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Abstract

Rationale: +/- 3, 4-Methylenedioxymethamphetamine (MDMA; Es$ia
consumption has increased globally over the pasticades. Human
studies have demonstrated that in a small propodiausers MDMA
consumption may become problematic. Limited précdil studies have
evaluated the abuse potential of MDMA.

Objectives. The present study sought to determine if MDMA self-
administration has similar addictive propertieotmer abused
substances. Initial experiments sought to detezniifd DMA could
function as a reinforcer. Subsequent experimesgsssed whether
dopamine played a role in MDMA self-administratiorhether MDMA
self-administration was maintained by the pres@rtaif a conditioned
stimulus, and if extinguished MDMA self-administoat could be
reinstated.

Methods. Animals were surgically implanted with indwelling
intravenous catheters that allowed delivery of MDNE®#ution upon
depression of an active lever. MDMA self-admiraitn was examined
in drug naive and cocaine-trained animals. Furissessment of the
reliability of self-administration was assessedgsa yoked procedure,
dose effect curves were obtained, vehicle substituiccurred, and
progressive ratio procedures were used. The undgnigle of dopamine
in mediating MDMA self-administration was deternunasing the D1-
like antagonist, SCH23390, and D2-like antagomistjopride.
Manipulation of the light and/or drug stimulus wesed to provide initial
assessment of the conditioning properties of MDMAe ability of 10
mg/kg MDMA to reinstate responding previously mained by MDMA
was also determined.

Results: MDMA was reliably self-administered in drug naivedecocaine
trained animals. Responding was selective to ngatit MDMA
administration, reduced with vehicle substitutisensitive to dose
manipulation, and increasing demand. A rightwdnift é1 the dose
effect curve was demonstrated after administraticBCH23390.
Removal of both the light and drug stimuli produeedpid reduction in
responding. Removal of either the light or drugnatus produced a
gradual reduction over 15 days. AdministratioM@MA reinstated
responding previously maintained by MDMA.

Conclusion: The demonstration of reliable MDMA self-adminisioat
provided a baseline for assessing MDMA abuse pialemIDMA self-
administration was mediated by dopaminergic meamasiwhich may be
similar to those demonstrated for other abusedtanbss. MDMA self-
administration also produced conditioning - a featf compulsive drug
use. Responding previously maintained by MDMA Vedsr reinstated
by MDMA, demonstrating that MDMA use may resultre@lapse.
MDMA has similar behavioural properties as othenowonly abused
substances.
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Chapter 1 - Introduction

3,4-methylenedioxmethamphetamine (MDMA,; ecstasgnis
amphetamine derivative that produces subjectivexctffwith both
stimulant and hallucinogenic properties (Battagtial 1988, Hegadoren
et al 1999, Merck 1989, Oberlender & Nichols 1988ulus & Geyer
1992). MDMA has been categorised as an entact@diehols 1986), a
substance with both psycho-stimulant and halluanégproducing
effects, with empathetic eliciting properties (Cathal 2000, Downing
1986, Greer & Tolbert 1986, Grob et al 1990, Grohld 996, Liechti &
Vollenweider 2000, Verheyden et al 2003).

The street names of MDMA allude to the acute pesisiubjective
effects reported in both clinical and retrospecstugdies including;
feelings of euphoria, increased energy, sexuakandual arousal,
elevated positive moods, reduction in negative gids; emotional
openness, and positive depersonalisation (Cani2&t0®, Greer &
Tolbert 1986, Hegadoren et al 1999, Liechti etGfl® Liechti et al 2001,
Parks & Kennedy 2004, Peroutka et al 1988, Parke&nedy 2004,
Verheyden et al 2003, Vollenweider et al 1998).n\Madverse side
effects have also been reported after chronic MDA, including
increased psychopathology, impaired neuropsychocdbdiinctioning and
aversive physiological effects (Curran & TravillaQ Greer & Tolbert
1986; Liechti et al 2000b; Liechti & Vollenweidef@0; McCann et al
1996; Parrott 2001; Peroutka et al 1988; Schifarad £998; Verheyden

et al 2003; Wareing et al 2004; 2005; Wareing &040).
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MDMA Epidemiology and patterns of use

MDMA consumption has been gradually increasing akierpast
decade (UNODC 2004). Use originated in “dance’csitiires (Bellis et
al 2003, Parrott 2001, Parrott 2004), but has spreanainstream
populations (Bobes et al 2002, ter Bogt et al 2006& Engels 2005,
Wilkins et al 2003), as patterns of consumption emictexts of use have
become more variable (Degenhardt et al 2005, Topp2004, von
Sydow et al 2002). Two major patterns of MDMA comgption are
borne out in the epidemiological literature. A orday of MDMA users
have consumed less than 10 pills (Scholey et a4 286lowij et al 1992,
Topp et al 1999, von Sydow et al 2002), and consomhe 1 (75-100mg)
pill on each occasion (Schifano et al 1998, Schetegl 2004, Solowij et
al 1992, Topp et al 1999). Within this categorsens reported
consuming MDMA once to several times a month (Qu&arravill
1997, Peroutka et al 1988, Schifano et al 199&)\&pkt al 1992,
Williams et al 1998), for a discrete period of tigven Sydow et al
2002).

In contrast, moderate - heavy MDMA use occurs iprapimately
a third of MDMA users. The frequency of MDMA comsption amongst
this group of users varies considerably from oneayefew months
(Solowij et al 1992), to more than once a week {faob et al 1998, von
Sydow et al 2002) and binge patterns of consumgtiertypical (Parrott
2001, Parrott 2004, Parrott 2005, Scholey et a#200ne study reported
that a third of moderate-heavy MDMA users had camedi MDMA,

continually for approximately 48 hours on a least occasion in the past

-8-
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6months (Topp et al 1999), while another reported 50% of the
sample had consumed more than 5 pills on at leesbocasion
(Winstock et al 2001). Binge patterns of MDMA cangption have been
associated with increased frequency of regular MDA (Parrott 2005,
Scholey et al 2004). Those who consume MDMA irgbstend to also
be poly drug users (Scholey et al 2004, Topp &08DB).

A significant proportion of moderate- heavy MDMAeaus met
general DSM-IV criteria for dependence or abusagda 1999, Kurtz et
al 2005, Topp et al 1999; Schuster et al 1998,Syutow et al 2002).
Increases in the amphetamine-like subjective ptgseof MDMA are
hypothesised to underlie the transition from useejpendence (Jansen
1999), as is tolerance to the positive subjectffeces (Levy et al 2005,
O'Regan & Clow 2004, Parrott 2005, Solowij et 8®2p Moderate-
heavy users reported the development of tolerdhegyresence of
withdrawal symptoms, and the use of alternativgslias mood
modulators, (Forsyth 1996; Fox et al 2002; Lie@®3; McCann et al
1996; Parrott 2003; Parrott 2005; Peroutka et 8B1%chifano et al
1998; Scholey et al 2004; Shulgin 1986; Solowglet992; Topp et al
1999; Verheyden et al 2003; Verkes et al 2001; Sypdow et al 2002;
Winstock 1991).

A number of studies have attempted to documentahsequences of
MDMA exposure. Unfortunately, human studies anefconded in a
number of ways. Patterns of consumption havedelreretrospective,
self-report methods, which required accurate recathn and awareness

of types, and amounts of drugs taken. This iskehli given the
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functional effects of polydrug use, and binge comgtion of MDMA .
Additionally MDMA tablets often contain other suéistes, such as
MDEA, MDA, ketamine, amphetamine, and caffeine (B®2004),
therefore, people rarely know what they are takingow much.
Because MDMA users exhibit high levels of poly-dusg it is difficult
to unambiguously attribute effects to MDMA alonEhe use of animal
models has allowed researchers to explore spedfistructs, symptoms
and mechanisms associated with addiction by cdimgdior a number of
extraneous variables (Ahmed & Koob 1998, Ator &ffghs 2003,
Griffiths et al 1978, Koob & Le Moal 1997, Kozikoliset al 2003,

O'Brien & Gardner 2005).

Self-administration

An important development in addiction research thasntroduction
of the indwelling catheter (Weeks 1962). This pdad a procedure that
allowed animals to chronically intravenously sedfvanister drugs.
During the past four decades self-administratiosntbeen measured in
many species including rhesus monkey (Segal &)1 1969), squirrel
monkey (Gerber & Stretch 1975), dog (Risner & Jat#45), baboon
(Griffiths et al 1976), cat (Ford & Balster 19761 (Pickens & Hatrris,
1968) and mouse (Criswell et al 1988).

Virtually all drugs of abuse are self-administebgdaboratory
animals, and the pattern of self-administratiooasparable to the
pattern exhibited by humans (Gardner 2000, Goldbegj 1969,
Griffiths & Balster 1979, Griffiths et al 1978, Riens & Harris 1968,

Segal et al 1972, Spealman & Goldberg 1978). Aidauf early research

-10 -
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was to demonstrate reliable self-administration @ndentify drugs with
abuse potential. The abuse liability of a substasaefined by the
likelihood that a substance can maintain ‘non-medielf-administration
resulting in disruptive or undesirable consequenEd3A, pg 3).
Therefore demonstration of reliable self-admintstrahas been deemed
necessary in the preclinical evaluation of substanath abuse potential
(Ator & Griffiths 2003, Kozikowski et al 2003).

To convincingly demonstrate reliable self-admirason operant
behaviour must be selective (Ahmed & Koob 1998¢lksan & Schuster
1978, Griffiths & Balster 1979, Griffiths et al 18,7/Koob 1992, O'Brien
& Gardner 2005, Spealman & Kelleher 1981, Thomdk@sil). This
can be established through various methods, inojusimple-choice
procedures and yoked procedures. When simpleeelprocedures are
employed, depression on one lever (active) regultsug delivery, while
depression on another (inactive) lever has no progred consequence,
or produces delivery of a vehicle solution. Sigriht preference for the
active lever suggests that a drug is reinforcinga@ & Griffiths 1976,
Griffiths et al 1978, Griffiths et al 1981). Yokeedlf-administration
procedures also determine whether a drug is ramigr Under these
conditions one animal receives drug delivery cageit on performance
of the appropriate operant (Pickens & Crowder 1%®kel & Pickens
1974). Yoked animals receive either vehicle ogdrniusions dependant
on the contingent animal’s responses. An eleviagtezl of responding by
only the response contingent animal, demonstralests/e self-

administration behaviour. Once self-administrati@s been

-11 -
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demonstrated, it is also convincing to show exiomctvhen vehicle
solution is substituted for the drug (Yokel & Pickel973).

In self-administration experiments, respondingfisro
demonstrated in a dose-dependant fashion (ArndRb&erts 1997,
Bickel et al 1990, Griffiths et al 1978, Wingerat1989, Yokel & Wise
1976). Low doses of a drug are often too smaléioforce responding.
In contrast, a threshold dose of a drug will mamtagh levels of operant
responding. Thereafter responding is generallgisely related to the
dose of drug (Griffiths et al 1976, Yokel & Wise7B). Fixed ratio dose-
dependant responding is depicted in the shape imivanted U (see
Figure 1), and this has been demonstrated for rddfgrent self-
administered substances (Ator & Griffiths 1983; Dwev& Woods 1975;
Goldberg et al 1971; Griffiths et al 1976; Harrigg®owns 1978;

Martin et al 1996; Meisch & Stewart 1994; O'BrierGardner 2005;
Risner & Jones 1980; Schenk & Partridge 1997; Wiilksbal 1971;
Winger et al 1989; Woolverton et al 1980; Yokel &3&/1976; Yokel &
Pickens, 1973). When doses higher than threshieldailable the rate
of drug intake is inversely related to the injectdnse. It is possible that
the reductions in responding may be due to thedateeasing effects of
high doses of a drug. For example, high levelesponding may be due
to increased stereotyped behaviour (Patel et &)1 9@wever, this is
unlikely as higher doses of a substance incredkerrthan decrease
stereotyped behaviour. Furthermore, stereotypbldweur is unlikely to
directly influence specific drug-taking behavio(Wgise et al 1977). Itis

also possible that reductions in responding seéigatdoses are due to

-12 -
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the toxic effects of a substance. The rate —dstrgaffects of high
doses are unlikely to be due to toxicity, as angwdll acquire self-
administration more rapidly when higher doses sdilastance are used
(Schenk et al, 1993; Carroll & Lac, 1997). A mbkely explanation for
the inverse relationship between unit dose andoretipg, is that an
animal is titrating blood-brain levels of a substthrough
compensatory responding (Hurd et al 1989, Pettluétice 1989, Pettit &
Justice 1991, Ranaldi et al 1999, Wise et al 1985¢ et al 1995). For
example, within-session analysis of response radebéood levels of d-
amphetamine revealed that rats performed an opespbnse when
blood levels fell below 0i2y/ml (Yokel & Pickens 1974). Microdialysis
studies have also confirmed that responding maiathby cocaine is
associated with reductions in elevated dopaminelsefWVise et al,

1995h).

18
16 1 —&— Methamphetamine
—— Amphetamine

14
12 4
10

response per hour

oON M O

0 2 4 6 8 10 12 14 16
drug injection dose
(uM/kg base)

Figure 1: Dose effect curve

Adapted from Yokel & Pickens (1973).
Mean injections per hour for Methamphetamine anglretamine.

-13 -
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Self-administration procedures can also be useegtermine the
incentive motivational properties of a substancef{i@s et al, 1979;
Arnold & Roberts, 1997; Richardson & Roberts, 1998icreasing Fixed
Ratio (FR) schedules of reinforcement producednareased rate of
responding demonstrating increased motivation acentive to self-
administer a substance, as a function of demana(Kwet al 1984,
Goldberg & Henningfield 1988, Lemaire & Meisch 198émaire &
Meisch 1985, Spealman & Goldberg 1978, Weeks &i@®ll978). The
behavioural consequences of increased demand sabaldemonstrated
through use of the progressive ratio (PR) proce(funeold & Roberts
1997, Griffiths et al 1978, Li et al 1994, Li et2003, McGregor &
Roberts 1995, Reid et al 1995, Shaham & Steward19% this
procedure, the operant response requirement fovedglof a reinforcer
increases in a step like fashion, until the regquert is so high that
responding is no longer maintained — this poiméefsrred to as the break
point. Therefore, it is possible to determine ieximal level of
behaviour or effort an animal will exert in orderreceive a self-
administered injection (Arnold & Roberts 1997, fepsdt al 1989,
Griffiths et al 1978, Patel et al 1996). Dosepmsse curves under
progressive-ratio schedules demonstrate the remnipefficacy of a
substance (Arnold & Roberts 1997, Foster et al 1888fiths et al 1978,
Patel et al 1996). Low doses of cocaine, GBR 12866oin,
amphetamine and methamphetamine produced low lvedkpas the
unit dose increased the breakpoint increased (Festd 1989, Griffiths

et al 1978, Roberts 1993, Roberts & Bennett 1993).

-14 -
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Despite the documentation of reliable self-admraigtn of many
commonly abused drugs (Ator & Griffiths 2003, Bals& Lukas 1985,
Griffiths et al 1979, Griffiths et al 1981), selfhainistration of some
substances widely abused by humans has not beigndsamonstrated in
animals. For example, reliable nicotine self-adstmation was difficult
to demonstrate for many years (Hanson et al 19d@8glet al 1977, Slifer
& Balster 1983). However manipulation of experiraprotocols such
as reducing the dose, and allowing limited accesdyted robust self-
administration (Corrigall 1999, Corrigall & Coen8® Corrigall & Coen
1991, Rose & Corrigall 1997). Subsequently, it wamonstrated that
responding under some conditions was dose depdyndedticed by
some antagonistic pharmacological treatments ashatesl following
saline substitution (Corrigall & Coen 1989).

Initial attempts to demonstrate self-administradt-9 THC were
also inconclusive (Lew & Richardson 1981, Mansbeichl 1994,
Takahashi & Singer 1979, Takahashi & Singer 198Tese findings led
to varying explanations including (1) th&9 THC was not a drug of
abuse, (2) that the self-administration paradigohregluced validity, (3)
that the delayed effects Af9 THC prevented operant conditioning and,
(4) thatA-9 THC was a depressant on operant behaviour {semlé &
Goldberg 2003)). Subsequent manipulation of expental procedures
including solution concentration, infusion speed arfusion duration
resulted in reliable dose-dependant self-admatistn (Tanda &

Goldberg 2003, Tanda et al 2000).

- 15 -
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The demonstration of reliable and robust nicotiné/&9 THC self-
administration despite initial claims that they evéoth weak reinforcers,
indicates that a degree of caution in interpretatsorequired if a
substance with known abuse potential in humans doesitially
produce reliable self-administration. Furthermdaése negatives can be

produced unless a variety of experimental procedare employed.

MDMA sdlf-administration

The establishment of reliable and replicable MDM#X-s
administration has largely evaded self-administratesearchers and
only a handful of studies have been published (@say et al 1986b;
Braida & Sala 2002; Cornish et al 2003; Fantegr@86i7; Fantegrossi et
al 2002; Fantegrossi et al 2004; Lamb & Griffitf887Z; Lile et al 2005;
Ratzenboeck et al 2001; Reveron et al 2006; Trigh 2006; Wang &
Woolverton 2007).

Substitution studies have demonstrated that MDMA\ ca
reinforceoperant behaviour (Beardsley et al 19&@tégrossi 2007,
Fantegrossi et al 2002, Fantegrossi et al 2004 pL&Griffiths 1987,
Lile et al 2005). Initial MDMA self-administratiostudies in cocaine-
trained primates demonstrated that operant respgmdaintained by
MDMA was higher than operant responding maintaibgdaline
(Beardsley et al 1986, Lamb & Griffiths 1987). La& Griffiths (1987)
reported that MDMA self-administration produced &vievels of
responding when compared to cocaine, and the data eharacterised
by high levels of variability amongst animals aredvireen sessions.
Fantegrossi et al (2002; 2004; 2007), Lile et A0&) and Wang &

-16 -
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Woolverton (2007) have extended these findingsimals were trained
to self-administer cocaine on a daily basis and MDNacemic, S (+),
and R (-) was substituted for cocaine (Fantegretsal 2002, Fantegrossi
et al 2004, Lile et al 2005). Dose dependantaghinistration of
racemic MDMA and its stereoisomer’s was demongtré&@antegrossi et
al 2004). Lile and colleagues (2005) employeddhme methodology
with baseline behaviour maintained by cocaine,apdogressive ratio
procedure was used to examine MDMA self-adminigtrat MDMA
maintained responding in a dose-dependant mandea araximal mean
breakpoint of 802 was obtained when PR schedules amaployed.
Breakpoints for all animals increased as the dé$4iMA (0.01-
1.0mg/kg) increased (Lile et al 2005). Subseqyektlang &
Woolverton (2007) also demonstrated a dose depéntarase in
breakpoint for MDMA self-administration (0.05-0.8fg/infusion),
with comparable maximal rates of responding aseeported by Lile et
al (2005).

Several studies have attempted to produce rellBIBIA self-
administration in laboratory rats. Ratzenboeck emltbagues (2001)
demonstrated MDMA (0.032-10mg/kg/infusion) self-adistration in
drug-naive and cocaine —trained rodents. Low mafteperant
responding were observed, however, leading toubgestion that
MDMA was a weak reinforcer (Cole & Sumnall 2003,viden et al
2006, Ratzenboeck et al 2001). Alternatively,dbguisition methods
used by Ratzenboeck et al (2001) may not have eeged optimal

operant responding. Typically, in order for selfradistration behaviours
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to be established, repeated consistent discret@gsof a drug-lever and
drug delivery are required (Griffith et al, 1979h the study conducted
by Ratzenboeck et al (2001) animals received maltiscrete, MDMA,
cocaine, and saline self-administration sessionsl@g This may have
intervened with the ability to acquire operant cogency due to
inconsistent reinforcers. In addition, the compaedy long half-life of
MDMA when compared to cocaine may have limitedgbssibility of
distinguishing rates of responding for cocaine BiRIMA.

Following the study conducted by Ratzenboeck €@01), four
other studies have demonstrated MDMA self-admiaistn in rats
(Braida & Sala 2002, Cornish et al 2003, Newtoal&2006). Braida &
Sala (2002) trained animals to receive intracengdmtyicular (ICV)
infusions of MDMA (0.01-2pg/infusion) accordingan FR1 schedule
during daily 1-h sessions. Animals acquired MDMf-@dministration
and self-administration was dose-dependant (Br&iGala 2002).
Cornish et al (2003) also reported dose depend@itM self-
administration (0.1-1.0mg/kg/infusion; FR1, daiNH2sessions). The
acquisition of MDMA self-administration (1.0mg/kgfusion) was also
demonstrated by Reveron et al (2006), with respanalicreasing as the
dose of MDMA made available was halved.

One other study has investigated MDMA self-admratsbn in
rats (De La Garza et al 2006). In one group, (NaBlmals were
allowed access to MDMA (0.75mg/kg/infusion) accagito an FR2
schedule of reinforcement for 24 daily 3-h sessidnsa second group

(N=15), similar acquisition conditions were imposelthough the dose
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of MDMA was reduced to 0.375mg/kg/infusion. Respgagdnaintained
by MDMA was comparable to responding maintainegijne in four
out of five rats leading to the conclusion that MBMas not as potent
reinforcer as other commonly abused substance$ égarza et al
2006). Low rates (2-7 responses) of responding@ wesduced when
animals were tested during the light phase of ttiezadian rhythms.
When session times were extended to 12-h and amiwek run in the
dark phase of their circadian rhythm, respondinghtagned by MDMA
increased to 8-12 infusions per session. ReductidZttDMA dose
(0.1875mg/kg/infusion) during one session produeeduction in
responding. Responding failed to return to prawels of responding
when the initial dose was again available. Sadunestitution reduced
responding further but responding was not reindtateen MDMA was
reintroduced. These authors also concluded that MDMs a weak
reinforcer. Unfortunately, only limited conditiomsere examined. Itis
equally possible that MDMA is a more effective femcer under
different parameters. Additionally, responding vaasraged across all
days of acquisition and a mean response /day rasepvesented. There is
generally a protracted period of acquisition of-selministration with
responding increasing gradually over days (Camg@bélhrroll 2000,
Deminiere et al 1989, Schenk & Partridge 2000)er&fore averaging
data over this period might obscure reliable redpapthat might appear
during later sessions. In addition, the use of ksaahples, single case
examples, and the absence of statistical analgsters this study

inconclusive.
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In order to further examine MDMA self-administratica
substitution paradigm will be used in this thesisi¢termine whether
MDMA maintains responding in cocaine-trained radgquisition of
self-administration in drug naive rats will alsodbeamined. The
selectivity of operant behaviours will also be asgel using a simple
choice and a yoked self-administration procedidese effect curves
will be assessed and the effects of vehicle suibistit will be measured.
The effects of increasing demand will also be eat@d by manipulating

schedules of reinforcement, and through the useRoR. schedule.

Pharmacology of drug abuse

A wealth of evidence has indicated that excitabbthe mesolimbic
dopaminergic tracts projecting from the ventraktagntal area (VTA) to
the ventral striatum (nucleus accumbens; Nuc Accamyydala and
frontal cortex is critical for the acute reinfargieffects of drugs of abuse
(Carelli 2004; Carr et al 1988; Di Chiara 1999;@hiara et al 2004;
Fibiger et al 1992; Koob & Hubner 1988; Koob & W&ek990; Pulvirenti
& Koob 1990; Ranaldi et al 1999; Robinson & Berad93; 2000;
Sahakyan & Kelley 2002; Salamone & Correa 2002;a/M1884; 1987,
1998; Wise & Bozarth 1982; 1985; Wise et al 1998w]f 2002). PET
scans have shown that reported positive subjeetiperiences are
correlated with occupancy of the dopamine reuptedtesporters (DAT)
in experienced cocaine users (Volkow et al 1999k&w et al 1997), and
long-term alterations in the D2-like receptor denai the striatum are
found in chronic drug users (Volkow et al 2001, kW et al 2002,

Volkow et al 1993).
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Despite having varied pharmacological effects-adHinistered
substances all produce direct and/or indirect &ffen dopaminergic
systems. Administration of some psychostimulargsited in direct
increases in synaptic dopamine. For example, daatamine binds
directly to the DAT, causing a reversal of functranand stimulating
release (Pierce & Peroutka 1988), while cocaineksiadhe DA
transporters (Canfield et al 1990, Porrino et 9 Ritz et al 1987, Ritz
et al 1988). In contrast, other drugs are indidegamine agonists,
acting on neural substrates which interact withmigsolimbic dopamine
system. For example, opiates produced stimulatidthe dopamine
system through activation of the mu- opioid receptbich inhibits
GABBAergic neurons thereby disinhibiting DA neurqi&sdelberg &
Erspamer 1975). Microdialysis studies have shdvah administration of
self-administered substances including cocaine hatapnine, nicotine,
opiates and PCP, preferentially stimulated dopanmaresmission in the
nucleus accumbens and VTA (Bassareo et al 1996hkaira & Imperato
1988, Imperato et al 1992, Imperato et al 1996,2¢uski et al 1997).

Several lines of evidence have implicated doparginer
mechanisms in drug self-administration. Firstlythbdirect and indirect
dopamine agonists are readily self-administeredu@glios Byrd 1991,
Nader & Mach 1996, Roberts et al 1999, Self & St€62, Weed &
Woolverton 1995, Woolverton et al 1984, Yokel & \&i£978). Pre-
treatment with dopaminergic agonists reduced sulesgqirug self-

administration, suggesting a leftward shift in tlusse response curve and
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an increased potency of the self-administered (Bugerdlow et al 1991,
Yokel & Wise 1978).

Secondly, selective neurotoxic lesions with 6-hygampamine
(6-OHDA) disrupted self-administration (lannoneakR006, Lyness et al
1979, Roberts & Koob 1982, Smith et al 1985). 6B2Hesions to the
nucleus accumbens produced a 90% reduction in dopaand
attenuated cocaine maintained responding for at [Eadays (Roberts et
al 1977). In addition, 6-OHDA lesions to the NuccAm abolished the
acquisition and maintenance of amphetamine selfwadtration (Lyness
et al 1979). 6-OHDA lesions of cell bodies in YhEA disrupted
responding maintained by heroin, cocaine and mag(Bozarth & Wise
1986, Roberts & Koob 1982). Lesions to the mepliafrontal cortex
(MPFC) had no effect on the maintenance of d-angshigle or cocaine
self-administration under simple FR schedules (ksec Lyness 1987,
Martin-lverson et al 1986, McGregor et al 1996 tieel& Schenk 1991),
but 6-OHDA lesions to the MPFC increased breakgamaintained by
low doses of cocaine and apomorphine under PR atdge(Foster et al
1989, Lin et al 1994, McGregor et al 1996). Thieséings may indicate
an increase in the sensitivity of the dopamineesystin the mPFC after
repeated exposure to drugs of abuse. 6-OHDArssMere selective
and had no effect on responding maintained by toawtlwater (Dworkin
et al 1988, Smith et al 1985), suggesting a se&kectle for the
mesocorticolimbic system projections in drug selfr@nistration.

Thirdly, pharmacological manipulations of dopamatgo modify

drug self-administration. Pre-treatment with tHzfBceptor antagonist,
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chlorapromazine, increased responding maintainezbbgine,
amphetamine, and methylphenidate in rhesus mor(kéyson &
Schuster 1972). The increase in responding seéenaaftagonism is
consistent with a rightward shift in the dose-res@ocurve.
Subsequently, self-administration of many substamuguding, opioids
(Corrigall & Vaccarino 1988, Shippenberg & EImet989, alcohol
(Pfeffer & Samson 1985), nicotine (Corrigall & Co#®91, Tanda et al
1999, Wilson et al 1992), THC (Tanda & Goldberg 200anda et al
1999), cocaine (Bergman et al 1990, Caine & Koodd4l@orrigall &
Coen 1991, Hubner & Moreton 1991, Koob et al 1¥8ahaldi & Wise
2001, Woolverton & Virus 1989), amphetamine (Ppdlet al 1994), and
diazepam (Pilotto et al 1984) were modified by pirgcological
manipulations of dopamine.

Pharmacological antagonism of D1-like receptorsipoed a
rightward shift in the dose effect curves for antgh@ne, morphine, and
cocaine self-administration (Anderson et al 2008 B. Pierce 2005;
Barrett et al 2004; Caine & Koob 1994a; CorrigalC&en 1991a; Di
Ciano et al 1995; Hubner & Moreton 1991; Koob €t@87; Maldonado
et al 1993; Pich & Epping-Jordan 1998; Pierre & Maz1998; Quinlan et
al 2004; Ranaldi & Wise 2001; Rodriguez De Fonssca 1995;
Swerdlow et al 1991; Weed et al 1998; Yui et al7)99 Antagonism of
the D2-like receptors produced similar effectsr &mample, pre-
treatment with chlorpromazine, a D2-like receptatagonist produced a
dose dependant increase in cocaine self-admingtr@/ilson &

Schuster 1972, Woods et al 1988). The productianrafhtward shift in
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the dose-effect after D2-like receptor antagoniss leen demonstrated
with amphetamine-, cocaine- and morphine- self-atstration (Caine &
Koob 1994, Corrigall & Coen 1991, David et al 20Bajle & Kosten
2001, Hubner & Moreton 1991, Swerdlow et al 199Fad/ et al 1998,
Yui et al 1997)). Pre-treatment with D1-like and-Iike receptor
antagonists reduced the breakpoints for cocainphatamine and opiate
self- administration under a progressive ratio dciee(Bari & Pierce
2005, Hubner & Moreton 1991, 1zzo et al 2001, Limkl993, Ranaldi &
Wise 2001, Ward et al 1996) consistent with a mgint shift in the dose
effect curve, and a decrease in the potency odetfeadministered
substances. These data provided further evidératelbpamine receptor
activation is required in order to maintain selfradistration.

Fourthly, microdialysis studies have been useddasure
synaptic overflow of neurotransmitters and majotabelites (Ranaldi et
al 1999, Wise et al 1995, Wise et al 1995). Cazdmeroin, and
amphetamine self-administration dose-dependentigased
extracellular levels of dopamine in the nucleusuadoens (Hemby et al
1997, Pettit & Justice 1989, Pettit & Justice 19Ranaldi et al 1999,
Wise et al 1995, Wise et al 1995). Within sessééwels of dopamine
were increased immediately after drug delivery, gratiually declined
until a subsequent operant response was perforshad €t al 1989,
Pettit & Justice 1989, Pettit & Justice 1991, Rdnat al 1999, Wise et al
1995, Wise et al 1995). Animals typically self-adistered several
infusions during the initial phases of self-admtirason (loading up

phase) during which time rapid increases in exthalee dopamine were
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reported (Ranaldi et al 1999, Wise et al 1995, Wisa 1995).
Following the initial loading up phase, phasic fluations in dopamine
levels were associated with drug infusions, proxgdurther evidence
that operant responding was tied to a decreadevated dopamine
levels (Ranaldi et al 1999, Wise et al 1995, Wisal 4995).

While a clear dopaminergic role has been implicatesklf-
administration, the function of other neurotransenisystems has also
been investigated. Of relevance to the currergisheerotonergic
mechanisms have been implicated. Lecesse & Lyd&&gl| reported
reductions in amphetamine self-administration gitertreatment with
the serotonergic antagonists, cyproheptadine andysergide, and
Porrino et al (1989) reported that cinanserin,Hil%- receptor antagonist,
reduced amphetamine maintained responding. Cosalfte
administration, however, remained unchanged afeetngatment with 5-
HT3 antagonists GR38032F, and MDL 72222, 5-HT2Aagahists,
ketanserin, and 5-HT1/2-antagonist, methysergidedkta & Roberts
1993, Peltier & Schenk 1991). Further complicaiimgrpretation, pre-
treatment with the 5-HT reuptake inhibitors, fluore and
dexfenfluramine also reduced responding maintainyeamphetamine
and heroin (Higgins et al 1994, Leccese & Lynes$]1®orrino et al
1989). ltis likely that these effects may varyadasinction of the
interaction between antagonist dose used and leVelstracellular 5-HT,
as some receptors require specific elevationskt prior to activation
(Bankson & Cunningham 2002). Furthermore, inteéoastbetween the

serotonin and dopamine system have been demomwkstiate example,
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activation of the 5-HT2c receptor is known to inhMuc Accum and

dorsal striatum dopamine release (Alex et al, 200G®jailles et al, 2006).
The role of dopamine in self-administration of mainygs of

abuse is supported by a wealth of data, but thenpdreology of MDMA

self-administration has not been established.

Pharmacology of MDMA

MDMA initially produces a rapid increase in extrlgkar 5-HT and
DA (Colado et al 1993; Gudelsky & Nash 1996; Guklgkst al 1994;
Johnson et al 1986; Koch & Galloway 1997; McKennB&outka 1990;
O'Loinsigh et al 2001; Sabol & Seiden 1998; Schratdil 1987; Schmidt
et al 1986; Stone et al 1987; White et al 1996; aanoto et al 1995).
MDMA acts directly on the serotonin transportehibiting 5-HT
transport across plasma walls leading to a reduati®-HT reuptake and
increases in extracellullar 5-HT (Cole & SumnalD30Gudelsky & Nash
1996, Mechan et al 2002, Rudnick & Wall 1992, Sdaltret al 1987).
MDMA also has direct affinities for the 5-HT redegs (Battaglia et al
1988, Koch & Galloway 1997, Schmidt & Taylor 1990)hese
mechanisms have been the focus of investigatiomferh research, and
significant evidence indicates that activation@fo$onin receptors are
involved in the anxiogenic- (McGregor et al 2003y et al 2005,
Sumnall et al 2004) and hyperactive- (Callawayl 4082, Callaway et al
1990, Fletcher et al 2002, Gold & Koob 1988, Gdldle1988, Kehne et
al 1996, McCreary et al 1999) effects of MDMA. Feoample, selective
5,7-DHT lesions and antagonism of the 5-HT1B, 5-AjTand 5-HT2B
receptors attenuated MDMA —induced hyperactivitgl(@vay et al
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1990, Kehne et al 1996, McCreary et al 1999). tRratment with 5-
HT2C receptor agonists, however, also attenuated/ii¥inhduced
hyperactivity (Fletcher et al 2002, Gold & Koob B838indicating
differential roles of the 5-HT receptor subtype®MBMA —induced
behaviours.

MDMA also produces pronounced effects on dopamin
neurochemistry via direct and indirect mechanisM&MA.- induced
inhibition of the dopamine transporter (DAT), inased DA synthesis,
and inhibition of MAO,produced an increase extritat dopamine
levels (Crespi et al 1997, Nash & Brodkin 1991, i#aasan & Gudelsky
1998, White et al 1994, Yamamoto & Spanos 1988PMA
administration produced a time- and dose- dependargase in
dopamine levels in the caudate nucleus and in theAtcum , as
measured by in vivo volumetry and HPLC methods (¥aroto &
Spanos 1988). MDMA increased dopamine levelsdose dependant
manner (0.32mg/kg-3.2mg/kg) preferentially in thecM\ccum shell
compared to the Nuc Accum core (Cadoni et al 200%hiara et al
1999). The enhancement of synaptic dopamine whkmgér duration
than the enhancement of synaptic 5-HT (Johnsohl&86, Mayerhofer
et al 2001, O'Shea et al 2005, Stone et al 1986tevéhal 1994) and a
delayed secondary increase in dopamine levelsimticleus accumbens
has also been reported (Koch & Galloway 1997, Wiitital 1994,
Yamamoto et al 1995). Several studies have imjgiic®A mechanisms
in the effects of MDMA. MDMA-induced excitation sfriatal neurons

was associated with increased hyperactivity, delafeer D1-like
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receptor antagonism, and attenuated by D2-likeptecantagonism (Ball
et al 2003). 6-OHDA lesions to the nucleus accumlad systemic pre-
treatment with D1-like and D2-like receptor antagtsattenuated the
locomotor activity effects of MDMA (Gold et al 1988ehne et al 1996).
Furthermore, the expression of MDMA-induced locoon@ensitisation
was inhibited by pre-treatment with the D1-likeaganist, SCH23390
(Ramos et al 2004). These data suggest that tiee/loeiral effects of
MDMA are at least partially mediated by dopaminenmgiechanisms.
Evidence for the modulation of DA release by MDM#duced
elevations in 5-HT has been reported. Pre-tredtmih the selective
serotonin reuptake inhibitor (SSRI) fluoxetine paly attenuated
MDMA-induced elevations of striatal dopamine (KatlGalloway
1997). The reductions in dopamine after SSRI pratinent are likely to
be due to competitive antagonism of the SERT, reduelDMA-
induced serotonin. Initial studies demonstraked direct 5-HT2-
receptor agonism with DOI, and 5-MeODMT, potentiaid¢DMA-
induced DA release (Gudelsky et al 1994). Actmatf different 5-HT?2
receptors can have differential effects on dopamefesase. Activation of
5-HT2A and 5-HT1B receptors increased dopaminased€lLucas &
Spampinato 2000, Yan 2000), and antagonism of tlezsgptors reduced
MDMA-produced dopamine increases (Lucas & Spampi2800,
Schmidt et al 1994). In contrast, antagonism ef3HHT2C receptors in
the VTA, resulted in reductions in VTA GABBA, which turn
disinhibited Nuc Accum DA release (Bankson & Yama&oi2004). Both

the 5-HT2A and 5-HT2C receptors have a relatively affinity for
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serotonin, therefore low doses of MDMA are unlikiyactivate these
receptors. These modulatory mechanisms may exgih@inges in the
locomotor activating effects of MDMA after serotogie pre-treatment.
Further evidence for this hypothesis has been ddairom
electrophysiology studies, as antagonism of thel2Adreceptor
attenuated both MDMA-induced locomotor activity astdatal
excitation; in contrast, antagonism of the 5-HT2Ceptor had no effect
on locomotor activity or striatal excitation (B&lIRebec 2005).

The mechanisms underlying MDMA reinforcement intbbtimans
and animals are poorly characterised and it iseclly unclear whether
dopamine is a critical neurotransmitter underlyiing reinforcing effects
of MDMA. Two studies have reported that the eughproducing
effects of MDMA may be due to dopaminergic mechausis In one, pre-
treatment with the dopamine antagonist, haloperi@aluced the
subjective ratings of positive mood and ‘mania’quoed by MDMA
(Liechti & Vollenweider 2000). In another, MDMAsars reported
preferences for MDMA or d-amphetamine when compéodtie
serotonergic agonist MCPP, as measured by a naittgst-benefit
choice preference procedure (Tancer & Johanson)200%se data
indicate that in humans, MDMA was more reinforcthgn a direct
serotonergic agonist, and at least as reinforcsng @pamine agonist.

Animal studies attempting to characterise the plaaotogy of
MDMA reinforcement and reward have focused on ser@tgic
mechanisms. In one study pre-treatment with digges of the 5-HT1A

agonist, 8-OH-DPAT attenuated MDMA self-adminiswatin rats (De
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La Garza et al, 2006). In another study, the selective 5-HT2A/C
receptor antagonist, Ketanserin and 5-HT2A recemtteigonist, MDL
100907, produced differential effects on respondnaintained by
racemic MDMA, S(+) MDMA and R(-) MDMA (Fantegrosst al,
2006). Ketanserin produced a general reductioasponding for all
three forms of MDMA. While MDL 100907 failed toggiificantly alter
responding maintained by racemic MDMA. A rightwaldft in the
ascending limb of the S (+) MDMA dose effect curaegd attenuation of
responding maintained by R (-) MDMA was found. $&déindings
might be related to differential effects of thefelient isomers on DA
neurotransmitters. S (+) - and R (-) - MDMA dittetially activated DA
and 5-HT systems, with the former producing greBi&reffects and the
later producing greater 5-HT effects (Baker et349, Battaglia &
Napier 1998). The changes in self-administratienaviour seen after 5-
HT antagonism indicates that 5-HT mechanism arelwad in MDMA
self-administration. Given the wealth of data irogling dopamine in
self-administration, the alterations in MDMA setirainistration seen
after 5-HT receptor antagonism may also be dubd®érotonergic
effects on DA release (Fantegrossi et al, 2006).

In order to evaluate the role of dopamine in MDM#Hfs
administration, the second major experiment coretufidr this thesis will
determine the effects of the D1-like and D2-likegjgtor antagonists on
MDMA self-administration. The D1-like receptor agbnist,

SCH23390, and the D2-like receptor antagonistlogticde, will be used
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in both self-administration and locomotion studesletermine if the

effects of MDMA are sensitive to dopaminergic margbions.

Transition from use to abuse and dependence

Pathological drug use has been defined as thdapegment of
compulsive drug taking, and an inability to ceaseggcdconsumption
(Koob 2006, Robinson & Berridge 2000). There quectfic features that
characterise compulsive drug-taking and differeattaug abuse and
dependence from drug use. Compulsive drug-takiegsesubjective
states not produced by controlled drug taking xpeeienced drug users
did not report a state of ‘craving’, whereas exgreced cocaine users
reported, and differentiated the state of ‘craviingm the state of being
‘high’(Childress et al 1988, Childress et al 19B6rman et al 1990,
Haney et al 1999, O'Brien et al 1992, O'Brien €it%82, Robinson &
Berridge 1993). Experienced drug users reportatiekposure to drug
associated cues, and threshold doses of a subs#dieted states of
craving and motivation to consume a substance éCé&rTiffany 1999;
Childress et al 1988, Childress et al 1986, Chdslret al 1986, Ehrman et
al 1991, Panlilio et al 2005). Experienced drugraslso reported a
reduction in the subjective effects of higher dosfes substance (Ward et
al, 1997). In addition, compulsive drug takingueeld the motivation
towards, and salience of alternative goals or dtif@uddy 2004,

London et al 2000), thereby narrowing the behawbrepertoire
exhibited in experienced drug users. These fesinfreompulsive drug-
taking have lead to speculation that alteratiorthénprocessing of drug-
associated stimuli may increase the incentive-ratitwmal properties of
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stimuli associated with a substance, thereby cgusmving’ or
‘wanting’, leading to compulsive drug use (Lesh&dfoob 1999,
Robinson & Berridge 1993; 2000; 2001; 2003).

Evidence for alterations in the processing of dstiigruli has been
derived from the widely reported persistence in @aetivity to drug
related stimuli in current and former drug abuséfsr example, the
presentation of exteroceptive drug associated $tpnoduced increased
motivation for drug consumption in humans (Cartefigany 1999,
Childress et al 1986, Ehrman et al 1992, Ehrmaah £#990, See 2002).
Users of crack cocaine distinguished cues expetetigmpaired with
cocaine consumption, based on their physiologicdl@sychological
response to these stimuli (Childress et al 1998in~& Haney 2000).
The ability of drug-associated stimuli to elicistate of craving has been
demonstrated in cocaine (Childress et al 1993, Bhret al 1991,
Ehrman et al 1992, Harris et al 2004, Risingel €085), heroin-
(Childress et al 1986, Franken et al 2004), nieat{iHutchison et al
2004) and alcohol- (Drummond et al 1990) abstidisers. In
populations of intravenous drug users, conditiomsngp profound that
the phenomenon of ‘needle freaking’ is reportedemghy drug users will
maintain drug-taking behaviours in the absencedrg, injecting a
vehicle solution (Pert 1994, Pert et al 1990).

In laboratory animals, the ability for situatiortales to elicit a
response similar to a drug-induced response ap&ated pairings with a
given substance, has been noted since 1927, wioencaphine

associated cues elicited a physiological respanigei absence of
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apomorphine (Pavlov, 1927; cited in(Pert et al 399Che potential
involvement of Pavlovian conditioning as an undedymechanism in
drug addiction was subsequently ignored until tBéQls, when
conditioned locomotor responses were established aéatment with
methamphetamine (Irwin & Armstrong, 1961). The depment of
conditioned responses has since been found follprapeated
administration of amphetamine (Gold et al 1988kéns & Crowder
1967, Tilson & Rech 1973), methamphetamine (IrwiA&nstrong,
1961), cocaine (Barr et al 1983, Hinson & Poulo811¥Kalivas et al
1998, Post et al 1976) and morphine (Hinson & Si#§83, Kamat et al
1974). These conditioned response include loconamtivation,
rotational behaviour, cataleptic effects, and aanak behaviours
(Blakenship et al, 2000; Cassas et al, 1988; C&ré@amanin, 1996;
Chinen & Frussa-Filo, 1999; Pert et al 1990). Easdings suggest that
alteration in the processing of drug associatedwdtioccurred after
repeated exposure to commonly abused substances.

Conditioned place preference (CPP) studies hawvedasionstrated
that the repeated pairing of neutral stimuli withglstimuli will produce
a conditioned response when the neutral stimuluseals presented. In
CPP paradigms, an animal is typically pre-treatét evdrug in a distinct
environment, and subsequent preference, as medsymther increased
time or locomotor activity, for the drug treated’/@anment and an
alternative environment is measured (Tzschentkd 2002, Tzschentke
et al 2006). CPP studies have demonstrated thaated exposure to

cocaine (Brown & Fibiger 1993, Calcagnetti et 8®39de Wit & Stewart
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1983, Hemby et al 1994, Kosten & Nestler 1994, I1Pkil& Fibiger 1990,
Ziedonis & Kosten 1991), morphine (de Wit & Stewh983, Duarte et al
2003, Vezina & Stewart 1987, Vezina & Stewart 198/4ng et al 2003),
amphetamine (Campbell & Spear 1999, Pucilowskl &085, Schildein
et al 1998, Swerdlow & Koob 1984, Tran-Nguyen €1388), ethanol
(Itzhak & Martin 2000, Rochester & Kirchner 199%)danicotine (Dewey
et al 1999, Le Foll & Goldberg 2005, Le Foll eR&l05, Spina et al
2006), produced a preference for the drug assacateironment. In
addition, many DA agonists have also facilitatedPCiacluding
apomorphine (Parker 1992), quinpirole (Hoffmanleita88),
bromocriptine (Hoffman et al 1988), 7-OH-DPAT (KdiPetersen et al
1995), while DA receptor antagonists attenuatecic@e (Calcagnetti et
al 1995), amphetamine- (Bardo et al 1999), methatgphine- (Suzuki
& Misawa 1995), and morphine- (Suzuki & Misawa 1ppEoduced
CPP, thus, conditioned reinforcing effects appealdpaminergically
mediated.

Several different lines of evidence from self-adistration studies
have indicated that stimuli associated with drugnigabehaviours are
important components in the maintenance of drufgeskhinistration.
Discriminative stimuli have been used in many selfrinistration studies
to facilitate and maintain drug taking of commoalused substances
such as cocaine (Balster et al 1992, Balster & Stemid 973, Goldberg &
Gardner 1981, Weiss et al 2003), amphetamine (Fa8mith 1976, Di
Ciano et al 2001), and morphine (Davis & Smith )97eor example,

repeated selective presentation of stimuli priczdoaine availability
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subsequently maintained responding in the absdnaacaine (Panlilio et
al 1996, Weiss et al 2001, Weiss et al 2003). feunhore, presentation
of drug-associated stimuli produced a rapid dopangic response
immediately prior to responding in the absenceetftadministered
substances (Carelli & ljames 2000, Phillips etG03?. The
discriminative ability of drug-associated stimuliibdicate the onset or
availability of self-administration is hypothesisedresult in drug- taking
behaviours being controlled by these associatatlét{Beninger et al
1989, Foltin & Haney 2000). More complex discrintina stimuli
studies have further demonstrated that stimuli@atsd with drug
reinforcement can maintain responding. For exapngame studies use
multiple stimuli, typically a light and tone, toditate the availability of
drug reinforcement (Panlilio et al 1996, Panliltcak2000). The additive
summation of discrete discriminative stimuli hasitioélemonstrated to
reliably increase responding maintained by cocamheroin at a
greater magnitude than drug stimuli alone, or grabcriminative
stimuli (Panlilio et al 1996, Panlilio et al 2000).

Stimuli previously associated with drug self-adistiration also
reinstated extinguished self-administration (Crogh@aShaham 2002;
De Vries et al 2001; Deroche-Gamonet et al 2003 i@no et al 2003;
Fuchs et al 2004; Grimm et al 2002; McFarland &ehltterg 1997; See
2002; Tran-Nguyen et al 1998; Weiss et al 2001)is cue induced
reinstatement persisted after both short and latigation periods
(Arroyo et al 1998, Meil & See 1996). The ability drug associated

stimuli to produce responding after self-administra behaviour has
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been extinguished further supports the hypothésitsdrug associated
stimuli acquired some properties of the reinforsagstance, and that
presentation lead to drug seeking.

Second-order schedules have also been used tatyéhe influence
of drug -associated stimuli on responding. Seamnugr schedules are
defined as a behavioural sequence that is crégtedhedule, as a single
unit, in turn reinforced by another schedule offa@icement (Kelleher
1966). Animals respond for the presentation ofdttioned reinforcer
commonly on a fixed ratio or fixed interval scheduThe presentation
of the conditioned stimuli then initiates a secentedule controlling
delivery of the unconditioned stimulus (Goldbergs&ardner 1981,
Goldberg et al 1975, Kelleher 1966). Goldberg @)9ublished the first
study to systematically look at drug self-admir@stn under second-
order schedules. Using squirrel monkeys, animalewnaintained on a
FR30 or FR10 schedule of cocaine, or d-amphetadeheery, or food
delivery. The implementation of a second scheduoleerning delivery of
the conditioned stimulus, produced elevated legttesponding prior to
first delivery of the unconditioned reinforcer, atloughout self-
administration sessions (Goldberg 1973, Goldbef@asdner 1981).
Second-order schedules have been shown to mahtdimrates of
responding, due to the intermittent presentatiocooiditioned stimuli,
indicating that after significant experience thesaditioned stimuli may
have become conditioned reinforcers capable of taaing responding
(Everitt & Robbins 2000, Kelleher 1966). Accordinghe removal of

the conditioned stimulus resulted in a reductioresponding (Arroyo et
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al 1998, Everitt & Robbins 2000, Goldberg et al 198elleher 1966).
The use of second-order schedules was further detnawed with other
types of drugs of abuse, including morphine (Goidl& Tang 1977),
heroin (Alderson et al 2000), THC (Beardsley €1386) and nicotine
(Dougherty et al 1981). The development of secomigr schedules not
only provided further evidence that alterationshi@ processing of drug-
associated stimuli occurred, but also that drug@ased stimuli acquired
reinforcing properties (Everritt & Robins, 2000).

Several self-administration studies have evalutteckffects of drug-
associated stimuli on the maintenance on drugashtiinistration.
Nicotine self-administration was reported to becepsible to
manipulation of a discriminative stimulus and sitaokous conditioned
stimulus, with reductions in responding noted whgher stimulus was
omitted (Caggiula et al 2002). The effects of adbaded stimuli on the
maintenance of cocaine self-administration have lassessed in two
studies. The removal of a contingent stimulustlrgiaduced low dose
cocaine self-administration (Schenk & Partridge D0§et in another
study, removal of the stimulus light had no effectresponding
maintained by higher cocaine doses (Deroche-Ganetrat2002).
These discrepancies may be due to differencescaim® acquisition
doses and duration of stimuli presentation. Dezge€amonet et al
(2003) used a 2” light presentation with the dask.@mg/kg/infusion
during acquisition, whereas Schenk & Partridge 8@esented the
light stimuli for 12” with the dose of 0.5mg/kg/udion used during

acquisition. The prolonged light exposure may hagellted in the drug-
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associated stimuli having more salience. Whileodke- Gamonet
(2002) reported no influence of the light stimutusthe maintenance of
cocaine self-administration, a decreased acquisisitency was noted
when cocaine was paired with the light stimuludjaating that the
presentation of a previously neutral stimulus manmwte the acquisition
of drug self-administration.

Conditioned behaviours produced by drugs of abutse@nmon to
all abused drugs; however few studies have asséssennditioning
properties of MDMA. One study thus far has asskfse role of a
MDMA — associated stimulus in the production obaditioned
locomotor response. Animals were pre-treated MIEVA or saline in a
novel environment with a distinct olfactory stimsilior five consecutive
days (Gold & Koob 1989). On the sixth day aninralseived injections
of saline and locomotor activity was recorded. -fPeatment with
MDMA produced elevated levels of locomotion whemgared to saline
pre-treatment (Gold & Koob 1989). CPP after MDMdnanistration
has been demonstrated after extended withdrawadse(Bilsky et al
1991, Bilsky et al 1990, Horan et al 2000, Maroreavicka et al 1996,
Meyer et al 2002).

No self-administration studies have assessedthef continued
presentation of a drug-associated stimulus onagktiinistration
maintained by MDMA. However, all published studpsporting
reliable MDMA self-administration have used a disgnative or co-
incidental light stimulus indicating that the pretion of a conditioned

stimulus may function in the acquisition and/or nt@nance of MDMA
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self-administration (Lamb& Griffiths et al, Fantegsi et al 2004;
Beardsley et al, Lile et al, 2005, Trigio et al 8001t is hypothesised that
like other psychostimulants, MDMA will elicit asgative learning, with
conditioned stimuli acquiring reinforcing propegieTo determine
whether the continued presentation of an MDMA-asded stimulus has
an effect on responding maintained by MDMA, aninvail$ be trained to
self-administer MDMA, and the effect of manipulatiof the light
stimulus, drug stimulus and light and drug stinauriresponding will be

determined.

Relapse

One final characteristic of drug dependence isrhbility of
drug users to remain abstinent (Chang & Haning 20M#hdelson &
Mello 1996, O'Brien et al 1992, Shalev et al 200Resumption of drug
taking behaviours after a period of abstinencefisrred to as relapse.
Rates of relapse amongst samples of abstinentatrugers are as high as
80%, and relapse can occur after prolonged pedbdbstinence
(Childress et al 1988, Hyman & Malenka 2001, Mesdel& Mello
1996). Relapse has lead to the suggestion thgtattdiction results in
chronic neuropathology and neuronal adaptation 1iGt&aHaning 2006,
Childress et al 1988, Di Chiara 1998, Koob 2006)iRson & Berridge
1993).

Research with abstinent drug abusers has idehtlilee main
precipitators of relapse. Exposure to drug , strasd drug-associated
stimuli, have all been suggested to elicit druyicrgand subsequently
the resumption of drug taking behaviours (Childretsal 1986b;
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Ciccocioppo et al 2001; Drummond et al 2000; Figteaal 1998; Haney
et al 1997; Hertling et al 2001; Ingersoll et a%9Llorente del Pozo et
al 1998; Mann et al 1984; Milkman et al 1983; Mil&t al 1997; O'Brien
et al 1998; O'Brien et al 1991; Shaham et al 2@@&alman et al 1999;
Stewart 2000; Washton 1988; Weiss et al 2001a; $\&tial 2001b).
Exposure to drug-associated paraphernalia andedieged strong
subjective states of craving in cocaine and hesibimsers (Carter &
Tiffany 1999, Childress et al 1993, See 2002). dsxype to ‘stressful’
images also increased craving, and physiologicalsal in abstinent
cocaine users (Sinha 2001), while exposure to losesd of a previously
abused substance produced craving and increasgdadting behaviours
in cocaine abusers (Risinger et al 2005). Drugeatsudistinguish
between these types of stimuli, however, it is higpsised that all three
produce a common introceptive state that leadsug thking behaviours
(Carter & Tiffany 1999, Robinson & Berridge 1993ii1son &
Berridge 2000, Robinson & Berridge 2001, RobinsoB&ridge 2003,
Sinha 2001). The development of a relapse madahimals, has
allowed researchers to explore possible mechaniswsrlying relapse.

Initially developed by Stretch (1971) on studistng non-human
primates, and subsequently by de Wit & Stewart {1 @8 studies using
lab rats, the reinstatement paradigm has beensxédy utilised to
explore mechanisms associated with relapse of psyichulant abuse,
and to a lesser extent alcohol, nicotine and haaburse (Ciccocioppo et
al 2001; Crombag & Shaham 2002; Epstein et al 286t al 1996;

Katz & Higgins 2003; Shaham et al 2000; Shaham §&12005;
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Shaham et al 1994; Shaham et al 2003; ShahamY160at Shalev et al
2002; Shalev et al 2000; Weiss et al 2001a). réhestatement paradigm
has typically been composed of three phases. Isgpbiae, animals learn
to reliably self-administer a given substancephiase two, the drug is
substituted for a vehicle solution until respondiogthe drug stimulus is
attenuated. In phase three, animals are exposedtimulus and
reinstatement of responding is measured. The carahtpbetween
stimuli associated with relapse in humans and taiesent in animals
has lent considerable support to the validity efrinstatement paradigm
(Katz & Higgins 2003; Bossert et al 2005, Cicco@opet al 2002, Di
Ciano & Everitt 2002, Grimm et al 2002, Liu & Wei3802, See et al
2003, Shaham et al 2003, Shalev et al 2002), atltetbypothesis that
common neuronal mechanisms may mediate responsémitdi that
produce reinstatement (Kalivas & McFarland 2003).

Robust drug primed reinstatement of extinguishdfdaskninistration
of a number of drugs including cocaine; heroinphtid and nicotine has
been reported (Shalev et al 2002). Drug-primeastaiement increased
in magnitude with the dose of drug (de Wit & Stetni881, Shalev et al
2002). Higher doses of a drug prime also prod@tedated levels of
responding maintained for a longer duration (de &/&tewart 1981). It
may be argued that administration of a drug stisyybarticularly
psychostimulants produces a general increase iarmaotivation
resulting in increased responding. Analysis oivacand inactive lever

responses, however, has indicated that responslisgjective to the lever

-41 -



MDMA Self-administration -42 -

previously associated with drug self-administraiiShalev et al 2002,
Stewart 2000).

Reinstatement produced by drug primes has beebuaéd to
dopaminergic mechanisms. Priming injections of &yonists, including
amphetamine, 7-OH-DPAT, GBR 12909 and methylpheaifldhroyan
et al 2000, Schenk & Partridge 1999, Self et al6l®haham et al 2003)
reinstated previously extinguished responding.ivation of the D2-like
receptor has been implicated in reinstatement. O2yke selective
agonists, quinpirole and bromocriptine, reinstagsponding previously
maintained by cocaine and heroin (De Vries et 820Vise et al 1990).
Furthermore, pre-treatment with the D2-like recepttagonists,
sulpride, haloperidol and raclopride attenuatedstatement produced by
drug primes (Anderson & Pierce 2005, Ettenberd #9686, Shaham &
Stewart 1996). Pre-treatment with D1-like recejgitatagonist,
SCH23390 attenuated cocaine induced reinstater@eadcioppo et al
2001, Norman et al 1999), but reports of the effettD1-like receptor
agonists have been mixed. The D1-like agonist, 8K¥97 reinstated
responding previously maintained by cocaine (Kasit& Vezina 2005),
but another D1-like agonist, SKF 82958 did not s&te extinguished
drug-taking behaviour (De Vries et al 1999, Selhlet996).
Furthermore, pre-treatment with D1-like agonistattated cocaine
primed reinstatement (Khroyan et al 2000, Seli 4086). Thus,
activation of the D2-like receptors potentiated anduced drug-primed

reinstatement, while activation of the D1-like netm appeared to inhibit
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reinstatement (Kalivas & McFarland 2003, Khroyaale2000, Self et al

1996, Shaham et al 2003).

Relapse after MDMA exposure?

The current status of knowledge regarding MDMA pskaor
reinstatement is limited. One longitudinal humaurdg has assessed
long-term MDMA use and relapse (von Sydow et alZ00A small
proportion of people (0.6% of total sample N=302&jported difficulty
abstaining from MDMA consumption; dependence atajpse indicators
in this sample were stable over time (von Sydoal 2002), suggesting
that MDMA may have a relapse potential in a smedpprtion of people.
Unfortunately, clinical and retrospective studiesé repeatedly omitted
the systematic assessment of MDMA relapse and iassd@arameters.

Preclinical studies have also failed to evaluaterttapse
potential of MDMA. No studies have yet evaluateBDMA primed
reinstatement after extinction of MDMA self-admitnggion. This
paucity of knowledge is partially attributable keetlimited number of
laboratories studying MDMA self-administration. Ostedy assessing
the effects of MDMA administration on the reinstaent of prior
amphetamine self-administration reported that MDMMAstated
responding previously maintained by amphetamiranimals that had
been pre-treated with MDMA, but not in animals \eitl prior MDMA
experience (Morley et al 2004), suggesting that MD&4&n induce
reinstatement after prior MDMA exposure.

Determination of the relapse potential of MDMA s isnportant
and novel contribution to the MDMA literature. gessments of MDMA
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primed reinstatement can be used to further claniéyabuse potential of
MDMA and to further understand mechanisms goverMiigMA use. A
determination of whether responding previously reaned by MDMA,
can be reinstated with DA agonists can providermtdion regarding the
neural mechanisms underlying repeated MDMA usethEumore, the
demonstration of DA primed reinstatement would lsaodport to the
hypothesis of a common neurobiological mechanisdetying
reinstatement, and relapse. A simple evaluatiomr@ther MDMA can
prime responding after extinction of self-admirasitvn behaviours will

be assessed using a reinstatement paradigm.

Aims

In summary, the aim of this thesis is to deterniiddDMA is a
reinforcer of responding, and to explore some eftiasic parameters of
MDMA self-administration. Four fundamental featsicf self-
administration will be assessed. Firstly, theatglity of MDMA self-
administration will be determined using a varietygelf-administration
techniques. Secondly, the role of DA in the mamaince of MDMA
self-administration will be evaluated. Thirdlyetdevelopment of
conditioned responding after MDMA self-administoatiwill be
evaluated. Finally, the ability for MDMA adminiation to elicit
reinstatement of responding previously maintaimetMBMA will be

assessed.
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Chapter 2 - Method

Subjects

Subjects were male, Sprague Dawley rats bred initlagium at
Victoria University of Wellington. Rats were housechanging
polycarbonate cages in groups of 4-6 until theghed weights of 200-
250gm (locomotion experiments) or 300-325 gm (adiainistration
experiments). Thereafter, they were separated ansdl in isolation.
The animal colony was temperature- (21 ° C) anditiiyn (74%)
controlled, and food and water were available biduin except during
testing. The colony was maintained on a 12:124mt/dark cycle with
lights on at 0700. All procedures were in accorthidLAW regulations
(USA) and were approved by the Animal Ethics Corntemibf Victoria

University of Wellington.

Surgery for self-administration studies:

Rats in the self-administration experiments werplamted with
an indwelling silastic catheter in the right jugwain. Animals received
atropine (1.0mg/kg; IP) 30 minutes prior to anesiheTl he rats were
deeply anesthetized with ketamine (60.0 mg/kgKitburn Vet Centre,
Wellington, New Zealand) and sodium pentobarb2al@ mg/kg, IP;
Kelburn Vet Centre, Wellington, New Zealand). Théeenal jugular vein
was isolated, the catheter was inserted and tie éisd (22 ga stainless
steel tubing) was passed subcutaneously to an eagumstion of the

skull where it was fixed to embedded jeweler'swsreith dental acrylic.
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Each day, the catheters were infused with 0.1 ral sterile saline
solution containing heparin (30.0 U/ml; Kelburn \@&ntre, Wellington,
New Zealand), Penicillin G sodium (250,000 U/ml si@in Vet Centre,
Wellington, New Zealand) and streptokinase (800&eiburn Vet
Centre, Wellington) to prevent infection and thenfation of clots. The
rats were allowed five days post-surgery for recpypeior to behavioral

testing.

Apparatus

Self-administration

Self-administration training and testing occurnedest chambers
(Med Associates, ENV 001; Vermont, USA) enclosedadannd
attenuating closets. The testing room containieg3 test chambers was
humidity- (74%) and temperature- (21 ° C) contrllEach chamber was
equipped with 2 levers and a stimulus light. Degias of one lever (the
active lever) resulted in an infusion of drug. Degsion of the other lever
(the inactive lever) was without programmed consege. Infusions
were in a volume of 0.1 ml delivered over 12.0@adRazel pumps
equipped with 1.0 rpm motors and 20.0 ml syringasncident with each
infusion was the illumination of a stimulus liglichted above the active

lever.

LocomotionEight Open field chambers (Med Associates
Vermont, USA) equipped with banks of 16 photocetiseach wall were
used to measure horizontal locomotion. The opsld hoxes were
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interfaced with a computer and data were obtairsgaguMed Associates
software. Each activity chamber was enclosed imuad attenuating box
(Med associates; Vermont USA). As the animal mayedind the
chamber, broken light beams were counted.

All testing was conducted during the light cyclévibsen 1000 and
1600 hours. A red house light was illuminated giesting and white

noise was also continually present to mask extrasmégaturbances.

General Sdf-administration Procedures

Unless otherwise stated, each session began wiRkparimenter-
administered infusion of MDMA or cocaine. Thereafinfusions were
delivered according to an FR-1 schedule of reirdorent by depression
of the active lever. Depressions on the inactavet were recorded but
had no programmed consequen8elf-administration was considered
acquired when during a session (1) at least 7 a&tiver responses were
produced, and (2) the ratio of active: inactiveeleresponses was at least
2:1. When these criteria were met for at leasidlnonsecutive days with
less than 20% variation in active lever responsessa days, the drug
dose was halved. Training continued until thers igas than 20%
variability in the number of responses producedssthree consecutive

testing days.

Drugs

For self-administration studies, racemic MDMA HGESR Ltd,

Porirua, New Zealand) and cocaine HCL (Merek Phaeuticals.
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Palmerston North, New Zealand) were dissolvedenist3u /heparinzed
saline (0.9%NacCl). For locomotor activity studiesssemic MDMA was
dissolved in saline (0.9% NaCl). MDMA purity wasaewined by gas
chromatography/mass spectrometry and NMR, and sss@s greater
than 98%. Intravenous infusions were delivered wolame of 0.1 ml and

intraperitoneal injections were delivered in a voiof 1.0 ml/kg.

SCH 23390 (NIDA, USA), eticlopride (SIGMA; Austra)i, SKF
81297 (Tocris, Natick, Massachusetts) were dissbind.9% saline.
Subcutaneous (SC) or Intraperitoneal (IP) injectiere in a volume of

1 ml/kg. All drug doses refer to the salt.
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Chapter 3- Experiment 1

Acquisition and maintenance of MDMA self-adminisitva

The aim of the first experiment was to determfimfdDMA can
function as a behavioural reinforcer . A substitu procedure was
used, as other published studies have reported MB&Aadministration
under this procedure (Beardsley et al 1986, Faossget al 2002,
Fantegrossi 2002, Lamb & Griffiths 1987, Ratzenlxaetcal 2001).
Factors involved in the maintenance and acquisiidd DMA self-
administration were will also determined.
Method

Procedures

Acquisition of MDMA self-administration in eitherdg naive
rats (n=11), or animals that had received cocagifeasiministration
training (0.5 mg/kg/infusion; 5-12 daily 2-h teské;:5) was assessed.
Drug naive rats received 26 daily tests. MDMA (th@/kg/infusion) was
available for self-administration during daily 2#n=5) or 6-h (n=6)
sessions for 11 days. Most responses were recordid initial hour of
testing and there was no difference in responding fanction of test
duration. Therefore data obtained from the 1iahgelf-administration
days for both groups were combined. Animals tlaak teceived 6-h
sessions were run for a further 8 daily 6-h sessiwith the dose of
0.5mg/kg/infusion MDMA available. The test sessias then reduced

to 2-h duration and saline was substituted for MDMAing the next two
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test days. This was followed by 5 days of 2-hstesiring which the dose
of 0.5mg/kg/infusion was again available. Rats)first trained with
cocaine self-administration (0.5mg/kg/infusion; FR112 days) received

subsequent 6-h tests of MDMA self-administratio®(dg/kg/infusion).

Eight rats received additional tests to furthemeixee the dose
dependant nature of responding maintained by MDMAr these tests,
different doses of MDMA (0.25-2.0mg/kg/infusion) regeavailable
during daily 2-h sessions. The starting dose foMA self-
administration was 2.0mg/kg/infusion and the doas veduced by half
every two successive sessions. Data from the detayof each dose
were used for analyses. A final additional tesasueed responding
maintained by MDMA (1.0mg/kg/infusion) during a B4est (n=5). For
these tests, the test chambers were equipped wigtea bottle and food

tray.

To further determine whether MDMA reliably reinfet operant
responding, animals (n=12, 3/per triad) were yoked operant response
rates were assessed for rats that received contif@MA, non-
contingent MDMA, or vehicle. In each triad, onemaal responded
contingently for MDMA (1.0mg/kg/infusion), the seambanimal received
a non-contingent infusion of MDMA based on the hebar of the
contingent rat, while the third animal received fwomtingent saline
based on the behaviour of the contingent rat.aAimals were run for 20

days in daily 2-h sessions. No prior training badurred for any
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animals, and all subjects were drug naive pridretginning the
experiment. Due to technical difficulties one aainm the non-
contingent MDMA group had to be removed from thedgt therefore
final group numbers were; contingent MDMA (n=4) npcontingent

MDMA (n=3), non-contingent saline (n=4).

In order to establish whether MDMA self-adminisitvatwas
sensitive to schedule manipulation (see Table @ypap of drug naive
animals (n=12) was trained to self-administer 1.(kgdnfusion MDMA
during daily 6-hr sessions under an FR1 schedlile dose was then
reduced to 0.5 mg/kg/infusion. Once the numbeesponses showed
less than 20% variability over three consecutiwsdthe schedule was
then increased to FR2 and finally FR5. MDMA wastheplaced with
vehicle solution and the light stimulus was remodadng the next two
self-administration sessions. Thereafter, respandias reinforced with
MDMA (0.5mg/kg/infusion) and the light stimulus,aeding to an FR-5

schedule of reinforcement.

MDMA dose 1.0 0.5 0.5 0.5 saline 0.5
(mg/kg/infusion)
FR schedule FRI1 FR1 FR2 FRS5 FR1 FRS

Table 1: Procedure for schedule manipulation

A final of group of animals (n=6) was trained tdfseminister
MDMA as above. Following training the schedule @en changed to a

progressive ratio schedule. Under this schedldefirst response
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produced an infusion of MDMA (0.5 mg/kg/infusiotgreafter the FR
requirements increased by FR8 for each successivircer. The
session concluded after one hour had elapsed @iadast ratio
completion. The “break point” was defined as & fatio completed.
The total number of infusions was also recordele ifitial dose
available was 0.5mg/kg/infusion MDMA, and then tase was changed
to 0.25mg/kg/infusion or 1.0mg/kg/infusion. Ratsre/tested with at
least two doses of MDMA and two animals receivedeidoses. Final
group number for each dose were 0.5mg/kg/infusie®),
0.25mg/kg/infusion (n=4), 1.0mg/kg/infusion (n=4)

Data Analysis:

Data from self-administration experiments were satgd to a
two-way between measure ANOVA (days X pre-exposorelition).
Dose dependant responding was analysed using axmsyorepeated
measure ANOVA (dose X lever). To compare conting@dMA, non-
contingent MDMA and saline response rates in yakadchals, a 2-way
repeated measures ANOVA (Day x Group) was perforrBetiedule
dependent responding were analyzed using repeaadures ANOVA
to compare the number of responses produced d\thiee” lever for
each day. For the progressive ratio experimenegkipoints, as defined
by the highest number of response recorded fanglesinfusion of
MDMA were measured averaged over three days fdr dase that a
subject self-administered.

All post-hoc analyses were performed using paigadgdes t-tests

(within-subject design), tukey’s (between subjezgigns) or simple
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contrasts (repeated measures). Results were desgméiitant at a level

of p<0.05.

Results

Figure 1 shows responding maintained by MDMA fas ithat
were initially drug naive. Responding on the inactever remained low
throughout the 26 days of testing. During the frslays of testing when
1.0mg/kg/infusion MDMA was available, respondinglmoth the inactive
and active lever remained low. Between days 7#dshonding
maintained by 1.0mg/kg/infusion MDMA increased anpreference for
the active lever developed ( F (1, 11) =5.844, §39). When the dose
of MDMA was reduced by half to 0.5mg/kg/infusionlween days 12-
19, responding on the active lever increased fudker days, (F (7, 30)
=2.859, p<0.022), and a preference for the acéverlwas demonstrated
(F (1, 5) = 9.375, p<0.038). Saline substitutiondays 20-21 produced a
reduction in responding when compared to the tviar gelf-
administration sessions (F(3,12) = 4.449, p<0.028) responding was
reinstated when MDMA was made available on day2@2F(3,12)=

5.162, p<0.016).
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Figure 1. From Schenk et al (2003): Acquisition of MDMA self-
administration by drug naive rats. Mean respo#S&M) on the active
and inactive levers are presented as a functialapbf testing and dose

of MDMA.

Figure 2 compares active and inactive lever resipgnd
maintained by MDMA (1.0mg/kg/infusion) during thatial six 6-h daily
tests for animals that were drug-naive and anitiaishad prior cocaine
self-administration experience. Active lever rasing of cocaine-
trained rats was significantly higher (F(1,8)=5.18%0.05) when

compared to drug —naive animals.
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Figure 2. From Schenk et al (2003): Acquisition of MDMA el
administration for animals that had received eitteraine self-
administration (n=4), or drug naive animals (n=B)ean responses
(+SEM) on the active lever and inactive leversmesented as a function

of day of testing.

Figure 3 shows responding as a function of MDMAedos
Decreasing the dose of MDMA produced an increasesponding
(F(4,12)=9.767, p<0.01). Post hoc simple contresstealed that
responding maintained by 2.0mg/kg/infusion wasificantly lower than
that maintained by 1.0mg/kg/infusion (p<0.049)mg8kg/infusion

(p<0.029) and 0.25mg/kg/infusion (p<0.003). NdatiEnce was found
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between responding maintained by saline and 2.Qgfigfksion MDMA
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Figure 3.From Schenk et al (2003): Responding maintaineditbgrent
doses of MDMA (n=5). Symbols represent the meanber of

responses (+SEM) during daily 2 hour sessions.

Figure 4 shows the pattern of responding durindp als daily
self-administration for a representative rat. Higloses of MDMA were
self-administered primarily during the first 30naheach session. Self-
administration of the lower dose of MDMA (0.25mglikdusion)
produced persistent responding throughout the@®sdihe number of
infusions maintained by saline was comparable éntimber of
infusions maintained by the higher doses of MDMAwever,
responding maintained by 2.0mgkg/infusion MDMA vedesvated in the
first hour and then reduced in the second housspBreding maintained

by saline was sporadic throughout the session.
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Figure 4.From Schenk et al (2003): Temporal pattern ofsagpg

during a 2-h session maintained by different dadédDMA for a

representative rat. Each vertical dash represantsfusion of MDMA

Figure 5 shows the average number of active leasgpanses
produced during each hour of the 24-h session. dttee eight animals
died after 11.5 hours. During the initial houspending was elevated
(figure 5; insert) and during the subsequent hoesponding was reduced
and stable at 2-4 responses per hour. For oneahreisponding was

increased in the 3bhour.
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Figure 5. From Schenk et al (2003): temporal pattern gboesing
maintained by 1.0mg/kg/infusion during a 24-h sslfninistration
session. The average number of responses (+SEigdeach hour of
the test is shown. One animal died after approtetyd 1.5h of self-
administration. The insert shows the average numiesponses

(+SEM) during each 10-min interval of the first had testing.

MDMA self-administration was acquired in animalsewing
MDMA infusions and co-incidental light presentati@ontingent on
lever depression (figure 6). In comparison, angmateiving non-
contingent MDMA or saline demonstrated low levdisesponding on
both the active and inactive lever. The averagebarmof MDMA
infusions (0.5mg/kg/infusion) received by contingand non-contingent
animals was 268.5 (SEM=49.97) during the 20 dayesifing. Repeated
measures analyses revealed a significant interabBbtween self-

administration days and lever, and group (F(3823574, p<0.001).
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A significant difference between groups was fouR(2(8)=8.985,
p<0.009), with post-hoc analyses revealing diffeemnbetween
contingent and non-contingent MDMA groups (p<0.00In) addition, an
interaction between day and group was revealedB(E§2) = 2.057,
p<0.001). Post hoc simple contrasts revealedrdifiges from contingent
MDMA (p<0.05), for both non-contingent saline am@hrcontingent

MDMA.

Condition

—@— con MDMA ab
30 {—V— yoked MDMA
—i— saline b b

35

25

20 -

15 ~

10 ~

Responses on active lever

0 2 zlt é é 1I0 1I2 1I4 1I6 1I8 2Io 22
Days

Figure 6.Responding on the active lever by animals recgivin
contingent MDMA infusions, 2) non-contingent MDMAfusions, and
3) non-contingent saline infusions.
Lower case letters a) Denotes significant diffeesnic responding on the
active lever between animals receiving non-contibhged contingent
MDMA, b) Denotes significant differences in resgorg in animals

receiving contingent MDMA and non-contingent saline
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Figure 7 shows that responding on the inactiveaatide levers
varied as function of group (F(2,8)=7.639, p<0.018ubsequent within-
subject repeated measures analyses for each groegled a preference
for the active lever for animals receiving contingIDMA
(F(1,3)=4.557, p<0.032), whereas non-contingent MD&hd non-
contingent saline failed to show a lever prefergipe®.276, p=0.072

respectively).
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Figure 7.Symbols represent the mean active and inacti\er lesponses
per day (+SEM) for each group; Contingent MDMA, raomtingent

MDMA, non-contingent saline.
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Figure 8 shows active lever responding on (1) disedlay of
testing under the various schedules of reinforcérffeRl, FR2, and
FR5), (2) the two days when saline was substittateMDMA and (3)
the day when MDMA and the light stimulus were resduced as
reinforcers of operant responding (FR5). Respantioreased as FR
value increased, decreased when MDMA and the &ggimulus were
removed and was reinstated to a comparable levehwWIDMA and the
light stimulus were again available to reinforce@mt responding
(F(5,55)=24.172, p<0.001). Post hoc simple cordrestealed no
difference between baseline FR5 responding anditiation FR5

responding, or between saline days.
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Figure 8.From Daniela et al (2006): Effects of increasing
demand (FR1, FR2, FR5) and saline substitution &M self-
administration. Symbols represent the mean numhbresponses per 2 hr
session (+ SEM).Figure 9 shows responding maindammea progressive
ratio schedule of reinforcement. Breakpoint, dr&rumber of infusions
self-administered increased as the dose of MDMAlalvie was
increased (breakpoint (F(2,10)=7.0321, p<0.012nmer of infusions
(F(2,10) = 7.032, p<0.012)). Responding as a fanatf dose
approached significance (p<0.053). Post-hoc arsatggealed a
significant difference between 0.25mg/kg/infusioDMA and
1.0mg/kg/infusions for both breakpoint (p<0.01) amuinber of infusions

received (p<0.01).
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Figure 9.Number of infusions and breakpoints maintainedenrad
progressive ratio schedule of reinforcement. SymiEpresent the mean
number (+/- SEM) of responses, breakpoint and iofustals received,
for each dose of MDMA. * denotes significant diece from

0.25mg/kg/infusion MDMA

Summary
MDMA was reliably self-administered. MDMA was self

administered by drug naive and cocaine- trainechalsi but those with

prior cocaine self-administration experience acgpiiiDMA self-
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administration with decreased latencies. A prefeedor the active lever
was produced only when drug delivery was depencieitver
depressions. Rats that received non-contingent MDikMvehicle
injections failed to demonstrate a preferencelierdctive lever. MDMA
self-administration was dose dependent, when ekReor PR schedules
were imposed. Responding for MDMA increased a$-fReatio was
increased, decreased when MDMA was substituted f@hicle solution,
and then increased when MDMA was reintroduced. MOdéIf-
administration was demonstrated to be sensitivietoand, as measured
by a progressive ratio schedule of reinforcemeldhder the current
parameters, MDMA reliably reinforced respondingd] avas self-

administered by animals under a variety of condgio
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Chapter 4- Experiment 2

Role of Dopamine in MDMA self-administration

The aim of the second experiment was to determilMA
self-administration wass sensitive to dopaminenganipulation. The
activation of dopaminergic substrates is a comneaituire to all drugs of
abuse (Carelli 2004; Carr et al 1988; Di Chiara% 99 Chiara et al
2004; Fibiger et al 1992; Koob & Hubner 1988; KdbhVeiss 1990;
Pulvirenti & Koob 1990; Ranaldi et al 1999; Robins® Berridge 1993;
2000; Sahakyan & Kelley 2002; Salamone & Correa2200ise 1984;
1987; 1998; Wise & Bozarth 1982; 1985; Wise et@3b; Wolf 2002).
In order to obtain effective dose and pre-treatniiems to be used in
subsequent self-administration experiments, prekmyi tests on the
effects of the D1-like antagonist SCH23390, andDRdike antagonist
eticlopride, on the locomotor activating effectdwiDMA were
conducted. Thereafter, these doses were us&df{administration

experiments.

Method - locomotion studies

Procedure
Locomotion
Prior studies conducted in our lab have demonst izt

20mg/kg MDMA produced maximal locomotor responsee(Ban et al,

2006). Accordingly, the present study examinededtifects of SCH
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23390 and eticlopride on hyperactivity produced®by00 mg/kg
MDMA.

Separate groups of rats (n=6) were injected Witk 23390
(0.01-0.08 mg/kg; SC), eticlopride (0.125- 1.0 ng/P) or the saline
vehicle and were immediately placed in the actibibxes. After a 15-
(SCH 23390) or 30- (eticlopride) min pre-treatmpatiod, they received
an injection of MDMA (20mg/kg; IP) and activity cots were measured
for an additional 60 min

In order to determine whether SCH23390 or eticlipaltered
basal levels of activity, the lowest doses of SCB&#B(0.02mg/kg) or
eticlopride (0.05mg/kg) that produced an effecMiDMA- induced
hyperactivity were administered to animals thaeneed saline. Animals
(n=8/per group) were placed into the activity chanslband received
immediate injections of either saline or SCH233902mg/kg; n=8)
saline/eticlopride (0.05mg/kg; n=8) or saline/sal(n=8). Activity
counts were recorded every 5 minutes for 60 minutes
Data Analysis

Activity data were analyzed using repeated measiiVA
(Antagonist dose X Time). Post hoc tukey testsevieen performed to

determine direction and variables of significance.

Results - locomotion studies
Figure 10 shows the effect of SCH 23390 on MDMAg¢arced
hyperactivity as a function of dose and time. Trtsert shows the total
counts during the 60 min period following the MDMijection for

- 67 -



MDMA Self-administration - 68 -

groups that received various doses of the antag@@H 23390
produced a dose-dependant decrease in MDMA-produgeelactivity
(F (4,16) = 4.274, p<0.05). Post-hoc analysesaledethat decreases
produced by doses equal to or greater than 0.0RgY®LTH23390 were
significant (p<0.05). The interaction between dasd time was also
significant (F(44, 253) =2.457, p<0.001) and past-Analyses revealed
that the decreases were produced primarily duheditst 30 min

following the injection of MDMA (p<0.05).

SCH23390 (ma/kq)
—@— 0.00
-/~ 0.01(a)
—— 0.02 (b)

1400 — i 0000
1 o 4500
1200 - - 3000 .
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tivity counts

Ac

o

o

o
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0 0.01 0.02 0.04 0.08
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o0 oo
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Activity Counts
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Figure 10.From Daniela et al (2004). Effect of SCH23390 (dn@/kg —
0.08mg/kg) on locomotor activity produced by MDM20fMmg/kg)
administration. SCH23390 was injected at time -itbamd MDMA was
injected at time O min. Symbols represent the nmeamber of activity

counts (+/- SEM) as a function of SCH23390 dosetanéd. Lower case
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- 69 -

letters denote significant decrease (p<0.05) fraddm@/kg SCH23390.

Insert: total activity counts produced by each grduring the 60 min

period following MDMA injection.

Figure 11 shows the effect of SCH 23390 (0.02 migdkdhe

saline vehicle on baseline activity levels. Fortbgitoups, activity levels

are initially high and decrease progressively tghmut the session.

Activity levels of the SCH 23390 group were comégao activity

levels of the control group and there was no sigaiit decrease as a

result of antagonist treatment (F(1,14)=0.105, NS).

400

350

300 4

Activity counts

50 A

250 4

200 4

150 A

100 1

—8— SCH 23390
—7— Saline
20 4ﬁ 60
Time (min)

Figure 11.From Daniela et al (2004). Effects of SCH233902g/kg)

on baseline locomotor activity. SCH23390 or théengalehicle was
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administered at time 0. Symbols represent thenraetvity count (+

SEM).

Figure 12 shows the effect of eticlopride on MDM#duced
hyperactivity as a function of time. MDMA-induceatcbmotor activity
was dose dependently reduced by eticlopride (E@¥= 5.345, p<0.01).
In addition, eticlopride dose dependently increabedatency to
MDMA- induced hyperactivity (F(11,264)= 18.686, p€01). Significant
decreases were produced by eticlopride doses gteate0.025 mg/kg
(p<0.05). The effects were apparent 20 min folfggwihe MDMA

injection and persisted throughout the 60 min test.

Totals of averaged activity counts

7500 © Eticlopride (ma/kq)
1600 1 @ £
- 6000 3 —@— 0.00
5} —/— 0.0125 (a)
1400 - * 4500 g —M— 0.025 (b)
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Figure 12 Effects of eticlopride (0.0mg/kg- 0.1mg/kg) on M2M
induced (20mg/kg) locomotor activity. Eticlopridesvinjected at time -

30 min and MDMA was injected at time 0 min. Symb@present the
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mean number of activity counts (+/-SEM) as a fumtof eticlopride
dose and time. Lower case letters denote signifiddierence from
0.0mg/kg eticlopride. Insert: total activity coupi®duced by each group

during the 60mins following MDMA injection.

Figure 13 shows the effect of eticlopride (0.05 kaybr the
saline vehicle on baseline activity levels. Fortbgitoups, activity levels
are initially high and decrease progressively tgrmut the session.
Activity levels of the eticlopride group were connglale to activity levels
of the control group and there was no significadrdase as a result of

antagonist treatment (F(1,14)=0.178, NS).

300
—@— Eticlopride

250 —O— Saline
2]
g 200
S
> 150 4
=
5 100
<

50 4

0

0 10 20 30 40 50 60 70
Time (min)

Figure 13. Figure 2 Effects of eticlopride (0.02mg/kg) orsélne
locomotor activity. Eticlopride or the saline veleiovas administered at

time 0. Symbols represent the mean activity cGar8EM).
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Method - self-administration
Procedure
Self-administration

Drug naive animals were trained to self-adminiM&MA and
responding was stabilized. Tests were conductedgess the effect of
SCH23390 (0.02 mg/kg, SC) or eticlopride (0.05mglkg on
responding maintained by a range of MDMA (0.25+2@Ykg/infusion)
doses. These doses were chosen based on the gkt hyperactivity
tests since they produced minimal effects on baselctivity but
attenuated MDMA-produced hyperactivity.

A recurring series of tests comprised of baselmtast days was
used. At least two days of baseline testing weterspersed between tests
of the antagonist effect. Antagonists were admanet only when there
were at least two prior and consecutive baselisis @uring which the

number of responses did not vary by more than 20%.

Initially, the dose of MDMA available for self-admstration was
0.5 mg/kg/infusion. Once the effect of SCH 2338@talopride on
responding maintained by this dose of MDMA was mesd, the
MDMA dose was either increased or decreased favichaal subjects
and the effect of the antagonist on responding taiied by this new
dose of MDMA was assessed. Data for all doses oMMADQvere
obtained for some of the rats (n=4) but for othiesss of the effects of
antagonists on responding maintained by a subsbeafoses of MDMA
were obtained (n=6). Final group numbers were; mg&kg/infusion
(n=7), 0.5mg/kg/infusion (n=8), 1.0mg/kg (n=7), 2@ kg/infusions
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(n=7). The effects of eticlopride (0.05mg/kg) @sponding maintained
by 0.25-2.0mg/kg/infusion MDMA were assessed in grap of

animals (n=4).

Further tests were also conducted on separate gafupts to
assess the effects of various doses of SCH2330R-0005mg/kg) on
responding maintained by 0.5 (n =5), 1.0 (n=4) 2/ftng/kg MDMA
(n=4). Effects of eticlopride (0.05-0.125mg/kg) @sponding
maintained by 1.0mg/kg/infusion were also measneg/group).
Data Analysis

The effects of SCH23390 on MDMA self-administratigata
were determined using an ANOVA (Dose). Eticlopreadf-
administration data were analysed using a repaatagures ANOVA
(dose eticlopride X MDMA dose). Post-hoc t-testsevsubsequently
performed to determine change between baselinamtagonist
treatment for each dose. Baseline data were aatdiom the last self-

administration day prior to antagonist pre-treatimen

Results - self-administration

Figure 14 shows the effect of SCH23390 (0.02 mgdky)
responding maintained by a range of self-admirestd1DMA doses.
MDMA-reinforced responding decreased as MDMA doseeaased (F
(3, 25) = 12.959, p<0.005). Responding maintaimed

0.25mg/kg/infusion MDMA was elevated significantiyen compared to
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responding maintained by 2.0mg/kg/infusion (p<0 &%)
1.0mg/kg/infusion (p<0.05). Furthermore, respogdmaintained by
0.5mg/kg/infusion was also elevated when compaved t
2.0mg/kg/infusion MDMA (p<0.013). SCH23390 (0.21kg) produced a
rightward shift in the MDMA dose-effect curve. AN@MZevealed a
significant interaction between MDMA and SCH 232fi3e (F (3, 25) =
8.234, p<0.001). Paired-sample t-tests revealeréisponding
maintained by 0.25mg/kg/infusion MDMA was attenablby SCH23390
(t(6)= 4.494, p<0.004) whereas responding maintainel.0
(t(6)=2.509, p<0.049) and 2.0 (t(6)= 4.264, p<0)0®§/kg/infusion

MDMA was increased by SCH23390.

70

—@— MDMA
60 1 —O— SCH23390

50
40 A
30
20 1 *

10 4
ab

responses on the active lever

0.25 0.5 1.0 2.0
MDMA dose (mg/kg/infusion)

Figure 14. From Daniela et al, (2004). Dose dependant respgnd
maintained by MDMA self-administration (0.25-2.0rkg/infusion; filled
circles) and responding maintained by MDMA aftet-£3390

(0.02mg/kg; empty circles) administration. Symhelgresent the mean
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number of responses (+/-SEM). * indicates sigaificdifference

(P<0.05) from baseline levels of responding.

Figure 15 shows the effects of SCH23390 (0.005mg/kg
0.02mg/kg) on responding maintained by 2.0mg/kgsidn MDMA.
Responding increased after pre-treatment with OglRgnSCH23390 (F
(1, 3) = 10.206, p<0.05) and 0.02mg/kg SCH2339((RB) = 10.947,
p<0.045). The effects of 0.005-0.02mg/kg SCH23390ezponding
maintained by 0.5 mg/kg/infusion and 1.0mg/kg/indasMDMA failed

to reveal any significant interaction (p=0.375,(p208).
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Figure 15 Effects of different doses of SCH23390 (0.005-0.62m) on
responding maintained by 2.0mg/kg/infusion MDMAyn®ols represent
the mean number of responses (+/- SEM). * indgaignificant

(p<0.05) increase from baseline responding.
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Responding maintained by MDMA (0.25-2.0mg/kg/intursi was
also dose dependant (F(3,9)=34.202, p<0.001) malsireceiving
eticlopride pre-treatment (Figure 16). Analysesyéver, failed to reveal
a significant interaction between MDMA dose andlepride treatment
(p=.817). Responding was not altered by changesidlopride dose (p =

0.093).

70
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60 1 —O— Eticlopride

50 1
40 |
30 1
20 1
10 |

responses on the active lever

0.25 o‘.s 1.‘0 20
MDMA dose (mg/kg/infusion)

Figure 16. Dose dependant responding maintained by MDMA self-
administration (0.25-2.0mg/kg/infusion; filled des) and responding
maintained by MDMA after eticlopride (0.05mg/kg; ety circles)

administration. Symbols represent the mean numiesponses (+/-

SEM).

SummaryMDMA self-administration was sensitive to
dopaminergic manipulations. MDMA produced dose-tela@at increases

in basal locomotor activity. SCH23390 and eticidprdose-dependently
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decreased MDMA —induced locomotor activity. SCH233hifted the
dose response curve for MDMA self-administrationh® right,
decreasing responding at low doses and increassppnding at high
doses. Eticlopride pre-treatment failed to slné tdose effect curve;

however, responding for the higher doses of MDMér@ased.
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Chapter 5- Experiment 3

Influence of conditioned stimuli on MDMA self-adnistration

The aim of the third experiment was to determifdDMA self-
administration produces conditioned respondinge fFansition from
drug use to abuse is hypothesised to involve dibersin the processing
of drug-associate stimuli (Leshner & Koob 1999, Rebn & Berridge
1993; 2000; 2001; 2003; Childress et al 1988, Ckdd et al 1986,
Ehrman et al 1990, Haney et al 1999, O'Brien é98R, O'Brien et al
1992, Robinson & Berridge 1993). The effects ohipalation of the

light and/or drug stimuli on responding were beamged.
Method

Procedure

A new group of rats were trained to self-administ&MA
(1.0mg/kg/infusion) as described above. Once 755)+Hhfusions (range
for meeting this criterion was 5-15 days) had beslfradministered, the
MDMA dose was reduced to 0.5 mg/kg/infusion fouetier 150 (+/-10)
infusions (range for meeting this criterion was®%dhys). Responses per
day and the number of days to criterion were rezwbifdr each animal.
This phase of self-administration training lastacaaerage of 19.2 days

during which rats self-administered approximate2p thfusions of

MDMA associated with a light stimulus.

The rats were then divided into groups (n=6/gpeth the

influence of the continued contingent presentatibtine light stimulus or

-78 -



MDMA Self-administration - 79 -

the drug stimulus on operant responding. One goomtinued to receive
a drug infusion (0.5 mg/kg/infusion) according tofER1 schedule of
reinforcement but the light stimulus that had bassociated with drug
infusions was omitted (DRUG ONLY group). Anotheogp continued
to receive the light stimulus that had been paiveld self-administered
drug infusions but the MDMA was replaced with the Beparin/ml
saline vehicle solution (LIGHT ONLY group). A fingroup received
only vehicle solution, without the light stimulud@ LIGHT/NO DRUG
group). These conditions were maintained duringdditional 15 daily 2
hr sessions. Total responses per session and tehpadtern of
responding within each session were recorded f@ullects. A group
of unoperated drug-naive rats (n=7) was testeet@rchine whether the
light stimulus was a reinforcer of operant respagdvhen it had not
been paired with MDMA infusions (NO DRUG/LIGHT).h&se rats
were placed in the operant chambers for daily $is. Responding on
the active lever was reinforced by the 12 sec pitasien of the light
stimulus according to an FR1 schedule.
Data Analysis

Self-administration data were analysed using sépaepeated
measures ANOVA to examine changes in responding fraseline for
the LIGHT ONLY, DRUG ONLY, and NO LIGHT/NO DRUG gups.
The average number of responses produced duririggh® days of the
training period served as the baseline numberspfarses for each rat. A
repeated measures ANOVA (Condition X Day) was catetlion the

number of responses reinforced by the light stimwinly for the group
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that had previously had the light paired with MDNM#Ausions (paired
group) and for the group that had not previously lnght/drug pairings
(unpaired group). The temporal pattern of respageias summated for
every ten minute period on baseline day and d&;4Q,15, of extinction
for each animal. Analysis was performed for eweryminute period for
all groups across extinction days using three wa@AN (time X
extinction day X group). Post hoc tests were peréal for days and
group using tukey pot hoc test, and simple contka@sée used to compare

time periods.

Results

Figure 17 shows the average number of responsegjchaseline
and on the subsequent 15 days of testing for tHIl ONLY, DRUG
ONLY, NO LIGHT/NO drug groups. Separate ANOVA feach group
revealed a significant decrease in respondingfasaion of days for the
NO DRUG/ NO LIGHT group (F(15,75) = 4.765, p<0.0@Hyd
subsequent simple contrasts revealed that the akene operant
responding was significant for all 15 test daysQy@d). A decrease in
responding as a function of days was also obsdoretie DRUG ONLY
group (F (15, 75) = 2.380, P<0.01), with simpletcasts showing a
significant difference from baseline on day 4 aoitbfving day 6 of test
days (p<0.01). A decrease in responding for tighttONLY group
approached significance (F(15, 75)= 1.771, p<0.@5%) simple contrasts
revealed a significant decrease in responding fvaseline, on day 6 and
from day 8 to day 14 (p<0.05). Baseline respondiidgnot vary between
groups (F(2,15)= 0.838, p< 0.452).
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Figure 17.From Daniela et al, (2006). Effects of removalight or/and
drug stimuli on responding over 15 days. Symbelsate average (+/-
SEM) daily response rates for baseline respondiaigeatinction
condition for each condition. * denotes signifitdifferences from

baseline responding.
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Figure 18 Temporal pattern of responding from a represargatt from

each group, on baseline days 4 and 5, extinctiga ii%,10, 15. Each

-82 -



MDMA Self-administration - 83 -

vertical bar denotes a depression on the activar leDespite individual

variation, analyses revealed all groups to havepawable time course;

Figure 18 shows the temporal pattern of responding
representative rat from each group, on two baselays, and extinction
days 1, 5, 10, 15. Analyses revealed that allggalemonstrated the
typical elevated responding in the first ten misutaiowed by a
reduction and low levels of responding throughbetgession for all
extinction days (F(11,616)= 39.691, p<0.001). Ntecence between
extinction days was found (p=0.594). Figure i&ves the average
number of responses over the 4 extinction days1Q,55) for each
group. Responding maintained by either the laghdrug stimuli
produced elevated levels of responding througtséssion when

compared to the No light, No drug group (F (22,64@)237, p<0.001).
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Figure 19 The average number of responses on the actiee éxery ten
minutes for each group. Data averaged over eitimclays 1,5,10, 15.
Symbols denote (=/-SEM) average responses evemitanes over 120

minutes.

Figure 20 shows the average number of responses leter
presses were reinforced by presentation of the $tgmulus only. Data
are from rats that had experienced the light stusiplaired with self-
administered MDMA and for a group of drug naivenaais that had not
experienced the light stimulus in any context. ge@sling maintained by
the presentation of the light stimulus was higleertiie group that had
received prior MDMA/light pairings (F(1,11)=36.733%50.01), and
subsequent simple contrasts revealed that thaeliites were significant

across all days.
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Figure 20. From Daniela et al, (2006). Effects of prior glrulight
pairing on responding maintained by the presentaifa light stimulus.
Symbols represent the average number of respoRs&&EM) on the
active lever for animals with prior MDMA self-adnistration experience
(filled circles) and drug naive animals (emptyrigkes). * denotes

significant (p<0.01) group differences

Summary

Manipulation of the light and/or drug stimuli prashd changes in
self-administration behaviors. Removal of botmsiii dramatically
reduced responding, while removal of the light ot a trend towards
a reduction in responding, indicating that the figfimuli may have

acquired conditioned reinforcing properties.

Chapter 6 — Experiment 4

Reinstatement of responding previously maintaine®MBbMA

The aim of the fourth experiment was to deternfifnédDMA
administration will reinstate responding previousigintained by
MDMA. Relapse after abstinence from abused substais a common
feature of addiction (Chang & Haning 2006, Mendel&oMello 1996,
O'Brien et al 1992, Shalev et al 2002). MDMA dosese administered

to animals after a period of extinction, and reg@sn were measured.
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Method
Procedure

Rats were trained to self-administer MDMA using pinecedure
described in the general methods. ReinstatemadDdfIA self-
administration was assessed in a group of anih&d8), However due
to catheter patency, 3 animals did not completeghidy. Following
the acquisition, the schedule of reinforcement iwageased to FR2.
After stable responding (less than 20% variatioerdkiree consecutive
days) was produced, the schedule of reinforcemastimcreased to FR5
and responding stabilised.

A recurring series of 6 hr daily tests comprisethaseline,
extinction and reinstatement phases was condu&bdse one consisted
of at least two days of responding that was regddrby an infusion of
MDMA (FR5, 0.5 mg/kg/infusion) with the associateght stimulus.
During Phase two (minimum two days), the MDMA sauatwas
replaced with vehicle and the light stimulus thad lbeen paired with
self-administered MDMA infusions was omitted. Thesaditions were
imposed for a minimum of two days and continuedl timtre were less
than 30 responses produced. At the start of pthase, rats received an
injection of MDMA (0.0 — 10.0 mg/kg, IP). Duringdbe tests,
responding continued to be reinforced by an infusibvehicle and the
light stimulus was illuminated according to an F&tBedule of
reinforcement. Drug seeking behaviour was defesethe number of
responses on the active lever during phase th@aler of MDMA dose

was randomised between animals, and no repetitieatevas found.
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Data Analysis
The responses from reinstatement days were analgsegl a

within subjects repeated measures ANOVA. Tempasponding from
reinstatement data was also analysed using a betweasures ANOVA

for each hour of reinstatement (hrs X group).

Results

Figure 21 shows the average number of responstte@ctive
lever for all animals during MDMA administratiomtenction, and
MDMA reinstatement doses. ANOVAs conducted for liaseand
extinction days revealed no significant differemceoss baseline days
(P>0.28) or extinction days (P>0.5). In contrastpain effect for
MDMA reinstatement dose was observed (F(2,8) =731.5<0.05).
Contrasts indicated that responding was signiflgantreased for the
MDMA doses 5mg/kg (F(1,4) = 33.5534, p<0.05) anthiikg (F(1,4) =

15.76, p< 0.05) compared to 0.0mg/kg MDMA.
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Figure 21. Effect of experimenter administered MDMA (0.0-1d)y)
on responding in animals previously trained to-aeliinister MDMA.
Bars denote number of depressions on active lawemgltesting phases.
* denotes significant difference from 0.00mg/kg MBM

Figure 22 shows the temporal pattern of respondmthe active
lever during each hour of reinstatement. Respanduring the 6 hour
reinstatement phase varied as a function of MDM#&ed@- (10, 60) =
4.400, p<0.005). Post hoc simple contrasts redaak responding
produced by 10mg/kg MDMA maintained elevated lewd#lsesponding
when compared to 0.0mg/kg (p<0.005) and 5mg/kg @33). No
difference in the temporal pattern of responding Yeaind between
0.0mg/kg and 5mg/kg MDMA (p=0.463). Respondingduced by

10mg/kg MDMA was elevated during the first threaitsoof responding

(p<0.05).
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Figure 22. Effects of experimenter administered MDMA (0.01ig/kQg)
on responding previously maintained by MDMA. Syisb@present the
mean (+/-SEM) responses as function of hour.

Summary
MDMA self-administration could also be reinstatégbia

extinction of responding resulting from removatloé drug and light
stimuli. Experimenter administration dose depetigiencreased
responding on the active lever in the absencelbadeinistered

MDMA.
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Chapter 7- Discussion

The aim of the current thesis was to examine fagtovolved in the
acquisition and maintenance of MDMA self-administla. MDMA was
demonstrated to be reliably self-administered irgelnaive and cocaine-
trained animals. Responding was contingent tattiee lever, reduced
with vehicle substitution, sensitive to dose anuksitile manipulation,
and increased as demand increased. MDMA self-asdiration was also
sensitive to dopaminergic manipulation. Pretreatrmgth SCH23390
produced a rightward shift in the dose responseecuRemoval of the
light and drug stimuli produced a rapid reductiomesponding. In
contrast, responding was reduced slowly when ettieelight or drug
stimuli were removed, suggesting that the light dndy stimuli appeared
to have comparable abilities to reinforce respogdinanimals with
MDMA self-administration histories. Responding vedso reinstated
when animals previously experienced with MDMA sadfministration
were administered MDMA. The demonstration of igksself-
administration and subsequent determination obfadghvolved in
MDMA self-administration is a novel contribution tiee literature on
MDMA, and has provided extensive support to theggsgon that
MDMA may have abuse liability (see Schenk et aQ2Daniela et al,
2004; Daniela et al, 2006).

Reliable MDMA self-administration
Previous studies have indicated that MDMA self-adstration
is readily produced in laboratory animals that haatior history of
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cocaine self-administration (Beardsley et al 138fhtegrossi et al 2002,
Fantegrossi 2002, Lamb & Griffiths 1987, Ratzenlxostcal 2001). In
the present study, rats experienced with cocailft@dministration also
readily acquired MDMA self-administration suggesgtthat prior
exposure to cocaine may have sensitized animaltetoeinforcing

effects of MDMA. A wealth of studies have indicatiat pretreatment
with psychostimulants sensitizes rats to the beinalveffects of
subsequent injections (Kalivas & Stewart 1991, Rebn & Becker
1986), while latency to acquisition by untrainedginaive animals was
delayed. Latency to acquisition of self-administnawas decreased by
pretreating rats with either the to-be self-admerisd drug or a variety of
other drugs (Schenk & Gittings 2003, Schenk & Izasser 2002, Schenk
& Partridge 1997, Schenk & Partridge 2000). Presistudies have
indicated that some of the behavioral effects ofMWMare susceptible to
sensitization. For example, acute exposure to MDigiulted in
locomotor activation that became sensitized follaywiepeated exposures
(Kalivas et al 1998, McCreary et al 1999, Spanogagnamoto 1989).
Cross sensitization has also been demonstratechethat received
treatment with MDMA became more responsive to toemotor
activating effects of amphetamine (Callaway & Gey@92), and cocaine
(Kalivas et al 1998) as well as to the conditiongidforcing effects of
cocaine (Horan et al 2000). Of interest, rats tete pretreated with
MDMA subsequently acquired self-administration dba dose of
cocaine with shorter latencies than rats that vecesaline pretreatment

(Fletcher et al 2001). Consistent with these sidhe present results
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indicate that neuronal mechanism common to bothinecand MDMA
may be mediating self-administration.

MDMA self-administration was gradually acquired hwiepeated
daily tests in rats that had no prior self-admnaison training and were
drug naive. These data are comparable to dataneldtaihen the
acquisition of self-administration of other psyctiosilant drugs was
measured. Acquisition of cocaine (Schenk et al 198¢henk & Partridge
2000, Schenk et al 1993) and amphetamine (Carroth&1997, Piazza
et al 1989, Pierre & Vezina 1997) self-administatoccurred gradually
over days. The gradual increase in the averagdeuaof responses as a
function of test day resulted from the recruitmehsubjects that reliably
self-administered the drug over days.

Following acquisition, responding maintained bipMA was
dose-dependent, extinguished when saline was tutbstifor the drug
and was reinstated when MDMA was reintroduced. fiumaber of
responses was an inverse function of MDMA dosesg&lresults were
comparable to those produced in early psychostimtgilf-
administration studies (Gotestam & Andersson 18itBimeister &
Goldberg 1973, Smith et al 1976, Yokel & Picken33,9vokel & Wise
1978). There was almost perfect compensatory reBpg that
maintained drug intake at about 18-20 mg/kg dudaiy sessions. It has
been suggested that changes in operant resporglfngcion of dose are
due to titration of drug effects (Hurd et al 198&isewander et al 1996,
Pettit & Justice 1989, Pettit & Justice 1991, Rdnat al 1999, Wise et al

1995, Wise et al 1995). Therefore, the dose degpgmésponding
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demonstrated suggests that animals were actiuedyinig the effects of
MDMA.

The relatively high dose of MDMA consumed in thereat study
is somewhat disparate to the doses typically coesluny humans (de la
Garza et al, 2006). The average dose of MDMA MCAVIA pill varies
considerably, and is estimated to be between 80mgFLesiter et al,
1992; Siegal et al, 1986; Parrott & Lasky, 1998e la Garza et al
(2006) reported that the mean consumption of MDMAuwmans is
1.8mg/kg per session. In novice MDMA users, gleipill is consumed,
however, heavy MDMA users typically show a pattefmaintenance
dosing throughout an evening, and as previouslytimecan consume 10
or more pills in an evening (Winstock et al, 2001).

In the current experiments, animals that acquir&WMA self-
administration consumed approximately 17-25mg/kgNifDper day.
While this appears to be a significant variatieomay not be, as animals
were only included when they acquired MDMA self-adlistrations.
Animals that did not meet acquisition criteria wexeluded. Itis
possible that the results reported are more camtigtith heavy MDMA
use in humans, rather than mean MDMA consumptiamalternative
explanation is that variation across species xtexpected, due to
physiological factors such as speed of metaboliB@search into the
neurotoxic effects of MDMA on serotonin neuronsdéa the use of
inter-species scaling for drug doses (Ricaurté, &0). Due to smaller
body mass and rapid drug clearance in rodentsyalgmit drug doses in

rodents are significantly higher than mg/kg dossedlby humans.
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Ricaurte et al (2000) argue that the dose of 20gwy'la rodent is
equivalent to 1.28mg/kg in humans. This dose mparable to the dose
of MDMA self-administered in the present studies.

The demonstration of reliable, dose-dependentasktiinistration
is consistent with characteristics of a drug thegsgsses high abuse
liability (Ator & Griffiths 2003, Kozikowski et aR003). This
interpretation is strengthened by the finding tletitble self-
administration persisted during a single 24 hrises$/DMA self-
administration during this long session differeaviger, from what has
previously been reported for cocaine self-admiatgin (Covington &
Miczek 2005, Mantsch et al 2004, Morgan et al 20@@tschler et al
2001, Schenk & Partridge 1997, Schenk & Partridg@02. Continuous
access to cocaine self-administration producedebpajterns of
consumption, characterized by an initial ‘loading phase and
‘regulatory’ phase (Tornatzky & Miczek 2000). Dugithe regulatory
phase, responding maintained by cocaine infusiensigied at a high
hourly rate throughout the self-administration ggsgMantsch &
Goeders 2000, Mutschler et al 2001, Roberts ed@2 2Schenk et al
2001, Tornatzky & Miczek 2000). The pattern of peral responding
maintained by MDMA was characterized by an initi@éading up’ phase
and then a prominent reduction in responding wehaalic responses on
the active lever at a low hourly rate. This maydbe to the long duration
of action of MDMA and/or the accumulation of aniaetmetabolite.
3,4-methylenedioxyamphetamine (MDA), a major meliédof MDMA

is known to increase extracellular levels of semot@nd dopamine (Nash
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& Nichols, 1991; Schmidt et al, 1987). It is pddsithat the increases in
MDA after initial MDMA administration, may maintaielevated levels
of dopamine over a prolonged duration of time desireg the need for
‘top up’ responses. Furthermore, the secondargmape release that
occurs as a consequence of 5-HT1B and 5-HT2A receptivation may
also prolong elevations in dopamine levels (LucaSp&ampinato, 2004).
If animals are titrating the effects of MDMA thrdugesponses, then it
would be expected that these mechanisms would eedisponding, as
dopamine levels remain elevated. A methodologyleyimy
microdialysis would provide a more comprehensivenaar to these
suggestions.

When saline was substituted for MDMA after expece with MDMA
self-administration, responding decreased for these experienced
rats. Saline-maintained responding was, howevghemithan had been
observed during acquisition and a preference #atttive lever was
demonstrated during these saline-reinforced tridiese findings suggest
that these rats with an extensive history of MDM#e wvere more
resistant to extinction than animals with limitedMA self-
administration experience. Of note, in this stutlg, light stimulus
remained on, and may have functioned as a condiogsinforcer
maintaining responding.

Operant responding was dependant on contingentagstnaition
of MDMA, as demonstrated in the yoked experimefimals receiving
non-contingent light and drug presentation, or nontingent light and

vehicle presentations produced low levels of redpanon both the
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active and inactive levers. Similar findings hwe=n reported with a
range of substances including, amphetamine (DicCeral 1998,
Ranaldi et al 1999, Stefanski et al 1999), cocéiwoks et al 1994, Meil
et al 1995, Wilson et al 1994) morphine (Grasiniyller 1989,
Mierzejewski et al 2003, Smith et al 1982) and tireo(Donny et al
1998). These results suggest that selective opkedravior was not a
consequence of the motor-activating effects of MD&l&ne, as animals’
receiving non-contingent MDMA did not demonstraievated
responding on the active lever. Furthermore, nedjpgy on either lever
was not maintained by animals that received onlycantingent light
presentation suggesting that the light stimulus@l@ailed to have any
initial effect on self-administration behaviorshéfdemonstration of
elevated levels of responding on the active leyearimals receiving
contingent MDMA only is a strong demonstration thHDMA self-
administration is a purposeful selective behavenfgrmed by animals.
The effects of increasing demand on responding &ssessed in two
experiments. Initial manipulations demonstratex #n increase in FR
schedule produced compensatory responding, thadmdsg decreased
when MDMA and the light stimulus were both remowaed was
reinstated when MDMA and the light stimulus weraiagnade available
for self-administration. These results are cdastswith those produced
in primate models (Fantegrossi et al 2002). Theaisan FR schedule of
reinforcement provided preliminary assessmentiofeecement; this
schedule, however, did not assess the reinfordirgpey of a substance

(Arnold & Roberts, 1997; Richardson & Roberts, 1096 the current
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study, the maintenance of MDMA self-administratieas sensitive to
increasing demand. The implementation of a PRdidheof
reinforcement produced an incremental increaskamtumber of
infusions received, and breakpoint reached as @ibmof MDMA dose.
The dose effect function produced under this cammlivas consistent
with those produced by MDMA in the primate (Lileadt 2004). The
demonstration of increasing breakpoints, as MDMAalmcreased
suggests that as MDMA dose was increased, the nadvefiort expended
was also increased — reflective of reinforcingagity. Furthermore, the
MDMA PR dose effect function produced was comparablthose
produced in self-administration studies with otb@mmonly abused
substances (Hubner & Moreton 1991, Loh & Rober@0]lRisner &
Goldberg 1983, Roberts 1989, Roberts et al 19885t3k et al 1987).
No direct comparison between MDMA and alternate@fiorcers was
assessed, and as such, the relative reinforcirgpeyf of MDMA in the
rodent is yet to be determined. Prior studies hasheated that MDMA
maintained a lower breakpoint, at fewer doses wdoenpared to cocaine
PR (Lile et al, 2006; Trigio et al, 2006), indicggithat MDMA may be a
less efficacious reinforcer than other psychostantd. Future research
would benefit from comparing the reinforcing efityaof MDMA and
other abused substances.

While the current thesis has conclusively demaiestr that reliable
MDMA self-administration can be produced, discrepas between the
current findings and other published studies has baised (see De La

Garza et al, 2006), leading to speculation that MOiBInot a reliable
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reinforcer. Like previous attempts to demonstrat@ble nicotine and-
9- THC self-administration, explanation is liketylbe due to
experimental parameters, rather than the drud.itSsveral major
differences between other published MDMA self-adstmation studies
and the current study are noted. Firstly, thesiin duration for drug
delivery in the current study was relatively lorigl2 seconds, compared
to other rodent MDMA self-administration studidsor example,
Ratzenboeck et al (2002) reported 6’ infusion daratwhile De la Garza
et al (2006) reported a 4.5’ infusion time. In@ieg the infusion times
for cocaine self-administration produced a redurciioresponding
(Panlilo et al, 1998; Balster & Schuster, 1973; Saa& Robinson,
2005), indicating that infusion duration can afféwt acquisition and
maintenance of self-administration. In the cursgatly, prolonging the
infusion time may have had the opposite effecthges due to the
mechanisms of actions of MDMA. Initial experienedth MDMA have
been reported to occasionally be aversive, duedgatrong initial
serotonergic effects (Green et al, 2003). Prologghe infusion time and
exposure to the light stimulus may result in ledepression being
associated with 5-HT efflux and secondary DA efflibhe prolonged
presentation of the light stimulus may have reslitethe light stimulus
functioning as a predictive stimulus. Additionallige volume of infusion
used was less than those used in other studiesexBmple, Ratzenboeck

et al (2002) reported infusions of 30@ver 6 seconds, compared to the

10Qul over 12 seconds in the current study. It mayhia¢ large infusion
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volumes of MDMA delivered in rapid infusions proguacaversive
effects.

Secondly, the absence of a time — out period irctieent study
may have facilitated acquisition of MDMA self-adnstration, by
allowing rapid administration of sequential MDMASEs to produce
maximal effects. The temporal pattern of respogpde@en when MDMA
made available for self- administration, revealéldading’ phase at the
beginning of self-administration sessions. Theasition of a time out
phase may have reduced this ‘loading’ phase, tgawsthicing
acquisition.

Thirdly, animals in the current study did not hawe prior
operant training. Initial exposure to the self-auistration environment
only occurred when MDMA was available for self-adistration,
perhaps strengthening context — dependant learingexample, it has
been reported that associations between speciiicamtextual
environmental stimuli and drug administration desexl the acquisition
latency for other self-administered substancesayaret al 1998,
Caggiula et al 2002, Smith & Davis 1973).

Fourthly, acquisition of MDMA self-administratiorcourred
during relatively long self-administration sessiof®r example, De La
Garza et al (2006) reported 3 hr daily sessionspmirast to the 6hr daily
sessions used currently. Previous studies hawerstiat longer access
times to cocaine and amphetamine increased respprahd drug intake
(Ahmed & Koob 1999, Mantsch et al 2003, Mantschl&004). While

this factor may increase acquisition, some animal® trained during
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daily two hour sessions, indicating that sessiamtilon alone did not
determine acquisition. Of note, animals trainedradutwo hour sessions
tended to have a longer acquisition periods, thasd trained in 6 hour
sessions. Systematic analysis of the effectsssige duration on
MDMA acquisition latency would determine if thiss#yvation has any
significance.

The demonstration of MDMA self-administration iretburrent
study may be due to some of these experimentalittomsl It may also
be due to other unqualified factors. For examipléhe current study, all
animals received a ‘priming’ injection of MDMA &te being of each
acquisition session. This daily exposure to MDMAynave gradually
sensitised animals to the effects of MDMA. Otheblshed rodent
MDMA studies do not report on priming, thereforemgmarisons are
difficult. In order to determine the factors tlaasisted in MDMA self-
administration, a methodical assessment of alptitential factors
contributing to the acquisition of MDMA self-admstiation is required.

The first experiment of this thesis demonstratdidiible MDMA self-
administration. Acquisition of MDMA self-administtion was
demonstrated in both drug naive and cocaine traamédals, whereas
animals receiving non-contingent MDMA did not penfoselective
operant behaviour. Animals responded in a doserdmt manner,
ceased when MDMA was replaced with vehicle solytaord was
reinstated when MDMA was made available again.ifaurmore,
increasing the demand required for reinforcementipced schedule

dependant increases in responding. These fin@irggaovel
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contributions (Schenk et al 2003) to understantiiegmechanisms
underlying MDMA use. The demonstration of MDMA fsel
administration provides a robust animal paradignfddaher research
into factors affecting MDMA consumption. The itala absence of
published studies demonstrating MDMA self-admiistm and
attempting to characterise psychopharmacology nmesms underlying
MDMA reinforcement may be due to conceptualisabbiMDMA as a 5-
HT agonist and potential neurotoxic substance (Bank& Cunningham
2001, Battaglia & De Souza 1989, Cole & Sumnall20Breen et al
1995, Green et al 2003, Parrott 2002, Shulgin 1988 concern over
MDMA neurotoxicity has lead research to focus prigaon causes,
modulators and protective factors — pharmacologiodl environmental
for MDMA neurotoxicity. Given the wealth of evidem demonstrating
toxicity, further investigation into the behaviolf@atures of MDMA
consumption is necessary in order to prevent aat the effects of
MDMA induced neurotoxicity.
Dopaminergic mechanismsin MDMA self-administration

The second experiment examined the role of dopamities
behavioural effects of MDMA. MDMA —induced loconn and self-
administration was reduced with dopamine recepttagonism. MDMA-
produced hyperactivity was attenuated in a dosef#gnt manner by
pre-treatment with SCH 23390 and eticlopride atddewer than those
producing general disruption of motor activity (Mit et al, 2001; Meyer
et al, 1993; Piggins & Merali, 1989). These fingBrcontribute to the

hypothesis that dopaminergic mechanisms underlié/MEproduced
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hyperactivity (Ball et al 2003, Bubar et al 2004rfrandez et al 2003,
Gold et al 1989). Furthermore, these findingscargsistent with
microdialysis and electrophysiology studies thatehshown MDMA
induced dopamine elevations. For example, admatistr of MDMA
(10mg/kg) elevated locomotor activity levels andreased extracellular
DA in the nucleus accumbens of Fisher rats (Fereaetlal 2003), while
MDMA administration (5mg/kg) also resulted in eleaélocomotor
behaviour and excitation of neurons in the stria(Bail et al 2003).
SCH233390 (0.2mg/kg) delayed the locomotor actigpéffects of
MDMA and excitation of striatal neurons, while éigride (0.2mg/kg)
administration attenuated MDMA —induced locomoteord neuronal
excitation (Ball et al 2003). The reduction in MDMAnduced
locomotion seen after dopamine antagonism wascalsgarable to
studies reporting DA antagonism of the locomotdivating effects of
amphetamine and cocaine (Gold et al 1989, Kelldya&g 1989, Piazza
et al 1991, Wallace et al 1996).

The role of dopamine in the reinforcing effectscommon
psychostimulants has been demonstrated througbrdigeiction of
rightward shifts in the dose response curves. 3382 pre-treatment
resulted in rightward shifts in the dose-responsgefor self-
administration of cocaine (Caine 1995, Caine & Ka9B84, Carelli &
Deadwyler 1996, Corrigall & Coen 1991, Maldonadalet993) and
amphetamine (Barrett et al 2004, Beninger et aD1P8illips et al 1994,
Sziraki et al 1998). Antagonism of the D2-likeeptors also shifted the

dose response curves for cocaine and amphetantireglsg@nistration in
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a rightward direction(Barrett et al 2004, Bergmaale1990, Caine &
Koob 1994, Hemby et al 1996, Schenk & Gittings 2003

In the current study, pre-treatment with SCH 23p8fluced a
rightward shift in the dose-effect curve for MDMAIlsadministration. In
contrast, dose dependant MDMA self-administrati@s wot
significantly altered by eticlopride pre-treatmeaadthough increases in
responding were noted after eticlopride pre-treatnadnen the two
highest doses of MDMA were made available for sélfrinistration.

The production of a rightward shift in dose-respoagrves is
consistent with a pharmacological blockade (Baetttl 2004, Caine &
Koob 1994, Hubner & Moreton 1991, Koob et al 198The shift in
dose-response function has been attributed totiargain the
neurological substrates involved and drug-recepteractions (Kenakin,
1993). For example, the behavioral consequencdeugfconsumption
may be due to the density of available receptoth@affinity for a
receptor by a specific substance (Kenakin, 1988¢gher densities of
available receptors would suggest an increasedmnsspo a low unit of
drug, whereas, a drug with low affinity for avaikabeceptors would
require a higher unit dose to order to achieve aima effect. It is
likely that the increased responding evident &#€H23390 pretreatment
was due to receptor blockade, therefore limitingilable D1-like
receptors requiring increased drug —intake to mantomparable
reinforcing effects.

Administration of eticlopride, a D2-like antagonistrprisingly,

failed to have any significant effect on an MDMAoduced dose
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response curve. Pre-treatment with haloperidolidaly use D2-lke
receptor antagonist blocked the subjective effetisositive mood and
‘mania’ produced by MDMA in humans (Liechti & Voleveider 2000).
While explanation may be found in the physiologidiélerences between
humans and rodents, or the discrepancies betwesarggesponding and
subjective experiences, a more likely explanatsothat it is due to the
experimental parameters of the current study. |d&irde pre-treatment
did increase responding at higher MDMA doses, lat o effect on
responding maintained by low doses of self-admenest MDMA. The
within subject design utilized was a rigorous assent of D2 —like
receptor involvement, however, high variability esrdall sample size
may have been causal factors in the absence dfeant. eTherefore,
theoretical interpretation of these results mapignature. Further
assessment of the role of the D2-like receptor DMA self-
administration is required before any valid intetption can be made.
Though MDMA has behavioural activating effects astent with
other psychostimulants, the role of serotoninss Mell clarified.
Serotonin neurons innervate dopaminergic systeatsutiderlie the
reinforcing effects of drugs of abuse (Herve etE87). Evidence is
emerging that activation of some serotonin receqtibtypes facilitates
dopamine effects (Bankson & Cunningham 2001, Deraerdere
1999, De Deurwaerdere et al 2004, Di Giovanni 129@as et al 2000,
McCreary et al 1999, Schmidt et al 1994, Yan 20Gfh & Yan 2001).
The acute elevations in 5-HT and subsequent amdivaf 5-HT post-

synaptic receptors are implicated in the locomatdivating effects of
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MDMA. For example, antagonism of the 5-HT1B anHB2A receptors
reduced MDMA induced locomotion, where as antagaro$the 5-
HT2C increased MDMA induced locomotion (Bankson2(ankson &
Cunningham 2001, Fletcher et al 2002, McCreary £999).
Antagonism of the 5-HT1B and 5-HT2A reduced MDMAsguced
dopamine increases (Lucas & Spampinato 2000, Sc¢hehal 1994).
Therefore, it is likely that change in locomotohbeiour seen after
serotonergic pre-treatment’s are due to interastith dopaminergic
systems. For example, antagonism of the 5-HT2Aptxr attenuated
MDMA induced excitation of striatal neurons anddowtion while SB
206553, a 5-HT2C/2B antagonist had no effect dmeeiDMA induced
locomotion or neuronal response to MDMA (Ball & Rel2005).
Serotonergic mechanisms have also been implicattei
reinforcing effects of MDMA.. Pretreatment with theHT2 antagonist
ketanserin, decreased MDMA self-administration liigsus monkeys
without altering cocaine self-administration (Famtessi et al 2002).
Though no study has thus far determined whetheregherted
interactions between the serotonin and dopamirtersigsare applicable
to self-administration studies, it is likely thaetsame mechanisms are
activated by both self-administered MDMA and expenter
administered MDMA. Repeated MDMA-produced incessam
serotonin might also repeatedly activate rewardwaaht dopaminergic
substrates. This repeated activation of dopamimgghitie expected to
lead to neurochemical sensitization that becompsessged in reliable

self-administration. This effect of repeated MDMAuwd also explain its
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ability to enhance the reinforcing and other bebialieffects of cocaine
(Fletcher et al 2001, Horan et al 2000)(Fletchexl €22001; Horan et al.,
2000; Kalivas et al., 1998), which has been attatuo sensitization of
dopaminergic substrates.

During self-administration training and testingsreeceived
substantial exposure to MDMA. Repeated exposuMDMA produces
effects on brain chemistry that might play a roléhe ability of MDMA
to increase synaptic dopamine and produce positreghforcing effects
that maintain self-administration.

It is well-documented that exposure to MDMA produitexicity
in central serotonergic systems (Battaglia et 881&eneman et al 2001,
Reneman et al 2006, Ricaurte et al 2000, Schmialt 2390). There are
complex interactions between serotonin and dopabumseveral studies
have shown that self-administration of cocaine (€2t al 2002, Fletcher
et al 2002, Loh & Roberts 1990), morphine (Dwor&tral 1988) and
amphetamine (Leccese & Lyness 1984) was alterdal\fivig serotonin
depletion, presumably as a result of decreasedosgnanodulation of
dopamine. It has also been reported that exposUHIIMA produced a
persistent decrease in the density of 5-HT2c recsgMcGregor et al
2003). This might also contribute to the abilityMDMA to increase
synaptic dopamine since activation of 5-HT2c receptiecreased
dopamine release (Blackburn et al 2002, Di Giovat@l 2002, Filip &
Cunningham 2003). Following acute MDMA administoatincreases in
5-HT and the resulting activation of 5-HT2c receptGudelsky &

Yamamoto 2003) might be expected to limit MDMA-puced increased
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dopamine. For example, Ramos et al (2005) repatteduation of
MDMA sensitization after administration of the 5-Bidreceptor agonist,
MK-212, indicating a likely role for the 5-HT2c regggtor in MDMA —
induced behaviour.

Following repeated exposure, however, this inhigitffect
might be less influential because of decreased BeH&ceptor densities.
The resulting disinhibition would contribute toetkensitized dopamine
response produced following repeated MDMA expos(Kedivas et al
1998). This sensitized neurochemical response waoeileipected to
maintain MDMA self-administration and produce crgssisitization in
the behavioural effects of MDMA and other indirdopamine agonists
(Callaway & Geyer 1992, Cole et al 2003, Fletchieal 2001, Itzhak et al
2003, Kalivas et al 1998).

In summary, MDMA locomotion and self-administratisas
demonstrated to be sensitive to blockade of thdik&lreceptor.
Blockade of the D2-like receptor dose dependeseitjyced MDMA
induced locomotion, but had limited effects on MDM@If-
administration. These findings are the first tondastrate that the
reinforcing effects of MDMA are dependant on dopaengic activation
(see Daniela et al 2004). Furthermore, the produacf rightward shift
in the MDMA dose-response curve after DA antagonisahicates that
similar pharmacological mechanisms underlie thefoecing properties

of MDMA and other commonly abused substances.
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Maintenance of responding by MDMA- associated stimulus
The third experiment evaluated the role of the dmd /or drug-

associated light stimulus on responding. Fortfashad extensive
experience with MDMA self-administration removallafth the drug and
the light stimulus that had been paired with inér@aus drug infusions
led to a dramatic and rapid decrease in operapbneing. When operant
responding continued to produce either the lightdus or the drug
infusion, the decrease in responding was delayatve to when both
stimuli were omitted. Thus, the light stimulus thatl been paired with
self-administered MDMA infusions was sufficientr&inforce

responding for several days even in the absentteedDMA infusion.
Similarly, MDMA infusions were sufficient to maintaresponding for
several days once the drug-associated light stisrudl been removed.
When either the drug or the light stimulus was reesbhowever,
responding eventually decreased to rates that esmparable to when
both the drug and the light were removed. Becausdght stimulus
failed to reinforce responding for the group thad Imot received
light/drug pairings, these data suggest that tite Btimulus had acquired
reinforcing properties through repeated pairingh welf-administered
MDMA infusions.

Previous studies have documented rapid extincticeld
administration of a number of drugs of abuse (DiGi& Everritt 2004;
Grimm et al. 2002; Neiswander et al. 1996; Sed. 1999) and
presentation of drug-associated stimuli reinstatd¢thguished cocaine-
(Deroche- Gamonent et al. 2003; Di Ciano et al42@hd
methamphetamine- (Anggadiredja et al. 2004) takigavior. In another
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study (Schenk and Partridge 2001), the continuedgmtation of a light
stimulus that had been associated with self-adieir@d cocaine
infusions was required for the maintenance of hégas of cocaine self-
administration; removal of the stimulus that hadrbassociated with
self-administered cocaine resulted in a dramaticedese in operant
responding despite the continued availability afaine.

The present study demonstrates that an MDMA-ast&atia
stimulus is also required for continued self-adstiation of MDMA and
is the first to demonstrate the development oflsin@onditioned
reinforcing properties of a stimulus that had bassociated with self-
administered MDMA. Behaviour maintained in theexze of the drug
stimuli may also indicate that the light stimulgsacting as a
discriminative stimulus, consequently behaviour rhayunder stimulus
control. Again, this phenomenon is noted for mather drugs of abuse,
such as cocaine (Weiss et al, 2003), amphetamia@ g[8 Smith, 1976),
and morphine (Davis & Smith, 1976).

The discriminative ability of drug-associated stinta indicate
the onset or availability of self-administratiorsulted in drug- taking
behaviour being controlled by these associatedutifBeninger et al,
1981; Van der Kooy, et al, 1983; Foltin & HaneyP2 Typically in
stimuli control studies the discriminative stimptecede reinforcement;
however, in the current study behaviour was mamethiby a stimulus
that co-occurred with the infusion of MDMA. Givéme duration of

infusion delivery / light presentation and the sdjye response to
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MDMA, the light stimulus may have been functionega discriminative
stimulus.

The ability of drug-associated cues to acquire robiaver
behaviour and to lead to drug seeking is a critbaracteristic of drug
abuse (Carter & Tiffany, 1999; Childress et al,@;98988; 1992; 1993;
1999; O’Brien et al, 1992; Drummond et al, 1990ltiR& Hanley,
2000). Accordingly, these data are consistent thighidea that MDMA is
a drug with high abuse potential. In the presamstcontinued
presentation of the light stimulus associated wéh-administered
MDMA infusions rendered rats resistant to extinctaf self-
administration behaviour.

With other drugs of abuse, the ability of drug-assted stimuli to
control behaviour has been elegantly demonstraredigh the use of
second order schedules (Keheller, 1966; Goldb&g3;1Goldberg et al,
1975; Goldberg & Gardner, 1981; Sanchez-Ramos &Seh, 1977,
Schindler et al, 2002; Arroyo et al, 1998; Eve&iRobbins, 2000;
Parkinson et al, 2001; Diciano & Everrit, 2004)heldemonstration of a
resistance to extinction through presentation arfug-associated stimulus
indicates that MDMA may maintain a second-ordeesicite of
reinforcement. This possibility remains an exgtavenue for future
research.

The development of conditioned reinforcing effewftsirug-
associated stimuli might explain why MDMA self-adnsitration by
humans remains high despite reports of tolerantieet@ositive

subjective effects of the drug (Parrott 2005; Vgden et al 2003). Of
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note, a majority of MDMA users will consume MDMA specific
environments and behavior does not generalizeyg@salrott, 2005).
This might also explain the development of commealsise among some
MDMA users (Jansen 1999; Parrott 2005; Von Sydoal.2002) since
stimuli associated with MDMA might maintain drud<tag behavior
despite the development of tolerance to the peséifects of the drug. In
some studies, the continued presentation of cusexc@sed with self-
administered drugs enhanced responding maintaydaebdrug alone
(Panilio et al., 2000; Weiss et al., 2003; Palmadteal., 2006). In the
present study, the importance of the continuedgmtasion of a stimulus
associated with self-administered MDMA was also destrated and
operant responding decreased dramatically wherdthig-associated
stimulus was omitted. In this manner, MDMA-selfradistration by
experienced subjects might come under the samédésgmulus control
as has been demonstrated in cocaine-, nicotinehammin-experienced
subjects (Panilio et al., 2000; Weiss et al., 2008matier et al., 2006;
Chaudbhri et al., 2005).

The fact that extinction of operant responding delsiyed by the
continued presentation of the MDMA-associated Igfithulus and that
MDMA infusions failed to continue to reinforce opeat responding when
the light stimulus was removed suggests a chantesiability of
MDMA to activate substrates relevant to its reicfog properties. In
other studies (Schultz et al. 1992; Fontana €t283; Duvauchelle et al.
2000; Ito et al. 2000; Carelli 2000; 2004; Schal@0l), it has been

demonstrated that following repeated pairings,ehea loss of the
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capacity of a primary reinforcer to activate dopa@systems and an
increased response of central dopamine systerhe farésentation of the
stimulus that had been paired with the primaryfogoer. These findings
have profound implications for compulsive drug teksince they suggest
that conditioned stimuli rather than primary rentfers become the
primary determinants of continued drug seeking.
Reinstatement of extinguished responding after MDMA prime

In the present study the ability of MDMA to reiatt extinguished
MDMA self-administration behaviours was measur&#sponding was
produced as both dose-, and schedule-, dependantgreinstatement
studies. Removal of both the light stimulus anaggdstimulus produced a
rapid reduction in responding. Experimenter adsténed MDMA
reinstating extinguished responding. Respondinthennactive lever
remained low and stable throughout the differertsels of testing.

Several studies have reported that priming injestiof a self-

administered drug reinstates extinguished drugitakehaviour. For
example, experimenter administered cocaine, ample¢sand heroin
reinstated extinguished responding for animalaéaito self-administer
cocaine (de Wit and Stewart, 1981; Slikker etZ984; Comer et al,
1993; Worley et al, 1994; Weissenborn et al, 1986)phetamine
(Stretch and Gerber, 1975; Ettenberg, 1990) anoirtnéde Wit and
Stewart, 1983; Shaham et al, 1996), respectivieIpRMA has also been
demonstrated to reinstate responding after amphetaself-
administration, only in animals previously expose®DMA (Morley et

al 2004). In the current study, all animals hdtta@ministered MDMA,
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and reinstatement was robust. These findingsatel that MDMA may
be able to reinstate responding for other substanGaven the high rates
of poly drug use amongst MDMA users, MDMA use afigreriod of
abstinence may initiate drug-seeking behaviours feariety of
substances. The possibility that MDMA use may ptamelapse in
poly-drug users needs further consideration.

The between session measurement of self-admimestrat
extinction and reinstatement behaviours indicatasreinstatement is not
due to the acute withdrawal effects (Shalev e2@02). In the current
study, the use of 2-3 days of extinction training attenuation of
responding during this period suggests that animale responding as a
function of drug stimulus presentation. Respoggiroduced after
MDMA administration was dose dependant and 10miylkgMA
produced double the rate of baseline respondimgle® findings have
been reported when other drugs of abuse were delfréstered. For
example, methamphetamine administration (1mg/kgglpced
responding approximately double that maintaine@.0$¢mg/kg/infusion
(Anggadiredja et al, 2004). The temporal pattdrresponding was dose
dependently elevated in the first half of the selfinistration sessions.
The production of dose-dependant reinstatememnsistent with other
reports of drug-primed reinstatement (Self & Nestl®98; Stewart,
2000; Chiamuerla et al, 1996; Shaham et al, 198TVd, 1996; De wit
& Stewart, 1981). The use of drug doses highar thase used to
maintain self-administration, have been regulaggdito reinstate

responding (de Wit, 1996). While the dose of 1(kgghay have
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increased motor activity, responding occurred $eicon the active
lever. The selectivity of this response suggdsisdnimals may have
been seeking MDMA.

The predictive utility of the reinstatement progezlhas been well
established, and therefore, clinical implicatiofshis finding are
profound. The reinstatement model is widely usednderstand factors
contributing to the ‘relapse’ process of addict{&malev et al, 2002; Katz
et al, 2004). The return to compulsive drug talaftgr periods of
abstinence is a determinant of addiction. Accalyi, the demonstration
of MDMA reinstatement suggests that some individumfy be sensitive
to relapse. It would be expected that in the fitaurrent or abstinent
MDMA users may experience relapse to either MDMA,us poly drug
use if exposed to MDMA again. In addition, givéle tommonalties
between MDMA self-administration and the self-adistiration patterns
and features produced by other commonly abusedgtingse data
indicate that MDMA does have a significant abuaeility. Subsequent
studies would benefit from evaluating the role opdminergic agonists
in reinstating behaviour. Furthermore, given tlealth of data
implicating cross-sensization, assessment of @@stent with other
substances is required in order to provide a stuontprstanding of
widely reported poly drug use in MDMA users.

Validity of MDMA self-administration
Underpinning all interpretation is the assumptiost MDMA
self-administration models human MDMA use. Thediy of the

MDMA self-administration has been questioned duseteeral features of
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human MDMA use that are not yet addressed in thévM3elf-
administration literature, including, route of admstration, patterns of
consumption, and human polydrug use (de la Garah 2006).

The self-administration paradigm employed usethdwelling
intravenous catheter to deliver MDMA. It could drgued that
intravenous delivery is not consistent with the elydreported oral
consumption of MDMA (de la Garza et al, 2006).rdrenous delivery
produces rapid effects when compared to oral actnation, therefore
increasing the likelihood that a substance be margorcing. MDMA
is, however, administered intravenously by someplgeoFor example,
Topp et al, (1999) report 16% of MDMA users hadduSEOMA
intravenously. Heavy MDMA users can differentitite subjective
effects of MDMA based on the route of administrat{®olowij et al,
1992; Topp et al, 1999). The focus of the curtkasis was to explore
basic parameters of MDMA self-administration. Fatatudies may
benefit from looking at oral MDMA self-administran.

The current results were produced over daily sdfHaistration
sessions; in contrast human MDMA consumption ocpueslominantly
in binge patterns (Topp et al, 1999; Winstock e2801). It is highly
likely that these parameters may have affectedabalts. Self-
administration studies utilizing unlimited accesgima long period of
time and discrete access to MDMA may help to ¢jgpéitterns of
consumption.

Poly drug use is very common amongst MDMA users$a\8ip et

al, 1992; Forsyth et al, 1996; Davidson & Parrd®97; Schifano et al,
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1998; Topp et al, 1999; Parrott et al, 2000; voddsy et al, 2002;
Verheyden et al, 2003; Schooley et al, 2004). MDidAarely used
alone; with one large study reporting 0.7% of MDMgers consuming
MDMA alone (Verheyden et al, 2003). Concurrenttaarug use is
typically alcohol, cannabis, and amphetamine (Teipgl, 1999;
Verheyden et al, 2003). Approximately 40-45% of MR users
concurrently use amphetamines (Solowij et al, 19%p et al, 1999),
while 45-55% of MDMA users concurrently use mamagSolowij et al,
1992; Topp et al, 1999). Smoking cannabis is replby to ‘pick you up’
and ‘bring you down’ in an attempt to prolong pe&dfiects or to
counteract insomnia (Solowij et al, 1992). Thehhige of
benzodiazepines in the residual phase of MDMA ssdg0 particularly
common (Topp et al, 1999; Forsyth et al, 1996; &ghet al, 2004). The
current study did not attempt to address issudsaiperg to poly drug use
simply because basic clarification of MDMA self-aidistration was
required. Subsequent research would benefit frgstematically looking
at self-administration of multiple compounds witibMA and pre-
treatment with other substances. Given the titeeson cross-
sensitisation, the interactions between MDMA artteodrugs of abuse is
a very important avenue for future research.
Consistency with dominant addictionstheories

The MDMA self-administration data indicates thaDMA can produce
behavioural features consistent with other commablysed substances.
These behavioural phenomena have been used adeaxfan the abuse

potential of illicit substances, suggesting that M®is a drug with
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abuse liability. Self-administration alone does$ pr@vide evidence of
addiction; rather features of addiction are reqlieebe demonstrated
within a self-administration paradigm (Robinson020Deroche —
Gamonet et al, 2004). At a basic level, the dertnatisn of reliable
MDMA self-administration indicates that MDMA funotis as a positive
reinforcer. Positive reinforcement is an estéaldsfeature in most
scientific theories of addiction (Koob et al 200997; Robinson &
Berridge, 2000; 2003; Wise & Bozarth, 1987).

In animals, self-administration of drugs of abuseniediated by
the natural reward pathways in the brain — prigahie mesolimbic
system (Wise, 1981; Koob & Le Moal, 2001; Volkowakt1999).
MDMA self-administration was sensitive to manipudatof the
dopamine system, indicating that like other psythadants, MDMA
use has a dopaminergic component. Several theafreggdiction have
focused on aberrations in dopaminergic processidgcansequently
learning, after repeated drug use (Wise, 1996; Keial, 1998; Di
Chiara et al 1999). It has been clearly demoredrtiat increases in
dopamine are produced after MDMA self-administraijbitzgerald &
Reid, 1990). The demonstration of a rightwardtshithe MDMA dose
effect curve after dopaminergic antagonism provelgdence that the
dopamine efflux produced during MDMA self-admington mediates
some of the behavioural effects of MDMA.

Aberrant learning theories of addiction hypothesisg a lack of
dopaminergic habituation produces these abnormstibyng stimuli-drug

associations (Di Chiara et al, 1999; Wolf, 2002)The magnitude of the
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drug- drug stimuli relationship has been proposeddrease the
incentive motivational aspects of drug taking (Di&a et al, 1999;
Wolf, 2002), and to increase sensitivity to drugaxsated stimuli.
Repeated exposure to drug-associated stimuli islwkhown to produce
conditioned highs, conditioned withdrawals and ¢bowled craving
(O'Brien et al, 1992; Childress et al, 1988; Ehemretal, 1992).
MDMA self-administration was sensitive to manipudatof associated
stimuli, providing an indication that repeated sstiministration of
MDMA produces conditioning effects, and an increiasthe salience of
environmental stimuli associated with MDMA use. ifittrest, in
humans MDMA consumption is largely context spediizeen et al,
2003). The sensitisation towards salient atbeati stimuli is theorised
to underpin the transition from wanting to cravifrgm abuse to
dependence (Robinson & Berridge, 1993; 2000; 220Q3).

Alterations in the processing of drug associatadudt and
underlying neural substrates after chronic drughasebeen suggested to
render individuals sensitive to the resumptionroigataking behaviours
after drug consumption has initially ceased (Waf02; Di Chiara, et al,
1999; Wise, 1996, Koob, 2006; Weiss, 2005; Nes#e02; Kalivas &
Volkow, 2005). In the current study, MDMA reinsdtresponding
previously maintained by MDMA. The reinstatemeatguigm has been
used to model aspects of the relapse process iot@adShalev et al,
2002); therefore, the demonstration of MDMA inducethstatement
implies that prior MDMA users may be sensitivetie tesumption of

MDMA use after a period of abstinence. No stuth@ge adequately
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assessed MDMA produced relapse in humans, howewerSydow and
colleagues (2002) did report that a small proparatbMDMA users had
difficulty remaining abstinent from MDMA.

The development of tolerance, a behaviour repavidmuch
drug addiction, and accounted for by most theafesddiction was not
systematically investigated in the current stu®wven the commonalties
between MDMA self-administration and self-admirasion of other
psychostimulants, and the applicability of drugiatidn theories to
MDMA self-administration, it would be expected thdDMA
administration produces tolerance to the subjedfiects. Tolerance
after chronic MDMA use in humans (Shulgin, 1986rtieika et al,
1988; Solowij et al, 1992; Davidson & Parrott, 199instock et al,
2001; Verhyeden et al, 2003; Parrott, 2005) in ptayMDMA self-
administration (Fantegrossi et al, 2004) has beparted. The role of
tolerance to MDMA, and the consequential behavigtisneed to be
evaluated within the self-administration paradigm.

Much debate has occurred over the abuse liability[@DMA in
the absence of a theoretical framework (De la Gatzh, 2006); rather
the abuse potential has been measured by the pafiétDMA self-
administration studies, and consequential lacketiavioural markers of
abuse potential. The demonstration of self-adrivatien, and the
sensitivity of MDMA self-administration to maniptien of
pharmacological and environment stimuli is consisteith key features
in all the major theories of addiction providingther evidence that

MDMA has an abuse potential.
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Given the commonalities outlined between MDMA atiteo
psychostimulants, treatment of MDMA abuse and MDM#ly drug
abuse could be similar to empirically validatedstahce abuse
treatments. For example, cue exposure is frequasdd in rehabilitation
centres to desensitise people to the conditionfedtsfof drug-associated
stimuli (Seigel & Ramos, 2002; Childress et al,898993). The
conditioned effects reported here indicate that Miers would likely
benefit from cue exposure treatments to stimulbeissed with MDMA
use. The use of relapse prevention models alsaomdeneficial in order
to prevent relapse (Marlett & Gordon, 1985). Pharatogically, the
acute positive subjective effects of MDMA in humaias be blocked
using dopamine antagonists (Leitchi & VollenweidZ00). The focus
of this thesis was to look at factors affectinguasigion and maintenance
of MDMA self-administration. These factors are s@tent with a
substance that has abuse liability, and potemtiadduce relapse.
Therefore, before any specific treatments, MDMA nseds to firstly be

specifically addressed in treatment with those Wwaee used MDMA.

Conclusion
The results reported here provide support for ffpothesis that

MDMA has an abuse potential, and shares commorctdeproperties
with other abused substances. It is hypothesisscts MDMA
consumption has increased so too is the likelitbatt MDMA users may

have symptoms of addiction.
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MDMA consumption has been poorly characterisedraty
over the abuse potential of MDMA has existed. Gémetral tenet of this
thesis was to ascertain whether MDMA is self-adstared and whether
MDMA self-administration has features of addictid®elf-administration
of MDMA was obtained and tested. Dopamine antagyanndicated that
dopaminergic mechanisms are involved in the reaifgy effects of
MDMA. Manipulation of drug and drug associatearstli provided
evidence that stimuli associated with MDMA acqu&aforcing
properties. Reinstatement of responding previoosintained by
MDMA was also obtained upon re-exposure to MDMAeTbehaviours
reported are comparable to those produced by pgyahostimulants,
and consistent with theories of addiction, andrdedins of abuse
potential. Given the increases in MDMA consumptimer the past two
decades, it is likely that problems associatedifipalty with MDMA
will arise. As such, further investigation into M self-administration
is warranted and will provide further informatiaor tclinical and

neuropsychological gain.
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