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Abstract

Background: Drug addiction is a chronic, relapsing disorder with great socioeconomic and
morbidity costs. An estimated 27 million people worldwide suffer from drug dependence,
with over 180,000 drug abuse-related deaths reported annually (UNODC, 2015).
Currently, there are no FDA-approved pharmacotherapies for psychostimulant addiction,
limiting the efficacy of treatment for cocaine and amphetamine abuse. Kappa-opioid
receptor (KOPr) agonists can act as inhibitors of reward, and have been investigated in
pre-clinical models of drug abuse for potential anti-addictive properties, but display
undesirable side-effects such as dysphoria and sedation. A naturally-occurring KOPr
agonist, Salvinorin A (SalA), has been explored as a lead for new KOPr-based anti-
addictive medications. SalA is a short-acting but potent non-nitrogenous KOPr agonist with
known anti-cocaine effects, and chemical alterations to this structure have produced novel
agonists with comparable or greater potency at the KOPr. This thesis compares two novel
SalA analogues, 16-ethynyl Salvinorin A (Ethy-SalA) and 16-methyl Salvinorin A (Me-

SalA), in pre-clinical models of addiction and side-effect tests.

Methods: Sprague-Dawley rats were used to model the behavioural effects of acute KOPr
treatment upon cocaine self-administration and drug-seeking behaviour, natural reward-
seeking, cocaine-induced and spontaneous locomotion, and pro-depressive forced-swim
testing. Transiently co-transfected HEK-293 cells were used to model the influence of
KOPr activation upon dopamine transporter (DAT) function in an in vitro model of
dopamine uptake, using confocal microscopy to detect internalisation of the fluorescent

DAT substrate ASP+.

Results: Acute pre-treatments of Ethy-SalA significantly attenuated cocaine-reinstatement
of drug-seeking behaviour (at 0.1 and 0.3 mg/kg) and progressive ratio (PR) self-
administration of cocaine (at 2.0 mg/kg). The less potent agonist Me-SalA did not attenuate

cocaine-reinstatement or PR self-administration at the doses tested (0.3-2.0 mg/kg).



Despite apparent anti-cocaine effects, Ethy-SalA (0.3 mg/kg) was not found to effectively
reduce cocaine-induced locomotor hyperactivity or sensitisation in rats. Side-effect
screens were carried out on the novel compounds using the doses tested in cocaine-
primed reinstatement. Ethy-SalA (0.3 mg/kg) and Me-SalA (1.0 mg/kg) did not significantly
affect spontaneous locomotor behaviour 0.3 mg/kg, or reduce self-administration of the
natural reward sucrose at a dose of 0.3 mg/kg in rats. Depression-like effects caused by
acute Ethy-SalA treatment (0.3 mg/kg) were also not detected in the Forced Swim Test.
Treatment with Ethy-SalA (10 uM) significantly increased uptake of the fluorescent ASP+

in co-transfected DAT/KOPr HEK-293 cells.

Conclusions: A single treatment of the novel KOPr agonist Ethy-SalA, but not the novel
agonist Me-SalA, was found to attenuate drug-seeking behaviours in models of cocaine
administration with greater potency than SalA, and without detectable sedative or
depression-like effects at a dose of 0.3 mg/kg. The cellular mechanism-of-action by which
Ethy-SalA depresses cocaine reward is at least in part due to positive regulation of DAT,
which would act to reduce extracellular dopamine within the brain. The lack of significant
side-effects and the apparent improved potency of the compound support further
exploration of Ethy-SalA as a lead for the development of an anti-addictive

pharmacotherapy.
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Chapter 1 : Introduction

1.1 Addiction: Definitions and Socioeconomic cost

Addiction is one of the most debilitating outcomes associated with drug abuse, and is a
significant barrier to the cessation of drug use. The addictive condition is defined as a
chronic, relapsing disorder associated with long-term substance abuse (Rinaldi et al.,
1988; WHO., 2010). Addiction is not unanimous amongst drug users, but population
studies in the USA and Australia indicate that around one in five people who regularly use
illicit drugs will go on to develop drug dependence (Glantz et al., 2009; Grant, 1996; Hall

et al., 1999).

Globally, drug abuse accounts for a substantial economic burden through early morbidity,
crime, and treatment costs (Andlin-Sobocki & Rehm, 2005; Cartwright, 2008; Harwood et
al., 1999; Wickizer, 2013). Global mortality as a result of drug abuse is estimated at
187,100 deaths per year, and only one in six drug abusers has access to treatment or
interventions (UNODC, 2015). Psychostimulants, such as cocaine, amphetamine-like
stimulants, and opioids such as heroin are among the most heavily abused drugs
(UNODC, 2015). In New Zealand, approximately 17% of people over the age of 16 years
admit to recreational use of illicit drugs (Mason et al., 2010), with 83% of regular opioid
users, 55% of regular methamphetamine users, and 10% of regular 3,4-methylenedioxy-
N-methylamphetamine (MDMA) or ‘ecstasy’ users being classified as dependent upon
their drug of abuse (Wilkins et al., 2008). Drug use in New Zealand is also strongly
associated with criminal activity; in a survey of the major cities Auckland, Wellington and
Christchurch across 2006 and 2007, 16% of frequent illicit drug users were reported to
have committed theft within the past month, 6% to have committed violent crime, and 38%
to be dealing illegal drugs themselves (Wilkins et al., 2008). The cumulative costs of drug
and alcohol abuse in New Zealand have been estimated at $6.525 billion NZD (BERL-
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Economics., 2009). In the United States of America, a similar estimate based upon 2007

data suggested total costs of approximately $193 billion USD (NDIC, 2011).

Heroin, cocaine, and amphetamines are some of the most heavily abused drugs
worldwide, and contribute to the majority of drug-abuse cases (UNODC, 2015). Demand
for cocaine-related treatment is highest in North and South America (UNODC, 2015;
WHO., 2010), and though there are indications that cocaine availability and abuse in the
U.S. and Europe is decreasing in the face of increased heroin, methamphetamine and
prescription opioid abuse, cocaine still represents a significant global problem in terms of
abuse and addiction (NDIC, 2011; UNODC, 2015). In New Zealand cocaine is a
comparatively much rarer drug of abuse, though a 2005-2007 survey indicated that
cocaine availability was trending towards an increase (Wilkins et al., 2008). Successful
rehabilitation treatment for drug addiction has the potential for significant economic
benefits to both society and the individual, by reducing costs associated with crime and
treatment (Flynn et al., 1999; Prendergast et al., 2002). Effective treatment for addiction is
therefore a highly desirable outcome, and though pharmacology-based therapies exist for
alcohol and opiate dependence, there are currently no treatments for psychostimulants

approved by the Food and Drug Administration (FDA).

1.2 Neurophysiology of Drug Abuse and Addiction

1.2.1 The Reward Pathway

Drug abuse is intrinsically tied to the mesolimbic and mesocortical dopaminergic pathways
of the brain, often referred to collectively as the ‘reward pathway’. The three key areas of
the brain involved in the generation of reward are the ventral tegmental area (VTA), the
nucleus accumbens (NAc) and the pre-frontal cortex (pFC) (Phillips & Fibiger, 1978). The

major biochemical basis for the sensation of reward is the neurotransmitter dopamine (DA)



(Carlsson et al.,, 1957; Simon et al., 1979), which is synthesised within the VTA by
dopaminergic neurons with extensions to the NAc and pFC (see Fig.1.1), forming the
respective mesolimbic and mesocortical neural pathways (Swanson, 1982; Wood & Rao,
1991). Stimulation of the VTA results in release of DA at synaptic terminals in the NAc and
pFC, evoking a pleasurable or euphoric feeling in response to behavioural stimuli such as
the ingestion of food and drink (Yoshida et al., 1992) and sexual activity (Pfaus et al.,
1990). The actions of DA upon post-synaptic target cells in the NAc and pFC are mediated
by a family of G-protein coupled receptors, generally ordered into the major groupings of
D;-like and D.-like receptors according to their respective stimulatory or inhibitory
intracellular interactions with adenylyl cyclase (Kebabian, 1978; Self et al., 1996). In
studies of the interaction of cocaine and amphetamines with the reward pathway, it has
been identified that D, receptor-signalling enhances drug reward (Graham et al., 2007),
while striatopallidal D, receptor-signalling acts to inhibit pro-reward processes (Durieux et
al., 2009), in part by enhancing the activity of the DA transporter (DAT) and increasing DA

uptake (Bolan et al., 2007).

All known drugs of abuse cause hyperactivity of the reward pathway, by increasing
extracellular levels of DA (Di Chiara & Imperato, 1988). The mechanisms by which drugs
of abuse achieve this are many and varied; cocaine is one of the most widely studied, and
is known to increase synaptic levels of DA by binding to and inhibiting the actions of the
DAT, which normally acts to clear the synapse after DA release (Cass et al., 1992; Ritz et
al., 1987). Inhibition of DAT results in a prolonged period of dopaminergic stimulation,

which translates to the potent ‘high’ experienced by users of the drug (Volkow et al., 1997).

The abnormal stimulation of the reward pathway by drugs of abuse can induce significant
neurophysiological changes in regular abusers. Chronic exposure to the drug cocaine is
thought to induce a variety of neurophysiological changes, including alterations to D; and
D, receptor expression and activity, with D; activation being favoured over D2 (Navarro et

al., 2013; Park et al.,, 2013); and depletion of mesolimbic DA (Taylor & Ho, 1977),
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potentially as a result of decreased expression of the vesicular monoamine transporter-2
(VMAT2), an important pre-synaptic regulator of DA storage (Little et al., 2003). Decreased
VMAT?2 is thought to stimulate a reciprocal down-regulation of DA storage vesicles, and
thus an overall decreased pool of DA (Narendran et al., 2012). Positron emission
tomography (PET) imaging studies of dopaminergic activity in human methamphetamine
and cocaine abusers, using D; receptor radio-ligands, has indicated a loss of dopaminergic
function in long-term abusers in comparison to non-abusers (Volkow et al., 2001; Volkow
et al., 1993). Taken together, these studies suggest that long-term drug abuse can lead to

DA imbalances and general dysregulation within the reward pathway.



Figure 1.1. The reward pathway. A representation of the mesolimbic (dark red) and
mesocortical (dark blue) dopaminergic projections of the VTA, which form the reward
pathway in human and rat brains. The reward pathway and its components are well
preserved between humans and rats, and the rat is a commonly-used animal model for
human reward and drug-associated behaviours. VTA= ventral tegmental area; NAc=

nucleus accumbens; pFC= pre-frontal cortex.



1.2.2 Theories of Addiction

Long-term drug abusers are among the most likely to develop dependence or addiction
upon their drug of choice. A repeating pattern of behaviour is formed, with periods of drug
abuse and intoxication immediately followed by a dysphoric withdrawal state,
characterised by an obsession or craving for more drug to alleviate negative withdrawal
symptoms (see Fig. 1.2), which in turn leads to a relapse to drug taking (Koob & Bloom,
1988; Koob & Moal, 1997). Detoxified cocaine addicts, when exposed to the cocaine-like
drug methylphenidate, show decreased DA activity in the striatal (NAc-containing) region,
but increased activity in the thalamus, an area strongly associated with drug craving
(Volkow et al., 1997). Two theories currently exist to explain the role of DA in the
development of an addicted state; the first, the ‘dopamine-depletion’ hypothesis (Dackis &
Gold, 1985) posits that increased craving can be attributed to depleted stores as a result
of chronic hyper-stimulation . The second theory, of ‘incentive-sensitization’, proposes that
chronic abuse induces neurophysiological adaptations, causing the dopaminergic pathway
to become highly sensitised to the drug of abuse (Robinson & Berridge, 1993). In both
models, the abused substance then becomes the only means to reduce the negative
sensations of withdrawal, and induces strong cravings which can propel drug abusers into

the addiction paradigm.
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Figure 1.2. An illustration of the three-stage addictive cycle. This cycle is self-
perpetuating, as preoccupation or ‘craving’ for the drug promotes drug intoxication, in turn
inducing a negative withdrawal state which causes further drug craving to alleviate the
negative effects of withdrawal. Addiction therapy attempts to break drug abusers out of
the cycle at the withdrawal stage; if unsuccessful, those being treated will often relapse to
drug abuse (top). The cycle can also be visualised as a descending spiral, where
perpetuation of the cycle drives drug abusers further and further towards an addicted state
(bottom). Modified from Koob and Le Moal (1997).



1.3 Behavioural Models of Addiction and Drug-seeking behaviour

In order to better study the phenomenon of addiction, two animal models for human drug-
seeking behaviour are most commonly used: drug self-administration (in rodents or non-
human primates) and conditioned place preference (in rodents) (CPP) (Balster, 1991;
Tzschentke, 1998). In the self-administration procedure, first described by Weeks (1962),
animals are conditioned to associate drug delivery with a physical action of a lever press,
and subsequent measures of their responses can be used as a measure of drug-seeking
behaviour (Panlilio & Goldberg, 2007). Self-administration studies are most commonly
performed in rats, with drug being delivered intravenously through a catheter inserted into
the jugular vein and attached to a delivery mechanism which responds to lever presses
performed by the rat within an operant box (de Wit & Stewart, 1981; Weeks, 1962). The
drug administered acts as a highly effective positive reinforcement for the required
behaviour (Weeks, 1962), particularly in the case of cocaine: if allowed unlimited access,
animals sensitised to cocaine will nearly continuously self-administer, even when placed
on a reinforcement schedule which demands multiple responses from the animal in order

to receive a single unit of drug (Griffiths et al., 1975).

Different types of self-administration regimens can be used to test the different effects of
drugs of abuse. The drug-primed reinstatement model (de Wit & Stewart, 1981) has been
used as an approximation of human relapse to drug abuse (Bossert et al., 2013; Shaham
& Miczek, 2003), where abstinent individuals return to drug-seeking and drug-taking
behaviour after acute exposure to the drug of abuse (de Wit, 1996) or a drug-associated
environmental cue (Childress et al., 1993; O'Brien et al., 1992). The progressive-ratio
model, where subjects are required to increase their responses in a roughly exponential
pattern to continue to receive infusions (Depoortere et al., 1993; Hodos, 1961), measures
the motivation of test subjects to continue seeking drug (Richardson & Roberts, 1996).

Progressive-ratio has been previously used to examine differences in response in animals



previously sensitised to an abusive drug (Mendrek et al.,, 1998), comparisons of
reinforcement between different drugs (Roberts, 1993), and the effect of a pre-treatment
upon the reinforcing effects of a drug of abuse (McGregor et al., 1993). Changes to a
‘break-point’, or the point at which an animal will cease to attempt to self-administer the
drug on offer, are used to gauge the subject’s relative level of motivation (Stafford et al.,
1998). As well as confirming the reinforcing effects of drugs of abuse, self-administration
models in both rats and non-human primates have also been used to test potential anti-
addictive pharmacotherapies by screening the ability of various compounds, including
kappa-opioid receptor (KOPr) agonists to reduce drug-seeking behaviour (Cappendijk &

Dzoljic, 1993; Heidbreder & Shippenberg, 1994; Schenk et al., 1999).

The CPP protocol tests ‘preference’ for a drug by causing the test subject to associate
delivery of the drug with a particular environment (Bardo & Bevins, 2000; Rossi & Reid,
1976). Animals are also given a neutral or ‘vehicle’ treatment in a different environment.
On the test day the subject (usually mice or rats) is primed with an injection of the drug
and then allowed to explore both ‘drug’ and ‘vehicle’ environments (Rossi & Reid, 1976).
If the animal chooses to spend more time in the environment in which they first received

drug, they are said to display ‘preference’ for drug.

1.4 The Kappa-opioid system in Addiction

1.4.1 Kappa-opioid physiology

The kappa-opioid (KOP) system is an important regulator of mood within the central
nervous system, and the endogenous KOP agonist dynorphin is thought to play an
important role in mediating stress-associated dysphoria (Land et al., 2008). Dynorphin and
its target, the G-protein coupled kappa-opioid receptor (KOPr), also have important anti-

addictive regulatory functions by acting to oppose the dopaminergic effects and



neurophysiological changes induced by long-term drug abuse (Mysels & Sullivan, 2009;
Spanagel et al., 1992). Synthetic KOPr agonists are being explored as an alternative target
to DA receptor or DAT antagonism for anti-addiction pharmacotherapies (Prisinzano et al.,
2005). Within the reward pathway, the KOP system acts to inhibit DA release in the NAc
and pre-frontal cortex through negative regulation of dopaminergic neurons extending
from the VTA (Margolis et al., 2006; Shippenberg et al., 2007), and also increases DA

uptake by DAT (Thompson et al., 2000).

Long-term, the activity of dynorphin is also thought to encode the depressive and
dysphoric components of drug withdrawal (Chartoff et al., 2012), and, together with the
corticotrophin-releasing factor (CRF) activity, is strongly implicated as an important
mediator of aversive stress responses (Bruchas et al., 2010). Exposure to drugs of abuse
causes marked changes in KOP expression and activity, particularly in areas of the brain
associated with reward. Increased dynorphin expression is observed in the striatal region
of the brains of human cocaine addicts (Hurd & Herkenham, 1993) and also within animal
subjects given chronic cocaine treatment (Carlezon et al., 1998), suggesting that
potentiation of the KOP system occurs as a result of long-term abuse. Successful stress-
induced reinstatement to drug-seeking behaviour using acute KOPr agonist treatment has
been generated in animal models of alcohol (Funk et al., 2014) and cocaine self-
administration (Redila & Chavkin, 2008; Valdez et al., 2007) and can be blocked by KOPr
antagonists (Beardsley et al., 2005), indicating that the dysphoric state caused by KOPr
activation can act as a negative reinforcer of drug-seeking behaviour. Acute drug exposure
can also influence KOP activity; a single injection of amphetamine has been shown to
desensitise KOP receptors within the rat NAc, an effect which lasts for at least 5 days after

amphetamine treatment (Xia et al., 2008).

Not all of the KOP-mediated effects in the brain appear to be aversive, however. A recent
study using selective optogenetic activation of dynorphin-expressing cells of the ventral

and dorsal regions of the NAc have indicated that while KOP activity within the ventral
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region of the NAc does produce an aversive response in place preference tests in mice,
activation of dorsal KOP-expressing cells can induce a reward response (Al-Hasani et al.,
2015). Similarly, other research has identified the presence of KOP-activated pro-reward
“hot-spots” within a rostral region of the rat NAc shell (Castro & Berridge, 2014). The
contribution of the KOP system to behaviour is clearly much more complex than its

traditionally assigned role as a mediator of aversive and dysphoric states of emotion.

1.4.2 KOPr signalling pathway

KOPr is a transmembrane G-protein coupled receptor (GPCR) widely expressed in the
central and peripheral nervous systems; KOPr expression is particularly high in areas of
the brain associated with reward, pain perception, and learning and memory (Simonin et
al., 1995). KOPr activation generally has an inhibitory effect upon KOPr-expressing cells,
which include nociceptive neurons in the periphery, and dopaminergic neurons in the
central nervous system (CNS). According to one model (Bruchas & Chavkin, 2010),
agonist-binding to the KOPr activates Gai protein subunits, whose major downstream
effect is the inhibition of cyclic-AMP synthesis by adenylyl cyclase (Taussig et al., 1993)
and activation of the inflammatory and stress-associated c-Jun N-terminal Kinase (JNK)
(Kam et al., 2004), while KOPr-mediated activation of Gy protein subunits is thought to
influence K* and Ca?* channel activity, increasing membrane potentials and inhibiting
action-potential transmission (Eriksson et al., 1993; Grudt & Williams, 1993). The KOPr
also activates the extracellular signal-regulated kinases 1 and 2 (ERK1/2) in two distinct
stages, termed ‘early’ and ‘late’ phase activation Early phase activation appears to be Gyf3
-mediated, while late-phase ERK1/2 activation occurs as a result of 3-arrestin recruitment
by the KOPr (McLennan et al., 2008) (see Fig. 1.3 for summary). The p-arrestin-dependant
pathway includes activation of both ERK1/2 and p38 mitogen-activated protein kinase

(MAPK), a combination which is thought to be responsible for many of the negative side-
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effects associated with classic KOPr agonists. The actions of p38 MAPK in particular have
been strongly implicated in the development of aversion and negative stress-induced
behaviours in animal models (Bruchas et al., 2011). It is also suspected that B-arrestin
mediated signalling is responsible for human KOPr desensitisation, by stimulating receptor
internalisation (Li et al., 1999). The downstream actions of B-arrestin recruitment therefore
greatly hinder the therapeutic application of classical KOPr agonists, both as analgesic

agents and as potential anti-addictive therapies.

KOP receptors have been shown to regulate DAT and serotonin (5-HT) transporter (SERT)
function as part of an ERK1/2 dependant pathway (Kivell et al., 2014). The regulation of
DAT is particularly pertinent to an anti-addictive mechanism of action, and in vitro
experimentation has indicated that KOPr-expressing cells will increase DA uptake and cell-
surface expression of DAT when exposed to the KOPr agonist Salvinorin A (Kivell et al.,
2014). KOPr and DAT are co-expressed in dopaminergic cells of the rat NAc (Svingos et
al., 2001), and there is evidence for the formation of KOPr-DAT in cells co-transfected with
DAT and KOPr, very likely allowing for direct regulation of DAT by physical association
with the KOPr (Kivell et al., 2014). Dual expression of KOPr and DAT is observed in
several regions of the brain, in both rats and humans (see Fig. 1.4) (Ciliax et al., 1999;
Ciliax et al., 1995; Mansour et al., 1987; Tempel & Zukin, 1987).The regulatory activity of
the KOPr upon DAT may be central to many KOPr-mediated behavioural effects,

particularly the negative regulation of reward.

Regulation of SERT by KOPr may also influence drug-associated behaviours. Agonist
stimulation of cells co-expressing KOPr and SERT in vitro decreases SERT activity (Kivell
et al., 2014), and in vivo studies in 5-HT-depleted rats indicate that 5-HT activity may be
integral to depression of the hyperactive locomotor response observed in acute cocaine-
treated rats pre-treated with chronic KOP agonist (Zakharova et al., 2008), as well as
mediating aversive, stress-associated behavioural effects (Bruchas et al., 2011; Land et

al., 2009).
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Figure 1.3. Summary of KOPr signalling pathways and effects. An illustration of the

early (top) and late (bottom) phases of ERK1/2 activation associated with KOPr activation,

including downstream regulatory effects. Arrows indicate activation or stimulation; blunt-

ended lines represent inhibition. Adapted from Bruchas and Chavkin (2010). cAMP= cyclic

adenosine monophosphate; CREB= cAMP response element-binding protein; DAT=

dopamine transporter; ERK1/2= extracellular signal-regulated kinase 1 and 2; GRK3= G-

protein coupled receptor kinase 3; JNK= c-Jun N-terminal Kinase; p38 MAPK= p38

mitogen-activated protein kinase; SERT= serotonin transporter.
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and pFC), mood (NAc, amygdala), and learning and memory (caudate nucleus,

putamen). Regulation of DAT by KOPr may therefore play an important role in regulating

both reward and mood states within the brain, as well as the development of reward

association.
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1.4.3 Kappa-opioids in addiction research

The use of acute KOPr-agonist treatment for addiction is currently being explored in pre-
clinical trials. Experiments in drug-conditioned rats and mice with synthetic KOPr agonists
have demonstrated the ability of KOPr ligands to decrease the rewarding effects of drugs,

particularly that of cocaine.

The selective KOPr agonist trans-(+)-3,4-Dichloro-N-methyl-N-[2-(1-
pyrrolidinyl)cyclohexyllbenzeneacetamide (U-50,488; see Fig. 1.5) has been shown to
block conditioned place preference (CPP) for cocaine and attenuate cocaine-induced
hyperactivity in rats at 5 mg/kg (s.c.) (Crawford et al., 1995), and reduces cocaine self-
administration (U-50,488 at 0.032-0.1 mg/kg/hr, i.v.) in rhesus monkeys (Negus et al.,
1997), while the agonist (+)-(5a,7a,83)-N-Methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-
8-yl]-benzeneacetamide (U-69,593; see Fig. 1.5) has been shown to attenuate cocaine
but not amphetamine reinstatement of drug-seeking behaviour in rats with 0.16 and 0.32
mg/kg (s.c.) pre-treatment (Schenk et al., 1999). Pre-treatment with either U-69,593 (0.04-
0.32 mg/kg, s.c.) or U-50,488 (2.5-7.5 mg/kg, s.c.) has also been shown to block the
development of behavioural sensitisation to cocaine in rats in a chronic administration
model (Heidbreder et al., 1995). A study by Morani et al. (2009) established that treatment
with the agonists U-50,488 (30 mg/kg, i.p.), U-69,593 (0.3 mg/kg, s.c.) and spiradoline (1
mg/kg, i.p.) in drug-conditioned rats resulted in significant dose-dependent decreases in
drug-seeking behaviour using a cocaine self-administration model. Pre-treatment with
spiradoline and U-50,488 has also been shown to attenuate responses during standard
cocaine and morphine self-administration sessions (Glick et al., 1995). KOPr agonists are
therefore promising potential leads for anti-addictive therapies (Prisinzano et al., 2005). A
self-administration study by Freeman et al. (2014) showed that infusions of the selective
KOP agonist Salvinorin A (SalA) co-infused with either cocaine or the MOR agonist
remifentanil could reverse lever preference in rhesus monkeys, indicating that KOP
agonists can act as “punishers” of drug-seeking behaviour. Classical synthetic KOPr
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agonists, however, cause a variety of un-wanted side-effects in both human and animal
models, including dysphoria, sedation, and nausea which limits their clinical applications

(Land et al., 2008; Mello & Negus, 2000; Pfeiffer et al., 1986).

Chronic KOPr agonist administration has also been shown to paradoxically increase drug-
induced self-administration behaviour (Negus, 2004; Potter et al., 2011), an effect which
may be linked to the proposed role of the KOP system in the homeostatic ‘opponent
process theory’ of drug abuse. Opponent process theory proposes that the initial rewarding
‘high’ provided by drugs of abuse is followed by a reciprocal aversive and dysphoric state
(Solomon & Corbit, 1974), a process which is specifically induced in response to
hyperactivity of the reward pathway (Vargas-Perez et al., 2007). In drug-dependant
individuals, it is theorised that pro-aversive KOPr signalling out-weighs the initial reward
response, enhancing withdrawal symptoms and reinforcing the ability of the drug of abuse
to temporarily alleviate the dysphoric withdrawal state (Walker et al., 2012). Therefore,
chronic exposure to KOP agonists may exacerbate the withdrawal state and enhance
dependence upon the drug of abuse, by facilitating negative reinforcement of drug-taking
behaviour (Wee & Koob, 2010). This theory is supported by animal studies of alcohol
abuse where treatment with the long-acting kappa opioid antagonist norbinaltorphimine
(norBNI; see Fig. 1.5) at 15 and 20 mg/kg was shown to reduce ethanol self-administration
in ethanol-dependant rats (Walker et al., 2011). KOP antagonism in these animals is
proposed to block at least some of the negative reinforcing effects of ethanol abuse and
so reduce their dependence on the drug (Walker et al., 2012). This effect has also been
shown in models of cocaine and methamphetamine administration, where treatment with
norBNI (15 and 30 mg/kg) prevented the escalation in dosage normally observed in rats
allowed to administer cocaine during "long-access” 6 hour sessions (Wee et al., 2009;
Whitfield et al., 2015). These studies therefore indicate that KOP antagonism may also

hold promise as a preventative or protective anti-addictive therapy.
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Figure 1.5. KOPr agonists and antagonist. Molecular structures of the synthetic alkaloid
KOPr agonists spiradoline (A), (£)U-50,488 (B), and U-69,593 (C), and the selective KOPr
antagonist norBNI (D). For comparison, the non-nitrogenous structure of neoclerodane
diterpene Salvinorin A (E) is shown [structures generated using MarvinSketch chemical

drawing software].
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1.5 Novel Kappa-opioid Agonists

1.5.1 Functional Selectivity

It has been identified that many receptors, in particular the GPCRs, are not limited to a
single functional profile. Studies of the down-stream signalling effects of different ligands
upon a single receptor have shown that certain ligands can favour the activation of one or
more intracellular signalling pathways over others, an effect which is known as functional
selectivity or ‘ligand bias’ (Kenakin, 2011). Functionally selective ligands have been
identified for the mu-opioid receptor (MOR) which do not promote MOR internalisation
(Groer et al., 2007) and display a reduced side-effect profile compared to classical MOR-
agonists (DeWire et al., 2013), characteristics which may be correlated with decreased [3-
arrestin recruitment. The identification of functionally selective agonists for the KOPr which
avoid or minimise B-arrestin recruitment and late-phase ERK1/2 activation offer the most
promising means of developing clinically viable KOPr-based therapies (Le Naour et al.,

2014).

1.5.2 Salvinorin A

A new source of synthetic KOP compounds has stemmed from the discovery of the potent
and selective KOPr-agonist properties of Salvinorin A (SalA), the active component of the
hallucinogenic plant Salvia divinorum. Salvia has a history of use in traditional and religious
ceremonies by the Mazatec Indians of Oaxaca, Mexico (Valdes, 1983), and the plant has
gained some recent popularity as a recreational drug due to its hugely potent
hallucinogenic effects (Lange et al., 2008). Originally identified structurally by Ortega et al.
(Ortega et al.,, 1982), SalA has been shown to selectively activate KOPrs without
interaction at 5-HT receptors, unlike other hallucinogens such as lysergic acid

diethylamide (LSD) (Butelman et al., 2007; Roth et al., 2002), and is not self-administered
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even at low doses by rats (Serra et al., 2015). SalA has therefore been used as a lead
compound for the manufacture of novel anti-addictive (Prisinzano et al., 2008) and

analgesic pharmacotherapies (McCurdy et al., 2006).

SalA is unusual amongst other known KOPr agonists in that its structure carries no
nitrogen, as the presence of a charged nitrogenous group was once thought to be a
universal feature of opioid agonists (Bera & Ghoshal, 2014). As with other KOP agonists,
the anti-addictive action of SalA likely occurs through attenuation of DA release in the NAc
(Ebner et al., 2010) and stimulation of enhanced DAT activity (Kivell et al., 2014). The
compound shows a strong reduction in drug-seeking behaviour in cocaine-conditioned rats
at a dosage of 0.3 mg/kg (Morani et al., 2009) without decreasing spontaneous movement
(i.e. causing sedation) or causing taste aversion (Morani et al., 2012). In vitro, SalA
displays an approximate 40-fold reduction in B-arrestin-associated KOPr internalisation
compared to U-50,488 (Wang et al., 2005), which suggests that the ligand may display

some degree of functional selectivity.

Though SalA appears to show anti-depressive effects in mice and rats when given at very
low doses of 0.001-1000 pg/kg (Braida et al., 2009) and induces rewarding effects in
zebrafish when administered at 5 and 10 ug/kg (Braida et al., 2007), SalA has been shown
to cause depressive-like effects in rats subjected to the forced swim test (FST) at 0.3 mg/kg
(Carlezon et al., 2006; Morani et al., 2012). In addition to pro-depressive effects at high
doses, SalA is rapidly metabolised and has a very short duration of action (Hooker et al.,
2008) making the compound unsuitable for therapeutic use. SalA is a substrate of the
blood-brain barrier transporter P-glycoprotein ATPase (Teksin et al., 2009), and P-
glycoprotein activity is likely a major contributor to the fast clearance of SalA from the brain
(Butelman et al., 2012). SalA has been used as the basis for the creation of a number of
synthetic KOPr agonists (Prevatt-Smith et al., 2011) which seek to retain the selectivity
and anti-addictive effects of the parent compound, with improved pharmacokinetic

parameters and reduced side-effects.
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1.5.3 Binding Interactions with the KOPr

A number of binding models have been proposed for the interaction of SalA with the KOPr,
with the most current, by Kane et al. (2008), concluding that SalA binds in a region between
Transmembrane Il and VIl of the KOPr, with residues Y (tyrosine) 119, Y313, Y320 and Q
(glutamine)115 of the KOPr identified as important mediators of SalA binding (see Fig. 1.6
for summary). Agonist binding is most likely enabled through a mixture of hydrogen
bonding (Q115), hydrophobic Van der Waals (Y119 and Y313) and aromatic ‘pi-stacking’
(Y320) interactions (Kane et al., 2008). The furan ring of SalA has been identified to be
particularly crucial for high-affinity agonist binding, as the KOPr binding site appears to
have very low tolerance for chemical substitution of the furan ring (Harding et al., 2006;
Simpson et al., 2007) and its substituents (Riley et al., 2014). Alteration of these sites
tends to greatly decrease agonist binding affinity, suggesting that availability of the Y320
region of the KOPr binding site is dependent upon steric agonist-receptor interactions
(Riley et al., 2014). An isomer of SalA with alteration to the position of the furan ring, 12-
epi-Salvinorin A, also displayed reduced binding affinity compared to unmodified SalA

(Béguin et al., 2009), giving further evidence for a highly specific binding site.

The KOPr is more tolerant of maodifications to other carbon positions of the SalA molecule.
Chemical addition to the carbon-2 position of SalA have produced two analogues with
enhanced KOPr-binding affinity, (Munro et al., 2008; Wang et al., 2008), and several
analogues with similar binding affinities to the parent compound (Prevatt-Smith et al.,

2011; Simonson et al., 2015).
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Figure 1.6. SalA binding interactions with the KOPr. Adapted from Kane et al. (2008).
Red circles represent oxygen atoms; grey circles are carbon atoms (SalA); blue lines
represent proposed binding interactions between labelled residues and SalA groups. TM=

transmembrane region. KOPr crystal structure adapted from Wu et al. (2012).
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1.5.4 Synthesis of novel Salvinorin-based KOPr agonists

The synthesis of the novel KOPr agonists used in this thesis has been performed by the
laboratory of Professor Thomas Prisinzano (Kansas University) (Harding et al., 2006), who
has guided the creation of a series of compounds which preserve the basic structure of
Salvinorin A but contain functional changes to the acetate group at the carbon-2 position.
Alterations at this position have the potential to increase potency and binding affinity at the
KOPr (Prevatt-Smith et al., 2011), and allow for the addition of metabolism-protective
functional groups (Munro et al., 2008). Transformation at the carbon-2 position has yielded
the SalA analogues 2-methoxymethyl (MOM) SalB, 2-ethoxymethyl (EOM) SalB, (Morani
et al., 2013; Munro et al., 2008), Mesyl-SalB (Harding et al., 2005; Simonson et al., 2014),
and B-tetrahydropyran (BTHP) SalB (Prevatt-Smith et al., 2011), all of which have been
confirmed to act selectively at the KOPr. Self-administration studies have also shown that
these compounds all act to reduce drug-seeking behaviour in cocaine reinstatement tests
with rats (see Table 1.1). The analogue MOM-SalB also appears to display some degree
of functional selectivity, by activating only early-phase ERK1/2 (McLennan et al., 2008).
However, at least one of these compounds (MOM-SalB) displays depressive side effects
in rat models (Morani et al., 2013) and there is a need for further anti-addictive SalA

analogues with reduced side-effects.

A novel set of SalA-based compounds have recently been generated through
cycloaddition to the carbon-16 position of the furan ring present on SalA (Riley et al., 2013).
Three of these compounds have been made available to our laboratory: 16-bromo
Salvinorin A (Br-SalA), 16-methyl Salvinorin A (Me-SalA) and 16-ethynyl Salvinorin A
(Ethy-SalA). Br-SalA has been shown to attenuate cocaine-seeking behaviour at a dosage
of 1 mg/kg, and appears to display few negative side effects in preliminary behavioural
studies (A. Ewald, PhD thesis 2015). Ethy-SalA and Me-SalA have been screened for
activity at the KOPr and have been identified as KOPr agonists with no activity at the MOR
(Riley et al., 2014), but have yet to be tested in vivo.
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ECso MINIMUM
STRUCTURE (cellular EFFECTIVE DOSE
X NAME KOPr (COCAINE- REFERENCES

assay*)  REINSTATEMENT)

1Prevatt-Smith et al.,

H.C @)

3 \ﬂ/ ™ Salvinorin A 40 i(})o nM 0.3 mg/kg @ 2011; 2Morani et al.,

2013

(o]}

o o 1Prevatt-Smith et al.,
HSC/ N R MOM-SalvinorinB  6+1nM® 0.3 mg/kg @ 2011; 2Morani et al.,

2013
IPrevatt-Smith et al.
- 0.65 +0.17 ) % RN
HSC\/O\/O,,_R EOM-Salvinorin B M O 0.1 mg/kg @ 2011; 2Unpublished

data, Kivell lab

N O, R Mesyl-Salvinorin !Harding et al., 2005;

(€} ()
PARNY B 30x5nM 0-3 mglkg 2Simonson et al., 2014
HO 0
H L
0 o) 2 1Prevatt-Smith et al.,
. R tetrahydropyran- 60 + 6 nM @ 1.0 mg/kg ®

Salvinorin B 2011

Table 1.1. Carbon-2 analogues of SalA. Chemical structures and comparative potencies
(EC50) of Salvinorin A and analogues arising from modification to the functional group of
carbon-2. All effective doses are i.p. injections of compound in rats. * Assays for potency
at the KOPr were performed using a [35S]GTP-y-S functional assay; the effective
concentration (50%) is in comparison to the stimulation of [35S]GTP-y-S binding to the
KOPr by U-50,488 (500 nM). Assays were performed in Chinese Hamster Ovary (CHO)
cells stably expressing KOPr.
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1.6 Aims and Hypotheses

This thesis aims to investigate the potential anti-cocaine effects of an acute administration
of the novel KOPr agonists 16-ethynyl Salvinorin A and 16-methyl Salvinorin A in models
of cocaine self-administration, cocaine-primed reinstatement of drug-seeking behaviour
and cocaine-induced hyperactivity and behavioural sensitisation. We hypothesise that
these compounds will display a similar anti-cocaine profile to the Salvinorin A in cocaine-
primed reinstatement and cocaine sensitisation and hyperactivity behavioural tests. This
thesis will also evaluate the effects of acute KOPr agonist administration in a progressive-
ratio model of cocaine self-administration, as well as the behavioural side-effects including
appetite and natural reward suppression, sedation, and depressive-like behaviours. We
also aim to partially explain the mechanism of action of these novel compounds by testing

their ability to regulate DAT function in a cellular model of DA reuptake.

24



Chapter 2 : Behavioural anti-cocaine effects of novel
KOPr agonists

2.1 Methods

Multiple self-administration and locomotor assays were used to determine the ability of
acute pre-treatments of Ethy-SalA and Me-SalA to alter characteristic behaviours
associated with cocaine administration in rats. These behavioural tests were designed to
detect the potential anti-cocaine effects of these novel KOPr agonists, as first step to
identifying a KOPr-based anti-addictive pharmacotherapy. Self-administration procedures
were used as models of active cocaine-seeking and taking behaviours in rats, while
cocaine hyperactivity and behavioural sensitisation tests were used as secondary

measures of anti-cocaine effects.

2.1.1 Animals

Male Sprague-Dawley rats were used for all behavioural testing, and were bred and
housed within a secure facility at the School of Biological Sciences in Victoria University
of Wellington with a 12-hour light/dark cycle (light on at 0700 hours, dark at 2100 hours),
or were obtained from a similar facility operated by the School of Psychology. Rats were
housed in white plastic cages within a shelved Scantainer Ventilated Cabinet (Scanbur
Technology, Karlslunde, Denmark) controlled for temperature (19-21°C) and humidity
(55%). All rats were housed in groups of 2-4 rats per cage, excepting cocaine self-
administration rats, which were housed individually. Rats used for sucrose self-
administration rats weighing between 250-350 g were housed two to a cage, and were fed
a restricted diet to maintain approximately 85% of their initial weight, but had ad libitum

access to water (except when undergoing self-administration training or testing). All other
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rats were given ad libitum access to both food and water. All behavioural experimental
work was carried out between 0800 and 1600 hours, in the presence of white noise or with
sound-attenuating boxes. All experimental procedures were approved by the Victoria
University of Wellington Animal Ethics Committee (Ethics Approval AEC-2012-R34). Rats
used for self-administration and behavioural sensitisation were cocaine naive prior to
surgery. Rats used for locomotion assays and the Forced Swim Test were re-used from
prior experimentation, after a minimum of a week’s rest period, in accordance with the
recommendation of the National Centre for the Replacement, Refinement and Reduction

of Animals in Research (UK) (Russell & Burch, 1959).

2.1.2 KOPr agonists

All SalA-derived KOPr agonists were generously provided by Prof. Thomas Prisinzano.
SalA was extracted and purified from the leaves of Salvia divinorum (Butelman et al.,
2007). The novel chemical analogues of SalA (Ethy-SalA, Me-SalA) were produced using
Suzuki-Miyaura coupling to the furan ring of SalA followed by reduction (Riley et al., 2014).
All compounds were purified using column chromatography, and solid products were
determined to be > 95% pure using analytical High-Performance Liquid Chromatography

(HPLC) (Riley et al., 2014). Powders were stored at 4°C in the dark before use.

Unless specified, all KOPr agonists used in this and in other chapters for behavioural
assays were dissolved in a vehicle of dimethyl sulfoxide (DMSO), polysorbate 80 (Tween
80) and double-distilled water (ddH20) in a 2:1:7 ratio. KOPr agonists in powdered form
were weighed and completely dissolved in DMSO before adding Tween 80 and ddH-O0,
with vortexing to ensure complete mixture of the solution. KOPr agonist solutions were
stored at 4°C in the dark for a maximum of 1 week. Agonist pre-treatment times and
injection methods for Sal A, U-50,488 and U-69,593 were based upon previous literature

examining the anti-cocaine effects of these drugs (Morani et al., 2009).
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2.1.3 Chemicals and solutions

Stock solutions of pentobarbital (500 mg/mL), xylazine (20 mg/mL), ketamine (100
mg/mL), carprofen (50 mg/mL), terramycin powder, sodium lactate solution, Vetadine
(1.6% iodine, w/v), heparin (5,000 unit/mL) and penicillin G sodium (1,000,000 IU) were
purchased from Provet (Auckland, New Zealand). To make heparin solutions of 30 unit/mL
and 3 unit/mL, the 1,000 unit/mL stock was diluted in sterile 0.9% saline (0.9% NaCl, w/v)
solution, and filtered before use. Working solutions of carprofen (5 mg/mL) and
pentobarbital (50 mg/mL) solutions were made using sterile, filtered 0.9% saline solution.
Penicillin solution (100,000 unit/mL) was made by dissolving penicillin powder in 30

unit/mL heparin, and is referred to as ‘penicillin/heparin solution’.

Cocaine hydrochloride (BDG Synthesis, Wellington, NZ) was dissolved in 0.9% saline
solution containing 3 unit/mL heparin to a concentration of 1.65 g/L for cocaine self-
administration (referred to as ‘heparinised cocaine’), or in sterile filtered 0.9% saline

solution to a concentration of 20 mg/mL for cocaine-prime injections.

2.1.3 Self-administration intra-jugular surgery

Catheter preparation, intra-jugular surgery procedures and post-operative care are
described in detail in Appendix 2. Briefly, rats weighing 300-350 g were anaesthetised with
a mixture of ketamine and xylazine (90 mg/kg ketamine, 9mg/kg xylazine) and operated
upon to insert an indwelling catheter into the right jugular vein. The metal opening of the
catheter was fixed on the crown of the head by jewellers screws mounted on the exposed
skull and covered with a layer of dental acrylic. The open end of the catheter was sealed
with a short, close-ended length of tygon tubing. Rats were monitored for significant weight
changes over 5 days, after which self-administration training was begun. Rats were

flushed daily with 0.2 mL of penicillin/neparin solution to prevent blood clots within the
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catheter. Catheter patency was tested weekly by pulling blood back into a syringe from the
catheter, or by flushing the catheter with 0.15 mL of 50 mg/kg pentobarbital to observe an
immediate sedative effect. If a catheter became blocked or developed a leak, rats were
further operated upon to replace the blocked metal terminal of the catheter or to introduce
a new catheter into the left jugular. If the second catheter was lost, the rat was removed

from the experiment and euthanized.

2.1.4 Cocaine self-administration training

Self-administration training was performed as previously described (Bosch, 2013). Briefly,
training was performed in operant chambers (ENV-001, Med Associates, St. Albans,
Vermont) enclosed within sound- and light- attenuating boxes, with a choice of an active
(right-hand) or inactive (left-hand) lever paired with a light stimulus. The metal-pieces of
the jugular catheters were connected to a 20 mL syringe of cocaine solution (1.65 g/L)
within a mechanical pump (PHM-100VS, Med Associates) via tygon tubing Cole-Parmer
C-P06418-02, Thermo-Fisher Scientific Inc., Melbourne, Australia). Rats were initially
trained under a Fixed-Ratio (FR) -1 schedule, where a single depression of the active lever
stimulated activation of the light above the lever and a simultaneous infusion of
heparinised cocaine (0.1 mL). Rats were considered to have acquired drug-seeking
behaviour once they were consistently receiving at least 20 infusions over the two hour
session, with a ratio of active:inactive lever presses of at least 2:1. After acquisition, rats
were moved to an FR-2 schedule (two lever presses per infusion), where they were also
required to achieve greater than 20 infusions per session over three days, and were then
moved to a FR-5 schedule (5 lever presses per infusion) for a minimum of 10 days. A
baseline level of active cocaine responding for each rat was calculated by taking the mean
infusions of three consecutive FR-5 administration sessions, with the variation in response

being less than 20% of the mean. All cocaine infusions and responses and were controlled
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and recorded using Med Associates software (MED-PC IV, version 4.2). Rats were flushed
with 0.2 mL of penicillin/heparin solution immediately prior to and after self-administration
sessions. During the training phase, rats were given five consecutive days of self-
administration, followed by two rest days, during which catheters were tested for patency.
After establishment of baseline responding, rats were moved to the cocaine-primed

reinstatement model.

2.1.5 Cocaine-primed reinstatement

Extinction and reinstatement of drug-seeking behaviour was performed using a between-
session design (Bosch, 2013). Once FR-5 responses for heparinised cocaine did not vary
by more than 20% from baseline over two consecutive days, or by more than 10% over
three consecutive days, on the proceeding day the rat was moved to an extinction phase.
Cocaine syringes were replaced with a 3 unit/mL heparin, 0.9% saline solution and the
light stimulus disconnected from the active lever. Drug-seeking behaviour was judged as
being extinguished once active lever responses for heparinised saline dropped below 20
presses over a single 2 hour-session. Rats were then tested on the following day for their
ability to reinstate drug-seeking behaviour after a priming injection of cocaine. The light
stimulus connection to the active lever was restored, and rats were injected i.p. with
cocaine (20 mg/kg) and placed immediately into the operant chamber with a syringe of
heparinised saline available (see Fig. 2.1 for summary). Rats were advanced to the
treatment regimen if active lever responses were recorded at or above baseline activity in
response to the cocaine prime. For each reinstatement test, rats were required to complete
the two-day baseline and extinction phases described above. On the day of reinstatement,
rats were pre-treated with Me-SalA (0.3 mg/kg, 1 mg/kg), Ethy-SalA (0.1 mg/kg, 0.3
mg/kg), SalA (0.3 mg/kg) or vehicle 10 minutes (Me-SalA, Ethy-SalA, vehicle) or five

minutes (SalA) before a priming injection of cocaine (20 mg/kg). Rats were then placed
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into the operant box and allowed to self-administer heparinised saline for 2 hours. The

order of treatment was varied using a Latin square design (Appendix 4, Table 6.1) to

mitigate the effect of a single treatment order upon the results obtained.

2.1.6 Progressive-ratio cocaine self-administration

Rats were trained in cocaine self-administration as previously described (see section
2.1.6) until rats had successfully achieved 10 days at FR-5. Rats were then allowed two
further days on a FR5 schedule, before moving to a progressive-ratio (PR) schedule (Eig.
2.2). The schedule used required rats to increase the number of active responses for each

new infusion, at a rate calculated using the equation (Roberts, 1993):
Ratio = [(5 x (@2 xinfusion numben) _ 5y]

Rats were maintained on this PR schedule until the number of infusions achieved on three
consecutive days did not vary by more than + 2 infusions. On the fourth day, rats were
injected with vehicle (i.p.), Ethy-SalA (0.3, 1.0 or 2.0 mg/kg; i.p.), Me-SalA (1.0 or 2.0
mg/kg; i.p.), SalA (at 2.0 mg/kg; i.p.), or U-69,593 (10 mg/kg; s.c.) 10 minutes (vehicle,
Ethy-SalA, Me-SalA), 15 minutes (U-69,593) or 5 minutes (SalA) prior to the start of a PR
session. The order of treatment was varied using a Latin square design (see Appendix 4,
Table 6.2). After completing a test session, rats were given two days of rest to allow the

KOPr agonist to pass out of the rat’s system, and to test catheter patency.
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l. Training

FR-1 FR-2 FR-5
(7-10 days) (3 days) (10 days)

[l. Reinstatement

Baseline (FR-5) Extinction
(2-3 days) (2 days) =

—>=D>

Test day (reinstatement)

1. Treatment (Me-SalA, Ethy-SalA,
Sal A or Vehicle)

2. 20 mg/kg cocaine prime

Figure 2.1. Cocaine-primed reinstatement. Schematic of the self-administration training
(1) and reinstatement (l1.) procedures used for cocaine self-administration. On the day of
reinstatement, treatments were administered 5-10 minutes before the priming injection of

cocaine.
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Active lever

Infusion Cumulative
number responses responses
required
1 1 1
2 2 3
3 4 7
4 6 13
5 9 22
6 12 34
7 15 36
8 20 69
9 25 94
10 32 126
11 40 166
12 50 216
13 62 278
14 77 355
15 95 450
16 118 568
17 145 713
18 178 891
19 219 1110
20 268 1378

Table 2.1. Progressive-ratio responses. Numbers of required and accumulative

responses under the PR self-administration schedule for infusions from 1 to 20.

500+

400

300+

200+

Total active lever responses

100

0+ T T T T T T 1

0 2 4 6 8 10 12 14 16
Infusions

Figure 2.2. Progressive ratio responses. Graphical representation of accumulative

responses during a PR self-administration session for one animal up to 15 infusions.
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2.1.7 Cocaine-induced locomotor hyperactivity

Cocaine-induced hyperactivity tests were used to explore the ability of acute Ethy-SalA
treatment to alter the hyperactive behaviour caused by cocaine in drug-naive rats, at a
dose previously found to attenuate cocaine-reinstatement (0.3 mg/kg). Rats weighing
between 300-400g were placed in open-top activity chambers (ENV-520, Med Associates)
within light- and sound-attenuating boxes and allowed to habituate to the space for 30
minutes, before being removed from the chamber and injected with either vehicle (i.p.),
0.3 mg/kg Ethy-SalA (i.p.) or 0.3 mg/kg U-69,593 (s.c.) and placed in the home cage for
10 (vehicle, Ethy-SalA treatment) or 15 minutes (U-69,593 treatment). Rats were then
removed from the home cage, injected i.p, with 20 mg/kg cocaine and placed back into the
activity chamber and allowed to explore the space for a further 60 minutes. Horizontal
movement was detected by infra-red photobeam and transmitters and receivers positioned
on the sides of the box, and recorded by Med Associates Activity Monitor Software (SOF-
811). Stereotypic and ambulatory activity was recorded during both habituation and
testing sessions. A single ambulatory count was calibrated to be recorded when three
consecutive horizontal photobeam breaks were made by the rat. Stereotypic behaviour

was defined by the software as any horizontal movement detected below this threshold.

2.1.8 Behavioural sensitisation to cocaine

The cocaine sensitisation assay was used to establish whether acute Ethy-SalA pre-
treatment (0.3 mg/kg) could suppress behavioural sensitisation to the locomotor-
enhancing effects of daily cocaine injections in rats. Drug-naive rats weighing 300-370 g
were obtained from the School of Psychology (Victoria University), and were allowed a
period of a week to acclimatise to their new surroundings, and to become used to being
handled. Rats were assigned to cocaine- or saline-treatment groups, and received
injections of 20 mg/kg cocaine or saline (i.p.) for five consecutive days. On Day 1, rats
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were first habituated to a locomotor activity chamber (see section 2.1.11) for 30 minutes,
then injected with either cocaine or saline and their activity recorded for 60 minutes. On
Days 2-5, rats were injected and placed back into their home cage. Rats received no
treatment on days 6-9. On Day 10 of the experiment, cocaine- and saline-treated rats were
again habituated to the activity chamber, before being returned to their home cages and
injected with either vehicle or 0.3 mg/kg Ethy-SalA (i.p.), 10 minutes before an injection of
20 mg/kg cocaine. Rats were then placed back into the activity chamber and locomotor

activity was recorded for 60 minutes (see Fig. 2.3).

Key
|:| 20 mg/kg Cocaine HCI
I:l Saline
% Locomotor testing
. r7/////EEE W77 + venicie
Saline group % +0.3 mg/kg Ethy-Sal A
. /////E WM + vehicle
Cocaine group //A + 0.3 mg/kg Ethy-Sal A

L 1 1 L 1 1 1 1 1 1 J

Day 1 2 3 4 &5 6 7 8 9 10

Figure 2.3. Treatment schedule for cocaine sensitisation. Rats were initially split into
two treatment groups (Days 1-5), and then into two further groups, receiving either vehicle
or Ethy-SalA pre-treatment.
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2.1.9 Statistical analysis

All statistical analyses were performed using GraphPad Prism 5.0 software. Rats receiving
multiple treatments using a Latin square design (cocaine reinstatement and progressive-
ratio self-administration) were split into groups and analysed using repeated measures
one-way ANOVA with Dunnett’'s multiple comparison post-test for 3 or more treatment
groups, or paired t-tests for 2 treatment groups. For cocaine-reinstatement and
progressive-ratio experiments, not all subjects received all treatments, and so for
repeated-measures analysis subjects were grouped and analysed separately.
Progressive-ratio data was analysed with respect to infusions rather than active
responses, as comparisons of exponentially increasing lever responses would violate
assumptions of equal variance when performing ANOVA analysis (Richardson & Roberts,
1996). Results were considered to show significance if the p-value for statistical tests was

< 0.05. Numerical results are reported in-text as Mean * Standard Error of Mean.
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2.2 Results

2.2.1 Operant training: cocaine self-administration

All rats used in this experiment acquired cocaine-seeking behaviour within three weeks of
the start of cocaine self-administration training (Fig. 2.4A). The shortest time to acquire
drug-seeking behaviour was from the first day of administration (1 rat), and the longest
time taken was 16 days. All rats, regardless of the length of training, eventually showed
significant differences in active, cocaine-delivering lever and inactive lever responses
[F(9,114)=4.91, p<0.0001], with active responses observed as being significantly greater

than inactive responses over at least three consecutive days [Bonferroni post-test,

p<0.001] (Fig. 2.4B).

Baseline active responses and cocaine administration were monitored to test the
assumptions that (1) rats would stably administer cocaine during baseline sessions
between reinstatement tests, and (2) that drug-seeking behaviour was consistently

extinguished under saline administration condition.

Mean active and inactive lever responses showed significant differences prior to all
reinstatement sessions [F(1,40)=464.50, p<0.0001], with inactive significantly less than
active responses at each time point [Bonferroni post-test, p<0.001] (Eig. 2.5A). Mean
active and inactive responses were also significantly different during extinction phases
[F(1,40)=26.60, p<0.0001], but only prior to the 1%t and 6™ reinstatement sessions
[Bonferroni post-test, p<0.05]. (Fig. 2.5B). Two-way ANOVA analysis of active responses
under baseline and extinction conditions (Fig. 2.5C) identified a significant effect of The
administration phase (baseline or extinction) had a significant effect upon active
responding [F(1,40)=429.13, p<0.0001], with responses during extinction phases being
consistently reduced to approximately 5% that of baseline-phase responses [Bonferroni

post-test, p<0.001].
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Cocaine administration during the baseline phases of each reinstatement course was
stable (Fig. 2.6), with linear regression modelling indicating no significant positive or
negative correlation between reinstatement number (time) and dose [Spearman’s
coefficient, r’= 0.0001]. The slope of this regression was not significantly non-zero

[F(1,74)=0.007, p>0.05].
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Figure 2.4. Acquisition of cocaine self-administration. All rats used in this experiment
acquired cocaine-seeking behaviour within 18 days of the start of cocaine self-
administration training (A). The shortest time to acquire drug-seeking behaviour was from
the first day of administration (1 rat). Analysis of active and inactive lever responses (B)
shows a highly significant difference between the numbers of active and inactive lever
responses for cocaine in all rats over last three days prior to the end of FR1 training. Mean
active responses over these three days were 36.67 + 5.35. ***= p<0.001 (two-way ANOVA

with Bonferroni post-test).
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Figure 2.5. Baseline cocaine self-administration responses. Mean active responses
during baseline cocaine-administration sessions were significantly greater than inactive
responses (A). During the extinction phase, mean active responses did not show significant
differences to inactive responses, except during extinction sessions 1 and 6 (B). A
comparison of baseline and extinction phases showed highly significant differences
between baseline and extinction active responses (C). *=p<0.05, ***=p<0.001 (two-way

repeated measures ANOVA, with Bonferroni post-test). n= 4-8 rats.
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Figure 2.6. Baseline cocaine dose. The cumulative dose of cocaine self-administered
during the baseline phases of each reinstatement test was stable, with no significant
increase or decrease in dose observed between sessions (p>0.05; one-way ANOVA, with
Bonferroni post-test), or over a period of seven reinstatement courses (Pearson correlation
coefficient, r2= 0.0001). n= 4-8 rats.
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2.2.3 Cocaine-primed reinstatement

The mean active lever responses during the initial baseline, extinction and reinstatement
phase of cocaine-primed reinstatement (no pre-treatment) testing showed highly
significant differences [F(2,6)=11.87, p<0.01]. Mean active responses across all extinction
phases (12.48 + 1.32) were significantly reduced in comparison to mean baseline
responses (190.3 + 15.22) [Dunnett’s multiple comparison test to baseline, p<0.05]. Active-
lever responses were restored to approximately baseline levels of responding (282.0 +

63.71) [p>0.05] with a cocaine prime (20 mg/kg) (Eig. 2.7A).

Rats pre-treated with Ethy-SalA or vehicle showed significant differences in their reinstated
mean active responses [F(2,5)=5.23, p<0.05]. Pre-treatment with 0.1 mg/kg Ethy-SalA
(163.3 £ 22.79 responses) and 0.3 mg/kg Ethy-SalA (161.7 £ 18.18 responses) reduced
the number of active responses in comparison to vehicle pre-treatment (267.8 + 41.36
responses) [Dunnett’'s multiple comparison test to vehicle, p<0.05] (Eig. 2.7C). No
significant differences were detected between Me-SalA (0.3 and 1.0 mg/kg) and vehicle
pre-treatment [F(2,4)=1.95]. Pre-treatment with SalA significantly attenuated mean lever
responses at a dosage of 0.3 mg/kg (124.4 £ 45.60) in comparison to vehicle responses

(280.4 £ 48.26) [paired t-test, t(4)=3.423, p<0.05] (Fig. 2.7B).
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Figure 2.7. Cocaine-primed reinstatement of self-administration behaviour with KOPr
agonist pre-treatment. Responses during the extinction phase of the reinstatement test
were significantly lower than baseline responses for cocaine. Active responding for self-
administered cocaine was restored after extinction by a single priming injection of cocaine
(20 mg/kg) without vehicle or KOPr agonist pre-treatment (A). Pre-treatment with Ethy-SalA
before a priming injection of cocaine (20 mg/kg) significantly reduced active lever responses
made at doses of 0.1 and 0.3 mg/kg. SalA also significantly attenuated lever responses at
a dose of 0.3 mg/kg (B). Pre-treatment with Me-SalA was not found to significantly attenuate
active lever responses when at either 0.3 mg/kg or 1 mg/kg treatment (C). *= p<0.05; **=
p<0.01; ***= p<0.001 (one-way repeated measures ANOVA, with Dunnett’s multiple

comparison post-test (A, C, D) or repeated measures t-test (B). n=5-7 rats.
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2.2.4 Progressive-ratio self-administration

Rats pre-treated with U-69,593 (1.0 mg/kg) achieved fewer infusions in a progressive-ratio
session (8.44 + 1.27 infusions) than when treated with vehicle (12.6 + 0.44 infusions)
[t(8)=3.54, p<0.01] (Fig. 2.8A). Pre-treatment with Ethy-SalA (0.3 and 1.0 mg/kg) (Fig.
2.8B) did not identify any significant differences in comparison to vehicle treatment
[F(2,10)=1.22, p>0.05]. Similar analysis of rats pre-treated with 1.0 and 2.0 mg/kg Me-

SalA also did not detect significant differences to vehicle treatment (Eig. 2.8C).

Rats pre-treated with higher doses of both SalA (2.0 mg/kg) and Ethy-SalA (2.0 mg/kg)
and vehicle (Fig. 2.8D) showed significant differences in mean infusions achieved in
comparison to vehicle [F(2,6)=3.98, p<0.05]. Rats treated with Ethy-SalA (2.0 mg/kg)
showed reduced numbers of infusions (10.00 + 1.62) when compared to vehicle treatment
(13.10 £ 0.67 infusions) [Dunnett’s multiple comparison post-test, p<0.05]. Treatment with

SalA (2.0 mg/kg) had no significant effect upon mean infusions.
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Figure 2.8. Progressive ratio cocaine self-administration with KOPr agonist pre-
treatment. Rats pre-treated with 1.0 mg/kg of U-69,593 achieved significantly fewer
cocaine infusions per test session than rats treated with vehicle (A). Treatment with 0.3
and 1.0 mg/kg of Ethy-SalA (B) and 1.0 and 2.0 mg/kg of Me-SalA (C) had no significant
effect on infusions achieved. Treatment with 2.0 mg/kg of SalA also did not cause a
significant change in infusion number, but 2.0 mg/kg of Ethy-SalA significantly attenuated
infusions achieved (D). *= p<0.05; **= p<0.01 (paired t-test (A) or repeated-measures one-
way ANOVA with Dunnett’s post-test: comparison to vehicle (B-D)). ESA= Ethy-SalA,
MeSA= Methy-SalA. n= 6-11 rats.
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2.2.5 Cocaine hyperactivity with KOPr agonist pre-treatment

One-way ANOVA analysis of hyperactive locomotor activities with vehicle or KOPr
agonist pre-treatment and cocaine or saline treatment identified significant differences
between mean ambulatory responses [F(4,45)=3.68, p<0.05] (Fig. 2.9A) and mean
stereotypic responses [F(4,450=2.90, p<0.0001] (Eig. 2.9B). Saline-primed rats treated
with Ethy-SalA (0.3 mg/kg) (1090 + 239 counts) or vehicle (1029 + 144 counts) showed
significantly fewer mean ambulatory counts than rats pre-treated with vehicle and primed
with cocaine (hyperactive control) (20 mg/kg) (4246 + 886 counts) [Dunnett’'s multiple
comparison post-test, p<0.05]. A significant reduction was detected in the mean
stereotypic counts of cocaine-primed rats pre-treated with U-69,593 (0.3 mg/kg) (5574 +
731 counts) compared to the hyperactive control (124511 + 810 counts) [Dunnett’s
multiple comparison post-test, p<0.001], and between saline-primed rats treated with
Ethy-SalA (5278 + 566 counts) or vehicle (5734 £ 453) and the hyperactive control

[p<0.001].

Time course analysis of rats pre-treated with vehicle, Ethy-SalA or U-69,593 (Fig. 2.10A)
indicated a significant effect of time upon ambulatory activity [F(18,558)=13.01, p<0.001],
but no significant differences between the treatment groups [Bonferroni post-test,
p>0.05]. Similar analysis of stereotypic counts (Fig. 2.10B) also identified a significant
interaction between time and treatment, [F(36,558)=3.77, p<0.0001], with significant
difference in stereotypy between U-69,593 and vehicle treated rats between 40-55

minutes and 65-85 minutes [Bonferroni post-test, p<0.05].
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Figure 2.9. Measures of Cocaine hyperactivity with KOPr agonist pre-treatment. Rats
were treated with Ethy-SalA (0.3 mg/kg) or U-69,593 (0.3 mg/kg) 10 and 15 min before a
priming injection of cocaine (20 mg/kg) or saline, after 30-min habituation to an activity
chamber. Ethy-SalA pre-treatment did not significantly reduce ambulatory (A) or
stereotypic (B) cocaine hyperactivity. U-69,593 pre-treatment significantly reduced
stereotypic (B) but not ambulatory hyperactivity (A). Animals treated with vehicle or Ethy-
SalA and saline did not show a hyperactive response (A, B). Veh= vehicle. *= p<0.05; ***=
p<0.001 (one-way ANOVA with Dunnett’s post-test: comparison to Veh+Cocaine). n= 7-
15 rats.
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Figure 2.10. Time course analysis of cocaine hyperactivity with KOPr agonist pre-
treatment. Analysis of cocaine-induced ambulatory counts taken every 5 minutes (A)
showed no significant differences between treatment groups. Analysis of stereotypic
counts (B) indicated a reduction in stereotypic behaviour from 40-55 minutes and 65-85
minutes in rats pre-treated with U-69,593 (0.3 mg/kg) before a cocaine prime (20 mg/kg).
No significant differences in activity during the habituation phase were detected between

treatment groups. *= p<0.05, **= p<0.01, ***= p<0.001 (two-way ANOVA, with Bonferroni
post-test). n= 7-15 rats.
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2.2.6 Behavioural sensitisation to cocaine with acute KOPr treatment

Analysis of ambulatory responses on Day 1 vs. Day 10 indicated a significant effect of time
upon mean ambulatory counts [F(1,18)=25.81, p<0.0001] (Fig. 2.11A). No significant
differences in ambulatory means between treatment groups were detected on either Day
1 or Day 10. Similar analysis of stereotypic responses on Day 1 vs. Day 10 identified a
significant interaction between Day and treatment [F(3,18)=5.50, p<0.01] (Fig. 2.11B).
Bonferroni post-test analysis identified significant differences in mean stereotypic counts
between the Ethy-SalA pre-treated chronic-cocaine and chronic-saline treatment groups
on Day 1 of sensitisation [p<0.01], and between vehicle pre-treated chronic-cocaine and
chronic-saline treatment groups on Day 1 [p<0.001]. No significant differences in mean
ambulatory counts were detected between control (saline) and sensitised (cocaine)
treatment groups on Day 1 or 10 (Fig. 2.11B). Bonferroni post-test analysis of activity
counts within treatment groups on Day 1 and Day 10 (Fig. 2.11C) identified a significant
increase in ambulatory counts in the chronic cocaine/Ethy-SalA group on Day 10 (20730
+ 3402) compared to Day 1 (6379 = 2087) [p<0.01]. Post-test analysis of stereotypic
activity within treatment groups (Fig. 2.11D) identified significant differences between Day
1 and Day 10 activity counts in groups receiving chronic cocaine with Ethy-SalA pre-
treatment (Day 1=14530 + 2336, Day 10=20610 + 1024) [p<0.05], chronic saline with
vehicle pre-treatment (Day 1=4872 + 709, Day 10=19940 £ 1113) [p<0.001], and chronic

saline with Ethy-SalA pre-treatment (Day 1=5449 + 609, Day 10=15430 £ 2343) [p<0.01].
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Figure 2.11. Cocaine sensitisation testing with KOPr agonist pre-treatment.
Comparisons of open-field locomotor activity recorded on Day 1 and Day 10 of the
sensitisation experiment. Rats received only cocaine or saline on Day 1, and ESA or Veh
pre-treatment followed by an injection of cocaine on Day 10. Treatment groups showed no
significant difference in ambulatory behaviour during the 1-hour testing phase on Day 1 or
Day 10 (A). Cocaine/Veh and Cocaine/ESA groups showed a significant increase in
stereotypic behaviour on Day 1 compared to their control groups (Saline/Veh and
Saline/ESA) (B). Cocaine/ESA rats showed a significant increase in ambulatory behaviour
on Day 10 compared to Day 1 (C). Stereotypic behaviour was increased in Cocaine/ESA,
Saline/ESA and Saline/Veh treatment groups between Day 1 and Day 10. *=p<0.05,
**=p<0.01, **=p<0.001 (repeated measures two-way ANOVA, Bonferroni post-test). Veh=

vehicle. n= 5-6 rats per treatment group.
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2.3 Discussion

This chapter examines the anti-cocaine properties of the novel KOPr agonists Ethy-SalA
and Me-SalA in two self-administration models and two locomotor activity models in rats.
The use of multiple behavioural models allows for a more complete characterisation of the
effects of KOPr activation upon cocaine-associated behaviours, including drug-seeking,
reward motivation, hyperactivity and sensitisation. These experiments represent the first
in vivo tests of these novel compounds, and are a crucial first step in the pre-clinical

identification of a novel anti-addictive pharmacotherapy.

2.3.1 Operant cocaine conditioning

Self-administration is a widely-used procedure in addiction research, and is generally
considered to be the best way of modelling drug-taking in a laboratory setting, with
intravenous self-administration using rats being the most common method. Cocaine self-
administration is widely used, due to its well-documented reinforcing effects, and the high
rate of successful acquisition seen in operant training using this drug (Pickens &
Thompson, 1968). The operant training method used (Weeks, 1962) relies upon the
assumption that rats will form a strong association between an active lever and delivery of
the drug, and that responding on the active lever will be reinforced by the near immediate
rewarding effects of intravenous cocaine (Ahmed, 2012). A strong preference for the
active lever during cocaine self-administration was observed in all rats used for cocaine-
primed reinstatement (Eig. 2.4B). This active vs. inactive lever discrimination was also
consistently observed during FR5 baseline cocaine-administration phases (Fig. 2.5A),
indicating a strong association between the active lever and drug delivery in these rats.
The observation that inactive lever responses did not significantly increase during the

‘extinction’ saline-administration phase of the reinstatement courses (Fig. 2.5B) suggests
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that saline-administration produced true extinction of drug-seeking behaviour, and not

simply transferral of the behaviour to the opposite lever.

2.3.2 Models of drug relapse and reward motivation: cocaine-reinstatement
and progressive-ratio testing.

Cocaine-primed reinstatement and progressive-ratio self-administration tests were used
to evaluate two separate addiction-associated behaviours. The reinstatement model has
been historically used to test ability of drug-cues, environmental cues or stressors to
reinstate drug-seeking behaviour (Epstein et al., 2006), while the progressive-ratio model
tests the motivational potential of an administered drug or other reinforcer (Richardson &
Roberts, 1996). These two models approximate two different phases of the addictive cycle

proposed by Koob et al. (see Chapter 1, Fig.1.2): relapse to drug-seeking/craving, and

active drug taking behaviour. A reduction in the number of active responses evoked by a
reinstating cocaine prime, or a reduction in the total number of infusions achieved on a
progressive-ratio schedule can indicate that a pre-treatment has interfered with the
reinforcing, rewarding effects of cocaine, or that the pre-treatment has reduced the rat’s

motivation to continue drug-seeking.

In order to detect the ability of cocaine to re-awaken drug-seeking in rats, the cocaine-
reinstatement model requires that baseline drug-seeking behaviour is extinguished before
reinstatement (Yeo et al.,, 2003). Matching previous observations by Davis and Smith
(1976), extinction of active lever responding was achieved by replacing the administered
drug with 0.9% saline solution, with the lack of a rewarding stimulus perturbing the rat’s
association of the active lever with reward (Fig. 2.6A). Rats receiving 0.3 mg/kg of SalA
showed reduced mean reinstatement responses in comparison to vehicle, an effect

replicated from an earlier study of the behavioural effects of SalA (Morani et al., 2009).
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Ethy-SalA is shown here to attenuate cocaine reinstatement in rats at a lower dose than
SalA (0.1 mg/kg compared to 0.3 mg/kg) (Fig. 2.6C). The compound Me-SalA does not
show comparable potency and has a more variable effect (Fig. 2.6D), and may only be an
effective inhibitor of cocaine reinstatement at dosages higher than those tested in this

experiment (0.3 and 1.0 mg/kg).

The progressive-ratio self-administration paradigm was used in this thesis to explore the
effect of acute doses of novel and existing KOPr agonists upon the reinforcing effects of
cocaine, and the ability of KOPr agonist treatment to alter the motivational qualities of
cocaine. Progressive-ratio has been previously used to examine differences in response
in animals previously sensitised to an abusive drug (Mendrek et al., 1998), comparisons
of reinforcement between different drugs (Roberts, 1993), and the effect of a pre-treatment
upon the reinforcing effects of a drug of abuse (McGregor et al., 1993), which this study
uses. Changes to a ‘break-point’, or the point at which an animal will cease to attempt to
self-administer the drug on offer, are used to gauge the subject’s relative level of motivation

(Stafford et al., 1998).

The results of the cocaine-primed reinstatement testing for Ethy-SalA and Me-SalA has
been published along with another novel KOPr agonist, 16-bromo Salvinorin A (Br-SalA),
which has also been shown to significantly reduce reinstatement responses at 1.0 mg/kg
(Riley et al., 2014). Cellular assays accompanying the behavioural data show Ethy-SalA
to be a more potent activator of the KOPr than SalA and Br-SalA in a cellular model of
KOPr-mediated cAMP-inhibition, while Me-SalA shows an almost 14-fold reduction in
potency compared to SalA (see Table 2.2). To date, Ethy-SalA is the most potent KOPr
agonist generated from carbon-16 modifications to the structure of SalA. As well as
attenuating cocaine-primed reinstatement at a lower dose than other tested compounds,
Ethy-SalA is the only SalA-derived KOPr agonist shown to effectively attenuate
progressive-ratio, at dose of 2.0 mg/kg. The enhanced cellular activity displayed by Ethy-

SalA may explain its increased potency in comparison to SalA in cocaine-reinstatement
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tests, and the ability to attenuate progressive-ratio self-administration. Reduced potency
at the KOPr could explain the more variable effect seen with Me-SalA pre-treatment, and
the lack of significant effect detected in progressive-ratio. The increased potency of Ethy-
SalA may also be contributing to a sedative effect, particularly at the relatively high dose
of 2 mg/kg, preventing the test rat from physically performing the operant task.
Unpublished data from tests performed by another student of the lab indicates that Ethy-
SalA does not show significant sedative effects at 2 mg/kg in cocaine-naive rats. Further
tests of baseline locomotor activity or motor coordination through motion tracking and

rotarod assays would help confirm this observation.

The anti-cocaine effect observed in this behavioural model is most likely due to a
suppression of DA signalling caused by KOPr activation within the reward pathway, which
has been observed and confirmed in rat models both in vivo (Mueller et al., 2003) and ex
vivo (Cortez et al., 2010; Dasgupta et al., 2003). By activating the KOPr system prior to an
injection of cocaine, the rewarding stimulus of the cocaine is theorised to be blunted,
reducing the efficacy of cocaine to reinstate drug-taking behaviour. The ability of KOPr
agonists to attenuate cocaine-primed reinstatement has been confirmed with a number of
classical KOPr agonists and novel SalA derivatives (Morani et al., 2013 ; Morani et al.,
2009 ; Prevatt-Smith et al., 2011; Simonson et al.,, 2015 ), and appears to be a
characteristic effect of KOPr activation in the context of cocaine priming. The ability of
KOPr agonism to alter progressive-ratio responding is less well studied. A dose of 2.0
mg/kg SalA has shown the ability to attenuate progressive-ratio sucrose responding in rats
(Ebner et al., 2010), and recent testing has indicated that co-infusions of SalA with
oxycodone can reduce progressive-ratio break-points in rhesus monkeys (Naylor et al.,
2015). The experiments performed by A. Ewald (PhD thesis, 2015) and the work of this
thesis represent the first tests of acute KOPr agonist treatment in a progressive-ratio model

of self-administration.
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ECso (cellular
KOPr assay*)

MINIMUM
EFFECTIVE DOSE
(COCAINE-
REINSTATEMENT)

REFERENCES

STRUCTURE NAME
R Salvinorin A
~
H
R 16-bromo-
\Br Salvinorin A
R 16-methyl-
\CH3 Salvinorin A
R 16-ethynyl-
\\\CH Salvinorin A

0.030 £ 0.004 nM ®

0.038 £ 0.010 nM @®

0.407 £0.147 nM ®

0.019 + 0.004 nM ®

0.3 mg/kg @

1 mg/kg @

Not observed

0.1 mg/kg @

IRiley et al., 2014;
2Morani et al., 2009

@ Riley et al., 2014

M Riley et al., 2014.

@ Riley et al., 2014.

Table 2.2. Carbon-16 analogues of SalA. Chemical structures and comparative

potencies (ECso) of Salvinorin A and analogues arising from cycloaddition to the carbon-

16 position. All effective doses are i.p. injections of compound in rats. *Assays for potency

at the KOPr conducted by measuring inhibition of forskolin-induced cAMP accumulation.

Assays were performed in CHO cells stably expressing KOPr (unpublished data,

Prisinzano lab). Cocaine-reinstatement effective doses for Ethy-SalA and Me-SalA

represent findings from this thesis published in 2014.
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2.3.4 Models of cocaine locomotor effects: cocaine hyperactivity and
behavioural sensitisation

Treatment with the effective cocaine-reinstatement attenuating dose of Ethy-SalA (0.3
mg/kg) was not found to significantly affect total ambulatory or stereotypic count in either
acute cocaine hyperactivity (Fig. 2.9) or sensitised hyperactivity (Fig. 2.11) assays of open-
field locomotion. This result is unusual, as dopaminergic activity in the mesolimbic arm of
the reward pathway is closely tied to the hyperactive effects of cocaine in rats and mice
(Herrmann et al., 2003; Xu et al., 1994). Therefore, if the attenuation of cocaine reward
observed in cocaine-reinstatement and progressive-ratio (PR) behavioural tests were due
to dopaminergic inhibition, a decrease in cocaine-induced hyperactivity would also be

expected.

SalA has also shown unusual experimental results in cocaine hyperactivity tests. A high
dose of SalA (2.0 mg/kg) attenuates cocaine hyperactivity in rats with a 10 mg/kg cocaine
prime, but does not significantly alter cocaine hyperactivity with acute (0.3 mg/kg) (Morani
et al., 2012) or chronic pre-treatment (1.0-3.2 mg/kg) (Gehrke et al., 2008) before a 20
mg/kg cocaine challenge. Pre-treatment with the classical KOPr agonists U-69,593 (0.3
mg/kg) and U-50,488 (5 mg/kg) paired with 15 and 20 mg/kg cocaine challenges
respectively has been shown to supress hyperactivity (Crawford et al., 1995;
Vanderschuren et al., 2000). Other KOPr agonists derived from carbon-2 modifications
have also shown the ability to attenuate cocaine hyperactive behaviour with a 20 mg/kg
cocaine challenge (unpublished data, Kivell laboratory). U-69,593, which was used as a
positive control for cocaine hyperactivity testing (as shown by Vanderschuren et al., 2000),
was found to attenuate stereotypic behaviour but not total ambulatory counts. The lack of
observed effect may be due to differences in tracking software (EthnoVision as opposed
to Med Associates tracking software) and the parameters for behavioural scoring, as well
as differences in rat strain (Wistar as opposed to Sprague-Dawley) and the dose of cocaine
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used (15 mg/kg in comparison to 20 mg/kg). A high dose of SalA (2.0 mg/kg) was initially
intended as the positive control based upon an experiment by Chartoff et al. (2008) using
a 10 mg/kg cocaine challenge, but preliminary tests indicated that SalA treatment was

enhanced cocaine hyperactivity (Appendix 5, Fig 6.4).

The atypical effects of SalA observed in this thesis and in other literature, and that of Ethy-
SalA, may be due to the interference of hallucinogenic and off-target dopaminergic effects.
Acute pre-treatment with the classic serotonergic hallucinogens LSD and N,N-
dimethyltryptamine (DMT) has previously been shown to enhance the dopaminergic
hyperactivity caused by drugs such as amphetamine and apomorphine (Fink et al., 1979),
suggesting that the interaction of 5-HT and DA pathways may have an important role in
regulating hyperactivity. SalA does not interact directly with 5-HT receptors, and
discriminates from the effects of LSD and other serotonergic hallucinogens in both primate
and rodent behavioural tests (Butelman et al., 2010; Killinger et al., 2010). However, SalA
has been shown to inhibit SERT, and therefore very likely influences 5-HT levels within
the brain (Kivell et al.,, 2014). Unusually, SalA has also been shown to stimulate D>
receptors in ex vivo rat striata, an effect which was blocked by D, antagonism (Seeman et
al., 2009). D2 and D1-receptor co-activation influences expression of cocaine-induced
locomotor behaviours in rats (Arnt et al., 1988; Ushijima et al., 1995), and D, agonism or
indirect activation by SalA and potentially Ethy-SalA could explain the failure of these

compounds to significantly attenuate acute cocaine hyperactivity at low doses.

Behavioural sensitisation in rats was used in an attempt to establish whether the anti-
cocaine effects of Ethy-SalA were dependent upon prior chronic experience to cocaine.
However, the control rats used for this study did not develop significant locomotor
sensitisation to the effects of cocaine after five consecutive days of high-dose cocaine (20
mg/kg), limiting any meaningful comparison to Ethy-SalA treatment. Cocaine sensitisation
is a robust procedure which has been successfully used in conjunction with KOPr agonist

treatment to establish the effects of chronic and acute KOPr activation upon sensitised
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cocaine hyperactivity (Heidbreder et al., 1995; Heidbreder & Shippenberg, 1994 ; Morani
et al., 2009 ). The lack of cocaine sensitisation detected in this experiment may be due to
high variability in hyperactive responses coupled with relatively low numbers (5-6 rats per
treatment group). The animals used for this experiment were also taken from another
facility (the School of Psychology) and, despite a week’s rest before the start of
experimentation, may have been suffering from move-related stress, which likely would

have influenced behavioural results.

2.3.5 Limitations and future directions

The self-administration model is one of the standard models used in addiction research,
but does have limitations in its ability to completely and accurately model human addiction.
It has been observed that only a relatively small sub-set of animals regularly exposed to
drugs of abuse will develop true ‘addiction’ or uncontrollable craving for drug (Ahmed,
2005), particularly in rats allowed only restricted access to drug (1-2 hours) as opposed to
extended access of 6 hours or greater (Ahmed & Koob, 1998). As rats for both cocaine-
reinstatement and progressive-ratio paradigms were trained using a restricted access
model, it is arguable whether the animals used in this study could be considered
‘dependant’ upon cocaine and to have developed the strong association necessary to
accurately model drug addiction in humans. The reward salience of cocaine in rats may
also not be as great as it is in humans. It is significant that the majority of rats (an estimated
94% of an experimental population) will select a saccharin reward over a cocaine infusion
when given the choice, regardless of the dosage of drug on offer (Lenoir et al., 2007). The
development of operant cocaine acquisition can even be attenuated if rats are exposed to

other reinforcers such as food or glucose/saccharin solutions (Campbell & Carroll, 2000).

Rats trained under extended access conditions would be much harder to extinguish

behaviour in, and would presumably respond much more strongly to a cocaine prime,
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making attenuation of drug-seeking behaviour much harder to achieve. The development
of addiction in humans also involves a number of social factors and cues (Quigley &
Collins, 1999) which cannot be modelled well in a laboratory situation, and which the self-
administration paradigm does not account for, though there is evidence that the social
isolation which self-administration rats are placed under after surgery may enhance
responsiveness to drugs of abuse such as cocaine and amphetamine (Jones et al., 1990;

Schenk et al., 1987).

The Latin square treatment designs used for progressive-ratio and cocaine-primed
reinstatement testing, rats received multiple injections of KOPr agonist over time, as part
of a within-subject treatment design. This design assumes that single acute treatments of
KOPr agonists do not have long-lasting effects upon the brain that may interfere with
subsequent behavioural testing. A study by Zhang et al. (2005) showed that a single
injection of SalA at 3.2 mg/kg reduced DA levels in the mouse caudate putamen for a
period of 10 hours, but that after 23 hours this effect had dissipated, with DA levels
returning to baseline (Zhang et al., 2005). A recent study also showed that a high dose of
SalA (2.0 mg/kg) significantly affected the reward potential of cocaine for up to 24 hours
after acute injection in rats (Chartoff et al., 2015), despite the fact that SalA is almost
entirely metabolised and cleared from the brain 60 minutes after i.p. injection (Hooker et
al., 2009). To allow for complete clearance of Me-SalA and Ethy-SalA, and for behavioural
effects to subside, rats were allowed a rest period of 48 hours before resuming cocaine
administration. Rats in this study received acute KOPr agonist treatments at least seven
days apart, whereas significant behavioural effects for multiple KOPr treatments have only
been detected with daily injections of KOPr agonists (Chartoff et al., 2008; Heidbreder et

al., 1993; Potter et al., 2011).

The measurement and comparison of ‘baseline’ cocaine responding prior to each
reinstatement is a useful identifier of long-term KOPr agonist effects. Chronic KOP

administration could be expected to alter baseline responding for cocaine, as chronic
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exposure to SalA has been shown to increase intra-cranial self-stimulation baselines in
rats (Potter et al., 2011), and conversely chronic blockade of the KOPr in rats can prevent
escalation of dose in cocaine-dependant animals (Wee et al., 2009). Analysis of the mean
total dose of cocaine administered during each baseline session, normalised to weight,
showed no significant increase or decrease in cocaine dosage over time, suggesting that
cocaine administration remained stable in these rats, even with multiple staggered

injection of KOPr agonist.

Chronic cocaine administration in itself has a considerable effect upon the KOP system.
Daily cocaine administration for extended periods of time (7-14 consecutive days) has
been shown to increase KOPr expression in the caudate putamen and NAc of rats
(Unterwald et al., 1994), an effect which enhances binding of the KOPr agonist U-69,593
(Collins et al., 2002). Chronic cocaine exposure is therefore likely to enhance KOP effects
within the brain compared to drug-naive animals. All rats used in this study for self-
administration were given a prolonged period of self-administration training, involving
chronic exposure to cocaine for a minimum of 25 days. Though not tested, it could be
reasonably assumed that all rats displayed this heightened KOP sensitivity prior to testing.
This effect has also been observed in human subjects with a history of chronic cocaine
abuse (Hurd & Herkenham, 1993). Self-administration rats could therefore be expected to
show much greater sensitivity to KOPr treatment than rats receiving a single cocaine
challenge, or even multiple cocaine treatments for only 5 days, as was performed for

cocaine hyperactivity and behavioural sensitisation testing.

Measures of cocaine-induced locomotor hyperactivity have been used as an alternative
screen for anti-cocaine effects, or more generally for anti-dopaminergic effects. However,
the results of obtained from self-administration testing in this thesis suggest that cocaine
hyperactivity is not a good predictor of anti-cocaine reward effects, and that DA-dependant
reward and hyperactivity processes may be regulated in significantly different ways. The

NAc is a key dopaminergic area with great influence on locomotor and hyperactive
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behaviour (Delfs et al., 1990). However, significant behavioural differences have been
detected between dopaminergic inhibition of the ‘shell’ and ‘core’ regions of the NAc, with
inhibition of the core enhancing the development of sucrose CPP in rats, while shell DA
inhibition produced the opposite effect (Ito & Hayen, 2011). For locomotor behaviour,
glutamatergic extensions into the NAc core have been shown to regulate the cocaine-
stimulated hyperactivity in rats, but do not influence this behaviour in the shell (Pulvirenti
et al., 1994). These opposing effects within the NAc are also seen with regard to kappa-
opioid activity: a recent optogenetic study in mice has shown that selective activation of
KOPT receptors in only the dorsal or ventral regions of the NAc shell can induce entirely
opposite behavioural effects, with animals showing either reward or aversion responses
respectively (Al-Hasani et al., 2015). The complex sub-structural differences in behavioural
output suggest that even though the NAc is a key component of both locomotor and reward
pathways, the results of reward-based testing may not be predictive of locomotor

behaviour in animal models, and vice versa.

Future studies of the anti-drug properties of Ethy-SalA could include more robust models
of drug addiction, such extended-access self-administration, and other drugs of abuse
such as the psychostimulants methamphetamine and amphetamine. Previous studies
have shown that treatment with U-69,593 (0.16, 0.32 mg/kg) can reduce
methamphetamine locomotor behaviour (Tzaferis & McGinty, 2001), in a similar manner
to the attenuation of cocaine hyperactivity. To date, SalA and its novel derivatives have
not been tested in models of drug-seeking other than cocaine self-administration. The
inclusion of other drug models, including opioids such as morphine and heroin, could help
determine whether the potential anti-addictive effects observed for Ethy-SalA have wider

applications beyond an anti-cocaine mechanism.
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2.3.6 Conclusions

Acute treatments of Ethy-SalA were shown to successfully attenuate cocaine-primed
reinstatement (0.1 and 0.3 mg/kg) and progressive ratio self-administration (2.0 mg/kg),
but did not significantly alter cocaine-induced hyperactive behaviour or the expression of
cocaine behavioural sensititsation with respect to locomotion in Sprague-Dawley rats. Me-
SalA was not found to significantly affect either cocaine-reinstatement or progressive ratio

self-administration at the doses tested (0.3-2.0 mg/kg).
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Chapter 3 : Behavioural side-effect testing of novel
KOPr agonists

3.1 Methods

3.1.1 Sucrose self-administration training

Sucrose reinforcement training was performed in the same operant chambers used for

cocaine self-administration (see Chapter 2, section 2.1.4), but with a sucrose pellet

delivery apparatus (Med Associates, ENV-203M-45) inset between the levers in place of
an infusion apparatus. Depression of the active lever resulted in delivery of a single pellet
(Dustless Precision Pellet, 45 mg sucrose: Able Scientific, Perth, AUS) and activation of
the paired light for 12 seconds; depression of the left lever resulted in no outcome. Rats
were placed in the operant box and allowed to self-administer sucrose pellets on an FR-1
schedule for 45 minutes. Once rats were responding more than 20 times on the active
lever over three consecutive days, and with an active-to-inactive lever ratio of greater than
2:1, rats were placed on an FR-5 schedule. Rats were moved to the testing phase of
administration when less than 20% variation in responding was observed over three
consecutive days. Sucrose self-administration was run as daily 45-minute sessions during
the training phase. All responses and sucrose deliveries were recorded and controlled

using Med Associates software (MED-PC IV, version 4.2).

3.1.2 Sucrose administration with KOPr agonist pre-treatment

Rats were injected with either U-50,488 (10 mg/kg, i.p.), U-69,593 (0.3 mg/kg, s.c.), Me-
SalA (0.3 mg/kg, i.p.), Ethy-SalA (0.3 mg/kg, i.p.) or vehicle 10 minutes (U-50,488, Me-
SalA, Ethy-SalA) or 15 minutes (U-69,593) prior to the start of an administration session.

A lower dose of U-50,488 compared to the previously reported cocaine-attenuating
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effective dose of 30 mg/kg (Morani et al., 2009) was used due to the observation that a 30
mg/kg dose caused complete sedation in an initial test. Rats were placed into operant
chambers set up as described for sucrose administration training and allowed to self-
administer sucrose for 45 minute, with responses being recorded. Treatment order was

varied using a Latin square design (see Appendix, Table 6.3). All training and testing was

carried out between 1300 and 1500 hours. After each test day, rats were given two days

of rest to allow the KOPr agonist to pass out of the rat.

3.1.3 Sedation testing: locomotor activity

Measures of locomotor activity were used in this study to identify potential sedative affects
caused by the novel KOPr agonists, at the doses used for cocaine-reinstatement testing.
Rats weighing between 280-400g were placed in activity chambers (ENV-520, Med
Associates) within light- and sound-attenuating boxes for a 30-minute habituation period
prior to administration of vehicle, Me-SalA (1 mg/kg, i.p.) or Ethy-SalA (0.3 mg/kg, i.p.).
Rats were then placed back into the activity chamber and allowed to explore the space for
a further 60 minutes. Stereotypic and ambulatory activity was recorded during habituation

and testing sessions as previously described (see Chapter 2, section 2.1.7).

3.1.4 Pro-depressive screening: Forced Swim Test

The FST was used to determine the potential pro-depressive effects of the novel KOPr
agonist Ethy-SalA. A modified version of the original Forced Swim Test (FST) created by
Porsolt et.al (1977) was used (Slattery & Cryan, 2012), with a habituation stage 24 hours
prior to testing. On the habituation day a 40 cm tall cylinder of 19 cm diameter, closed at
one end, was filled with tap water (23-25 °C) to a height of 30 cm from the bottom of the

cylinder. Rats were then placed into the water-filled cylinder for a 15-minute period, after
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which the rat was removed, towelled dry and briefly blow-dried. After 24 hours, rats were
pre-treated with vehicle (i.p.), Ethy-SalA (0.3 mg/kg, i.p.), or SalA (0.3 mg/kg, i.p.) 10
minutes (vehicle, Ethy-SalA) or 5 minutes (SalA) prior to being placed into the water-filled
cylinder. Activity within the cylinder was filmed from a side-view for 5 minutes. Rats were
then removed and towelled dry. Any rat which climbed out of the cylinder during either
habituation or testing stages was excluded from the experiment. For analysis, videos were
edited into 5-second blocks, and scored as either displaying either climbing, swimming or
immobility for the majority of the 5 seconds. Videos were scored by a researcher blinded
to the treatment groups. Following the recommendations of Slattery & Cryan (2012), prior
to experimental scoring three different videos were scored multiple times by the same

researcher until the score variation was less than 10 %, to ensure intra-scorer accuracy.

3.1.5 Statistical analysis

All statistical analysis was performed using GraphPad Prism 5.0 software. One-Way
ANOVA tests were used to analyse the variances of 3 or more means, and t-tests were
used to analyse 2 means. Two-way ANOVA analysis was used for examining the time
course effect of treatments (open-field locomotion, cocaine hyperactivity). Repeated-
measures analysis was used for data where rats received multiple treatments (sucrose
administration) or were scored for multiple behaviours (FST). Post-tests were either
Bonferroni or Dunnett's multiple comparison. Results were considered to show
significance if the p-value for statistical tests was <0.05. Numerical results are reported in-

text as Mean + Standard Error of Mean.
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3.2 Results

3.2.1 Effects of acute KOPr agonist treatment upon sucrose self-
administration

The use of the non-drug reward stimulus sucrose was used to determine if acute
administration of Ethy-SalA or Me-SalA affected natural reward in rats, at doses used in
cocaine-reinstatement testing. Significant differences in mean sucrose responses were
detected between treatment groups [F(5,6)=1.380, p<0.0001]. Rats treated with U-50,488
(10mg/kg) showed a significant reduction in active responses (150.7 = 59.13) when
compared to vehicle pre-treatment (632.9 1+ 42.2) [Dunnett’s multiple comparison to
vehicle post-test, p<0.001]. U-69,593, Ethy-SalA and Me-SalA pre-treatments (all 0.3
mg/kg) did not show a significant attenuation of sucrose administration compared to
vehicle. Vehicle responses were also not significantly different to mean baseline
responses for sucrose (Fig. 3.1). Analysis of mean active and inactive self-administration
responses during five 3-day baseline phases between testing days was used to test the
assumptions that (1) the active lever would be favoured over the inactive lever and (2) that
the amount of sucrose administered in each successive baseline phase would not alter
significantly. A significant interaction between session number (time) and the numbers of
active and inactive responses was detected [F(4,30)=4.20, p<0.001] (Fig. 3.2A). The
numbers of mean active responses were significantly greater than inactive responses for
each baseline session [Bonferroni post-test, p<0.001]. Linear regression analysis of the
mean dose of sucrose (grams) self-administered by rats in successive 3-day baseline
sessions (Fig. 3.2B) showed a weak positive correlation between time and sucrose dose
[Pearson correlation coefficient, r’=0.2854]. The slope of the linear model of dose against

time was significantly non-zero [F(1,33)=13.18, p<0.001].
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Figure 3.1. Effects of acute KOPr agonist treatment upon sucrose self-
administration. Pre-treatment with the KOPr agonist U-50,488 at 10 mg/kg significantly
reduced sucrose pellet self-administration in rats compared to vehicle pre-treatment. U-
69,593, Ethy-SalA and Me-SalA did not show a significant change in sucrose responding
when pre-treated at 0.3 mg/kg. Sucrose responses when pre-treated with vehicle did not
differ significantly from mean sucrose responses during baseline sucrose administration
sessions. *** = p<0.001 (repeated measures one-way ANOVA with Dunnett’s post-test:

comparison to vehicle). n= 7 rats for each treatment.
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Figure 3.2. Baseline sucrose self-administration responses. The differences in mean
active and inactive lever responses for sucrose pellets during 5 three-day baseline
sessions (A) were highly significant in all sessions (***= p<0.001; two-way ANOVA with
Bonferroni post-test). Comparison of active baseline lever responses between baseline
sessions identified no significant differences (p>0.05; one-way ANOVA). The total amount
of sucrose (g) self-administered by rats in each baseline session showed a weak linear
increase in dose over time (Pearson correlation coefficient, r?=0.285). This increase in
dose over time was significant (p>0.05; slope not significantly non-zero). n=7 rats for each

treatment.
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3.2.3 Locomotor activity profiles of Ethy-SalA and Me-SalA

Rats treated with 0.3 mg/kg Ethy-SalA did not show any significant difference in
ambulatory counts during the 1-hour test phase in comparison to vehicle treatment
[t(12)=0.940, p>0.05] (Fig. 3.3A). Time course analysis of ambulatory counts (Fig. 3.3B)
identified a significant effect of time upon ambulatory counts for both treatment groups
[F(17,204)=23.10, p<0.0001], though post-test analysis did not detect any significant
differences between treatment groups at any time point. Similar analyses of stereotypic
counts also identified no significant difference between vehicle and 0.3mg/kg Ethy-SalA
treatment [t(12)=2.094, p>0.05], and a significant effect of time upon stereotypic counts
[F(17,204)=20.31, p<0.0001] with no significant difference between treatment groups

[Bonferroni post-test, p>0.05].

Treatment with Me-SalA (1.0 mg/kg) also showed no significant change in ambulatory
behaviour [t(12)=0.35, p>0.05] or stereotypic behaviour [t(12)=1.12, p>0.05] when
compared to vehicle (t-test) (Eig. 3.4A). Time course analysis of ambulatory counts
indicated a significant effect of time upon stereotypic counts [F(17,204)=26.42, p<0.0001],
with no significant differences between treatment groups [Bonferroni post-test, p>0.05].
Stereotypic counts for Me-Sal treatment also showed a significant time-related effect
[F(17,204)=17.97, p<0.0001] with no significant difference between treatment groups

[Bonferroni post-test, p>0.05] (Fig. 3.4B).
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Figure 3.3. Effects of Ethy-SalA on locomotion. Rats treated with 0.3mg/kg of Ethy-

SalA after 30 min habituation to an open field activity chamber showed no significant

change in total post-habituation ambulatory counts (A) or stereotypic (B) counts compared

to vehicle treatment (t-test, p>0.05). Time-course analysis of ambulatory (C) and

stereotypic (D) behaviours with Ethy-SalA treatment showed no significant difference in

activity profiles between vehicle and treatment groups during both the habituation and

treatment phases of the experiment (two-way ANOVA with Bonferroni post-test, p>0.05).

n=7 rats for each treatment.

70



>

20001
2
o
= 4
2 1
S 10004
k=
a
£ 5004
<
0 T T
@ )
(\\o\ (&
N\ N
2
Q@
Treatment
80001
P I
o
Se00{ T [+
8 o
(&)
‘e 4000
2
o
o
@ 2000+
»n
0 T T
) )
{\\o\ (\9
X\ Ng
P
é@
Treatment

v y)

Ambulatory counts

O

Stereotypic counts

1000+

800

600

4004

2004

Habituation

P

-eo- Vehicle
- Me-SalA (1.0)
— = Time of injection

2000

15004

10004

5004

Habituation

—

-1
100
Time (min)

-e- Vehicle

-= Me-SalA (1.0)

— = Time of injection
1
100

Time (min)

Figure 3.4. Effects of Me-SalA on locomotion. Rats treated with 1 mg/kg of Me-SalA

after 30-min habituation to an open field activity chamber showed no significant change

in total post-habituation ambulatory counts (A) or stereotypic (B) counts compared to

vehicle treatment (t-test, p>0.05). Time-course analysis of ambulatory (C) and

stereotypic (D) behaviours showed no significant difference in activity profiles between

vehicle and treatment groups during both the habituation and treatment phases of the

experiment (two-way ANOVA with Bonferroni post-test, p>0.05). n= 7 rats for each

treatment.
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3.2.4 Forced Swim Test with acute KOPr agonist treatment

Comparison of the vehicle-treatment group with Ethy-SalA (0.3 mg/kg) treatment did not
identify any significant differences between the amounts of time rats were scored as
displaying immobile [t(12)=1.105], swimming [t(120=0.563] and climbing [t(12)=0.247]
behaviours (Fig. 3.5A). Rats treated with SalA (0.3 mg/kg) also did not show significant
differences in immobile [t(12)=1.726], swimming [t(12)=0.378] and climbing [t(12)=1.196]

behaviours compared to vehicle (Eig. 3.5B).
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Figure 3.5. Forced Swim Test with acute KOPr agonist treatment. Visual scoring of
FST activities showed no significant differences between immobile and active behaviours

behaviours between vehicle and Ethy-SalA (0.3 mg/kg) (A) and SalA (0.3 mg/kg) (t-test,
p>0.05). n=9-12 rats for each treatment.
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3.3 Discussion

3.3.1 Modelling natural reward: sucrose self-administration

Ethy-SalA has already been shown to attenuate drug-seeking and drug-taking behaviour
using two models of cocaine self-administration in rats, indicating that the agonist acts to
suppress cocaine reward. To extend the understanding of KOPr activation by Ethy-SalA
as a reward inhibitor, sucrose self-administration has been used here as a model of a non-
drug or ‘natural’ rewarding stimulus in rats. Ideally, an anti-addictive pharmacotherapy
would inhibit drug-induced reward but not affect natural reward processes, as a complete
inhibition of reward sensations could impair addiction therapy, and possibly promote

further drug abuse.

Sucrose self-administration has been used in this study is to establish the effects of Ethy-
SalA and other KOPr agonists (SalA, U-69,593,) at the effective doses observed to
attenuate cocaine-primed reinstatement, or at a comparable dose for an ineffective KOPr
agonist (Me-SalA). The agonist U-50,488 was given at a lower dose than the effective
cocaine-reinstatement dose (10 mg/kg instead of 30 mg/kg) (Morani et al., 2009), as initial

tests with this high dose showed complete sedation of rats.

Pre-treatment of SalA, Ethy-SalA, Me-SalA and U-68,593 at 0.3 mg/kg did not attenuate
responses for sucrose pellets in comparison to vehicle, whereas U-50,488 (10 mg/kg)
significantly reduced responses for sucrose (Fig. 3.1). This indicates that although SalA
and Ethy-SalA interfere with cocaine reward and administration (see Chapter 2), the same

doses do not have a detectable effect upon the self-administration of a natural food reward.

Naturally rewarding stimuli are thought to affect the reward pathway in a significantly more
complex manner to that of drugs of abuse. A study using rat self-administration models
showed that sucrose did not induce long-term potentiation of dopaminergic neurons in the

VTA, unlike cocaine (Chen et al., 2008). Other studies have reported that the
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administration of a DA antagonist (pimozide) does not change the palatability of sucrose
in rats. Sucrose is still perceived as being sweet and can be discriminated from other
stimuli, despite the suppression of rewarding sensorimotor stimulation due to decreased
DA signalling (Pecifa et al., 1997; Willner et al., 1990). ). It is noticeable that, in this study,
rats are shown to self-administer sucrose to a much higher degree than cocaine over a
shorter time scale (a 45-minute sucrose administration session as opposed to a 2-hour
cocaine administration session) with mean sucrose baseline responses of 570 + 31.9
compared to 190 * 15.2 for cocaine. However, this comparison is not conclusive due to
the differences in route of administration (oral of sucrose as opposed to intravenous for

cocaine).

3.3.2 KOPr treatment

The use of a Latin-square treatment design in this experiment was to mitigate any
confounding effects of treatment order or time upon the results of the repeated-measure
experiment. Analysis of baseline sucrose intake indicated a significant trend towards an
increase in sucrose dose over time (Fig. 3.2B). As the rats used in this experiment were
maintained at 85% of their initial pre-training weight throughout sucrose administration, the
effect observed is likely to be age-related rather than weight related, or as a result of
multiple KOPr agonist injections. This effect very likely distorts some of the results
obtained, and makes a repeated measures analysis less viable. However, the
counterbalanced treatment design in this experiment should at least partially account for

this effect.

The observed increase in sucrose dosage contrasts with the finding that cocaine self-

administration in rats is stable over time (Chapter 2, Fig. 2.6). This effect again cannot be

directly compared due to differences in the routes of administration, but may further
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support the existence of differences in drug-reward and natural-reward processing within

the brain.

3.3.3 Sedative side-effects: locomotor activity testing

Open field locomotion tests were used to identify the potential sedative effects of Ethy-
SalA and Me-SalA, both as part of general side-effect profiling for the agonists and in order
to distinguish attenuation of response due to a reduced reward cue in cocaine-primed self-
administration testing from attenuation of response due to test subject sedation. Sedative
effects have been shown for SalA in rats (2.0 mg/kg, i.p.) (Chartoff et al., 2008) and in
rhesus monkeys (0.1 mg/kg, i.v.) (Butelman et al., 2009), but at doses far greater than
those used in self-administration experiments. Low doses of SalA analogues (0.1-1.0
mg/kg, i.p.) have not shown significant sedative effects (Simonson et al., 2015; Bosch,
PhD thesis 2014; Ewald, PhD thesis 2015), suggesting that sedative effects are only
significant with high doses of a KOPr agonist. Reduced locomotor activity was not
observed with Ethy-SalA (0.3 mg/kg, i.p.) or Me-SalA (1.0 mg/kg, i.p.) treatment at the
maximum doses used for cocaine-primed reinstatement testing, indicating that treatment
with these compounds should not affect the ability of rats to lever-press during self-

administration.

3.3.4 Pro-depressive side-effects: the Forced Swim Test

The Forced-Swim Test (FST) was originally designed as an assay to test the anti-
depressant effects of novel compounds (Porsolt et al., 1977), but has in some studies been
re-purposed to examine pro-depressive effects (Carlezon et al., 2006; Morani et al., 2012).

The amount of time that a test animal spends immobile is used as an approximation of a
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depressive or despairing state, and changes to immobility time in comparison to vehicle
treatment have been used to gauge the anti-depressive or pro-depressive effects of
compounds administered to rats or mice. 24 hours before the test day, rats are exposed
to the water-filled FST chamber for 15 minutes. This habituation step is to reinforce the
stress-inducing effects of continuous swimming, and to ‘teach’ the rat that escape from the
chamber during the test is not possible, enhancing the likelihood of observing behavioural

despair during the 5-minute test phase.

In this experiment, a 0.3 mg/kg treatment of Ethy-SalA did not significantly increase or
decrease immobility, swimming/medium activity or climbing/high activity times in
comparison to vehicle, indicating that Ethy-SalA does not induce pro-depressive effects at

a low dose.

SalA has previously been shown to display pro-depressive effects in rats with single acute
(Morani et al., 2012) and acute multiple treatments (Carlezon et al., 2006), and so was
used as a positive control in this experiment at a dose of 0.3 mg/kg. However, SalA did
not cause a significant increase in immobility, conflicting with previous acute administration
data (Morani et al., 2012), which calls into question the reliability of these results.
Climbing/high activity and swimming/medium activity times were unusually high in
comparison to literature FST results. One possible explanation for these observations is
that all of the rats used for FST had previous experimental histories (in CPP, novel-object
recognition tests, and elevated-plus maze tests) and many had received either KOPr
agonist or vehicle treatment, whereas the rats used by both Carlezon et al. (2006) and
Morani et al. (2012) were naive to KOPr agonists and were assumed to have no previous
experimental history. Carlezon et al. (2006) also gave rats three injections of SalA in the
24 hours prior to testing, whereas the FST protocol used here and by Morani et al. (2012)

uses only a single pre-treatment.
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The re-use of rats in this thesis was designed to minimise unnecessary wastage, according
to the recommendations outlined by the National Centre for the Replacement, Refinement
and Reduction in Animal Research (UK). A period of at least 1 week was allowed between
the end of the previous experiment and the start of FST, to allow any residual KOPr agonist
to pass out of the animal. Recent studies have indicated that a single acute injection of
SalA may have much longer-lasting neurophysiological effects in rats than previously
thought (Chartoff et al., 2015), so that even a single injection of a short-acting KOPr agonist
may have significant long-term effects upon the rodent brain. It is therefore possible that
previous exposure to KOPr agonists and/or previous experimental experience may be

protective against the pro-depressive effects of the FST.

3.3.5 Limitations and future directions

This study has examined only the potential reward-attenuating properties of KOPr agonist
treatment, but has not taken into account the more complex interaction between the KOPr
system and natural reward. KOPr activation has been linked to increased appetite and
administration of natural rewards. Rats treated with low doses of the KOPr agonist U-
50,488 (215 nM infusion) have shown increased consumption of high-fat foods (Ookuma
et al., 1997), an effect which is opposed by administration of the KOPr antagonist norBNI
(Arjune & Bodnar, 1990). The link between KOPs and appetite appears to be the pro-
reward and appetite-stimulating peptide hormone orexin, which has recently been
identified to have a potentially important role in the positive regulation of cocaine reward
(Hollander et al., 2012). Despite their apparent opposing functions, both dynorphin and
orexin have been observed to be released in response to electrical hypothalamic
stimulation (Li & van den Pol, 2006), and recent research has identified that these two
peptides are in fact packaged within the same synaptic vesicles in the hypothalamus

(Muschamp et al., 2014). The increase in sucrose administration over time observed in
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this study is possibly related to the appetite-stimulating properties of KOPr agonists. The
interplay of these two signalling pathways complicates the traditional anti-reward

properties of the KOP system, and merits further investigation.

High doses of both SalA and Ethy-SalA at 2 mg/kg (as used in cocaine self-administration
testing; see Section 2.1.6) were not tested in the sucrose-administration paradigm, limiting
conclusions that SalA and Ethy-SalA display cocaine-reward specific effects. At higher
doses, it is possible that SalA and Ethy-SalA could act as general inhibitors of all reward

processes, and future tests should include doses higher than those tested here (0.3

mg/kg).

The locomotor activity assay used here is limited by the lack of a positive sedative control,
which would confirm whether the test has the ability to accurately detect sedation in rats.
By measuring only total activity, the locomotor activity test used here does not take into
account more specific sedative effects, such as balance and co-ordination. One such
assay that does explore these effects is the rotarod performance test (Dunham & Miya,
1957), where rats or mice are trained to negotiate a constantly rotating wheel, and then
tested for the ability of potentially sedative drugs or disease states to alter their
performance on the wheel. Rotarod testing of rats treated with Ethy-SalA and Me-SalA
would complement the existing data and confirm if any either of the compounds have

significant motor and coordination side-effects.

As well as test for sedation, locomotor activity in rats can be used to gauge the
hallucinogenic properties of novel drugs. SalA is a known potent hallucinogen, and it could
be expected that the derivatives Ethy-SalA and Me-SalA would also display
hallucinogenic-like effects. Classic hallucinogens such as LSD and mescaline have been
observed to significantly alter exploratory behaviours and stereotypic locomotor
behaviours, with characteristic suppression of exploratory behaviour (Adams & Geyer,

1985), reduced interaction with novel stimuli (Geyer et al., 1979), and rotational movement

79



(Fleisher & Glick, 1979) observed in Wistar and Sprague-Dawley rats. However, these
tests have been established using serotonergic hallucinogens, from which SalA shows
significant behavioural differences in rats (Killinger et al., 2010). Zebra-fish have been
recently identified as an alternative model for hallucinogenic effects, with characteristic
changes in immobility-versus-activity and swimming and diving patterns identified for the
classical hallucinogens LSD (Grossman et al., 2010), mescaline, and phenylcyclidine
(Kyzar et al., 2012); and also for the novel hallucinogens ibogane (a mixed MOR, KOPr
and 5-HT receptor agonist) (Cachat et al., 2013) and SalA (Braida et al., 2007). Tests
using a zebra-fish model could confirm whether Ethy-SalA and Me-SalA display significant

hallucinogenic effects.

The results of FST testing show here are not conclusive, due to the lack of an effective
positive control. Repetition of this experiment with larger numbers and with experimentally

naive animals could improve upon this finding.

The FST shows some limitations as a model of behavioural despair in rats. In the original
proposed test, immobile behaviour was taken as a measure of a despair-like state, due to
test subjects learning during the pre-test that escape was not possible (Porsolt et al.,
1977). A study comparing groups of rats allowed to escape the FST chamber during the
pre-test and rats with no chance of escape showed no differences in immobility times
during the test phase (O'Neill & Valentino, 1982), suggesting that the experience of the
pre-test may not significantly influence test behaviour. Some uncertainty also exists as to
whether the immobility observed during the test phase is truly due to a despair-like state,
or whether the response is more an adaptation to a familiar environment (Borsini & Meli,
1988; Hawkins et al., 1978 ). The tail-suspension test (TST) is an alternative pro-
depressive model performed in mice (Steru et al., 1985). After treatment, subjects are
suspended by the tail and isolated from any means of support, with immobile behaviour
during testing also being used as an approximation of despair. The test does not require

a pre-test phase, avoiding the confounds associated with prior exposure to the test
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environment, is generally short (around 6 minutes), and also avoids the potentially
confounding effects of hypothermia due to immersion in water (Cryan et al., 2005). The
TST could therefore be used to corroborate FST results, as a second measure of potential

anti-depressant or pro-depressive effects.

3.3.5 Conclusions

Acute treatments of the novel KOPr-agonists Ethy-SalA and Me-SalA were shown to have
no effect on sucrose self-administration (at 0.3 mg/kg), or affect basal locomotor activity in
Sprague-Dawley rats at the highest doses used for cocaine-primed reinstatement testing
(0.3 and 1.0 mg/kg respectively). Ethy-SalA (0.3 mg/kg) also shows no significant pro-

depressive or anti-depressive effects in FST with comparison to vehicle treatment.
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Chapter 4 : Cellular effects of Ethy-SalA: modelling
dopamine re-uptake

KOPr agonists, including SalA and many of its chemical derivatives, have been shown in
cellular and ex vivo tissue models to influence re-uptake of DA via activation of the KOPr
(Kivell et al., 2014; Simonson et al., 2015). The dye trans-4-[4-(dimethylamino)styryl]-1-
methylpyridinium (ASP+) acts as a substrate for monoamine transporters, including DAT,
and fluoresces strongly in a lipid environment (Magrassi et al., 1987; Schwartz et al.,
2003). Transfected cells expressing DAT show linear uptake of ASP+, which accumulates
within the cytoplasm and can be detected using confocal microscopy (Zapata et al., 2007).
Measures of ASP+ uptake have been used to identify changes to DAT function in cells co-
expressing KOPr and DAT. This chapter examines the cellular effects of Ethy-SalA upon
DAT function using an jn vitro cellular model of DA re-uptake, in order to determine a

mechanism of action for the agonist’s anti-cocaine effects.

4.1 Methods

4.1.1. Cell culture materials and solutions

Sterile plasticware, including cryovials, Falcon tubes (15 and 50 mL), T25 (25 cm?) and
T75 (75 cm?) flasks were obtained from Becton Dickinson Ltd. (Auckland, New Zealand).

Confocal glass-bottomed Fluorodishes were obtained from Coherent Scientific (WPI Inc.,
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Victoria, Australia). Dubecco’s Modified Eagle’s Medium (DMEM; Invitrogen), penstrep
antibiotic (penicillin G sodium 5000 units/mL and streptomycin sulphate 5000 units/mL in
0.85% saline), Lipofectamine 2000 (Invitrogen), Opti-MEM 1 medium (Invitrogen), bovine
serum albumin and trypsin was obtained from Life Technologies Ltd. (Auckland, New
Zealand). Fetal calf serum (FCS) was obtained from ICP Biologicals, (Auckland, New
Zealand). Phosphate-buffered saline (PBS; 137 nM NacCl, 2.7 mM KCI, 8.1 mM NazHPOQOy,,
1.5 mM KH2PO4, pH 7.4) and Krebs buffer (130 mM NacCl, 1.3 mM KClI, 2.2 mM CacCl,, 1.2
mM MgSO0..6H,0, 1.2 mM KH:PO,, 10 mM HEPES, 10 mM D-glucose, pH 7.4) were
prepared using lab reagents and sterilised (autoclaved and filtered) before use. Trans-4-
[4-(dimethylamino)styryl]-1-methylpyridinium (ASP+) iodide and norbinaltorphimine
(norBNI) was obtained from Tocris Bioscience (Bristol, UK). Anti-myc monoclonal mouse
antibodies and goat anti-mouse Cy5 antibodies were obtained from Abcam (Melbourne,
Australia). The YFP-hDAT and myc-rKOPr plasmids used in this study were kindly donated

by L. Devi (Jordan & Devi, 1999), and J. Javitch (Daws et al., 2002) respectively.

4.1.2 Cell culture- Human Embryonic Kidney cells (HEK-293)

HEK-293 cells were grown and passaged using sterile plasticware in a sterile biological
safety cabinet (AES Environment PTY, Auburn, Australia). Cells were cultured in a
standard DMEM solution containing 10% (v/v) Fetal Calf Serum and 1% (v/v) penstrep
antibiotic. Cell cultures were stored and grown in a Heracell incubator (Kendro Laboratory

Products, GmbH, Germany) at 37°C in humid conditions and with 5% carbon dioxide.

An adherent immortalised Human Embryonic Kidney cell line (HEK-293) was used for all
cellular experimentation. HEK-293 cell stocks were stored in cryovials in liquid nitrogen,
and thawed for use. Vials were defrosted in a 37°C water bath containing metal beads,
and cells were added to a 15 mL Falcon tube containing 10 mL of standard DMEM and

centrifuged at 1250 rpm, 300 g for 5 min. Pelleted cells were re-suspended in 7 mL of
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standard DMEM and placed in a sterile T25 flask and allowed to grow for approximately 2

days until cells were 80-90% confluent, at which point the cells were passaged.

Cells were passaged by removing the culture media and washing with 5 mL of 1x
phosphate buffered saline (PBS). Cells were then incubated with 1 mL trypsin for 3-5
minutes, until cells had visibly detached from the bottom of the flask. 5 mL of standard
DMEM was added to the flask to inactivate the trypsin, and the mixture pipetted multiple
times over the surface of the flask to wash any remaining cells from the flask. The cell
suspension was the centrifuged at 1250 rpm, 300g for 5 min, and the pelleted cells re-
suspended in 2 mL of standard DMEM. Cells were re-seeded at 1 mL in a total of 15 mL
standard DMEM in a T75 tissue culture flask. For further passaging of T75 flasks, cells
were treated with 2 mL of trypsin, and the pelleted cells re-suspended in 5 mL of standard

DMEM.

4.1.3 HEK-293 co-transfection

In preparation for transfection, cells were passaged and plated on glass-bottomed 35 mm
diameter Fluorodishes at a concentration of 3.0 x 10° cells/mL in 1 mL of standard DMEM.
To obtain a specific concentration for plating, the number of live cells in suspension was
counted using 0.4% trypan blue (Sigma-Aldrich, Auckland, NZ) and a standard
haemocytometer. 24 hours after plating the culture medium was removed and replaced
with 1 mL of penstrep-free DMEM (10 % FCS only). To give transfection solution for a
single plate, 3 pL of Lipofectamine 2000 was combined with 47 pL of Opti-MEM 1 medium
(Invitrogen) and incubated for 5 min at room temperature. In a separate tube, 1.8 pg/mL
of myc-tagged rat KOPr (myc-rKOPr) plasmid DNA, and 0.8 pg/mL of yellow fluorescent
protein-tagged human DA transporter (YFP-hDAT) plasmid DNA were made up in a total

volume of 50 pL of Opti-MEM 1. After the 5 min incubation, both tubes were combined and
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incubated at room temperature for 20 min. Dishes were then treated with 100 pL of the

transfection solution, and incubated for 48 hours.

4.1.4 Confocal microscopy: trans-4-[4-(dimethylamino)styryl]-1-
methylpyridinium (ASP+) uptake

Transiently co-transfected HEK293 cells were visualised with an Olympus Fluoview
FV1000 confocal laser scanning biological microscope (inverted model 1X81), using
FV10-ASW 4.0 software (Olympus Pty. Ltd., Melbourne, Australia). A 10 mM stock solution
ASP+ was made using sterile Krebs buffer. This stock was further diluted to a

concentration of 10 uM in Krebs Buffer, and incubated in a 37°C water bath.

Media was aspirated from plated cells, and replaced with sterile KREBs buffer at 37°C. A
glass-bottomed 35 mm diameter dish containing YFP-hDAT and myc-rKOPr transfected
cells was placed in an insulated heating chamber (INU-21LCS-f1 model; Tokau Hit Co.
Ltd, Japan) at 37°C, filled with distilled water perfused with 5% CO.. Cells were observed
at 60 X magnification using a silicon immersion objective. YFP-hDAT fluorescence was
observed using a 473 nm laser (YFP filter: excitation at 473 nm, detection at 527 nm) at
0.7% laser power and high voltage settings (HV) of 700 V. ASP+ fluorescence was
observed using a 558 nm laser (ASP+ filter: excitation at 570 nm, detection at 670 nm) at
0.5% laser power and HV of 560 V. A differential interference contrast (DIC) filter was used
to visualise all cells in the field of view. The microscope pinhole was opened to 500 pum to
reduce confocality, allowing near-total cellular accumulation of ASP+ to be visualised. The
viewing software was programmed take 120 images at five-second intervals in a single

field of view, for a total time-course of 10 minutes.
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Once a field of view was chosen, with at least 50% of the cells fluorescing and visible in
the YFP confocal channel, Krebs solution was aspirated from the cells, and the time-
course started. Once the first image had been taken, 1 mL of 10 uM ASP+ was carefully
added to the dish. Baseline ASP+ uptake was recorded up to 300 seconds, after which 1
pL of KOP agonist or vehicle (100% DMSO) was added to the dish in the vicinity of the
field of view and combined with the Krebs/ASP+ medium by gently pipetting up and down.

Treated cells were then imaged for a further 300 seconds.

KOP agonists were prepared at a concentration of 10 mM and 1 mM in pure DMSO, so
that when 1 pL of agonist solution was added to the 1 mL of KREBS solution the final
concentration of agonist was approximately 10 uM and 1 uM respectively. For experiments
requiring norBNI pre-treatment, cells were incubated in 1 mL of Krebs solutions containing

1 uM of norBNI (Tocris Bioscience, UK) prior to the start of confocal experimentation.

ASP+ uptake was analysed by manual selection of regions-of-interest (ROISs)
encompassing YFP-hDAT-expressing cells, and plotting Arbitrary Fluorescent Units
(AFUs) over time, using the Series Analysis function of the FV10-ASW 4.0 software
(Olympus Pty. Ltd, Australia). ROIs were excluded from analysis if the regions initially
showed YFP-hDAT fluorescence of less than 100 AFUs, and if the plot of ASP+
fluorescence showed significant deviation from a linear uptake, as this indicated that the
selected region contained a cell which had shifted or moved out of focus. The rate of ASP+
uptake for ROIs was approximated by plotting AFU values for a 60-second period of time
prior to addition of KOPr agonist (typically from 200-260 seconds), and then plotting the
fluorescence of multiple overlapping 60-second periods (20-second overlap, with a
minimum of 5 periods plotted) after agonist addition. A trendline was fitted to each plot
using Linear regression software (Prism 5.0, GraphPad, La Jolla, USA). The maximal
gradient observed post-agonist addition was compared to the pre-agonist gradient using

the following formula:

(gradient post — agonist) §
(gradient pre — agonist)

% change in uptake = 100 | -100
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All treatments (excepting norBNI treatment) were performed over a minimum of 3 separate

transfections, with 2-3 plates per transfection for each treatment condition.

4.1.5 Confocal visualisation of myc-rKOPr expression

KOPr immunostaining was performed 72 hours after plating and 48 hours after co-
transfection. Cells were fixed with ice-cold methanol/acetone (1:1) for 7 min, and then
washed 3 times, at 5 min per wash, in Phosphate-Buffered Saline (PBS). Cells were then
blocked with 0.25% Tween 20, 1% Bovine Serum Albumen (BSA) in PBS for 30 min at
room temperature. The blocking solution was aspirated, and anti-myc monoclonal mouse
antibody in 1% BSA in PBS at a dilution of 1:20 was incubated with the cells at 4°C for 12
hours. After incubation, the antibody solution was aspirated, and the cells washed 3 times
with 0.25% Tween 20 in BSA, at 5 min per wash. Goat anti-mouse Cy5 antibody at a
dilution of 1:100 was added to the cells and incubated at room temperature for one hour.
The antibody solution was replaced with PBS and stored at 4°C in the dark prior to confocal
imaging. YFP-hDAT and Cy5-immunolabelled myc-rKOPr-expressing cells were
visualised by confocal microscopy (see above) using a 493 nm and 693 nm lasers with
YFP (see Section 4.1.3) and Cy5 (excitation at 635 nm, detection at 664 nm) filters, at 40x

magnification (silicon objective) (Olympus Fluoview FV1000 microscope).

4.1.6 Statistical analysis
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All statistical analysis was performed using GraphPad Prism 5.0 software. Mean ASP+
uptake increases post-KOPr agonist addition were compared using a one-way ANOVA
with Dunnett’'s multiple comparison post-test (comparison to vehicle). Results were
considered to show significance if the p-value for statistical tests was <0.05. Numerical

results are reported in-text as Mean * Standard Error of Mean.

4.2 Results

4.2.1 Co-expression of myc-rKOPr and YFP-hDAT in transfected HEK-293
cells

Visualisation of YFP-hDAT and myc-rKOPr, using auto- and immunofluorescence
respectively, indicates that co-transfection with YFP-hDAT and myc-rKOPr plasmids
induces co-expression of YFP-DAT and myc-KOPr protein in HEK-293 cells. Overlays of
YFP-hDAT and Cy5-immunostained myc-rKOPr images show expression of both proteins

occurring within the same cells (Eig. 4.1).
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Figure 4.1. Co-expression of myc-rKOPr and YFP-hDAT in transfected HEK-
293 cells. Confocal microscopy images of auto-fluorescent YFP-hDAT (A) and Cy5-
stained myc-rKOPr (B) expression. White arrows indicate regions of YFP-hDAT and myc-
rKOPr fluorescence. The marked areas of fluorescence in A and B correspond to cellular
structures in DIC images (C and E), with overlap between regions of YFP-hDAT and myc-

rKOPr expression (D).
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4.2.2 Characterisation of ASP+ uptake in DAT/KOPr co-transfected HEK 293
cells

Cells expressing YFP-hDAT show marked accumulation of fluorescent ASP+ over time,
whereas non-expressing cells do not (Fig. 4.2). ASP+ uptake in representative YFP-hDAT-
expressing show strong linear uptake approximately 100 s after addition of ASP+ [Pearson
correlation coefficient, r>0.98] up until 300 s. Linear uptake continued after addition of 1
pL of vehicle (100% DMSO) or KOPr agonist to the cells at 300 s, though changes in the

slope of ASP+ uptake can be observed (Fig. 4.3).
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Figure 4.2. Time course images of ASP+ uptake in co-transfected DAT/KOPr HEK-
293 cells. Images A-C represent YFP-hDAT expression at time= 0 seconds, prior to ASP+
addition. YFP-hDAT-expressing (red arrows) and non-expressing cells (white arrows) are
indicated. Images D-H represent accumulation of ASP+ within the same sample of cells
from O s to 8 minutes 45 seconds. Fluorescence increases within cells expressing YFP-
hDAT (red arrows), while non-expressing cells do not show visible accumulation (white
arrows). The punctate fluorescence observed in labelled cells is a result of mitochondrial
binding of ASP+.
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Figure 4.3. Linear ASP+ uptake in DAT/KOPr co-tranfected HEK-293 cells.
Representative traces from individual YFP-hDAT-expressing cells showing increasing
ASP+ fluorescence over time with vehicle (DMSO) treatment (A) and KOPr agonist
treatment (B). Measurements of ASP+ fluorescence were taken every 5 seconds. ASP+
accumulation prior to treatment after the initial ASP+ binding phase (100-300 s) and after
treatment (305-500 seconds) shows highly linear correlation for both vehicle and KOPr
agonist treatment (Pearson correlation coefficient, r>>0.98). All linear regressions are

significantly non-zero.
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4.2.3 Changes to ASP+ uptake in DAT/KOPr co-transfected HEK-293 cells
after KOPr agonist treatment

The ASP+ uptake model was used to explore the effect of KOPr activation by the novel
KOPr agonist Ethy-SalA upon DAT activity in a transiently-transfected HEK-293 cellular
model. YFP-hDAT expressing cells treated with 10 uM of SalA showed increased ASP+
uptake of 16.9 £ 5.05 %. Treatment with 1 uM of Ethy-SalA increased ASP+ uptake by
11.9 + 4.53 %, while treatment with 10 uM increased uptake to 31.5 + 6.10 %. Treatment
with vehicle alone did not produce a significantly non-zero increase or decrease in ASP+
uptake (-0.39 £ 2.59 %). Cells incubated with 1 uM of norBNI prior to the ASP+ time-course
showed a reduced ASP+ uptake of 10.5 = 9.01 %. Analysis using one-way ANOVA
indicated significant differences in mean change in ASP+ uptake between treatment
groups [F(4,186)=6.53, p<0.0001]. In comparison to vehicle, 10 uM of SalA significantly
increased ASP+ uptake (Dunnett’'s multiple comparison post-test, p<0.05) and 10 uM of

ESA increased ASP+ uptake with high significance (p<0.001) (Eig. 4.4)

93



IS
g

3 o
(@)
Faol
© | = |
£wf T
k- 1|
T 10 ] I
77 | |
< 104 0 | 10 [ 1 10 10 + norBNI
10 | |
Vehicle : Sal A : Ethy-Sal A

KOPr agonist concentration (M)

Figure 4.4. Changes to ASP+ uptake in YFP-hDAT and myc-rKOPr co-transfected
HEK-293 cells after KOPr agonist treatment. Comparisons of the slopes of linear
regression lines fitted to ASP+ AFU values for individual cells over a 60 s period before
and after treatment. The increase in uptake induced by treatment with SalA (10 uM) and
Ethy-SalA (10 uM) is significantly different to the effect of vehicle treatment alone. No
significant differences were detected between uptake in SalA and Ethy-SalA-treated cells.
Incubation of co-transfected HEK-293 cells with 1 uM of the KOPr antagonist norBNI 30
min prior to the start of the time course reduces the effect of Ethy-SalA upon ASP+ uptake.
*= p<0.05; ***= p<0.001 (one-way ANOVA, with Dunnett’'s post-test: comparison to
vehicle). n=26-58 cells for vehicle, SalA and Ethy-SalA treatments; n=12 cells for norBNI

pre-treatment.
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4.3 Discussion

The novel KOPr agonist Ethy-SalA has been shown to attenuate cocaine reinstatement
and self-administration (Chapter 2), without sedative effects or inhibiting natural reward
(Chapter 3). The cellular pathways activated by Ethy-SalA are currently un-tested. A
transiently co-transfected cellular model of DAT and KOPr expression was used to explore
the ability of Ethy-SalA to regulate DAT function through the KOPr, and so identify a

potential mechanism for Ethy-SalA’s potent anti-cocaine reward effects.

4.3.1 YFP-hDAT and myc-rKOPr co-expression in HEK293 cells

The HEK-293 cells used in this study replicate quickly, grow well in standard DMEM culture
medium, and transfect readily (Thomas & Smart, 2005). Originally transformed by Graham
et al. (1977), HEK-293 cells have become a standard tool in cellular research. Though
derived from advenoviral-transformed human embryonic kidney cells, HEK-293 cells
display neuronal cell-like features, including endogenous expression of several
neurofilament proteins (Shaw et al., 2002), suggesting that HEK-293 cells may be more
representative of an early neuronal progenitor than a pure epithelial kidney cell . Analysis
of endogenous transporter expression in HEK-293 cells has not detected significant
expression of any of the monoamine transporters (DAT, SERT and norepinephrine
transporters) or of opioid receptors (Ahlin et al., 2009; Thomas & Smart, 2005 ), making

the cell line ideal for transient co-transfection of KOPr and DAT.

4.3.2 Interaction of KOPr and DAT to enhance ASP+ uptake

ASP+, used in this study as a surrogate for dopamine, is a lipid-dependant fluorophore
derived from chemical modification to the neurotoxin 1-methyl-4-phenylpyridinium (MPP+)

(Magrassi et al., 1987). ASP+ shows substrate specificity for norepinephrine transporters
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(Schwartz et al., 2003), SERT (Oz et al., 2010) and DAT (Bolan et al., 2007; Zapata et al.,
2007 ), and will appear to fluoresce significantly only within cells expressing these
transporters. After an initial binding phase, where ASP+ fluorescence increases rapidly,
ASP+ uptake through monoamine transporters as measured by AFU within cells is highly
linear (Schwartz et al., 2003), and allows the use of a within-cell experimental design,
where ASP+ uptake can be plotted before and after treatment. Linear regressions of AFU
traces for selected cells in this experiment had on average an r? value >0.9, indicating a
strong linear correlation between increasing fluorescence and time. Comparison of initial
YFP-hDAT fluorescence in selected cells and ASP+ AFU at 250 seconds showed a weak
positive correlation between DAT expression and the amount of internalised ASP+

(Appendix 7, Fig. 6.6). Passive ASP+ uptake into non-transfected cells is possible, due to

basal expression of organic cation transporters (OCT) in Hek-293 cells (Ahlin et al., 2009);
however, the relative expression levels of OCT in the HEK-293 cell line are extremely low,

and are unlikely to significantly contribute to ASP+ internalisation in comparison to DAT.

Treatment with Ethy-SalA was shown to increase ASP+ uptake via KOPr activation in a
dose-dependent manner, an effect which is reversed (with high variability, due to low
numbers) by KOPr blockade with norBNI (Fig. 4.4). Previous studies with the classic KOPr
agonists U-50,488 and SalA and Mesyl-SalA have also shown this effect in HEK-293 and
neuronal-derived EM4 cells (Kivell et al., 2014 ; Simonson et al., 2015). In this assay, SalA
was found to increase mean ASP+ uptake by 17%, whereas a previous study identified
SalA to increase uptake by approximately 45 % (Simonson et al., 2015). This difference in
result may be due to less successful co-transfection of KOPr with DAT in this experiment,

limiting the ability of the KOPr to influence DAT activity.

The increase in ASP+ uptake seen with SalA and Ethy-SalA treatment is assumed to be
due to enhanced activity of existing DAT, and not an increase in DAT cell-surface
expression. Previous studies have detected no significant increases in cell-surface

expression of YFP-hDAT in HEK-293 cells co-expressing rKOPr and YFP-hDAT, 60-260
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seconds after treatment with classical and novel KOPr agonists, including SalA
(Simonson, PhD thesis 2011). Significant increases in YFP-hDAT expression are only
observed in co-transfected HEK-293 cells after 30 min incubation with SalA (Simonson,
PhD thesis 2011), which is well beyond the scope of the 5 min agonist incubation time
used in the ASP+ uptake protocol. It is not yet confirmed whether Ethy-SalA treatment
alters DAT or KOPr expression levels, which could be explored using Western blot and
further confocal analysis of cell-surface YFP-hDAT expression over time, but it may be
assumed that the agonist has similar effects to SalA and that the observed increase in
ASP+ uptake over the course of the assay is due to enhanced DAT activity and not cell-

surface expression.

4.3.3 Limitations and future directions

A high degree of variability in ASP+ uptake values was observed in this experiment (Fig.
4.4), despite consistency in the confocal settings and experimental procedure applied to
each plate. Normalising AFU values to background fluorescence (i.e. non-transfected

cells) for each sample could remove some of this variability.

In this confocal assay, human-derived cells (HEK-293) were transfected with fluorescently-
tagged human DAT and a rat KOPr plasmid. Expression of the rat KOPr was detected in
co-transfected cells, suggesting that the inter-specific difference does not affect successful
transcription and translation of the receptor. The use of a rat-derived KOPr in a human cell
line is problematic in terms of the validity of the model. However, the amino-acid sequence
of the rat and human KOPr are very similar, with 94.1% homology reported by Simonin et
al. (1995) and the online protein database UniProt (see Appendix 6). This structural
homology between the two species is mirrored by functional homology in analgesic
assays, and in the dysphoric effects caused by KOPr agonism in both species (Hunter et

al., 1990; Reece et al., 1994 ; Walsh et al., 2001 ); though cellular data indicates that the
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rat KOPr does not show significant receptor internalisation when treated with selected
KOPr agonists, whereas the human KOPr does (Li et al., 1999). Repetition of this
experiment with a human KOPr plasmid could confirm if any significant inter-specific

differences do exist.

The use of a human cell line also limits the effective comparisons that can be made to the
pre-clinical rat models used in this thesis. Analysis of DA uptake in ex vivo rat brain
samples (NAc, pFC and dorsal striatal regions) using rotating-disk electrode voltammetry
(RDEV) has previously been used to complement ASP+ uptake data (Kivell et al., 2014;
Simonson et al., 2015), and could be used to confirm if the DAT-enhancing effects of Ethy-
SalA observed in vitro translate to a tissue model. Repetition of this confocal assay using
neuronal-derived cell lines such as N2A (murine) (Klebe & Ruddle, 1969) or NTERA-2

(human) (Andrews et al., 1984) would complement these results.

4.3.4 Conclusions

Treatment with Ethy-SalA (10 uM) significantly increased DAT function in HEK-293 cells
co-expressing YFP-hDAT and rKOPr protein, measured by up uptake of the DAT-
specific fluorophore ASP+. This finding suggests a cellular mechanism for the anti-

cocaine effects of Ethy-SalA observed in self-administration studies (Chapter 2).
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Chapter 5 : Discussion

5.1 Significance of this thesis

The behavioural testing performed in this thesis represents the first published (Riley et al.,
2014) and unpublished in vivo studies of the novel compounds Ethy-SalA and Me-SalA.
Cocaine self-administration assays, hyperactivity and sensitisation assays have been
used to explore the potential anti-cocaine effects of these agonists, in particular that of
Ethy-SalA, with side-effect testing to understand the wider behavioural effects of these
compounds. The confocal ASP+ uptake assay performed with Ethy-SalA also represents
the first confirmation of this compound’s mechanism of action as an indirect regulator of
DAT function. The results obtained as part of this study provide a basis for further
investigations of the cellular and behavioural activities of these novel compounds, in
particular Ethy-SalA, with the ultimate goal of identifying a potential anti-addictive

pharmacotherapy with minimal off-target effects and unfavourable side-effects.

5.2 Summary of key findings

5.2.1 Acute treatment with Ethy-SalA attenuates responding in cocaine self-
administration behavioural models

Acute doses of Ethy-SalA at 0.1 and 0.3 mg/kg were shown to attenuate active lever
responses made by rats in a cocaine-primed reinstatement model of drug-seeking
behaviour, to a level comparable to that of SalA at 0.3 mg/kg. A higher dose of Ethy-SalA
(2.0 mg/kg) was also shown to be sufficient to attenuate the number of infusions achieved
in a progressive-ratio model of cocaine self-administration, whereas 2.0 mg/kg of SalA
was not effective. These results indicate that Ethy-SalA has the ability to alter cocaine-

evoked drug-seeking and motivation for cocaine reward in rats, with greater potency than
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SalA. The ability of Ethy-SalA to effectively attenuate progressive-ratio cocaine
administration over a minimum 2-hour session also suggests that the compound may have
a longer half-life than SalA. The less-potent analogue Me-SalA was not shown to
significantly alter behaviour in these models, which supports cellular data indicating that
the compound acts as a less effective or more variable activator of the KOPr than SalA

(Riley et al., 2014).

5.2.2 Acute Ethy-SalA treatment does not affect cocaine-induced hyperactivity or
sensitisation in rats

Pre-treatment with Ethy-SalA (0.3 mg/kg) was not found to significantly reduce acute
cocaine hyperactivity or supress the expression of cocaine behavioural sensitisation in
rats, despite the anti-cocaine effects observed in self-administration testing. The lack of
hyperactivity attenuation may be due to the low dose of agonist used, the high dose of the
cocaine challenge (20 mg/kg), or to un-tested hallucinogenic effects and off-target
dopaminergic effects of the compound. Cocaine sensitisation was not observed in this
study, even in control animals not receiving KOPr agonist. This may be due to the low
numbers used, or the confounding effects of stress, as the rats used were relocated from

another facility.

5.2.3 Low doses of Ethy-SalA and Me-SalA do not show sedative or pro-
depressive side-effects, or attenuate natural reward in rats

Ethy-SalA and Me-Sal did not attenuate the self-administration of sucrose pellets in rats
when injected at a dose of 0.3 mg/kg, indicating that the effective anti-cocaine reward dose
of Ethy-SalA does not inhibit reward in this model of a natural reward stimulus. This effect
is likely due to the more complex set of stimuli (taste, smell etc.) associated with food,

which are not significantly inhibited by KOPr agonism at the dose tested. Neither Ethy-
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SalA or Me-SalA showed significant sedative effects in an open-field test of locomotor
behaviour, confirming that the behavioural effect observed in cocaine-primed
reinstatement testing is unlikely to be due to the sedation of test animals receiving 0.1 or
0.3 mg/kg Ethy-SalA. FST testing of acute Ethy-SalA treatment did not detect any
significant pro-depressive effects when compared to vehicle treatment in rats, though
these results may be confounded by the use of test animals with previous exposure to
KOPr and MOR agonists, and with different experimental backgrounds. Taken together,
this data suggests that the anti-reward effect of low doses of Ethy-SalA is only
behaviourally significant in the presence of drugs of abuse, such as cocaine, which cause

dopaminergic hyperactivity of the reward pathway.

5.2.4 Ethy-SalA treatment enhances DAT uptake of ASP+ in an in vitro cellular
model

Investigations of the ability of Ethy-SalA to regulate DAT function via KOPr activation were
performed using confocal microscopy. HEK-293 cells co-transfected with YFP-hDAT and
rKOPr showed enhanced uptake of the fluorescent DAT substrate ASP+ when treated with
10 uM of Ethy-SalA, an effect which was attenuated in cells pre-incubated with 1 uM of
the KOPr antagonist norBNI before Ethy-SalA treatment. This result indicates that Ethy-
SalA activation of the KOPr positively regulates DAT function in an in vitro cell model, an
observation which may partially explain the anti-cocaine effects observed in self-
administration behavioural models, and supports the theory of the KOPr system as a
regulator of DA within the reward pathway. The attenuation of this effect observed in cells
incubated with norBNI supports the assumption that Ethy-SalA is a selective KOPr agonist,
and that the cellular and behavioural effects of Ethy-SalA are mediated through the KOPr;
though the high degree of error observed in norBNI-treated cells means that the result is

not conclusive.
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5.3 Limitations and future directions

Ethy-SalA displays noticeable differences to its parent compound, SalA. Ethy-SalA is
effective at a lower dose than SalA in the cocaine-primed reinstatement model (0.1 mg/kg

compared to 0.3 mg/kg SalA; see Chapter 2, Section 2.2.3) and is effective at reducing

the number of infusions achieved during a progressive-ratio self-administration session (at

2.0 mg/kg), whereas SalA is not (see Chapter 2, Section 2.2.4). Previous cellular assays

by the Prisinzano laboratory have shown that Ethy-SalA is a more effective inhibitor of
cAMP accumulation in a CHO KOPr-expressing model (Riley et al., 2014). Unpublished
data from our laboratory also indicates that Ethy-SalA has a longer analgesic duration of
action in a mouse tail-flick assay than SalA at 2.0 mg/kg. Taken together, this data

indicates that Ethy-SalA shows enhanced KOPr interaction compared to SalA.

There are at least two possible explanations for this effective difference: enhanced or
differential binding-site interactions between Ethy-SalA and the KOPr receptor and
differences in the metabolism of Ethy-Sal compared to SalA. The most current model of
SalA KOPr binding (Kane et al., 2008) shows SalA binding within a pocket between KOPr
transmembrane regions Il and VII. Addition of different functional groups to the carbon-16
position of SalA by Riley et al. (2014) were deliberately designed to explore the role of the
furan ring in the KOPr-SalA binding interaction. Addition of an ethynyl (RCH) substituent
at the carbon-16 position was shown to increase agonist potency compared to SalA
(ECs50=0.019 = 0.004 nM compared to EC5,=0.030 + 0.004 nM) while addition of a methyl
group (R-CHs; Me-SalA) substantially decreases potency (ECs0=0.407 + 0.147 nM) (see

Chapter 2, Fig. 2.2). This may indicate that the area of the binding pocket adjacent to the

carbon-16 position of Salvinorin A is sterically hindered, as the addition of a methyl group
contributes slightly more steric bulk to the molecule than the ethynyl group (see Appendix
2, Fig. 6.1). The flattened molecular geometry of the ethynyl group may allow it to fit easily

within the furan-associated binding pocket, and enhance both hydrophobic and Van der
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Waals interactions, resulting in a more stable agonist-receptor association. A more
complete binding of the agonist to the receptor may in turn result in enhanced or prolonged
receptor activation, or even induce a functionally selective signalling profile at the KOPr.
Conversely, the high variability or lack of effect seen in cocaine-primed reinstatement

(Chapter 2, section 2.2.3) and progressive-ratio (Chapter 2, section 2.2.4) behavioural

subjects treated with Me-SalA may be due to incomplete and sterically hindered binding
of the agonist caused by the presence of the incompatible methyl group. Quantification of
the binding affinities of Ethy-SalA and Me-SalA for the KOPr would confirm whether the
addition of different functional groups to the carbon-16 position affects ligand-receptor
interactions at the KOPr. Assays which measure the level of activation of different GPCR
signalling pathways, such as comparisons of Gai and B-arrestin activity, can identify
functional selective GPCR agonists (Zhou et al., 2013). Functional selectivity tests would
help correlate the cellular and behavioural effects associated with Ethy-SalA treatment to
an overall enhanced activation of multiple pathways, or biased activation of a few signalling

pathways.

The uptake and metabolism of Ethy-SalA may also be altered compared to SalA by the
addition of an ethynyl group. Steroids such as estradiol show greatly enhanced intestinal
absorbance into the blood when conjugated with an ethynyl group (Reed & Fotherby,
1979). Ethynyl groups are also known to act as inhibitors of cytochrome P450 enzymes,
thereby preventing much of the metabolism of the drugs they are conjugated to (Ortiz de
Montellano & Kunze, 1980; Zhu et al., 2010). P450 enzymes are major contributors to drug
metabolism (Wrighton & Stevens, 1992), and the short metabolic half-life of SalA is likely
due primarily to the activity of this family of enzymes (Teksin et al., 2009). Enhanced
absorption of Ethy-SalA into the blood could help explain why significant behavioural
effects are observed at a lower dose than SalA (0.1 mg/kg Ethy-SalA compared to an
effective dose of 0.3 mg/kg SalA) in a cocaine-primed reinstatement model, while P450

enzyme inhibition may explain the longevity of Ethy-SalA treatment in the progressive-ratio
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self-administration model and in the unpublished tail reflex assay. The compound Me-
SalA, which like SalA does not contain a metabolic inhibitory functional group, would not
be afforded the same protection and longevity within the body, which may also partially
explain the compound’s lack of significant effect and higher variability in cocaine-primed
reinstatement and progressive-ratio tests. To confirm this, metabolic time-course analyses
would have to be conducted upon blood and/or urine samples of animals injected with
Ethy-SalA, as well as analyses to confirm which metabolites of Ethy-SalA and Me-SalA
are present and active within the CNS, at time scales correlating to the anti-cocaine effects

observed in self-administration models.

Ethy-SalA and Me-SalA have been tested for activity and efficacy at the KOPr and MOR,
but not for any other opioid receptors or GPCRs. SalA has previously been tested for
activity at a variety of CNS receptors and found to be effectively inactive at all screened
receptors other than the KOPr (Roth et al., 2002). As the novel compounds investigated
in this thesis are derived from SalA and share the same target, it is unlikely that either of
the compounds are significantly active at other receptors. However, it is possible that the
differences in potency observed between Ethy-SalA and SalA and the inability of Ethy-
SalA to significantly attenuate cocaine hyperactivity and sensitisation effects may be
explained by the interaction of Ethy-SalA with other signalling systems within the brain. A
wide activity screen of Ethy-SalA against key CNS receptors, including delta-opioid, 5-HT,
GABA and glutamate receptors, would validate its current designation as a selective KOPr

agonist.

This thesis considers only the effects of acute KOPr agonist administration. To widen
understanding of these novel KOPr agonists, the effects of chronic KOPr administration
will have to be taken into consideration, particularly as chronic KOPr activation with
classical agonists has been shown to promote drug-seeking and addictive-like behaviours
(Negus, 2004). The effects of acute Ethy-SalA treatment should also be observed at longer

time scales (> 2 hours after treatment) in anti-cocaine and side effect testing, as recent
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research indicates that acute SalA (2.0 mg.kg) continues to show significant effects up to

24 hours after treatment (Chartoff et al., 2015).

The separation of behavioural and cell-specific testing hinders direct comparison between
animal and cellular models, and the explanation of the mechanisms of behavioural effects.
Recent optogenetic advances have allowed precision targeting and activation of selected
brain areas, through a combination of directed adenoviral transfection of light-sensitive ion
channels and the insertion of micro-LED devices (Kim et al., 2013; Siuda et al., 2015). This
technique has already been used to show the existence of sub-population of KOPr-
expressing neurons in the NAc with opposing behavioural effects (Al-Hasani et al., 2015).
Cellular manipulations of an in vivo model has huge advantages over whole-body drug
administration, and will be a useful method for determining the effects of KOPr activation
in isolated regions of the brain, in order to better understand the full complexity of the KOPr

system.

Finally, this investigation of the effects of novel KOPr agonists is greatly limited by
confinement to a single mammalian model and a single cell line. Self-administration
models using non-human primates have already been used to test the ability of SalA to
alter drug-seeking behaviour, and would be a useful next step in the pre-clinical testing of
Ethy-SalA and other novel KOPr agonists. The use of HEK-293 cells in this investigation
also limits the conclusions that can be drawn from the data obtained. Performing the assay
using a variety of cultured cell types, particularly cells of neural lineage, would confirm the
regulatory effect of the KOPr upon DAT this effect would be observed in a range of different

cell types.

The development of novel SalA-derived anti-addictive medications shows most promise
with regards to the prevention of prescription-opioid abuse. Self-administration studies in
rhesus monkeys have identified that co-infusion of SalA with the opiates remifentanil and

oxycodone can reduce the reinforcing and rewarding qualities of the drugs. Addition of
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KOPr agonists to existing opioids could reduce their addictive potential, allowing patients

to receive effective pain relief without the development of dependence upon the drug.

5.4 Final conclusions

This thesis explores the behavioural and cellular effects of Ethy-SalA, a potent novel KOPr
agonist, and a less potent agonist Me-SalA. Ethy-SalA shows anti-cocaine effects in self-
administration models of relapse and reward motivation in Sprague-Dawley rats, but does
not significantly affect cocaine hyperactivity or the expression of behavioural sensitisation
to cocaine in locomotor assays, in contrast to previously-tested KOPr agonists. Neither
Ethy-SalA or Me-SalA show significant sedative side-effects at low doses, and also do not
attenuate the self-administration of the natural food reward, sucrose. Ethy-SalA also does
not display any pro-depressive side-effects in the Forced Swim Test, a model of
depression-like behaviour. The anti-cocaine effects observed in self-administration studies
are at least in part due to KOPr-mediated enhancement of DAT activity, as enhanced
uptake of the DAT substrate ASP+ is observed in DAT/KOPT co-transfected HEK-293 cells
treated with Ethy-SalA. Further behavioural and cellular testing of Ethy-SalA will establish
whether the novel compound shows promise as a lead for the development of an anti-

addictive pharmacotherapy.

106



Chapter 6 : Supplementary information

Appendix 1: Buffer solutions

Phosphate Buffered Saline (PBS) pH 7.4 (10x concentrate)

Concentration (M) (g/L)

NacCl 14 M 80
KCI 26.8 mM 2.0
Na:HPO4 81.0 mM 26.8
KH2PO4 14.7 mM 24

KREBS Buffer pH 7.4

Concentration (M) (g/L)

NacCl 130 mM 7.6
KCI 1.3 mM 0.10
CaCl; 2.2 mM 0.24
MgS0O..6H.0 1.2 mM 0.27
KH>PO4 1.2 mM 0.16
HEPES 10 mM 2.6
D-Glucose 10 mM 1.8
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Appendix 2: In silico modelling of novel KOPr agonists

Chemical drawing software (MarvinSketch™) was used to construct representations of the
molecules SalA, Ethy-SalA and Me-SalA as 3-dimensional ‘ball-and-stick’ models using
MarvinSpace 3-D visualisation software (ChemAxon software, Budapest, Hungary). Ball-
and-stick structures were overlaid with Van der Waals surface projections of each
molecule, to visualise differences in electron density around the carbon-16 position of each
molecule. The carbons of the SalA structural backbone were numbered as per Ortega et

al. (1982).

Van der Waals surface modelling of the three compounds SalA, Ethy-SalA and Me-SalA
identified areas of steric difference around the carbon-16 position of each molecule. Both
Ethy-SalA and Me-SalA display increased areas of steric bulk at the carbon-16 position in

comparison to SalA, due to the presence of the respective ethynyl and methyl groups.
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David Young 2014

Figure 6.1. Computer-generated modelling of KOPr compounds. (A) Carbon atom
numbering of the SalA structure, as originally determined by Ortega et al. (1982). Van der
Waal’'s surface-area models were generated From the chemical structures of SalA (B), 16-
ethynyl SalA (C), and 16-methyl SalA (D), with overlaid ball-and-stick models representing
the molecular backbone (hydrogens omitted; carbon= grey, oxygen= red). Steric areas
associated with the carbon-16 position are highlighted in yellow. Both Ethy-SalA and Me-
SalA show increased steric bulk at the carbon-16 position in comparison to SalA. While the
ethynyl group of C is longer than the methyl group of D, it displays an overall decreased
steric bulk compared to the methyl group [images generated using MarvinSketch and

MarvinSpace chemical drawing software].
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Appendix 3.1: Catheter preparation for surgery

Catheters for use in self-administration were prepared at least 2 days before surgery to
allow the silicon coating to completely dry before use. 22-gauge BD needles (Becton
Dickinson Ltd., NZ Auckland, New Zealand) were cut and blunted with a hand-held rotary
sander (Dremel 3000) to a length of approximately 3 cm, and rinsed thoroughly in 70%
ethanol to remove any particulate matter from the gauge. This metal piece was inserted
into a section of silastic tubing (0.5 x 0.9 mm ID, C-P96115-02), so that roughly half the
metal was covered. The catheter was flushed with 70% ethanol and allowed to dry before
being coated with a thin, smooth layer of silicon. A minimum of two such coats were
applied, with each coat being allowed a full day to dry before application of the next. After
the final coating, a small nub of silicon was added to the catheter at the opposite end to
the metal piece to act as an anchor for the catheter once inside the vein. The tubing was
cut at an angle approximately 4 cm from the silicon nub to allow for insertion of the catheter

into the vein (see Fig. 6.2).

22-G needle
N
————
|
3cm

Vein end

S—

4-5cm = silicon

Figure 6.2. Intra-jugular catheter. Schematic of the catheter used in self-administration
surgery. Total length of catheter= approx. 20 cm long. Materials are silastic tubing (0.5 x
0.9 mm ID, C-P96115-02), 22-Gauge BD needles, and silicon (Selleys Wet-Area Silicone

Sealant).
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Appendix 3.2: Intra-jugular catheter surgery

Surgery was performed upon animals undergoing cocaine self-administration. Before
surgery, rats weighing 300-350 g were handled for two days. On the day of surgery, rats
were anaesthetised with an intraperitoneal (i.p.) injection of a 2:1 mixture of ketamine and
xylazine (90 and 9 mg/kg; Provet NZ Pty. Ltd., Auckland, New Zealand). The rat was
considered to be appropriately anaesthetised upon complete loss of muscle tone and lack
of a kicking reflex when a strong pinching stimulus was applied to the hind footpad. The
crown of the head and the right-hand side of the chest were shaved, and the skin swabbed
with Vetadine (1.6% iodine w/v: Provet, New Zealand) and 70% ethanol. Lacrilube (Provet,
New Zealand) was applied to the eyes to reduce dryness over the course of the surgery.
A subcutaneous (s.c.) injection of the painkiller carprofen (Provet, New Zealand) at 5
mg/kg was given directly prior to the start of the surgical procedure. A small incision directly
above the right jugular vein was made through the skin of the chest, and the underlying
tissue gently teased apart to expose the vein. Once located, the vein was securely tied off
using suture wire at the head end of the vein. A small hole was then cut through the skin
at the back of the head, and the bevelled end of the catheter run subcutaneously around
the neck to the exposed jugular vein. A small incision was made part-way through the
jugular, and the end of the catheter passed into the vein to a depth of around 4 cm. The
catheter was then tied securely into the vein, using the silicon nub as an anchor. Catheter
patency was confirmed by flushing the catheter with 3 unit/mL heparin solution ina 1 mL
syringe attached to the metal piece and drawing a little blood back into the tubing. The
open end of the metal piece was then capped with a short section of close-ended tubing.
A long sagittal cut was made into the skin of the head and the underlying tissue carefully
scraped away to expose the skull. The surface was rubbed with terramycin powder to dry
the bone and to stem any bleeding. The head of the rat was then securely placed in a
restraining device and four small holes were drilled into the skull. Jeweller’s screws were

threaded into each of the holes, leaving a 2-3 mm gap between the head of the screw and
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the skull. The metal of the catheter was placed running sagittally between these screws
and a section of the metal bent upwards at an angle of between 45-90° from the skull.
Ostron powder and Ostron liquid (Henry Schein Shalfoon, Auckland, New Zealand) was
mixed to form a slurry and was placed over the exposed portion of the skull to secure the
catheter. Using more Ostron mixture, a larger screw with the thread pointing upwards was
placed on the head just behind the protruding metal piece. The Ostron was then left to dry,
forming a hard acrylic-resin headpiece. Chest and head wounds were sealed with small
amounts of superglue and dusted with terramycin powder. 10 mL of sodium lactate
solution (Provet, New Zealand) was injected s.c. into the flank on either side of the rat (5

mL each side) to replace electrolytes lost over the course of the surgery.

Metal screw Infusion
leweler's screws (x4)

Catheter

Metal piece
Skull

&

Jugular vein

Figure 6.3. Catheter placement. Schematic of catheter and headpiece placement for

intravenous self-administration.

112



Appendix 3.3: Post-operative care

All rats undergoing jugular surgery were allowed a minimum of five days to recover, with
weights carefully monitored over the recovery period. Carprofen at 5 mg/kg was also given
s.c. for two days post-surgery. Catheters were flushed daily with 0.2 mL of a sterile solution
of 30 unit/mL heparin and 100,000 unit/mL penicillin (Provet, New Zealand) to prevent
infection and the formation of blood clots within the tubing. Catheters were also tested
weekly for patency, by using a 1 mL BD syringe with a plastic tubing attachment to flush
the catheter with 0.1 mL of heparin/penicillin solution and then draw back approximately
0.1-0.2 mL of liquid. If blood appeared in the tubing, the line was considered patent. If this
failed, a secondary method of testing was to flush the catheter with 0.15 mL of a 50 mg/mL
pentobarbital solution, and observe the rat for immediate loss of muscle tone. If this
occurred, the catheter was considered patent; if not, it was assumed that the catheter had
developed a leak, and the rat was operated on to insert a second catheter into the left
jugular. After failure of a second catheter, the rat was no longer viable for experimentation.
If the catheter developed a block due to clot formation within the metal piece, a
replacement metal piece was inserted into the existing catheter and attached to the

headpiece, under general anaesthesia.
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Appendix 4: Latin square treatment designs (self-admin)

For experiments where subjects received multiple treatments, a latin square design was

to counterbalance treatments and to control for the potentially confounding effect of a

treatment order upon the results obtained.

Treatment order

A B C D E F
1 SalA 0.3 MeSA | 1.0 MeSA Veh 0.1ESA | 0.3ESA
2 | 0.1ESA SalA 0.3 MeSA | 1.0 MeSA Veh 0.3 ESA
3 | 0.3ESA | 0.1ESA SalA 0.3 MeSA | 1.0 MeSA Veh
4 Veh 0.3ESA | 0.1ESA SalA 1.0 MeSA | 0.3 MeSA
5 5 | 1.0 MeSA Veh 0.3ESA | 0.1ESA SalA 0.3 MeSA
g 6 | 0.3MeSA | 1.0MeSA | Veh 03ESA | 0.1ESA SalA
= 7 Veh 1.0 MeSA | 0.3 MeSA SalA 0.1ESA | 0.3ESA
o 8 0.3 ESA Veh 1.0 MeSA | 0.3 MeSA SalA 0.1 ESA
9 | 0.LESA | 0.3ESA Veh 0.3 MeSA | 1.0 MeSA SalA
10 SalA 0.3ESA | 0.1ESA Veh 1.0 MeSA | 0.3 MeSA
11 | 0.3 MeSA SalA 0.LESA | 0.3ESA Veh 1.0 MeSA
12 | 1.0 MeSA | 0.3 MeSA SalA 0.1ESA | 0.3ESA Veh

Table 6.1. Cocaine reinstatement treatments. Latin square design used in cocaine self-
administration KOPr treatment. MeSA= Me-SalA; ESA= Ethy-SalA; Veh= vehicle.

Numbers represent the doses of treatments (e.g. 0.3= 0.3 mg/kg). SalA was given at a

dosage of 0.3 mg/kg.
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Treatment order
A B C D E F G H
1 | 03ESA | Veh e | o |1oEsa| 22 | saa | 2O
2 | 22 |o03EsA| ven e | 2 |10EsA| 2D | sala
| 3| 1oEsa oo, | 03ESA | veh uso | O | saa | 2O
é; 4| oo | 10ESA| 22 | 03ESA| Veh e | Zo | saia
5 5 | 03EsA | LoEsA | L2 | 20 | ueo veh | sala | 25
6 | \oon | U6 veh |03EsA|10EsAa| L0 | 20 | saa
7| s | vee, | uss veh |03ESA|LOESA | salA | 20
8 | 10EsA| L2 | 22 | ueo veh |03ESA| 2O | salA

Table 6.2. Progressive-ratio treatments. Latin square design used for progressive-ratio
KOPr treatments. MeSA= Me-SalA, ESA= Ethy-SalA, U69= U-69,593, U50= U-50,488,
Veh= vehicle. SalA and Ethy-SalA treatments at 2.0 mg/kg were added to the design

retrospectively in order to test the higher doses.

Table 6.3. Sucrose self-administration treatments.

Treatment order
A B C D
1| Veh U69 MeSA ESA U50
2 U69 MeSA ESA U50 Veh
23| MeSA ESA U50 Veh U69
§ 4| ESA U69 Veh U50 MeSA
Bls5| U69 Veh U50 MeSA ESA
6| Veh U50 U69 MeSA ESA
7 U50 MeSA ESA U69 Veh

Latin square design for sucrose

administration KOPr treatments. MeSA= Me-SalA (0.3 mg/kg), ESA= Ethy-SalA (0.3

mg/kg), U69= U-69,593 (0.3 mg/kg), U50= U-50,488, (10 mg/kg), Veh= vehicle.
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Appendix 5: Cocaine hyperactivity with SalA pre-treatment
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Figure 6.4. SalA cocaine hyperactivity. Cocaine hyperactivity data for two animals pre-
treated with 2.0 mg/kg SalA before a 20 mg/kg injection of cocaine, compared to animals
receiving vehicle pre-treatment before either 20 mg/kg cocaine or saline injections.
Analysis of total ambulatory counts (A) identified a significant difference between means
[F(2,22)=7.90, p<0.05], with vehicle-saline and 2.0 mg/kg SalA-cocaine treatments
showing significant differences to the hyperactivity negative control. Analysis of stereotypic
activity counts (B) also identified significant differences between the means
[F(2,22)=15.30, p<0.0001], with the vehicle-saline treatment group showing a significant
difference to the hyperactivity negative control. * = p<0.05, *** p<0.001; Kruskal-Wallis test

(non-parametric) with Dunn’s multiple comparison post-test. n= 2-15.
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Appendix 6: Rat/Human KOPr homology

Rat and human KOPr sequences as listed on UniProt (http://www.uniprot.org/) were

searched and aligned using UniProt software. Analysis identified 94.1% homology

between human and rat KOPr amino-acid sequences. Screenshots of the alignment

output (dated 20 November 2015) are shown below.

CLUSTAL 0(1.2.1) multiple sequence alignment

SP|P41145 |OPRK_HUMAN MDSPIQIFRGEPGPTCAPSACLPPNSSAWFPGWAEPDSNGSAGSEDAQLEPAHISPAIPV 60
SP|P34975|OPRK_RAT  MESPIQIFRGEPGPTCAPSACLLPNSSSWFPNWAESDSNGSVGSEDQQLEPAHISPAIPV 60
*:****%***k**%***é**#* *3**:*** ¥k *****.ﬁ**ﬁ EEEEEEEEE LR
SP|P41145 |OPRK_HUMAN IITAVYSVVFVGLVGNSLVMFVIIRYTKMKTATNIYIFNLALADALVTTTMPFQSTVYL 120
SP|P34975|OPRK_RAT  IITAVYSVVFVWGLVGNSLVMFVIIRYTKMKTATNIYIFNLALADALVTTTMPFQSAVYL 120
¥*$¥**$¥**¥**$¥**$K*ﬁ***ﬁ¥*$K**ﬁk**?**$¥**$¥*$¥**$******:¥**
SP|P41145 |OPRK_HUMAN MNSWPFGDVLCKIVISIDYYNMFTSIFTLTMMSVDRYIAVCHPVKALDFRTPLKAKIINI 180
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Appendix 7: ASP+ accumulation and YFP-hDAT expression

The amount of YFP-hDAT expression (approximated by measures of AFU made using the
EYFP confocal microscope filter at time= 0 seconds) is weakly positively correlated
[Pearson correlation coefficient, r>= 0.301] with the level of ASP+ accumulation within cells
at 250 (approximated by AFU measured with the ASP+ confocal microscope filter at t=250
s). The correlation between YFP-hDAT expression and ASP+ accumulation was

determined using linear regression modelling.
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Figure 6.5. Correlation of YFP-hDAT expression and cellular ASP+ accumulation in
untreated transfected HEK-293 cells. Comparison of YFP-hDAT AFU at time=0 s and
ASP+ AFU at time=250 s for individual cells. The level of YFP-hDAT expression is weakly
positively correlated with ASP+ AFU accumulation (Pearson correlation coefficient, r?=

0.301). The linear regression is significantly non-zero (p<0.0001). n= 221 cells.
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