopamhreugh DAT inhibition, and

METH increases extracellular dopamine through mompa substrate releasing effects,
the net common effect of increased dopamine trassan on post-synaptic dopamine
receptors is a likely possibility. Specificallyengistent increases in DA transmission by
both drugs could increase postsynaptic responssgeioedopamine through either
increases in DA receptor density or sensitivityl(&s & Stewart, 1991). Furthermore,
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repeated exposure to both cocaine and amphetaaisesnhance glutamate signaling in
corticolimbic circuits (Kalivas et al., 2009), whitikely also plays a role in the
locomotor sensitizing effects of MDPV and its cressisitization to METH (Steketee &
Kalivas, 2011). However, glutamatergic effectdtidPV exposure have yet to be
explored, but should be a central focus on futasearch on this synthetic cathinone.

The lack of cross-sensitization to MDPV in animalth a history of METH
exposure is puzzling given that a cross-sensitiefifiect of METH was observed in rats
with a history of MDPV exposure. Many experimentatiables may have contributed to
these negative observations, including drug doseber of exposures, dosing schedule,
route of administration, and species/strain eff@@tsllips et al., 2011). Thus, the
possibility remains that bidirectional cross-samnation between MDPV and METH may
occur under certain experimental conditions. Gitrenmechanistic similarity between
cocaine and MDPV, we predicted full cross-senditirefor both drugs. It is possible,
however, that the lack of bidirectional cross-seretion may be related to known effects
of METH on serotonergic transmission, which is kmaw modulate rewarding and
reinforcing effects of various psychostimulants tfiRoan & Baumann, 2006). Clearly,
further studies would be needed to dissect thaggenonoaminergic mechanisms
underlying cross-sensitization, or lack thereofpeen MDPV and METH.

In experiments where sensitization to a drug ehngk occurred, we observed no
significant increases were observed when subjeets given a saline challenge test the
previous day. The lack of a sensitization respams@imals when tested with saline is
important as evidence suggests that the convergdrirelg exposure and associated
environmental stimuli (context) together contribtdesensitized responding (Vezina et
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al., 1989; Vezina and Leyton, 2009). Because Xipeession of sensitization is often
context-dependent, future research should assesth&trepeated exposure to MDPV or
METH in a separate distinct environment (e.g. haange) would also produce sensitized
responding when tested in an alternative envirotmen

The lack of locomotor sensitization to MDPV obszwn Experiments 1a and 1b,
where the inter-treatment interval was 24 hrspiswithout precedent. Previous work
has revealed that intermittent drug administratuah longer inter-treatment intervals
(e.g. 24 or 48 hrs vs. 3, 6, or 12 hrs) producesatgr locomotor sensitization for
methamphetamine, cocaine, and morphine (Kurib&®@6)L In comparison with
cocaine, MDPV-induced elevations in extracellulapamine are much longer in
duration, likely reflecting either a longer halfdiand/or centrally active metabolites such
as 3,4-dihydroxypyrovalerone (3,4-catechol-PV) drdydroxy-3-methoxypyrovalerone
(4-OH-3-MeO-PV) (Anizan et al., 2014). Researchtmpharmacokinetic and/or
pharmacodynamics of MDPV and its bioactive metaeslis generally lacking and
should be a focus of future research studies.

Repeated intermittent exposure to psychostimulargsinot only increases
locomotor behavior during subsequent drug exposwregan also enhance drug self-
administration behavior, reward, and the develogrépsychostimulant-related
psychosis. The findings presented here suggestapaated use of MDPV can increase
the sensitivity and behavioral responsivity to dineg, which may lead to increased
vulnerability to addiction to MDPV and/or METH. Ireased responsivity to MDPV may
also explain he increased propensity to develophmsstimulant-induced psychosis or
toxicity with subsequent use (Spiller et al., 20Rfgsser and Nelson, 2012). While the
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present study only evaluated cross-sensitizatidhefocomotor stimulant effects of
MDPYV to that of METH, cross-sensitization acrossentdrug classes has also been
reported, and future research should focus ontilhg-drug combinations for MDPV as

well as other synthetic cathinones.
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CHAPTER 8
ASSESSMENT OF NEUROTOXIC AND COGNITIVE EFFECTS FODWING
CHRONIC INTRAVENOUS MDPV AND METH SELF-ADMINISTRATON
Acute MDPV use has led to numerous reports of tyxand death (Coppola &
Mondola, 2012; Kesha et al., 2013; Mas-Morey et24113; Mugele, Nafagas, &
Tormoehlen, 2012; Murray et al., 2012; Penders &tfBgg, 2011; Prosser & Nelson,
2012; Ross et al., 2012; Spiller et al., 2011;&té Felthous, 2013; Wright et al., 2013;
Wyman et al., 2013). In fact, the majority of théopshed reports on MDPV exposure
and use are case reports detailing the variougseledfects of acute exposure and
overdose. More recently, however, evidence hasgsdesuggesting that the dangers of
MDPV extend far beyond the adverse effects thatac@ompany acute overdose and/or
toxicity. Specifically, studies have revealed tNHDPV is highly reinforcing (Aarde et
al., 2013; Watterson et al., 2014) and rewardingnimals (Bonano et al., 2014; De
Felice et al., 2013; Watterson et al., 2014) arslrhathamphetamine and cocaine-like
subjective effects (Fantegrossi et al., 2013; Rosd., 2012; Ross, Watson, &
Goldberger, 2011). Furthermore, human users oéipart a persistent desire to continue
using MDPV despite these adverse effects, resultitgnge-like patterns of
consumption that can last for days (Fass, Fassa&i& 2012; Johnson, Johnson, &
Portier, 2013; Maxwell, 2013; Penders, Gestring/i&nsky, 2012; Penders & Gestring,
2011; Ross et al., 2012; Slomski, 2012). Whiletreddy scarce in comparison to case
reports reporting intoxication, excited deliriuneyastonin syndrome, hallucinatory
psychosis, multi-organ toxicity, and death, repoftMDPV addiction have recently
begun to appear in the literature (Sadeg et aL32®/inder, Stern, & Hosanagar, 2012).
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To make matters worse, only protocols for suppertare following overdose have been
established. Treatment strategies for MDPV addacsiee not scientifically established,
and basic research aimed at discovering pharmaematic targets for MDPV addiction
is also scarce (Glennon, 2014; Jordan & Harris6a32 Thus, the emergence of reports
detailing MDPV addiction and the lack of any esisti#d treatments highlight the
importance of basic preclinical research focusingssessing the consequences of
chronic, long-term use and finding potential neogidal targets for the development of
effective cognitive, behavioral, and/or pharmacapeutic treatments (Glennon, 2014).
As previously mentioned, MDPV is a potent DAT a¥dT reuptake inhibitor,
with weak effects at SERT, that most closely redemthe neurochemical properties of
cocaine (Baumann, Partilla, & Lehner, 2013; Baum&artilla, Lehner, et al., 2013).
However, when compared with cocaine, MDPV is asi&® times more potent in
inhibiting DAT, 10 times more potent in inhibitiddET, and is at least 10-times more
potent and longer lasting at increasing extracalldbpamine levels in the nucleus
accumbens. For example, elevations in extracelldfatevels are significantly elevated
above baseline levels 60 minutes after adminisimatf MDPV, whereas cocaine-
induced elevations return to baseline approximatlyninutes after administration
(Baumann, Partilla, & Lehner, 2013; Baumann, Hartilehner, et al., 2013). Behavioral
effects of MDPV, however, most closely resemble MEWith similar or greater
reinforcing, rewarding, and locomotor stimulantkett (Aarde et al., 2013; Marusich et
al., 2012;Watterson, et al., 2013; Watterson eR8fll4). Together, these effects suggest
that long-term repeated exposure to MDPV may caumsar neurological toxic effects
and cognitive deficits that are often reportedrafteonic heavy use of cocaine and/or
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METH (Simon et al., 2001). However, to date, theme currently no studies assessing
possible of neurotoxicity following long-term chiorMDPV use.

Human imaging studies have revealed that repesedf METH or cocaine is
correlated with substantial and enduring macrosdagages in regional volumes of and
functional activity in various brain regions (Aré&nPaulus, 2007; Ersche, Williams,
Robbins, & Bullmore, 2013). In addition to neurotogffects secondary to
cerebrovascular infarcts, seizures, and strokenoamly reported structural
abnormalities in psychostimulant users include geann striatal volumes (Ersche,
Jones, Williams, Robbins, & Bullmore, 2013; ErscWalliams, et al., 2013; Franklin et
al., 2002; Hanlon, Dufault, Wesley, & Porrino, 201decreased gray matter volumes in
frontal as well as cingulate, limbic and paralimbactices, and shrinkage of the
hippocampus. These changes are correlated witbitddfi various domains of cognitive
functioning include impaired inhibitory control, @iirmal preservation, decreased
attentional control, impairments in learning andmoey, among other deficits (Baicy &
London, 2007; Wood, Sage, Shuman, & Anagnostatds})2 However, as with all
studies using human subjects, the possibility exist these brain abnormalities or
cognitive deficits reflect pre-existing differenamspolysubstance abuse, instead of the
toxic effects of a particular drug (Aron & Paul@907; Ersche, Williams, et al., 2013;
Majewska, 1996).

While it is possible that such pre-existing diffieces precede psychostimulant
abuse, animal studies have demonstrated a cales@mship between psychostimulant
use and toxicity at the cellular level that likehediate this macroscale alterations. The
most commonly reported cellular neurotoxic effearts alterations in monoaminergic
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signaling (mostly DA and 5-HT) as a result redupegsynaptic monoamine plasma
membrane and vesicular transporters, formatioeadtive oxygen and nitrogen species,
DA quinones, and inflammatory cytokines (Berman\é@ill, Fears, Bartzokis, &
London, 2008; Fleckenstein, Volz, Riddle, Gibb, &t$on, 2007; German et al., 2014,
Halpin, Collins, & Yamamoto, 2013; Krasnova & Cad#09; Larsen, Fon, Hastings,
Edwards, & Sulzer, 2002; Majewska, 1996; MarshaD®ell, 2012; Panenka et al.,
2012; Schwendt, Rocha, & See, 2009; Zhu, Xu, & AogR006). Others have also
reported that psychostimulant use can lead to Wegeneration through autophagic and
apoptotic mechanisms (Cadet, Jayanthi, & Deng, 2008ha-Oliveira et al., 2006;
Davidson, Gow, Lee, & Ellinwood, 2001; Krasnova &det, 2009; Nassogne, Louahed,
Evrard, & Courtoy, 1997; Zhu et al., 2006). Aseault of these neurodegenerative
effects, astroglial proliferation (i.e. reactivaragliosis) can also occur, reflecting both
neuroinflammation early after insult or neuronarsing long after insult (Krasnova &
Cadet, 2009; Simdes et al., 2008). Together,dbe df both terminals and cell bodies
presumably underlie, at least partially, volumetaductions and gray matter loss in the
forebrain, striatum, and hippocampus reported ¥ahg repeated psychostimulant use.
Given the facts that MDPV is highly reinforcingnodents and there is evidence
of compulsive use in humans, as well as an absgrstedies examining neurotoxic and
adverse cognitive effects of chronic long-term MD&g, the overall purpose of the
following experiments was to assess potential teffiects, specifically
neurodegeneration and astrogliosis, as well asitegueficits (decreased working

memory and set shifting ability) following intravauns MDPV self-administration.
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Furthermore, for comparison purposes separate grougnimals self-administered

either METH or, as a non-drug control, sucrose.

Method
Subjects

All experimental procedures were conducted withapproval of the Institutional
Animal Care and Use Committee at Arizona State ehsity and were according to the
Guide for Care and Use of Laboratory Animals ag&etbby the National Institutes of
Health (NIH). For all experimental procedures, ma&se housed according to NIH
standards on a 12-hour light—dark cycle and belaMesting sessions took place during
the dark phase.

For experiment one, twenty-four male Sprague Dawdéy (Harlan Laboratories,
Livermore, CA, USA), weighing approximately 250vggre individually housed upon
arrival. Rats were givead libitumaccess to food and water during all experimental
procedures, except during behavioral testing. 8ixtats were implanted with jugular
vein catheters and vascular access ports (see b@l@urgical methods) and underwent
IVSA procedures. Eight additional rats placed isiorose self-administration procedures
did not receive surgery.

For experiment 2, twenty-four male Sprague Dawédy (Harlan Laboratories,
Livermore, CA, USA), weighing approximately 250vggre individually housed upon
arrival. After 2 acclimation days, all rats werag#d into delayed-match-to-position and
S+/S- reversal learning task training (see belaweiperiment 2 methods) before
beginning IVSA procedures. Throughout all behavipracedures in experiment 2, rats
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were given 1 hour access to food following cogeitigsting procedure (approximately
11 AM each day) prior to subsequent placementsatbadministration procedures to
maintain 85% of their free-feeding bodyweight thgbaut experimental testing. Rats
were giverad libitumto water during all experimental procedures, excephdu
behavioral testing. Sixteen rats were implantedh yugular vein catheters and vascular
access ports and underwent IVSA procedures. Egytitianal rats placed into sucrose
self-administration procedures did not receive stygFour rats receiving catheterization
lost patency prior to beginning IVSA experimentsl arere switched to oral self-
administration.
Sucrose, drugs and Assessment of Purity

MDPV was obtained through an Internet website (Http
www.researchchemz.com) (Laboratory Supply USA, B&go, CA, USA). A 10-mg
sample of MDPV was analyzed by liquid chromatogsehass spectrometry for purity
at the Research Triangle Institute (Durham, NC, USamples were analyzed using a
Waters Synapt HDMS (Milford, MA, USA) quadrupoleng-of-flight mass spectrometer
interfaced to a Waters Acquity UPLC system. Dateevaequired using a capillary
voltage of 3 kV, source temperature of 150°C, degtadn temperature of 500°C,
sampling cone at 30V and extraction cone at 4V.mAss spectrometer was externally
calibrated from 50 to 700 Da using sodium formatetson, and mass shifts during
acquisition were corrected using leucine enkephedia lockmass. Liquid
chromatography was performed using a BElg@lumn (2.1 ¥ 50 mm, 1.7 um particles)
held at 40°C. Sample identity was confirmed basedxact mass, retention time and
fragmentation match to a certified reference stechétam Cerilliant (Round Rock, TX,
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USA). MDPV samples were determined to have an ampaourity of >95%. For all
behavioral studies, MDPV and methamphetamine (Sigtdech, St. Louis, MO, USA)
were dissolved in sterile saline. Rats placed snicrose self-administration procedures
received one 45 mg sucrose pellet (Test- Diet, iRanid, IN, USA) as a reinforcer.
During cognitive testing procedures (see below uedperiment 2), chocolate and
banana flavored 45 mg sucrose pellets (Bio-Sery|U$A) served as reinforcers for
DMTP and S+/S- procedures, respectively. Howeatvshould be noted that for DMTP
procedures after LgA session 6, chocolate pelletaime unavailable due to
manufacturing issues with the vendor, at which psiandard 45 mg sucrose pellets were
used.
Surgical Procedures

For IVSA surgical procedures (experiments 1 andal}, were anesthetized with
isoflurane (2% v/v, Butler Schein Animal Health, libn, OH, USA) vaporized in
oxygen at a flow rate of 2 I/min. Rats received-pi@sion injections of buprenorphine
(0.05 mg/kg, s.c., Reckitt Benckiser, Richmond, WSA) and meloxicam (1 mg/kg,
s.c., Boehringer Ingelheim, St. Joseph, MO, USA)ygial sites were shaved and
cleaned with 1% iodine. A2 cm incision was made in order to isolate thetrggHeft
jugular vein. A sterile silastic catheter filledttvilO0 U/ml heparin was inserted 2.5cm
into the vein. The catheter was secured to thesuoding tissue with sutures, and the
opposite end of the catheter was tunneled subotizheto the dorsum where it exited
the skin between the scapulae. The catheter waseskto the surrounding tissue by
sutures and a mesh collar attached to a threadmdilaa access port (Plastics One,
Roanoke, VA, USA). Access ports were sealed witieae of Tygon tubing (Cole-
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Parmer, Vernon Hills, IL, USA) closed at one end arprotective cap. Rats received one
week of post-operative care including daily infusgf 0.4 ml Timentin (66.6 mg/ml, in
70 U/ ml heparinized saline) to protect againstatibn and ensure catheter patency.
Meloxicam (2.5 mg/ml, s.c.) was administered fa finst 3 days following surgical
procedures to provide additional relief of postegstal discomfort. In addition, the rats
were given ten 45 mg sucrose pellets in their hoage 4 days prior to IVSA procedures
to eliminate neophobia to sucrose pellets thatccdelay acquisition of self-
administration during the two 2 hr training session
Experiment 1: IVSA Apparatus

Drug and sucrose self-administration sessions wanducted in operant self-
administration chambers (ENV-008; Med AssociatésAtbans, VT, USA). All self-
administration chambers were located inside thed@itenuating cubicles equipped
with a house light and exhaust fan designed to reasdenal noise and odors, and were
interfaced to a personal computer (PC). Chambers aguipped with two stainless steel
response levers located on one wall with a 4.Zm300d pellet receptacle placed
between levers. Each response lever was locatedyapately 7 cm above a stainless
steel grid floor, and positioned above each levas & 2.5-cm diameter white stimulus
light. Located near the top of the self- administrachambers was a Sonalert speaker
that provided an auditory stimulus during drugdely. For drug self-administration,
outside each chamber was a syringe pump that wer$aoed to the computer and
delivered the drug solution via a single-chanraliti swivel mounted atop the chamber
via polyethylene tubing. Sucrose pellets were @eéd through the food pellet receptacle
between the two levers.
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Experiment 1: Self-administration Procedures

Following recovery from the surgical procedures$i-administration sessions
commenced with two 2-hour sucrose self-adminisirasiessions to initiate lever
pressing. During all self-administration sessi@agh press on the active lever delivered
the reinforcer on a fixed-ratio 1 (FR1) schedulesshforcement. Reinforcer delivery
was accompanied by concurrent illumination of matus light and presentation of an
auditory stimulus for 2 seconds, followed by a 2@esd timeout period, during which
additional lever presses were recorded but prodnogarogrammed responses. Inactive
lever presses were recorded but produced no progeaimesponses. Rats were separated
into one of three reinforce groups with 8 subjeaiisal per group; however, one rat from
each of the MDPV and METH IVSA groups was remowvexf the study for catheter
patency failure. The three results groups weréVlBxV group receiving 0.05 mg/kg per
infusion (N=7), a METH group receiving 0.05 mg/key pnfusion (N=7), or a sucrose
group (N=8) receiving a single 45 mg sucrose peketreinforcer delivery. Each drug
infusion was delivered in a volume of 0.06 ml. MDBNJ methamphetamine reinforcers
were delivered to the vascular access port by plojlene tubing housed in a stainless
steel spring tether that was attached to the liquitvel. Sucrose pellets were delivered to
the pellet receptacle located between the actiddraactive levers. Self-administration
sessions were conducted 7 consecutive days per, aegleach session was preceded
and followed by an intravenous infusion of 0.1 mrh@&ntin (66.6 mg/ml, in 70 U/ ml
heparinized saline) to maintain catheter pateneylyl2-hr self-administration sessions

were conducted for 16 days. Next, all rats begderngbed access sessions during which
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the session length was extended to six hours.tAraaspects of the self-administration
procedures remained the same.
Tissue Processing

24 hours following the last 6-hour self-administya session, rats were deeply
anesthetized with sodium pentobarbital, 150 mgikgand perfused transcardially with
100 ml of phosphate-buffered saline (PBS, pH=7#pWed by 200 ml 4% w/v
paraformaldehyde in PBS (pH=7.4). Next, the skadbwrocessed by removal of the
skin, ears, fascia, eyes, and cartilaginous npserom the skull. The skull was post-
fixed in 4% w/v paraformaldehyde at 4°C for 12 reoWext, the skull is removed and
immersed in PBS at 4°C. PBS was replaced everyB#stfor the first five days at
which point the skull was agitated for 2-3 minutidext, brains were removed from the
skull, cryoprotected with 30% sucrose for 2 day4°@t, and cut into coronal sections (40
um thickness) on a cryostat (Leica CM9000). Cor@ugdhcent serial sections (in groups
of 6) were taken through the regions of interest placed sequentially into cell culture
dish wells containing 0.1 M phosphate buffer (ilewell per intended stain). Serial
sections for orbital staining began at bregma +82Q Serial sections for striatal
(caudate, putamen, nucleus accumbens core anyl sftibns began at bregma +1.60
mm and serial sections for the hippocampus beghregima -3.14 mm.
Astrogliosis Assessment: Glial Fibrillary Acid Peat (GFAP) Immunohistochemical
Staining Procedures

For immunohistochemical staining, sections weralyated in 10% methanol to
guench endogenous peroxidase activity, washed 8 Pi&blocked for 1 hr in PBS

containing 0.1% Tween 20, 1 M glycine, and 5% wwnkkey serum, followed by
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overnight incubation with GFAP primary (1:5000)iaata (product code AB7260,
Abcam, MA, USA) at 4C. On the next day, sections are washed, inculvaited
biotinylated secondary antisera (1:500; JacksonunoResearch), following by
chromogenic detection using a HRP-based VectaElasmABC kit and nickel-enhanced
diaminobenzidine (DAB) as a substrate (Vector Labmies) to generate gray/black
color. Sections were again washed, mounted ontoostope slides, and coverslipped
with VectaMount Permanent mounting media. Photoogi@phs were taken under
brightfield microscopy at 10x magnification (Leibacrosystems; Bannockburn, IL,
USA) using a digital camera interfaced to a PC aatep
Neurodegeneration Assessment: Fluoro-jade C StgiRimocedures

For assessment of neurodegeneration, sectionssteened with FluoroJade C
(product code AG325, Merck Millipore, MA, USA) ugjiprocedures previously
described elsewhere (Gass & Olive, 2009; Schmuiesveds, Scallet, & Xu, 2005).
Tissue sections were first mounted on 1% pig skiatg from distilled water. Slides
were then air dried on a slide warmer for 60 misw@e50 °C. Next, slides were
immersed in a solution of 1% sodium hydroxide i#8Ristological grade ethanol for 5
minutes. Slides were then rinsed in 70% ethana? farinutes, then distilled water for 2
minutes, followed by incubation in 0.06% potassjpenmanganate solution for 10
minutes. Next, slides were immersed in a 0.0001%6r6Dade C solution of 0.1% acetic
acid. Slides were then rinsed three times in thstivater for 1 minute per rinse before
air-drying for 10 minutes on the slide warmer at’80 Slides were then clear with
xylenes for 1 minute and, before being allowedrig doverslipped with DePex (Sigma-

Aldrich, St. Louis, MO, USA) mounting media.
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In order to verify staining efficacy, one male Spra-Dawley rat was used as a
positive control and given a single 1 pg/ul intrebeoventricular (ICV) administration
of kainic acid (KA) and transcardially perfusedt#urs later. Previous research has
shown that method of KA treatment produces robastadegeneration in hippocampal
tissue (Nadler, Perry, & Cotman, 1978; Sperk, 19B4lying staining of each region of
interest (ROI), hippocampal tissue from the KA pi@si control subject was included to
verify staining continuity across assays. 40 untises were then obtained using
identical tissue processing procedures describedeal®’hotomicrographs were taken
under epifluorescence microscopy at 488 nm exoitaising a Leica DMLB microscope
equipped with a digital camera that was interfaceal PC computer.

Image Analysis

For GFAP staining, Image analysis was performedgubnageJ (National
Institutes of Health, Bethesda, MD, USA) by twoepdndent experiments. Subsequent
inter-rater reliability was greater than 95%. Bualing contrast adjustment, both cell
counts and percent total area were calculatech®RIOIs (CA1 and CA3 of the
hippocampus; medial PFC) in stained sections {atr@FAP quantification was not
possible due to non-specific interference fronostsme staining). For neurodegeneration
staining, no evidence of positive FluoroJade (hetgiwas apparent when assessed by
two independent experiments blind to groups of atsnfor ROIs including
hippocampus, medial PFC, and striatum.

Experiment 2: Cognitive Task Training

After two acclimation days, rats begin both S+&arsal learning and delayed-

match-to-position (DMTP) training (see methods bdlduring initial training, 50 trials
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were conducted daily for both tasks until all nast performance criterion (85% correct
responses for 2 consecutive days). Following adipnsof performance criterion for
both tasks, rats were placed into DMTP probe taskke first reversal for the S+/S- task
in order to assess baseline cognitive performart@é placement into one of three self-
administration groups (see below until experimeh{2A methods). Throughout all
DMTP and S+/S- reversal procedures, rats were diveth for 1 hour a day 30 minutes
following behavioral procedures to maintain 85%dir free feeding bodyweight.
Experiment 2: DMTP Apparatus

DMTP tasks were conducted in operant chambers (BO&/-Med Associates, St.
Albans, VT, USA). All operant chambers were locateside the sound-attenuating
cubicles equipped with a house light and exhausti&signed to mask external noise and
odors, and were interfaced to a personal compBt&).(Chambers were equipped with
two stainless steel retractable response leveadddon one wall with a 4.2 x 5 cm
sucrose pellet receptacle placed between levech Eeaponse lever was located
approximately 7 cm above a stainless steel griorfl&hocolate sucrose pellets were
delivered through the food pellet receptacle behntbe two levers. Prior to beginning
daily DMTP testing, four drops of orange scentdagiract were placed into the bedding
located in pans located beneath the grid flooutther aid in testing environment
discrimination between DMTP from S+/S- tasks.
Experiment 2: DMTP Training

For DMTP, rats were placed into the chamber withitbuse light off and both
levers retracted, and after an initial 10 sec ddlag house light turned on and the session
began with the first trial. For each trial, onetloé two retractable levers (i.e. the sample
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lever) would be presented for 10 sec. Presseseosaimple lever yielded a chocolate
flavored sucrose pellet on an FR1 schedule anidted a 1 sec waiting period where
both levers were retracted. Failure to press orséneple lever was termed a forfeited
trial and initiated a 30 sec inter-trial-intervalrchg which both lever were retracted and
the house light turned off (blackout ITI). Afteretd sec waiting period, both levers were
ejected. Presses on the previous sample levetegiel chocolate pellet reinforcer on an
FR1 schedule and initiated a 10 sec inter-triad+ivdl where the house light remained on.
Presses on the non-sample lever initiated a 30lsekout ITI period and no reinforcer
was given. Failure to press on either lever dutimggchoice phase after 10 sec was
recorded as an incorrect response and initiatéllse® blackout ITI. Sessions ended after
50 completed trials or 100 forfeited trials, whigbeoccurred first.
Experiment 2: DMTP Probe Tests

After meeting criterion on DMTP training tasks, MDP probe tasks was
initiated to assess baseline cognitive performamedl rats. During probe tasks, the
initial 10 trials were identical to training triatkescribed above. Following the initial 10
trials, four the remaining 40 trials, a series aVating periods (consisting of 5, 10, 30
and 60 sec) were presented following presses osaimple lever. These four waiting
period were presented randomly without replaceraeet four trials until all waiting
periods were introduced in the four trial blocle (iacross 40 trials, 10 four trial block
were presented). All other task parameters remadesdical to DMTP training sessions.
Following probe tasks, all rats were placed baté DMTP maintenance (identical to
parameters used during training) training everynd@rs to maintain task performance
prior to later probe tasks. The second probe tasta@nducted following 15 or 16 days
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of 2 hour short access (ShA) self-administratiascpdures (see methods below) and a
third reversal test was conducted following 15 @days of 6 hour long access (LgA)
self-administration procedures (see methods below).
Experiment 2: S+/S- Training and Reversal Apparatus

S+/S- training sessions were conducted in opetaanrinbers (ENV-008; Med
Associates, St. Albans, VT, USA). All operant chansbwere located inside the sound-
attenuating cubicles equipped with a house light@thaust fan designed to mask
external noise and odors, and were interfacedogrsonal computer (PC). Chambers
were equipped with two stainless steel non-rettdeteesponse levers located on one
wall with a 4.2 x 5 cm sucrose pellet receptackeetl between levers. Each response
lever was located approximately 7 cm above a stssnsteel grid floor, and positioned
above each lever was a 2.5-cm diameter white stisnight. Banana flavored sucrose
pellets were delivered through the food pellet ptaele between the two levers. Prior to
beginning daily S+/S- testing, four drops of argsented oil extract were placed into the
bedding located in pans located beneath the grat fb further aid in testing
environment discrimination between DMTP from S+#&ks.
Experiment 2: S+/S- Training

For S+/S- training, rats were placed into the cherlath the house light off and
both levers ejected. Sessions began when the highs&urned on and both stimulus
lights over the levers turned on. Initially, thght lever was deemed the S+ lever and left
lever deemed the S- lever. Responses on the ggét ielded a banana flavored sucrose
pellet reinforcer on an FR1 schedule, initiatedse@ tone stimulus and initiated a 2
second inter-trial interval during which both stimnuilights turned off and additional
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presses were recorded but produced no programnmse@goences. Responses on the left
lever yielded no reinforcement but initiated a & B during which both stimulus light
turned off and presses were recorded but had rgrgaromed consequences. After the 5
sec ITI, both stimulus light above the levers wilteninated signaling the beginning of
the next trial. Sessions ended after 50 completaid br 2 hours, whichever occurred
first.
Experiment 2: S+/S- Reversal Test

After meeting criterion on S+/S- training taskeaersal test was initiated to
assess baseline set shifting performance in all Eairing the reversal task, all task
parameters remained identical to training withahb/ change being that the right lever
now became S- (i.e. trial responses now longefariad) and the left lever became S+
(i.e. trial responses now reinforced). Following thitial reversal test, the left lever
remained S+ and right lever S- until the next reaktest was conducted during which
sessions were conducted every 48 hours, alternestglays with the DMTP
maintenance testing. The second reversal test @raucted following 15 or 16 days of 2
hour ShA self-administration procedures (see bekvd) a third reversal test was
conducted following 15 or 16 days of 6 hour LgAfselministration procedures (see
below).
Experiment 2: Self-administration Apparatus

Drug and sucrose self-administration sessions wanducted in operant self-
administration chambers (ENV-008; Med AssociatésAtbans, VT, USA). All self-
administration chambers were located inside thed@itenuating cubicles equipped
with a house light and exhaust fan designed to reasdenal noise and odors, and were
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interfaced to a personal computer (PC). Chambers aguipped with two nosepokes
located on one wall with a 4.2 x 5 cm food peléstaptacle placed between levers. Each
nosepoke was located approximately 6 cm aboverdesta steel grid floor and inside
each nosepoke was a 1 cm diameter white stimuybs lLocated near the top of the self-
administration chambers was a Sonalert speakeptbatded an auditory stimulus

during drug delivery. For drug self-administratiootside each chamber was a syringe
pump that was interfaced to the computer and deld/éhe drug solution via a single-
channel liquid swivel mounted atop the chambepalyethylene tubing. Sucrose pellets
were delivered through the food pellet receptaelevben the two nosepokes.

Following the initial DMTP probe test and first ergal test, rats were placed into
three separate groups of eight rats such thatibagsrformance on the DMTP probe
was approximately equal across the groups. The @m@ups were placed into either a
METH (0.05 mg/kg/infusion; N = 6) or MDPV (0.05 nkg/infusion; N = 7) IVSA
group, or an oral sucrose self-administration group 12). Rats placed into the METH
and MDPV IVSA groups underwent surgical proceddescribed above) and allowed
to recovery for five days. Rats in the oral sucrgs®rip received no surgery. Following
recovery from surgical procedures, self-adminigirasessions commenced with no
nosepoke training (i.e. spontaneous acquisitionjyirg all IVSA procedures, the active
nosepoke was signaled by illumination of the stusuhside the nosepoke aperture and
was randomly altered between the right and lefepoke after each reinforcer delivery.
During all self-administration sessions, each raspmn the active nosepoke delivered
the reinforcer on a fixed-ratio 1 (FR1) schedulesshforcement. Reinforcer delivery
was accompanied by concurrent presentation of ditcay stimulus for 2 seconds,
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followed by a 20-second timeout period, during vhtice stimulus light inside the
nosepoke turned off and additional nosepokes vem@rded but produced no
programmed responses. Responses on the inactigpal@swere recorded but produced
no programmed responses. As mentioned above, esiessgparated into one of three
reinforcer groups, based upon cognitive performamcthe initial DMTP probe test, with
initially 8 subjects per group. However, two ratsm each of the MDPV and METH
IVSA groups lost patency prior to IVSA proceduresl avere transferred to the oral
sucrose self-administration group. The three raguljroups were: an MDPV group
receiving 0.05 mg/kg per infusion (N=6), a METH gpareceiving 0.05 mg/kg per
infusion (N=6), or a sucrose group (N=12) receivangingle 45 mg sucrose pellet per
reinforcer delivery. Each drug infusion was delagkin a volume of 0.06 ml. MDPV and
methamphetamine reinforcers were delivered to #sewar access port by polyethylene
tubing housed in a stainless steel spring tettantias attached to the liquid swivel.
Sucrose pellets were delivered to the pellet remdpliocated between the active and
inactive nosepokes. Self-administration sessiorre wenducted 7 consecutive days per
week, and each session was preceded and followad mtravenous infusion of 0.1 ml
Timentin (66.6 mg/ml, in 70 U/ ml heparinized salino maintain catheter patency.
Daily 2 hour ShA self-administration sessions wesaducted for 16 days. Next, all rats
began long access sessions during which the sdssigin was extended to six hours for
a total of 16 sessions. All other aspects of tlifeaskministration procedures remained the
same.

Data and Statistical Analysis
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All statistical analyses were conducted using IBRISS Statistics version 21
(Armonk, New York, USA). All data points represenéan = SEM. A significance
criterion of p<0.05 was used for all analyses.

For experiment 1, the first 16 ShA IVSA sessionsengnalyzed with a 2 (lever:
active vs. inactive) X 16 (session: 1 — 16) mixadlgsis of variance (ANOVA) for
MDPV (N =7), METH (N = 7), and sucrose groups (Ns8parately. Post-hoc t-tests
were conducted at each session to assess differbateeen active and inactive lever
presses. For LgA procedures, total number of retefs were analyzed with repeated
measures ANOVAs with session as repeated measaesi@ns 1 — 10) to assess for
escalation from the first session of LgA for the PN, METH, and sucrose groups
separately. Pairwise comparisons were used tosagsesignificant differences in total
reinforcer intake versus LgA session 1. For GFARadepresents the mean generated by
total counts and total percent area from 2 — 4nbshees from both hemispheres (i.e.
mean of 4 — 8 separate determinations for eaclkest)bfinal total counts and percent
area represent the mean generated by two indeperaders showing greater than 95%
inter-rater-reliability. GFAP cell counts and toparcent area of the region of interest
were analyzed with one-way ANOVAs with group (MDRMETH, or sucrose: N =7, 7,
and 8, respectively) as the between subjects fdetorFluoroJade C neurodegeneration
staining, one-way ANOVAs with group (MDPV, METH, sucrose; N = 7,7, and 8,
respectively) as the between subjects factor wiarepd, but visual inspection of slices
revealed no positive cell counts and thus quaivéatnalyses were not performed (see

Fig. 25 for representative images).
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For experiment 2, the first 16 ShA IVSA sessionsenanalyzed with a 2
(nosepoke: active vs. inactive) X 16 (session:16}+Hmixed analysis of variance
(ANOVA) for MDPV (N = 6), METH (N = 6), and sucroggoups (N = 12) separately.
Post-hoc t-tests were conducted at each sessessass differences between active and
inactive lever presses. For LgA procedures, tatahiper of reinforcers were analyzed
with repeated measures ANOVAS with session as tefeaeasures (sessions 1 — 16) to
assess for escalation from the first session of tajAhe MDPV (N = 6), METH (N = 6),
and sucrose groups (N = 12) separately. For DM DBetests, percent correct responses
at each waiting interval (1, 5, 10, 30, 60, andljaotere analyzed with one-way
ANOVAs with group (MDPV, METH, or sucrose; N = 6, &nd 8, respectively) as the
between subjects factor. Also for DMTP probe tasis| number of completed and
forfeited trials were also analyzed with one-way@WAs with group (MDPV, METH,
or sucrose) as the between subjects factor anehpogtiolm-Sidak tests for group
comparison. For S+/S- reversal tests, percent comesponses and total number of trials
completed were analyzed with one-way ANOVAs witbugy (MDPV, METH, or
sucrose; N = 6, 5, and 11, respectively) servinthadetween subjects factor with Holm-
Sidak post-hoc tests used for individual group cangon. One subject from both the
METH and sucrose group did not reach acquisiticier@on prior to the initial reversal
test and were not included in any of the S+/S-nsaldests. Finally, bodyweight assessed
the morning of each of the cognitive testing tinoengs was analyzed with a one-way
ANOVA with group (MDPV, METH, or sucrose) as thetWween subjects factor and

Holm-Sidak post-hoc tests between individual groups
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Results

Experiment 1: Self-administration

For MDPV, across 2-hour (ShA) sessions for 16 d2ysctive vs inactive levers)
X 16 (ShA session) mixed ANOVASs revealed a sigaifitmain effect of session
(F[15,195] = 2.52, p < 0.01), lever (F[1,13] = 18.p < 0.001), and session X lever
interaction (F[15,195] = 2.939, p < 0.001). Post-htests revealed that MDPV rats
successfully discriminated between and active aadtive levers with active lever
presses greater than inactive lever presses aaiaessions, all p’s < 0.05 (Fig. 20a).

For METH, across 2-hour (ShA) sessions for 16 daygactive vs inactive levers)
X 16 (ShA session) mixed ANOVASs revealed a sigaifitmain effect of session
(F[15,210] = 3.75, p < 0.001), lever (F[1,14] =13.p < 0.01), and session X lever
interaction (F[15,210] = 2.31, p < 0.01). Post-tests revealed that METH rats
successfully discriminated between and active aadtive levers with active lever
presses greater than inactive lever presses aiaessions, all p’s < 0.05 (Fig. 20b).

For sucrose, across 2-hour (ShA) sessions for {6, @a(active vs inactive
levers) X 16 (ShA session) mixed ANOVAs revealeddgmificant main effect of session
([15,210] =4.80, p < 0.001) lever (F[1,14] = 42.p < 0.001), and session X lever
interaction (F[15,210] = 4.95, p < 0.001). Post-htests revealed that sucrose rats
successfully discriminated between and active aadtive levers with active lever
presses greater than inactive lever presses aaiagssions, all p’s < 0.05 (Fig. 20c).

Following ShA, rats were placed into LgA sessionif® additional days.
ANOVAs revealed a significant effect of sessionhia METH (F[9,54] = 2.09, p< 0.05)
and MDPV (F [9,54] = 3.05, p< 0.005) groups, but incsucrose rats (F[9,63 |= 1.37, p>
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0.05) (Fig. 21a). Pairwise comparisons revealedradttoward escalation of intake as
measured by an increase in the number of reinfer@e_gA session 10 vs LgA session
1 for the MDPV group, p = 0.052. A trend towardadation of intake was also found for
METH LgA session 10 vs LgA session 1 for the METidup, p = 0.061. Sucrose rats
did not significantly escalate intake across LgAssens.

For the first two hours of LgA for MDPV, there wasignificant main effect of
session (F[9,54] = 2.86, p < 0.005), but when caebéo day 1, pairwise comparisons
for LgA session 10 only showed a trend towardslasoa, p = 0.10. Rats in the METH
group did not significantly escalate intake in finst two hours (F[9,54] = 1.27, p >0.05).
Rats in the sucrose groups showed significant ahsmmgreinforcers obtained across the
first two hours of LgA, but did not escalate fromydl (F[9,63] = 2.49, p <0.05) (Fig.
21b).

Experiment 1: GFAP Total Counts and Percent TotalsA

For the CA1 area, ANOVA did not reveal significgmoup different for total
positive cell counts (F[2,19] = 1.13, p > 0.05)gR22a), or percent total area (F[2,19] =
1.22, p > 0.05) (Fig. 22b). For the CA3 area, ANOWA not reveal significant group
different for total positive cell counts (F[2,19]0:03, p > 0.05) (Fig. 23a), or percent
total area (F[2,19] = 0.67, p > 0.05) (Fig. 23mr Ehe medial PFC area, ANOVA did not
reveal significant group differences for total ps cell counts (F[2,19] = 2.12, p >
0.05) (Fig. 24a), or percent total area (F[2,12]24, p > 0.05) (Fig. 24b).

Experiment 1: FluoroJade C Staining
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No FluoroJade C staining was observed in the dbrpabcampus, striatum, or
medial prefrontal cortex (Fig. 25). Fluorojade @ising was, however, observed in the
dorsal hippocampus of the rat treated with KA (R2g).

Experiment 2: Self-administration

For MDPV, across 2-hour (ShA) sessions for 16 daysctive vs inactive
nosepokes) X 16 (ShA session) mixed ANOVAs reveals@nificant main effect of
session (F[15,150] = 2.52, p < 0.01), nosepokek, 1B] = 8.13, p < 0.05), and session X
nosepoke interaction (F[15,150] = 2.32, p < 0.0@Dbst-hoc t-tests revealed that MDPV
rats successfully discriminated between and aetingkinactive nosepokes with active
responses greater than inactive responses faessians after ShA session 4, all p’'s <
0.05 (Fig. 26a).

For METH, across 2-hour (ShA) sessions for 16 d2ysactive vs inactive
nosepokes) X 16 (ShA session) mixed ANOVAs reveals@nificant main effect of
session (F[15,150] = 2.54, p < 0.01), nosepokek, 1B] = 83.13, p < 0.01, and session X
nosepoke interaction (F[15,150] = 2.32, p < 0.@Dst-hoc t-tests revealed that METH
rats successfully discriminated between and aetingkinactive nosepokes with active
responses greater than inactive responses actegssibns, all p’s < 0.05 (Fig. 26b).

For sucrose, across 2-hour (ShA) sessions for §§, @aactive vs inactive
nosepokes) X 16 (ShA session) mixed ANOVAs reveals@nificant main effect of
session (F[15,330] = 5.60, p < 0.001) nosepokek, 2] = 430.66, p < 0.001), and
session X nosepoke interaction (F[15,330] = 6.40,00001). Post-hoc t-tests revealed

that sucrose rats successfully discriminated betvaeel active and inactive nosepokes
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with active responses greater than inactive regsoasross all sessions, all p’s < 0.05
(Fig. 26¢).

Following ShA, rats were placed into LgA sessiamslité additional days.
ANOVAs revealed a significant effect of sessiorha sucrose (F[15,165]= 6.89, p <
.001) and MDPV (F[15,75] = 2.07, p < 0.05) groumst not for METH (F[15,75] = 1.25,
p>.05) (Fig. 26d). For sucrose reinforcers, compand_gA session 1, LgA sessions 3,
11, and 13-16 were significantly lower (p’s < 0.06¢r MDPV infusions, pairwise
comparisons did not reveal significant any sigificescalation for any LgA session
compared to LgA session 1.

Experiment 2: DMTP Probe Tests

For percent correct responses on the Pre-IVSA DIigibBe test (Fig. 27a),
ANOVA revealed a significant main effect of waititigye (F[4,84] = 35.176, p <.001),
but not treatment group (F[2,21] = 0.433, p > 0.@%)a waiting time X treatment group
interaction (F[8,84] = 0.399, p > 0.05). Pairwisemparisons revealed performance
steadily decreased as waiting times increasedjmasignificance occurring between all
waiting times (p’s < 0.05) with the exception oétBO and 60 sec waiting time. For total
forfeited and completed trials (Figs. 28a and bpeetively), ANOVA revealed no
significant differences between treatment groups ¥(©.05).

For percent correct responses on the Post-ShA DmM®Be test (Fig. 27b),
ANOVA revealed a significant main effect of waititigye (F[4,84] = 38.93, p < 0.001),
but not treatment group (F[2,21] = 0.45, p > 0.@%)a waiting time X treatment group
interaction (F[8,84] = 0.74, p > 0.05). Pairwisermgarisons revealed the following
differences across waiting times: performance #eddcreased as waiting times
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increased between the 1 and 5 sec waiting timegparad with all waiting times (p’s <
0.05), (2) no differences were found between 108060 sec waiting times. For total
forfeited and completed trials (Figs. 28a and bpeetively), ANOVA revealed no
significant differences between treatment groufs ¥p05).

For percent correct responses on the Post-LgA DfbBe test (Fig. 27¢),
ANOVA revealed a significant main effect of waititigne (F[4,84] = 33.28, p < 0.001),
but not treatment group (F[2,21] = 0.38, p > 0.@%)a waiting time X treatment group
interaction (F[8,84] = 1.23, p > 0.05). Pairwisengarisons revealed the following
differences across waiting times: (1) performarieadily decreased from the 1 sec
waiting time for all other waiting times, (2) perfoance during the 5 sec waiting time
was significantly better than the 30 and 60 sedimgtime, (3) performance during the
10 sec waiting time was better than the 60 sednggitme (p’s < 0.05). No other
pairwise comparisons were significant. For totahpteted trials (Fig. 28b), ANOVA
revealed no significant differences between treatrgeoups (p’'s > 0.05). For forfeited
trials (Fig. 28a), ANOVA revealed a significantfdifence in the number of forfeited
trials (F[2,21] = 9.937, p < 0.001), with Holm-Skdpost-hoc tests showing that sucrose
rats forfeited significantly more trials than ratsither the MDPV or METH group (p’s
< 0.05 and 0.01, respectively).

Experiment 2: S+/S- Reversal Tests

For percent correct on the Pre-IVSA S+/S- revaest| (Fig. 29), ANOVA
revealed no significant effect of treatment grobf2(19] = 1.09, p > 0.05). For percent
correct on the Post-ShA S+/S- reversal test (Fg. RNOVA revealed no significant
effect of treatment group (F[2,19] = 0.52, p > 0.0%or percent correct on the Post-LgA
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S+/S- reversal test (Fig. 29), ANOVA revealed rgndficant effect of treatment group
(F[2,19] = 2.97, p > 0.05). Finally, no significatlitferences in total number of
completed trials were found across the three Se\&rsal tests as all subjects in each
group completed all 50 trials (p’s > 0.05).
Body weights

For body weights (Fig. 30), ANOVA did not revealyagignificant differences
between treatment groups for the Pre-IVSA cognitists (p’s > 0.05). For the Post-ShA
test, body weight was significantly different (;2] = 5.10, p < 0.05), with Holm-Sidak
post-hoc tests revealing a greater body weightensucrose group compared to MDPV
group (p < 0.05). For the Post-LgA test, body wisgtvere significantly different
(F[2,21] = 66.492, p < 0.001), with Holm-Sidak pbsic tests revealing greater body

weight in the sucrose group compared to MDPV and MIgroups (p’s < 0.001).

Discussion

The results of the present study revealed thahduroth ShA and LgA IVSA,
MDPYV produces robust IVSA behavior similar to tbAMETH, replicating previously
published findings from both our laboratory (Wadtar et al., 2014) and others (Aarde et
al., 2013). However, as shown in experiment 1, wéwnpared to oral sucrose controls,
self-administratin of neither MDPV nor METH produacevidence of neurotoxicity in the
three ROIs assessed (medial PFC, dorsal hippocampsiiatum). Specifically, no
evidence of astrogliosis was revealed by chang&~AP immunoreactivity between the
three groups , and no evidence of neurodegener@soavidenced by a lack of
FluoroJade C staining) was found in any experimemenals other than a positive
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control subject injected with KA. In experimentf@llowing both 16 days of ShA or LgA
self-administration procedures, no evidence of wayknemory deficits or abnormal
perseveration were revealed from either the DMTIPS¥9S- tasks, respectively, for
either drug when compared to sucrose controls.ethag, results from this study suggest
that IVSA of MDPV and METH under the current prooesl parameters does not lead to
neurotoxic or adverse cognitive effects similatttose reported in human users of illicit
psychostimulants.

GFAP is a cytoskeletal intermediate filament proexpressed exclusively in
astrocytes. GFAP is a validated biomarker of tayias damage to both neurons and glial
cells can elicit astrogliosis that can result froamerous types of toxic insults including
drugs, chemicals, organic trauma and disease (@@&n & Sriram, 2005;

O’Callaghan, 1991). Astrogliosis can occur bothriz@fter insult as a
neuroimflammatory response or later as glial sogr(Hostenbach, Cambron,
D’haeseleer, Kooijman, & De Keyser, 2014). For aptpmine-type stimulants,
increased GFAP activity has become a popular meadupxicity and has extensively
been used as a biomarker of CNS damage (O’Callaghditler, 1993, 1994).
Numerous studies have now shown robust astrogilimsedents following exposure to
METH (Achat-Mendes, Anderson, & Itzhak, 2007; Debgdenheim, Tsao, & Cadet,
1999; Kuczenski et al., 2007; Zhu, Xu, & Angulo080Q Cappon, Pu, & Vorhees, 2000;
Zhu et al., 2005; Friend & Keefe, 2013; Krasnovalet2010), cocaine (Blanco-Calvo et
al., 2014; Bowers & Kalivas, 2003; Fattore et 2002), and the synthetic cathinone
mephedrone (Martinez-Clemente et al., 2014). Furtbee, these effects have been
reported in numerous brain regions including theesg striatum, and hippocampus (for
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reviews see (Goncalves, Baptista, & Silva, 201439kova & Cadet, 2009). As
mentioned previously, MDPV is neurochemically mgistilar to cocaine as a selective
DAT blocker, but produces much longer lasting @fem striatal extracellular DA and
similar patterns of IVSA that most closely resershileat of METH (Aarde et al., 2013;
Baumann, Partilla, Lehner, et al., 2013; Wattersioal., 2014). As such, we predicted
that IVSA of MDPV and METH would also produce agfifosis in our ROls
(hippocampus, striatum, and medial PFC). Despaadabust self-administration across
both ShA and LgA, levels of GFAP immunoreactivitythe the hippocampus and medial
PFC were not significantly different for either drthan rats self-admiinstrering sucrose.
Striatal GFAP quantification was not possible duaan-specific interference from
striosome staining.

While GFAP immunoreactivity in rats self-administey either MDPV or METH
was not significantly greater from sucrose ratevaad predicted, this is perhaps not
entirely surprising as the majority of studies poegly reporting astrogliosis following
either cocaine, mephedrone, or METH exposure, baed high-dose experimenter-
administered (non-contingent) treatment regimenstber single large bolus or repeated
binge-like doses (for reviews see (Krasnova & Ca2igd9; Gongalves et al., 2014).
Indeed, to our knowledge, only a limitied numbepablished studies have employed
METH self-administration procedures and subsequastessed GFAP levels (Schwendt
et al., 2009; Krasnova et al., 2010; Reichel, RgymSehwendt, McGinty, & See, 2012),
and no mephedrone self-administration studies ssgp&FAP levels have been
published. In the first of these IVSA METH stud{@&chwendt et al., 2009), male Long-
Evans rats either self-administered METH (0.02infgéion) or received yoked saline
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for 7 — 10 1-hr sessions, followed by 12-14 day§ bf LgA and then approximately 2
weeks of extinction sessions. Results from thidystevealed that despite an escalation
in METH intake, no resulting increases in GFAP inmoreactivity (as assessed by
immunoblotting) occurred in the prefrontal cortdrysal striatum, or nucleus accumbens
when compared to saline rats. Furthermore, oth@noan markers of toxicity including
reductions in immunostaining for tyrosine hydroxsgaNET, or SERT, or
immunostaining for the microglial activation markba-1, were also not significantly
different between METH and saline rats in theseeseagions. Only decreases in DAT
immunoreactivity in the PFC and striatum were digant. In a second study (Reichel et
al., 2012), rats received either an experimentadlyinistered binge-dose regimen of
METH (four 4 mg/kg i.p. injections given every 2urs) or METH IVSA (0.02
mg/infusion, 7 days for 1 h/day, followed by 14 gdgr 6 h/day) followed by 8 days of
abstinence. In rats receiving the experimenter-aghte@red (non-contingent) binge-dose
regimen, GFAP striatal immunoreactivity (as assgéseimmunoblotting) was increased
relative to saline controls; however, GFAP levetr@not assessed in any other regions.
Furthermore, TH and DAT were also decreased iatatrtissue. However, in rats
undergoing IVSA procedures, no significant diffexes were found in GFAP, TH, or
DAT immunoreactivity, underscoring that importaiffefences occur following
experimenter administered vs voluntary self-adniat®n of METH. In the third study
(Krasnova et al., 2010), rats were placed intoeeiMETH IVSA (0.1 mg/kg/infusion)
procedures or yoked saline control procedures3dndurs a day for 8 consecutive days.
After 7 days of abstinence, both striatal and cattiissue showed robust increases in
GFAP levels (as assessed by immunoblotting) vaeesalbntrols; furthermore, GFAP
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immunoreactivity was significantly correlated wttital METH intake across the 8 days
of IVSA in both regions. Increased GFAP immunoredtgtwas also accompanied by
significant decreases in TH and DAT levels in thesme regions.

Thus, in other studies uisng IVSA procedures simdahose in the present study
with METH and MDPV, effects on GFAP expression arigus brain regions is
inconsistent which are likely the result of thefeliént task or dosing parameters
employed across these studies. Major disparitiesdan our study and those discussed
above include differences in METH dose, overall anmtaf METH intake, tissue assays
employed (IHC in the present study and immunobigttn the others), and the length of
time following IVSA procedures when tissue was leated (24 hr in the present study vs
7 — 14 days in the other studies). The most likadglanation for the lack of changes in
GFAP levels is that the overall amount of METH &fdPV intake was not sufficient to
induce astrogliosis. In the current study, acrash IShA and LgA, MDPV and METH
rats self-administered approximately 140 and 7kmgkespectively. These totals are
similar to those reported for two weeks of LA METH140 mg/kg) in the studies of
Schwendt et al. (2009) and Reichel et al. (2012¢whlso reported no effects on GFAP
levels. In contrast, Krasnova et al., (2010) regubtbtal intake levels between 40-160
mg/kg over 8 days (15 hr / day) and a significdet&ion in GFAP immunoreactivity in
the striatum and cortex, and these increases inFAE¥els were also positively
correlated with overall METH intake. Thus, the midetly scenario for the lack of
effects of MDPV or METH on GFAP immunoreactivitytine present study and others
mentioned above is an insufficient amount of dalgeh in a short enough period of time
to induce toxicity.
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Still another explanation for lack of GFAP immunaxcavity could also be related
to the timecourse of changes in GFAP expressiothdrturrent study, rats were
sacrificed 24 hours following the last LgA sessitnmice, following 1 single injection
of METH (30 mg/kg, i.p.), GFAP expression is na@rsficantly increased versus saline
controls at 24 hours post-treatment, but is elevat® days later with peak effects
occuring at day three (Zhu et al., 2005). In retar 10 mg/kg s.c. doses of METH given
every two hours have been shown to increase $tG&tAP levels at both 48 hour and 32
day timepoints (Friend & Keefe, 2013) and othengeh@so shown that a single 40 mg/kg
i.p. dose of METH increases striatal GFAP at 10sdallowing administration (Cappon,
Pu, & Vorhees, 2000). Finally, in rats receivingescalation binge-dosing regimen of
METH (10, 15, 15, 20, 20, 25, 30 mg/kg, s.c. ovepoiisecutive days) and sacrificed 24
hours later, no significant differences in GFAP iomareactivity were found compared
to saline controls in either the striatum or fromi@rtex (Simdes et al., 2008). Thus, when
astrogliosis does occur following psychostimulaxpasure, it generally is found in tissue
harvested at least 2 days following the last dragttent. It is therefore possible that
differences in GFAP levels may have emerged hadoeén sacrificed at a timepoint
longer than 24 hours. However, lack of observeshgha in GFAP in the studies by
Schwendt et al., (2009) and Reichel et al., (20ib2)hich tissue was collected between
7-14 days after cessation of drug intake, whileatlshowing that it can last over 30
days (Friend & Keefe, 2013), argues against thieono

Finally, and perhaps most important for the relalop between astrogliosis and
stimulant addiction, a recent report has suggasidGFAP immunoreactivity is not
significantly altered in human METH addicts (Kitaratet al., 2010). In this study,
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striatal tissue from METH users (N = 12) who did¢dlaug overdose was
immunohistochemically stained for GFAP. While aipes trend was noted, there was
no significant increase in GFAP staining when cora@do tissue from non-drug using
control subjects (N = 13). Based on these finditiys authors argued that astrogliosis is
not likely involved in the transition to the loskamntrol over drug intake characterizing
METH addiction. Thus, a likely scenario is thatragliosis does not typically occur
following repeated voluntary administration of MEBAd when it does occur in animals,
the large bolus doses given are perhaps physia@lbgicrelevant for addiction.

Both cupric silver or FluoroJade C staining progedican detect degenerating
neurons from a variety of drug, chemical, or organsults, and stain all degenerating
regions of neurons including somata, axons, amditeds (Schmued et al., 2005;
Switzer, 2000). Evidence for neuronal degeneraiging these techniques has been
shown in numerous animal studies followed large-camtingent doses of amphetamines
in regions such the striatum, hippocampus and uaroortical regions (Ares-Santos,
Granado, Espadas, Martinez-Murillo, & Moratallal29Bowyer & Ali, 2006;

Commins, 1987; Eisch, Schmued, & Marshall, 1998sda & Olin, 1993; Kuroda,
Ornthanalai, Kato, & Murphy, 2010; Ricaurte, Guiyle& Seiden, 1982; Schmued, 2003;
also see reviews by (Cadet et al., 2003; Kras8oCadet, 2009). To our knowledge,
there have been no published studies showing naldegeneration with cupric silver or
FluoroJade C staining following self-administratmirany psychostimulant, but has been
demonstrated to occur in the granule cell layaghefhippocampus of alcohol dependent
rats following self-administration (Richardson, @h& Crawford, 2009). Cell death has
also been demonstrated by immunostaining for atdd/caspase-3 (AC-3), a marker of
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apoptotic activity (AC-3), following ShA and LgA MEH IVSA (Mandyam et al., 2008;
Recinto et al., 2012). However, a number of psytimgant self-administration studies
have been published in which neuronal degeneratsrbeen inferred by reductions in
DAT, TH, or SERT staining (for example see (Kousilarvey, & Napier, 2014) as
decreases in these proteins often occur comcornyttaith neuronal degeneration
(Marshall & O’Dell, 2012). Furthermore, a numbermpobminent human imaging studies
have also inferred neurodegeneration from decre@gddbinding and gray matter
volumes (Chang, Alicata, Ernst, & Volkow, 2007).Wfever, a note of caution must be
urged in making the inference of neuronal deger@rdtom reductions in these other
markers. For example, some studies have showmdtiactions in these aforementioned
proteins due to amphetamine exposure can occumapoints earlier than the emergence
of positive cupric silver or FluoroJade C stain{Ages-Santos et al., 2014; Baumann,
Wang, & Rothman, 2007) or other overt signs assediaith terminal degeneration such
as loss of VMAT immunoreactivity (Moszczynska et @004; Wilson et al., 1996).
Thus, while these various markers typically co-ocitthas been argued that reductions
in transporters or rate-limiting enzymes such ascéHireflect earlier adaptive processes
(e.g. simple downregulation of protein expressiwhich do not ncessarily reflectactive
degenerative processes (Volkow, Chang, Wang, Fowtanceschi, et al., 2001;

Volkow, Chang, Wang, Fowler, Leonido-Yee, et alQ2).

In addition to amphetamines, studies using eitheric silver or FluoroJade C
staining techniques following cocaine exposure hgererally failed to produce evidence
of neuronal degeneration in striatum or hippocamaplisough patterns of degeneration
in the lateral habenula and occasional, but sedyniagdom, cortical pyramidal cells
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were found (Ellison, 1992; Goodman & Sloviter, 1298 the study by Goodman and
Slovier (1993), cocaine injections (40 mg/kg) wgneen daily for 3 months, producing
seizures in many of the animals. Like the presamdy, a positive control animal

injected with KA did produce evidence of hippocampeuronal degeneration. However,
despite 3 months of high level cocaine exposuresaimres, no evidence of cupric
silver staining was shown. The reason for numeamgsunts of amphetamine related
neuronal degeneration and lack of robust effect®aaine is not entirely clear, but it has
been argued that differential effects at DAT (coeddeing a blocker, with amphetamines
being monoamine releasers) leads to greater cauiDA release by amphetamines
which translates into greater toxicity (Ellison929. As MDPV acts primarily as a DAT
blocker, and not a monoamine releaser, this ispossible explanation for the lack of
effects in FluoroJade C staining in MDPV rats ia gresent study. Still, lack of
FluoroJade C staining with METH in the current stathy be related to other factors as
evidenced by other METH IVSA studies.

As mentioned above, in METH IVSA studies, neurochegation has generally
been inferred from the aforementioned markershénMETH IVSA study by Schwendt
et al. (2009) discussed earlier (7-10 1-hr sesstoh®-14 6 hr sessions + 2 weeks of
extinction), decreases in DAT levels in the PFC stnidtum were revealed, but levels of
TH, NET or SERT were not significantly differentisa rats in these same regions. As a
result, the authors argued that decreased DAT warur the absence of these other
markers likely signified DAT terminal related neadaptation and not overt terminal
degeneration (Schwendt et al., 2009). Moreovethénaforementioned study by Reichel
et al., (2012), rats receiving the experimenter4adstered (non-contingent) binge-dose
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regimen (four 4 mg/kg i.p. injections given everii@urs),but notMETH IVSA (7 1 hr
sessions +, 14 6 hr sessions + 8 days of abstinestumved decreases in TH and DAT
levles in striatal tissue. Together, these resultgest that IVSA procedures similar to
those here do not allow for a sufficient amounintdike to result in neurodegenerative
changes. Alternatively, in the aforementioned bgdfiova et al. (2010), METH IVSA
(0.1 mg/kg/infusion; 8 15-hr sessions + 7 dayshstimence) did produce significant
decreases in TH and DAT levels in striatal andicaltissue. Finally, in a METH IVSA
study (Mandyam, Wee, Eisch, Richardson, & Koob,72200 which rats receiving either
ShA, intermittent ShA (2 days a week), or LgA to WHE(0.05 mg/kg/infusion) for 49
days (42 days of LgA), but no abstinence pericgylastantial increase in the number of
dying cells (pyknotic cells) was found in the medt&C for all three IVSA groups when
compared to drug-naive controls receiving no bedral/testing. These data suggest that
standard ShA and LgA procedures, using the sameafdd ETH used in the present
study (0.05 mg/kg/infusion) can lead to neurodeggthee effects in the medial PFC
without a withdrawal period, but only after 49 dafjsontinuous access. Together, these
studies suggest that lack of sufficient exposurstrikely explains the null effects of the
current study. However, in a recently publishealgt(Kousik et al., 2014), METH

IVSA (0.1 mg/kg/infusion) for only 3 hours a day b4 sessions produced decreases in
striatal and accumbal TH levels, but only when vegse sacrified at least 14-56 days
later. Subjects sacrificed 24 hours after IVSA pohares showed no decreases in TH
staining. Moreover, TH staining was also decreaselde VTA and substantia nigra, but
only at 28-56 day timepoints. Furthermore, redueledrogold (a retrograde tracer)
staining of these DAergic pathways was also obskseggesting that METH-induced
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terminal field neurodegeneration (striatum / accand) caused neurodegenerative
effects in VTA/substantia nigra in a retrograde nm&an Thus, these authors argue that
METH IVSA can induce DAergic-related neurodegeneeagffects, even after limited
exposure, but only after much longer abstinencegsr

Given these collective findings and the lack ofelegration found in our study, it
is most likely that our IVSA procedures failed tmguce overt signs of
neurodegeneration as a result of (1) insufficiantesstime to acquire a sufficient
amount of drug (either METH or MDPV) or (2) lack mrfotracted withdrawal
procedures. Indeed, Krasnova et al. (2012) argatetithditional IVSA procedures similar
to those of the present study likely do not minhie large quantity and binge-like
METH-taking seen in humans and recommend that dmmdels aiming to replicate
human METH use employ longer access (i.e. 15 hiastsad of standard 2 or 6 hr)
procedures. Moreover, Kousik et al. (2014) alsom@mend sufficiently long withdrawal
periods to fully capture METH-induced neurodegetiena Thus, LgA METH IVSA
does appear to cause neurodegenerative effectsta@mimber of sessions is much
higher than those in the present study even witihvithdrawal. However, as discussed
with Kousik et al., (2014), lower exposure leveds ¢ead to pathological effects, but only
after long abstinence periods. Thus, neurotoxmitly appears to manifest without
withdrawal after sufficiently long IVSA access,without large amounts of exposure
only after a sufficiently long withdrawal period..

With regards to cognitive functioning, numerousigts have reported that long-
term abuse of psychostimulants such as amphetamireesaine in humans can lead to
adverse cognitive effects in domains such as inddion processing speed, motor skills,
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attention, decision-making, planning, set shiftiwgrking memory, long-term memory,
and others (for reviews see (Nordahl, Salo, & Lean2®03; Scott et al., 2007). In the
current study, results of cognitive tests revealedeficits following either METH or
MDPYV self-administration for either of the two doimsof cognitive functioning tested
(working memory with the DMTP task and set shiftimigh the S+/S- reversal learning
task). While puzzling, several possibilities Ikelxplain these null results.

Research shows that performance on the DMTP aredt etbrking memory tests
is dependent on both hippocampal and medial PF&itimng as lesions and/or
pharmacological blockade impaired performance (&ggl, Keith, & Rawlins, 1992; S.
Dunnett, Wareham, & Torres, 1990). Set switchirsgassessed in various discrimination
reversal learning tasks and the Wisconsin Cardrigpitask, is also dependent on both
hippocampal and medial PFC functioning, specifictile ILC/PLC regions in rodents)
(Izquierdo & Jentsch, 2012). Thus, successful pprémce on these tasks is dependent
upon functioning in the same regions showing natasigns of neurodegeneration in
Experiment 1 under nearly identical IVSA procedufésen the lack of astrogliosis or
neurodegenerative effects from Experiment 1, mkshy as a result of insufficient
access / intake of either MDPV or METH or lack cfidficiently long withdrawal
period, the most parsimonious explanation for laic&ognitive effects in Experiment 2 is
also insufficient access / intake of both drugsdeked, of the few IVSA studies published
assessing cognitive deficits with similar procedyeelverse effects are typically seen
following much longer treatment regimens combineitthvong withdrawal periods.

For example, in a study by George et al., (20G8% were placed into either 1 hr
ShA or 6 hr LgA cocaine (0.5 mg/kg) IVSA proceduf@sa minimum of 85 sessions.
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Escalated intake was found in the LgA, but not Sta#s across the 85 IVSA sessions.
Three to fifteen days following IVSA proceduredsravere tested in two hippocampal
dependent tasks, the spontaneous alternation Y-taakéday 3 of abstinence) and the
delayed-nonmatching-to-sample (DMTS) t-maze tasly (tb-17 of abstinence). On the
DMTS task, LgA rats performed significantly worsamn ShA rats, with the magnitude of
cocaine escalation negatively correlating with perfance (i.e. as cocaine intake
increase, DMTS performance decreased). Furthermand&ing memory impairments
were also correlated with an overall decrease idiah®FC neurons when tissue was
collected 2 months after IVSA, suggesting workingmory impairments were related to
the neurodegenerative effects of cocaine afteng@ Vathdrawal period. On the
spontaneous alternation task, no differences watedrbetween ShA or LgA rats. In a
recently published study (Recinto et al., 2012),TMBVSA procedures were paired

with the same cognitive tests describe above (&Gdigndyam, Wee, & Koob, 2008).
Here, rats were placed into either ShA, intermit®@nA (1 hr/day 2 days, Monday and
Thursday, a week) or LA METH (0.05 mg/kg) IVSA pealures for 22 days. As shown
previously by this same group, rats in the LgA gradisplayed significant escalation of
METH intake across sessinos (Mandyam et al., 20087). Three to fifteen days
following IVSA procedures, rats were tested in $pentaneous alternation Y-maze task
(day 3 of abstinence) and the delayed-nonmatcturgginple t-maze task (days 15-17 of
abstinence). Here, LgA rats were significantly veottsan either ShA, intermittent ShA,
or drug-naive controls rats on both tasks. Interglst, drug-naive controls were impaired
relative to the intermittent ShA group for bothkisishighlighting that voluntary METH
consumption under certain conditions can actuatiyrove performance. Indeed,
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improved performance across a number of cognitorealns has been shown in humans
following acute or intermittent METH exposure (fewview see Hart, Marvin, Silver, &
Smith, 2012). Finally, LgA also lead to significantreases in the apoptotic marker AC-
3 and decreases in neurogenesis in the hippocataeptdte gyrus, whereas the
intermittant ShA group has increased neurogenssggjesting that neurodegenerative
processes likely contributed to impaired workingmoey performance. In another
METH (0.02 mg/infusion) IVSA study, rats underwdfdays of 1 or 2 hr ShA,
followed by 14 days of either 1, 2, or 6 hr LgA.té&f 10 days of extinction training, rats
were tested on a hippocampal dependent (Cohen&i@tn Jr, 2014) novel object
recognition test (object exploration task) (Rogérs,Santis, & See, 2008). LgA METH
rats displayed impaired recognition memory compéaoeshline controls. In a follow-up
study by the same group under similar IVSA proced? 1 hr ShA +14 6 hr LgA
sessions vs. yoked saline controls and escalatiMEG H intake across LgA), novel
object recognition memory was again impaired follay7 days of abstinence (Reichel et
al., 2012).

Thus, while it is difficult to pinpoint why cognite deficits were not found in our
study, the most likely reasons are insufficienteasd intake of either METH or MDPV
or assessment of cognitive effects concurrentlip WiASA procedures instead of during
protracted withdrawal. In each of the studieswulsed above, LgA lead to signficant
escalation of intake, an effect not seen in Expenin2 of the present study. Furthermore,
in each of the above studies, cognitive effecteeveessessed during protracted withdrawal
at least 3 days following cessation of IVSA proaedu Thus, it is possible that cognitive
effects may have emerged had they been assessegpeatarting 3 days after IVSA
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experiments. In our study, rats were assesseddomigg theacutewithdrawal phase
(each morning prior to IVSA) which may not have baesufficient to detect declines in
cognitive performance. Still another possibilityhat sucrose rats were less motivated to
perform the cognitive tests on the final LgA DMTd3t as they had significantly more
forfeited trials and significantly greater body gleis. These effects were not seen during
the prior two DMTP tests and suggest that, perbapsy less motivated compared to
MDPV or METH rats, their performance was artifityallecreased and masked potential
performance differences. However, lack of diffesm percent correct responding
across all three DMTP tests for any group arguesagthis possibility. Finally, another
possibility is that, while many studies in humamsdrs of illicit psychostimulant have
reported cognitive impairments, the evidence isrofhconsistent. Indeed, a number of
recent reviews have shown that most published etudve revealed little to only
moderate impairments in neuropsychological and itiegrfunctioning in
psychostimulants abusers (Hart et al., 2012; Stat., 2007; Wood et al., 2014).

In conclusion, the overall lack of toxic or advecsgnitive effects in the present
study largely suggest that standard IVSA modelspresad of ShA (1 — 2 hours) + LgA
(6 hour) that do not incorporate either a large bernof sessions or protracted
withdrawal periods do not lead to toxic or adversgnitive effects reported in human
psychostimulant abusers. While these tradition&@A\procedures appear sufficient to
establish reinforcing properties of psychostimwaand perhaps model to the emergence
of loss of control and/or tolerance seen in adoic{Ahmed & Koob, 1998; Kitamura et
al., 2006), the overall picture that emerges is ey do not fully capitulate many of the
resulting adverse toxic effects reported in humdiTlM or cocaine addicts. Thus, future
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IVSA experiments assessing toxic or cognitive defishould, at the very least, employ
longer within-session acquisition periods (suckhasl5 hr/day procedures used in
Krasnova et al., (2012) or even newer 96 hr acessd elsewhere (Cornett & Goeders,
2013), more total LgA sessions (22-85) seen in Geet al., (2008), Mandyam et al.,
(2012), or Recinto et al., (2012)), along with pacted withdrawal (at least 3 days after
IVSA). Finally, the lack of neurotoxicity seen ingse traditional IVSA models, but
overabundance of effects seen following non-coetimidarge dose treatment regimens,
suggests that these latter approaches use dosesdhphysiologically irrelevant to

addiction and may only model potential neurotoxfecs related to accidental overdose.
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CHAPTER 9
GENERAL DISCUSSION

The abuse of illicit psychostimulants such as METétaine, MDMA, and newer
designer cathinones continues to be a major phblith issues around the world. In the
latest World Drug Reports, approximately 80 millipeople used either cocaine or an
amphetamine-type stimulant (ATS) at least oncéénprevious calendar year (UNODC,
2014). In the United States, epidemiological datggssts that despite abuse already
existing at epidemic levels, total ATS use, of WhMETH is the most popular, continues
to increase (Maxwell & Brecht, 2011; UNODC, 201MIETH use also continues to grow
in parts of the Middle East, Eastern Europe, O@aksia, and Southeast Asia. In recent
years, synthetic cathinones also emerged as “lagjatiulants, further compounding
problems associated with stimulant abuse. As dtrésgislative actions by many
countries have banned the use of many of thesednaeys. However, while these bans
have had the desired effect of decreasing avaihabgrtain synthetic cathinones, drug
manufacturers have responded by producing new gmesooften as dangerous as the
drugs they were designed to replace. This haoleddgislative cat and mouse game,
where newer generations of synthetic cathinonesraanto emerge to elude authorities
(Cohen, 2014). Indeed, when synthetic cathinonesrgad in 2009, only a handful of
synthetic cathinone were available on drug mankéts MDPV, mephedrone and
methylone comprising 98% of these in the UnitedestéD. E. A. United States
Department of Justice, 2011c). As of last coungre@\d+ synthetic cathinones have been
discovered on international markets (Glennon, 20d#)st of which have yet to be
assessed in any type of scientific study. Thus,dtear that global stimulant abuse has
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grown and continued research regarding the abalstitly, toxicity, and therapeutic
intervention for stimulant addiction is desperate®eded. The studies in this dissertation
have focused on these goals and collectively hanermgted of novel findings that have
made significant impacts on the studies of stimudaldliction, highlight knowledge gaps
where future research is needed, and suggest changmlent IVSA models to better
model stimulant addiction in the future.

In chapter 2, we assessed the ability of the mGINRM fenobam to attenuate
reinstatement to METH-seeking following ShA IVSAopedures. Fenobam was chosen
as it has been shown to be well tolerated in hurfBesy-Kravis et al., 2009). The
MGIuRS5 receptor has become a target of tremenderest for stimulant addiction as
previous work had revealed that reinforcing anaitootor effects of cocaine were absent
in mGIuR5 knockout mice, and preclinical studieiwather mGIuRS5 NAMs had shown
positive effects in attenuating cocaine-seeking éiaample see (Kumaresan et al., 2009).
Our results showed that fenobam had the effeceofeshsing METH-seeking after both
METH-prime and cue-prime reinstatement procedutiesvever, decreased responding
for food and sucrose during cue-primed procedurggested non-specific effects that
would limit clinical adoption. Furthermore, othaboratories reported similar effects of
MGIuR5 NAMs on sucrose-seeking during cocaine stu@ eck et al., 2013). Despite
these non-specific effects and discontinued studigtsfenobam, attenuated METH
reinstatement justifies continued assessment oR&hs a potential therapeutic target.
Indeed both newer fenobam analogues (Gichinga,&2@Gl1) and mGIuR5 NAMs are
being developed, with a recent study showing thBEM analogue MFZ 10-7 inhibits
cocaine self-administration and cocaine-seekingeh in reinstatement procedures
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with less overall non-specific effects on sucragake (Keck et al., 2014). Thus, while
interest in the drug fenobam has decreased in rgeans, subsequent studies with newer
MGIuR5 ligands have renewed interest in this target

In chapter 3, we review the literature regardirgiise of AMPA PAMSs as
potential cue-exposure therapy adjuncts for stimusadiction. We also present data
from two novel AMPA PAMs, CX1739 and CX1837. Outarest in these drugs was
motivated by positive reports of the AMPA PAM (4{2henylsulfonylamino)ethylthio]-
2,6-difluorophenoxyacetamide; PEPA) and its abtlityacilitate extinction following
cocaine IVSA and subsequently decrease cocainstag@ment (LaLumiere et al., 2010,
2012) as well as facilitated motor recovery fromaaimmal model of stroke with both of
these compounds (Clarkson et al., 2011). Whilé bbthese drugs proved capable of
facilitating extinction following METH IVSA procedes, decreased extinction
responding did not translate into attenuated ciraqu reinstatement of METH-seeking.
As with fenobam, these disappointing results pr@dpis to discontinue testing these
compounds. Nonetheless, facilitated effects duextgiction procedures and the
development of newer AMPA PAMs showing promise umerous other
neuropsychiatric disorders (Lynch, 2006) pointhte heed for further research in this
area.

In chapters 4 and 5, we showed for the first tiveeg MDPV and methylone, two
of the most popular synthetic cathinones to ifitiamerge as “legal highs” on
international markets, possess similar to greaiefarcing (IVSA) and rewarding
(ICSS) effects as compared to METH and MDMA, the tlkcit psychostimulants they
were designed to mimic, respectively. Since pubighhese initial studies, MDPV IVSA
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has been replicated by us (chapter 8) and othensigPet al., 2013; Fantegrossi et al.,
2013). Furthermore, others have shown MDPYV fatiditaof ICSS (Bonano et al., 2014;
De Felice et al., 2013), locomotor stimulant effe@aumann, Partilla, Lehner, et al.,
2013; Fantegrossi et al., 2013; Glennon, 2014; Bekuet al., 2014), and full
discrimination for cocaine, methamphetamine and MOfantegrossi et al., 2013;
Gatch et al., 2013; Glennon, 2014). Furthermaeshewn in chapter 7, repeated
intermittent treatment with MDPV produces both bebial sensitization and cross-
sensitization with METH, corroborating in vitro dsghowing common neurological
targets (DAT and NET) and human data suggestingathéstory of amphetamine abuse
increases the sympathomimetic and neurotoxic effeth subsequent MDPV use
(Spiller et al., 2011). Thus, based on our inif&bA and ICSS studies, we predicted that
subsequent work would reveal METH-like stimularfeets, high abuse addictive
liability in humans, and continued MDPV abuse alégislative bans. Each of these
predictions appears to have come true, as subsegpuiemal studies have revealed
METH-like behavioral effects (see above), humaregcaports of MDPV addiction
(Sadeg et al., 2014), and findings that MDPV i lséing abused despite its now
Schedule I status (NMS Labs, 2014). With regardaethylone, our IVSA experiments
revealed greater reinforcing effects compared taMMDbut also did not produce
escalated intake suggesting a lower abuse poténéalMDPV or METH. Thus, based
upon our IVSA and ICSS results, we predicted sulye@ffects and episodic abuse
patterns in humans most akin to MDMA.. Interestinglybsequent drug discrimination
work has shown full substitution for both cocaimel METH (Gatch et al., 2013) and
ICSS studies using a different methods revealedtgréacilitated ICSS effects that those
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shown in our study (Bonano et al., 2014). Furtheeneecent studies have also
demonstrated MDMA-like depletion of serotonin aedatonin metabolites in rats
following experimenter-administered binge-treatmegimens (den Hollander et al.,
2013). Together, these animal studies suggest laytoae addiction potential similar to
greater than that of MDMA. To our knowledge, noadp of methylone dependence
have been reported in humans, but the most recdatished data on use patterns
suggests that methylone continues to be used datpitow Schedule | status (NMS
Labs, 2014).

In chapter 6, our ICSS results wPVP and 4-MEC suggest that these newer
second generation synthetic cathinones, which laegaerged as MDPV and methylone
alternatives following their classification as Sghke | substances, produce similar
rewarding effects and thus likely have a similagrée of addiction potential as METH
and MDMA, respectively. Indeed, our data shows éhBVP, while about half as potent
as MDPV in reducing ICSS thresholds, was equipotgtit METH. These results
demonstrated for the first time rewarding effectsdither of these drugs. Additional
research has determined the®PVP is a potent catecholamine transporter bloskeilar
to MDPV and produces robust locomotor stimulanpprties (Marusich et al., 2014).
While early data suggests high abuse liabilitypfiaicing effects in IVSA experiments
have yet to be published and no reporta-8VP addiction in humans has been reported.
For 4-MEC, recent work has shown that this druglpoes locomotor stimulant effects
and fully substitutes for METH in drug discriminai assays(Gatch, Rutledge, & Forster,
2014), suggestive of a relatively high addictiongmdial and corroborating our ICSS
findings. Thus, while our ICSS data predicts simglause liability of these drugs as
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compared to first generation synthetic cathinoonal; a handful of animal studies have
been published, and additional studies are neegliedebdefinitive predictions regarding
addiction potential in humans can be made.

Despite an abundance of data showing neurotoxacleerse cognitive effects in
humans and animals following chronic METH exposare] the acute toxic effects of
MDPYV reported in humans, neither IVSA of METH noDRV produced evidence of
neurotoxicity or cognitive deficits as shown in ptex 8. While these results were
surprising, when viewed in light of the publishé@driature, the overall lack of toxic or
adverse cognitive effects in the present studyelgrguggest that standard IVSA models
that even incorporate a sufficient LgA (10-16 sess) procedures that lead to escalation
of drug intake, do not lead to toxic or adversenitige effects reported in human
psychostimulant abusers. Instead, evidence frortérature collectively suggests that
escalation of intake alone is not sufficient, beeds to be combined with a longer
duration of exposure (i.e. 22-85 sessions) andmtrgcted withdrawal periods (i.e. at
least 3 days following IVSA procedures) in ordeptoduce toxic or adverse cognitive
effects. Thus, while it is possible that volunt8ipPV intake simply does not produce
the toxic effects, our lack of effects for METH whethers have reported neurotoxic and
adverse cognitive effects in rats following IVSAggest that our IVSA parameters in
chapter 8 were not optimal for producing theseat$te Interestingly, review papers
discussing the relationship between escalation lagth and resulting toxic or cognitive
deficits do not explicitly discuss the importandeloration of drug exposure or inclusion
of withdrawal periods, but instead focus entiretyescalation itself (Ahmed, 2010,
2012). Thus, it is recommended that future studiaploy more non-traditional IVSA
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procedures consisting of either much longer wiggssion times (e.g. 15 hr or 96 hr
binge regimens), more total sessions (22-85) ifdded 6-hr LgA is used, and/or
protracted withdrawal periods (at least 3 days).

In conclusion, assessment of the abuse liabilititaxicity of synthetic
cathinones is still in its infancy, and there ar# 150 pharmacological treatments for
addiction to any stimulant. With specific regardsynthetic cathinones, several
guestions remain. 1) Will the predictions of higideation potential from animal models
be corroborated with an epidemic of synthetic cathe addiction, or will abuse of
synthetic cathinones become only a minor clasdo$a substances? Thus far, while a
recent case report of MDPV addiction has emergext meports of compulsive synthetic
cathinone use have been anecdotal. 2) What otlheotn@nsmitter systems are involved
in the rewarding, reinforcing, or psychologicalesffs of these drugs? There is substantial
evidence for contribution of non-monoaminergic smitters such as acetylcholine,
glutamate, and neuropeptides in psychostimulanaméwand reinforcement. 3) Do any of
these substances have potential as pharmacothecadeu disorders such as depression,
ADHD, narcolepsy, or perhaps even as agonist-replaat therapies for traditional illicit
stimulants such as METH or cocaine? Indeed, thg duproprion is a FDA approved
synthetic cathinone for both depression and smog@sgation, has relatively low abuse
liability, and has shown some efficacy in clinit@ls for cocaine addiction (Rush &
Stoops, 2012). It is likely that among the multguaf potential synthetic cathinones,
some of these will possess favorable neurochemiricdiles for pharmaceutical
development. 4) While numerous case reports hataled immediate adverse effects
and intoxication with synthetic cathinones, what thre long term neurotoxic or adverse
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cognitive effects of acute or chronic use of thexses? 5) Will newer synthetic
cathinones continue to flood drug markets as rephants after governmental bans, and
if so, how should policy-makers adjust their stggtéo limit such effects? While the
current legislative strategies have improved soateames such as decreasing use of
those drugs specifically banned, they have alsavated drug manufacturers to market
newer, and sometimes more dangerous, drugs of wiegbossess even less
understanding.

With regards to addiction to more traditional ilistimulants such as METH or
cocaine, there is still a great deal of work neededevelop more effective interventions.
While numerous compounds have demonstrated efficeagimal models, the dismal
translation into approved medications suggestssilyaificant improvements are needed
for better drug development and screening at thelipical level. Perhaps with such
improvements, more effective treatment intervergtioil be developed and reduce the

impact that these devastating drugs can have ovididls and society.
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Table 1. Inactive lever presses per 2 hr sessigimgextinction and reinstateme

procedures

Reinstatement
Group Ext Vehicle 5 mg/kg 10 mg/kg 15 mg/kg
Drug—METH 3.35+0.71 3.36+£0.92 3.67+1.45 1.66+0.73 1.14+0.77
Cue—METH 6.67+0.86 3.60£1.55 1.00+£0.49 0.90+0.60 0.30+0.21
Cue—sucrose 5.96+1.03 3.33+1.17 3.33£1.88 1.67+0.91 0.17+0.17
Cue—food 6.92+2.26 6.00+£2.02 3.42+1.28 3.00+0.86 492+2.28

Data are presented as meaSEM. Extinction (Ext) data repsent the average of the |

2 days of extinction training for to the first reinstatement test.
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Table 2. Slopes, ED50 values, and maximum ICSShibick reduction:

Drug Slope ED50 mg/kg Maximal % Reduction
METH -50.23 0.20: UL= .45, LL=0.004 21.11
a-PVP -46.70 0.35: UL=0.82, LL=0.023 -25.76
4-MEC -21.12 6.41: UL=9.23, LL=4.37 -17.40
MDPV -96.07 0.35: UL=0.55,LL=0.17 -42.03
methylone -17.59 1.00: UL=1.51, LL=0.58 -21.50

Slopevalues represent the means for the descending khgae of lo-transformec

doses ED5S0 values represent the mean dose leadingtorb@ximal response wil

upper 95% confidence limits (UL) and lower 95% cedahce limit (LL). Maximal

response values regsent the mean maximum intracranial-stimulation (ICSS

threshold reduction (independent of dose) = 95%idence intervals. Results report

for methylenedioxypyrovalerone (MDPV) and methylamere obtained from previol

publications (Watterson et.a2012, 2014

203




5 mg/kg 10 mg/kg 15 mg/kg

Reinstatement

Ext Veh

SA

3 ¢ 8 & e
UO0ISSOS JY T / SOSS0Id JOAD| SAIOY

5 mg/kg 10 mg/kg 15 mg/kg

Veh

Ext

Reinstatement

204



Figure 1.Effects of fenobam on the reinstatement of METHHusgdy acute METH
administration or METH-associated cuédfects of fenobam on the reinstatement of
METH-seeking induced by (a) acute administratioM&TH (0.5 mg/kg i.p.,) or (b)
METH-associated cues. SA values represent the geexfathe last 2 days of METH self-
administration. Extinction (Ext) values represdmd aiverage of the last 2 days of
extinction training prior to the first reinstateniéest. *p<0.05 vs. vehicle treatment,

#p<0.05 vs. SA. Data are presented as mean £ SEM.
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Figure 2. Effects of fenobam on the reinstateméatsucrose- and food-seeking induced
associated by cue&) Effects of fenobam on the reinstatement af@ase-seeking by
sucrose-associated cues and (b) food-seeking idductod-associated cues. SAvalues
represent the average of the last 2 days of suorde®d self-administration. Extinction
(Ext) values represent the average of the lasy2 daextinction training prior to the first
reinstatement test. *p<0.05 vs. vehicle treatm@ot0.05 vs. SA. Data are presented as

mean + SEM
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Figure 3. Effects of vehicle or fenobam (10 mgtkgjocomotor behavioiData are
presented as meah SEM and represent the average number of full t(open bars and

left y-axis) or quarter turns (shaded bars andt iygdixis) during 90 min locomotor test

sessions.
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Figure 4. Effects of AMPA PAMs on extinctidale Sprague-Dawley rats were placed
into 2 h daily methamphetamine IVSA-administratsmssions for 10 days.Presses on an
active lever produced methamphetamine infusior@5(thg/kg/infusion) on an FR1
schedule of reinforcement with a simultaneousigtg-tone stimulus complex.

Following stable acquisition of methamphetamine Ay &ts were placed into daily 2 h
extinction sessions for 10 days during which actexer presses no longer produced
drug infusions or presentation of the stimulus claxpTwenty min prior to being placed
into each extinction session, rats received intiggreeal (i.p.) administration of either
vehicle (Veh, 30% w/v 2-hydroxypropytcyclodextrin), CX1837 0.1 mg/kg (N = 6)
CX1837 1 mg/kg (N = 12) CX1739 0.1 mg/kg (N = 7)nty/kg (N = 7), or 10 mg/kg (N

= 9). Vehicle treated rats (N = 20) were used fanparison for both CX1739 and
CX1837. Data points represent the mean percengeh@SEM) from self-
administration (mean of the final 2 days of selfrdistration procedures) for active
lever presses. For CX1837, a mixed ANOVA analysiealed a significant main effect
of extinction session (F[9,306] = 5.78, p < 0.Q@L$ignificant extinction session x dose
interaction (F[18, 306] = 2.77, p < 0.001), butmain effect of dose (F[2,34] =1.32, p >
0.05). Post-hoc analyses revealed a significantatezh in responding on extinction day
one by the 1 mg/kg dose of CX1837 versus vehid2,88] = 4.86, p < 0.05). No other
measures were significantly different. For CX178%jgnificant main effect of extinction
session (F[9,351] = 15.180, p < 0.001), a signifieatinction session X dose interaction
(F[27,351] = 1.94, p < 0.004), but not a significarain effect of dose (F[3,39] = 2.60 p
> 0.05). Post-hoc analyses revealed a significaghiction in responding on extinction
day one by the 10 mg/kg dose of CX1739 vs. vel{i]d,39] = 5.476, p < 0.003). No
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other measures were significantly different. Alperkmental procedures were conducted
with the approval of the Institutional Animal Cared Use Committee at Arizona State
University and according to the Guide for Care bisé of Laboratory Animals as

adopted by the National Institutes of Health (NIH).
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Figure 5. Effects of AMPA PAMSs on reinstatem&ntlowing extinction sessions, rats
were placed into cue-primed reinstatement procadirassess the retention of
extinction learning. Data points represent the mmaEment change (xSEM) from self-
administration (mean of the final 2 days of selfrdistration procedures) for active
lever presses. A one-way ANOVA did not reveal digant differences between vehicle
or any CX1837 doses (0.1 or 1 mg/kg, i.p.) (F[3,39.161, p = 0.922), nor any
significant differences between vehicle and ofdbees of CX1739 tested (0.1, 1, or 10

mag/kg, i.p.)(F[2,35] = 0.294, p = 0.747).
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Figure 6. MDPV IVSA in ShAntravenous self-administration (IVSA) of 3,4-
methylenedioxypyrovalerone (MDPV). Data presentedaztive and inactive lever
presses across the first 10 days of IVSA procedarede (a) 0.05, (b) 0.1 and (c) 0.2
mg/kg per infusion groups (n = 9 for each group).<<0.05 between active and inactive
lever presses. (d) Total number of infusions dulrgour daily access session across the

first 10 days of IVSA and for each dose of MDPWéels
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Figure 7.MDPV IVSA during progressive ratio respmad Total number of infusions
earned during progressive ratio (PR) respondingh®0.05, 0.1 and 0.2 mg/kg per
infusion doses of 3,4-methylenedioxypyrovaleron®@®¥) (n = 9 for each group) as

well as a separate group of rats self-administemethamphetamine at a dose of 0.05
mg/kg per infusion (n = 9). The total number olusibns earned during the PR session is
plotted along the left y-axis. As a reference,ttital number of active lever presses
completed during the test is plotted along thetnghxis. *P < 0.05 versus the 0.05

mg/kg dose of MDPV. #P < 0.05 versus the 0.1 mgise of MDPV.
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Figure 8. MDPV IVSA during LgA.otal number of infusions obtained during short
access (ShA), long access (LgA) and the first 2f10liLgA sessions across the final 10
days of intravenous self-administration (IVSA) pedares for the (a) 0.05, (b) 0.1 and (c)
0.2 mg/kg per infusion doses of 3,4- methylenediyxgvalerone groups (n =5 for each
LgA group), as well as rats self-administering naetiphetamine at a dose of 0.05 mg/kg
per infusion (d, n = 9). *P < 0.05 for sessionsvimich the number of total infusions
obtained during LgA was significantly greater thatal infusions obtained during ShA.
#P < 0.05 for total number of infusions obtainedmiy LgA sessions versus day 1 of
LgA.+P < 0.05 for total number of infusions obtadraiuring the first 2 hours of LgA

sessions versus day 1 of LgA (first 2 hours).
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Figure 9. MDPV ICSEffects of vehicle and 3,4-methylenedioxypyrovalerdMDPV)
(0.1, 0.5, 1 and 2 mg/kg, i.p.) on thresholds fracranial self-stimulation (ICSS) (n =

5). *P < 0.05 versus vehicle.
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Figure 10. Methylone IVSA during SHAtravenous self-administration (IVSA) of
methylone. Data presented are active and inactwer Ipresses across the first 21 days of
IVSA sessions for the (a) 0.05 (b) 0.1 (c) 0.2 &hdd.5 mg/kg/infusion groups (n = 12

for 0.05 and 0.5 mg/kg/infusion groups; n = 11tfer 0.1 and 0.2 mg/kg/infusion

groups). *p<0.05 between active and inactive Igresses.
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Figure 11. Infusions of methylone across SlajTotal number of infusions obtained
during the first 21 days of 2 hr daily access sessfor each dose of methylone tested
(n=12 for 0.05 and 0.5 mg/kg/infusion groups; nl=fdr the 0.1 and 0.2 mg/kg/infusion
groups). (b) Percent of animals at or above cate(iLO active lever presses per session)

for each experimental session.
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Figure 12. Infusions during PR and LgA methylon8AVT otal number of infusions
earned during progressive ratio (PR) tests follgndt days of ShA sessions (ShA PR)
and 10 days of LgA sessions (LgA PR) for the 0%, 0.2, and 0.5 mg/kg/infusion
groups (n =12 for 0.05 and 0.5 mg/kg/infusion grgiun = 11 for the 0.1 and 0.2
mg/kg/infusion groups). *p<0.05 compared to thesQM1, and 0.2 mg/kg/infusion dose
groups. (b) Total number of infusions obtained nigithe 10 days of LgA IVSA sessions
for each dose of methylone tested (n=10 for 0.@b&A mg/kg/infusion groups; n = 11

for the 0.1 and 0.2 mg/kg/infusion groups).
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Figure 13.Methylone ICS&ffects of saline vehicle and methylone (0.1, @,53, 5, and

10 mg/kg, i.p.) on intracranial self-stimulatio€@S) current-intensity thresholds (n=4).
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Figure 14. Chemical structures of psychostimula@tseemical structures of the
traditional psychostimulants methamphetamine (ME&irt
methylenedioxymethamphetamine (MDMA) first-generatsynthetic cathinones
methylenedioxypyrovalerone (MDPV) and methylonea] aacond-generation synthetic

cathinonesi-pyrrolidinopentiophenonex{PVP) and 4-methyl-N-ethcathinone (4-MEC).
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Figure 15. «-PVP, 4-MEC, and METH ICSEffects of the second-generation synthetic
cathinone (A) 4-methyl-N-ethcathinone (4-MEC) (1.18, 30, mg/kg), (B)
a-pyrrolidinopentiophenonex{PVP) (0.1, 0.3, 1, and 3 mg/kg), and the tradalon
psychostimulant (C) methamphetamine hydrochloddETH) (0.1, 0.3, 1, and 3 mg/kg)
on intracranial self-stimulation (ICSS) thresholDsita represent mean = 95% confidence
interval and are expressed as a percent chan@Si thresholds relative to the previous
baseline session. N =5, 5, and 4 in A, B, ance€pectively. *Symbols represent P < .05
vs. saline. In C, the confidence interval uppeitlifmo shown) for the 3-mg/kg dose =

153.87.
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Figure 16. 24 hr MDPV sensitizatiokffects of five repeated MDPV administrations
separated by 24 hrs on locomotion and MDPV behalgs®nsitization. For experiment
1A (A), 1 mg/kg MDPV (filled squares)(N=8) or sadivehicle (open circles)(N=8) were
administered via the intraperitoneal route acrogstfeatment sessions separated by 24
hr intervals. For experiment 1B (B), 5 mg/kg MDFiléd squares)(N=8) or saline
vehicle (open circles)(N=5) were administered W@ intraperitoneal route across five
treatment sessions separated by 24 hr intervalesadhe five treatment sessions,
animals receiving 1 mg/kg MDPV (experiment 1A) am§/kg MDPV (experiment 1B)
displayed more quarter turns compared to ratsvexesaline vehicle (p’s <0.05). For
experiment 1A sensitization tests using 0.5 mg/KgRV, there were no differences in
quarter turns between rats with a history of 1 gdWlDPV vs saline vehicle. For
experiment 1B sensitization tests, there was afgigntly greater number of quarter

turns in rats with a history of saline vs 5 mg/kpRV (p<0.05).
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Figure 17. 48 hr MDPV sensitizatioiffects of five repeated MDPV administrations
separated by 48 hrs on locomotion and MDPV behalgs®nsitization. For experiment 2,
1 mg/kg MDPV (filled squares)(N=10) or saline vé&ifopen circles)(N=8) was
administered via the intraperitoneal route acrogastfeatment sessions separated by 48
hr intervals. Across the five treatment sessions éAimals receiving 1 mg/kg MDPV
displayed more quarter turns compared to ratsvexgsaline vehicle (p<0.05). For
saline sensitization tests (B), there were no difiees in quarter turns between rats with
a history of 1 mg/kg MDPV vs saline vehicle. Fonsiéization tests using 0.5 mg/kg
MDPV (B), there was a significantly greater numbequarter turns in rats with a history

of 1 mg/kg MDPV vs saline vehicle (* p<0.05).
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Figure 18. 48 hr METH-MDPV cross-sensitizatifftects of five repeated METH
administration separated by 48 hrs on locomotiahMBPV cross-sensitization. For
experiment 3, 1 mg/kg METH (filled squares)(N=16)aline vehicle (open
circles)(N=16) was administered via the intraperal route across five treatment
sessions separated by 48 hr intervals. Acrossuadreatment sessions (A), animals
receiving 1 mg/kg METH displayed more quarter turampared to rats receiving saline
vehicle (p<0.05). For saline sensitization tests {Bere were no differences in quarter
turns between rats with a history of 1 mg/kg MET$4saline vehicle. For sensitization
tests using 0.5 mg/kg MDPV (B), there also weralifilerences in quarter turns between

rats with a history of 1 mg/kg METH vs saline véaic
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Figure 19. 48 hr MDPV-METH cross-sensitizati&ffects of five repeated MDPV
administrations separated by 48 hrs on locomotir@hMDPV-METH cross-
sensitization. For experiment 4, 1 mg/kg MDPV éilsquares)(N=6), 5 mg/kg MDPV
(filled triangles)(N=10), or saline vehicle (oparctes)(N=8) was administered via the
intraperitoneal route across five treatment sessseparated by 48 hr intervals. Across
the five treatment sessions (A), animals receilimgg/kg MDPV and 5 mg/kg MDPV
displayed more quarter turns compared to ratsvewgsaline vehicle (p<0.05). For
saline sensitization tests (B), there were no difiees in quarter turns between rats with
a history of 1 mg/kg MDPV, 5 mg/kg MDPV or salinehicle. For sensitization tests
using 0.5 mg/kg METH (B), there was a significarghgater number of quarter turns in

rats with a history of 1 mg/kg MDPV vs saline vdai¢* p<0.05).
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Figure 20: Self-administration of MDPV, METH, anatsose for Experiment Data
presented are active and inactive lever pressesathe first 16 days of ShA of IVSA
procedures for (a) MDPV (0.05 mg/kg per infusion=N) (b) METH (0.05 mg/kg per
infusion, N = 7) (c) sucrose (45 mg pellets, N =A) groups displayed successful lever
discrimination across all ShA trials. (D) Data regent the total number of reinforcers

received for each reinforcer group.
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Figure 21: Reinforcers obtained during LgA IVSAgedures in Experiment {A) Total
number of reinforcers obtained in experiment 1 setong (LgA) sessions for each
reinforcer group. Rats in the MDPV and METH gralowed a trend toward escalation
on LgA session 10 vs. LgA session 1 (p’s = 0.052 @061, respectively). (B) Total
number of reinforcers obtained in experiment 1 stbe first 2 hours of LgA sessions

for each reinforcer group. No escalation of intales noted for any of the groups.
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Figure 22: GFAP staining in the CA1 region of thpgocampus(A) Total number of
GFAP positive cells and (B) total percentage of@#€l region of the dorsal
hippocampus with positive GFAP staining in ratg gef-administered MDPV (N=7),
METH (N=7), or sucrose (N=8). (C) RepresentativX bdagnification photograph of the

CAL1 region.
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Figure 23: GFAP staining in the CA3 region of thpgocampus.(A)Total number of
GFAP positive cells and (B) total percentage of@#e region of the dorsal

hippocampus with positive GFAP staining in ratg gef-administered MDPV (N=7),
METH (N=7), or sucrose (N=8). Representative 10Xgmfcation photograph of the

CA3 region.
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Figure 24: GFAP staining in the mPF(A) Total number of GFAP positive cells and
(B) total percentage of the mPFC with positive GFA#ining in rats that self-
administered MDPV (N=7), METH (N=7), or sucrose @J= Representative 10X

magnification photograph of the mPFC.
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Hippocampus: KA+

mPFC: 10x mag.

CA3: 10x mag. mPFC: MDPV

Hippocampus: METH

CA3: 10x mag. Dorsal striatum: 10x mag.

Striatum: MDPV
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Figure 25. Results of FluoroJade C neurodegenenasiaining.(A,B) FluoroJade C
staining across the entire dorsal hippocampus )a 10X magnification in the CA3
region (B) in a rat injected intracerebroventrigallith 1 pg/ul KA. (C) Representative
image of the mPFC region of a rat that underwentfMBBelf-administration. (D)
Representative FluoroJade C staining (10X magtifioaof the ILC/PLC from the same
subject under fluorescence. (E) Representativeenéthe hippocampus in a rat that
underwent METH self-administration. (F) RepreseméaFluoroJade C staining (10X
magnification) of CA3 region in the same rat unfii@orescence). (G) Representative
image of the striatum of a rat that underwent MDd@\f-adminitration. (H)
Representative FluoroJade C staining (10X magnifiofof the dorsal striatum of the

same subject under fluorescence.
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Figure 26: Self-administration of MDPV, METH, anatsose for Experiment Data
presented are active and inactive nosepokes atr@s$isst 16 days of ShA of IVSA
procedures for (a) MDPV (0.05 mg/kg per infusion=18) (b) METH (0.05 mg/kg per
infusion, N = 6) and (c) sucrose (45 mg pellets; ). All groups displayed successful
lever discrimination during ShA sessions. (D) Tetamber of reinforcers obtained in
experiment 2 across long (LgA) sessions for eaictiaieer group. No escalation of

intake occurred acoss LgA sessions for any grouptef
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Figure 27.Results from DMTP probe tesBata represent percent correct responses
across all five waiting times (1, 5, 10, 30, angl &dd total percent correct across all
trials (total) during DMTP tests in groups of ritat underwent self-administration of
MDPV (N=6), METH (N=6), or sucrose (N = 12). (A) feent correct in rats prior to
self-administration procedures (Pre-IVSA DMTP tef8) Percent correct in rats
following 15 or 16 days of ShA self-administratiprocedures (Post-ShA DMTP test).
(C) Percent correct in rats following 15 or 16 daf£gA self-administration procedures

(Post-LgA DMTP test).
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Figure 28: Total forfeited and completed DMTP prdbeals. (A) Total number of
forfeited DMTP test trials in groups of rats thaderwent self-administration of MDPV
(N=6), METH (N=6), or sucrose (N = 12) prior totieg procedures (Pre-IVSA),
following 15 or 16 days of ShA self-administratiprocedures (Post-ShA), or following
15 or 16 days of LgA self-administration proceduiesst-LgA). (B) Total number of
completed DMTP test trials (maximum 50) in groupsats that underwent self-
administration of MDPV, METH, or sucrose prior &fsadministration procedures (Pre-
IVSA), following 15 or 16 days of ShA (Post-ShA),following 15 or 16 days of LgA

(Post-LgA).
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Figure 29: Performance on S+/S- reversal teBiata represent percent correct responses
during S+/S- reversal tests in groups of rats dinaerwent self-administration of MDPV
(N=6), METH (N=5), or sucrose (N = 11). (A) Percentrect in rats prior to self-
administration procedures (Pre-IVSA), following d516 days of ShA (Post-ShA). or

following 15 or 16 days of LgA (Post-LgA).
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Figure 30. Body weight8ody weight (g) in groups of rats that underweit se
administration of MDPV, METH, or sucrose. Weightsrerecorded the morning of
initial cognitive tests (Pre-IVSA), the morning adgnitive tests following 15 or 16 days
of ShA (Post-ShA), or the morning of cognitive gefillowing 15 or 16 days of LgA

(Post-LgA).
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Research Articles: 11
Review Articles: 6
Book Chapters: 2
Total citations: 103

h factor: 7

Peer -Reviewed M anuscripts

Primary Author

Watterson LR*, Kufahl PR*, Taylor S, Nemirovsky NE, Olive MF. Séinzation
to the locomotor stimulant effects of 3,4-methyldiogypyrovalerone
(MDPV) and cross-sensitization to methamphetammmats.Drug and
Alcohol Dependenc@Jnder Review)*these authors contributed equally
to this work.

Watterson LR, Burrows B, Hernandez R, Moore KN, Grabenauer M, ah
JA, Olive MF. (2014). Effects af-pyrrolidinovalerophenonex{PVP) and
4-methylethcathinone (4-MEC), two synthetic catimi@® commonly
found in second-generation “bath salts”, on ICS8gholds in rats.
International Journal of NeuropsychopharmacoldgyPress).

Watterson LR, Olive MF. (2014). Synthetic cathinones and thewaeling and
reinforcing effects in rodentédvances in Neuroscienc2014, 1-9.

Watterson LR, Kufahl PR, Nemirovsky NE, Sewalia K, Grabenaueriiomas
BF, Marusich JA, Wegner S, Olive MF. (2014). Potenwarding and
reinforcing effects of the synthetic cathinone 3,4-
methylenedioxypyrovaleronédddiction Biology 19, 165-174.

Watterson LR, Olive MF. (2013). Are AMPA receptor positive adteric
modulators potential pharmacotherapeutics for didahie
Pharmaceuticals7, 29-45.

Watterson LR, Watterson E, Olive MF. (2013). Abuse liability adwvel “legal

high” designer stimulants: evidence from animal sledBehavioural
Pharmacology24, 341-55.
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Yahn SL*, Watterson LR*, Olive MF. (2013). Safety and efficacy of
acamprosate for the treatment of alcohol depend&utestance Abuse:
Research and Treatmeit. 1-12.*these authors contributed equally to
this work.

Watterson LR, Kufahl PR, Nemirovsky NE, Sewalia K, Hood LE, @]
MF.(2012). Attenuation of reinstatement of methastpmine-, sucrose-,
and food-seeking behavior in rats by fenobam,raadlly utilized
metabotropic glutamate receptor 5 negative allasteodulator,
Psychopharmacology25, 151-159

Watterson LR, Hood LE, Nemirovsky NN, Johnson T, Sewalia K, Graduer
M, Thomas BF, Marusich JA, Olive MF. (2012). ThenReding and
reinforcing effects of methylone, a drug commordyrid in “bath salts”.
Journal of Addiction Research and Theraf@, 1-8.

Co-Author

Baumann MH, Solis BV atterson LR, Marusich JA, Fantegrossi WE, Wiley
JL.(2014). Bath Salts, Spice, and Related Desipnegs: The Science
Behind the Headlinegournal of Neuroscienc@gn Press)

Hoffman AN, Parga A, Paode R/atterson LR, Nikulina EM, Hammer RP,
Conrad C. Chronic stress enhanced fear memoriessaceiated with
increased amygdala zif268 mMRNA expression andemistant to
reconsolidation. (Submitted tbNeuroscienge

Kufahl PR,Watterson LR, Olive MF. (2013). The development of acamprosate
as a treatment against alcohol relafgsgaert Opinion On Drug Discovery
(in press)

Kufahl PR.,Watterson LR, Nemirovsky NE, Hood LE, Villa A, Zautra N, Olive
MF. (2013) Attenuation of methamphetamine seekynthe mGIluR2/3
agonist LY379268 in rats with histories of reseittand escalated self-
administrationNeuropharmacology.

Kufahl PR, Nemirovsky NEWatterson LR, Zautra N, Olive MF. (2013).
Positive or negative allosteric modulation of metabpic glutamate
receptor 5 (MGIuR5) does not alter expression baberal
sensitization to methamphetamifd.000Researci2:84: 1-12.

Overman WH, Pierce A)Natterson LR, Coleman JK. (2013). Use of a non-

navigational, non-verbal landmark task in childrerernational Journal
of Behavioral Development
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Kufahl PR, Hood LE, Nemirovsky NE, Barabas P, Halgiard C, Villa A, Moore
E, Watterson LR, Olive MF. (2012). Positive allosteric modulatioh o
MGIuURS5 accelerates extinction learning but notareleng following
methamphetamine self-administratiémontiers in Neuropharmacology.

Overman WHWatterson LR, Boettcher L, Hardy C, Walsh K.
(2011). The effects of dilemmas and aromas on pedace of the lowa
Gambling TaskBehavioral Brain Researcl218, 64-72.

Cleva RM,Watterson LR, Johnson MA, Olive MF. (2011). Differential
modulation of thresholds for intracranial self-atilation of mGlu5
positive and negative allosteric modulators: imgtiigns for effects on
drug self-administratiorfrontiers in Pharmacology?2, 93. PMCID:
PMC3252814

Book Chapters

Burrows BT,Watterson LR, Egnatious J, Olive MF. (2014) Behavioral
Pharmacology of Synthetic Cannabinoids. In: Thediaok of Cannabis
and Related Pathologies: Biology, Diagnosis, Treatimand
Pharmacology. (VR Preedy, ed). Academic Press: it
Massachusetts.

Watterson LR, Olive MF. (2014) Group | mGIuR receptors as mexiof
learning and memory. Ietabotropic Glutamate Receptors: Molecular
Mechanisms, Role in Neurological Disorders, and fafecological
Effects(MF Olive, ed). Nova Science Publishers: Hauppduyge

Cleva RM, Nemirovsky NE, Wischerath K@/atterson LR. (2012) Transgenic
rodent tools for manipulating adult neurogenesiig Addiction and
Adult Neurogenesi®live MF, ed), Research Signpost Publishing, Kaeral
India, pp. 15-40.

Invited Talks and Presentations

Watterson LR (2014, November). Abuse liability of syntheticltiabnes as
revealed by drug self-administration studies is.ratvited Speaker. Mini-
symposium: Bath Salts, Spice, and Related Designggs: The Science
Behind the Headlines. To be presented at the SoceiNeuroscience
conference, Washington, DC.

Watterson LR (2014, July). Novel “legal high” designer stimuiscnabuse
liability, toxicity, and potential pharmacobehawabtreatments. Invited
seminar speaker at Temple University School of Miedi Center for
Substance Abuse Research, Philadelphia, Pennsglvani
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Watterson LR (2014, June). Abuse liability and toxicity of “baghlts” (i.e.
synthetic cathinones) as revealed by intravenoug skelf-administration
and ex-vivo MRI. Presented at the International@®&tral Neuroscience
Society, Las Vegas, Nevada.

Watterson LR. (2013, February). Breaking Bath Salts: DecipheAhgse
Liability of Novel Designer Stimulants with Rodevbdels of Addiction.
Invited colloquium speaker at Northern Arizona Ussity, Psychology
and Neuroscience Departments, Flagstaff, Arizona.

M anuscriptsin Preparation

Watterson LR, Taylor SB, Kufahl PR and Olive, MF. Effects ofnabining a
memory-retrieval extinction procedure with the nokB agonist 7,8-
dihydroxyflavone on reinstatement to methamphetarfoliowing
intravenous self-administration.

Watterson LR, Taylor SB, Tomek S, Yahn S, Nemirovsky NE, Olivé& M oxic
effects of chronic intravenous MDPV and methamphéta self-
administration as revealed by ex vivo MRI and imwhistochemistry.

Burrows B*,Watterson LR*, Johnson M, Wininger E, Brackney R, Olive MF.
Effects of Modafinil and R-Modafinil on brain stidation reward
thresholds; implications for their use as stimuldependence
medications*these authors contributed equally to this work.

Kufahl PR, Yahn S, Moore BYatterson LR, Nemirovsky NE, LaCrosse AL,
Villa A, Olive MF. Rapid but not gradual intraversinfusion of
methamphetamine produces behavioral sensitization.

Kufahl PR, Moore E, Halstengard C, Barabas P, ToBtekNemirovsky NE,
Villa A, Yahn S,Watterson LR, Hood LE, Day AO, Olive MF. Effects of
the mGIuR5 Negative Allosteric Modulator MTEP orh&ol
Self-administration and Ethanol Seeking: Roles ofdal and Ventral
Medial Prefrontal Cortex.

Kufahl PR, Halstengard C, Villa A, Barabas P, MoBtefomek SE,
Nemirovsky NEWatterson LR, Hood LE, Day AO, Olive MF.
Reinstatement of Ethanol Seeking to Cues Learnéar&eDuring and
After Withdrawal: Effects of xc- Substrate N-Acetysteine.

Kufahl PR, Sewalia K, Halstengard C, Villa A, Baaal®, Moore E,

275



Watterson LR, Tomek SE, Olive MF. Effects of Ethanol Dependeacéd
Glutamatergic Ligands on Ethanol Intake using tihv®-bottle Choice
Model.

Taylor SB,Watterson LR, Kufahl PR, Tomek ST, Nemirovsky NE, Conrad CD,
Olive MF. Chronic variable stress interacts witdiindual differences to
promote methamphetamine self-administration.

Abstracts
First Author

Watterson LR, Taylor SB, Budin F, Ali SF, Kufahl PR, Nemirovsky Bind
Olive MF. (2014) Abuse liability and toxicity of synthetic cathinane
(“bath salts”) as revealed by intravenous drug-adthinistration, ex vivo
MRI, and immunohistochemistry. Presented at theebpéor
Neuroscience conference, Washington, DC.

Watterson LR, Olive MF (2014).Abuse liability and toxicity of “bath salts” (i.e.
synthetic cathinones) as revealed by Intravenoug skelf-administration
and ex-vivo MRI. Presented at the International@®&tral Neuroscience
Society conference, Las Vegas, NV.

Watterson LR, Tomek S, Yahn SL, Kufahl PR, Olive MF. (2013). Tdféects of
7,8-dihydroxyflavone and a memory-retrieval extioctprocedure on
reinstatement following methamphetamine self-adstiation and place
conditioning. Presented at the Society for Neusrsm conference, San
Diego, CA.

Watterson LR, Kufahl PR, Nemirovsky NE, Sewalia K, GrabenauerMdpmas
BF, Marusich JA, Wegner S, and Olive MF. (2012)uéé Liability of
MDPV and methylone, two common drugs found in “bsdhs”.

Presented at thé"annual Barrow Neurological Association Conference,
Phoenix, AZ.

Watterson LR, Kufahl PR, Nemirovsky NN, Sewalia K, GraenaueriMipmas
BF, Marusich JA, and Olive MF. (2012). Reinforciaigd ICSS threshold-
lowering effects of the “bath salts” drug MDPV eBented at the College
on Problems of Drug Dependence annual meeting, Bahings, CA.

Watterson LR, Kufahl PR, Nemirovsky NE, Sewalia K, Grabenaueriiomas
BF, Marusich JA, Wegner S, and Olive MF (2012). lgaton of the
abuse potential of MDPV and methylone, two commgriteetic
cathinones found in “bath salts”. Presented atrite¥national Conference
on Addiction Research and Therapy, Las Vegas, NV.
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Watterson LR, Hood LE, Nemirovsky NE, Kufahl PR, Varney, MA, a@dive,
MF. (2012). AMPA receptor positive allosteric moalars facilitate
extinction learning and attenuate cue-induced taiement of
methamphetamine-seeking. Presented at the Neurophalogy
Conference: Cognitive Enhancers, New Orleans, LA.

Watterson LR, Hood LE, Nemirovsky, NE, Kufahl PR, Varney MA, afdive
MF. (2012). Facilitation of extinction learning asdppression of cue-
induced reinstatement of methamphetamine-seekinfgMipA receptor
potentiators. Presented at The Society for Neueosel conference, New
Orleans, LA.

Watterson LR, Nemirovsky N, Kufahl P, Cleva RM, and Olive MR0(1). The
effects of the metabotropic glutamate 5 recepttagonist fenobam on
reinstatement of methamphetamine-seeking behavi@ts. Presented at
The Society for Neuroscience conference in WasbmdD.C.

Watterson LR. Kufahl PR., Nemirovsky NE, Sewalia K, and Olivé-M2011).
Potent Reinforcing Effects of the Synthetic Cathi@o
Methylenedioxypyrovalerone (MDPV) in Rats. Presdraethe American
College of Neuropsychopharmacology conference iikd¥aa, HI.

Collaborator

Kufahl PR, Taylor SBWatterson LR, Nemirovsky NE, Burrows B, Olive MF.
(2014) Self-Administration of both ethanol and nagttphetamine
increase motivation for methamphetamine. To Beditesl at the Society
for Neuroscience conference, Washington, DC.

Kufahl PR,Watterson LR, Nemirovsky NM, Taylor SB, Olive MF. (2014) A
triple cannula biosensor study of changes in egthalar alcohol,
glutamate, and glucose levels during alcohol comgiom. Presented at
the Monitoring Molecular in Neuroscience conferend€LA, Los
Angeles, CA.

Hoffman AN, Parga AWatterson LR, Paode PR, Nikulina EM, Hammer RP,
Conrad CD. (2014) Chronic stress enhanced fear mesnare associated
with increased amygdala zif268 mMRNA expressionanedresistant to
reconsolidation in an animal model of post-traumatress disorder.
Presented at The International Behavioral Neurosei&ociety
conference in Las Vegas, NV.

Mazur GJ, Hoffman AN, Watterson B/atterson LR, and Sanabria F. (2014)
Acute and Chronic Nicotine Decreases ResponseitigmtPerformance
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and Enhances the Reinforcing Efficacy of Sucroseséhted at the
Association for Behavior Analysis International tenence, Chicago, IL.

Kufahl PR, Moore-Nye E, Halstengard P, Barabasdtdk SE, Nemirovsky NE,
Villa A, Hood LE, Yahn SLWatterson LR, and Olive MF. (2013)
Effects of the mGIuR5 negative allosteric modul&drEP on ethanol
self-administration and ethanol seeking: Rolesarsdl and ventral
medial prefrontal cortex. Presented at the SodmtiNeuroscience
conference, San Diego, CA.

Hoffman AN, Parga A, Lorson NG, Paode RRatterson LR, Nikulina EM,
Hammer Jr RP, and Condrad CD. (2013). Chronic stretuced
enhanced fear memories are resistant to recontiohda an animal
model of post-traumatic stress disorder. Preseaitéiie Society for
Neuroscience conference, San Diego, CA.

Mazur G, Watterson BVatterson LR, and Sanabria, F. (2013). Acute and
chronic nicotine increases premature respondingeahdnces the
reinforcing efficacy of sucrose. Presented at thsog&iation for Behavior
Analysis International conference, Chicago, IL.

Kufahl PR,Watterson LR, Nemirovsky N, Hood LE, Villa A, Zautra N, and
Olive MF. (2012). Enhanced sensitivity to attenotdf
methamphetamine seeking by the mGIuR2/3 agonis7R@¥88 in rats
with a history of extended self-administration. $&neted at the College on
Problems of Drug Dependence annual meeting, Pahmdgp CA.

Kufahl PR, Hood LE, Villa A, Nemirovsky NE, Halstgard C, Barabas P, Moore
E, Watterson LR, Olive MF (2012). mGlur5 positive allosteric
modulation accelerates extinction learning andarelieg following
methamphetamine self-administration. PresentedhatSociety for
Neuroscience conference, New Orleans, LA.

Eure R, Deal M, Hawkey S, April LBVatterson LR, Bruce K, and Galizio M.
(2011). Effects of number of sample and compargonuli on olfactory
span. Poster presented at the Association for BehAwnalysis
International conference in Denver, CO.

Kufahl PR,Watterson LR, Nemirovsky NE, La Crosse AL, and Olive MF.
(2011). Rapid but not gradual infusion of methantaimene produces
behavioral sensitization. Presented at The Sotwetieuroscience
conference in Washington, D.C.

Cleva RM,Watterson L R, Wischerath KD, Casterline C, Alonso J, Toledo A,
Nemirovsky N, Kufahl PR, and Olive MF. (2011). Enbament of adult
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2014

hippocampal neurogenesis facilitates extinctionlieg and attenuates
cue-induced reinstatement of heroin-seeking belhaki@sented at The
Society for Neuroscience conference in WashindiorG.

Deal M, Poerstel LBWatterson LR, Jacobs K, Goldstein L, and Galizio M.
(November 2010). MK-801 (Dizocilpine), but not Cid@azepoxide,
Scopolamine, Methylphenidate, or Morphine seletyia#fects olfactory
memory span in rats. Poster presented at the $dorelleuroscience
conference in San Diego, CA.

LeFever TW, Bullard LWatterson LR, Ward A, and Galizio M. (October 2009).
Titrating delayed match / non-match-to-sample usifgctory stimuli in
rats. Posted presented at the Society for Newgoseiconference in
Chicago, IL.

LeFever TW, Ward AWatterson LR, Bullard L, and Galizio M. (October 2009).
Effects of alonzapine on fixed and titrating delhyeatch / non-match-to-
sample, using olfactory stimuli in rats. Posteelsgented at the
Southeastern Association for Behavior Analysis egarice in
Wilmington, NC.

Poerstel LB, Semrau M, Toop B/atterson LR, Deal M, and Galizio M.
(October 2009). Dizocilpine (MK-801) and morphinepair olfactory
memory span in rats. Posted presented at the Smi¢he Association for
Behavior Analysis conference in Wilmington, NC.

Overman WHWatterson LR, Ware A, Dressler E, and Gillikin GS. (October
2009). Contemplation of moral dilemmas 24 hoursmo the lowa
Gambling Task enhances performance. Poster pegsahthe Society for
Neuroscience conference in Chicago, IL.

Overman WH, Boettcher L, Hardy C, Walsh K, aNatter son LR. (November
2008). Changes in sex differences on the lowa gagbdsk are caused
by deliberation of dilemmas and presentation cdaitiry stimuli. Poster
presented at the Society for Neuroscience conferené/ashington, D.
C.

Herbert J, Traver BNatterson LR, and Hale RL. (March 2005). The orienting
response in binge-drinking college students. Pgstsented at the
Eastern Psychological Association conference ind@gsvA.

HONORSAND AWARDS

Research Travel Grant, ASU, Graduate and $siofeal Students
Association ($950)
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2014 Dissertation Completion Fellowship, ASU, GraiguCollege

($9500)

2014 Robert B. Cialdini Dissertation Project Pria§U, Department of
Psychology ($850)

2014 Research Travel Grant, ASU, Graduate and $5iofgal Students
Association ($500)

2014 Graduate Excellence Award, ASU, College okl Arts and
Sciences ($250)

2014 Teaching Excellence Award, ASU, Graduate aonfeBsional
Students Association ($750)

2014 International Behavioral Neuroscience Soclegwel Award
($700)

2013 Phi Kappa Phi “Love of Learning” Scholarst$p00)

2013 Samuel Leifheit Service Award Nominee, ASUjdRslogy
Department

2012 Inducted in Phi Kappa Phi (ASU)

2012 Graduate Research Travel Award, ASU, Psyclydimpartment
($200)

2011 Graduate Research Travel Award, ASU, Psydydepartment
($200)

2010 Inducted into Phi Kappa Phi (UNCW)

2010 Research Excellence Recruiting Fellowship, AB&ychology
Department ($10,000)

2009 Research Travel Award, UNCW, Psychology Bepent ($400)

2008 Research Travel Award, UNCW, Psychology Bepent ($400)

2006 GraduateMagna Cum LaudeShippensburg University

2006 Research Travel Award, Shippensburg UniverBigpartment of
Psychology ($500)
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2006 Academic Excellence Award, Shippensburg Usitgr
Department of Psychology

2004 — 2005 Certificate of Student Research Acmeard, Shippensburg
University, Department of Psychology
2003 — 2006 Dean’s list, Shippensburg University
TEACHING

Teaching Assistant

Spring 2014 325 Physiological Psychology (online)
Instructor: Whitney Hanson
Arizona State University, Psychology Department

Spring 2013 290 Psychology Research Methods Laktuitients
Instructor: Dr. Heather Cate
Arizona State University, Psychology Department
Course evaluation: 1.7 (1 = most positive, 5 = nmegjative)

Fall 2013 290 Psychology Research Methods Lalsfidents
Instructor: Dr. Eva Szeli
Arizona State University, Psychology Department
Course evaluations: 1.6 (1 = most positive, 5 =tmegative)

Spring 2009 225 Statistics - 20 hours / week
Instructor: Dr. Bryan Myers
UNCW, Psychology Department

Fall 2008 246 Personality Psychology — 10 houesshyv
101 General Psychology — 10 hours / week
Instructor: Dr. Len Lecci
UNCW, Psychology Department

Guest L ectures
Fall 2013 394 Your Brain on Drugs: Marijuana anahtBgtic Cannabinoids
Spring 2014 325 Physiological Psychology (onlifggychopharmacology

325 Physiological Psychology (online lecture): &ahce abuse
591 Psychopharmacology: Designer Drugs / “Legghidi

281



Fall 2013 325 Physiological Psychology: Addiction
Spring 2013 591 Psychopharmacology: Targets of watgpn
591 Psychopharmacology: Substance Abuse and Depead
591 Psychopharmacology: Psychostimulants
591 Psychopharmacology: Designer Drugs / “Legahilig
Fall 2009 556 Physiological Psychology: Executfumctions
MENTORING

Honor’s Thesis Graduate Student Mentor:

Trevor Johnson (Defended fall 201R)tracranial Self-Stimulation and the Abuse
Potential of the Synthetic Cathinones Methylone @RY/P.

Megan Johnson (Defended spring 201dfracranial Self-Stimulation and the Abuse
Liability of Modafinil, a novel wake-promoting drug

Honor’s Thesis Graduate Student Mentor and Comentember:

Stephanie Yahn (Summer 201R)ethamphetamine Addiction and Adult Neurogenesis:
A possible role for novel neuroprotective compoundbe reduction of vulnerability to
relapse.

Scott Wegner (Defended fall 2012):Determination of the Hedonic Properties of
Synthetic Cathinones 4-MEC and MDPV Through thedfdptracranial Self-
Stimulation.

Undergraduate Student Research Mentees:

Elizabeth Dressler (M.A. in Experimental PsycholoBgston University, Research
Associate at Monterey Technologies, Inc)

Ashley Ware (Currently a Ph.D. student at Texaddtdm’s Hospital)

Lauren Hood (Currently a Ph.D. student at UnivgrsitWashington)

Stephanie Yahn (Currently a Ph.D. student at Usityeof Miami)

Craig Trevor Johnson (M.A. in Engineering, Arizdsiate University)

Seven Tomek (Currently a M.A. student at UniversityNorth Carolina — Wilmington)
Kaveish Sewalia (Currently a M.A. study at Arizdsiate University)

Emily Williams, Natali Nemirovsky, Megan Johnsorvda Armstrong, Lee Benson,
Raymundo Hernandez, Joshua Fassett, Spencer Hgyai Burrows.

POSITIONSHELD
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Resear ch Positions

2010 — Present

2009 - 2010
2007 — 2010
2004-2006

Graduate Research Assistant — Nelagy of Addiction
laboratory, Dr. Foster Olive
Arizona State University

Graduate Research Assistant — Behapioaamacology and
comparative cognition laboratory, Dr. Mark Galizio
University of North Carolina - Wilmington

Graduate Research Assistant — Deasaking laboratory,
Dr. William H Overman, Jr.
University of North Carolina - Wilmington

Undergraduate Research Assistant — Algdtysiology
laboratory, Dr. Robert Hale
Shippensburg University of Pennsylvania

Applied Clinical Experience

2006- 2007

2003- 2006

Position:Vocational Rehabilitation Counselor

Supervisor: Linda Mayo, M.S.

Occupational Services Incorporated — A non-prafifamization
specializing in vocational rehabilitation for mdrtt@alth resource
consumers.

Duties: Provided one-on-one counseling and guidéorca case-
load of 35 mental health resource consumers. Wonkttn
cooperative teams of mental health professionals thve goal of
aiding consumers acquire the necessary skills esmlrces to
obtain competitive employment.

Position: Job Coach
Supervisor: Linda Mayo, M. S.
Occupational Services Incorporated
Duties: Facilitating the acquisition of job skiftsr consumers of
mental health services in order to aid them in ioivig
competitive employment. This required one-on-or@esusion in
the community and employment of behavioral analgtinciples.

SERVICE

Community Outreach

2011 - 2013

ASU Homecoming: Psychology Brain Booth
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2011 - 2013 Arizona State University Brain Fair @hildren

University Service

2013 Invited Speaker: The Path to Graduate Sclr=lGhi)

2013 — Present Grant Reviewer: Graduate and ProfessStudent Association
(GPSA)

2012 Graduate Student Orientation Presenter (3PSA

Professional Service

Manuscript Peer-ReviewedRrug and Alcohol Dependence, Psychopharmacologgi Mi
Reviews in Medicinal Chemistry, European Journdlefiropsychopharmacology

Affiliations

Society for Neuroscience

Association for Behavior Analysis International

Phi Kappa Phi (UNCW, ASU)

Society for Neuroscience; Tempe Chapter

College on Problems of Drug Dependence

International Drug Abuse Research Society

International Behavioral Neuroscience Society

American Society for Pharmacology and Experimenkarapeutics

REFERENCES

1. Dr. M. Foster Olive, Associate Professor
Arizona State University
Department of Psychology (Behavioral Neuroscience)
950 S. McAllister Rd.
PO Box 871104
Tempe, AZ 85287-1104.
(480)727-9557
Foster.olive@asu.edu

2. Dr. William H. Overman Jr., Professor
University of North Carolina — Wilmington
Department of Psychology
Social & Behavioral Sciences Building, 110H
601 South College Road, Wilmington, NC 28403
(910) 962-3379
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overmanw@uncw.edu

Dr. Mark Galizio, Professor

University of North Carolina — Wilmington
Department of Psychology

Social & Behavioral Sciences Building, 110H
601 South College Road, Wilmington, NC 28403
(910) 962-3813

galizio@uncw.edu

Dr. Peter Kufahl, Faculty Research Associate
Arizona State University

Department of Psychology (Behavioral Neuroscience)
950 S. McAllister Rd.

PO Box 871104

Tempe, AZ 85287-1104.

pkufahl@asu.edu

Dr. Sara Taylor

Hendrix College

Department of Psychology

DW Reynolds Center for Life Science, Room 109
1600 Washington Avenue

Conway, Arkansas 72032.

501-505-1504

taylor@hendrix.edu
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